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Abstract

Intra-oceanic convergent margins represent one of the primary sites for the generation of juvenile
continental crust through subduction-related processes. Magmas in these systems are derived from
mantle sources with minimal continental input and preserve direct evidence of source components,
magma differentiation, and crustal maturation. Most modern intra-oceanic arcs remain submerged,
limiting direct observation of their crustal architecture and petrogenetic evolution. Fossil arcs that
have been accreted and uplifted above sea level therefore provide invaluable archives for
reconstructing the complete life cycle of intra-oceanic arc systems. Among these, the Greater Antilles
Arc, a major segment of the Great Arc of the Caribbean, preserves one of the most extensive and
accessible records of long-lived intra-oceanic subduction system spanning the Early Cretaceous to
the Eocene. The central Cuban segment, where forearc ophiolites and mélanges, volcanic-plutonic
sequences, and arc-related metamorphic complexes are well exposed, offers an exceptional window
into the temporal and structural evolution of an intra-oceanic arc from its initiation to collisional

termination.

This study examines the temporal, geochemical, and structural evolution of the Greater Antilles Arc
system through three complementary investigations. First, a regional synthesis integrating over 650
radiometric ages and more than 1500 geochemical analyses from subduction-related rocks across
Cuba, Hispaniola, Puerto Rico, and the Virgin Islands identified three major stages of arc evolution:
subduction initiation, magmatic and metamorphic climax, and the waning of subduction magmatism
and collisional termination. The temporal overlap between peak magmatism and emplacement of the
Caribbean Large Igneous Province suggests a transient plume-arc interaction, most pronounced in

the retro-arc region.

Building on the regional framework, the second part of the study focuses on the Mabujina
Amphibolite Complex in central Cuba, a tectonically important arc-related metamorphic assemblage
formed during active arc development, and long debated in regional tectonic reconstuctions.
Petrochemical and isotopic data provide new constraints indicating that the protolith represents a
proximal segment of the Caribbean arc, rather than a far-traveled exotic terrane derived from the
Pacific realm. The accretionary event occurred during the mid-Cretaceous, when oblique

convergence cross Caribbean arc system promoted a transspressional regime.

At a finer scale, the third component of this study investigates the Central Cuban Arc segment, which

preserves an exceptional ~60 Myr record of magmatism from subduction initiation to collisional
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termination. Field, geochemical, and geochronological data reveal a transition from early submarine
tholeiitic to Late Cretaceous calc-alkaline magmatism. Pressure-senstive geochemical proxies and
thermobarometric estimates indicate increasingly complex magma storage, progressive crustal
thickening, and enhanced magmatic differentiation through time. Amphibole-bearing magmas tapped
lower crustal levels approaching present-day Moho depths during major plutonism shortly after athe
accretionary event. The mantle source remained largly homogeneous, with limited slab input,

demonstrating that intra-oceanic arc systems can generate juvenile continental crust prior to collision.

Collectively, these results provide a comprehensive reconstruction of the Greater Antilles Arc as a
natural laboratory for studying intra-oceanic arc construction, accretion, and crustal differentiation.
Integration of regional and local datasets defines the Greater Antilles Arc as a long-lived oceanic arc
that evolved from tholeiitic to calc-alkaline magmatism and progressively developed a hydrous,
transcrustal plumbing system capable of generating proto-continental crust. This study offers new
insights into the mechanisms of crustal growth and differentiation at intra-oceanic convergent

margins.
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Zusammenfassung

Intraozeanische Konvergenzrinder stellen eine der primidren Zonen fiir die Bildung juveniler
kontinentaler Kruste durch subduktionsbezogene Prozesse dar. Magmen in diesen Systemen
stammen aus Mantelquellen mit nur geringem kontinentalem Einfluss und bewahren direkte
Hinweise auf Quellkomponenten, magmatische Differentiation und Krustenreifung. Da die meisten
heutigen intraozeanischen Inselbdgen submarin sind, ist die direkte Beobachtung ihrer
Krustenarchitektur und petrogenetischen Entwicklung stark eingeschriankt. Fossile Inselbogen, die
akkretierte und iiber den Meeresspiegel gehobene Abschnitte dieser Systeme reprasentieren, stellen
daher unschitzbare Archive fiir die Rekonstruktion des vollstdndigen Lebenszyklus intraozeanischer
Inselbogensysteme dar. Unter diesen bewahrt der Grof3e Antillenbogen, ein Hauptsegment des ,,Great
Arc of the Caribbean®, eine der umfangreichsten und am besten zugéinglichen Aufzeichnungen eines
lang andauernden intraozeanischen Subduktionssystems, das sich von der Unterkreide bis ins Eozédn
erstreckt. Das zentrale Segment Kubas, in dem Forearc-Ophiolithe und Mélanges, vulkanisch-
plutonische Sequenzen sowie bogenbezogene metamorphe Komplexe gut aufgeschlossen sind, bietet
ein auflergewdhnliches Fenster in die zeitliche und strukturelle Entwicklung eines intraozeanischen

Inselbogens — von seiner Initiierung bis zur terminierenden Kollision.

Diese Studie untersucht die zeitliche, geochemische und strukturelle Entwicklung des GroBen-
Antillenbogen-Systems anhand von drei ergidnzenden Untersuchungen. Zunéchst identifiziert eine
regionale Synthese, die tiber 650 radiometrische Alter und mehr als 1500 geochemische Analysen
subduktionsbezogener Gesteine aus Kuba, Hispaniola, Puerto Rico und den Jungferninseln integriert,
drei Hauptphasen der Inselbogenentwicklung: die Subduktionsinitiierung, das magmatisch-
metamorphe Maximum sowie das Abklingen des subduktionsbezogenen Magmatismus und die
Kollisionsterminierung. Die zeitliche Uberlappung zwischen maximalem Magmatismus und der
Intrusion der Karibischen Large Igneous Province weist auf eine voriibergehende Interaktion
zwischen Mantelplume und Inselbogen hin, die im Retro-Bogen-Bereich am deutlichsten ausgeprégt

1st.

Aufbauend auf diesem regionalen Rahmen konzentriert sich der zweite Teil der Studie auf den
Mabujina-Amphibolitkomplex in Zentralkuba — ein tektonisch bedeutendes, bogenbezogenes
metamorphes Gesteinsensemble, das wahrend der aktiven Inselbogenentwicklung entstand und seit
Langem im Mittelpunkt regionaltektonischer Diskussionen steht. Petrochemische und isotopische

Daten liefern neue Randbedingungen und deuten darauf hin, dass der Protolith dieses Komplexes ein
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proximales Segment des Karibischen Bogens darstellt und nicht — wie zuvor angenommen — ein weit
gereister exotischer Terran aus der pazifischen Region ist. Das Akkretionsereignis ereignete sich in
der Mittleren Kreide, als eine Schrigkonvergenz entlang des Karibischen Bogens ein

transpressionales Regime begiinstigte.

In einem detaillierteren Maf3stab untersucht der dritte Teil dieser Arbeit das zentrale Segment des
Kubanischen Bogens, das eine aullergewohnliche, etwa 60 Millionen Jahre umfassende magmatische
Aufzeichnung von der Subduktionsinitiierung bis zur Kollisionserstarrung dokumentiert.
Geldndebeobachtungen, geochemische Daten und Zirkon-Apatit-Geochronologie zeigen einen
systematischen Ubergang von frithem submarinem tholeiitischen zu spitkretazischem kalkalkalinen
Magmatismus. Druckempfindliche geochemische Indikatoren und thermobarometrische
Schiatzungen belegen zunehmend komplexe Magmenreservoirbedingungen, fortschreitende
Krustenverdickung und eine verstirkte magmatische Differentiation im Laufe der Zeit.
Amphibolfiihrende Magmen erreichten wéhrend der bedeutendsten Plutonismusphasen kurz nach
dem Akkretionsereignis tiefere Krustenniveaus bis in die Ndhe der heutigen Moho-Tiefe. Die
Mantelquelle blieb weitgehend homogen, mit nur begrenztem episodischem Einfluss von
Subduktionssedimenten, was zeigt, dass intraozeanische Inselbogensysteme in der Lage sind,

juvenile kontinentale Kruste bereits vor der Kollision zu erzeugen.

In ihrer Gesamtheit liefern diese Ergebnisse eine umfassende Rekonstruktion des GroBen
Antillenbogens als natiirliches Labor zur Untersuchung intraozeanischer Bogenbildung, Akkretion
und Krustendifferenzierung. Die Integration regionaler und lokaler Datensétze definiert den Grof3en
Antillenbogen als langlebigen ozeanischen Bogen, der sich von tholeiitischem zu kalkalkalinem
Magmatismus entwickelte und schrittweise ein hydriertes, transkrustales Magmenfordersystem
aufbaute, das in der Lage war, proto-kontinentale Kruste zu erzeugen. Diese Studie bietet neue
Einblicke in die Mechanismen des Krustenwachstums und der Differentiation an intraozeanischen

Konvergenzriandern.
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1. Introduction

Intra-oceanic convergent margins (IOCMs) represent the oceanic end-member of subduction systems
and are among the most important settings for generating juvenile continental crust (Stern, 2010).
These systems form where one oceanic lithosphere subducts beneath another, producing magmas
generated by partial melting of a mantle wedge metasomatized by fluids and melts released from the
subducting slab, and largely free from contamination by pre-existing continental crust. Their
geochemical signatures provide a direct record of mantle sources, slab inputs, and magmatic
differentiation, revealing how IOCM magmas evolve through time. Magmatic sequences in these
systems typically begin with mid-ocean ridge basalt (MORB)-like forearc basalts and boninites,
followed by island arc tholeiites, calc-alkaline, and eventually shoshonitic (alkaline) magmas
(Whattam & Stern, 2011; Straub et al., 2015). Modern IOCMs include well-known examples such as
the Izu-Bonin-Mariana, Tonga-Kermadec, Vanuatu, South Sandwich, and Lesser Antilles arcs (Leat
& Larter, 2003). Despite their importance for understanding subduction and crustal growth processes,
most active [IOCMs are submarine, and continuous temporal and structural records of their evolution
are rarely accessible. Fossil IOCMs uplifted above sea level therefore provide exceptional natural
laboratories for reconstructing the complete life cycle of an arc, from subduction initiation through
tectono-magmatic growth to collisional accretion (Greene et al., 2006; Jagoutz & Schmidt, 2012;

Ducea et al., 2015).

Among these fossil intra-oceanic systems, the Greater Antilles Arc (GAA), the western segment of
the Great Arc of the Caribbean (Burke, 1988), is one of the most extensive and best-preserved
examples on Earth (Fig. 1A). Spanning over 2000 km from Cuba to the Virgin Islands, the GAA
records a long and continuous history of subduction-related magmatism and metamorphism from the
Cretaceous to the Paleogene (Mann et al., 2007; Pindell & Kennan, 2009; Iturralde-Vinent et al.,
2016). Most reconstructions attribute its origin to southwest-dipping subduction of Proto-Caribbean
oceanic lithosphere beneath the eastward moving Caribbean plate, a fragment derived from the
Pacific Farallon plate (Pindell & Kennan, 2009; Blanco-Quintero et al., 2010; Boschman et al., 2014).
Throughout its evolution, a diverse assemblage of subduction-related magmatic and metamorphic
rocks formed across distinct tectonic domains, ranging from forearc mélanges and ophiolites to
volcanic-plutonic magmatic complexes and retro-arc, reflecting the diverse structural and
petrogenetic environments characteristic of an intra-oceanic subduction system (Fig. 1B; Lidiak &

Jolly, 1996; Lewis et al., 2006, Garcia-Casco et al., 2008).
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Figure 1. (4) Geodynamic map of the Caribbean plate showing its main features. The locations of
the active and extinct volcanic arcs indicated after Garcia-Casco et al. (2006). (B) Map of the Greater
Antilles showing the location of passive margin sequences, ophiolites and mélange blocks, magmatic

arcs, metamorphic terranes and plume-associated igneous rocks, modified from Torro et al. (2016)

and Wilson et al. (2019).
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The geodynamic evolution of the Caribbean region can be traced back to the mid-late Jurassic
breakup of Pangea and the formation of the Proto-Caribbean Ocean between the diverging American
continents. This breakup produced the Proto-Caribbean ridge, the western continuation of the Central
Atlantic spreading center, and an inter-American transform system along the northern margin of the
Farallon plate (Burke, 1988; Pindell et al., 2012). By ca. 135 Ma, subduction of Proto-Caribbean
oceanic lithosphere began beneath the northern and eastern edge of the Farallon plate, giving rise to
the early intra-oceanic arc system. Subduction initiated with forearc seafloor spreading that generated
ophiolitic sequences now preserved in northern Cuba and other parts of the GAA. As subduction
progressed, magmatism migrated arc ward, establishing a mature volcanic-plutonic system (Rojas-
Agramonte et al., 2011; Escuder-Viruete et al., 2014; Lazaro et al., 2016). Convergence between the
Caribbean plate and the North American margin during the Late Cretaceous-Eocene led to a “soft
collision,” characterized by moderate deformation and limited crustal disruption. This event resulted
in accretion of the western GAA to the North American plate and established a new left-lateral
transform boundary marked by the Oriente Transform Fault and Cayman Trough (Fig. 1; Rosencrantz
et al., 1988; van Hinsbergen et al., 2009; Iturralde-Vinent et al., 2016). Thus, the GAA provides an
unparalleled geological record of intra-oceanic arc evolution from subduction initiation to eventual

arc-continent collision, much of which remains remarkably well preserved above sea level.

Within this regional framework, Cuba preserves some of the most complete and accessible segments
of the fossil GAA (Fig. 2A). Over 1000 km of well-exposed volcanic, plutonic, and metamorphic
rocks document the arc’s full evolutionary history, from subduction initiation to collisional shutdown
(Iturralde-Vinent, 1996; Iturralde-Vinent et al., 2016). In central Cuba, the Cretaceous arc is
exceptionally well preserved, providing a nearly complete crustal section. These exposures include
both volcanic and plutonic components, allowing detailed reconstruction of an intra-oceanic arc
across multiple crustal levels. In the Santa Clara region (Fig. 2B and C), Cretaceous volcanic arc
rocks are exposed along a north-south transect, with the oldest and deepest units in the south in
tectonic contact with the Mabujina Amphibolite Complex and progressively younger sequences to
the north (Garcia-Delgado, 1998; Iturralde-Vinent, 2021). Island-arc tholeiites (IAT) associated with
subduction initiation are primarily recorded in the Los Pasos Formation (Kerr et al., 1999; Diaz de
Villalvilla et al., 2003; Rojas-Agramonte et al., 2011; Torr6 et al., 2016). This unit is overlain by
Aptian-Albian transitional sequences, such as the Matagua Formation, and by late Albian-Campanian
volcanic and volcano-sedimentary successions with calc-alkaline signatures (Diaz de Villalvilla,

1997; Kerr et al., 1999). The calc-alkaline Manicaragua Batholith intruded both the volcanic arc
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Figure 2. (4) Simplified geological map of Cuba, modified after Wilson et al. (2019) and Hu et al.
(2022). (B) Geological map of central Cuba showing sample locations, after Garcia-Delgado (1998).
(C) Cross-section of central Cuba (a-b in panel A), modified after Iturralde-Vinent (1998).

sequence and the Mabujina Amphibolite Complex between ca. 89 and 81 Ma (Rojas-Agramonte et
al., 2011). It consists mainly of granodiorites and tonalites, with subordinate quartz diorites
containing mafic microgranular enclaves of dioritic composition (Somin & Millan, 1981; Sukar &

Pérez, 1997; Bibikova et al., 1988; Blein et al., 2003).

Beneath the oldest volcanic formation in central Cuba lies the Mabujina Amphibolite Complex
(MAC), a key metamorphic component of the Cuban arc system. The MAC comprises amphibolite-

to epidote-amphibolite facies rocks derived from basaltic to basaltic-andesitic protoliths, along with
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tonalitic-trondhjemitic orthogneisses and syn- to post-metamorphic granitoids (Somin & Millan,
1981; Dublan & Alvarez, 1986; Blein et al., 2003; Garcia-Casco et al., 2006, 2008; Stanek et al.,
2019). Structurally, it is positioned between the overlying volcanic arc and the underlying high-
pressure Escambray Complex (Somin & Millan 1981; Schneider et al. 2004; Garcia-Casco et al. 2008;
Stanek et al. 2006, 2019; Despaigne-Diaz et al. 2016, 2017). The origin of the MAC remains debated,
either as a metamorphosed section of the Caribbean arc or as an exotic arc fragment accreted from
the Pacific realm (Blein et al., 2003; Rojas-Agramonte et al., 2011; Iturralde-Vinent et al., 2016).
Resolving its tectonic affinity is essential for understanding intra-oceanic crustal growth,

metamorphism, and accretion during Cretaceous oblique convergence.

This cumulative dissertation synthesizes the temporal, compositional, and structural evolution of the
Caribbean intra-oceanic arc system through three complementary studies that integrate regional
synthesis with detailed case analyses from central Cuba. Together, they aim to elucidate how intra-
oceanic arcs form, evolve, and mature into proto-continental crust. The first paper provides a regional
synthesis of geochronologic and geochemical data from the Greater Antilles Arc, reconstructing its
full evolutionary history from subduction initiation to collisional shutdown and establishing a
temporal-compositional framework for Caribbean arc evolution. The second paper investigates the
Mabujina Amphibolite Complex, integrating petrographic, geochemical, and isotopic data to assess
its provenance and tectonic relationship to the Cretaceous Caribbean arc, clarifying its role as a
metamorphic and accretionary component within the intra-oceanic system. The third paper focuses
on the Central Cuban Arc segment, combining field observations, whole-rock and mineral chemistry,
and U-Pb zircon and apatite geochronology to document its Cretaceous magmatic history and to
characterize crustal differentiation and thickening within a single well-preserved upper crustal

volcanic transect.

Full versions of these three papers are included in the Appendix of this thesis, and all associated

supplementary materials are provided in an accompanying electronic appendix.
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2. Objectives

This research examines the temporal, geochemical, and petrological evolution of the Caribbean intra-
oceanic arc system to assess the processes that govern crustal growth and differentiation in oceanic
subduction environments. The study integrates regional synthesis with detailed investigations from
central Cuba to link large-scale tectonic evolution with local magmatic processes. The specific

objectives are:

1. To establish a temporal-geochemical framework for the GAA from subduction initiation to
collisional termination.

2. To determine the provenance and tectonic significance of the MAC and its relationship to the
Cretaceous Caribbean arc.

3. To reconstruct the magmatic evolution and crustal thickening history of the Central Cuban Arc
segment through integrated geochemical, isotopic, and geochronologic analyses.

4. To develop a comprehensive petrogenetic and tectonic model of subduction processes, magma
differentiation, and crustal growth, with implications for the generation and maturation of

continental crust in intra-oceanic arcs.

These objectives aim to provide an integrated understanding of how long-lived intra-oceanic arcs

evolve chemically and structurally into mature crustal systems prior to collision and accretion.
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3. Methodology
3.1. Sampling and Sample Preparation

Samples of the Mabujina Amphibolite Complex previously collected were selected for thin-section
preparation and whole-rock geochemical analysis. All processing was conducted at the University of
Granada, where samples were crushed and powdered using a tungsten carbide mill. Whole-rock
geochemical analyses of the powdered samples were performed at the Centro de Instrumentacion

Cientifica of the University of Granada (CIC-UGR).

Samples from the Central Cuban Arc, ranging from 1 to 3 kg, were systematically collected during
the 2023 field campaign. These samples encompass almost all major lithological units within the
Central Cuban Arc section, including volcanic, volcano-sedimentary, and sedimentary rocks. Given
the effects of intense tropical weathering in Cuba, special care was taken to select the freshest possible
material. Selection of representative specimens was guided by field observations of texture and
mineralogy at each outcrop. In the laboratory at the University of Kiel (CAU), all samples were first
washed to remove surface dust and soil, then sliced to eliminate weathered outer portions. Fresh
interior portions were cut to examine representative textures, and selected areas, including micro-
enclaves within granitoids were prepared for thin-section. Initial unpolished thin sections were
examined to verify sample freshness before preparing polished thin sections for mineral chemical

analysis.

For geochemical analysis, cleaned rock fragments were crushed into small chips, from which
approximately 100 g of the freshest material was selected. These pieces were powdered in an agate

mill after carefully removing secondary veins and visible weathering products.

The remaining material, including the weathered outer parts and residual pieces from thin-section
and geochemical preparation, was used for heavy mineral separation (e.g., zircon and apatite). Each
sample (typically 750 g to 2 kg) was crushed to a grain size of ~250 um using a jaw crusher and agate
mill, followed by sieving through a 250 pm mesh. Heavy mineral concentrates, primarily zircon and
apatite, were obtained through panning with water and ethanol at the University of Kiel, followed by

magnetic separation.

Zircons selected for isotopic analysis were handpicked under a binocular microscope and mounted
in epoxy resin at the Beijing SHRIMP Center, China. The mounts were ground and polished to expose
zircon interiors and subsequently imaged using cathodoluminescence (CL) to aid in spot selection

during analysis. CL imaging was performed at the Beijing SHRIMP Center using a Hitachi S-3000N
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scanning electron microscope (accelerating voltage 9 kV, beam current 109 pA), acquiring high-

resolution images with a pixel dwell time of 400 ps.
3.2. X-ray Fluorescence (XRF)

Major elements and Zr concentrations of the Mabujina Amphibolite Complex samples were analysed
at the Centro de Instrumentacion Cientifica of the University of Granada (CIC-UGR). Major element
and Zr compositions were determined from glass beads prepared by fusing 0.6 g of powdered sample
with 6 g of Li2B4O7 using a PHILIPS Magix Pro (PW-2440) XRF spectrometer. Analytical precision
was better than + 1.5% for elements with concentrations around 10 wt%, and better than + 4% for Zr

at a concentration of 100 ppm.

For the Central Cuban Arc samples, major element and Zr concentrations were determined on fused
glass beads prepared by mixing approximately 0.6 g of finely ground sample powder with 3.6 g of
Li2B4O7 and melting at ~1100 °C in a platinum crucible. Analyses were performed using a Panalytical
Zetium WD-XRF spectrometer equipped with a 1 kW rhodium anode X-ray tube at the University of
Kiel (CAU).

Loss on ignition (LOI) was determined by heating powdered samples at 1000 °C for 2 hours, after

which the weight loss was measured to calculate volatile contents.
3.3. Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

Trace element analyses of the Mabujina Amphibolite Complex and Central Cuban Arc samples were
performed at the Centro de Instrumentacion Cientifica of the University of Granada (CIC-UGR)

during different analytical sessions.

For the MAC samples, trace elements were determined by inductively coupled plasma mass
spectrometry (ICP-MS) after acid digestion of 0.1 g of powdered sample in a Teflon-lined vessel
using a mixture of HNOs and HF at 180 °C and 200 psi for 30 minutes. The resulting solutions were
evaporated to dryness and redissolved in 100 ml of 4 vol.% HNO:s. International reference standards
PM-S and WS-E (Govindaraju et al., 1994) were analysed as unknowns during each analytical
session. Measured concentrations for these standards were within analytical uncertainty of the
certified values. Analytical precision was better than + 2 % for element concentrations of ~50 ppm

and £+ 5 % for concentrations around 5 ppm.

Trace element analyses of the Central Cuban Arc samples were also performed by ICP-MS after

dissolution in high-pressure microwave-assisted digestion vessels using a 3:2 mixture of HF and

l4|Page



HNO:s. The solutions were evaporated to dryness twice, first after the addition of 2 ml of HC104 and
again after adding 2 ml of HNOs to ensure complete removal of silica and fluorine. Rhodium was
used as an internal standard, and the same external standards employed for major element calibration
were used for quantitative analysis. Analytical precision was better than 3 % for analyte

concentrations around 100 ppm.
3.4. Thermal Ionization Mass Spectrometry (TIMS)

MAC samples for Sr-Nd isotope analysis were digested following the same procedure used for ICP-
MS trace element analysis, employing ultra-clean reagents. Sr-Nd isotopic compositions were
measured by TIMS using a Finnigan MAT 262 spectrometer after chromatographic separation with
ion exchange resins at the Centro de Instrumentacion Cientifica of the University of Granada (CIC-
UGR). Normalization ratios were *'Sr/**Sr = 0.1194 and °Nd/"**Nd = 0.7219. Total procedural
blanks were 0.6 ng for Sr and 0.09 ng for Nd. External precision (25), based on ten replicate analyses
of the international standard WS-E (Govindaraju et al., 1994), was better than 0.003% and 0.0015%
for ¥’Sr/%Sr and **Nd/'"**Nd, respectively. The laboratory value for the NBS 987 Sr standard was
87Sr/3%6Sr = 0.710250 + 0.0000044 (n = 89), and measurements of the La Jolla Nd standard yielded
IBNdA/"Nd = 0.511844 + 0.0000065 (n = 49), consistent with published reference values.

Sr-Nd isotopic analyses of Central Cuban Arc samples were performed at the Geochronology and
Isotopic Geochemistry Facility of the Complutense University of Madrid. Samples were dissolved
using ultrapure HF-HNO3s-HCI acids, followed by chromatographic separation of Sr and Nd using
Dowex Resin AG®50x8 and Ln-Resin®, by steps respectively. Analyses were carried out on an
IsotopX Phoenix® TIMS in dynamic multi-collection mode. 3’Sr/*Sr ratios were normalized to
86Sr/%8Sr = 0.1194 (Nier, 1938) and corrected to the laboratory average for NBS 987 (*’Sr/*Sr =
0.710246 + 0.000017, 26, n = 10). '**Nd/'**Nd ratios were corrected for potential interferences from
12Ce and '**Sm and normalized to "*Nd/"**Nd = 0.7219 (O’Nions et al., 1979). Potential drifts of
the isotope ratios of the samples were corrected using the Nd standard JNdi-1 with an average value
of "¥Nd/"*Nd = 0.512112 (n = 7), consistent with published values (Lugmair et al., 1983). Analytical
uncertainties in 8’Sr/*®Sr and **Nd/'**Nd ratios were below 0.01% and below 0.006%, respectively.

The procedural blanks of Sr and Nd are always less than 0.5 and 0.1 ng, respectively.

Pb isotopic analyses of Central Cuban Arc samples were conducted at GEOMAR Helmholtz Centre
for Ocean Research Kiel using a Thermo Scientific TRITON Plus TIMS. About 100 to 200 mg of
sample powder were leached in 2N HCI at 70°C for 180 minutes and then triple rinsed in 18.2 MQ
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water prior to digestion. Sample dissolution and Pb chromatography followed established standard
procedures (Hoernle et al., 2008). Pb isotope ratios were measured using the Pb double-spike (DS)
technique described in Hoernle et al. (2011) for mass-bias correction. Long term DS-corrected values
for NBS981 are *°Pb/?*Pb = 16.9408 + 0.0018, ’Pb/**'Pb = 15.4974 + 0.0018 and ***Pb/***Pb =
36.7205 + 0.0047 (2SD; n = 271) since installation of the instrument in 2014. USGS reference
material BCR-2 processed along with the samples agrees well with the values of Fourny et al. (2016)
and Todd et al. (2015). This comparison can be found in tabular form on the web site of the lab
(https://www.geomar.de/en/research/fb4/fb4-muhs/infrastructure/tims). The total chemistry blank

was 80 pg Pb and is considered negligible in relation to the amount of sample Pb processed.
3.5. Electron Micro Probe Analysis (EMPA)

Mineral analyses of Central Cuban Arc samples were conducted using a JEOL JXA-8900R EPMA at
the University of Kiel (CAU). The instrument was operated at an accelerating voltage of 15 kV and
a beam current of 15 or 20 nA. The analytical standards and lines used for analyses and the standard
deviation (S.D.) were as follows: crn657s (Al2O3) with 0.09% S.D., rt_st8 (TiO2) with 0.34% S.D.,
mic143966 (K20) with 0.26% S.D., Tug_Asti (Na;0) with 0.27% S.D., chr117075 (Cr203) with 0.17%
S.D., wolMAC (SiO2; CaO) with 0.16 and 0.15%S.D. respectively, fay85276 (FeO) with 0.27% S.D.,
foMAC (MgO) with 0.14% S.D., and teph (MnO) with 0.15% S.D. The phi-rho-z matrix correction

of Armstrong was used.
3.6. Sensitive high-resolution ion microprobe (SHRIMP)

U-Pb analyses of igneous zircons from Central Cuban Arc samples were performed using the
SHRIMP 1I at the Beijing SHRIMP Center, Chinese Academy of Geological Sciences (CAGS),
Beijing. Procedures and conditions were similar to those described by Williams (1998). The intensity
of the primary O*” ion beam was ~ 3.7nA, and the spot size was ~ 20 um, with each site rastered for
2.5 min prior to analysis. Five scans through the mass stations were made for each age determination.
Reference zircons M257 (U = 840 ppm, Nasdala et al., 2008) and TEMORA 1 (**Pb/?8U age = 417
Ma, Black et al., 2003) were used for elemental abundance and calibration of 2°Pb/?*¥U, respectively.
Common lead corrections were applied using the measured 2**Pb abundances and Cumming and
Richards (1975) common Pb composition for the likely age of the rocks. Data processing was carried
out using the SQUID and ISOPLOT programs (Ludwig, 2001, 2003a). Uncertainties in the isotopic
ratios of individual analyses are given at 1o, whereas uncertainties for weighted mean ages are quoted

at 2o.
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3.7. Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS)

Zircon U-Pb ages and trace element compositions of detrital zircon from Central Cuban Arc samples
were measured in situ using an Agilent 7500a Quadrupole-ICP-MS coupled with a GeoLasHD 193
nm ArF excimer laser ablation system at Institute of Geology and Geophysics, Chinese Academy of
Sciences (IGGCAS). Detailed analytical procedure followed those outlined in Xie et al. (2008). For
most data reported here the density of energy at the ablation spots was 4.0 J cm™ at 80 mJ output of
energy and laser beam diameters were 32 um at a repetition rate of 5 Hz. The dwell time for each
isotope was set at 6 ms for 2%Si, “Ti, **Nb, 81Ta, °'Zr and REE, 15, 15, 30, 15 ms for 2**Pb, 2%°Pb,
207pb and 2%Pb and 10 ms for 2*Th and 2**U. Each spot analysis comprised 20 s of gas background
followed by 50 s of sample ablation. ARM-1 (Wu et al., 2019) were applied to calibrate the trace
element concentration for all spot analyses. For most trace elements, the accuracy is better than 10%.
The zircon standard 91500 (TIMS 2°7Pb/?%Pb age = 1065.4 = 0.3 Ma, 1s, n = 11; Wiedenbeck et al.
1995) was treated as an external reference zircon to calibrate mass bias and instrument drift, which
measured twice every ten analyses. Another reference zircon SA01 (TIMS 2°Pb/?*®U age = 535.08
+ 0.32 Ma; Huang et al., 2020) was analysed as an unknown to monitor the quality of age data. The
207pp/206pp, 296ph/238U, 207Pb/2°U and 2°®Pb/*2Th ratios were calculated using the GLITTER
program, whereas the >>°U signal was calculated from 2*U on the basis of the ratio 2*%U/*°U =
137.818 (Hiess et al. 2012). The age calculations and plotting of Concordia diagrams were made
using ISOPLOT (v3.23) (Ludwig 2003b).

U-Pb dating of igneous apatite from Central Cuban Arc samples was performed using an Element
XR SF-ICP-MS instrument (Thermo Fisher Scientific, Bremen, Germany) coupled to a GeoLas HD
193 nm ArF excimer laser ablation system (Coherent, Gottingen, Germany) at the Institute of
Geology and Geophysics, Chinese Academy of Sciences (CAS), Beijing, China. Procedures and
instrument conditions were similar to those described by Wu et al. (2020). Low mass resolution (m/
Am = 300) was used to maximize sensitivity. Helium was used as the ablation gas to improve the
transport efficiency of the ablated aerosols with 750 ml/min. A laser energy density of 3 J/cm? and a
repetition rate of 5 Hz were used. The spot size was 32 um. Prior to analysis, possible surface
contamination was removed by pre-ablation with two laser pulses. The NW-1 apatite (Li et al., 2012)
was used as a primary the reference standard for the age calculations. Calibration of the 2°’Pb/**Pb
ratio was done using analyses of the NISTSRM 612 reference glass analysed under the same
conditions as the unknowns. EML apatite (Chew et al., 2011) employed as secondary geochronology

reference materials and were treated as unknowns to evaluate the precision and accuracy of the
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method. Data processing package used VizualAgeUcomPbine data reduction scheme written for
Iolite (version 3.71; Chew et al., 2014). Measured isotopic ratios for these apatites were corrected
using the Stacey & Kramers (1975) model and their ages projected to concordia. Data is quoted at
2c. Uncertainty propagation is by quadratic addition including long term reproducibility of secondary

reference materials and the uncertainty of the primary reference material.

Hf isotopic compositions of igneous and detrital zircons from the Central Cuban Arc samples were
measured using a Neptune Plus MC-ICP-MS (Thermo Fisher Scientific, Bremen, Germany) coupled
with a 193 nm Analyte G2 laser ablation system (Photon Machines, USA, equipped with an ANU
HelEx 2-volume cell) housed at the Institute of Geology and Geophysics, Chinese Academy of
Sciences (IGGCAS). Procedures and instrument conditions were similar to those described by Huang
et al. (2022). A standard sample cone in combination with a X-type skimmer cone was used. The
laser fluence was set to 3 J/cm? with laser repetition rate set to 6 Hz, and the spot size to 40 um for
analysis. Helium was used as the carrier gas within the ablation cell. N> was added into the carrier
gas at 4.4 ml/min though a three-way tube. 17Yb, 173Yb, !°Lu, 7®Hf, !7’Hf, !78Hf, ”Hf and ""Hf'°O
ion beams were measured simultaneously by eight Faraday cups all connected with 1011 Q amplifiers.
Isotope and oxide signals were collected in one block comprising two hundred cycles with a 0.131 s
integration time. SA01 zircon (!"°Hf/'77 = 0.282293 + 0.000007, 25, n = 30; Huang et al., 2020) was
used as primary standard for all spot analyses. SA02 zircon (!"Hf/!"7 = 0.282287 + 0.000016, n = 31;
Huang et al., 2021) was treated as an external reference to monitor the quality of data. All data of in
situ Hf isotope analysis were reduced using an in-house Microsoft Excel macro written in VBA
(Visual Basic for Applications). The detailed procedures were described by Wu et al. (2006). For
isobaric interference corrections, the fractionation coefficient (BYb) was firstly calculated using the
mean '7*Yb/!72Yb ratio of the individual spot. The contribution of !7°Yb to !"°Hf was determined by
applying ratios of 17°Yb/!72Yb = 0.588673 and '*Yb/!"?Yb = 0.73925. The intensity of interference-
free !’ Lu isotope was used for the correction of !’Lu on "Hf with a recommended "Lu/'°Lu ratio
of 0.02655 and assuming BLu = BYb. The '76Yb/'"’Hf, "SLu/!"’Hf and '"®Hf/'"Hf ratios were
normalized to "’Hf/'""Hf = 0.7325 using the exponential law. The oxide ratio of Hf isotope is
presented by '""Hf!°0/!7’Hf. All data obtained were reported with an uncertainty of two standard

deviations unless noted otherwise.
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3.8. Database Compilation

A fourfold tectonic subdivision of the GAA (Fig. 3) is adopted, based on a southwest-dipping
subduction system widely accepted by most researchers working in the Caribbean region (e.g.,
Pindell et al., 2005; Escuder-Viruete et al., 2006a; Escuder-Viruete et al., 2007; Garcia-Casco et al.,
2006; Garcia-Casco et al., 2008; Pindell & Kennan, 2009; Boschman et al., 2014; Rojas-Agramonte
et al., 2021). This subdivision is based on modern geographic relationships of rock units relative to
the present position of the magmatic arc and groups published data on GAA rocks into four tectonic

domains:

(a) forearc mélange; (b) forearc ophiolite; (c) magmatic arc (Cretaceous and Paleogene); and (d)

retro-arc region, including metamorphic terranes and igneous rocks.

Although this framework does not necessarily correspond to the precise geotectonic configuration of
these complexes during the Cretaceous, it provides a useful approximation for comparing datasets
across the arc. Geochronological and geochemical data compiled from the peer-reviewed literature
for Cuba, Hispaniola, Puerto Rico, Jamaica, and the Virgin Islands were assigned to one of the four

tectonic subdivisions.

The geochronological compilation, following the approach of Wilson et al. (2019). Whole-rock
geochemical analyses were screened to exclude highly altered compositions, using loss on ignition
(LOI) as a criterion; only samples with LOI < 4 wt.% were retained. Further filtering removed
samples lacking trace element data, and only screened samples were used for plotting trace element
diagrams. Immobile trace element ratios were employed to classify lithologies and distinguish the
tectonic affinities of felsic and mafic GAA components. For tectonic discrimination diagrams,
lithologies classified as basalt, basaltic andesite, and alkali basalt were grouped as “mafic” whereas

dacite/rhyolite, trachy-andesite, and trachyte were grouped as “felsic”.
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Figure 3. Simplified tectonic map of the Greater Antilles Arc showing the present-day location of
geologic units in the fourfold subdivision. Below shows simplified cross-section of the Greater
Antilles Arc during Cretaceous times in the fourfold subdivision discussed here with respect to the

location of the magmatic arc.
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3.9. Isotopic Modelling

The isotopic ratio and element concentrations of endmembers are summarized in the table below.
Depleted mantle (DM) concentrations of Sr, Nd, Pb and isotopic ratios of 87Sr/*®Sr, **Nd/'*Nd,
206pp/204Ph, 297Pb/2%Ph, and 2%®Pb/2%Pb were adopted from Rehkéimper and Hofmann (1997).
Atlantic Cretaceous pelagic sediment (AKPS) and Site 144 sediment isotopic ratios of 8’Sr/*®Sr,
BNA/MNd, 2%Pb/2%Pb, 27Pb/2%Pb, and 2°*Pb/?**Pb from Jolly et al. (2006) and Carpentier et al.
(2008), whereas element concentrations (Sr, Nd, Pb) were calculated using solid-fluid partition
coefficients (Dsovfuid) reported by Johnson and Plank (2000). Mixing lines were constructed using
the isotopic mixture equation of Faure and Mensing (2005) (Eq. 5).

_ faCaRy + (1 — f4)CgRp
m faCa + f5Cp

Where, R,, is the isotopic ratio of the mixture, R4 and Ry are the isotopic ratios of the components
A and B; €4 and Cp are the concentrations of the relevant element in components A and B; f4 and f5

are the weight fraction of components A and B in the mixture.
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Summary of endmember and partition coefficients used for isotope mixing calculations.

Fluid AKPS Fluid AKPS Fluid AKPS Fluid AKPS Fluid AKPS
Dm? 105/15/6° 105/18/6° 105/37/5° 105/37/6° 417D/18/2°

Sr (ppm) 11.300 243.956 868.132 191.209 197.802 89.011
Pb (ppm) 1.120 22.340 12.766 21.277 23.404 15.957
Nd (ppm) 0.049 23.153 16.563 22.715 27.097 16.840
87Sr/88Sr 0.7025 0.7144 0.7082 0.7143 0.7166 0.7284
14Nd/“3Nd 0.51320 0.51273 0.51220 0.51215 0.51214 0.51196
206ppy/204ph 18.00 18.88 18.93 18.75 18.73 18.99
207ppy/204ph 15.43 15.69 15.68 15.70 15.69 15.68
208ppy/204ph 37.70 38.93 38.86 38.97 38.92 39.06

Fluid AKPS  Fluid AKPS Fluid Site144  Fluid Site144  Fluid Site144

417D/19/1° 417d/21/3° unit2¢ unit3° unit4&5°¢
Sr (ppm) 115.385 260.440 - - -
Pb (ppm) 18.085 25.532 6.574 5.585 9.979
Nd (ppm) 41.458 48.257 10.972 4.597 14.375
87Sr/86Sr 0.7149 0.7130 - - -
144Nd/“3Nd 0.51219 0.51220 0.51191 0.51185 0.51211
206ppy/204ph 18.90 19.35 19.80 21.84 18.90
207pp/204pp 15.72 15.71 15.83 15.92 15.69
208ppy/204ph 39.08 38.63 39.61 39.42 38.98

Partition
coefficients
Dsolftuid®

Sr (ppm) 0.91
Nd (ppm) 1.44
Pb (ppm) 0.94

23DM: Depleted mantle; Salters and Stracke (2004)

bFluid AKPS: Atlantic Cretaceous pelagic sediment fluid; Jolly et al. (2006)
°Site144: DSDP Site144 sediment fluid; Carpentier et al. (2008)

dPartition Coefficients of Dsoyiia from Johnson and Plank (1999)
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3.10. Thermobarometry

Single-mineral thermobarometric models were applied to estimate crystallization pressures and
temperatures from clinopyroxene, amphibole, and biotite in volcanic and volcaniclastic rocks
(Ridolfi et al., 2010; Ridolfi, 2021; Petrelli et al., 2020; Wang et al., 2021; Jorgensen et al., 2022; Li
& Zhang, 2022; Higgins et al., 2022; Agreda-Lopez et al., 2024). Both empirical and machine
learning based calibrations were used, based on major-element mineral data obtained by EMPA. The
analysed crystals include magmatic phenocrysts and crystal fragments, representing a range of

magmatic and post-eruptive conditions.

Machine learning based thermobarometry approaches and traditional regression models can both be
applied to sector-zoned mantles. For resorbed cores, traditional regression-based models calibrated
using isothermal-isobaric experimental datasets or machine learning based models can still yield
geologically realistic estimates of magmatic storage conditions (MacDonald et al., 2023). Analyses
were selected from compositionally homogeneous domains identified in backscattered electron (BSE)
images to minimize the effects of alteration and re-equilibration. Zoned and texturally complex
crystals were also analysed to evaluate compositional and thermobarometric variations associated
with disequilibrium growth. Calculations were performed on distinct crystal zones (core, mantle, rim)
to ensure systematic assessment of equilibrium and disequilibrium domains. Results from strongly
heterogeneous or resorbed areas were treated cautiously and used primarily to evaluate relative P-T

trends rather than representative equilibrium conditions.

Model performance was evaluated using both calibration and validation statistics. Calibration
parameters, including the coefficient of determination (R?) and the standard error of estimate (SEE),
quantify the fit between predicted and experimental values within the calibration dataset. Validation
metrics, such as R? and the root mean square error (RMSE), assess predictive accuracy on
independent data. Together, these statistics provide a comprehensive evaluation of model reliability
and applicability to natural mineral compositions. Regression slopes and intercepts between
predicted and experimental values were also examined to assess systematic bias relative to the ideal

1:1 relationship.
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Summary of single-mineral thermobarometric calibrations used in this study. Abbreviations: Cpx:

clinopyroxene; Amp: amphibole; Bt: biotite.

Reported
SEE RMSE uncertainty
Calibration Mineral Approach (°C/kbar)  (°C/kbar) R2(T/P) Slope(T/P) Intercept(T/P)  (T/P)
Petrelli et al. Cpx Machine learning - 66/3.2 0.83/0.88 - - -
2020 (Extra trees)
Jorgensonetal.  Cpx Machine learning 72.5/3.2 - 0.85/0.86 - - -
2022 (Extra trees)
Higgins et al. Cpx Machine learning 53/2.3 - - - - -
2022 (Extra trees)
Agreda-L6pez Cpx Machine learning - 57/2.5 0.86/0.90 0.85/0.92 173.1/0.4 -
etal. 2024 (Extra trees)
Wang et al. Cpx Empirical 36.6/1.66 - 0.86/0.86 - 157/0.73 -
2021
Higgins et al. Amp Machine learning 41/1.6 - - - - -
2023 (Extra trees)
Ridolfi et al. Amp Empirical - - - - - -
2010
Ridolfi 2021 Amp Empirical - - - - - 22°Cl12%
Li and Zhang Bt Machine learning - 65/4.7 0.85/0.80 - - -
2022 (Extra trees)
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4. Main results and discussions

Article 1 (Appendix 1): Review of Geochronologic and Geochemical Data of the Greater

Antilles Volcanic Arc and Implications for the Evolution of Oceanic Arcs

The Greater Antilles Arc (GAA) preserves a fossil intra-oceanic convergent margin, and synthesis of
its geochronologic and geochemical records provides a comprehensive framework for understanding
the temporal and compositional evolution of Caribbean subduction systems. The integrated dataset,
incorporating 662 radiometric age determinations and more than 1537 geochemical analyses from
Cuba, Hispaniola, Puerto Rico, Jamaica, and the Virgin Islands, allows a detailed reconstruction of
the magmatic, metamorphic, and tectonic history of this arc. When examined within the context of
its four major structural domains: the fore-arc mélange, fore-arc ophiolite, magmatic arc, and retro-
arc terranes, the data reveal a complete record of oceanic arc evolution, from subduction initiation in

the Early Cretaceous to arc termination and continental collision in the Paleogene.

The integrated temporal and spatial distribution of radiometric ages defines a coherent history of the
principal stages of arc development and metamorphic overprinting, offering critical insights into the
tectonic architecture of the system and its progressive evolution. Ages range from about 155 to 30
Ma, with most clustering between 120 and 40 Ma, marking the main interval of arc activity. Three
distinct peaks are recognized: an early stage between 120 and 110 Ma, a dominant magmatic-
metamorphic pulse between 95 and 60 Ma, and a late event near 40 Ma (Fig. 4). The earliest ages
correspond to subduction initiation and the formation of oceanic lithosphere within fore-arc ophiolitic
sequences, recording the onset of Early Cretaceous supra-subduction magmatism and subduction-
zone metamorphism. The 95-60 Ma interval represents the thermal and magmatic climax of the arc
system, when magmatism, metamorphism, and crustal differentiation reached maximum intensity,
producing the majority of plutonic and volcanic crystallization ages and extensive metamorphic
resetting. The youngest peak, around 40 Ma, is associated with the waning of magmatic activity and
the onset of collisional deformation along the western margin during convergence with North
America. Collectively, the temporal and spatial patterns reveal a progressive migration of magmatic
loci from trenchward to arcward through time, reflecting dynamic subduction geometry, progressive

crustal growth, and the maturing thermal structure of the evolving GAA.
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Figure 4. Histogram of compiled age data for the GAA, including Cuba, Hispaniola, Jamaica,
Puerto Rico, and Virgin Islands sorted by (a) geochronologic method and (b) magmatism and
metamorphism (based on association to mélange, ophiolite or retro-arc). Results of radiometric
dating and paleontology age constraints show the temporal spectrum of the GAA magmatic and
metamorphic events. Ages range from 155 Ma (Jurassic) to 30 Ma (Oligocene), but the vast majority

are Cretaceous and Paleogene.

The geochemical dataset of the Greater Antilles Arc further illuminates its magmatic evolution and
mantle dynamics. Arc rocks are predominantly mafic to intermediate in composition and display
typical subduction-related trace element patterns (Fig. 5), with enrichments in large ion lithophile
elements (LILE) and depletions in high field strength elements (HFSE), reflecting a mantle wedge
metasomatized by slab-derived fluids and melts in an intra-oceanic setting. Major-element
systematics indicate an early tholeiitic stage followed by later calc-alkaline differentiation trends.
Across the arc, subtle but systematic geochemical variations are observed. Fore-arc and early-arc
rocks display island-arc tholeiitic affinities, whereas retro-arc rocks exhibit transitional compositions
trending toward mid ocean ridge basalt (MORB) and ocean island basalt (OIB) signatures (Fig. 5).
This compositional gradient, reflecting increasing contributions from enriched mantle components
away from the trench, suggests that the sub-arc mantle progressively interacted with upwelling
material from the Caribbean Large Igneous Province (CLIP). The temporal coincidence between the
95-60 Ma magmatic peak and the emplacement of the CLIP indicates that the influx of hot, buoyant
plume material affected the plate boundary of the GAA, particularly in retro-arc domains, as recorded
in both magmatic and metamorphic assemblages. The extent and intensity of this plume arc

interaction, however, require subjects for further investigation.
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Figure 5. (41-2) Histogram with lithologies from 1112 Greater Antilles Arc samples based on the
Zr/Ti versus Nb/Y classification (after Pearce, 1996). GAA mafic samples (of basalt, alkali basalt
and andesite/basaltic andesite composition) plotted on the Th/Yb versus Nb/Yb of Pearce (2008).

Volcanic arc array and mantle array are indicated. And Ti/1,000 (ppm) versus V (ppm) diagram from
Shervais (1982). (B1-2) forearc ophiolite; (C1-2) forearc mélange; (D1-2) arc; (E1-2) retro-arc.

The compilation of unfiltered sampling data also highlights potential biases that may influence the

apparent patterns, including differences in analytical techniques, isotopic systems preferentially

sensitive to particular geological processes, and uneven spatial coverage among islands. In particular,

data gaps persist in submerged or poorly exposed segments of the subduction system. Recognizing

these limitations, the integrated dataset not only refines the current model of Caribbean arc evolution

but also identifies key regions for future targeted studies. Overall, the combined geochronologic and

geochemical data establish the Greater Antilles Arc as a model example of an intra-oceanic arc that

records a full evolutionary cycle, from subduction initiation to collisional extinction. The results

further demonstrate that, in addition to subduction-driven processes, the system was influenced by

interactions between the subducting slab and the upwelling Caribbean plume across distinct tectonic

domains.
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Article 2 (Appendix 2): Exotic vs local Caribbean origin for the arc-related Mabujina
Amphibolite Complex (Cuba): implications for segmentation of the Caribbean arc during the

Cretaceous

The Mabujina Amphibolite Complex (MAC) of central Cuba represents an arc-related metamorphic
complex that provides crucial insight into accretionary and tectonic processes in intra-oceanic arc
settings of the Caribbean region (Fig. 6A). While most authors have interpreted the Mabujina
Complex (Porvenir Fm. and MAC; Fig. 6B and C) as the metamorphosed root of the Cretaceous
volcanic arc (Somin & Millan, 1981; Dublan & Alvarez, 1986; Bibikova et al., 1988; Tturralde-Vinent,
1994; Grafe et al., 2001; Stanek et al., 2006), other studies have proposed that it represents an exotic
volcanic arc section derived from the Pacific-related Guerrero volcanic arc terrane of central western
Mexico, later accreted to the base of the Cuban arc during Cretaceous (e.g., Blein et al., 2003; Rojas-
Agramonte et al., 2011). This study addresses this long-standing conundrum using extensive whole-
rock geochemical and Sr-Nd isotopic data to constrain the provenance of the protolith and assess its

tectonic significance within the regional Cretaceous arc framework.
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Figure 6. (4) Simplified geological map of Cuba. (B) Geological map of south-central Cuba after
Garcia-Delgado (1998). (C) Stratigraphic sequences of volcanic and sedimentary units of the central
Cuban arc and the Mabujina Complex which include the Mabujina Amphibolite Complex and the
Porvenir Formation (slightly modified after Iturralde-Vinent 2019). The plutonic rocks represent

ages, not intrusive contacts.
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Figure 7. Field photographs showing rock relationships within the Mabujina Amphibolite Complex
(A-C) and photomicrographs of igneous and metamorphic rocks from the Mabujina Amphibolite
Complex (D-F J) showing under cross-polarized light and (G, H) showing whole thin section under
plan-polarized light (3 x 5 cm in size). (4) Foliated and subsequently folded amphibolite and early
tonalite-trondhjemite. Ductile deformation resulted in parallel tectonic contacts between these units,
(B) Orthogneiss layers parallel to the main foliation of the amphibolites, (C) Leucocratic segregates
crosscutting the metamorphic foliation of the amphibolite possibly generated by hydrated partial
melting, (D) Foliated epidote-amphibolite shows relics of magmatic clinopyroxene, (E) Non-foliated
amphibolite with remaining porphyritic subvolcanic texture from basaltic protolith, (F) Medium-
grained undeformed tonalite from the MAC with oscillatory-zoned plagioclase crystals, (G) Foliated
amphibolite, (H) Unfoliated amphibolite preserves magmatic texture, (J) concordant felsic vein from
the MAC shows mylonitic texture, ribbons of quartz and plagioclase with pressure shadows.
Abbreviations: Amp: amphibole; Cpx: clinopyroxene, Ep: epidote; Pl: plagioclase; Qtz: quartz.
White bar indicates 500 um.
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Petrographic observations show that the amphibolites of the MAC display predominantly
nematoblastic textures with well-developed peak metamorphic foliation, though some less deformed
samples retain subvolcanic features (Fig. 7). They consist mainly of amphibole and plagioclase in
variable proportions, with epidote and locally clinopyroxene as stable peak phases, and minor biotite,
titanite, apatite, magnetite, and ilmenite as accessory minerals. Relicts of magmatic pyroxene are
locally preserved and partly replaced by amphibole + metamorphic pyroxene, whereas recrystallized
clinopyroxene forms polygonal grains in equilibrium with amphibole and plagioclase. Retrograde
assemblages composed of actinolite-hornblende, epidote, albite, and chlorite indicate retrogression
under epidote amphibolite to greenschist facies conditions. Associated orthogneisses are medium
grained, inequigranular granitoids composed of plagioclase, quartz, K-feldspar, amphibole, biotite,
and locally garnet, with apatite and zircon as accessories. Quartz shows variable undulose extinction
to complete recrystallization, reflecting deformation followed by recovery, while chlorite and epidote

are common retrograde phases.

Whole-rock immobile trace element data demonstrate that the MAC protoliths formed in a
subduction-related environment and share strong compositional similarities with other sections of the
Cretaceous Cuban arc (Fig. 8). The amphibolites are basaltic to basaltic-andesitic, and the
orthogneisses are tonalitic in composition. Two geochemical subgroups of the amphibolite are
recognized: a dominant calc-alkaline group and a subordinate tholeiitic group. Both exhibit
enrichment in LILE and depletion in HFSE, producing marked negative Nb-Ta anomalies and Th
enrichment typical of island arc basalts. The REE patterns of the calc-alkaline subgroup and tonalitic
orthogneisses show highly enriched light over heavy rare earth elements and total REE
concentrations similar to Late Cretaceous calc-alkaline igneous rocks of the Caribbean arc. In
contrast, the tholeiitic subgroup displays flatter REE patterns and lower Th contents. These trace-
element and Sr-Nd isotopic systematics are indistinguishable from those of the Cretaceous volcanic
sequences in central Cuba, such as the early tholeiitic Los Pasos Formation and the transitional to
calc-alkaline Matagua and Cabaiguan Formations, but differ markedly from the more enriched,

radiogenic signatures of the Guerrero Terrane (Fig. 8B; Blein et al., 2003).
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Figure 1: (4) Basaltic and basaltic andesitic samples plotted on the Th/Yb versus Nb/Yb of Pearce
(2008). (B) Age-corrected Sr-Nd radiogenic isotope ratios of whole-rocks from amphibolite and
orthogneisses of the MAC. Comparing to tholeiitic and calc-alkaline rocks of Cuban Arc and

Guerrero Arc, other tholeiitic sequences (Los Ranchos and Maimom formation) also indicated.

The geochemical affinity between the MAC protolith and the Cretaceous volcanic sequences of the
Caribbean arc in Cuba suggests that the >135 to ca. 93 Ma protolith formed within or near the
Caribbean arc realm. Zircon U-Pb ages indicate that the oldest MAC protolith predates 133 Ma,
slightly older or roughly coeval with the earliest arc magmatism in central Cuba (Los Pasos
Formation, ~135-125 Ma), consistent with subduction initiation around 135 Ma. These constraints
support the interpretation that the MAC represents an integral fragment of the Caribbean intra-
oceanic arc rather than an exotic terrane (Fig. 9). Prior to its tectonic emplacement beneath central
Cuba, the proto-MAC consisted of mafic magmatic rocks evolving from tholeiitic to calc-alkaline
affinity between the Early and Late Cretaceous (~93 Ma). Its proximity to the central Cuban segment
during the mid-Cretaceous, within a regional sinistral transpressional regime associated with oblique
subduction, fragmented the arc and facilitated crustal juxtaposition along strike-slip shear zones
comparable to those in Hispaniola between 95 and 74 Ma (Escuder-Viruete et al., 2006b). This
tectonic regime likely enabled the accretion of the proto-MAC beneath the Central Cuban Arc by the
late Turonian (~90 Ma), in a process analogous to intra-oceanic collisions observed in modern arcs

such as the Philippine system.
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Figure 9. A) and B) Early to Mid-Cretaceous geodynamic scenario for the development of the MAC
following Pindell and Kennan (2009), Pindell et al. (2012), and Torro et al. (2016). The
corresponding tholeiitic/calc-alkaline section of the Caribbean volcanic arc would have undergone
metamorphism and deformation due to intra-arc collision triggered by strike-slip faulting and
volcanic arc segmentation in a context of strong oblique subduction during the Cretaceous. b)
Location of the Guerrero terrane in western Mexico related to Pacific (Farallon) subduction is
indicated. Note that an exotic Guerrero origin of the MAC is not favored in this geodynamic scenario.
Inset in b) Inferred position of Central Cuba, Eastern Cuba and Hispaniola. Evidence for the
subduction of the ridge during the Mid-Cretaceous have been documented in Hispaniola by Rojas-
Agramonte et al. (2021) and Escuder-Viruete et al. (2007).

Collectively, the geochemical coherence and temporal alignment of the MAC with other Cuban arc
units support its interpretation as part of a laterally continuous intra-oceanic arc system, rather than
an exotic arc fragment emplaced from a distant Pacific source. The MAC therefore preserves a deep,
metamorphosed section of the Cretaceous Caribbean arc crust, providing a rare window into sub-arc
processes and crustal evolution during intra-oceanic subduction and subsequent arc-arc collisional
deformation. However, further constraints on the P-T-t evolution of the MAC are needed to fully

resolve the sequence and dynamics of this accretion and collision event.
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Article 3 (Appendix 3): Prolonged evolution of an intra-oceanic island arc: The ~60 Myr

record of Central Cuba

The continuous and well-exposed section in central Cuba offers one of the clearest examples of
temporal and structural evolution of an intra-oceanic arc, recording its development from subduction
initiation through magmatic differentiation and crustal thickening to eventual collisional shutdown.
Within the framework of the regional geochemical and geochronological synthesis of the Caribbean
system (Article 1), the central Cuban segment was selected for systematic study to better constrain
the magmatic evolution of the arc. This stratigraphic and geochemical record allows direct
comparison with the arc-related metamorphic complex (MAC, see Article 2) and provides a well-
preserved reference for understanding the lithochemical evolution of intra-oceanic arc, from upper

crustal volcanic sequences and associated plutonism.

The Central Cuban Arc records a prolonged, ~60 Myr evolution, documented through a series of
temporally constrained volcanic and plutonic units dated by U-Pb zircon and apatite analyses.
Although apatite ages are challenging to determine precisely due to low uranium contents and young
crystallization ages, the stratigraphic and radiometric data are in good agreement. The earliest
magmatic stage, prior to 125 Ma, corresponds to rapidly emplaced, lava flow dominated tholeiitic
volcanism represented by the Los Pasos Formation. Whole-rock geochemical data exhibit flat to
slightly LREE-depleted REE patterns consistent with high-degree partial melting of a dry, depleted
mantle source. The rocks show elevated ®’Sr/%Sr ratios attributed to seawater-rock interaction,
consistent with submarine eruption. During the mid-Cretaceous (~120 to >95 Ma), transitional
sequences show stronger LREE and Th enrichment and moderate MREE-HREE fractionation,
recording the progressive addition of slab-derived components, including minor inputs of
heterogeneous sediment and fluids derived from altered oceanic crust into the mantle wedge. By the
late Cretaceous (~95-75 Ma), volcanic and volcaniclastic assemblages became compositionally more
diverse, dominated by andesitic to dacitic rocks commonly containing amphibole phenocrysts. These
calc-alkaline sequences are associated with more explosive volcanism and major plutonism, mark

the development of a matured, hydrous, and thickened arc crust.

Sr-Nd-Pb isotopic compositions remain remarkably homogeneous throughout the arc evolution,
consistent with a depleted mantle source and the absence of significant continental contamination.
Initial eNd values consistently range from +7 to +8, and Pb isotopes plot close along the Northern

Hemisphere Reference Line and DMM reservoir. Transitional units, such as the Cabaiguan Formation
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trending toward higher 2°°Pb/2%*Pb ratios, which may reflect the incorporation of subducted Oceanic
Anoxic Event (OAEla-b) sediments characterized by elevated U/Pb ratios. Isotopic mixing models
indicate that incorporation of only ~1% sediment-derived fluid is sufficient to account for the
observed isotopic variations, with slab contributions increasing slightly from tholeiitic to calc-
alkaline stages. The overall isotopic coherence indicates that magmatic source was governed
primarily by slab-fluid metasomatism within an oceanic subduction environment, without significant
involvement of continental crust or a major change in mantle source composition. Age distributions
and Hf isotopes compositions of detrital zircon from interbedded volcaniclastic and sedimentary

rocks confirm that grains are derivation from the active arc itself.

Mineralogical and textural features record the transition from a rapidly ascending, dry magmatic
regime to a hydrous, storage dominated arc crust. Early to mid-Cretaceous assemblages are
commonly composed of clinopyroxene + orthopyroxene with weak or normal zoning, consistent with
low-water, high-temperature tholeiitic differentiation at shallow crustal levels. In contrast, Late
Cretaceous calc-alkaline rocks contain abundant amphibole and occasional biotite, reflecting
crystallization under hydrous conditions. Phenocrysts in the Calc-alkaline stage commonly display
disequilibrium textures such as oscillatory and sector zoning, resorbed cores, and complex
overgrowths, indicating repeated magma recharge, mixing, and crystal recycling within
compositionally zoned reservoirs. A prolonged magmatic storage regime with efficient isotopic
homogenization during the Late Cretaceous is also inferred from the narrow Hf isotopic spectrum of
magmatic zircons, in contrast to the broader and more variable signatures of earlier arc rocks.
Thermobarometric estimates from phenocrysts reveal a vertically extensive magmatic system:
clinopyroxene crystallized at ~1.5-4 kbar (upper to middle crust), with a tendency toward higher
pressures in younger units, whereas zoned amphibole cores formed at ~6-8 kbar, corresponding to
cooler lower crustal storage prior to ascend during the Late Cretaceous. Increased crustal thickness
through time is recorded by increasing whole-rock Ce/Y ratios in mafic rocks and La/Yb and Sr/Y
ratios in intermediate compositions (Fig. 10). The decrease in volcanic flux and onset of major
plutonism following MAC accretion likely reflect a change in crustal thermal structure and enhanced
fractionation. These geochemical proxies, combined with amphibole crystallization depths of 21-28
km (p = 2900 kg/m?), indicate that by late Cretaceous time the arc crust had thickened to values
comparable to present-day crust (approximately 24-30 km; Gonzalez et al., 2012; Moreno Toirén,

2003; Possee et al., 2021) prior to arc-continent collision.
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Figure 10. Evolution of the Central Cuban arc illustrated by (A) volcanic flux calculated from the
thickness and duration of each formation, with shaded bands showing low and high estimates, (B)
whole-rock-derived crustal thickness with least-squares regression lines indicating linear rates of
crustal growth (km/Ma) and corresponding R? values, using La/Yb and Sr/Y from intermediate rock
after Profeta et al. (2016) and Ce/Y from basic rocks after Mantle and Collins (2008), and (C) single-
mineral barometry-based crystallization depths converted to kilometers assuming a crustal density
of 2900 kg/m? Thermobarometry used: Clinopyroxene-only: Agreda-Lépez et al. (2024); Higgins et
al. (2022); Jorgenson et al. (2022), Petrelli et al. (2020); Wang et al. (2021). Amphibole-only: Ridolfi
et al. (2010); Ridolfi (2021),; Higgins et al. (2022). Biotite-only: Li & Zhang (2022).
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Figure 11. Schematic cross-section of the arc crustal section illustrating three stages of progressive
crustal thickning. In the early stage, a thin crust with limited magmatic differentiation produced
tholeiitic to transitional magmas and led to formation of lower crustal cumulates. With continued
thickening, a more hydrous and potentially cooler crustal structure favored differentiation toward
calc-alkaline compositions, the development of multiple magma storage levels, magma mixing
processes, and major plutonism. The thickness of volcanic sequences (upper crust) is based on
Geologia de Cuba: Compendio (Iturralde-Vinent, 2021) and interpreted Moho depth is constrined

by single-mineral barometry from volcanic rocks of the Central Cuban Arc.

Taken together, the petrological, geochemical, and geochronological data illustrate the evolution of
the Central Cuban Arc from dry tholeiitic to hydrous calc-alkaline magmatism, driven by increasing
slab-fluid flux and tectono-magmatic crustal thickening within a long-lived intra-oceanic subduction
setting (Fig. 11). Throughout this evolution, the arc maintained a dominantly juvenile isotopic
character, demonstrating that intra-oceanic arcs are capable generating substantial volumes of proto-

continental type crust prior to final accretion.
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5. Conclusions

This cumulative dissertation reconstructs the evolution of the Caribbean intra-oceanic arc system
through an integrated synthesis of geochronologic, geochemical, isotopic, and petrological data from
the Greater Antilles Arc, the Mabujina Amphibolite Complex, and the Central Cuban Arc segment.
Together, these studies establish a unified temporal and compositional framework for understanding
how intra-oceanic arcs generate juvenile continental crust. By combining regional-scale synthesis
with detailed petrochemical investigations of key localities in central Cuba, this work elucidates the
processes of subduction, crustal thickening, and magmatic differentiation that governed the

Cretaceous evolution of the Caribbean Plate.

The integrated dataset from the Greater Antilles Arc focus on regional scale synthesis and provides a
complete evolutionary framework for the intra-oceanic arc system, from subduction initiation in the
Early Cretaceous to collisional termination in the Paleogene. It delineates three major stages: onset
of subduction (120-110 Ma), magmatic and metamorphic climax (95-60 Ma), and collisional
cessation (~40 Ma). Geochemically, the GAA records increasing contributions from enriched mantle
components toward the retro-arc. The temporal overlap between the magmatic peak (95-60 Ma) and
the emplacement of the CLIP suggests plume-arc interaction, which may have enhanced magmatic
flux and introduced isotopic and chemical heterogeneity into the mantle wedge. These data establish
the Greater Antilles Arc as a reference example of long-lived intra-oceanic arc evolution preserved

from subduction initiation to arc-continent collision.

Zooming into smaller scale, petrographic, geochemical, and isotopic studies of Mabujina
Amphibolite Complex demonstrate this arc-related metamorphic complex formed within Caribbean
arc rather than representing an exotic terrane derived from the Pacific. The metamorphosed
equivalents of arc crust comprise amphibolite- and epidote-amphibolite facies rocks of basaltic to
tonalitic composition. Trace element and Sr-Nd isotopic compositions are indistinguishable from
those of coeval volcanic sequences in central Cuba and contrast sharply with the more radiogenic
signatures of the Guerrero Terrane. Petrochemical and isotopic data, combined with published zircon
U-Pb ages, suggests that the protolith of MAC developed contemporaneously with other segments of
the Caribbean arc. Its accretion beneath the Central Cuban Arc likely resulted from transpressional
deformation during mid-Cretaceous oblique convergence, which fragmented and juxtaposed arc

segments along strike-slip shear zones.
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Finally, reconstruction of the Central Cuban Arc complements the regional synthesis by documenting
a continuous ~60 Myr magmatic evolution and providing a crustal section that can be compared to
the MAC. The volcanic sequences record a transition from early submarine tholeiitic magmatism,
produced by the rapid ascent of dry mantle melts through thin crust, to hydrous calc-alkaline
volcanism and plutonism associated with crustal thickening and transcrustal magma storage.
Throughout this evolution, Sr-Nd-Pb-Hf isotopic data indicate a dominantly juvenile character,
underscoring the arc’s intra-oceanic nature and the absence of continental input. Minor temporal
variations reflect episodic incorporation of heterogeneous sediment and increasing slab-derived
components rather than changes in mantle source. Thermobarometric and whole-rock geochemical
proxies record crustal thickening to ~24-30 km, comparable to present-day values during major Late
Cretaceous plutonism following the accretion of the MAC. This record illustrates the tectono-
magmatic processes in an intra-oceanic arc that led to the development of a hydrous, transcrustal

magmatic system capable of generating proto-continental crust.

Taken together, the results from these three studies provide a coherent narrative of Caribbean arc
evolution. From regional scale magmatic and tectonic framework, to detail records of intra-arc
accretionary processes, to the petrogenetic and structural mechanisms of crustal differentiation and
thickening within an active intra-oceanic setting. The integration of these datasets demonstrate that
the Caribbean arc evolved through the interplay of subduction-driven mantle melting, slab-fluid
metasomatism, and tectono-magmatic crustal thickening, illustrating how intra-oceanic arcs can
generate substantial volumes of proto-continental crust prior to collisional accretion. The regional
and local perspectives developed in this dissertation not only refine the understanding of Caribbean
tectono-magmatic evolution but also provide broader insights into the mechanisms of crustal genesis,

and continental growth in oceanic convergent settings worldwide.
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Abstract

The Greater Antilles islands of Cuba, Hispaniola, Puerto Rico and Jamaica plus the Virgin Islands
host fragments of the fossil convergent margin that records Cretaceous subduction (operated for about
90 m.y.) of the American plates beneath the Caribbean plate and ensuing arc-continent collision in
Late Cretaceous-Eocene time. The “soft” collision between the Greater Antilles Arc (GAA) and the
Bahamas platform (and the margin of the Maya Block in western Cuba) preserved much of the
convergent margin. This fossil geosystem represents an excellent natural laboratory for studying the
formation and evolution of an intra oceanic convergent margin. We compiled geochronologic (664
ages) and geochemical data (more than 1,500 analyses) for GAA igneous and metamorphic rocks.
The data was classified with a simple fourfold subdivision: fore-arc mélange, fore-arc ophiolite,
magmatic arc, and retro-arc to inspect the evolution of GAA through its entire lifespan. The onset of
subduction recorded by fore-arc units, together with the oldest magmatic arc sequence shows that the
GAA started in Early Cretaceous time and ceased in Paleogene time. The arc was locally affected
(retro-arc region in Hispaniola) by the Caribbean Large Igneous Province (CLIP) in Early Cretaceous
and strongly in Late Cretaceous time. Despite multiple biases in the database presented here, this
work is intended to help overcome some of the obstacles and motivate systematic study of the GAA.
Our results encourage exploration of offshore regions, especially in the east where the forearc is
submerged. Offshore explorations are also encouraged in the south, to investigate relations with the

CLIP.
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1. Introduction

The fossil Greater Antilles Arc (GAA), part of the Great Arc of the Caribbean (Burke, 1988), provides
an unusual opportunity to examine the complete evolution of an intra-oceanic convergent margin
from birth to demise, especially because much of it is exposed above sea-level. Igneous and
metamorphic rocks of the GAA (Figure 1) record subduction beneath the Caribbean plate during the
Cretaceous and Paleogene spanning about 90 m.y. all through the present ca. 2,000 km length of the
convergent margin (e.g., Iturralde-Vinent et al., 2016; Mann et al., 2007; Pindell & Kennan, 2009
and references therein). In most interpretations, the subducting lithosphere corresponds to the North
and South American plates separated by the Proto-Caribbean ridge during the GAA lifetime (e.g.,
Blanco-Quintero et al., 2010; Pindell & Kennan, 2009). Convergence was terminated with the
subduction of passive margin sequences (Despaigne-Diaz et al., 2016, 2017; Garcia-Casco, Iturralde-
Vinent, & Pindell, 2008); the ensuing soft collision with the margins of the Maya Block and the
Bahamas Platform began in Cuba in the Latest Cretaceous (Iturralde-Vinent et al., 2008; van
Hinsbergen et al., 2009) and propagated to Hispaniola and further east (e.g., Escuder-Viruete, Pérez-
Estaun, Booth-Rea, & Valverde-Vaquero, 2011; Escuder-Viruete, Perez-Estatin, Gabites, & Suarez-
Rodriguez, 2011; Mann, 1999; Pindell & Barrett, 1990). After frontal to oblique collision ended in
Eocene time, convergence between the Caribbean and North American plates stopped and the western
part of the convergent margin (Cuba) accreted to the North American plate. A new transform
boundary—the left-lateral Oriente Transform Fault (Rojas-Agramonte et al., 2005, 2008)—and
associated formation of the Cayman Trough during the collision (Middle Eocene) - separated Cuba
from the Caribbean plate and eastern GAA fragments (Rosencrantz et al., 1988). This was a “soft”
collision, so deformation was mostly modest and most of the arc was not disrupted, making the GAA
one of Earth's best-preserved fossil oceanic convergent margins. In fact, the GAA is still an active
convergent margin east of the Dominican Republic, where slow, highly oblique convergence with

Atlantic oceanic lithosphere continues today (e.g., Mann et al., 2002).

The GAA evolved as an intra-oceanic convergent margin; a contemporary analog is the Izu-Bonin-
Mariana (IBM) arc system (Figure 1c; Stern et al.,, 2012) which is mostly submerged. GAA
sedimentary, metamorphic and magmatic units developed in subduction-related (fore-arc, arc and
retro-arc) environments. These are recognized as follows: (a) extended passive margins of the
Bahamas and the Maya Block accreted to the overriding plate in Cuba, (b) ophiolites and ophiolitic

mélanges, and (c) magmatic arcs (Cretaceous and Paleogene). Plume-associated igneous rocks were
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Figure 1. Comparison of fossil and active arcs, at the same scale. (a) Map of the Greater Antilles
showing the location of passive margin sequences, ophiolites and mélange blocks, magmatic arcs,
metamorphic terranes and plume-associated igneous rocks, modified from Torro, Proenza-
Fernandez, et al. (2016) and Wilson et al. (2019). (b) Tectonic map of the Izu-Bonin-Mariana arc
system, modified after Stern and Bloomer (1992).

also developed in the GAA retro-arc region. These four tectonic units are not developed on every
island, but volcanic rocks are exposed on each.

Previous reviews focused on a range of related issues including the larger geodynamic evolution of
the Caribbean plate (e.g., Boschman et al., 2014; Pindell et al., 2005, 2012); terrane accretion history
(e.g., Garcia-Casco, Iturralde-Vinent, & Pindell, 2008), the geology of Cuba (e.g., Iturralde-Vinent
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et al., 2016), high-pressure metamorphism in Cuba (e.g., Garcia-Casco et al., 2006), ophiolitic units
(Lewis et al., 2006) and GAA arc igneous rocks (e.g., Lidiak & Anderson, 2015; Lidiak & Jolly,
1996). This paper is the first systematic overview of the magmatism and metamorphism of the entire

GAA convergent margin system.

Here, we summarize published petrologic, geochronological, and geochemical data for GAA
ophiolites, mélange blocks, the magmatic arc, and retro-arc extensional features and use this
information to provide new insights into GAA evolution. We also suggest some potentially fruitful
directions for future study. Our approach is to use geochronologic and geochemical data to constrain
the entire magmatic and metamorphic history of the convergent margin, from subduction initiation
(SI) through maturity and death. The reconstruction does not include other important geological
issues, such as deformation, sedimentation, etc. We have two goals in this paper: First, we want to
explore if SI models (Stern & Gerya, 2018) are useful for understanding GAA evolution, using the
general approach of Hu and Stern (2020). Second, we hope to motivate further systematic study of

the GAA convergent margin system.

2. Methods

We imposed a simple fourfold tectonic subdivision on the GAA based on a SW dipping subduction
system agreed to by most scholars working in the Caribbean (e.g., Boschman et al., 2014; Escuder-
Viruete, Diaz de Neira, et al., 2006; Escuder-Viruete, Contreras, Stein, et al., 2007; Garcia-Casco et
al., 2006; Garcia-Casco, Iturralde-Vinent, & Pindell, 2008; Pindell & Kennan, 2009; Pindell et al.,
2005; Rojas-Agramonte et al., 2021). In addition we used modern geographic relationships of rock
units relative to the present position of the magmatic arc to put published data about GAA rocks into
4 tectonic domains: (a) forearc mélange; (b) forearc ophiolite; (c) magmatic arc (Cretaceous and
Paleogene); and (d) retro-arc region, including metamorphic terranes and igneous rocks. This
subdivision does not strictly correlate with the geotectonic position of the different geologic
complexes in the Cretaceous to their present geographic positions, but it is a useful approximation.
Geochronological and geochemical data published in the peer-reviewed literature for Cuba,
Hispaniola, Puerto Rico, Jamaica, and the Virgin Islands were assigned into one of the four present

tectonic subdivisions (Figure 2).

The compiled units are listed in Table S1. The geochronological compilation was done after Wilson

et al. (2019) and includes a total of 664 samples including 2 paleontologically constrained lava flow
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ages and 662 radiometric ages determined by six dating techniques: K-Ar (329 samples, 49.5% of
data), U-Pb zircon (138 samples, 20.8% of data), 40Ar-39Ar (168 samples, 25.3% of data), Rb-Sr
(14 samples, 2.1% of data), Re-Os (6 samples, 0.9% of data), and Lu-Hf (7 samples, 1.1% of data).
These age data are compiled from 92 studies. A total of 1,537geochemical analyses were compiled
from 51 studies. Samples were screened to avoid highly altered samples using loss on ignition (LOI);
only samples with less than 4 wt.% LOI (1,185 samples, Figure 3) were selected, then further filtered
to remove samples with no trace element data, leaving 1,112 samples for plotting on trace element
diagrams. Immobile trace element plots were used to classify lithologies and to distinguish the
tectonic affinities of GAA felsic and mafic components. For the purposes of plotting on tectonic
discrimination diagrams, lithologies classified as basalt, basalt-andesite, and alkali basalt are plotted
as “mafic”; all other lithologies including dacite/rhyolite, trachy-andesite, and trachyte are classified
as “felsic.” Details of geochronological data and sources are provided in the supplementary

documents (Tables S1 and S2) and listed in the references.

3. Results

Below we first explain the fourfold subdivision of the GAA (Section 3.1), then what age data was
compiled and filtered (Section 3.2), and finally how immobile trace element data was compiled and

filtered (Section 3.3).
3.1. Fourfold Subdivision of the Greater Antilles Arc

In northern Cuba extensive relics of oceanic lithosphere are recognized as the “northern ophiolites”
and “eastern ophiolites” (Iturralde-Vinent, 1998; Iturralde-Vinent et al., 2006). This forms a
discontinuous belt of out cropping ophiolites that can be traced more than 1,000 km from Cajalbana
in the west to Baracoa in the east (Figures 1aand 4). Three main segments with seven major exposures
can be distinguished along strike, from west to east: Cajalbana represents the western segment; the
central segment is represented by Havana-Matanzas, Villa Clara, Camagiiey, and Holguin; while
Mayari-Cristal and Moa-Baracoa make up the eastern segment. The ophiolite belt lies north of the
magmatic arc and overthrusts sedimentary rocks of the North American continental margin in western
and central Cuba, revealing that they formed in what became the forearc. Ophiolites in the eastern
segment are tectonically emplaced from the SW on top of the Cretaceous volcanic arc, in contrast to
other massifs of the western and the central segments. Hence, there is doubt as to whether this

segment represents a forearc or formed in a back-arc environment (Marchesi et al., 2006, 2007). A
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few ophiolitic slices are also present in the geographic rear-arc setting in the Escambray massif to
the south of the magmatic arc which likely represent fragments of the subducted Proto caribbean

ocean or Caribbean forearc (Garcia-Casco et al., 2006, and references therein). Garcia-Casco et al.

SW NE

Caribbean Plate E > North American Plate

Forearc mélange
Forearc ophiolite
Magmatic arc

Retro-arc

®ee

Figure 2. Simplified cross-section of the Greater Antilles Arc during Cretaceous times showing
present-day location of geologic bodies in the fourfold subdivision discussed here with respect to

the location of the magmatic arc.
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Figure 3. Histogram of loss on ignition from compiled Greater Antilles Arc geochemical data.
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(2006) noted the contrasting petrologic evolution of high-pressure metamorphic complexes within
mélange between the eastern segment and western-central segments (clockwise vs. counterclockwise
P-T path), as a likely consequence of timing of subduction-accretion and tectonic setting of formation
(onset of subduction vs. mature subduction) (Blanco-Quintero et al., 2010; Blanco-Quintero, Gerya

et al., 2011; Garcia-Casco, Lazaro, et al., 2008; Lazaro et al., 2009).
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Figure 4. Simplified tectonic map of the Greater Antilles Arc showing the location of geologic units

in the fourfold subdivision. See text for further discussion.

Forearc ophiolites refer to the massifs of Cajalbana, Havana-Matanzas, Santa Clara, Camagiiey, and
Holguin within the northern ophiolite belt. For simplicity, the eastern ophiolite belt (Mayari-Baracoa)
and its volcanic and plutonic sequences are also included here as an apparent forearc ophiolite. High-
pressure metamorphic rocks within serpentinite mélange intermingled with ophiolitic massifs, such
as mélange in Cajalbana (in olistostromes) and Habana-Matanzas-Villa Clara and mélange associated
with the eastern ophiolite belt, are assigned to the forearc mélange belt. Magmatic arc units include
island arc tholeiites and calc-alkaline suites, and alkaline magma hybridized calc-alkaline rocks
(Torr6 et al., 2020 and references therein). These plutonic and volcanic arc rocks include the
Cretaceous arc south of the northern ophiolite belt and Paleogene igneous rocks of the Sierra Maestra
of southeastern Cuba. The Mabujina arc-related complex (Rojas-Agramonte et al., 2011), and the
subducted passive margin-related Pinos, Cangre and Escambray metamorphic terranes (Despaigne-
Diaz et al., 2016, 2017; Garcia-Casco et al., 2001; Garcia-Casco, Iturralde-Vinent, & Pindell, 2008)
exposed south of the magmatic arc are assigned to the retro-arc based on their present geographic

position.
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In northern Hispaniola, ophiolites associated with the accretionary complex are present in the
Cordillera Septentrional-Samana Peninsula in the Dominican Republic. These fragments of oceanic
lithosphere are part of the Puerto Plata ophiolitic complex (Escuder-Viruete et al., 2014; Hernaiz
Huerta et al., 2012) and the Rio San Juan metamorphic complex (Escuder-Viruete & Pérez-Estatn,
2006, 2013; Escuder-Viruete, Friedman, et al., 2011;Escuder-Viruete, Pérez-Estatn, Booth-Rea, &
Valverde-Vaquero, 2011; Escuder-Viruete, Perez-Estatn, Gabites,& Suarez-Rodriguez, 2011;
Escuder-Viruete, Valverde-Vaquero, Rojas-Agramonte, Gabites, Carrion Castillo, &Perez-Estaun,
2013; Escuder-Viruete, Valverde-Vaquero, Rojas-Agramonte, Gabites, Pérez-Estatun, 2013; Krebset
al., 2008, 2011) which include the Rio San Juan high-pressure serpentinite mélange and Gaspar
Hernéndez serpentinized peridotite. Escuder-Viruete and Castillo-Carrion (2016) suggested that the
high-pressure Cuaba mafic gneisses and amphibolites of the southern Rio San Juan metamorphic
complex represent exhumed subducted GAA fore-arc, while (ultra-) high-pressure ultramafic rocks
from the Cuaba subcomplex are considered to be arc cumulates (Hattori et al., 2010) or mantle plume
fragments in an ultra-high pressure oceanic complex (Abbott & Draper, 2007, 2013; Gazel et al.,
2011). High-pressure accretionary wedge materials within the Cordillera Septentrional are assigned
to the fore-arc mélange. The Punta Balandra unit of the Samana complex consists of eclogite- and
blueschist-interleaved sepentinitic mélange thrust over non-eclogitic units that represent the
subducted passive margin (Escuder-Viruete & Pérez-Estain, 2006); this is assigned to the fore-arc
mélange subdivision. Island arc tholeiites and calc-alkaline series igneous rocks are exposed in the
Central and Eastern Cordilleras, including volcanic rocks from the Early Cretaceous Los Ranchos
and Maimoén formations and Tireo group and granitoids which are included in the volcanic arc unit
(Escuder-Viruete, Contreras, Stein, et al., 2007; Escuder-Viruete, Diaz de Neira, et al., 2006; Torro,
Garcia-Casco, et al., 2016; Torrd, Proenza, Marchesi, et al., 2017). Igneous rocks associated with arc-
rifting and back-arc spreading in central Hispaniola, and Caribbean Large Igneous Province (CLIP)-
associated units such as the Duarte Complex (Dominican Republic) and Dumisseau formation (Haiti
and southwestern Dominican Republic) are assigned to the retro-arc (Escuder Viruete et al., 2008;
Escuder-Viruete, Joubert, et al., 2016; Escuder Viruete, Perez-Estaun, et al., 2007; Escuder-Viruete,
Perez-Estaun, et al., 2011; Sen et al., 1988; Sinton et al., 1998).

Cretaceous and Paleogene volcanic and plutonic rocks of Jamaica (Mitchell, 2020 and references
therein), Puerto Rico (e.g., Jolly et al., 1998, 2002, 2008a), and the Virgin Islands (e.g., Jolly & Lidiak,
2006; Lidiak & Jolly, 1998) are included in this study. Jamaican rocks are assigned to the retro-arc.

The southern wall of Puerto Rico Trench comprises schists and serpentinites of a submerged
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accretionary prism (Perfit et al., 1980b). Ophiolitic mélange and peridotite belts of southwestern
Puerto Rico (Lidiak et al., 2011; Schellekens, 1998a) belong to the retro-arc region in the fourfold

subdivision according to its current geographic location.
3.2. Age and Technique Distribution in the Greater Antilles

A systematic difference in ages occurs between different techniques shown in Figure 5a. For example,
U-Pb zircon ages display an older mean of 92 + 53 (20) Ma compared to younger mean ages from
Ar-Ar (74 =41 Ma) and K-Ar (70 + 41 Ma) systems. These results indicate that a significant number
of Ar-Ar and K-Ar ages represent cooling or reset ages, which is particularly evident in the case of
Cenozoic K-Ar ages of Cretaceous volcanic arc igneous rocks in Cuba, for example. Figure 5b
distinguishes ages determined for igneous versus metamorphic rocks. Metamorphic rocks are further
divided into mélange-related metamorphism, ophiolite-related metamorphism, and metamorphism of
present-day complexes located in the retroarc (see further discussion in Section 4.4). Mélange-related
metamorphic ages show an older mean of 84 + 58 Ma compared to ophiolite-related metamorphic
ages (78 + 4 Ma) and metamorphic ages of present-day retroarc (72 £ 28 Ma). Igneous ages (76 + 48
Ma) are similar to these two younger metamorphic ages. As mentioned in the geographic sampling
bias section, the Caribbean realm is under sampled in many regions and caution must be taken when

interpreting age histograms.
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Figure 5. Histogram of compiled age data for the Greater Antilles Arc (GAA), including Cuba,
Hispaniola, Jamaica, Puerto Rico, and Virgin Islands sorted by (a) geochronologic method and (b)
magmatism and metamorphism (based on association to mélange, ophiolite or retro-arc). Results of
radiometric dating and paleontology age constraints show the temporal spectrum of the GAA
magmatic and metamorphic events. Ages range from 155 Ma (Jurassic) to 30 Ma (Oligocene), but
the vast majority (except for two dates) are Cretaceous and Paleogene. Data sources listed in

Table S1.

Some peaks stand out in the histograms, especially in the Late Cretaceous - early Paleocene from 95
to 60 Ma (Figure 5b). This interval is shown in both igneous and metamorphic rocks and is especially
clear in *°Ar/*’Ar ages and K-Ar ages. Two subordinate peaks are observed at 120-110 Ma and ~40
Ma. The older peak is especially clear in U-Pb zircon and Re-Os ages and reflects both magmatic
and metamorphic activity, including partial melting of metamorphic rocks in a hot subduction zone
(eastern Cuba). The younger peak is dominated by K-Ar and *°Ar/*°Ar ages and mostly reflects
igneous activity. These differences are good examples of technique bias (the difference between ages
from different techniques) and potential resetting of the K-Ar isotopic system. There is also geologic
bias, the difference between U-Pb zircon, which mostly is used for dating igneous crystallization,
and **Ar/*? Ar, which is often used for dating metamorphic and cooling events below ca. 400°C. These

biases are discussed further in Section 4.1.

In the next sections, we examine the age distributions of the four tectonic units: forearc ophiolite,

forearc mélange, magmatic arc, and retro-arc.
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3.2.1. Forearc Mélange

Age data of the forearc mélange in Cuba and Hispaniola come from high-pressure metamorphic rocks
within serpentinite mélange, presumably reflecting the GAA subduction zone metamorphic history
(Figure 6). Ninety-three dates or 14.0% of the 664 ages in our compilation are for this tectonic
subdivision. Some of these are ages of igneous protoliths (esp. U-Pb zircon ages), whereas many
others are metamorphic. In Cuba, samples are from mélange intermingled with ophiolites within the
northern ophiolite belt and mélanges of Sierra del Convento and La Corea in the Eastern Moa-
Baracoa Ophiolite. In northern Hispaniola, ages of high-pressure metamorphic rocks and tectonic
blocks of serpentinized peridotite within the Rio San Juan serpentinite mélange and Samana complex
are included. In the Puerto Rico Trench, a mica-epidote schist and muscovite from a greenschist yield
K-Ar ages of 63 + 3 Ma and 66 + 6 Ma (Perfit et al., 1980b). Age distributions of forearc mélange in
Hispaniola display a younger mean (72 Ma), larger 26 (£52 Ma), and a wider range (139-26 Ma)
compared to an older mean (105 Ma), smaller 26 (£24 Ma), and narrower range (130-83 Ma) of

Cuba. The possible significance of the difference in ages is explored in the discussion.
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subdivision, (a) Cuba, (b) Hispaniola, and (c) Puerto Rico. See text for further discussion.
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3.2.2. Forearc Ophiolite

GAA forearc ophiolites are exposed between the trench (the suture zone in the west and Puerto Rico
Trench in the east) and the magmatic arc, mainly exposed in tectonically uplifted regions in Cuba
and Hispaniola (Figure 4). There are limited data for Cuba (N = 22) and Hispaniola (N = §; Figure
7); only 4.6% of available ages are for this tectonic subdivision. Hispaniola shows older forearc
ophiolite ages than Cuba. Within the Rio San Juan metamorphic complex, an evolved gabbro sill
intruded into the Gaspar Hernandez serpentinized peridotite-tectonite yielded a concordant zircon U-
Pb age of 136.4 + 0.34 Ma and an even older hornblende 40Ar-39Ar age of 153.5 + 8.9 Ma (Escuder-
Viruete, Friedman, et al., 2011). One zircon 2°°Pb/?*8U age of 126.1 + 0.3 Ma for an olivine gabbro
from the Puerto Plata ophiolitic complex (Monthel, 2010) shows a similar age to the oldest forearc
ophiolite ages in Cuba (Lazaro et al., 2016). Ophiolite ages show a wider range, from 127 to 60 Ma,
in the northern ophiolite belt in central and western Cuba. In the Havana-Matanzas section, one whole
rock “°Ar-°Ar age of 98.1 = 0.5 Ma was reported for a plagiogranite (Llanes Castro et al., 2019).
Ages of intrusive (arc-related) tonalitic and granitic rocks within the Villa Clara ophiolite range from
85 to 61 Ma (Iturralde-Vinent et al., 1996; Rojas-Agramonte et al., 2010), and ages of dolerite and
basalt in the Holguin ophiolite range from 127 to 72 Ma (Iturralde-Vinent et al., 1996). In the eastern
ophiolite belt, one gabbro sample in the Moa massif yielded a zircon 2°°Pb/?*®U age of 124.3 + 0.9
Ma (Rojas-Agramonte et al., 2016) and the Rio Grande intrusive in the Mayari-Cristal ophiolitic
massif provided a hornblende “’Ar->?Ar age of 89.70 + 0.50 Ma (Proenza et al., 2006). Lazaro et al.
(2015) reported hornblende *°Ar-**Ar age of 77-81 Ma obtained for amphibolites from the Giiira de
Jauco metamorphic sole. Thus, forearc ophiolites and metamorphic soles in Cuba and Hispaniola
both yield a wide range of ages reflecting varied geodynamic processes affecting the oceanic

lithosphere since its formation in the Early Cretaceous.
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Figure 7. Histograms of compiled age data for forearc ophiolite in (a) Cuba and (b) Hispaniola.

3.2.3. Magmatic Arc

Age data for GAA Cretaceous and Paleogene magmatic arcs come from Cuba, Hispaniola, Puerto
Rico, and the Virgin Islands (Figure 8). Volcanic and plutonic rocks from the Cretaceous and
Paleogene arcs are included; 373 ages or 56.2% of the 664 ages in our compilation are for this unit.
Magmatism in these four islands shows a broadly similar range but with very different distributions.
A strong early peak in magmatism (120—110 Ma) is shown in Hispaniola; this peak is robust because
it is dominated by U-Pb zircon ages. A few ages in this range are found in Cuba but the main peak is
around 90 to 70 Ma. Puerto Rico and Virgin Islands show mostly much younger ages, mostly 75—40
Ma in Puerto Rico and 45-30 Ma in the Virgin Islands. This is a good example of geographic bias.
The oldest mean age (85 £ 49 Ma) is found for Hispaniola, and lower mean ages of 77 + 30 Ma are
found for Cuba, 57 + 32 Ma for Puerto Rico, and 52 + 43 Ma for the Virgin Islands. The possible

significance of the difference in ages is explored in the discussion.
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Figure 8. Histogram of compiled age data for the Greater Antilles Arc magmatic arc in (a) Cuba, (b)
Hispaniola, (c) Puerto Rico, and (d) Virgin Islands.
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3.2.4. Retro-Arc

The retro-arc subdivision encompasses igneous and metamorphic samples from the region south of
the GAA magmatic arc. This subdivision includes magmatic and metamorphic events (Figure 9). Age
data of the retro-arc region in Cuba include igneous and metamorphic rocks of the passive margin-
related Pinos and Escambray metamorphic terranes and the volcanic arc-related Mabujina complex
in western and central Cuba. One-hundred sixtyeight ages or 25.3% of the 664 ages in our
compilation are for this unit. The metamorphic and magmatic age of the Cuban retro-arc region
ranges from 132 to 50 Ma and peak at around 75 to 65 Ma, giving a mean of 74 + 34 Ma (20). In
Hispaniola, the retro-arc region consists of oceanic plateau (Escuder-Viruete, Joubert, et al., 2016;
Sen et al., 1988) and transitional and oceanic crust, which formed during Late Cretaceous back-arc
basin opening (Escuder-Viruete et al., 2008). The age of Hispaniola retro-arc samples ranges from

126 to 53 Ma, with a peak around 90 Ma and a mean of 90 + 28 Ma (20).

In the southwestern corner of Puerto Rico, the Bermeja Complex lies behind (south of) the Cretaceous
magmatic arc. Two samples from Las Palmas Amphibolite provide hornblende K-Ar ages of 126 + 3
Ma and 112 + 15 Ma (Cox et al., 1977). Zircons from amphibolite boulders in the Bermeja complex
show older ages (ca. 130 Ma; Pérez, 2008).

Jamaica falls in the GAA retro-arc region due to its location well to the south and west of the
magmatic arc in Cuba and Hispaniola, respectively. Metamorphic and magmatic rocks in Jamaica
range in age from 120 to 53 Ma. Granitoids and high-pressure metamorphic rocks range from 78 to
53 Ma. Paleontology constraint on the Devils Racecourse Formation provides the oldest age of 120

Ma. Jamaica retroarc rocks give a mean of 65 + 29 Ma (20).
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3.3. Immobile Trace Element Geochemistry of the GAA

We used immobile trace element plots to determine original lithologies because these are less
susceptible to alteration and better allow identification of petrogenetic and geodynamic attributes of
GAA igneous rocks. First, the 1,112 screened igneous origin rocks are classified on the basis of
incompatible element ratios Zr/Ti versus Nb/Y (Figure 10a). Most data (91%) plot in low Nb/Y sub-
alkaline fields: basalt (49%), andesite/basaltic andesite (34%), and rhyolite/dacite (8%). Far fewer
data plot in the high Nb/Y alkaline fields: alkali basalt (4%), trachy-andesite (5.6%), and trachyte
(0.5%). Based on this classification, subalkaline basalts dominate the GAA, followed by andesite and

basaltic andesite.
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Figure 10. Zr/Ti versus Nb/Y diagram (after Pearce, 1996) for Greater Antilles Arc igneous rocks.

There is a noticeable geographic bias in the 1,112 samples, with 271 analyses from Cuba (52% of
GAA area, 24% of data), 214 analyses from Hispaniola (38% of GAA area, 19% of data), 76 analyses
from Jamaica (5.5% of GAA area, 6.9% of data), 480 analyses from Puerto Rico (4.5% of GAA area,
43% of data), and 71 analyses from Virgin Islands (0.1% of GAA area, 6.4% of data; Figure 11b).
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For plotting on tectonic discrimination diagrams, the 6 lithologies indicated above are further
grouped into mafic and felsic rocks. Mafic refers to basalt, alkali basalt, and andesite/basaltic andesite
(86% of data); and felsic refers to trachy-andesite, trachyte, and rhyolite/dacite (14% of data). By this
measure, the GAA is overwhelmingly a mafic construction, as expected for intra-oceanic arcs

(Stern, 2010)
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Figure 12. Felsic rocks (of trachy-andesite, trachyte and rhyolite/dacite composition) of the Greater
Antilles Arc in the tectonic discrimination diagram of Pearce, Harris, and Tindle (1984). See text for

Sfurther discussion.

3.3.1. Felsic Rocks: Ta-Yb Plot

GAA felsic rocks are found in all four tectonic settings: forearc ophiolite (Cuba), forearc mélange
(Cuba), magmatic arc (Hispaniola, Puerto Rico, Virgin Islands; Cuba Paleogene arc), and retro-arc
(Jamaica). Most data fall into the volcanic arc granite (VAG) field on the Ta-Yb tectonic discriminant

diagram (Pearce, Harris, & Tindle, 1984; Figure 12). A few samples plot in adjoining fields near VAG.
3.3.2. Mafic Rocks: Th/Yb-Nb/Yb Plot

This diagram (Figure 13) allows assessing the extent of subduction-related metasomatism and
contamination by continental crust on the one hand versus magmas derived from mantle that was not
affected by subduction, like mid-ocean ridge basalts (MORB), enriched mid-ocean ridge basalts (E-
MORB), and ocean island basalts (OIB; Pearce, 2008). Th and Nb are both more incompatible than
Yb so Th/Yb and Nb/Yb covary for unmodified mantle, with low Nb/Yb and Th/Yb for basalts from
depleted unmodified mantle like N-MORB and high Nb/Yb and Th/Yb for basalts from enriched
mantle like OIB. The covariation defines the N-MORB to OIB “unmodified mantle array.” Basalts

generated from mantle that has been affected by melts/fluids evolved from subducted sediments or
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that interacted with continental crust will plot above the unmodified mantle array. Because the GAA
was built on oceanic crust and is not underlain by continental crust, the samples that plot above the

mantle array crystallized from magmas that formed above a subduction zone, as expected.
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Figure 12. Felsic rocks (of trachy-andesite, trachyte and rhyolite/dacite composition) of the Greater
Antilles Arc in the tectonic discrimination diagram of Pearce, Harris, and Tindle (1984). See text for

Sfurther discussion.

GAA forearc ophiolites are plotted in Figure 13a. These mostly show elevated Th/Yb, consistent with
formation at a convergent plate margin. The metasomatized mantle source involved N-MORB and
E-MORB mantle for the few samples from Hispaniola, and the wider spectrum in Cuba indicate that
these sources were metasomatized as well as (local) metasomatized OIB mantle source. Figure 13b
shows that forearc mélange blocks in Cuba and Hispaniola exhibit a similar spectrum of mantle
sources to those of forearc ophiolites, but Cuba data shows derivation from less metasomatized
mantle sources compared to more metasomatized mantle sources suggested from Hispaniola data.
Nearly all magmatic arc data show arc affinities, as expected. The magmatic arc of Hispaniola, Puerto
Rico, and Virgin Islands present a wide spectrum of metasomatized mantle sources from N-MORB
to OIB, in contrast to the Cretaceous and Paleogene magmatic arcs of Cuba, for which samples are
more confined to metasomatized N-MORB to E-MORB (Figure 13c). Retro-arc samples show
variable results, with Hispaniola-Cuba-Puerto Rico mostly plotting in the mantle array and Jamaica

showing a clear arc affinity (Figure 13d).
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3.3.3. Ti-V Plot

The Ti-V plot reveals variations in the behavior of V during partial melting and fractionation, which
is thought to reflect magmatic oxygen fugacity. The basis of this plot is that Ti is always +4 and
behaves as an incompatible element but V can be +3 or +4 in magmas and V+3 is more compatible
than V+4. Because convergent margin magmas are more oxidized than MORB or OIB, arc magmas
have lower Ti/V. Arc magmas have Ti/V ratios equal to and less than 20, except for calc-alkaline
magmas which show the effects of magnetite fractionation, therefore plotting magmatically evolved
rocks should be done with caution. MORB and continental flood basalts have Ti/V ratios of about
20-50 and alkaline rocks have Ti/V generally >50. Back-arc basin basalts may have either arc-like

or MORB-like Ti/V ratios.

Figure 14 shows that most mafic rocks of GAA fall into island arc tholeiite (IAT) and MORB/BABB
fields. Most forearc ophiolite data show IAT and MORB/BABB affinity and some data from Cuba
fall into the boninite field (Figure 14a). In Figure 14b, most forearc mélange data from Cuba fall into
the MORB/BABB field, with fewer showing IAT affinity. The vast majority of magmatic arc data
exhibit IAT and MORB/BABB affinity (Figure 14c), though there are also a few data showing
boninite (Hispaniola) or OIB affinity. Most retro-arc data cluster in the IAT and MORB/BABB field
and few rocks show OIB affinity (Figure 14d).

3.3.4. Sr/Y Versus Y and La/Yb Versus Yb Plots

The Str/Y versus Y and La/Yb versus Yb plots are typically used to discriminate adakite from normal
arc andesitic, dacitic and rhyolitic magmas. The term adakite was coined by Defant and
Drummond (1990) to describe intermediate to felsic, high Sr/Y and La/Yb volcanic and plutonic
rocks produced by melting of the basaltic portion of oceanic crust in subduction zones. This requires
unusual “hot” subduction and high-pressure evolution of magma where garnet is stable. In addition
to slab melting (young and hot oceanic lithosphere and ridge subduction), high St/Y and La/YDb ratios
can be produced by melting of mafic lower arc crust, fractional crystallization of hydrous mafic
magmas, and high-pressure fractional crystallization of arc mafic magmas (Castillo, 2012;

Moyen, 2009).

Figure 15 shows that most GAA intermediate to felsic rocks have high Y and Yb content and low
St/Y and La/ Yb ratios, falling into the normal island arc field. In Figure 15a, a few samples from
forearc ophiolite, forearc mélange and retro-arc of Cuba and the volcanic arc of Hispaniola, Puerto

Rico and Virgin Islands fall into the high Sr/Y adakite field. In Figure 15b, a few samples from forearc
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mélange and retro-arc of Cuba, volcanic arc of Hispaniola, Puerto Rico and retro-arc of Jamaica fall

into the high Sr/Y and La/Yb adakite field.
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Figure 15. Plots of (a) Sr/Y versus Y and (b) La/Yb versus Yb after Castillo (2012) discriminating
between adakitic and island-arc andesite, dacite and rhyolite (ADR) lavas for Greater Antilles Arc

rocks with silica content greater than 56 wt%. See text for further discussion.

4. Discussion

Below we discuss five aspects of our compilation. First, we discuss the extent to which our compiled
data are biased. Second, we discuss the extent to which a SI model can be usefully applied to the
system. Third, we discuss the extent to which the CLIP affected the GAA. Fourth, we discuss some

complications and considerations. Finally, we offer some suggestions for future research.
4.1.What Are the Biases in the Data and Assumptions in Our Approach?

We are aware of four significant biases in our compilation: technique, geologic, geographic, and
land/sea. Technique bias reflects the fact that some radiometric methods (e.g., U-Pb zircon, *°Ar->*Ar)
are more reliable than others (e.g., K-Ar). Geologic bias refers to the fact that ages pertain to either
igneous or metamorphic episodes. Geographic bias refers to the fact that some islands have more
geochronologic and geochemical data per unit area than others. Land/sea bias reflects the fact that
nearly all the data in our compilation comes from subaerial exposures and we know little about the

submerged GAA.
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4.1.1. Technique Bias

Technique bias is a significant consideration for the geochronology compilation. A total of 662
radiometric ages and two paleontology constraints from the literature were compiled for Cuba,
Hispaniola, Jamaica, Puerto Rico, and Virgin Islands, as shown in Figure 5. These studies used a
wide range of radiometric techniques, with U-Pb zircon (21% of ages) and *°Ar-**Ar (25% of ages)
being the preferred techniques and K-Ar (50% of ages) considered least reliable. Ages determined
by four other techniques (Rb-Sr, Re-Os, Lu-Hf, and paleontology) make up 4% of the age
compilation and contribute little to technique bias. Ages by the three major techniques are distributed
differently among the islands. Cuba accounts for about half (46.7%) of the 310 ages we compiled,
55% of which (169) are K-Ar ages. Hispaniola has 192 ages (29%), only 24% (46) of which are K-
Ar ages. Jamaica has 5% of the data (34), 38% of which are K-Ar ages. Puerto Rico has 13% of the
age data in our compilation, 80% of which are K-Ar ages. The Virgin Islands have 6% of the age data
(40), 75% of which are K-Ar ages. We conclude that there is significant technique bias in the

geochronology compilation.

Future geochronologic research will surely emphasize U-Pb zircon and *°Ar-*Ar techniques and
promise to reduce technique bias. It is noteworthy that some modern thermochronologic techniques
(e.g., monazite, titanite, and xenotime U-Pb) have not yet been conducted on GAA rocks. Fission
track work on Cretaceous and Paleogene volcanic arc rocks in southeastern Cuba (Rojas-Agramonte
et al., 2006) and Jamaica (Comer et al., 1980) reveals GAA exhumation history, and recent zircon
and apatite (U-Th)/He ages on volcanic rocks in Jamaica (Cochran et al., 2017) and Puerto Rico

(Romén et al., 2021) provide further constraints on the kinematics of GAA collision and uplift.
4.1.2. Geologic Bia

Ages determined by radiometric techniques can be subdivided into those that date when a magma
crystallized (crystallization age) or when a metamorphic rock cooled below a closure temperature
(metamorphic age). A systematic difference in age is seen for some techniques in Figure 5a. For
example, U-Pb zircon ages display an older mean of 92 Ma compared to younger mean ages from
YAr-¥Ar (74 Ma) and K-Ar (70 Ma) systems. These results indicate that *°Ar->?Ar and K-Ar ages
are strongly influenced by resetting and/or represent cooling below ca. 400°C rather than the
igneous/metamorphic formation age of the rock bodies. Four-hundred seventy nine ages are igneous
crystallization ages and 183 are metamorphic/cooling ages. Igneous activity is better approximated

with U-Pb zircon ages whereas metamorphic evolution and cooling/decompression rates are better
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approximated by *°Ar-*Ar dating of amphiboles and micas. This may account for the significant
difference between mean U-Pb zircon age (92 Ma) and younger mean age from “’Ar->*Ar (74 Ma).
Figure 5b distinguishes ages determined for igneous versus metamorphic rocks, but no significant
difference in age is observed; igneous ages show a mean of 76 + 48 Ma whereas metamorphic ages

show a mean of 77 £ 43 Ma
4.1.3. Geographic Bias

Geographic bias refers to whether a region is sampled in proportion to its exposures or not. One way
to do this is to compare data density on an island basis, using the area of basement exposed on each
island. Cuba has ~58% of exposed GAA basement, Hispaniola has ~30%, Jamaica has 2.3%, Puerto
Rico has ~9.3%, and the Virgin Islands have ~0.7% (estimated basement, non-sedimentary outcrop,
exposure areas calculated from Iturralde-Vinent et al. [2016], Escuder Viruete, Perez-Estaun,
et al. [2007], Mitchell [2020], Lidiak and Anderson [2015], and Wilson et al. [2019]). These are the
proportions expected for geographically unbiased data. Relative to this expectation, for
geochronology Cuba is slightly undersampled with 46.7% of ages, Hispaniola is proportionally
sampled (29% of ages) whereas Jamaica (5% of ages), Puerto Rico (13% of ages), and Virgin Islands
(6% of ages) are oversampled (Figure 11b). Within Hispaniola, Haiti is undersampled (31% of
basement exposures, 14.1% of the ages) relative to the Dominican Republic (69% of basement, 85.9%
of the ages). Geographic bias is more pronounced in 1,112 samples with geochemical data. Cuba is
undersampled with 271 analyses (58% of GAA area, 24% of plotted data) as is Hispaniola with 214
analyses (30% of GAA area, 19% of plotted data). Within Hispaniola, nearly all data come from the
Dominican Republic (99.4%). Jamaica is oversampled with 76 analyses (2.3% of GAA area, 6.9%
of data), Puerto Rico is strongly oversampled with 480 analyses (9.3% of GAA area, 43% of data),
as are the Virgin Islands with 71 analyses (0.7% of GAA area, 6.4% of data; Figure 11b).

It should be noted that there is also geographic bias within countries. For example, in Hispaniola,
there are significantly more samples for geochronology in the Central Cordillera than in the rest of

the i1sland.
4.1.4. Land/Sea Bias

This bias deals with the fact that GAA samples in our compilation mostly come from the islands and
few data come from offshore. This is a particular problem for the forearc ophiolite and mélange and
retro-arc, for which samples mostly come from the western collided half of the GAA. In the east,

where slow oblique convergence continues, forearc ophiolite and mélange that are the eastern
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equivalents of their western counterparts are submerged, requiring marine geoscientific techniques
to study. Some studies have been conducted in the submerged eastern forearc. Marbles and other
metasediments dredged from ca. 400 km along the southern wall of the Puerto Rico Trench are
reported derived primarily from island-arc and pelagic component, and some magnesian schists and
serpentinites are found in the accretionary prism (Heezen et al., 1985; Perfit et al., 1980b). Forearc
ophiolite and mélange also include possible submerged fragments of the North Slope terrane of
northern Puerto Rico (Larue & Ryan, 1998). More studies also need to be conducted in the submerged
Beata Ridge to the south of Hispaniola (Diirkefdlden et al., 2019). The ridge has been classified as
part of the Mesozoic CLIP (Hoernle et al., 2004)

4.1.5. Subduction Initiation in the Greater Antilles Arc

Investigating SI is the key to understanding the tectonic evolution of a convergent margin. It is
increasingly recognized that suprasubduction zone ophiolites (Pearce, Lippard, & Roberts, 1984),
metamorphic soles (Agard et al., 2007; van Hinsbergen et al., 2015), and sometimes boninites are
generated during SI (Stern & Gerya, 2018), creating the fore-arc (Stern et al., 2012). Within the GAA,
a long ophiolite belt parallels the western section of the magmatic arc in Cuba, offering an opportunity
to study how this convergent plate margin and underlying subduction zone formed. Equivalent
forearc units presumably exist offshore north of the eastern GAA, providing an attractive target for

21st century research.

Petrological and geochemical studies of ophiolitic crustal sequences mixed with volcanic arc units
show both mid-ocean ridge basalt (MORB) and IAT signatures in the central (Ando et al., 1996) and
the eastern parts (Marchesi et al., 2007; Proenza et al., 2006) of Cuba. Although the vertical
relationships are unclear, such basalts are expected in a SI environment (Whattam & Stern, 2011).
Boninite is also characteristic of some SI ophiolites and is found in the Havana ophiolite of Cuba
(Fonseca et al., 1989; Kerr et al., 1999) and Puerto Plata ophiolitic complex, Cacheal complex
(Escuder-Viruete et al., 2014), and Los Ranchos (Escuder-Viruete, Diaz de Neira, et al., 2006),
Maimoén (Torro, Garcia-Casco, et al., 2016; Torrd, Proenza, Marchesi, et al., 2017; Torr6, Proenza-
Fernandez, et al., 2016), and Amina (Escuder-Viruete, Contreras, Joubert, et al., 2007) Formations in
Hispaniola. Also, Late Cretaceous volcanic rocks from Los Pasos Formation in Cuba (Torrd,
Proenza-Fernandez, et al., 2016) and Cuaba subcomplex in Rio San Juan metamorphic complex
(Escuder-Viruete & Castillo-Carrion, 2016) exhibit boninitic, low-Ti island arc tholeiitic, and normal

tholeiitic signatures. However, Late Cretaceous Téneme Formation lavas in eastern Cuba show
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similar low-Ti IAT signatures with boninitic affinity suggesting later additions to the convergent

margin (Proenza et al., 2006).

Spinels in ophiolitic peridotites are used to infer tectonic settings, with the highest Cr# spinels
(Cr# = (Cr/ Cr+ Al)) associated with forearcs (Bonatti & Michael, 1989). Sl-related forearc
peridotite spinels vary widely (Morishita et al., 2011). Ophiolitic peridotite spinels from harzburgites
in Havana-Matanzas ophiolites vary in Cr# from 0.21 to 0.73 (Llanes-Castro et al., 2018). A similar
range of Cr# in ophiolitic peridotite spinels from eastern segment harzburgites varies from 0.36 to
0.72 (Gervilla et al., 2005; Gonzalez-Jiménez et al., 2011; Marchesi et al., 2006; Proenza et al., 1999).
Peridotites with coexisting high- and low Cr# spinels indicate variable melt compositions as expected
for a magmatic system that produced both boninitic magmas (from ultra-depleted peridotites with
high Cr# spinels) as well as tholeiitic melts (from less depleted peridotites with moderate Cr# spinels;
Morishita et al., 2011). Alternatively, this may indicate a multi-episodic history of partial melting

and/or refertilization processes.

Radiometric ages of ophiolites range from Early to Late Cretaceous (Figure 7a), with the oldest
ophiolites in Cuba and Hispaniola giving similar ages (126 Ma; Escuder-Viruete et al., 2014;
Escuder-Viruete, Friedman, et al., 2011; Lazaro et al., 2016; Rojas-Agramonte et al., 2016; Rui
et al., 2020). Radiolarians in sediments that overly pillow basalt at Holguin provide biostratigraphic
constraints that are between Hauterivian (132.9-129.4 Ma) and Barremian (129.4—-125.0 Ma; And6
et al., 1996). Despite GAA fore-arc ophiolite ages showing a rather broad range, the oldest ages of
forearc ophiolites together with active magmatic arc suggest SI in the Early Cretaceous beginning
around 130 Ma (cf., Escuder-Viruete et al., 2014; Escuder-Viruete, Diaz de Neira, et al., 2006;
Lazaro etal., 2016; Pindell etal., 2012; Rojas-Agramonte et al.,2011). To date, only one
metamorphic sole has been identified in the Caribbean realm, and it has not been related to Early
Cretaceous subduction inception. It is the Guira de Jauco amphibolite in eastern Cuba, with an 40Ar-
39Ar cooling age of 77-81 Ma, that has been related to the emplacement of the Moa-Baracoa
ophiolite during the Late Cretaceous (90—85 Ma) in a new subduction zone perhaps related to the
effects of the Caribbean plume (Léazaro et al., 2013, 2015). Clearly, further work is needed to

constrain the magmatic ages of GAA forearc ophiolites and formation ages of metamorphic soles.
4.1.6. Comparison to the S Tibet SI Example

The GAA SI sequence and evolution can be usefully compared to that of the convergent margin of

southern Tibet, showing significant similarities and differences. The southern margin of Tibet is an
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excellent place to study SI because the rocks are well-exposed, forearc ophiolite and metamorphic
sole ages cluster tightly (as expected from the SI hypothesis) and younger elements of a mature
convergent margin (such as magmatic arc and forearc basin) are also present. The significance of
especially the differences between the ages of similar features in GAA and clear examples of SI like
Tibet need to be understood in our efforts to test and further develop SI hypotheses. Figure 16 shows
that they have similar spatial scales, both being about 2,000 km long. As Figure 16 shows, the two
convergent systems both began in Early Cretaceous time, both experienced prolonged subduction
(~70-80 million years), and both were sites of Eocene collision. However, S Tibet ophiolites are
dominantly the same age whereas a wider range of ages is found for GAA ophiolites. S Tibet
metamorphic soles are about the same age as most SI ophiolites (~120 Ma) whereas GAA ophiolitic
soles are associated with younger events (Lazaro et al., 2013, 2015). S. Tibet experienced abundant
igneous activity with collision whereas the GAA did not. These observations underscore the

importance of further research into the age and nature of especially GAA SI sequences.

The wider range of ophiolite ages within the GAA might reflect continued fore-arc extension after SI
began in the Early Cretaceous. The formation of Late Cretaceous metamorphic soles and low-Ti IAT
volcanism in eastern Cuba is further evidence of a more complicated subduction history for GAA
compared to S Tibet. This might be due to changing subduction regimes, the influence of the CLIP
(94-83 Ma; Escuder-Viruete, Perez-Estaun, et al., 2011; Hauff, Hoernle, Tilton, et al., 2000; Sinton
et al., 1998), along-strike extension, or a combination of these. Some of these tectonic complexities

and the possible effect of the CLIP on the GAA are discussed in separate section below.
4.2. The Role of the Caribbean Large Igneous Province (CLIP)

In this section, we discuss the extent to which the CLIP might have affected the Cretaceous evolution
of the GAA. The CLIP consists of thickened oceanic crust (up to 20 km) in the central (submarine)
part of the Caribbean Plate (Mauftret & Leroy, 1997) and is also accreted/uplifted as subaerial flood
basalt sequences exposed around the margins of the Caribbean Sea and northwestern South America.
Most authors favor an origin in the Pacific Ocean for the CLIP, possibly above the Galdpagos mantle
plume, and subsequent emplacement in the inter-America gap during the Cretaceous-Tertiary (e.g.,
Boschman et al., 2014; Duncan & Hargraves, 1984; Hastie & Kerr, 2010; Hoernle et al., 2002; Mann
et al., 2007; Pindell et al., 2012; Sinton et al., 1997, 1998). Remnants of these terranes can be found
in Central America, Colombia, Ecuador and in the Caribbean on Curagao, Aruba, Hispaniola and

Jamaica (e.g., Hastie et al., 2016; Hauft, Hoernle, Tilton, et al., 2000; Hauff, Hoernle, van den
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Bogaard, etal., 2000; Hoernle et al., 2004; Kerr etal., 1996; Loewen etal.,2013; Révillon
et al., 2000; Sinton et al., 1998). New data from Diirkefédlden et al. (2019) support long-term CLIP

volcanism for at least 18 Ma, from ~92 to ~74 Ma with main magmatic activity from 89 to 90 Ma,
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Figure 16. Comparison of two fossil convergent plate margins, at the same scale. Geochronologic
data from ophiolite, metamorphic soles and magmatic arc of the Greater Antilles Arc (GAA)
compared to the convergent system of southern Tibet (Hu & Stern, 2020). On the top lefi, simplified
tectonic map of southern Tibet showing major ophiolitic massifs of the Yarlung Zangbo Suture Zone,
Xigaze and Indus forearc basin and volcanic belts of the Lhasa terrane, modified after Hébert
etal (2012). On the top right, tectonic map of GAA from Figure la. First panel: histogram of
compiled age data for ophiolites along the Yarlung Zangbo Suture Zone versus ophiolite of GAA.
Second panel: histogram of compiled age data for metamorphic soles within the mélange from
Yarlung Zangbo Suture Zone versus GAA. Third panel: histogram of compiled age data of plutonic

and associated volcanic rocks in the Lhasa terrane versus GAA. See text for further discussion.
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though CLIP-related Duarte Complex lavas in the Dominican Republic date back to the Early
Cretaceous (Escuder Viruete, Perez-Estaun, et al., 2007). Remnants of rocks with CLIP affinity in
the GAA (Hispaniola, Jamaica, Puerto Rico, and offshore Hispaniola in the Beata Ridge) occur in a

retro-arc position in our four-fold subdivision.

Recent papers, for example, by Diirkefdlden et al. (2019) and Hastie, Ramsook, et al. (2010) still
favor the idea of Duncan and Hargraves (1984) and Burke (1988) that collision between the ~90 Ma
CLIP and the Great Arc of the Caribbean along an east-dipping subduction zone was responsible for
a polarity reversal event during the Santonian-Campanian (~80-85 Ma; Burke, 1988), when a new
west-dipping subduction zone was established. Recently, geochemistry of Cretaceous lavas from the
Virgin Islands without a mantle plume component led Hastie et al. (2021) to conclude that the
Caribbean subduction polarity reversal occurred in the Turonian-Campanian. However, the OIB-E-
MORB source identified in the forearc, arc and retroarc (Figure 13) suggests the opposite.
Furthermore, the geology and geochronology of Cuba, Hispaniola and Puerto Rico do not support
the idea of a polarity reversal event at any stage of the Cretaceous arc-building process (Boschman
et al., 2014; Braszus et al., 2021; Mann et al., 2007; Pindell et al., 2005, 2012; Rojas-Agramonte
et al., 2011). Rather, the CLIP influence observed in other GAA islands suggests that varied degree
of tectonic or geochemical interaction with the convergent margin was responsible for a significant
amount of melting as well as metamorphism. For example, the CLIP shows tectonic influence on the
Cuban segment of GAA, metamorphism of the Mabujina Amphibolite Complex (MAC) in central
Cuba occurred during the Turonian (ca. 90-93 Ma) when it became part of the Cuban volcanic arc
and was shortly after intruded by plutonic rocks of the Manicaragua batholith (Figure 8a; Turonian-
Campanian; ca. 89—83 Ma; Rojas-Agramonte et al., 2011). Lazaro et al. (2013, 2015) postulated that
the Late Cretaceous formation of the Giiira de Jauco metamorphic sole (Figure 7a) and onset of
obduction of the Moa-Baracoa ophiolite was triggered by the emplacement and development of the
CLIP plume head. In Hispaniola, CLIP component has been identified in the geochemistry of igneous
rocks of the supra-subduction zone environment (Escuder-Viruete et al., 2008). Farré-de-Pablo
et al. (2020) conclude that chromitite from Loma Caribe peridotite formed by plume-derived melts
that interacted with supra-subduction zone mantle in a Late Cretaceous back-arc setting in Hispaniola.
The extent of interaction between CLIP and different segments of the GAA is still unclear, however,
multiple lines of tectonic and geochemical interaction with the convergent margin of GAA and
geochronology data displayed in Figure 16 suggests the emplacement of the CLIP during the Late

Cretaceous imposes influence on the subduction zone magmatic, metamorphic and tectonic processes.
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4.3. Other Complications and Considerations

We must keep in mind that our fourfold subdivision of units into mélange, forearc ophiolite,
magmatic arc, and retro-arc may be flawed. For example, there may have been more than one
subduction zone, as Jamaica rocks that fall into the retro-arc subdivision show an arc affinity
(Figure 14d). Another complication may be that during the Early Cretaceous, a subducting proto-
Caribbean ridge separated the North and South American plates (Blanco-Quintero, Gerya, et al., 2011;
Blanco-Quintero, Lazaro, et al., 2011; Garcia-Casco, Lazaro, et al., 2008; Pindell et al., 2005). This
ridge may have been subducted beneath the eastern Cuban segment of the arc (trench-trench-ridge
triple junction) in Early Cretaceous time (ca. 120 Ma; Blanco-Quintero et al., 2010), with the North
American plate subducted beneath the Cuban arc and the South American plate subducted beneath
the Hispaniola-Puerto Rico branch of the arc. The eastern migration of the triple point during the
mid-Cretaceous in Hispaniola (Escuder-Viruete, Contreras, Stein, et al., 2007) could have resulted
from the segmentation of proto-Caribbean ridge by transform faults (Rojas-Agramonte et al., 2021),
causing Late Cretaceous adakitic magmatism in Hispaniola. The location of the triple junction during
the Late Cretaceous is not known, but a shift toward the east (present coordinates) can be inferred if
it was connected to the Central Atlantic ridge. Hence, with time, more and more North American

plate was subducted below the GAA.

Also, Cenozoic normal and strike-slip faulting may have displaced geologic bodies from their
original position to their present geographic position. We do not think that there has been major
shuftling of original GAA tectonic units because the N. Caribbean transform fault system, with the
largest displacements, trends sub-parallel to the GAA trend. However, large-scale thrusting may have
had an effect in re-locating some tectonic units. This is, for example, the case of latest Cretaceous-
Eocene orogenic thrust tectonics in western Cuba, where the oceanic arc-ophiolitic Bahia Honda-
Cajalbana units now lie north of the North America passive margin sequences and can be restored
220 km to the south of its present position (e.g., Saura et al., 2008). On the other hand, metamorphic
complexes made of sediments and igneous rocks in Cuba (Escambray complex and Pinos terrane)
now located in the retro-arc originated in the North American passive margin and were
metamorphosed beneath the Cretaceous forearc during subduction of Mesozoic passive margin
sequences (Cruz-Gamez et al., 2016; Despaigne-Diaz et al., 2016, 2017; Garcia-Casco, Iturralde-
Vinent, & Pindell, 2008). Furthermore, serpentinite mélange units of the Escambray complex contain
subducted oceanic crust (eclogites and blueschists) similarly formed in the Cretaceous forearc

(Garcia-Casco et al., 2006; Schneider et al., 2004).
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Concerning ophiolites, the Cuban eastern ophiolite belt (Mayari-Cristal and Moa-Baracoa)
overthrusts volcanic arc exposures now located to the south. Hence, its classification as forearc
ophiolite is controversial. In fact, most publications consider these ophiolitic rocks as formed in the
Cretaceous back-arc (Iturralde-Vinent, 1998; Lazaro et al., 2013, 2015; Marchesi
et al., 2006, 2007, 2011, 2016). However, Lazaro et al. (2016) identified fore-arc basaltic blocks
within La Tinta mélange, which is associated to the Moa-Baracoa ophiolitic complex, while Rui

et al. (2020) suggests that the Moa-Baracoa harzburgites originated in a nascent forearc mantle.

In Hispaniola, the Loma Caribe peridotite, the largest ophiolitic complex of the Dominican Republic,
formed in an intra-arc/back-arc basin, in line with its present position, but the peridotite belts of
southwestern Puerto Rico, now present in the retro-arc, may have formed in different Cretaceous
tectonic positions, including the Farallon plate (Pacific-derived) in the retro-arc and the incoming
Proto-Caribbean lithosphere (Atlantic-derived; Escuder-Viruete et al., 2008, 2009; Farré-de-Pablo
et al., 2020; Lewis et al., 2006; Lidiak et al., 2011; Montgomery et al., 1994; Proenza et al., 2007).

In the retro-arc region, there are Late Cretaceous-Paleocene volcanic arc rocks in the Cayman Ridge
and Nicaraguan Rise. The Cayman Ridge has been interpreted variously including a remnant arc after
the GAA split in two and formed the Yucatan Basin since the Maastrichtian (Perfit & Heezen, 1978;
Rosencrantz, 1990). However, granitoids of intermediate composition recovered from the Cayman
Ridge show distinct continental affinity (Kysar et al., 2009; Lewis et al., 2005), in contrast to island
arc composition of the Sierra Maestra in southeastern Cuba (Rojas-Agramonte et al., 2004). Lewis
et al. (2011) indicated that granitoids recovered from the Nicaraguan Rise fall in the high-K calc-
alkaline field of GA A granitoids, similar to those intrusions in Jamaica and Haiti, which they suggest

formed in response to another northward subduction system.
4.4.Suggestions for Future Research

Our compilation indicates that there is much more work to be done before we have a full
understanding of how the GAA intraoceanic arc system formed and evolved. The geographic bias we
document indicates that geochemical and geochronological research in Cuba and Haiti needs to
increase significantly. Large geologic systems that cross political boundaries require special efforts
compared to those within a single political entity. In this situation, co-ordination between geologists
in the entities is called for, for example, reinforcing the Caribbean Geological Conference and the
Caribbean Journal of Earth Science (http://www.caribjes.com/) and other local journals and, perhaps,

the formation of a Greater Antilles Geological Society. Such efforts would also stimulate research
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co-operation between geoscientists of GAA nations and territories and attract international

researchers.

Another opportunity exists to apply modern thermochronologic techniques (e.g., U-Th-He, monazite,
titanite, and xenotime U-Pb), that should be carried out to decipher uplift history across and along

the GAA, especially its relationship to collision with Maya Block and the Bahamas Platform.

Another opportunity is to exploring how a trench with active convergence changes along strike into
a suture zone. Oblique convergence continues in the east (Mann et al., 2002) and an active subduction
zone can be traced by deep seismicity as far west as western Dominican Republic (Hayes, 2018).
GAA along with the Izu collision zone of Japan and the Makran-Zagros transition in Iran are the only
places in the world where a trench with active subduction can be traced along strike into a suture
zone. Such transitions warrant further investigation so we can better understand what happens when

a subduction zone becomes a collision zone.

Because so much of the GAA is above sea-level, we can build on what we know from studying
exposed arc crust and mantle and extend this offshore, especially to the N into the forearc and S into
the retroarc and the CLIP. There is much we can learn about SI from studying the GAA forearc. We
are beginning to make progress understanding the on-land forearc, represented by the long ophiolite
belt that parallels and lies north of the west-central magmatic arc in Cuba, but we know nothing about
equivalent forearc crust that must exist offshore north of the eastern GAA, where subduction
continues. Marine geoscientific research to study the eastern GAA forearc is needed. Studies of
retroarc crust should begin with studying steep exposures south of SE Cuba and the Aves Ridge, the
natural continuation of the island arc to the east and south of the GAA. In this regard, the effects of
subduction of the Proto-Caribbean ridge, separating North and South American plates and now totally

consumed, should be considered in understanding the evolution of the volcanic arc.

5. Conclusions

The Greater Antilles islands of Cuba, Hispaniola, Puerto Rico, Jamaica, and the Virgin Islands are
fragments of the GAA, an unusually well-preserved fossil intra-oceanic convergent margin. The
GAA is the result of subduction of the North and South American plate beneath the Caribbean plate
that lasted for ~90 m.y. in the west and continues today in the east. The “soft” collision between

GAA and Maya and Bahamas margins caused uplift and exposure of the western GAA, providing an
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excellent natural laboratory for studying the formation and evolution of an intra-oceanic convergent
margin. We compiled 664 (mostly) radiometric ages and more than 1,500 geochemical analyses for
GAA igneous and metamorphic rocks and assigned these to a simple fourfold subdivision of the GAA
based on relative geographic position to the magmatic arc: fore-arc mélange, fore-arc ophiolite,
magmatic arc, and retro-arc and use these data to inspect the evolution of the GAA, from SI through
maturity and demise. The oldest ages of forearc ophiolites together with those of the magmatic arc
suggest subduction began in Early Cretaceous time at around 130 Ma. The geochronological data
suggest that the GAA was, at least partially, strongly affected by the CLIP in Late Cretaceous time
(e.g., MAC, Central Cuba; Giiira de Jauco metamorphic sole, Eastern Cuba; Loma Caribe peridotite).
Some peaks are seen in the histograms, especially in the Late Cretaceous from 95 to 60 Ma, that may
relate to the CLIP event(s) and with events of collision with passive margins. Two subordinate peaks
are observed at 120—110 Ma and ~40 Ma. Immobile trace element geochemical data show that the
GAA is dominated by mafic igneous rocks, as expected for an intraoceanic convergent margin. The
arc shows trace element concentrations expected for convergent margin magmas and these trace
element concentrations for retroarc igneous rocks in central and southern Hispaniola are more like
OIB and MORB. In spite of multiple biases, the database presented here is a useful step forward in
the effort to help overcome some of the obstacles and motivate systematic study of the GAA. Our
results encourage forming of regional partnerships, involvement of international partners, and

exploration of offshore regions.
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Abstract

The Mabujina Complex exposed in south-central Cuba consists of an elongated body of
metamorphosed volcanic and subvolcanic mafic rocks and tonalitic gneisses. The complex is largely
composed of greenschist facies rocks (Porvenir Formation) directly below the Cretaceous volcanic
arc section and of a deeper sequence of deformed amphibolite facies rocks (Mabujina Amphibolite
Complex). The origin of the protolith of the Mabujina Complex has been the subject of intense debate
in the past. While some authors consider the Mabujina Complex to represent the deepest and oldest
(Early Cretaceous) exposed section (root) of the Cretaceous Caribbean volcanic arc others suggested
an exotic (non-Caribbean related) Early Cretaceous volcanic arc section. The later proposal implies
the tectonic emplacement underneath the Caribbean arc of a segment of the Pacific-related Early
Cretaceous Mexican Guerrero volcanic arc terrane. A new set of whole-rock geochemical analyses
presented in this study shows that the protoliths of the Mabujina Amphibolite Complex constitute an
island-arc sequence with a) less abundant island-arc tholeiitic mafic rocks similar to the Early
Cretaceous tholeiitic island arc of the Caribbean and b) dominant transitional to calc-alkaline mafic
and felsic igneous rocks that resemble the Early to Late Cretaceous magmatism of the Caribbean arc.
The high initial Nd ratios of the rocks from the Mabujina Amphibolite Complex are indistinguishable
from the tholeiitic to calc-alkaline sequences from the Caribbean arc, reflecting a depleted MORB
mantle source with limited subduction-related component input. The present data, together with
published geochemical and geochronological data of the protoliths, allow identifying a Caribbean
origin for the Mabujina Complex instead of an exotic provenance in the Guerrero Arc of western
Mexico. However, even if the interpretation of the geochemical data favours a Caribbean origin, the
Mabujina Amphibolite Complex cannot represent the root of the volcanic arc. Here, we propose that
the Mabujina Amphibolite Complex is a fragment of the Early to Mid-Cretaceous Caribbean arc that
was tectonically emplaced below this same arc as a likely consequence of arc segmentation and

strike-slip trans-compression triggered by oblique subduction during the mid-Cretaceous.
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1. Introduction

After the Jurassic (~180 Ma) break-up of Pangea and the formation of the Proto-Caribbean sea in
between the Americas, the Caribbean intra-oceanic arc system began to form during the Early
Cretaceous along the northeastern edge of the Farallon (Pacific) plate due to SW-dipping subduction
of the Proto-Caribbean lithosphere (Pindell et al. 2012; Boschman et al. 2014). During mid-late
Cretaceous time, the Caribbean arc (also known as the Protoantillean arc) migrated to the northeast
and east, probably with a strong axis-parallel stretching component due to the sinistral oblique
subduction of the Proto-Caribbean lithosphere. The arc migrated first towards the southeastern flank
of the Chortis block, then towards the southern flank of the Maya Block and the Caribeana terrane,
and finally towards the Bahamas platform (Pindell et al. 2005, 2012; Garcia-Casco et al. 2008;
Boschman et al. 2014). Volcanic arc activity in the Cuban segment of the Caribbean arc produced
sedimentary, volcanic, and plutonic rocks during Cretaceous times (ca. 135-70 Ma) (Rojas-
Agramonte et al. 2011 and references therein) that can broadly be separated into three sequences of
tholeiitic and calc-alkaline to cryptic-alkaline suites (Iturralde-Vinent et al. 1996; Kerr et al. 1999;
Torr6 et al. 2020 and references therein). This reflects a regional geochemical evolution of magmatic
products from the inception of subduction to a mature stage (Lidiak and Anderson 2015 and
references therein; Hu et al. 2022), as in other volcanic-arc systems worldwide (e.g., Whattam and

Stern 2011).

Cuba, the largest island in the Caribbean, consists of Caribbean-plate-related volcanic arc and
ophiolites sequences that have been part of the North American Plate since the late Eocene when the
collision between the volcanic arc and the continental margins of North America terminated
(Iturralde-Vinent et al. 2016 and references therein). Cuba is separated from other islands in the
Caribbean by the North Caribbean Transform Fault System (including the Oriente Fault), which
defines the present-day North American-Caribbean plate boundary south of Cuba (Figure 1a).

The Cuban segment of the Caribbean arc is well preserved and uplifted above sea level as a result of
the soft collision of the leading edge of the Caribbean plate with the North American passive margin
during the latest Cretaceous-Eocene times (Garcia-Casco et al. 2008; Iturralde-Vinent et al. 2008,
2016; van Hinsbergen et al. 2009). In central Cuba, the section of the Caribbean accretionary complex
(Figures. 1a, b) is almost complete and contains from NE to SW: 1) the Bahamian borderland units

related to the North American passive margin in the north, and 2) ophiolitic sequences containing
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Figure 1. (a) Simplified geological map of the Caribbean arc showing location of island arc tholeiitic
units in Hispaniola (Los Ranchos and Maimon Formations). (b) Simplified geological map of Cuba.
(c) Geological map of south-central Cuba after Garcia-Delgado (1998). (d) Detailed map with
sample locations. Geological maps a and B modified after Wilson et al. (2019) and Hu et al. (2022).
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high pressure mélanges (Ducloz and Vuagnat 1962; Kantchev et al. 1978; Somin and Millan 1981;
Alvarez-Sanchez et al. 1991; Garcia-Casco et al. 2002, 2006; Alvarez-Sanchez and Bernal-Rodriguez
2015; Niu et al. 2022; Butjosa et al. 2023, 2023) emplaced above the passive margin units. Further
to the SW, 3) a volcanic-sedimentary series records volcanic arc magmatism since pre-middle
Hauterivian to Campanian times and, below the arc. These series contain layers of limestones and
conglomerates that denote punctuated interruptions of volcanic arc activity, uplift, and erosion.
Tectonically below the non-metamorphic volcanic are series, 4) the volcanic arc related Mabujina
Complex, composed by the Porvenir Formation and the Mabujina Amphibolite Complex (MAC),
appear deformed and metamorphosed to the greenschist and amphibolite facies, respectively (Somin
and Millan Trujillo 1976; Kantchev et al. 1978; Somin and Millan 1981; Dublan and Alvarez 1986;
Diaz de Villalvila 1997; Garcia-Delgado 1998; Grafe et al. 2001; Diaz de Villalvilla et al. 2003; Blein
et al. 2003; Stanek et al. 2006, 2019; Rojas-Agramonte et al. 2011, 2011; Torré et al. 2016, 2016,
2020). Finally, and tectonically emplaced below the Mabujina Amphibolite Complex, 5) the
subduction-related Escambray Complex is made of a thrust pile of the intra-Proto-Caribbean
Caribeana terrane metamorphosed to high-pressure conditions (Somin and Millan 1981; Dublan and
Alvarez 1986; Millan 1997; Schneider et al. 2004; Garcia-Casco et al. 2006, 2008; Stanek et al. 20006,
2019; Cruz-Gamez et al. 2016; Despaigne-Diaz et al. 2016, 2017).

While most of the geological elements of this section of the Caribbean accretionary complex are well
understood, the origin of the Mabujina Complex in the context of Caribbean geodynamics still
remains elusive. While most authors have interpreted the Mabujina Complex as the metamorphosed
root of the Cretaceous Volcanic Arc (Somin and Millan 1981; Dublan and Alvarez 1986; Bibikova et
al. 1988; Somin 1993; Iturralde-Vinent 1994, 1998; Millan, 1996; Grafe et al. 2001; Stanek et al.
2006, 2019), other studies, however, have suggested that it represents an exotic volcanic arc section
of the Pacific-derived Guerrero island arc terrane of central western Mexico accreted to the base of
the Cuban Cretaceous arc (e.g. Blein et al. 2003; Rojas-Agramonte et al. 2011). On a global scale,
Mabujina Complex constitutes an important example to understand accretionary tectonic processes
and metamorphism in intra-oceanic volcanic arc settings. In the present study, the origin of the
Mabujina Complex is discussed in light of an extensive dataset of whole-rock geochemical and Sr-
Nd isotopic data of mafic and felsic rocks from the MAC. These data are compared to published data
from the Guerrero terrain, the Early Cretaceous island arc rocks of central Cuba, and Cretaceous

tholeiitic to calc-alkaline transitional arc sequences of central Cuba and the Dominican Republic.
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2. Geological setting
2.1. The Mabujina Amphibolite Complex

The MAC forms a 5-10 km-wide strip in southern central Cuba (Figure la, b) that is in tectonic
contact with the Porvenir Formation of the Mabujina Complex, which crops out as a narrow strip
along the northern part of the MAC. The Porvenir Formation (Fm.) is dominated by basalts,
pyroclastic rocks, quartzites, and gabbros metamorphosed in the greenschist facies (Dublan and
Alvarez 1986; Diaz de Villalvilla 1994; Grafe et al. 2001). On the other hand, the MAC occurs
tectonically above and surrounds the dome-shaped, high-pressure Escambray Complex, which
comprises strongly deformed tectonic slices of extended passive continental margin meta-sediments,
metavolcano-sedimentary rocks, and meta-ophiolite (Somin and Millan 1981; Millan and Somin
1985; Dublan and Alvarez 1986; Iturralde-Vinent 1994, 2021; Grafe et al. 2001; Schneider et al. 2004;
Garcia-Casco et al. 2006; Stanek et al. 2006, 2019; Despaigne-Diaz et al. 2016, 2017).

The MAC is composed of volcanic to subvolcanic/ plutonic mafic protoliths that were deformed and
metamorphosed to the amphibolite facies. As part of the complex, felsic granitic to gneissic rocks
(metaplagiogranites and metagranitoids) emplaced during pre-, syn, and post-metamorphic
conditions have also been described (Kantchev et al. 1978; Somin and Millan 1981; Millan 1997;
Grafe et al. 2001; Blein et al. 2003; Rojas-Agramonte et al. 2011; Iturralde-Vinent et al. 2016). Late-
to post-metamorphic granitoids (tonalite-granodiorite-granite) and pegmatites crosscut the main
metamorphic fabric of the MAC (Millan and Somin 1985; Bibikova et al. 1988; Somin 1993; Sukar
and Perez 1997). Field relationships are complex and locally obscured due to tropical weathering;
however, several generations of granitoids variably foliated, boudinaged, and locally strongly folded
with significant strain gradients can be observed. The intrusion of massive, unfoliated calc-alkaline
plutonic rocks (granodiorites, tonalites that contain mafic microgranular enclaves with dioritic
composition, and minor quartz-diorites) and pegmatites are mostly related to the emplacement of the
mid-Cretaceous (81-89 Ma) Manicaragua Batholith (Figures. 1b, ¢ (Somin and Millan 1981;
Bibikova et al. 1988; Somin 1993; Sukar and Perez 1997; Blein et al. 2003); Rojas-Agramonte et al.
(2011)). The southern and northern contacts of the batholith crosscut the MAC and the Cretaceous
Volcanic Arc, respectively (Figure 1), and place an upper limit for the magmatic formation and
metamorphism (hence accretion) of the MAC at 89 Ma. However, the age of the lower part of the
Mabujina Complex is still under debate. Early studies considered a Precambrian age for the Mabujina
protolith based on Pb-Pb method (Boyanov et al. 1975; Linares et al. 1985; Mossakovski et al. 1986).
Somin and Millan (1981), Stanik (1981) and Dublan and Alvarez (1986) suggested a Cretaceous age
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similar to the central Cuban arc based on limited K-Ar ages (see Iturralde-Vinent et al. 1996) and

fossil pollen (see summary of Alvarez-Sanchez 2022. A recent study reported U-Pb zircon ages

(Rojas-Agramonte et al. (2011) that yielded the oldest ages from granitoid rocks within the MAC

dating back to ca. 133 Ma. This age suggests that the basaltic protoliths of the MAC formed since at

least Valanginian time and that both the basaltic protoliths and granitoids shared a common geologic

history up to the Turonian (ca. 90-93 Ma) when deformation and metamorphism took place.
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Figure 2. Stratigraphic sequences of volcanic and sedimentary units of the central Cuban arc and

the Mabujina Complex which include the Mabujina Amphibolite Complex and the Porvenir

Formation (slightly modified after Iturralde-Vinent 2019). The plutonic rocks represent ages, not

intrusive contacts.
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2.2. The cretaceous volcanic arc

Where not obliterated by the intrusion of the Manicaragua batholith, the contact between the
Cretaceous Volcanic Arc and the Mabujina Complex is tectonic (Figures 1 and 2) (Kantchev et al.
1978; Somin and Millan 1981). Two stages of Cretaceous Volcanic Arc magmatism are identified in
the southern part of central Cuba. The early stage is documented by an Early Cretaceous (Mid-
Valanginian? to Barremian age) tholeiitic island arc suite (Los Pasos Fm.; Figure 2) while the second
stage of volcanism started with the Aptian Lower Albian Matagud and Cabaiguan Fms. that overlain
the Los Pasos Fm. The Los Pasos Fm. (Figure 2) consists of predominantly felsic volcanics of
plagiorhyolite and plagiodacite and basaltic sequences associated with volcanogenic massive
sulphide deposits formed in a submarine environment. Diaz de Villalvilla et al. (2003) and Torro et
al. (2016) suggested that the volcanic rocks of the Los Pasos Fm. correspond to a bimodal volcano-
plutonic association including felsic intrusive and gabbroic bodies. It also contains intercalations of
pyroclastic, epiclastic, and sedimentary rocks with manifestations of local subaerial magmatism. This
formation correlates with the Early Cretaceous tholeiitic island arc Maimén and Los Ranchos Fms.
in the Dominican Republic. The base of the Los Pasos Fm. is not exposed and its upper contact with
the Matagud and Cabaiguan Fms. is considered conformable (Diaz de Villalvilla et al. 2003). The
Aptian-Albian Matagua and Cabaigudn Fms. are distributed to the south of the city of Villa Clara
(Figures 1 and 2) extending to the provinces of Cienfuegos to the west and Sancti Spiritus to the east
(Hatten et al. 1958). The Matagua Fm. formed in a shallow-water environment and consists of basalts,
andesites, and tuff, with intercalations of sandstone (Diaz de Villalvilla et al. 2003). The Matagua
Fm. transitions laterally and upward to the Cabaiguan Fm., which most abundant lithology is tuff of
predominant andesitic to dacitic compositions. Subvolcanic bodies of diabase are present as well as
variably altered basalts. The Cabaiguan volcanics erupted in an underwater environment with the
presence of radiolarians in the intercalated sedimentary rocks. According to their geochemical
composition, the Matagud and Cabaiguan Fms. are transitional between tholeiitic to calc-alkaline
volcanism (Diaz de Villalvila 1997). A Late Albian angular unconformity separates the Matagué and
Cabaiguan Fms. from the overlying Provincial Fm. This unit is represented by basal conglomerates
and limestones (Figure 2; Iturralde-Vinent 1994, 2021; Rojas-Consuegra et al. 1995; Iturralde-Vinent
et al. 1996; Diaz de Villalvila 1997). The latest Albian to mid-Campanian section of the Cretaceous
arc is represented by several calc-alkaline volcanosedimentary lithostratigraphic units described in

Diaz de Villalvila (1997) and Iturralde-Vinent (1994, 1996, 2021) (see Figure 2).
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To the east of central Cuba, in the Camagiiey region (Figure 1b), the Pre-Camujiro sequence
represents the oldest part of the arc. It consists of intercalations including deep marine volcanic and
volcaniclastic rocks of tuffs, dacites, tuffites, sandstones with island arc tholeiitic (IAT) affinity, and
conglomerate with carbonate beds containing Aptian-Albian fossils (Pifiero Pérez et al. 1997). This
early arc sequence is overlain by the late Albian-Turonian Camujiro Fm., which represents the mature
stage of calc-alkaline magmatism and cryptic alkaline magmatism (Kerr et al. 1999; Torr6 et al. 2020).
The Camujiro Formation consists of thick piles of pillow basalts and andesite flows, tuffs, and

agglomerates (Iturralde-Vinent et al. 1996; Pifiero Pérez et al. 1997; Iturralde-Vinent 2021).

3. Field relations

The amphibolites of the MAC show a variable degree of metamorphism and deformation (Figure 3a—
c). Highly deformed amphibolites are well recrystallized and may display proto-mylonitic fabrics
defined by amphibole and plagioclase (Grafe et al. 2001). Locally, metamorphic calcic clinopyroxene
joins the main calcic amphibole plagioclase assemblage, indicating relatively high metamorphic peak
conditions. Less deformed amphibolites with an apparent similar degree of metamorphism (calcic
amphibole, plagioclase + clinopyroxene) preserve, locally, the volcanic/subvolcanic texture and relict

magmatic minerals of the protolith (clinopyroxene and plagioclase).

Metatonalitic-metatrondhjemitic rocks alternate with the amphibolites showing a dominant foliation
parallel to the main foliation of the amphibolites (Figure 3b), thus indicating pre-metamorphic
intrusion. Syn metamorphic felsic layers, dykes, and veins occur parallel and crosscutting the main
metamorphic foliation of the amphibolites. They contain small amphibolitic enclaves rich in
hornblende interpreted as melanosomic material (i.e., restitic) within trondhjemitic leucosome
produced after local partial melting of amphibolite (Figure 3¢). Locally, these leucocratic bodies are
strongly deformed, showing a dynamic recrystallization process. According to their field occurrence
related to the amphibolite, the granitoid rocks can be broadly visualized as a dominant group of
concordant deformed granitoids and orthogneisses and a less abundant group of concordant to
discordant felsic veins. In this study, the first group of deformed granitoids and orthogneisses are

identified as the felsic protolith of MAC for geochemical comparisons.
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Figure 3. Field photographs showing rock relationships within the Mabujina Amphibolite Complex

(a-c) and Los Pasos formation (d). (a) Foliated and subsequently folded amphibolite and early
tonalite-trondhjemite (Jicaya River, east of Guinia de Miranda). Ductile deformation resulted in
parallel tectonic contacts between these units, (b) Orthogneiss layers parallel to the main foliation
of the amphibolites, (c) Leucocratic segregates crosscuting the metamorphic foliation of the
amphibolite possibly generated by hydrated partial melting. (d) Outcrops of massive plagiorhyolite

from Los Pasos Formation.

The volcanic arc sequences located structurally above the Mabujina Complex and south of the
ophiolites are deformed in a broad syncline with an E-W axis. The southern flank (Los Pasos and
Mataguéd Fms.) forms a monocline dipping to the north, mostly slightly deformed, but locally with
extensive folding and a low degree of alteration (Millan Trujillo 1973; Rojas-Agramonte et al. 2011,

and references therein). The southern flank of the syncline is intruded by the Manicaragua batholith.

The Matagué and Cabaiguan Fms. are distributed in the south of Villa Clara extending to the province
of Cienfuegos and Sancti Spiritus (Hatten et al. 1958). Matagud Fm. lateral and vertical upward
transition to Cabaiguan Fm. Both formations are overlain by the Albian-Cenomanian limestone of

the Provincial Fm., which most authors assign an Aptian-Albian age for their stratigraphic position
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(Figure 2; Dublan and Alvarez 1986). The transition to limestones of the Provincial Fm. is mostly

conformable, however, uniformities also appear between Matagud Formation and Provincial Fms.

Cobble-sized samples were collected from different outcrops covering a great extension of the MAC
and Cretaceous Volcanic Arc (Figure 1c). The geographical coordinate of the studied samples is

included in Supp. Table S1.

4. Analytical methods

Samples selected for whole-rock geochemistry (Supp. Table S1) were powdered in a tungsten carbide
mill. The analyses of powdered rock samples were carried out in the Centro de Instrumentacion
Cientifica of the University of Granada (CIC-UGR). Major elements and Zr compositions were
determined on glass beads made of 0.6 g of powdered sample diluted in 6 g of Li,B4O7 by a PHILIPS
Magix Pro (PW-2440) X-ray fluorescence (XRF) equipment. Precision was better than £1.5% for an
analyte concentration of 10 wt.%. Precision for Zr was better than 4% at 100 ppm concentration.
Trace elements were analysed using the ICP-MS spectrometry after HNO3 + HF digestion of 0.1 g
of sample powdered in a Teflon-lined vessel at 180°C and 200 p.s.i. for 30 minutes, evaporation to
dryness, and dissolution in 100 ml of 4 vol.% HNOs. Results for international standards PM-S and
WS-E run as unknowns during analytical sessions. Concentrations of these standards are not
significantly different from recommended values (Govindaraju et al. 1994). Precision was better than

+2% and +£5% for analyte concentrations of 50 and 5 ppm, respectively.

Samples for Sr and Nd isotope analysis (Supp. Table S2) were digested in the same way as for ICP-
MS analysis, using ultra-clean reagents and analysed by thermal ionization mass spectrometry (TIMS)
in a Finnigan Mat 262 spectrometer after chromatographic separation with ion exchange resins at
CIC-UGR. Normalization values were 'Sr/**Sr = 0.1194 and "*Nd/'**Nd = 0.7219. Blanks were 0.6
nanograms for Sr and 0.09 nanograms for Nd. The external precision (2c), estimated by analysing
10 replicates of standard WS-E (Govindaraju et al. 1994), was better than 0.003% and 0.0015% for
87Sr/%Sr and *Nd/'"*Nd, respectively. The ¥’Sr/%6Sr measured value in the laboratory for NBS 987
international standard was 0.710250 + 0.0000044 for 89 cases. Measurements of La Jolla Nd
international standard on this mass spectrometer yield a mean '**Nd/'*/Nd ratio of 0.511844 +

0.0000065 for 49 cases.
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5. Results
5.1.Petrography
5.1.1. Mabujina Amphibolite Complex

The amphibolites show nematoblastic texture and most of the samples have a near-peak metamorphic
foliation (Figures 4a & 4d), although less deformed samples show faint or no foliation and still retain
a subvolcanic texture (Figure 4b, c). Based on the mineral assemblages, the MAC metabasites
classify as epidote-amphibolite and amphibolite, essentially composed of amphibole (~40— 80%) and
plagioclase (~5-40%) in varying proportions and with, respectively, epidote and (locally)
clinopyroxene as a stable peak phase. Minor biotite may be present, while titanite, apatite, magnetite,
and lesser amount of ilmenite are accessory. Relicts of magmatic pyroxene in the least deformed
samples are locally preserved variably replaced by amphibole + metamorphic pyroxene (Figure 4a).
Neoformed/recrystallized clinopyroxene exhibits polygonal textures indicating equilibrium with
amphibole and plagioclase. The retrograde assemblages are characterized by actinolite-hornblende
amphibole, epidote, albite, and chlorite, suggesting conditions at the epidote-amphibolite and

greenschist facies.

Orthogneisses within the MAC are medium-grained phaneritic, generally inequigranular-sized
granitoids variably deformed and metamorphosed (Figures. 4e—g). The mineral assemblage is
composed of plagioclase, quartz, potassium feldspar, amphibole, biotite, and local garnet. Apatite
and zircon are accessory minerals. In some samples, quartz shows strong undulose extinction
denoting deformation while in other samples it is almost completely recrystallized, indicating
recovery after intense deformation that may develop mylonitic fabric. Chlorite and epidote usually

appear as retrograde minerals.
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Figure 4a. Photomicrographs of igneous and metamorphic rocks from the Mabujina Amphibolite
Complex (a-g) and Los Pasos Formation (H-L) under cross-polarized light. (a) Sample LV50:
foliated epidote-amphibolite shows relics of magmatic clinopyroxenes. (b) Sample 7LV9: non-
foliated amphibolite with remaining porphyritic subvolcanic texture from basaltic protolith. (c)
Sample 7LV9: metamorphic amphiboles replacing igneous phenocrysts of clinopyroxene and
amphibole. (d) Sample LV52: foliated amphibolite consisting of amphibole and plagioclase. Note
porphyroblastic amphibole with small plagioclase inclusion. (e) Sample SLV20B: medium-grained
undeformed tonalite from the MAC with oscillatory-zoned plagioclase crystals. (f) Sample LV43A:
concordant felsic vein from the MAC shows mylonitic texture, ribbons of quartz and plagioclase with

pressure shadows. White bar indicates 500 um.
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Figure 4b. continued (g) Sample 8CF3: completely recrystallized quartz and deformed plagioclase
with flame-shape twining in an orthogneiss from the MAC. (h) Sample CUIS58: fractured quartz
phenocrysts in a porphyritic plagiorhyolite from Los Pasos Formation. (i) Sample CU213:
finegrained plagiodacite shows allotriomorphic texture. (j) Sample CU214: porphyritic andesite with
elongate one-centimetre-size amphibole phenocryst. (k) Sample CUI142: gabbroic diorite from Los
Pasos Formation shows clinopyroxenes partly replaced by late amphibole that filled in the space
between plagioclases. (I) Sample CUI60: medium-grained tonalite from Los Pasos Formation.
Abbreviations: Amp: amphibole; Bt: biotite; Chl: chlorite; Cpx: clinopyroxene, Ep: epidote; Ms:

muscovite; Pl: plagioclase; Qtz: quartz. White bar indicates 500 um.
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5.1.2. Los Pasos formation

The Los Pasos Fm. is composed of abundant plagiorhyolite and less abundant plagiodacite, basaltic
andesite, and gabbro-diorite (see below for geochemical classification of these rocks; Figs. 4h—1). In
general, plagiorhyolites show holocrystalline porphyritic textures consisting of quartz and
plagioclase phenocrysts with local ilmenite inclusions. The groundmass is largely composed of
anhedral fine-grained quartz and plagioclase (Figure 4h). The plagiodacites show fine grained seriate
panidiomorphic textures (Figure 4i) defined by elongated amphibole and plagioclase laths
surrounded by anhedral quartz, and plagioclase, and minor amounts of ilmenite. Plagioclase grains
are commonly sericitized. Andesite shows a porphyritic texture (Figure 4j) with phenocrysts
dominated by elongated amphibole grains commonly rimmed by overprinting actinolite, and less
abundant plagioclase phenocrysts with amphibole inclusions. Phenocrysts are surrounded by quartz
aggregates and the groundmass is made up of fine-grained amphibole laths and anhedral plagioclase
and ilmenite. Gabbro-diorite is characterized by an inequigranular hypidiomorphic texture (Figure
4k) and consists of plagioclase, clinopyroxene, and amphibole with minor amounts of ilmenite.
Clinopyroxene grains are usually rimmed and partly replaced by amphibole. Amphiboles are anhedral
and fill the interstitial space between elongated plagioclase laths. The tonalites that intruded into the
Los Pasos Fm. show medium-grained hypidiomorphic textures (Figure 41) and comprise plagioclase,
quartz, and a minor amount of amphibole and ilmenite. Chlorite and epidote are present as secondary

minerals in post-igneous alteration in all types of rock.

5.2.Whole-rock major and trace element geochemistry

5.2.1. Metamorphism and alteration

The studied rocks yield variable loss on ignition (LOI) values ranging between 0.2 and 5.2 wt.%
(Supp. Table S1), pointing to hydration during and after metamorphism. The effects of this process
on the geochemical composition of the studied samples are evaluated in binary diagrams with mobile
trace elements vs. LOI values (Supp. Fig. SIA). Most of the samples from the Los Pasos Fm. have
undergone extensive sea-floor metamorphic imprint as well as hydrothermal alteration (Supp. Fig.
S1B) which have been linked to the formation of volcanogenic massive sulphide ore deposits (VMS;
e.g., Torrd et al. 2016). This is probably reflected in the positive correlation of LOI with the Rb of
samples. Samples from the MAC yield poor positive correlations. In general, many major (e.g., Si,
Na, K, Ca) and trace (e.g., Cs, Rb, Ba, Sr) elements are easily mobilized by late and/or post-magmatic

fluids, thus their current concentrations may not be indicative of their original contents. In the
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Figure 5. Geochemical classification of studied mafic and felsic rocks from the MAC and Los Pasos,
Mataguad and Cabaiguadn formations. (a) Zr/Ti vs. Nb/Y (Pearce 1996 after Winchester and Floyd
1977). (b) CIPW normative mineral classification of orthogneiss from the MAC using Ab (albite), an
(anorthite), and or (orthoclase) proportions (O connor 1965). (c) Th/Co (Hastie et al. 2007)
classification diagram. Additional geochemical data taken from the literature are from Blein et al.
(2003); Rojas-Agramonte et al. (2016), Stanek et al. (2019) for the MAC amphibolite and orthogneiss,
from Kerr et al. (1999) for basalts of the Matagua Formation, and from Torro et al. (2016) and Rojas-
Agramonte et al. (2016) for Los Pasos Formation.

alteration diagram shown in Supp. Fig. S1C, most of the felsic rocks from the Los Pasos Fm. and
MAC show alteration index values that may be related to albitization far from the mineralized centers.
This diagram, however, does not take into account that some of the original rocks are rich in Na. On

the other hand, the mafic rocks from these units show trends towards carbonation, even if carbonates
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are not present in the analysed samples. Supp. Fig. S1B shows that most samples are not significantly
altered in terms of major elements. However, due to the likely mobility of major and some trace
elements, those considered immobile in post-magmatic conditions (e.g., high field strength elements,
HFSE, Y, Zr, Hf, Ti, Nb; rare earth elements, REE, transition elements V, Cr, Ni, Sc; and Th; Pearce
2014) will be used for igneous rock classification and tectonic discrimination. All studied samples
classify as subalkaline basalt, basaltic andesite/andesite, and rhyolite/dacite using the Zr/Ti vs. Nb/Y

classification diagram (Figure 5a).
5.2.2. Los Pasos formation
Rocks of basaltic composition

The three analysed samples from the Los Pasos Fm. classified as basaltic in composition and can be
separated into two groups based on their chondrite normalized (CN) REE patterns. Group 1
comprises only one sample (petrographically classified as gabbro, Figure 4k, geochemically
classified as of basaltic composition, Figure 5a), characterized by relatively low TiO2 contents of
0.61 wt.%. The sample shows a slightly negative CN-REE pattern (La/Ybcn = 1.79; La/Smen = 1.21;
Sm/Ybcen = 1.48; Figure 6a) and a slight enrichment in Eu (Eu/Eu* = 1.22). It largely falls in the
same range as the low-Ti tholeiites (LOTI) from the Los Pasos Fm. which present nearly flat patterns
(La/Yben = 0.83—1.00; La/Smcen = 0.79—-1.00; Sm/Yben = 0.94-1.17). They show relatively lower
total REE contents compared to the normal island arc tholeiites (IAT; Diaz de Villalvilla et al. 2003;
Rojas-Agramonte et al. 2016; Torro et al. 2016). The NMORB-normalized (NMN) extended trace
elementsz pattern of the Group 1 sample reveals negative Nb and Zr anomalies, as in Los Pasos LOTI

basalts. In contrast, it lacks any Ti anomaly and presents a weak enrichment in Th content (Figure

6b).

Even though Group 2 basalts show high silica contents of 62.47 and 62.54 wt.% (3.37 and 3.27 wt.%
LOI respectively), they fall into the basalt field in Figure Sa, perhaps as a result of silicification. They
are characterized by high MgO contents (5.01 and 7.43 wt.%) and high Mg# (73 and 75). In the CN-
REE diagram, they show steep negative slopes (La/Ybcen = 6.16, 9.22; La/Smcen = 2.09; Sm/Yben =
2.94, 4.42, respectively; Figure 6¢). These rocks show a systematic enrichment in Th and negative

Nb, Zr, and Ti anomalies on the NMN extended trace element diagram (Figure 6d).

Plagiorhyolite/Dacite and andesite
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Rocks of plagiorhyolitic/dacitic (4 samples) and andesite (1 sample) composition from the Los Pasos
Fm. are classified as Group 3 in Figure 6. The least altered samples (LOI < 3 wt.%) have high alkali
contents and high Na/K ratios (Na20 = 4.08-7.21 wt%; K20 = 0.06-0.90 wt%).
Plagiorhyolitic/dacitic samples show marked negative Nb and Eu anomalies and positive Th
anomalies in the NMN-extended trace elements diagrams, and some samples show negative Zr
anomalies (Figure 6e, f). In addition, their CN-REE values show typical near-flat tholeiitic patterns
(La/Yben = 1.00-1.16; La/Smen = 0.76—1.03; Sm/Yben = 1.03—-1.34) similar to previous studies
(Kerr et al. 1999; Diaz de Villalvilla et al. 2003; Blein et al. 2003; Torr¢6 et al. 2016; Rojas-Agramonte
et al. 2016), however with much depleted total REE contents. The andesite sample has a weakly
negative slope on the CN-REE diagram (Figure 6e), while on the NMN-extended trace elements
diagram (Figure 6f), it shows the typical positive Th anomaly and negative Nb, Zr, and Ti anomalies

that are widely observed in other samples from the Los Pasos Fm.
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1

patterns (b, d, f, h) for studied samples from Los Pasos Formation. Chondrite (C1) values and N-
MORB values from Sun and McDonough (1989). Geochemical data from Escuder-Viruete et al. (2006)
and Torro et al. (2017) for Los Ranchos Formation,; Torro et al. (2017) for Maimon Formation and
Diaz de Villalvilla et al. (2003); Torro et al. (2016); Rojas-Agramonte et al. (2016) for Los Pasos

Formation.
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5.2.3. Matagua and Cabaiguan formations
Basalts and basaltic andesites

The 4 samples from Matagua Fm. are classified as calc-alkaline basalts and basaltic andesites
(Figures 5a & 5C). They are characterized by slight negative CN-REE patterns (La/Ybcen = 1.64—
2.62; La/Smcn = 1.15-1.46; Sm/Yben = 1.43—1.80; Fig, 7A). In contrast, one basaltic sample from
the Cabaiguan Fm. shows higher total REE concentration and a more fractionated REE pattern. A
moderate negative Eu anomaly is observed in the Cabaigudn Fm. which is absent in basalts and
basaltic andesites from the Matagua Fm. In the NMN-extended trace elements diagram (Figure 7b),
rocks from the Matagua Fm. present typical subduction-related signatures with positive Th, and
negative Nb, Zr, and Ti anomalies. The sample from the Cabaigudn Fm. presents higher total REE
concentration and Th enrichment compared to rocks from the Matagua Fm., accompanied by a
slightly higher contribution of the subduction component (Th/Nbxvn = 15.7 compared to 9.57-16.05
with an average of 13.08 in the Matagud Fm.; Figure 7b) and weak negative Zr anomaly. The sample
from the Cabaiguan Fm. encompasses the calc-alkaline composition of basalts from the Camujiro

Fm (Camagiiey region of central Cuba; Torro et al. 2020) and differs from the Matagud Fm. rocks.
Rhyodacite and andesite

Two samples from the Matagud Fm. are classified as rhyodacite and andesite (Figure 5a). Both
samples show more fractionated CN-REE patterns than their mafic counterparts (La/Yben = 5.41,
3.79; La/Smcn = 3.14, 2.28; Sm/Yben = 1.72-1.66, respectively, Figure 7¢). They also show stronger
Th (Th/Lanmn = 3.02, 2.91) enrichment but a similar extent of the subduction component compared
to the basalts and basaltic andesites. The andesite sample shows Nb, Zr, and Ti anomalies on the
NMN-extended trace elements diagram, while the rhyodacite sample generally encompasses the

composition of the andesite sample but lacks a Zr anomaly (Figure 7d).
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Figure 7. Chondrite-normalized REE (a, c) and NMORB-normalized extended trace elements (b, d)
patterns of the samples from the Matagua and Cabaigudan Formations. Chondrite (C1) values and

N-MORB values from Sun and McDonough (1989). Geochemical data of the Camujiro Formation
are from Torro et al. (2020).

5.2.4. Mabujina Amphibolite complex

Amphibolites

The amphibolites have basaltic and basaltic-andesite compositions (Figures 5a & 5c¢). These samples

can be geochemically grouped into two main groups based on their normalized REE patterns:

Group 1 amphibolites (23 samples) comprise the majority of the basaltic samples of the MAC, which
is characterized by fractionated CN-REE patterns (La/Ybcen = 2.16-7.40; La/Smen = 1.25-2.73;
Sm/Yben = 1.65-2.73; Figure 8a). NMN-extended trace elements patterns largely encompass the

composition of the central Cuban Cretaceous Volcanic Arc rocks (Figure 8b, Matagud, Cabaiguén,
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and Camujiro Fms.) with calc-alkaline affinity (Figure 5c). Marked Nb, Zr, and Ti anomalies are

observed together with a strong subduction component (average Th/Nbnxwvn of 14.0; Figure 8b).

Group 2 amphibolites comprise three samples with basaltic composition. In the CN-REE diagram,
this group shows a slight negative slope with low to moderate LREE depletion relative to MREE
(La/Smcn = 0.54-0.89; Figure 8c). In contrast to Group 1 amphibolites, this group contains a lower
total REE concentration (average total REE of 43.5 ppm compared to 59.5 ppm). The samples fall
into the tholeiitic field in the Th-Co classification diagram (Figure 5b) due to lower Th contents. The
NMN-extended trace elements pattern of this group of samples has similar Nb, Zr, and Ti anomalies
as in Group 1, but they show lower subduction component (Th/Nbnwmn = 4.32-5.47; Figure 8d). On
both normalized diagrams, Group 2 displays similar patterns to IAT rocks from the Los Pasos Fm

(Figure 8C; Diaz de Villalvilla et al. 2003; Torr¢ et al. 2016).
Orthogneisses

Orthogneisses (six samples) in the MAC are classified as tonalites using the CIPW normative
minerals on the Ab-An-Or diagram of O connor (1965) (Figure 5b). The Si02 content varies between
60.6 to 70.3 wt.%. The tonalites in the MAC generally follow a calc-alkaline trend (Figure 5c) with
CN-REE patterns similar to those of Group 1 MAC amphibolites (La/Ybcen = 2.52-7.51; La/Smen =
1.26-2.96; Sm/Yben = 1.73-2.93; Figure 8e). On the NMN-extended trace elements diagram, strong
negative Nb and Ti anomalies are observed together with variable degrees of the subduction
component (Th/Nbnvn = 2.99—-15.00, average of 8.63). Tonalite shows variable Zr anomalies, with
two samples showing moderate to strong negative Zr anomalies with Zr/Zr* of 0.40 and 0.74
respectively and one sample shows strong positive Zr anomaly with Zr/ Zr* of 3.25 (Figure 8f). This

reflects significant zircon fractionation.
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5.3. Sr-Nd isotopic geochemistry

The initial Sr and Nd isotopic composition for 11 samples were calculated based on the assumption
that the tholeiitic rocks developed prior to the calc-alkaline rocks in the MAC (Figure 9). The
tholeiitic amphibolite sample was corrected to 135 Ma based on the age constraint of the oldest felsic
intrusion within the MAC (oldest dated tonalitic gneiss intruded in basalt; Rojas-Agramonte et al.
2011). Group 1 amphibolites and orthogneisses from the MAC with calc-alkaline affinity were
corrected to a younger age of 100 Ma since they are considered to have formed during later
magmatism. The youngest protolith age of amphibolite with calc-alkaline affinity by Rojas-
Agramonte et al. (2011) was dated as Late Cretaceous (ca. 93 Ma). The initial Sr ratios of the MAC
amphibolites and orthogneiss show similar values, in the range of 0.70325 to 0.70406 and 0.70329
to 0.70396, respectively, and plot mostly within the field of the early intra-oceanic Caribbean arc
(Rojas-Agramonte et al. 2016). Most of the samples from the MAC have initial Nd ratio between
0.51282 and 0.51299, except for one sample of orthogneiss that shows a lower value (0.51272), plot
within the range of the IAT (Los Pasos Fm. from Cuba; Los Ranchos and Maimén Fms. from
Hispaniola) and calc-alkaline (Camujiro Fm. from Cuba) lavas of the Caribbean arc (Figure 9).
Furthermore, the variation in initial Nd ratios reflects that the protoliths of Group 1 MAC
amphibolites and orthogneisses bear minor incorporation of subducted continental material, which is

not appreciated in Group 2 MAC amphibolites.
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Figure 9. Age-corrected Sr-Nd radiogenic isotope ratios of whole-rocks from amphibolite and
orthogneisses of the MAC. Other geochemical data of the Los Pasos Formation and MAC
amphibolite and orthogneiss are from Blein et al. (2003), Rojas-Agramonte et al. (2016) and Torro
et al. (2016). Data of the Camujiro Formation are from Torro et al. (2020). Data of the Guerrero
Terrane are from Mendoza and Suastegui (2000). ata of Los Ranchos and Maimon formations are
from Escuder-Viruete et al. (2006) and Torro et al (2017, 2017). Fields of MORB, primitive and

evolved intra-oceanic arcs are from Rojas-Agramonte et al. (2016).

6. Discussion

6.1.Protolith of the Mabujina Amphibolite complex

In the ‘subduction-initiation rule’, Whattam and Stern (2011) proposed a model of diagnostic

chemostratigraphic trends for subduction-initiation magmatism. These geochemical changes reflect
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the shift from subduction-initiation to true-subduction regimes during the early evolution of island-
arc systems. According to the model, during the initial stage, the spreading of the oceanic lithosphere
above the nascent descending slab and the melting of the incipient mantle wedge produce NMORB-
like forearc basalts (FAB; Reagan 2010). Fluids released from hydrated downgoing slab enable flux
melting of extremely depleted mantle wedge to generate LOTI, IAT, and boninites. Finally, calc-
alkaline basalts and basaltic andesites mark the establishment of a steady-state subduction regime
(Ishizuka et al. 2014). This sequence is also reflected by progressive depletion in HFSE and the
enrichment in Th and LILE.

The magmatic history and stratigraphy of the MAC are obscured because of the complexity of its
internal structure due to the tectonic-metamorphic history of the complex (Somin and Millan 1981).
Nevertheless, most mafic protoliths of amphibolites (Group 1 amphibolites) in the MAC record
similar REE concentrations and CN-patterns as calc-alkaline igneous rocks described in the Late
Cretaceous series of the Caribbean arc (Lidiak and Anderson 2015). The highly enriched LREE to
HREE ratios (La/Ybcn = 2.16-7.40, average 4.17; Figs. 8a, b) and Th of these rocks indicate their
calc-alkaline affinity in contrast to the tholeiitic affinity presented by Group 2 amphibolites of the
MAC which lack moderate to strong LREE-enrichment (La/Ybcn = 1.07-2.19, average 1.53; Figs.
8c, d).

Felsic to intermediate magmatism in oceanic arcs and ophiolites may form through different
processes (Rollinson 2009; Furnes and Dilek 2017; Marien et al. 2019). One of them includes the
melting of a variety of mafic precursors like basaltic underplates, upwelling tectonic mélanges, and
oceanic crust (Beard and Lofgren 1991; Atherton and Petford 1993; Koepke et al. 2007; Castro et al.
2010). Tonalitic orthogneisses of the MAC present moderate to strong LREE enrichment typical of
calc-alkaline affinity and similar high initial Nd isotopic ratios to those of the amphibolite. This
evidence supports that these felsic protoliths could have formed after the melting of a basaltic
precursor similar to the mafic protolith of the MAC. This basaltic precursor does not crop out,
however, for only limited hydrous partial melting of amphibolite (not granulite) occurs in the MAC.
The felsic protoliths were likely produced as volcanic or subvolcanic rocks interbedded or intruded
into the mafic protolith of the MAC in a developing oceanic arc setting without an overthicken crust.
Studied samples lack a typical ‘adakitic’ signature that indicates high-pressure partial melts of the
hydrated basaltic rocks in arc settings (Kay et al. 1990; Defant and Drummond 1990). However, a
lower initial Nd isotopic ratio than the mafic counterpart was observed in one orthogneiss, which

could be explained by further modification of the melt during crystallization and mixing in the lower
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arc crust (Annen et al. 2006, 2015), for example, by simultaneous assimilation and fractional
crystallization (AFC; DePaolo 1981) or mantle melting, assimilation of crustal rocks, storage, and

homogenization (MASH; Hildreth and Moorbath 1988).

The age of the protolith is constrained by the zircons extracted from the orthogneisses that intruded
into the mafic protolith of MAC. Therefore, the oldest mafic rocks of the MAC are older than 132.9
+ 1.4 Ma, while the youngest zircon age from an amphibolite sample provided an early Turonian age
of ca. 93 Ma (Rojas-Agramonte et al. 2011; Niu et al. 2022). Thus, the protolith of MAC likely
represents an arc sequence that was active during several tens of million years spanning from Early

(Valanginian) to early Late Cretaceous (Early Turonian).
6.2. Provenance of the MAC and comparison to other island arc-terranes

The model suggesting that the MAC represents the metamorphosed root of the Cretaceous Volcanic
Arc is based on the increasing metamorphic grade towards structurally lower units from the
unmetamorphosed volcanic arc rocks of the Los Pasos Fm. through the greenschist facies Porvenir
Fm. of the Mabujina Complex to the amphibolite facies of the MAC amphibolites and gneisses. Other
studies, however, pointed to an exotic origin of allegedly Pacific provenance (i.e., the Guerrero Island
arc terrane of central western Mexico), which would have been accreted to the base of the Cuban
Cretaceous arc (Blein et al. 2003; Rojas-Agramonte et al. 2011). This argument is largely based on
the assumption of an Early Cretaceous age of the protoliths of the MAC and the major geochemical
differences between the MAC (tholeiitic to calc-alkaline) and Los Pasos Fm. and other early products
of the Caribbean arc (tholeiitic). Due to the fact that the protoliths from the MAC exhibit tholeiitic
to calc-alkaline affinity, below we compare the potentially correlated units (i.e., previously proposed
central Cuban arc and Guerrero Terrane) with the MAC in light of the geochemical dataset of the
Early Cretaceous tholeiitic island arc units and transitional to calc-alkaline arc rocks of the Caribbean
arc (Hu et al. 2022), together with a consideration of geochronological constraints for the potential

correlations.

In the Cretaceous Volcanic Arc of central Cuba, the Los Pasos Fm. is the earliest sequence of the
volcanic suite of the Caribbean (Primitive island arc; Lidiak and Anderson 2015). The LOTI basalts
from the Los Pasos Fm. largely resemble the composition of LOTI in the Maimén Fm. but show a
more depleted nature than the LOTI from Los Ranchos Fm (Torr6 et al. 2016, 2017). The REE
patterns of felsic rocks from Los Pasos Fm. are also similar to the felsic rocks from Los Ranchos and

Maimon Fms. (Figures. 6e, ). Group 2 rocks from Los Pasos Fm. display similar patterns as andesites
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Figure 10. Basaltic and basaltic andesitic samples plotted on the Th/Yb versus Nb/Yb of Pearce

(2008). Literature data: Los Ranchos Formation from Escuder-Viruete et al. (2006) and Torro et al.
(2017), Maimon Formation from Torro et al. (2017), Los Pasos Formation from Rojas-Agramonte et
al. (2016) and Torro et al. (2016), MAC amphibolite from Blein et al. (2003), Rojas-Agramonte et al.
(2016), and Stanek et al. (2019), Mataguad Formation from Kerr et al. (1999), Guerrero Terrane from
Mendoza and Suastegui (2000).

with calc-alkaline affinity from Los Ranchos Fm (Torr6 et al. 2017). on CN-REE and NMN-extended
trace elements diagrams but with lower overall concentrations (Figures. 6¢, d). Highly fractionated
La/Yben (up to 9.22 of Group 2 from Los Pasos Fm.) values are also observed in the ensuing Aptian
to Albian Matagud and Cabaiguan Fms., that mark the transition from tholeiitic to calc-alkaline
magmatism in central Cuba and record the transition from the incipient to mature stages of the SW
dipping subduction of the Proto-Caribbean lithosphere beneath the Caribbean Arc in the Early
Cretaceous (Supp. Fig. S2; Pindell et al. 2012).
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On the other hand, we compare below the tholeiitic and calc-alkaline volcanic arc sequences of the
Guerrero Terrane given the potential provenance of the MAC protoliths from this terrane (Blein et al.
2003; Rojas-Agramonte et al. 2011). The Guerrero Terrane is a composite terrane formed in Mexico’s
western continental margin. It consists largely of middle Jurassic to Late Cretaceous intra-oceanic
volcanic and volcanoclastic rocks (Freydier et al. 2000; Centeno-Garcia et al. 2011). The basement
of the Guerrero Terrane consists of a Triassic turbidite deposit. Recent studies, however, have
proposed that the Guerrero Terrane represents a slice of rifted and re-accreted active continental
margin (Martini et al. 2014). Deformed plutons indicate that the Guerrero Terrane fully accreted to
continental Mexico at around 100-95 Ma (Henry et al. 2003; Alsleben et al. 2008). Tholeiitic and
calc-alkaline volcanic rocks from Guerrero Terrane are plotted on CN-REE and NMN extended trace

elements diagrams for comparison (Figure 8).

Intra-oceanic arc systems are the oceanic endmember of arc-trench systems, with reduced influence
of continental crust recycling (Stern 2010). The trace element budget of mafic rocks in oceanic arcs
differs significantly from their counterpart in continental arcs. Volcanic rocks in oceanic arcs are
generally poor in highly incompatible elements and enriched in HREE, resulting in low La/Yb, Th/Yb,
and Nb/Yb ratios, whereas in continental arcs these ratios are higher because of the increased
incorporation of recycled material and the thicker crust filtering out more mafic components near the
base of the crust. On the Th/Yb vs. Nb/Yb diagram in Figure 10, most Group 1 amphibolites exhibit
an offset from the mantle array to higher Th/YDb ratios relative to Nb/ Yb, reflecting a subduction
component contribution. These rocks, however, largely overlap with rocks of calc-alkaline affinity
from central Cuba, despite the fact that some samples from Matagua display much lower Nb/Yb
ratios indicating a more depleted mantle source. In contrast, calc-alkaline rocks from the Guerrero
Terrane display higher Th/Yb and Nb/Yb ratios which extend into the field of continental arcs (Figure
10). Calc-alkaline rocks from Guerrero are characterized by significant enrichment in LREE, Th, and
subduction components (average Th/Nbnwmn of 20.5). Thus, the plot on normalized diagrams of these
calc-alkaline rocks differs from those of Group 1 amphibolites from the MAC. Group 2 amphibolites
from the MAC, on the other hand, show a lower extent of subduction component similar to Groups
land 2 from the Los Pasos Fm. (Figure 10). Regardless of the scarcity of data from the Guerrero
Terrane, the tholeiitic samples from this terrane depart from its counterparts of the MAC and the
Cuban arc formations with higher Th/Yb ratio reflecting a larger contribution of the subduction

component. Tholeiitic rocks from the Guerrero Terrane show much lower total REE concentration
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on both diagrams and stronger enrichment in Th contents than Group 2 MAC amphibolites (Figure

8).

Due to the sensibility of slab additions, Sr-Nd isotope systematics are commonly used in petrogenetic
studies of volcanic arc rocks as tracers of the nature and source of magmas including the contribution
of slab additions (DePaolo 1981; Cohen and O’Nions 1982). The high initial eNd values of Group 2
amphibolites and part of Group 1 amphibolites reflect a DMM source and show a similar range to
those rocks from Los Pasos Fm. and IAT sequences of Los Ranchos and Maimén Fms. in Hispaniola
(Figure 9). The low &Sr(t) ratios and high positive eNd(t) of the tonalitic orthogneiss indicate
derivation from a juvenile mafic source extracted from a DMM source, likely a non-exposed body
similar in composition to the mafic protoliths of the MAC. The cluster of lower initial eNd values of
Group 1 amphibolites also overlaps with the calc-alkaline Camujiro Fm. in the Camaguey region of
central Cuba to the East of the studied area. The low initial eNd value of some tonalites from MAC
was likely influenced by contamination from crustal material either inherited from compositional
heterogeneity at crustal level or introduced in the subduction zone (Castro et al. 2010; Castro 2013).
On the other hand, tholeiitic and calc-alkaline rocks from the Guerrero Terrane display lower initial
eNd than the MAC, either reflecting a more evolved source or a higher extent of crustal contribution.
Samples from Los Pasos Fm, Los Ranchos, and Maimén Fms and calc-alkaline rocks from the
Guerrero Terrane show strong sea-water alteration extending towards higher initial €Sr, while sea-

water alteration only barely affected rocks of the Camujiro Fm. and the MAC (Figure 9).

In summary, the geochemistry of the protolith from the MAC largely resembles the contemporary
Cretaceous volcanic rocks of the Caribbean arc in central Cuba (and Hispaniola). Despite the original
stratigraphy of the MAC is undefined due to deformation and metamorphism, we conclude that
the >135 — ca. 93 Ma protolith of the MAC has a strong calc-alkaline signature representing an intra-
oceanic arc sequence from its tholeiitic infancy to a mature calc-alkaline stage. We hence conclude
that its provenance is within the Caribbean plate, not requiring an exotic origin like the Guerrero

terrane from Mexico.
6.3. Geodynamic implications for the Caribbean Arc

The geochemical similarity between the protolith of MAC and the Cretaceous sequences of the
Caribbean arc in Cuba allows locating the >135 — ca. 93 Ma protolith of the MAC in the proximity
of the Caribbean arc realm. However, the mechanism of the accretion of this section of the arc below

the IAT rocks of Los Pasos Fm. and the corresponding palacogeographic scenario remain uncertain.
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An important constraint for understanding the evolution of the MAC and its relationship to the
Cretaceous Volcanic Arc in central Cuba is the timing of the initiation of the intra-oceanic arc system.
The oldest mafic protolith of the MAC is older than 133 Ma based on the zircon age of
metamorphosed granitoids intruding the MAC (Rojas-Agramonte et al. 2011). The oldest arc unit in
central Cuba (Los Pasos Fm.) is considered to be older than 125 Ma, perhaps as old as 135 Ma
(Garcia-Delgado 1998; Rojas-Agramonte et al. 2011; Iturralde-Vinent 2021), and the timing of the
SW dipping subduction initiation below the Caribbean arc is constrained around 130 — 135 Ma
(Escuder-Viruete et al. 2006; Rojas-Agramonte et al. 2011; Pindell et al. 2012; Lazaro et al. 2016;
Hu et al. 2022; Niu et al. 2022). These relations imply that the protolith of the MAC probably formed
only slightly earlier than the Cuban segment of the Caribbean arc if not contemporary, but within a
relatively similar time frame. These age constraints hence support that the protolith of MAC

represents a fragment of arc within the Caribbean arc.
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Figure 11. a) and b) Early to Mid-Cretaceous geodynamic scenario for the development of the MAC
following Pindell and Kennan (2009), Pindell et al. (2012), and Torro et al. (2016). The
corresponding tholeiitic/calc-alkaline section of the Caribbean volcanic arc would have undergone
metamorphism and deformation due to intra-arc collision triggered by strike-slip faulting and
volcanic arc segmentation in a context of strong oblique subduction during the Cretaceous. b)
Location of the Guerrero terrane in western Mexico related to Pacific (Farallon) subduction is
indicated. Note that an exotic Guerrero origin of the MAC is not favoured in this geodynamic
scenario. Inset in b) Inferred position of Central Cuba, Eastern Cuba and Hispaniola. Evidence for
the subduction of the ridge during the Mid-Cretaceous have been documented in Hispaniola by
Rojas-Agramonte et al. (2021) and Escuder-Viruete et al. (2007).
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Prior to the tectonic emplacement of MAC beneath the central Cuba section of the Caribbean arc, the
proto-MAC consisted of mafic magmatic rocks that evolved from tholeiitic to calc-alkaline affinity
with calc-alkaline tonalitic plutons, all developed during the Early Cretaceous to Late Cretaceous (ca.
93 Ma). This would locate the proto-MAC in close proximity to the central Cuban segment during
the mid-Cretaceous time when sinistral strike-slip movements fragmented the Cretaceous arc due to
oblique convergence (Figure 11b and references therein). The inferred position of the protolith of
MAC relative to the central Cuban arc depends on the orientation and dip of the trans-compressive
strike-slip fault system. Contemporary sinistral strike-slip movements are documented in other parts
of the Caribbean arc, such as the arc-perpendicular shortening scenario and arc-parallel sinistral
strike-slip shearing along the La Meseta shear zone in Hispaniola, which was active during <95-74
Ma (Escuder-Viruete et al. 2006). Torré et al. (2023) also proposed a Turonian-Coniacian
transpressive event affecting the forearc in Hispaniola. Thus, a mid-Cretaceous transpression regime
along the leading edge of the Caribbean plate would have facilitated the tectonic juxtaposition of
crustal material along and across the strike of the subduction system (Rojas-Agramonte et al. 2016).
An unconformity in the arc section located at the latest Turonian (ca. 90 Ma, Figure 2) would be
consistent with this model. The nature of the intra-oceanic accretion/collision of the MAC protolith
with the central Cuba section of the arc might be similar to other strongly deformed intra-oceanic
arcs, such as the Cenozoic Philippine Arc (e.g., Hall 2002). However, the P-T-t path of the MAC
would be needed to decipher the details of this accretion/collision event. After the emplacement of
MAC beneath the central Cuban arc, the calc-alkaline plutonism associated to arc development (i.e.,
Manicaragua Batholith; starting at 89 Ma) intruded both, welding the newly accreted Mabujina

Complex and the Cuban Cretaceous arc together.

7. Conclusion

The protolith of the Mabujina Amphibolite Complex (central Cuba) developed in an intra-oceanic
arc setting during the Early Cretaceous to early Late Cretaceous (ca. 135-93 Ma) prior to its
accretion/collision to the central Cuban arc at ca. 93 Ma. Immobile trace element concentrations
reveal that the protoliths of the MAC are dominated by calc-alkaline mafic volcanic/subvolcanic and
tonalitic rocks and less abundant island arc tholeiitic mafic rocks. These ages and geochemical
characteristics of the MAC are explained by an arc sequence that evolved from incipient (tholeiitic)

to mature (volumetric dominant calc-alkaline magmatism) subduction stages. Their high initial Nd
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ratios reflect a DMM source and overlap with the Nd signature of the tholeiitic island arc and calc-
alkaline rocks of the central Cuban arc. Due to the geochemical similarity between the protolith of
the MAC and the Early Cretaceous series of the central Cuban section of the Caribbean arc, we
propose that the magmatism represented in the MAC evolved within the leading edge of the
Caribbean plate. An exotic origin, such as the Mexican Guerrero terrane, is not required to explain
its volumetrically dominant calc-alkaline mafic protolith. In a geodynamic context of strong sinistral
strike-slip tectonics that segmented the arc, the protolith of the MAC was tectonically emplaced
underneath the central Cuban arc during the mid-Cretaceous time, prior to the emplacement of the
calc-alkaline Manicaragua Batholith starting at 89 Ma. A detailed examination of the metamorphism

of the MAC is still required to decipher the timing and nature of this accretion/collision event.
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Abstract

The Cuban Arc preserves a ~60 Myr record of intra-oceanic island-arc construction, spanning Early
Cretaceous tholeiitic (~135-125 Ma) to Late Cretaceous calc-alkaline magmatism (~90-75 Ma).
Exceptional exposure of volcanic and intrusive igneous rocks across central Cuba enables integration
of field relationships with geochemical signals, providing a rare natural laboratory for deciphering
the temporal evolution and architecture of intra-oceanic arc formation. Zircon and apatite U-Pb
geochronology combined with petrological, geochemical, and isotopic data documents an evolution
from a nascent arc with melts derived from homogeneous depleted mantle to a hydrous magmatic
plumbing system. Early low-K tholeiitic lavas display flat to slightly LREE-depleted REE patterns
and limited enrichment in subduction-mobile elements, consistent with rapid ascent through thin
crust and minimal crustal processing. Through the mid-Cretaceous, progressive mantle-wedge
metasomatism by slab-derived fluids and melts enhanced LREE and Th enrichment and promoted
magmatic differentiation. By the Cenomanian, calc-alkaline magmatism characterized by
fractionated REE patterns, amphibole stabilization, and major plutonism with rising La/Yb and St/Y
ratios indicating crustal thickening, marks the establishment of transcrustal plumbing systems
capable of prolonged storage, recharge, and mixing. Isotopic proxies remain juvenile and
homogeneous throughout the lifespan of the arc suggesting that temporal geochemical trends
primarily reflect variations in slab input, magmatic differentiation, and crustal thickness, rather than
changes in mantle source or involvement of continental crust. These results demonstrate how long-
lived intra-oceanic arcs can progressively develop crustal architectures analogous to continental crust

through secular tectono-magmatic processes.
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INTRODUCTION

Intra-oceanic convergent margins (IOCMs) represent the oceanic end member of arc-trench systems
where juvenile continental crust is generated by magmatic activity above subduction zones (Stern,
2010). They provide an ideal setting to study the generation and evolution of arc magmas, offering
less complexity than found in continental arcs, where contamination by continental crust cannot be
avoided. Because IOCM magmas are uncontaminated by continental crust, their igneous rocks more
accurately record partial melting processes in the mantle wedge and fractional crystallization of basic
magmas to create intermediate to acid derivatives. Comprising ~40% of present-day convergent plate
margins, IOCMs include well-known examples such as the Izu-Bonin-Mariana, Tonga-Kermadec,
Vanuatu, Solomon, New Britain, the western Aleutian arc, South Sandwich, and the Lesser Antilles
(Leat & Larter, 2003). Changes in the chemistry of arc magmas have been linked to the temporal
evolution of island arcs, with rapid magmatic changes accompanying subduction initiation when
MORB-like forearc basalts and boninitic magmas are emplaced in a forearc environment (Whattam
and Stern, 2011). This initial stage typically lasts 5-10 million years, after which magmatism migrates
to a position approximately 100-150 kilometers above the subducting slab. Subsequent magmatic
evolution progresses gradually, transitioning from depleted to increasingly enriched magmas over
time, evolving from island arc tholeiite to calc-alkaline and, eventually, shoshonitic (alkaline)

magmas (Stern, 2010; Straub et al., 2015).

Despite their significance, IOCMs are less studied than continental arcs because they mostly lie
beneath sea level. Fossil IOCMs that have been uplifted, tilted and eroded provide opportunities to
investigate IOCM crust, with notable examples including Kohistan (Jagoutz and Schmidt, 2012),
Talkeetna (Greene et al., 2006), and the Famatinian arc (Ducea et al., 2015). This contribution
examines another important example: the Cretaceous fossil IOCM of the Caribbean, which is

accessibly exposed in central Cuba.

The Cuban segment of the Cretaceous Greater Antilles volcanic arc (part of the Great Arc of the
Caribbean; Burke, 1988) was accreted to the North American Plate during its latest Cretaceous-mid
Eocene. This happened through a series of collisions, first with the edge of the Maya Block and later
the Bahamian borderland, which forms part of the North American continental margin (Iturralde-
Vinent, et al., 2008; van Hinsbergen et al., 2009). Arc magmatism terminated in Cuba when that
collision stopped subduction in latest Cretaceous time (ca. 70 Ma); this is when

subduction/collision/accretion of passive margin sequences (now exposed in W, S and E Cuba and
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Figure 1. (4) Simplified geological map of Cuba, modified after Wilson et al., (2019) and Hu et al.
(2022). (B) Geological map of central Cuba showing sample locations, after Garcia-Delgado (1998).
(C) Cross-section of central Cuba (a-b in panel A), modified after Iturralde-Vinent (1998).

Hispaniola) took place (Caribeana, Garcia-Casco et al., 2008) and arc-North American passive
margin collision started (Iturralde-Vinent et al., 2008). Arc magmatism stopped in western and central
Cuba, but resumed in eastern Cuba and to the east in Dominican Republic and Puerto Rico during
the Paleocene-mid Eocene. Since the late Eocene, the polyphase Oriente Fault Zone, part of the North
Caribbean Transform Fault System that marks the present-day North American-Caribbean plate
boundary south of Cuba, separated Cuba from the rest of the Greater Antilles (Iturralde-Vinent, et al.,
2016; Fig. 1). The Greater Antilles IOCM began to form during the Early Cretaceous (Fig. 2; as early
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as ca. 133-135 Ma; Blanco-Quintero et al., 2011; Boschman et al., 2014; Braszus et al., 2021; Burke,
1988; Escuder-Viruete et al., 2014; Garcia-Casco et al., 2002; Jolly, 2001; Lazaro et al., 2009, 2016;
Niu et al., 2022; Pindell and Kennan, 2009; Rojas-Agramonte et al., 2011; Rui et al., 2022, 2025)
along the northern edge of the Caribbean plate. The Caribbean Plate formed as a consequence of two
potentially related subduction events (Burke, 1998; Pindell & Kennan, 2009): one defining the
eastern leading edge of the plate (~133-135 Ma) including the Greater Antilles Arc with westward-
dipping subduction that involved the Proto-Caribbean plate, located between North and South
American after the break-up of Pangea. Another defining the rear western edge (~100 Ma), where
eastward-dipping subduction of the Pacific plate took place. The Cuban segment of the Greater
Antilles Arc is well preserved and uplifted above sea level as a result of final “soft” collision with
the North American plate (Garcia-Casco, et al., 2008; Iturralde-Vinent et al., 2016; van Hinsbergen
et al., 2009). The Greater Antilles IOCM exposed in Cuba is a tilted and moderately to deeply eroded
arc section extending more than 1000 km from west to east (Fig. 1). Over the past two decades, a
wealth of geochemical and geochronological data on the Cuban magmatic arc has emerged as

summarized in Hu et al. (2022).

The arc, as it outcrops in central Cuba, represents a nearly complete section that preserves a quasi-
continuous record of magmatism since pre-middle Hauterivian time (~133-135 Ma; Rojas-
Agramonte et al., 2011). Along the Greater Antilles, the stratigraphy of arc sections displays several
nearly isochronous unconformities, where uplift, erosion and subsidence occurred, roughly dated to
the Aptian, Santonian, late Campanian and Maastrichtian-Paleocene (Fig. 2; Iturralde-Vinent &
Lidiak, 2006 and references therein). These discontinuities are probably associated with events that
disrupted the normal steady-state subduction process, due to insertion of ridges as Caribeana terrain
(Garcia-Casco et al., 2008) or segments of the westward extension of Atlantic Ocean ridge (Rojas-
Agramonte et al., 2021). To decipher this tectonic conundrum, more detailed geochemical sampling,
as well as a high-resolution seismic tomography, will be required to improve the temporal correlation

between deep crustal and near surface events.

Previous geochemical studies have not provided an integrated comprehensive petrologic-
geochemical-geochronologic model for the evolution of the arc from its infancy in the Early
Cretaceous to its demise in the latest Cretaceous. This study presents new geochemical and isotopic
data together with U-Pb zircon and apatite ages, and uses this information to develop such model. By

integrating our results with data from the broader Caribbean region, we aim to offer a systematic
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view of the regional magmatic evolution of the Greater Antilles IOCM and to contribute to a global

understanding of I[OCM magmatism.
GEOLOGICAL SETTING

The geodynamic evolution of the Caribbean realm began with the mid-Late Jurassic breakup of
Pangea that formed the Proto-Caribbean ridge, the westward continuation of the Central Atlantic
ridge. At the same time, an inter-American transform fault system likely developed between the
Proto-Caribbean basin and the Farallon plate (Pindell et al., 2012). This system played an important
role in the separation of North and South America. By ~135 Ma, subduction of Proto-Caribbean
oceanic lithosphere began beneath the northern and eastern edge of the Farallon plate. On this
allochthonous, Pacific (Farallon)-derived oceanic lithosphere the Greater Antilles Arc (GAA)
developed during the Early Cretaceous from Cuba in the west to the Virgin Islands in the east
(present-day coordinates). The subduction zone drove the east- and northward motion of the
Caribbean plate into the inter-American gap, further facilitated by continued opening of the Central
Atlantic since the Jurassic and of the South Atlantic since the Early Cretaceous (Burke, 1988; Eagles,
2007; Pindell et al., 2012; Pindell and Kennan, 2009).

Subduction along the Greater Antilles [OCM initiated with forearc seafloor spreading that generated
ophiolitic sequences, such as the “northern ophiolites” and “eastern ophiolites” in Cuba (Butjosa et
al., 2023; Dominguez-Carretero et al., 2025; Niu et al., 2022; Rui et al., 2022; Torr¢ et al., 2017a;
and references therein). GAA magmatism progressively shifted away from the trench, forming a
volcanic-plutonic arc system as well as back-arc and intra-arc successions (Escuder-Viruete et al.,
2014; Hastie et al., 2009; Lazaro et al., 2016; Lidiak and Anderson, 2015; Pindell and Kennan, 2009;
Rojas-Agramonte et al., 2011, 2016). GAA magmatic compositions evolved from Early Cretaceous
boninitic and island-arc tholeiitic signatures to more voluminous Late Cretaceous calc-alkaline
magmas (Diaz de Villalvila, 1997; Donnely et al., 1990; Kerr et al., 1999; Lidiak and Anderson, 2015;
Rojas-Agramonte et al., 2016; Torr6 et al., 2017a, b). Arc magmatism ceased by Late Campanian
time but resumed in eastern Cuba and other parts of the Greater Antilles during the late Paleocene to
middle Eocene (Iturralde-Vinent, 1996; Garcia-Casco et al., 2008; Rojas-Agramonte et al., 2006;
Lidiak and Anderson, 2015). The late Campanian cessation has been attributed to collision of a rifted
North American terrane, Caribeana, which is characterized by passive-margin sequences similar to
those of the Maya Block and the Bahamas platform (Garcia-Casco et al., 2008; Iturralde-Vinent et

al., 2016; and references therein). This collisional episode occurred between the latest Cretaceous
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and middle Eocene (70-45 Ma; Iturralde-Vinent et al., 2008) and caused the Cuban section of Greater
Antilles IOCM to override North American passive-margin sequences of the Bahamian Borderlands
(Garcia-Casco et al., 2008; Iturralde-Vinent, 1996; Iturralde-Vinent et al., 2016; van Hinsbergen et
al., 2009). Final collision and suturing between the Cuban segment of GAA and North America
terminated with the accretion of the former to the latter, which favored a kinematic shift of the
Caribbean plate to the south and formation of the Oriente transform fault south of Cuba and the
Cayman spreading ridge, establishing a new plate boundary. This reorganization transferred the
northwestern Caribbean plate, including Cuba, to the North American plate during the Paleogene

(Iturralde-Vinent et al., 2016; Oliviera De Sa et al., 2024; and references therein).

The >1000 km of Cretaceous volcanic arc rocks in Cuba record three stages of volcano-sedimentary
and plutonic activity with contrasting geochemical signatures, separated by unconformities (Diaz de
Villalvila, 1997; Diaz de Villalvilla et al., 1994; Iturralde-Vinent, 1996; Iturralde-Vinent et al., 2016).
Paleontological and geochronological data indicate an Early Cretaceous age for Cuba’s ophiolites,
interpreted as forming during subduction initiation (Butjosa et al., 2023; Dominguez-Carretero et al.,
2025b; Niu et al., 2022; Proenza et al., 2018; Rui et al., 2022), marking the start of the Cuban IOCM

magmatism.

In central Cuba, the Cretaceous arc is exceptionally well exposed, preserving a nearly complete arc
section (Fig. 1 and 2). These exposures contain both volcanic and plutonic rocks which provide a
unique opportunity to reconstruct this IOCM. In the Santa Clara region, a slightly deformed sequence
of Cretaceous volcanic and plutonic arc rocks, exposed within a broad synform thrust along a north-
south transect (Fig. 1), with the oldest and deepest units in the south in tectonic contact with the
Mabujina Amphibolite Complex (metamorphic age ca. 92 Ma; protolith age 133-135 to >92 Ma;
Rojas-Agramonte et al., 2011; Hu et al., 2024), and progressively younger rocks to the north trusted
above the northern ophiolites (Garcia-Delgado, 1998; Iturralde-Vinent, 1996, 2011). Island arc
tholeiites (IAT) related to subduction initiation or early arc magmatism are mainly preserved in the
Early Cretaceous Valanginn-Barremian Porvenir and Los Pasos formations (Dublan & Alvarez, 1986;
Diaz de Villalvilla et al., 2003; Kerr et al., 1999; Rojas-Agramonte, et al., 2011; Torr6 et al., 2016).
The Los Pasos Formation is overlain by the Aptian-Albian Matagud Formation and by late Albian to
mid Campanian arc-related volcanic and volcano-sedimentary successions with calc-alkaline
signatures (Fig. 3 and 4; Diaz de Villalvila, 1997; Diaz de Villalvilla et al., 1994; Kerr et al., 1999).
The calc-alkaline Manicaragua Batholith intruded the volcanic arc sequence and the Mabujina

Amphibolite Complex between ca. 89 and 81 Ma (Rojas-Agramonte et al., 2011). It is composed
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primarily of granodiorites and tonalites with subordinate quartz diorites containing mafic
microgranular enclaves of dioritic composition (Bibikova et al., 1988; Blein et al., 2003; Somin, 1993;

Somin and Millan, 1981; Sukar and Perez, 1997).

South of Santa Clara region of central Cuba, volcanic arc units rest structurally upon the Mabujina
Complex, which comprises the Porvenir Formation and the Mabujina Amphibolite Complex (Millan-
Trujillo, 1996). The Porvenir Fm. (Dublan & Alvarez, 1986), likely equivalent to the Los Pasos Fm.,
is a bimodal volcanic sequence metamorphosed under greenschist facies and tentatively dated as
Berriasian?-Hauterivian? by regional correlation. The Mabujina Amphibolite Complex (MAC)
consists of deformed, low- to intermediate-pressure amphibolites, including metaporphyritic,
schistose/banded amphibolites, metagabbroic and metapyroxenitic (hornblendite) rocks, as well as
intercalated tonalitic-trondhjemitic-granitic gneisses and veins, with local siliceous metasediments
(Millan, 1996). Both units are arc-related with island-arc tholeiitic to calc-alkaline signatures (Kerr
etal., 1999; Blein et al., 2003; Hu et al., 2024). U-Pb zircon ages from (meta-) tonalitic-trondhjemitic
intrusions indicate that MAC developed during the Early-middle Cretaceous, with the oldest ages
(~133 Ma) constraining the basaltic protoliths to at least Valanginian time (Rojas-Agramonte et al.,

2011).

The Mabujina Amphibolite Complex tectonically overlies and encloses the high-pressure Escambray
Complex, which forms a double-domal tectonic window (Trinidad and Sancti Spiritus) consisting
mainly of Jurassic-Cretaceous passive margin metasediments with metabasite lenses and tectonically
interleaved serpentinite-matrix mélanges with meta-ophiolitic blocks. The conditions of
metamorphism are varied, ranging from low grade, intermediate-pressure (greenschist facies) and
high-pressure (blueschist facies) to medium grade, high-pressure (eclogite facies) (Somin & Milléan,
1972; Millan, 1997, Iturralde-Vinent, 1996; Despaigne-Diaz et al., 2016, 2017; Garcia-Casco et al.,
2006, 2008; Schneider et al., 2004; Stanek et al., 2006, 2019). These metasedimentary units correlate
with passive-margin successions in the Guaniguanico terrane of western Cuba and are interpreted as
part of the Caribeana terrane, formed along the Maya block borderland (Garcia-Casco et al., 2008;
Iturralde-Vinent, 2021).

The resulting orogenic belt in the Santa Clara region comprises thrust sheets derived from different
lithospheric domains with distinct isotopic signatures, formed during and after the breakup of Pangea,

including a coherent section of IOCM crust. These units encompass well-preserved passive margin
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successions and allochthonous tectonic domains consisting of intra-oceanic volcanic arc sections and

ophiolites (Kantchev et al 1978; Iturralde-Vinent et al, 2008).
Main formations

A detailed description of the stratigraphy of Central Cuba Arc is provided in Supplementary Material
S1. Stratigraphy.

The Los Pasos Fm. (Diaz de Villalvilla et al., 1985; Pavlov, 1970) is the oldest exposed unit of the
Central Cuba Arc, comprising bimodal volcanic rocks (rhyolite to basaltic andesite) with subordinate
andesite, tuffs, breccias, and sedimentary intercalations. Effusive and subvolcanic facies dominate,
with widespread hydrothermal alteration (epidote-actinolite, chlorite, sericite, quartz, carbonate,
prehnite-pumpellyite) and common albitization of plagioclase (Diaz de Villalvilla, 1988; Diaz de
Villalvilla et al., 1985; Dublan & Alvarez, 1986). The unit has low-Ti island-arc tholeiitic affinity
with minor calc-alkaline affinity (Torré et al., 2016 and references therein). A ~125 Ma granodiorite

intrusion corroborates that the Los Pasos Fm. is older than Barremian (Rojas-Agramonte et al., 2011).

The Matagua Fm. (Bronnimann & Pardo, 1954; Zelepuguin et al., 1982) comprises porphyritic
basalts, basaltic andesites, andesites, breccias, and tuffs, with rare acid lavas, and marks the transition
from tholeiitic to calc-alkaline series. It is conformable with both the underlying Los Pasos Fm. and
the overlying Cabaiguan Fm. (Hatten et al., 1958), which consists mainly of andesitic-dacitic tuffs,
tuffites, sandstones, siltstones, and subordinate lavas, with diabase intrusions. The Provincial Fm.
(Thiadens, 1937; Kantchev et al., 1978; Zelepuguin et al., 1985) is dominated by limestones (micritic,
biogenic, biodetritic), marls, and calcareous conglomerates, lying concordantly above Matagua and

Cabaiguan Fms. These three units span the Aptian-Cenomanian.
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Figure 3. Field photos of volcanic-sedimentary rocks from the Central Cuban Arc. (A) Massive
plagiorhyolite of the Los Pasos Formation, early Cretaceous pre-Albian. (B) Strongly altered pillow
lavas of the Cabaiguan Formation, early- to mid-Cretaceous Aliban-Cenomanian. (C) Well-stratified
pyroclastic deposits composed of fine-grained tuff and lapilli tuff of the Seibabo Formation, late
Cretaceous Cenomanian. (D) Peperite formed by intrusion of olivine basalt into unconsolidated
sediment, La Bruja Formation, late Cretaceous Coniacian-Santonian. (E) Columnar jointing in a
massive intermediate lava flow, Las Calderas Formation, mid- to late-Cretaceous Albian-Turonian.

(F) Basaltic-andesitic volcanic breccia from the La Rana Formation, late Cretaceous Santonian.
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The overlying section record intermittent volcanism during the Late Cretaceous, marked by several
unconformities associated with conglomerates and shallow carbonate platforms locally developed
(Iturralde-Vinent, 1996; Iturralde-Vinent et al., 2008; Fig. 2). This succession embraces several
lithostratigraphic units: The Turonian Seibabo Fm. (Bronnimann & Pardo, 1954, Kantchev et al.,
1978) comprising alternating tuffs, marls, volcanogenic sandstones, and rare andesitic lavas. The Las
Calderas Fm. (Dublan et al., 1986) containing diverse volcanic facies from basalts to dacites with
strong hydrothermal alteration. The La Bruja Fm. (Bronnimann & Pardo, 1954; Kantchev et al., 1978)
which consists mainly of andesite and dacite with breccias and tuffs (Coniacian-Santonian). The
Coniacian-Santonian Arimao Fm. (Kantchev et al., 1978) comprises basaltic to dacitic lavas and tuffs
interbedded with sediments. The Coniacian-Santonian Pelao Fm. (Kantchev et al., 1978; Diaz de
Villalvilla, 1997) includes trachyandesitic welded tuffs. The Santonian-early Campanian Cotorro Fm.
(Bronnimann & Pardo, 1954; Kantchev et al., 1978) is a volcaniclastic and polymictic flysch-like
succession. The early Campanian Hilario Fm. (Bronnimann & Pardo, 1954; Kantchev et al., 1978) is
dominated by zeolitized tuffs with interbedded marls and limestones. The Santonian La Rana Fm.
(Hatten, 1958, Diaz de Villalvilla 1997) consists of calc-alkaline andesites, basaltic andesites,
breccias, and tuffs (Santonian). The early Campanian Dagamal Fm. (Hatten et al., 1958) is dominated

by andesitic-dacitic tuffs, often welded and lavas.

After a depositional and erosional hiatus, late Campanian-Maastrichtian clastic units and carbonate
platforms deposited (e.g., Isabella Fm.) in syn-orogenic basins above the deformed volcanic arc series

(Iturralde-Vinent, 1996; Iturralde-Vinent et al., 2008).
ANALYTICAL METHODS

Whole-rock major and trace elements were analysed by WD-XRF and ICP-MS at Kiel University
(CAU) and the Centro de Instrumentacion Cientifica of the University of Granada (CIC-UGR),
respectively. Sr-Nd-Pb isotope ratios were measured by TIMS at the Complutense University of
Madrid (UCM) and the GEOMAR Helmholtz Centre for Ocean Research Kiel (GEOMAR) using
standard separation and double-spike procedures. Zircon U-Pb ages, trace elements, and Hf isotopes
were obtained by SHRIMP and LA-MC-ICP-MS at the Chinese Academy of Geological Sciences
(CAGS) and the Institute of Geology and Geophysics, Chinese Academy of Sciences (IGGCAS), and
apatite U-Pb was analysed by LA-ICP-MS at IGGCAS and University College London (UCL).
Mineral compositions were determined by EPMA at CAU. Full analytical methods and data quality
information are provided in the Supplementary Material S2. Methodology.
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RESULTS
Petrography

Here we present a summary of the studied samples; detailed field and petrographic descriptions of
the samples are provided in the supplementary materials S3 Field Report and S4. Petrographic

Descriptions.

The oldest volcanic arc sequence is represented by massive bimodal basic and acid volcanic rocks
and outcrops of the Los Pasos Fm. Basaltic and basaltic-andesitic rocks, outcropping in the southern
part of the Central Cuban Arc, were described by Diaz de Villalvilla et al. (2003) as having
amygdaloidal aphyric to porphyritic textures, typical of subaqueous volcanic environments, and
consist of plagioclase and clinopyroxene phenocrysts set in an intersertal to microlitic groundmass
of plagioclase microlites. The acid rocks (plagio-rhyolites/dacites) generally display aphanitic to
glomerophyric textures and contain plagioclase and quartz phenocrysts associated with Fe-Ti oxides,
mostly magnetite. The felsitic groundmass locally shows secondary actinolite radiating from Fe-Ti
oxides, and flamme are occasionally present. Carbonatization is evidenced by calcite infilling and
replacement of plagioclase phenocrysts accompanied by ubiquitous chloritization, suggesting that
the rocks experienced lower greenschist facies metamorphism. Mafic dikes and granitic intrusions
also occur. Mafic dikes are metadiabase; original clinopyroxene is commonly replaced by light green
amphibole (actinolite) upon cooling and hydration, locally forming aggregates around magmatic
relics. Some subvolcanic and gabbroic rocks contain brown magmatic amphibole overgrown by
actinolite, a texture similar to that in the mafic dikes denoting hydration upon cooling. Tonalitic to
trondhjemitic intrusions are composed mainly of quartz and plagioclase with variable amount of
potassium feldspar and dark green amphibole. These rocks typically show minor deformation,

recrystallization along grain boundaries, and cloudy altered plagioclase.
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Figure 4. Photomicrographs of volcanic-sedimentary rocks from the Central Cuban Arc. For A and
E plane-polarized (PPL) is shown on the left and cross-polarized light (XPL) on the right. (A) Sample
23LV25: Porphyritic plagiorhyolite show altered plagioclase phenocrysts replaced by calcite. (B)
Sample 23LV33: Seriate basaltic andesite composed of tabular plagioclase laths and clinopyroxene
and altered mesostasis, secondary chlorite and epidote are commonly observed. (C) Sample 23LV35:
Glomerophyric andesitic pillow. Skeletal plagioclase and magnetite crystals display needle-shaped
textures, locally exhibiting swallow-tail forms. (D) Sample CU176: Glomerophyric andesite with
glomecrysts composed of clino- and orthpyroxenes, plagioclase and magnetite agglomerate
embedded in a hyalopilitic matrix. (E) 23LV12: Peperite (autoclastic volcanic fragments) shows that
the porphyritic basaltic lava shows jigsaw fit within fine-grained sedimentary matrix composed of
carbonate and clay. A gradational transition from coarse volcanic clasts to finer sedimentary
particles is evident. (F) Sample 23LV48B: A clast supported volcanic sandstone composed of lithic
and crystal fragments. (G) Sample 23LV40A: Porphyritic basaltic andesite shows plagioclase and
pyroxene phenocrysts with variety of complex textures of sieve and resorbed core and zonation. (H)
Sample 23LV43: Dacitic welded crystal tuff display an apparent subvolcanic texture in the field,
fragmented phenocrysts of amphibole, plagioclase are enveloped by recrystallized fine-grained ash
exhibiting a rheomorphic structure. (I) Sample 23LVIB: A pyroclastic deposit of crystal and lithic
fragments of varied source containing more than 20% recycled volcaniclastic material. (J) Sample
23LVY9A: Calcareous volcanic sandstone with poorly sorted clasts including fragments of crystal and
volcanic rocks of different rounding. Abbreviations: Amp.: amphibole, Bt: biotite; Cpx: clinopyroxene,

Mgt: magnetite; Pl: plagioclase; Qtz: quartz; frag: fragment. White bar indicates 500 um.

Subaqueous volcanic rocks are abundant in the overlying units, including the Matagua and Cabaiguan
Fms., which comprise basaltic hyaloclastites, basaltic-andesitic pillow lavas, evolved lava flows, and
tuffs. Clinopyroxene and plagioclase phenocrysts are common, though zoning is generally absent.
Textures range from vitrophyric to seriate and glomerophyric. Hydrothermal alteration is pervasive,
with calcite filling interstices in the matrix. Sericitization and chloritization are also widespread
across all lithologies. The Provincial Fm. is dominated by biomicritic limestone and calcareous
volcanogenic sandstones containing abundant feldspar and volcanic lithic fragments. These volcanic
fragments commonly display vitrophyric and porphyritic textures with wide compositional variation.
The clasts are generally angular to subrounded and poorly sorted. Volcanic layers are locally

interbedded with limestones.

182|Page



In the northern part of the Central Cuban Arc, well-bedded volcaniclastic sediments dominate over
lava flows. Lithologies and textures are diverse, but intermediate and acid volcanics are more
abundant. Some mafic rocks are present, such as peperites from the La Bruja Fm., where olivine
basalt intruded into unconsolidated calcareous sediments. Basaltic-andesitic breccias of the La Rana
Fm. include minor mafic lithologies with phenocrysts of clinopyroxene, orthopyroxene, and olivine.
Unzoned amphibole is present in intermediate and acid volcanic rocks. Disequilibrium textures are
observed in pyroxene and plagioclase in La Rana Fm. basaltic andesites, while plagioclase in more
evolved rocks commonly displays oscillatory and sector zoning. Biotite occurs in andesitic to dacitic
welded crystal tuffs of the Pelao Fm. The volcaniclastic sequences are dominated by crystal and lithic
fragments, with fewer sedimentary clasts. The lithic-crystal tuffs of the Hilario Fm. contain more
than 20% recycled volcaniclastic material, including crystal fragments and rounded polygenetic
volcanic clasts with varied textures and compositions. Matrices of volcaniclastic are dominantly
calcareous. Overall, the lithological and textural variations indicate a temporal shift from quiet

effusions of lava to increasingly explosive volcanic activity.
Whole rock geochemistry

Up to three stages of volcano-sedimentary rocks with contrasting geochemical signatures, separated
by unconformities, are recognized in Cuba (e.g., Diaz de Villalvilla, 1997; Diaz de Villalvilla et al.,
1994; Iturralde-Vinent, 1996, 2016; Torro et al., 2019). In this study, we assigned these units to three
groups: Early Cretaceous tholeiitic, mid-Cretaceous transitional, and Late Cretaceous calc-alkaline

sequences according to their whole rock geochemical features, as discussed below.

A total of 35 whole rock samples from Central Cuban Arc were analysed for geochemical
composition. These include 4 samples from the Early Cretaceous Los Pasos Fm. tholeiitic sequence,
9 samples from the mid Cretaceous transitional sequence (Matagué (6) and Cabaiguan Fms. (3)), and
22 samples from the Late Cretaceous calc-alkaline sequence: La Bruja (7), Las Calderas (4), La Rana
(6), Pelao (2), Cotorro (1), Arimao (1), and Hilarios (1) Fms. The studied samples yield loss on
ignition (LOI) values ranging mostly from 0.24 to 3.65 wt.%, reaching up to 8.24 wt.%, consistent
with variable hydrothermal alteration (chloritization, sericitization, carbonatization, and silicification;
see petrographic study and Supplementary Material S4. Petrographic Descriptions). To evaluate the
extent of sub-solidus element mobility, major and trace elements were plotted against LOI and Th
contents. Major elements show no correlation with LOI, indicating only minor element-mobility due

to hydrothermal alteration or weathering (Fig. S1). Similarly, most trace elements (LILE, HFSE, REE,
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Th) display no systematic relationship with LOI (not shown). Thorium, which is generally immobile
during alteration and low-grade metamorphism of igneous rocks (Hastie et al., 2007), correlates well
with La, Ba, Rb, Pb, and Nb (and weakly with K), implying limited post-magmatic element mobility
in the analysed samples. However, K contents scatters particularly in transitional and calc-alkaline
sequences. High-K samples commonly exhibit alteration textures and contain secondary K-rich
mineral assemblages (e.g., sericite, K-feldspar, celadonite). This complicates using standard major
element classification schemes such as TAS or K20 vs. SiO: diagrams (Fig. 5A, B). Geochemical
classification of the Central Cuban Arc samples is therefore based on immobile trace elements (Fig.
5C, D) and classifications based on major elements are offered for comparison, even if the two mostly

agree.
Major and trace elements
Tholeiitic sequence (Los Pasos Fm.)

Studied samples from the Los Pasos Fm. include 2 rhyolites and 2 tonalites, as basaltic rocks were
previously characterized (Diaz de Villalvilla et al., 2003; Torr6 et al., 2016); the more evolved
lithologies are focused to obtain zircons for age determination, with tonalites analysed for
comparison. Rhyolite samples contain 67 and 74 wt% SiO:, are highly sodic (Na.O around 5 wt%)
and extremely K poor (KO = 0.05 wt%), yielding very high Na/K ratios and are classified as sub-
alkaline rhyolites of tholeiitic affinity (Fig. 5). Available trace elements (Hu et al., 2022) are
comparable to other acid volcanics from the Los Pasos Fm. (Diaz de Villalvilla et al., 2003; Hu et al.,
2024; Rojas-Agramonte et al., 2016; Torro et al., 2016) with [La/Sm]cn = 0.7-1.45, [Sm/Yb]cn = 1.0-
2.5 (most values <1.3), and Ew/Eu* = 0.63-0.99 (Fig. S2). Extended trace element patterns show
pronounced Nb depletion ([Nb/La]nvn = 0.12-0.45). The tonalites (SiO2 = 69-71 wt%; Na.O = 3.6-
4.3 wt%; K20 = 0.15-0.22 wt%; Fig. 5) are classified using the Ab-An-Or normative diagram of
O’Connor (1965). Their REE patterns are nearly flat, with [La/Sm]cn = 0.9-1.0, [Sm/Yb]cn = 1.2-
1.3, and subtle Eu anomalies (Eu/Eu* = 0.92-0.96). Extended trace element patterns show
pronounced Nb depletion ([Nb/La]nmn = 0.12-0.31), slight Th enrichment ([Th/La]nmn = 2.4-2.5),
and very low Th contents (0.6-0.8 ppm).

Transitional sequence (Matagua and Cabaigudan Fms.)

The studied samples from this sequence include basaltic (n = 2) and evolved volcanic rocks (n = 4;

dacite to rhyolite) from Matagud Fm., and three intermediate-acid volcanic rocks from the Cabaiguan
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Figure 5. Geochemical classification of studied rocks from the Central Cuban Arc. (A) Composition
of the studied rocks in the TAS (after Le Bas et al., 1986). (B) SiO>-K>O (after Peccerillo and Taylor,
1976) classification diagrams. (C) Zr/Ti vs. Nb/Y (Pearce, 1996 after Winchester and Floyd, 1977).
(D) Th/Yb vs. Zr/Y (after Ross and Bédard, 2009). Additional geochemical data for comparison are
compiled from Kerr et al. (1999), Blein et al. (2003), Diaz de Villalvilla et al. (2003), Rojas-
Agramonte et al. (2016), Torro et al. (2016), and Hu et al. (2024).

Fm. (n = 3). In general, they show Nb depletion and greater Th enrichment ([Th/La]xvn = 2.1-3.6;
Th contents from 0.92 to 4.09 ppm; Fig. S2) than the tholeiitic sequence, while high alkali content
may reflect alteration. The mafic rocks (51-54 wt% Si02; K20 = 0.4-2.8 wt%) are calc-alkaline basalt
and basaltic andesite in Pearce (1996) and Hastie et al. (2007) classification diagrams, respectively.
They are fractionated, with Mg# (Mg# = 100 x Mg / [Mg + Total Fe**]) values of 45-55. REE patterns
show moderate LREE enrichment ([La/Sm]cn = 1.5-1.7), fractionation of MREE relative to HREE
([Sm/Yb]cn = 1.7-3.0), and modest Eu anomalies (Eu/Eu* = 0.8-1.2) (Fig. S2). Basalts and basaltic-
andesites from previous studies (Hu et al., 2024; Kerr et al., 1999) show less fractionated REE
patterns, with moderate LREE enrichment ([La/Sm]cn = 1.1-1.6), mild MREE-HREE fractionation
([Sm/Yb]cn = 1.4-2.5), and variable Th enrichment ([Th/La]nmn = 1.4-5.5) (Fig. S2), plotting within
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the tholeiitic to transitional fields of Ross and Bédard (2009) (Fig. 5D). The acid volcanic rocks (64-
71 wt% SiO2; Na.O = 2.6-6.9 wt%; K.O = 0.2-3.7 wt%) range from dacite to rhyolite. They are
classified as sub-alkaline dacite/rhyolite with calc-alkaline affinity. REE patterns are fractionated,
with [La/Sm]cn = 1.7-2.0, [Sm/Yb]cn = 1.7-2.8, and negative Eu anomalies (Eu/Eu* = 0.7-0.9) (Fig.
S2). The highest Th concentrations are observed in the evolved rocks of the transitional sequence
between 1.2 and 4.1 ppm. The three Cabaiguan samples (SiO2 = 61-76 wt%; Na.O = 3.0-6.1 wt%;
K20 = 0.6-3.1 wt%) includes andesite and dacite. The analysed intermediate lava is classified as sub-
alkaline andesite (Fig. 5), and shows moderate LREE-enrichment ([La/Sm]cn = 1.6) and strong Nb
depletion ([Nb/La]xvn = 0.09) with ~1.8 ppm Th), lacking Eu anomaly (Fig. S2).

Calc-alkaline sequence (La Bruja, Las Calderas, La Rana, Pelao, Cotorro, Arimao, and Hilarios

Fms)

Twenty two samples from the calc-alkaline sequence are volcanic and plutonic rocks comprising
basalts (2), basaltic andesites-andesites (9), dacite-rhyolites (10), and one tonalite. They are
consistently characterized by strong Nb depletion, moderately to strongly LREE- and MREE-
enriched patterns ([La/Sm]cn = 1.4-3.5; [Sm/Yb]cn = 1.4-2.6), positive Th anomalies ([Th/LaJnvn =
1.7-4.7), and Th concentrations between 0.6 and 4.1 ppm (Fig. S2). These features are comparable to
calc-alkaline samples from the transitional sequence (Fig. 5), and plot in the calc-alkaline field of
Hastie et al. (2007). Negative Eu anomalies are common in acid rocks, indicating plagioclase
fractionation. Basalts are represented by one sample from the La Bruja Formation (47 wt% SiO2, Th
= 0.7 ppm, Mg# = 48) and one from the Arimao Formation (52 wt% SiO2, Th = 1.1 ppm, Mg# = 44);
both are sub-alkaline, moderately LREE-enriched ([La/Sm]cn = 1.4-2.1), and lack Eu anomalies (Fig.
S2). Basaltic andesites-andesites show strong LREE enrichment ([La/Sm]cn = 1.7-3.5), Nb depletion,
generally lack Eu anomalies, and Mg# ranging from 42 to 57. These dacite-rhyolite rocks are strongly
LREE-enriched and display strongly negative Eu anomalies (Eu/Eu* = 0.6-0.9), especially in the Las
Calderas Fm. Granitoid intruding the La Rana Fm. (68.8 wt% SiOz, Th = 3.0 ppm) is trondhjemite
using O’Connor’s (1965) Ab-An-Or diagram; it shows LREE enrichment, Nb depletion, and a
negative Eu anomaly (Eu/Eu* = 0.7) (Fig. S2).

Radiogenic isotope compositions

Figure 6 shows whole rock Nd, Sr and Pb radiogenic isotope compositions of the studied samples.
Corrections for post-emplacement radiogenic growth are based on U-Pb zircon and apatite ages (see

below) and biostratigraphic constraints discussed in the stratigraphy section. Tholeiitic samples yield
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Nd/"Nd ratios between 0.512986 and 0.513052 (n=4), and initial eNd between 7.0 and 8.3.
Samples from the transitional series have very similar '**Nd/!**Nd ratios between 0.512964 and
0.513063 (n=38) and initial eNd between 7.2 and 8.7. Samples from the calc-alkaline series yield
43N d/**¥Nd ratios between 0.512912 and 0.513081 (n=12), and initial eNd between 6.1 and 9.2.
Initial ¥’Sr/%Sr ratios decrease from tholeiitic (3’Sr/*’Sr; = 0.704399-0.704750) to transitional
(¥7Sr/%Sr, = 0.703339-0.704379) to calc-alkaline (¥’Sr/*¢Sr. = 0.703154-0.703875) sequences.

The analysed tholeiitic (Los Pasos Fm.) sample has 2°Pb/2%Pb ratio of 18.617, 2’Pb/2**Pb of 15.556
and 2%Pb/2%Pb of 38.146. Seven samples from the transitional series (n = 7) have 2°°Pb/2%Pb ratios
of 18.544-20.072, *’Pb/?%Pb of 15.551-15.626 and ***Pb/?%Pb of 38.131-38.636. Calc-alkaline
samples (n = 8) have 2°°Pb/2**Pb ratio of 18.439-19.056, 2’Pb/***Pb of 15.564-15.584 and °*Pb/>**Pb
of 38.105-38.578, all between DMM and EM2 reservoirs and plot broadly along the northern
hemisphere reference line (NHRL).
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Figure 6. (4) Age-corrected Sr-Nd radiogenic isotope ratios of whole-rocks from Central Cuban Arc.
(B and C) Pb isotope system of *?°Pb/**Pb vs. **Pb/*Pb and **°Pb/"*Pb vs. >’ Pb/™Pb. Colored
field represent the compositional ranges of the Greater Antilles Arc, complied from Jolly et al. (1998;
2001, 2008), Frost et al. (1998),; Hastie et al. (2008, 2009); Torro et al. (2017a, 2020); Marchesi et
al. (2007); Hu et al. (2024), Blein et al. (2003); Rojas-Agramonte et al. (2016), Allibon et al. (2008),
Schellekens (1998). Key: IAT = island arc tholeiites;, LOTI = low-Ti IAT; CA = calc-alkaline; HK-CA
= high-K calc-alkaline; BA = Back arc basalts; CLIP = Caribbean Large Igneous Province; MAC
= Mabujina Amphibolite Complex.
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Mineral composition
Pyroxene

Clinopyroxene (Cpx) phenocrysts from the transitional sequence are characterized by low sodium
contents (Na < 0.3 a.p.fu.); low Ti (< 0.03 a.p.f.u.) and Cr (< 0.01 a.p.f.u., mostly below detection
limits). In basaltic samples of this sequence, clinopyroxene phenocrysts belong to the diopside-augite
solid solution (Fig. 7A1), though most are augite. They show variable Al-Os (0.07-0.25 Al a.p.f.u.),
Ca (0.70-0.88 a.p.fu.), and elevated Mg# values ranging from 65 to 81. In andesite-dacite samples,
clinopyroxenes are predominantly augite, with Mg# values between 61 and 76, variable Al.Os (0.04-
0.13 Ala.p.f.u.), and Ca (0.72-0.84 a.p.f.u.). Clinopyroxenes from the Matagua Fm. display a positive
correlation among Al:Os, TiO2, Na.O, and FeO*, and a negative correlation between these elements
and MgO and SiOs-. In contrast, clinopyroxenes from the Cabaiguan Fm. show lower Na-O and TiO-

concentrations at a given Mg#.

Clinopyroxene phenocrysts from the calc-alkaline sequence are mostly augite, with occasional
diopsidic cores, while pigeonite is in the groundmass associated with enstatite (Fig. 7A2). They show
variable Al.Os contents (0.04-0.38 Al a.p.f.u.), Ca (0.68-0.89 a.p.f.u.), and wide Mg# values (59-90),
but consistently low alkali (Na < 0.06 wt%; K mostly below detection limit), Ti (< 0.05 a.p.f.u.), and
Cr (< 0.04 a.p.f.u.) concentrations. In the La Bruja basalt, augite occurs as overgrowth rims and in
the groundmass, whereas resorbed diopsidic cores contain higher Cr, Mg, and Ca and lower Ti (Mg#
= 85; Ca = 0.89 a.p.f.u.) compared with the lower-Mg# augitic rims. The La Rana basaltic andesite
contains augite phenocrysts (Al = 0.06-0.39, mostly <0.18 a.p.f.u.; Mg# = 63-87) that show positive
correlations among Al:Os, TiO2, Na:O, and FeO*, and negative correlations with MgO and SiO..
Texturally, clinopyroxenes and orthopyroxenes (Opx; enstatite, Mg# = 64-85) display diverse zoning
styles (normal, reverse, and unzoned), with large variations in Al, Mn, Ti, and Cr both within and
between crystals. The groundmass contains pigeonite with Ca (0.14-0.18 a.p.f.u.) and Mg# = 59-72;
alkalis, Ti, and Cr contents are similar to augitic phenocrysts in the same samples. In La Bruja
andesite, augite phenocrysts are compositionally restricted (Al:Os = 1.26-1.73 wt%; Mg# = 68-69;
Ca = 0.77-0.78 a.p.f.u.), with groundmass clinopyroxenes including augite (Mg# = 41-69; higher
AlL:Os and Ti) and pigeonite (Mg# = 57-59; Ca = (0.20-0.23 a.p.f.u.); coexisting enstatite phenocrysts
have Mg# = 63-65. Volcaniclastic samples from the La Bruja and Dagmal Fms. also contain augite
phenocrysts (Mg# = 67-90; Ca = 0.74-0.89 a.p.fu.; ALOs = 0.98-4.78 wt%) exhibit resorbed

diopsidic core, comparable to those in volcanic counterparts (Fig. 7A3).
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(C) Biotite classification diagram after Rieder et al. (1998). (D) Composition of feldspars in terms

of molar contents of anorthite (An), albite (Ab) and orthoclase (Or) components.
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Amphibole

Amphiboles (Amp) from the calc-alkaline sequence belong to the calcium subgroup and are classified
as magnesio-hastingsite, magnesio-hornblende, tschermakite, edenite, and pargasite (Fig. 7B). They
display wide compositional ranges, with Si =5.90-7.07 a.p.f.u., Aliet = 1.09-2.62 a.p.f.u., Mg = 2.66-
3.61 a.p.f.u., and Fewr = 0.92-1.91 a.p.fu. In position A, Na (0.16-0.67 a.p.f.u.) generally exceeds K
(0.02-0.25 a.p.f.u.). In position B, Ca (1.53-1.93 a.p.f.u.) dominates over Na, Fe?", and Mn. In
position C, Mg concentrations are systematically higher than the combined Fe?**, Fe**, Al, and Ti
contents. Mg and Fe** are inversely correlated with Ti, Fe**, and Al, reflecting exchange relationships
within the actinolite-hornblende-pargasite system. In zoned crystals, the amphiboles display

pargasitic-hastingsitic cores and hornblende rims.

In andesitic rocks, amphiboles from the Las Calderas Fm. classify as magnesio-hastingsite,
magnesio-hornblende, edenite, pargasite, and tschermakite, with variable compositions (Si = 5.90-
6.71; Al = 1.47-2.62; Mg = 2.68-3.47; Fewr = 0.97-1.89). They commonly show thin overgrowth
rims with lower Al and total alkali contents, lower Mg#, and higher Mn compared to crystal interiors,
with Mg# ranging from 63 to 67, indicating decreasing crystallization temperatures. Amphiboles in
the Pelao Fm. andesite are magnesio-hastingsite, magnesio-hornblende, and edenite (Si = 6.44-7.01;
Alior = 1.09-1.78; Mg = 2.66-3.10; Feyr = 1.63-1.91), characterized by a narrower Mg# range of 58-
65 and higher K and Mn contents. Core and rim from single grains yield similar composition.
Amphiboles from the Hilario Fm. andesite classify as magnesio-hastingsite, magnesio-hornblende,
and tschermakite (Si = 6.05-7.07; Al = 1.12-2.34; Mg = 2.87-3.61; Fewr = 0.92-1.69), with Ca
consistently dominant in position B (1.53-1.80). Amphiboles in the La Rana basaltic andesite occur
as xenocrysts rimmed by Fe-Ti oxides and classify as magnesio-hastingsite. They are relatively
uniform in composition (Si = 6.17-6.18; Al = 2.17-2.21; Mg = 3.36-3.38; Feir = 1.17-1.19), with
position C dominated by Mg and lower Fe, Al, and Ti.

Amphiboles from volcaniclastic rock of the Dagamal Fm. are magnesio-hastingsite and magnesio-
hornblende, with a narrower compositional range (Si = 6.34-6.80; Alwot = 1.34-1.93; Mg =3.01-3.14;
Fewt = 1.44-1.66). Their chemistry is broadly similar to that of their volcanic counterparts, though

more restricted in variation.
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Biotite

Biotite (Bt) from the Pelao Fm. andesite is homogeneous (Fig. 7C). The octahedral (M) sites are
mainly occupied by Mg, Fe, and Ti, with Mg# values of 55-58 and Ti contents of 0.24-0.30 a.p.f.u.
The tetrahedral (T) site is systematically deficient in Si + Al (7.75-7.81), which would indicate that
the T site must host Fe**, and exhibits Si/Al ratios of 2.4-2.7, consistent with equilibrium in alkaline
magma (Fig. S3B). The interlayer site is nearly fully occupied (>1.82 a.p.f.u.), dominated by K (1.70-
1.82) with minor Na (0.10-0.12).

Feldspar

Feldspar compositions in Central Cuban Arc lavas are variable, including abundant plagioclase (PI;
Ca-Na) ranging from bytownite to albite (An 89-1) and rare alkali feldspar (Na-K) (Fig. 7D1-D3).
Phenocrysts and microlites of plagioclase commonly display complex zoning and resorption textures
that record dynamic magmatic processes, whereas sodium- and potassium-rich feldspars are mostly
secondary. The most calcic plagioclase occurs in mafic lithologies. In the Matagud Fm. of the
transitional sequence, plagioclase phenocrysts in basalts range from labradorite to bytownite (An 62-
74), and inclusions within clinopyroxene are also labradorite. In dacitic samples from the Matagua
Fm., plagioclase phenocrysts are andesine (An 32-46). Albite and oligoclase are common
replacements of calcic plagioclase and also occur as individual crystals and microlites in the
groundmass. The calc-alkaline La Bruja basalt contains plagioclase in the matrix and as microlites,
with compositions from labradorite to bytownite (An 67-90). Thin labradorite rims around more

calcic cores show normal zoning, with decreases in An content of up to 11 mol%.

Basaltic andesites from the calc-alkaline La Rana Fm. show the most textural diversity. Phenocrysts
display patchy and oscillatory zoning as well as sieve textures, with compositions spanning An 45-
89. Patchy-zoned crystals contain irregularly corroded calcic cores (An 77-89) with glass and mineral
inclusions, overgrown by more sodic plagioclase (An 51-60). The compositional transitions are
abrupt, with decreases of 30-40 mol% An. Groundmass plagioclase forms two microlite generations:
andesine-labradorite (An 38-62) and more sodic compositions including oligoclase (An 17-25), albite
(An 5-6), and anorthoclase (An 5-6 Ab 63-75 Or 18-33). In the Hilario Fm., plagioclase phenocrysts
range from andesine to labradorite (An 29-54) and are partly replaced by alkali feldspar. Andesites
yield intermediate plagioclase compositions. In the La Bruja Fm., phenocrysts are andesine-
labradorite (An 41-55) with oscillatory zoning, particularly in glomerocrysts, while microlites are

more sodic (An 36-40). In the Pelao Fm., phenocrysts are andesine (An 38-46) and inclusions within

191 |Page



biotite and amphibole of similar composition (An 41-48). By contrast, the Las Calderas Fm. contains

oligoclase (An 16-17), reflecting secondary alteration overprinting original magmatic compositions.

Volcaniclastic rocks from the La Bruja and Dagamal Fms. yield plagioclase compositions from
andesine to bytownite (An 41-71), with rare examples up to An 89. In the La Bruja Fm., feldspars
give a narrower range (An 41-48). Fragments from the Dagamal Fm. yield andesine-labradorite (An
42-63), with reverse zoning expressed as labradorite rims on andesine cores. Vitrophyric volcanic

fragments contain labradorite-bytownite (An 53-71).
Geochronology and Zircon Hf isotopes
U-Pb igneous apatite and zircon ages

Zircon grains from five Central Cuban Arc igneous rock samples as well as apatite grains from eight
samples were analysed for U-Pb ages using SHRIMP and LA-ICP-MS respectively. The zircon grains
in each sample display similar textures and grain sizes and are well-formed prismatic crystals,
indicating a single magmatic population with no evidence for inherited cores or xenocrystic
contamination. U-Pb zircon ages resulted in five magma crystallization ages ranging from 125.1 +
1.2 to 83.3 + 0.9 Ma (Fig. 8A-E) from three formations, in agreement with existing geochronological

and stratigraphic constraints.

On the other hand, LA-ICP-MS analysis of igneous apatites yielded ages ranging from 122+4/-5 Ma
(CAS; MSWD = 1.6) and 129 + 9 Ma (UCL; MSWD = 1.0) for the Matagua Fm., to 76+5/-8 Ma
(CAS; MSWD =2.6) and 75 = 12 Ma (UCL; MSWD = 0.8) for the Hilario Fm.

U-Pb detrital zircon ages

LA-ICP-MS U-Pb analysis of detrital zircons from intercalated sedimentary rocks of the Central
Cuban Arc (173 analyses from 6 samples from 4 units) yielded U-Pb ages ranging from 122 to 62
Ma (Fig. 9). Zircons range from euhedral (prismatic to elongated) to broken grains;
cathodoluminescence images (CL) show oscillatory and convolute zoning and signs of magmatic

resorption. No systematic correlation exists between zircon shape and age.
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Science. UCL: University College, London.

Hafnium isotope results

Early Cretaceous zircons from a tonalite intrusion yield variable eHf(t) values (+7.3 to +15.1), while
late Cretaceous volcanic and plutonic rocks show ¢Hf(t) values of +10.6 to +14.2 (Fig. 9A and B),
typical of juvenile oceanic arc magmas. For detrital zircons, eHf(t) values are similarly juvenile
(+8.7 to +17.7) and trace element signatures are magmatic arc-like (supplementary materials S5.

Zircon CL Images and Trace Element).
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Figure 9. (4 and B) Plot of eHf (t) versus crystallization age of magmatic and detrital zircons from
Central Cuban Arc and the intercepts between c¢Hf (t) and the depleted mantle curve are based on a
76 Lu/""" Hf average crustal ratio of 0.0115. (C) Probability density plot showing U/Pb zircon ages of

detrital zircon from volcano-sedimentary deposits of the Central Cuban Arc.

DISCUSSION

Below we use our new data to discuss 5 topics concerning the evolution of the Central Cuban Arc: 1)
age constraints of the arc; 2) intercalated sediment provenance inferred from detrital zircons; 3)
Central Cuban Arc magmatic source components; 4) mineral records of the magmatic reservoirs; and

5) crustal growth of Central Cuban Arc.
Age constraint on the evolution of the Central Cuban Arc

Volcanic rocks from the Los Pasos Fm. have not been directly dated but inferred by their stratigraphic
position as Early Cretaceous (Hauterivian?-Barremian; Iturralde-Vinent, 2011; Rojas-Agramonte et
al.,2011). Unfoliated low-K trondhjemitic/tonalitic bodies intruding low-Ti IAT basalts of the Los
Pasos Fm. provide concordant zircon U-Pb crystallization ages of 120+£0.4 and 125+0.9 Ma
(Barremian-Hauterivian transition; Rojas-Agramonte et al., 2016), constraining the minimum age of
this formation. Similarly, the basaltic protoliths of the arc-related Mabujina Amphibolite Complex,

tectonically below the Cretaceous Arc series in central Cuba, are older than 133 Ma (Rojas-
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Agramonte et al., 2011), pointing to a Valanginian age of the oldest Central Cuban Arc lavas. On the
other hand, the onset of subduction, related to the onset of the Early Cretaceous arc sequence, is
constrained by supra-subduction ophiolitic rocks in central Cuba. Metadiabase dikes within central
Cuban ophiolites, characterized by transitional N-MORB to IAT geochemistry (Butjosa et al., 2023),
yielded a U-Pb zircon Valanginian age of 135.0 £ 1.7 Ma (Niu et al., 2022). All these data collectively
constrain the timing of subduction initiation and the onset of arc magmatism to the Valanginian
interval, at ca ~135 Ma, with further evolution until the Barremian-Hauterivian transition at ~125 Ma
in Los Pasos Fm. Several paleontological data and abundant K-Ar dates of volcanic and plutonic
rocks of the arc all along Cuba (Iturralde-Vinent, 1996, for review and references therein; see also
Rojas-Agramonte et al., 2011, for review) and a U-Pb zircon age 83.6 + 1.9 Ma, Niu et al., 2022)
from a dacitic sample of the late arc sequence (Hilario Fm.) suggest quasi-continuous 60-65 Myrs
arc magmatism, with minor interruptions until the late Campanian (70-75 Ma) collision/accretion of

Caribeana (Garcia-Casco et al., 2008).

We employed SHRIMP zircon and LA-ICP-MS apatite U-Pb dating techniques to refine Central
Cuban Arc magmatic evolution. Zircon U-Pb ages establish a coherent temporal framework for arc
development. A tonalitic intrusion associated with early-stage low-Ti to normal IAT-type magmatism
in the Los Pasos Fm. yielded an age of 125.1 + 1.2 Ma, consistent with the earliest stages of arc
magmatism (Rojas-Agramonte et al., 2016). Younger zircon ages of 86 Ma and 83 Ma were obtained
from the Pelao Fm. (calc-alkaline ignimbrites) and the La Rana Fm. (tonalitic intrusion), respectively,
marking the transition toward more evolved calc-alkaline magmatism. The Pelao Fm. zircon age
(Coniacian) is slightly older than its stratigraphic constraint of Santonian to Campanian age (83.6-
72.2 Ma). Zircons from a dacitic sample reported by Niu et al. (2022) yielded 2°°Pb/***U ages (***Pb-
corrected) between 90.6 = 2.2 and 78.1 + 2.8 Ma, with a weighted mean of 83.6 £ 1.9 Ma (n = 22,
MSWD = 2.8). This locality corresponds to one of the Hilario Fm. outcrops examined in this study,

although no zircons were recovered from our sampling here.

195|Page



60

Lava (crystallization age) Intrusion (minimum deposition)
| B Apatite U-Pb (UCL) @ Zircon U-Pb
O Apatite U-Pb (CAS) Paleontologic constraint (this study) Pelao
70 t @ Zircon U-Pb / \
Age of units from
Stratigraphic lexicon of Cuba 2023 La Bruja | LaRana
Stratigraphic position
il Qe S N
Paleontologic constraint -
L a§ c%& /4 >
~ 0 LA °
| ilario
~ L (=] 0
<) :
2 100 f " = il Calc-alkaline
< Matagua—>
Provincial
110 & . m]
i Las Calderas
120  »@ T Transitional
L b§ a§
130 | |
i Los Pasos
B Tholeiitic
140

Figure 10. Compilation of radiogenic ages of volcanic sequences from Central Cuban Arc includes
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et al. (2016) are labeled (b); and data from Niu et al. (2022) are labeled (c). Stratigraphic and
palentological data of the Central Cuban Arc units from Geologia de Cuba: Compendio (Iturralde-
Vinent, 2021).

Because many Central Cuban Arc rocks contain low whole-rock Zr contents (<200 ppm), zircon
occurrence is limited, making apatite a valuable complementary chronometer. Two sets of apatite U-
Pb ages ranging from 129 to 75 Ma (obtained from the same samples measured across laboratories)
define the temporal span of magmatism from early tholeiitic to voluminous calc-alkaline stages. The
transitional sequence of the Matagua Fm. yielded apatite ages of 122 +4/—5 Ma (CAS) and 129 + 9
Ma (UCL), Barremian-Hauterivian, near the oldest limit of stratigraphic constraints. Intercalated

volcanic deposits within the Provincial Fm. limestones produced ages consistent with paleontological
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constraints but close to their younger limit (95-91Ma). Apatite from the Las Calderas Fm. yielded
ages (87 = 8 Ma from CAS and 94 + 20 Ma from UCL) within the range defined by paleontological
evidence, although with large uncertainties. In contrast, the La Bruja Fm. generally produced slightly
older ages than expected from stratigraphy (110-87 Ma), but these remain compatible within

analytical uncertainty.

Although apatite U-Pb dating is challenging due to the low U content of the mineral and the relatively
young (Cretaceous) age of the rocks, the obtained apatite ages generally agree with both stratigraphic
and paleontological constraints (Fig. 10). For instance, an andesite sample from the Hilario Fm.
(23LV41) yielded an apatite age of 76.1 + 5.1 Ma, slightly younger than the zircon results reported
by Niu et al. (2022). The wide range of zircon ages from Niu et al. (2022) likely reflects incorporation
of recycled zircon grains derived from earlier volcanic episodes, consistent with the presence of >20%
rounded volcanic clasts that occur in the examined pyroclastic deposits from petrography study.
Collectively, the zircon and apatite datasets indicate that calc-alkaline magmatism and plutonism
were broadly coeval between ca. 89 and 81 Ma, consistent with geochronological evidence from the
Manicaragua batholith (Rojas-Agramonte et al., 2011 and references therein). Zircon U-Pb data
provide higher-precision constraints for interpreting magmatic timing, whereas apatite U-Pb ages,
though less precise, extend the temporal record where zircon is absent, together refining the

chronology of magmatic evolution in the Central Cuban Arc.
Detrital zircon provenance

Detrital zircon U-Pb ages from intercalated sediments in each of the studied units yielded weighted
mean ages that broadly align with their paleontological constraints. The analysed Late Cretaceous
volcanic-sedimentary sequences, namely the Provincial, Seibabo, and Cotorro Fms. yielded ages
younger than 122 Ma, suggesting that the detrital sources were primarily eroded from
contemporaneous or older (but exposed) island arc sequences. The similar range of positive eHf(t)
values observed in both the studied detrital zircons and igneous zircons of the Central Cuban Arc,
spanning from near-depleted mantle values +15.9 to +7.3 (Fig. 9), indicates isotopic heterogeneity in
the source of the magmatic zircons. This heterogeneity likely reflects variable mixing between
ancient crustal components (introduced in the source via subduction of continental-derived detrital
material or by slab-derived fluids/melts) and juvenile mantle-derived material. Previous studies
(Proenza et al., 2018; Rojas-Agramonte et al., 2016; Torr¢ et al., 2018) documented inherited zircons

ranging from Permian to Archean in age within the GAA from ophiolitic and early tholeiitic units in
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Cuba and Dominican Republic. These grains are interpreted to reflect the recycling of subducted
sediments with diverse provenance, potentially derived from nearby (during the Cretaceous)
continental regions such as Mexico, the Maya Block and Colombia. Importantly, no significant
assimilation of continental crustal material has been reported for the petrogenesis of Early Cretaceous
tholeiitic and boninitic magmas within GAA (Lidiak and Anderson, 2015; Torr6 et al., 2018),
consistent with our results. Our results both magmatic and detrital zircon ages and Hf isotopes are
consistent with the Central Cuban Arc representing an intra-oceanic arc segment that formed at some

distance from continental crust.
Central Cuban Arc Magmatic Source components

Geochemical and isotopic systematics record progressive arc maturation through the Cretaceous.
Major element compositions show that Early Cretaceous low-K tholeiite volcanism lasted ~10 Ma,
followed in the mid-Cretaceous by transitional magmas with progressively more evolved and
enriched signatures for ~20 Ma, and culminating in Late Cretaceous calc-alkaline magmatism, which

lasted for 30 Ma.

Most Central Cuban Arc samples have MORB-like Nb/Yb ratios, with systematic temporal shifts
(Fig. 11): (i) tholeiitic sequences range between N-MORB and E-MORB (Nb/Yb = 0.29-3.42, with
most cluster around 0.3-0.6) (ii) transitional sequences show generally more enriched values (Nb/Yb
= 0.34-1.72), and (iii) calc-alkaline sequences display overall slightly elevated Nb/Yb ratios (most
around 1.4-3.0). All groups plot above the mantle array with elevated Th/Yb ratios, especially in
transitional and calc-alkaline sequences, indicating progressive metasomatism by slab-derived fluids
or melts typical of intra-oceanic arcs (Pearce and Peate, 1995). REE patterns show flat MREE-HREE
profiles, and LREE enrichment in the transitional and calc-alkaline lavas (Fig. 4 and S2), consistent
with a subduction-related modification of a relatively homogeneous MORB mantle source. Trace
element patterns, including enrichment in LILEs (Th, Cs, Rb, Ba, Sr) and depletion in HFSEs
(negative Nb-Ta, Zr-Hf, and Ti anomalies; Fig. S2), show a typical subduction-related signature. To
characterize the nature of mantle sources of the Central Cuban Arc sequences, we examined
systematics of trace element that are sensitive to melting of both spinel and garnet peridotite sources.
The absence of MREE/HREE fractionation in the basic rocks (Si02 <55 wt.%; MgO > 3 wt.%) from
all sequences is reflected in overall chondritic Dyn/Ybn ratios (0.99-1.30, average = 1.15). This
indicates that mantle partial melting took place in the spinel peridotite stability field, constraining the

depth of melting to less than 60 km (< 20 kbar).
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Similar to trace element patterns, the Sr-Nd-Pb isotopic systematics show that most samples plot
between the compositions of the depleted MORB mantle (DMM) and enriched mantle (EM)
reservoirs and overlap with other GAA tholeiitic and calc-alkaline igneous suites. On the Sr-Nd
isotopic diagram (Fig. 6), they mostly lie to the right of the mantle trend, as is common for global arc
magmas (Hawkesworth et al., 1993). The Nd isotopic composition of Central Cuban Arc igneous
rocks shows limited variability, clustering around eNd = +7 to +8 (Fig. 6A, B and S4) and, hence,
with little evidence for continental sediment input, in agreement with the intra-oceanic nature of the
arc. Relatively high radiogenic ¥’Sr/%Sr ratios decoupled from **Nd/'**Nd are commonly ascribed
to subduction-related fluid input to the magmatic source and/or post-eruption seawater alteration.
Considering the strong influence of secondary minerals, especially carbonates, alteration may

contribute more significant than subduction-related input for radiogenic Sr ratios. This effect is
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particularly evident in several samples from the Los Pasos Fm which overlap with other GAA IAT
igneous suites. Indeed, elevated ®’Sr/*®Sr ratios in Early Cretaceous sequences likely reflect seawater-
rock interaction during submarine eruption, consistent with field evidence (pillow lavas, autoclastic
textures, supplementary materials S3 Field Report and S4 Petrographic Descriptions), while the
younger sequences show minimal seawater alteration in line with a shift from predominantly
submarine to subaerial volcanism. Hf isotopes in zircons likewise indicate an intra-oceanic arc source
and suggest that the mantle feeding the Central Cuban Arc remained relatively homogeneous over
~60 Myr. Both magmatic and detrital zircons yield positive eHf{(t) values ranging from +15.9 to +7.3
(Fig. 9), consistent with derivation from a dominantly juvenile depleted mantle source with only
minor subducted sediment input. A heterogeneous mantle wedge remains a possible contributor to
the isotopic signatures; however, the overall restricted range of €Hf(t) values favors a source
dominated by juvenile depleted mantle components. In arc magmatic systems, zircon often preserves
variable and decoupled Hf isotope signatures compare to the relatively uniform whole-rock Nd
isotopic compositions (Huang et al., 2019; Zhang et al., 2019). This occurs because zircon crystallizes
early and incorporates most of the Hf budget of the melt, preserving isotopic heterogeneity inherited
from distinct mantle and crustal components, whereas Nd resides in major silicate phases that
equilibrate and homogenize within the melt. As a result, zircon ¢Hf values can vary widely while
whole-rock €Nd remains relatively constant, recording a melt-averaged signal. The detrital zircons,
derived from the arc itself, display similar ¢Hf variability to the magmatic zircons, suggesting that
sediment input did not vary substantially over time, consistent with the uniform Nd isotopic
compositions. Late Cretaceous plutonic and volcanic zircons exhibit reduced eHf variability
compared to Early Cretaceous magmatic zircons (Fig. 9A and B), implying more homogeneous melts
and longer residence times that promoted isotopic equilibration prior to zircon crystallization. The
transitional sequence represents an exception, showing unusually high **°Pb/%Pb at a given
208pp/2%Ph (Fig. 6; discussed below). Overall, the whole-rock Sr-Nd-Pb isotopic compositions of the
Central Cuban Arc rocks match those of the rest of the GAA, and together with zircon Hf isotopes
indicate a relatively homogeneous depleted mantle source variably modified by episodic,
heterogeneous slab-derived sediment/fluid/melt inputs and by progressively more isotopically

homogenized melt storage through time.

Sr-Nd-Pb isotope systematics further constrains subducted slab contributions. Binary mixing models
(Fig. 12) between a depleted mantle (DM) source and Atlantic Cretaceous pelagic sediments (AKPS;
DSDP 417 site; Jolly et al., 2006) and Atlantic Cretaceous sediments from DSDP 144 site (Carpentier
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et al., 2008) indicate that only ~1% slab-derived fluids, enriched in fluid-mobile elements such as Sr
and Pb, is sufficient to reproduce the observed isotopic signatures. A systematic increase in the
sediment-derived fluid component, as reflected in Sr-Nd-Pb isotopic compositions (especially in Pb;
Fig. 12 C and D), is evident from the tholeiitic (also when comparing to tholeiitic sequences from
Hispaniola; e.g., Los Ranchos and Maimoén Fms.) to the transitional and calc-alkaline sequences.
Elevated 2*°Pb/?%*Pb ratios in the transitional sequences are best explained by involving sediments
similar to the black shales recovered at DSDP Site 144 unit 3 (Carpentier et al., 2008). These shales,
deposited in the Atlantic during mid-Cretaceous Oceanic Anoxic Events (OAE 2 and 3; ~96-84 Ma),
are characterized by high U/Pb but normal Th/Pb ratios. However, subduction of such sediments
cannot account for the enrichment observed in the Early Cretaceous or mid-Cretaceous transitional
sequence. Instead, an older OAE event (e.g., Aptian-Albian OAEla and b, ~120 and 112 Ma
respectively; Alexandre et al., 2011; Herrle et al., 2004; Hofmann et al., 2001) within the Atlantic
domain may be responsible. OAE1a and b has been reported in drill cores from both the western and
eastern North Atlantic margins, including Blake Nose (ODP Site 1049) and the Mazagan Plateau
(DSDP Site 545) (Browning & Watkins, 2008; Herrle et al., 2004). Moreover, DSDP Site 417, where
AKPS has been proposed to have been subducted during the Cretaceous (Jolly et al., 2006), the older
sedimentary sequences at this site were not included in AKPS analyses could contain OAE1b deposits
(Jolly et al., 2006; Alexandre et al., 2011; Hofmann et al., 2001). Tholeiitic magmas could have been
generated by high degrees of mantle melting in a relatively dry mantle wedge, with limited influx of
slab-derived fluids (Grove and Baker, 1984). In contrast, calc-alkaline magmas are generally thought
to require a hydrous mantle wedge (typically containing 2-6 wt.% H:0), where slab-derived fluids
and melts substantially enrich the source in volatiles and fluid-mobile elements, producing lower
degrees of partial melting (Carlson et al., 2018; Grove et al., 2012; Kelemen et al., 2014; Schmidt
and Jagoutz, 2017; Sisson and Grove, 1993). The low amount of sediment-derived fluid inferred from
isotopic data contrasts with the larger fluid flux expected from the petrogenetic model. Figure 12
suggests that this mismatch may reflect additional input of non-radiogenic fluids released from
altered oceanic crust (AOC) beneath the sediments, consistent with interpretations for other GAA
tholeiitic and calc-alkaline suites (Escuder-Viruete et al., 2006; Torr6 et al., 2017a, 2020; Jolly et al.,
2008; Marchesi et al., 2007).
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Figure 12. Mixing curves of depleted mantle (DM) and fluids liberated from Atlantic Cretaceous

pelagic sediments (Jolly et al., 2006) and sediments from DSDP site 144 unit 2-5 (Carpentier et al.,

2008),

shown in Sr-Nd-Pb isotope space.

Mineral records of Central Cuban Arc magmatic reservoirs

Textures and chemical compositions of minerals in erupted lavas provide key records of magmatic

evolution within complex crustal plumbing systems. The crystal cargoes preserve evidence of storage,

recharge, mixing, and ascent conditions prior to eruption and therefore central to resolving magmatic

evolution (e.g., Albert et al., 2022; Bachmann & Huber, 2016; Caracciolo et al., 2023; Humphreys et
al., 2006; Jerram & Martin, 2008; Pelullo et al., 2022; Prieto-Torrell et al., 2025; Putirka, 2017).

When integrated with temporal constrains, petrographic and geochemical observations from the

Central Cuban Arc provide insight into the temporal evolution of magmatic processes within this

intra-oceanic arc system.
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Ferromagnesian phenocrysts in Early Cretaceous tholeiitic and mid-Cretaceous transitional volcanic
sequences are dominated by clinopyroxene + orthopyroxene, with rims that are weakly zoned or
show normal zoning (decreasing Mg# towards rim). The assemblage and texture are consistent with
tholeiitic differentiation favor under low pressure and dry conditions, in which plagioclase appears
before FeTi-oxides in the liquid line of descent (Grove et al., 2003; Sisson & Grove, 1993; Zimmer
et al., 2010). In contrast, Late Cretaceous calc-alkaline sequences record stronger crustal processing
(fractionation and magma mixing), both in lavas and volcaniclastic deposits. The appearance of
amphibole phenocrysts, coeval with granodiorite emplacement, reflecting H>O-rich magma stored at

greater depths within a thickened arc crust.
Phenocryst crystallization conditions

Equilibrium-based models and reconciliation among different methods for estimating crystallization
pressure are essential for interpreting transcrustal magma storage conditions across a wide range of
pressures (Hammer et al., 2016; Wieser et al., 2023a). Petrographic and mineral chemical data (e.g.,
sector-zoned mantles and resorbed cores) indicate that the volcanic units, especially the calc-alkaline
sequences, contain disequilibrium mineral assemblages. The coexistence of crystals that are not in
equilibrium complicates the estimation of magma storage conditions (Neave et al., 2019). Machine
learning based thermobarometry approaches and traditional regression models can both be applied
to sector-zoned mantles. For resorbed cores, traditional regression-based models calibrated using
isothermal-isobaric experimental datasets or machine learning based models can still yield
geologically realistic estimates of magmatic storage conditions (MacDonald et al., 2023).
Accordingly, we estimated phenocryst crystallization conditions using multiple thermobarometers
based on major-element compositions (detailed results and tables are available in supplementary
material S6) and compared the results for consistency and geological validity. Comparing
clinopyroxene-only, amphibole-only, and biotite-only thermobarometry reveals distinct
crystallization pressures, from which depths are easily inferred. Amphibole phenocrysts occur only
in late-stage calc-alkaline volcanic and volcaniclastic rocks, whereas biotite is observed in a single
sample from the Pelao Fm. For clinopyroxene, temperatures range from approximately 950 to
1100 °C across all sequences (Agreda-Lopez et al., 2024; Higgins et al., 2022; Jorgenson et al., 2022;
Petrelli et al., 2020; Wang et al., 2021). Pressure estimates from transitional lavas and early formed
Late Cretaceous calc-alkaline rocks (e.g., Bruja Fm.) show no systematic differences in
crystallization depth, with most values ~1.5-2.5 kbar (~5-8 km deep). In younger Late Cretaceous

samples, clinopyroxene pressures increase to ~2-4 kbar ~6.5-13 km, consistent with crustal
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thickening, yet still indicating upper- to mid-crustal crystallization conditions for the magma
chambers where clinopyroxene formed. Amphibole phenocrysts, which are temporally associated
with large-scale pluton emplacement, have mineral core pressures ranging from 6 to 8 kbar (~20-26
km depth) based on different calibrations, with rim pressures decreasing to around 2.5 kbar,
suggesting amphibole crystallization during magma ascent and/or storage. In the crystal-rich Pelao
Fm. ignimbrites, where biotite chemistry indicates from a more alkaline source (Fig. S3). Biotite
compositions fall within the accepted calibration range of the thermobarometer (Li & Zhang, 2022)
yields ~792-834 °C, 2.8-4.1 kbar, averaging ~3.4 kbar, whereas amphibole gives slightly higher
temperatures estimates (~850 °; Ridolfi et al., 2010; Ridolfi 2021; Higgins et al., 2022). Pressure
estimates of those amphiboles based on Ridolfi et al. (2010) and Ridolfi (2021) are lower, averaging
~1.7 kbar, compared to the 4.1 kbar calculated using the formulation of Higgins et al. (2022).
Comparable P-T conditions are obtained from clinopyroxene and amphibole in coeval volcaniclastic

rocks and lavas, suggesting a consistent record of magma storage conditions.

Late Cretaceous calc-alkaline units (e.g., basaltic andesite of the La Rana Fm.) show significant
compositional variability in pyroxene and feldspar phenocrysts, which indicate mixing of genetically
related crystals and antecrysts (Fig. S6). Even at the thin section scale, phenocrysts of Pl, Cpx, and
Opx with contrasting textures occur side-by-side (Fig. 2G). The modal proportion of disequilibrium
crystals varies among samples, and P1 lacks a common zoning sequence, implying a heterogeneous,
multi-source crystal cargo assembled from grain to outcrop scale. Such heterogeneity cannot be
explained by self-mixing within a single shallow crystal mush. Combining textural compositional
and Cpx-Opx thermobarometry along with Cpx/Opx inclusions in Pl allows identifying crystal
populations derived from deeper mafic mush zones. These crystals (Cpx-Opx-Pl phenocrysts) were
entrained by ascending melts, transported rapidly to a shallower reservoir, experiencing
decompression-driven resorption during ascent. A long residence time of the magma in shallow
chambers allowed repeated recharge by crystal-rich magmas from depth, triggering magma mixing
and chemical and textural diversity of the evolved magmas, as well as eventually triggering eruption

(Boschetty et al., 2022; Coote and Shane, 2018; Mangler et al., 2022).

In a broader temporal context, Late Cretaceous amphibole in the volcanic rocks crystallized under
higher pressure condition than clinopyroxene in the Early Cretaceous, reflecting a transition to
hydrous, calc-alkaline magmatism associated with contemporaneous plutonism within long lived
mid- to lower-crustal storage zones (Blatter et al., 2013; Krawczynski et al., 2012; Marxer et al., 2022;

Ulmer et al., 2018). Mineral chemistry (esp. Mn and Ti abundances), together with predicted pressure
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and temperature, supports a model of magma differentiation dominated by fractional crystallization
accompanied by magmatic recharge and mixing. Prolonged residence at such depths promotes
amphibole fractionation, which efficiently depletes magmatic MREE and HREE concentrations,
driving calc-alkaline differentiation through the so-called “amphibole sponge” effect (Davidson et
al., 2007; Smith, 2014). Late Cretaceous volcanism and associated plutonism were characterized by
slower magma ascent, prolonged crustal residence, and enhanced differentiation, in contrast to the
more primitive, rapidly emplaced magmas associated with the Early Cretaceous tholeiitic volcanism.
These features are best explained by a vertically heterogeneous, transcrustal plumbing system
containing crystal mush domains that were periodically recharged and remobilized by ascending
magmas, accounting for the textures commonly observed in late-stage magmatic products. This is
essentially a Magma Assimilation, Storage and Homogenization (MASH) zone (Annen et al., 2006;

Hildreth & Moorbath, 1988).

Reviews (Wieser, et al., 2023a, b) highlight limitations of single-mineral thermobarometry (esp.
clinopyroxene), particularly regarding the calibration of classical regression models (e.g., Putirka,
2008, 2017) and the lack of rigorous error propagation analysis. Further EPMA studies on amphibole
and biotite crystals are necessary for a more accurate and complete discussion of these barometric
constraints. Nevertheless, our single-mineral pressure estimates are broadly consistent with bulk-rock
trace-element barometric proxies (Ce/Y in basic and La/Yb and Sr/Y in intermediate igneous rocks;
Fig. S5), supporting progressive crustal thickening during the transition from tholeiitic to calc-

alkaline arc magmatism.
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Figure 13. Evolution of the Central Cuban arc illustrated by (A) volcanic flux calculated from the
thickness and duration of each formation; thicknesses of lithostratigraphic units are compiled from
the Geologia de Cuba: Compendio (Iturralde-Vinent, 2021), with shaded bands showing low and
high estimates, (B) whole-rock-derived crustal thickness with least-squares regression lines
indicating linear rates of crustal growth (km/Ma) and corresponding R? values, using La/Yb and Sr/Y
from intermediate rock after Profeta et al. (2016) and Ce/Y from basic rocks after Mantle & Collins
(2008), and (C) single-mineral barometry-based crystallization depths converted to kilometers
assuming a crustal density of 2900 kg/m? Thermobarometry used: Clinopyroxene-only: Agreda-
Lopez et al. (2024); Higgins et al. (2022), Jorgenson et al. (2022); Petrelli et al. (2020), Wang et al.
(2021). Amphibole-only: Ridolfi et al. (2010), Ridolfi (2021); Higgins et al. (2022). Biotite-only: Li
& Zhang (2022).
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Crustal growth of Central Cuban Arc

In this section, we discuss the processes governing crustal growth in the Central Cuban Arc, which
are intrinsic to its magmatic and tectonic evolution. These processes record a secular transition from
a primitive intra-oceanic arc to a mature, proto-continental crustal system. To evaluate this evolution,
we integrate estimates of volcanic flux (based on the thickness and duration of each volcanic
formations) with whole-rock geochemical proxies and mineral barometry. The estimated volcanic
flux remained relatively constant between 135 and ~90 Ma at 0.1-0.2 km/Ma (Fig. 13A). Pressure-
sensitive trace-element ratios (Ce/Y, La/YDb, St/Y) increase systematically through time, with weak
but positive linear trends (Ce/Y: 0.32 km/Ma; La/Yb: 0.20 km/Ma; Sr/Y: 0.61 km/Ma; Fig. 13B).
These trends imply enhanced crustal differentiation with overall crustal thickening from ~10-20 km
in the Early Cretaceous to ~30 km by ~70 Ma. Mineral barometry corroborates this, indicating higher

pressure crystallization condition (Fig. 13C).

A decline in volcanic flux during the main plutonic stage (<0.1 km/Ma) suggest that, if total magmatic
flux remained constant, magma was largely emplaced within the mid- to lower crust, promoting
plutonism over volcanism. An inversed correlation between magma flux and Moho depths observed
in Quaternary volcanism of the Cascades Arc (Till et al., 2019), likely result in cooler thermal regimes
and enhanced fractionation at depth. Island arc collision events promote tectonic overthickening (Niu
et al., 2013), leading to reduced magmatic flux and generation of more hydrous magma that drive
continental crust formation (Klein et al., 2023). These processes are consistent with transient
deformation and metamorphism in the Mabujina Amphibolite Complex (~93-90 Ma, Rojas-
Agramonte et al., 2011), interpreted as localized crustal stacking during oblique subduction (Hu et
al., 2024). Notably, the onset of plutonism in the Las Villas region closely postdates metamorphism
of the Mabujina Amphibolite Complex at ~90 Ma (Rojas-Agramonte et al., 2011), linking intra-arc
deformation to the subsequent decline in volcanic flux. Intra-arc or arc-arc collision likely played a

central role in producing the sudden change in petrologic and thermal structure of the arc crust.

The depth of crystallization of amphibole cores, calculated from crystallization pressures assuming
a crustal density of 2900 kg/m?, ranges from 21 to 28 km. These depths suggest that the Moho during
the Cretaceous was comparable to present-day values of approximately 24-30 km beneath central
Cuba (Gonzélez et al., 2012; Moreno Toiran, 2003; Possee et al., 2021). A three-stage evolution of
the crust is illustrated in Figures 14, showing a progression from tholeiitic to transitional and

ultimately to calc-alkaline magmatism. This evolution was accompanied by progressive
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Figure 14. Schematic cross-section of the arc crustal section illustrating three stages of progressive
crustal thickning. In the early stage, a thin crust with limited magmatic differentiation produced
tholeiitic to transitional magmas and led to formation of lower crustal cumulates. With continued
thickening, a more hydrous and potentially cooler crustal structure favored differentiation toward
calc-alkaline compositions, the development of multiple magma storage levels, magma mixing
processes, and major plutonism. The thickness of volcanic sequences (upper crust) is based on
Geologia de Cuba: Compendio (Iturralde-Vinent, 2021) and interpreted Moho depth is constrined

by single-mineral barometry from volcanic rocks of the Central Cuban Arc.

accumulation of volcanic material, increasing from 1.5-2 km in the Early Cretaceous to
approximately 8 km in the Late Cretaceous, together with thickening in the mid- and lower crust
during this period. A decrease in eruptive flux between 100 and 80 Ma compared to 120-100 Ma
coincided with major plutonism during the late calc-alkaline stage and likely reflects substantial
crustal thickening in the mid- to lower crust during this period. By the Late Cretaceous, the Cuban
arc crust likely attained a thickness of ~30 km, comparable to the modern crustal thickness. However,
only the upper portion of this crustal column is now exposed. The pre-arc oceanic basement and the
lower arc crust are not observed at the surface. These deeper levels are either preserved beneath the
present arc or were displaced southwestward relative to the modern arc position during latest
Cretaceous to middle Eocene thrusting, similar to the exposures documented in Puerto Rico (Lidiak

etal., 2011).
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CONCLUSION

The Central Cuban Arc preserves ~60 Myr of intra-oceanic arc evolution, from Early Cretaceous
low-K tholeiitic magmatism (~135-125 Ma), through transitional (125-100 Ma) stages, to Late
Cretaceous hydrous calc-alkaline systems (~95-75 Ma). Zircon and apatite U-Pb geochronology,
integrated with petrology, geochemistry and isotopic data, records a shift from thin oceanic-arc crust
to a ca. 30 km thick hydrous plumbing system. Early magmas derived from a relatively homogeneous
depleted mantle with minimal slab input, display flat to slightly LREE-depleted REE patterns and
weak enrichment in fluid-mobile elements. Through the mid-Cretaceous, increasing slab-derived
metasomatism and crustal thickening are recorded by rising La/Yb and Ce/Y ratios, culminating in
Cenomanian-Campanian calc-alkaline magmatism characterized by strong REE fractionation in the
most silicic rocks, prolonged storage, recharge, and mixing, major plutonism, amphibole stabilization,

and pervasive crystal recycling.

Despite pronounced geochemical and textural maturation, isotopic proxies indicate a persistently
juvenile largely homogeneous mantle source with only limited episodic heterogenous sediment-
derived contributions. The tholeiitic to calc-alkaline transition therefore chiefly reflects increasing
slab-derived fluid input and crustal thickening, rather than a fundamental change in mantle source, a
pattern echoed across the Greater Antilles Arc. Elevated initial Sr isotopic ratios in the earliest
sequences are best explained by seawater alteration during submarine eruption, whereas younger

units show minimal seawater influence, consistent with a shift to subaerial volcanism.

The exceptional exposures of volcanic and intrusive architectures of the Central Cuban Arc allows
direct linkage among stratigraphy, mineral records, and geochemistry, providing a rare, time-resolved
view of how juvenile oceanic arcs evolve into mature, proto-continental systems. These insights

refine models of juvenile crust formation and the tectono-magmatic maturation of intra-oceanic arcs.
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