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ABSTRACT
The La Tintamélange is a small but singular ultramaficmélange sheet that crops out in eastern Cuba. It is
composed of dolerite-derived amphibolite blocks embedded in a serpentinite matrix. The amphibolite
blocks have mid-ocean ridge basalt (MORB)-like composition showing little if any imprint of subduction
zone component, similar to most forearc and MOR basalts worldwide. Relict Cr-spinel and olivine
mineral chemistry of the serpentinized ultramafic matrix suggest a forearc position for these rocks.
These characteristics, together with a hornblende 40Ar/39Ar age of 123.2 ± 2.2 Ma from one of the
amphibolite blocks, suggest that the protoliths of the amphibolite blocks correspond to forearc basalt
(FAB)-related rocks that formed during the earlier stage of subduction initiation of the Early Cretaceous
Caribbean arc. We propose that the La Tinta amphibolites correspond to fragments of sills and dikes of
hypoabyssal rocks formed in the earlier stages of a subduction initiation scenario in the Pacific realm
(ca. 136 Ma). The forearc dolerite-derived amphibolites formed by partial melting of upwelling fertile
asthenosphere at the beginning of subduction of the Proto-Caribbean (Atlantic) slab, with no interac-
tion with slab-derived fluids/melts. This magmatic episode probably correlates with Early Cretaceous
basic rocks described in Hispaniola (Gaspar Hernandez serpentinized peridotite-tectonite). The dikes
and sills cooled andmetamorphosed due to hydration at low pressure (ca. 3.8 kbar) andmedium to high
temperature (up to 720ºC) and reached ca. 500ºC at ca. 123 Ma. At this cooling stage, serpentinite
formed after hydration of the ultramafic upper mantle. This process might have been favoured by
faulting during extension of the forearc, indicating an early stage of dike and sill fragmentation and
serpentinite mélanges formation; however, full development of the mélange likely took place during
tectonic emplacement (obduction) onto the thrust belt of eastern Cuba during the latest Cretaceous.
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1. Introduction

‘Forearc basalts’ (FABs) were first defined as tholeiitic basic
magmas slightly older than the thin overlying boninites
that occur in the Izu–Bonin–Marianas forearc (Reagan et al.
2010). In an undeformed forearc sequence, gabbroic rocks
occur below the FAB and above the mantle peridotites
(Ishizuka et al. 2011). FAB lavas and related dikes have
chemical composition similar to mid-ocean ridge basalt
(MORB) (Reagan et al. 2010; Ishizuka et al. 2014; Pearce
2014), although the former usually present lower TiO2

(<1–1.5 wt.%) and slight depletion in high field strength
elements (HFSEs, e.g. Nb, Ta), indicating a light subduction
component. Light rare earth elements (LREEs) depletion is
also significant both in FAB and in MORB. Otherwise,

normal island arc tholeiitic (IAT) basalts do not exhibit
such characteristics. The typical island arc basalts display
low TiO2 contents and significant depletions in HFSEs
relative to LREEs. Enrichment in mobile elements, such as
large ion lithophile elements (LILEs, including LREEs), is
also one characteristic (Pearce 2003).

In ophiolitic complexes, MORB-type basic rocks are
commonly characterized as FABs that erupted during the
early stages of the subduction initiation processes (Stern
et al. 2012) or as backarc basin basalts (BABBs) that erupt
much farther away from the trench (Pearce and Stern
2006). The geochemical differences between BABB and
FAB are subtle. Basically, the location of BABB, further
away from the trench, typically makes them carry a deep
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subduction signal, rather than a shallow one (e.g. low H/
Th, Pearce 2014). Moreover, BABBs also lack the up-
sequence transition into boninites that is representative
of forearc settings.

In the Caribbean realm (Figure 1(a)), Early Cretaceous
boninites and boninitic gabbros and low-Ti IAT have been
described in central Cuba (Fonseca et al. 1989; Kerr et al.
1999); in the Puerto Plata, Maimón, Amina, and Los Ranchos
complexes, in Hispaniola (Horan 1995; Kerr et al. 1999; Lewis
et al. 2000, 2002; Escuder-Viruete et al. 2006, 2007, 2014;
Jolly and Lidiak 2006; Torró et al. 2015a, 2015b) and the
Water Island Formation that crops out in the Virgin Islands
(Jolly and Lidiak 2006). FABs have been recently described
in basaltic rocks of the Maimón Formation (Central

Cordillera, Hispaniola; Torró et al. 2015a, 2015b). These
rocks represent the earliest products of the volcanic arc of
the Caribbean, which formed during subduction initiation
along a collapsed transform of the Proto-Caribbean oceanic
basin under the Caribbean plate at 135–130 Ma (Rojas-
Agramonte et al. 2011; Pindell et al. 2012; Whattam and
Stern 2015). In eastern Cuba, the Mayarí-Cristal Ophiolite
Massif has been interpreted as formed in a forearc (Gervilla
et al. 2005; Proenza et al. 2006; Blanco-Quintero et al.
2011a), and also in an axial arc environment (Marchesi
et al. 2006). On the other hand, the Moa-Baracoa
Ophiolite Massif is interpreted as formed in a backarc to
intra-arc environment (Proenza et al. 1999, 2006; Gervilla
et al. 2005; Marchesi et al. 2006, 2007; Blanco-Quintero et al.

Figure 1. (a) Simplified geological map of Greater Antilles showing the main ophiolitic units (purple colour in Figure 1b) (modified
from Wadge et al. 1984); (b) geological map of eastern Cuba showing the main geological units (modified from Pushcharovsky 1988);
(c) geological map of the La Tinta mélange (based on the Geologic Map of the Republic of Cuba, scale 1:100000, sheet 5376,
Instituto de Geología y Paleontología, La Habana) showing sample locations: amphibolites (OFT-146a, OFT-146b, OFT-146c-I, OFT-
146c-II, OFT-267a, OFT-267d, OFT-267b, OFT-267c, OFT-146 g) and serpentinites (OFT-146e, OFT-146f).
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2011a). The associated La Corea and Sierra del Convento
serpentinite-matrix subduction mélanges formed shortly
after the onset of subduction. These mélanges bear high-
pressure/high-temperature (15 kbar; 700–750ºC) amphibo-
lite and anatectic trondhjemite blocks that indicate partial
melting of the slab induced by subduction of a hot-young
Proto-Caribbean oceanic lithosphere at ca. 120 Ma (Garcia-
Casco et al. 2008b; Lázaro et al. 2009; Blanco-Quintero et al.
2011b. See also Krebs et al. 2008; 2011; and Escuder-Viruete
et al. 2011a; 2013a, 2013b; for similar findings in the Río San
Juanmélange, Hispaniola). However, Early Cretaceous boni-
nitic, low-Ti IAT, and FABs have not been described in the
eastern Cuba region.

In this article we address the petrology, geochemistry,
and geochronology of the La Tinta serpentinite mélange.
This mélange has a limited areal exposure close to the
southern coast of Cuba, and so far has never been studied
in detail. Our research point to this mélange as containing
the ‘forearc basalts’ of the Cuban forearc, and serving these
rocks as a proxy to further understand the processes at
subduction zone inception. We show that this small geolo-
gic body is of importance for setting the plate-tectonic
framework of the earliest stages of the Caribbean arc.

2. Geological setting

The Cuban fragment of the Caribbean orogenic belt
formed during the Cretaceous–Tertiary convergence and
collision of the Caribbean oceanic plate and the North
American margin (Pindell et al. 1988; Iturralde-Vinent
1998). The Proto-Caribbean (i.e. Atlantic oceanic litho-
sphere formed during the break-up of Pangea) subducted
below the Caribbean plate to form an intraoceanic arc
system that finally collided with the Jurassic–Cretaceous
passive margin-like terrane of Caribeana (an offshore
branch of the Maya block), the continental margin of the
Maya block (Guaniguanico terrane) and the Bahamas plat-
form during the latest Cretaceous-Tertiary times (Iturralde-
Vinent et al. 2008; Garcia-Casco et al. 2008a).

The geology of eastern Cuba includes several tec-
tonic units (Figure 1(b)), namely ophiolitic bodies (i.e.
the Mayarí-Cristal and Moa-Baracoa complexes, and the
Late Cretaceous metamorphic sole of the latter, the
Güira de Jauco Amphibolite Complex, GJAC), Early to
Late Cretaceous volcanic arc sequences (i.e. Purial,
Quibiján, Santo Domingo, Téneme, and Morel forma-
tions), Early Cretaceous high-pressure (HP) subduction
mélanges (i.e. Sierra del Convento and La Corea), Late
Cretaceous HP metasedimentary rocks (i.e. the Asunción
terrane), and Maastrichtian-Danian synorogenic depos-
its (i.e. La Picota and Mícara formations). The general
vergence of thrusting is towards the northeast (Cobiella
et al. 1984; Núñez-Cambra et al. 2004). These directions

are related to the final emplacement of the ophiolitic
and volcanic arc sheets during the latest Cretaceous to
early Danian time (Iturralde-Vinent et al. 2006, 2008).

The most significant tectonic units in the area are the
Cretaceous volcanic arc and the ophiolitic belts. These
constitute, respectively, the structurally deepest and high-
est pre-Tertiary complexes in the region. The huge Mayarí-
Baracoa Ophiolitic Belt (MBOB; Iturralde-Vinent 1996a;
Proenza et al. 1999; Cobiella-Reguera 2005) consists of
two main massifs (Figure 1(b)) likely formed in disparate
oceanic environments and emplaced as independent tec-
tonic units: the Mayarí-Cristal Ophiolite Massif, to the West,
and the Moa-Baracoa Ophiolite Massif, to the East (Figure 1
(b); Proenza et al. 1999). A forearc setting for the formation
of the Mayarí-Cristal Ophiolite Massif is mainly accepted
(Gervilla et al. 2005; Proenza et al. 2006; Blanco-Quintero
et al. 2011a), whereas the Moa-Baracoa Ophiolite Massif
formed in a backarc to arc environment (Marchesi et al.
2006, 2007). Serpentinitic mélanges containing HP blocks
occur tectonically below the Mayarí-Cristal Ophiolite Massif
(Figure 1(b); the La Corea mélange; Blanco-Quintero et al.
2010) and as a body disconnected from the main ophiolitic
massifs (Figure 1(b); the Sierra del Convento mélange;
Garcia-Casco et al. 2008b). These mélanges contain exotic
HP (700–750ºC and ca. 1.5 GPa) blocks of various origins,
sizes, and compositions (Ep±Grt-, Pl-lacking amphibolites,
tonalitic-trondhjemitic rocks, blueschists, jadeitites) within a
serpentinite matrix, which documents the subduction of
oceanic and volcanic arc lithosphere since, at least, 120 Ma
(Garcia-Casco et al. 2006, 2008b, 2009; Lázaro and Garcia-
Casco 2008; Lázaro et al. 2009, 2011b; Blanco-Quintero et al.
2010; Cárdenas-Párraga et al. 2012).

The GJAC forms a thin sheet roughly oriented N–S
located at the easternmost edge of the Moa-Baracoa
Ophiolite Massif (Figure 1(b,c)). It has been interpreted as
the metamorphic sole of the Moa-Baracoa Ophiolite
(Lázaro et al. 2013, 2015). These amphibolites are of basal-
tic (MORB-like) protholith formed in a backarc setting
(Lázaro et al. 2013, 2015). Lázaro et al. (2015) suggested
that this complex formed during the inception of a new
SW-dipping subduction zone in the backarc region of the
northern Caribbean arc during the Late Cretaceous (ca.
90–85 Ma) triggered by the main plume pulse of the
Colombian–Caribbean Oceanic Plateau. The ophiolitic
thrust sheets override the syntectonic foredeep
Maastrichtian-Lower Danian olistostromal Mícara
(Cobiella 1974) and La Picota (Lewis and Straczek 1955)
formations (Figure 1(b); see also Iturralde-Vinent 1976;
Cobiella et al. 1984; Quintas 1987, 1988; Pushcharovsky
1988). These formations occupy an intermediate discon-
tinuous tectonic position below the ophiolite thrust sheets
and the underlying volcanic arc formations (Iturralde-
Vinent et al. 2006).
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The ophiolite sheets, mélanges, and syntectonic sedi-
mentary formations tectonically override the Cretaceous
volcanic units (Figure 1; Knipper and Cabrera 1974;
Iturralde-Vinent 1976, 1996a, 1996b; Quintas 1988,
1989; Gyarmati and Leyé O’Conor 1990; Torrez and
Fonseca 1990; Gyarmati et al. 1997; Kerr et al. 1999;
Iturralde-Vinent et al. 2006). These units document
axial-arc, backarc, and forearc environments during
Early (Aptian–Albian) to Late Cretaceous (mid-
Campanian) times (Iturralde-Vinent et al. 2006; Proenza
et al. 2006; Marchesi et al. 2007). Fragments of the
Campanian and older Cretaceous volcanic arc of the
Caribbean (Figure 1; the Purial complex) underwent HP
metamorphism (Boiteau et al. 1972; Cobiella et al. 1977;
Somin and Millán 1981; Millán et al. 1985; and unpub-
lished data). The age of subduction-related metamorph-
ism is latest Cretaceous (ca. 75–70 Ma; Somin and Millán
1981; Somin et al. 1992; Iturralde-Vinent et al. 2006).

According to Garcia-Casco et al. (2008a), the HP/low-
temperature metasedimentary Asunción terrane is the
lowest tectonic unit in the region (Figure 1(c); see
Cobiella et al. 1984 for a different view). This unit has
been related to the Caribeana terrane of the Proto-
Caribbean, an intraoceanic sedimentary platform-related
domain that subducted during the latest Cretaceous-ear-
liest Tertiary (Garcia-Casco et al. 2008a). A pre-early Danian
metamorphic age is suggested by Iturralde-Vinent et al.
(2006) based on the stratigraphy and in agreement with
regional considerations (i.e. like in the Samaná Complex,
Hispaniola, Escuder-Viruete et al. 2011b).

2.1. The La Tinta mélange

The La Tinta mélange is a small (~ 8–10 km2) serpentinitic
body that crops out to the southeast of the Moa-Baracoa
Ophiolite Massif and the metamorphic El Purial volcanic
arc complex and to the west of the GJAC (Figure 1(c)). To
the south, the body is covered by post-orogenic Tertiary-
recent sediments, preventing an estimation of the south-
ern extent of the body. The serpentinite body includes
centimetre-to-decimetre-sized blocks of amphibolite
(Figure 2), sometimes resembling ‘boudins’ structures.
Our structural recognition indicates that the ultramafic
mélange is overridden by the El Purial metavolcanics,
which, in turn, are overridden by the nearby Moa-
Baracoa Ophiolite. This would make correlation of the La
Tinta body with the Moa-Baracoa Ophiolite problematic.
On the other hand, the presence of amphibolite blocks
within a serpentinitic matrix would allow a tentative cor-
relation with the subduction-related Sierra del Convento
and La Corea mélanges. However, the nature and timing
of metamorphism of the La Tinta mélange are unknown,
and neither tonalitic-trondhjemitic blocks, typical of these

mélanges, nor blueschist blocks have been observed. We
have studied in detail nine blocks of amphibolite (OFT-
146a, OFT-146b, OFT-146c-I, OFT-146c-II, OFT-146 g, OFT-
267a, OFT-267d, OFT-267b, and OFT-267c) and two sam-
ples of enclosing serpentinites (OFT-146e and OFT-146f).

3. Analytical Methods

Whole-rock geochemistry and mineral chemistry analyses
were performed at the Scientific Analytical Centre (CIC –
Centro de Instrumentación Científica), University of
Granada. Mineral compositions were obtained by
Wavelength Dispersive Spectroscopy (WDS) with a
CAMECA SX-100 microprobe, operated at 15 kV and 15
nA, with a beam size of 5 μm and the standards used for
element calibrations were: albite (Na), quartz (Si), periclase
(Mg), sanidine (K), rutile (Ti), haematite (Fe), diopside (Ca),
vanadinite (Cl), barite (Ba), fluorite (F), chromite (Cr), Al2O3

(Al), MnTiO3 (Mn), and NiO (Ni). Detection limit is in the
range 0.005–0.010 oxide wt.%, accuracy in the range 1–3
relative per cent, and precision in the range ~ 1 relative per

Figure 2. (a) Amphibolite blocks within serpentinite; (b) detail
of block of amphibolite within serpentinite.
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cent. Amphibole compositions were normalized following
the procedures of Leake et al. (1997), and Fe3+ was esti-
mated after the method of Schumacher (in Leake et al.
1997). Epidote and feldspar were normalized to 12.5 and
8 oxygens, respectively, and Fetotal = Fe3+. Clinopyroxene
was normalized to four cations and six oxygens, with Fe3+

estimated by stoichiometry (Morimoto et al. 1988). Olivine
and spinel were normalized to three cations and four oxy-
gens, and Fe3+ was estimated by stoichiometry. Chlorite
and serpentine were normalized to 28 and 14 oxygens,
respectively, and Fetotal = Fe2+. Atoms per formula unit
are abbreviated apfu. The Mg number of minerals and
rocks (Mg#) represents the atomic Mg/(Mg+Fe2+) and
Mg*100/(Mg + Fetotal), respectively. Mineral and end-mem-
ber abbreviations are after Whitney and Evans (2010). The
analyses are presented in Supplementary Tables 1–5 (see
http://dx.doi.org/10.1080/00206814.2015.1118647 for sup-
plementary tables).

Whole-rock major-element determinations were car-
ried out by X-ray fluorescence spectrometry (XRF) on
glass beads using a Philips PV1404 spectrometer at the
University of Granada. Precision was better than ±1.5% for
a concentration of 10 wt.%. Zr was determined by XRF on
pressed powder pellets, with a precision better than ±4%
at 100 ppm concentration. The analyses were recalculated
to an anhydrous 100 wt.% basis, and these data are used
in the figures. Other trace elements were analysed by ICP-
MS (University of Granada). Procedural blanks and inter-
national standards PMS, WSE, UBN, BEN, BR, and AGV
(Govindaraju 1994) were run as unknowns during analy-
tical sessions. Precision was better than ±2% and ±5% for
analyte concentrations of 50 and 5 ppm, respectively. The
analyses are presented in Supplementary Table 6.

Preparation of mineral samples before and after irradia-
tion for 40Ar/39Ar analyses was carried out at the
ARGONAUT Laboratory of the Geology Division at the
University of Salzburg (Austria). Hornblende concentrates
were prepared by crushing, sieving, flotation, and hand-
picking of grains in the size ranges 250–200 and 250–125
μm. For isotopic measurements, 10–20 grains per sample
were selected, and the mineral concentrates were packed
in aluminium foil and loaded in quartz vials. To calculate the
J-values, flux monitors were placed between each four and
five unknown samples, which yielded a distance of ~5 mm
between adjacent flux monitors. The sealed quartz vials
were irradiated in the MTA KFKI reactor (Debrecen,
Hungary) for 16 h. Correction factors for interfering isotopes
were calculated from 10 analyses of two Ca-glass samples
and 22 analyses of two pure K-glass samples, and are:
36Ar/37Ar(Ca) = 0.00026025, 39Ar/37Ar(Ca) = 0.00065014,
and 40Ar/39Ar(K) = 0.015466. Variations in the flux of neu-
trons were monitored with a DRA1 sanidine standard for
which a 40Ar/39Ar plateau age of 25.03 ± 0.05 Ma has been

reported by Wijbrans et al. (1995). After irradiation, the
minerals were unpacked from the quartz vials and alumi-
nium-foil packets and handpicked into 1 mm-diameter
holes within one-way Al-sample holders.

40Ar/39Ar analyses were carried out using a UHV
Ar-extraction line equipped with a combined
MERCHANTEKTM UV⁄ IR laser ablation facility and a VG-
ISOTECHTM NG3600 mass spectrometer and follow the
methods described in Handler et al. (2004). Stepwise
heating analyses of samples were performed using a
defocused (~1.5 mm diameter) 25 W CO2-IR laser oper-
ating in Tem00 mode at wavelengths between 10.57
and 10.63 lm. The laser is controlled from a PC, and the
position of the laser within the sample is monitored
through a double-vacuum window on the sample
chamber via a video camera in the optical axis of the
laser beam on the computer screen. Gas clean-up was
performed using one hot and one cold Zr-Al SAES get-
ter. Gas admittance and pumping of the mass spectro-
meter and the Ar-extraction line are computer-
controlled using pneumatic valves. The NG3600 is an
18 cm-radius 60º extended geometry instrument,
equipped with a bright Nier-type source operated at
4.5 kV. Measurements were performed on an axial elec-
tron multiplier in static mode on a single-collector
instrument. Peak jumping and stability of the magnet
are controlled by a Hall probe. For each increment, the
intensities of 36Ar, 37Ar, 38Ar, 39Ar, and 40Ar were mea-
sured, and the baseline readings on mass 35.5 are auto-
matically subtracted. Intensities of the peaks were back-
extrapolated over 16 measured intensities to the time of
gas admittance either by a straight line or by a curved
fit, depending on the shape of the curve. Fit by a
straight line is typical for low intensities and curved fit
for high intensities. Intensities were corrected for sys-
tem blanks, background, post-irradiation decay of 37Ar,
and interfering isotopes. Isotopic ratios, ages, and errors
for individual steps were calculated following sugges-
tions by McDougall and Harrison (1999) and using
decay constants recommended by Steiger and Jäger
(1977). Plateau and integrated ages were calculated
using the ISOPLOT⁄ EX 3.00 software (Ludwig 2001).
Time-scale calibration follows Gradstein and Ogg
(2005). The analyses are presented in Supplementary
Table 7.

4. Petrography and mineral composition

4.1. Petrography

Two types of amphibolite rocks can be differentiated: (i)
clinopyroxene-bearing amphibolite (OFT-146 g, OFT-
267a) and (ii) clinopyroxene-lacking amphibolite

1024 C. LÁZARO ET AL.
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(OFT-146a, OFT-146b, OFT-146c-I, OFT-146c-II, OFT-
267d, OFT-267b, OFT-267c). The clinopyroxene-bearing
amphibolites are massive, medium-grained (~1 mm),
and locally show granoblastic texture and the retro-
grade transformation of diopsidic clinopyroxene into
amphibole (Figures 3(a,b) and 4(a,c)). No fabric elements
with a preferred orientation are observed in the sam-
ples. The peak mineral assemblages of these rocks all
contain calcic amphibole + plagioclase + calcic clinopyr-
oxene. Minor apatite + ilmenite + magnetite + haema-
tite occur as accessory phases. The rocks are partially
retrograded to tremolite-actinolite amphibole, prehnite,
and chlorite. Prehnite appears mostly in late retrogres-
sion patches associated with chlorite. The blocks of Cpx-
lacking amphibolite, on the other hand, are similarly

massive, fine to medium grained, but, notably, show a
relict magmatic ophitic texture best identified by pseu-
domorphs of plagioclase. These pseudomorphs are lar-
gely saussuritized (Figures 3(d) and 4(b)), showing
metadolerite rock protholith textures (Figure 3(c,d)).
The peak mineral assemblages of these rocks are also
homogeneous and consist of calcic amphibole +
plagioclase.

The ultramafic rocks (OFT-146e, OFT-146f) are highly
serpentinized (more than 96 mode %) and only a few
grains of relict olivine and chromian spinel (~4 mode %)
appear surrounded by the serpentine mesh. The serpen-
tine minerals are fibrous and locally show hourglass
texture, indicating low-temperature polymorph lizardite.
Relic olivine occurs as colourless clear grains of

Figure 3. Optical images of (a) and (b) clinopyroxene-bearing amphibolite with granoblastic texture; (c) and (d) clinopyroxene-
lacking amphibolite with saussuritized plagioclase and amphibole with ophitic texture; (e) and (f) serpentinized ultramafic rocks
showing olivine and hourglass texture of serpentine-group minerals (likely, lizardite) indicating relatively low temperature during
serpentinization.
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100–200 µm in length (Figure 3(e,f)). Serpentinized
grains are normally encircled by fibrous serpentine
rims (Figure 4(d)). The pseudomorphs are anhedral,
showing wavy/radial extinction. Scarce chromian spinel
grains occur as fresh small crystals having a uniform
brown-dark colour. In some cases the crystals (up to
1 mm in diameter) are broken and the cracks are occu-
pied by serpentine.

4.2. Mineral chemistry

4.2.1. Amphibole
The amphiboles are calcic in all rocks types, having
CaB = 1.51–1.96 apfu content. The clinopyroxene-bearing
amphibolites have tschermakite-magnesiohornblende-
actinolite-tremolite (Si = 6.39–7.82, Altotal = 0.23–2.14,
Natotal = 0.05–0.58, Na(B) = 0.01–0.19 apfu and (Na+K)
A = 0.03–0.48 apfu) compositions (Supplementary
Table 1; Figure 5(a)). The Mg# of amphibole is varied as
a function of amphibole composition (Mg# generally
increases from tschermakite to actinolite/tremolite) and
of whole-rock compositions (Figure 5(a,c)). The variations
in Ti are appreciable, with higher contents in the Si-poor
grains (i.e. tschermakite compositions), up to ca. 0.25
apfu; Figure 5(b,d). In the Cpx-lacking amphibolite

samples, amphibole has tschermakite-magnesiohornble-
nde-actinolite compositions (Supplementary Table 1,
Figure 5(e,f)), with Si = 6.41–7.96 apfu, Altotal = 0.04–
1.88 apfu, Natotal = 0.03–0.57, Na(B) is 0.02–0.24 apfu,
and (K+Na)A = 0.02–0.49 apfu.

4.2.2. Plagioclase
The clinopyroxene-bearing amphibolites have unaltered
plagioclase grains, with small chemical variation per
sample, having labradorite compositions (Xan = 0.50–
0.58) in sample OFT-146 g (Supplementary Table 2;
Figure 6(a)). Plagioclase in Cpx-lacking amphibolites
having a pseudomorphic doleritic texture displays
wider compositional variations, from labradorite to
albite (Xan = 0.64–0.01), reflecting compositions of relict
plagioclase from the protholith (labradorite) and newly
formed metamorphic plagioclase (andesine-albite;
Supplementary Table 2; Figure 6(b)). All compositions
are very low in K (< 0.04 apfu).

4.2.3. Pyroxene
Clinopyroxene is augite-diopside (Supplementary
Table 3), with Wo = 43.61–47.29, En = 36.72–37.82,
Fs = 15.60–19.25, Mg# = 0.66–0.73, and low Al contents
(< 0.05 apfu). The Fe3+ (<0.04 apfu) and Na (< 0.03

Figure 4. BSE images: (a) amphibole surrounding pyroxene and plagioclase, and chlorite after amphibole in the clinopyroxene-
bearing amphibolite; (b) newly formed amphibole and altered plagioclase grains; (c) amphibole and newly formed plagioclase; (d)
concentric alteration of olivine grains to serpentine and a chromite grain from serpentinite.
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apfu) are very low, suggesting the low pressure of
crystallization.

4.2.4. Chlorite
Chlorite in the clinopyroxene-bearing amphibolite has
Si = 5.73–6.17, Mg = 7.37–9.03, and Fe = 0.89–1.82, with
low Mn and Ni (<0.04 apfu) contents (Supplementary
Table 4). Chlorite is clinochlore according to the Si and
Mg# = 0.81–0.91 contents (Hey 1954). Chlorites in Cpx-
lacking amphibolites have similar Si (5.71–6.45 apfu) but
lower Mg (5.50–6.75 apfu) and higher Fe (2.64–3.16
apfu), with low Mn (<0.04 apfu) content
(Supplementary Table 4). These compositions are classi-
fied as pycnochlorite according to the Si contents and
Mg# = 0.64–0.72 (Hey 1954).

4.2.5. Other minerals
Epidote group minerals have variable Fe3+ contents
(0.01–0.33 apfu, Supplementary Table 4), but show no
clear zoning trend. Prehnite has low Fe3+ (<0.03 apfu,
Supplementary Table 4). Ilmenite, magnetite, and hae-
matite appear in all types of amphibolites, showing very
low Mn <0.07 apfu and Mg <0.05 apfu contents.

4.2.6. Olivine
Relict mantle olivine compositions in serpentinites
range from Fo91 to Fo93. Nickel contents vary between
0.31 and 0.43 NiO wt.%, and Mn contents reach up to

0.15 MnO wt.%, indicating compositions typical of man-
tle olivine. They have negligible Al2O3, CaO, and TiO2

contents, less than 0.04 wt.% (Supplementary Table 5).

4.2.7. Serpentine
Serpentine minerals have Si = 3.42–3.99, Mg = 5.41–
6.37, Fe = 0.19–0.73, Cr < 0.15, and Ni < 0.04 apfu
contents (Supplementary Table 5). In the ternary dia-
gram molar % Mg-Si-Fe (Figure 7) all these values
show lizardite and minor chrysotile composition, corre-
sponding to the textures and the relatively high Al
contents of up to 0.40 apfu.

4.2.8. Chromian spinel
The composition of relict spinel in serpentinites is mag-
nesiochromite, with Cr# in the range of 0.57–0.60, Mg#
in the range 0.50–0.58 (Figure 8, Supplementary
Table 5), and low TiO2 (<0.17 wt.%). The grains are
usually not affected by alteration as indicated by the
low Fe3+ content (<0.10 apfu).

5. Whole-rock composition

The whole-rock major element compositions of the
amphibolites span a relatively narrow range, with
SiO2 = 47–52 wt.%, Al2O3 = 15–17 wt.%, CaO = 8–
15 wt.%, and MgO = 6–8 wt.% (Supplementary
Table 6) and variable Na2O concentrations (from 0.04

Figure 5. Composition of calcic amphibole: (a), (c) Si versus Mg/(Mg+Fe2+) and (b), (d) Ti versus Si.
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to 0.9 wt.%). The use of major elements for characteriz-
ing the protholith of metamorphic rocks is risky because
of their mobile character during prograde and

retrograde metamorphism. Therefore, we used ele-
ments that generally are immobile during metamorph-
ism (Ti, Al, Mn, and P; Pearce 1976; Rollinson 1983).

In the Nb/Y versus Zr/TiO2 immobile trace element
plot of Figure 9(a), the amphibolites are sub-alkaline
and show basaltic compositions. The TiO2-MnO-P2O5

ratios and the variation of total Fe as FeO/MgO = 0.8–
1.9 of samples indicate a tholeiitic signature. The chon-
drite-normalized rare earth patterns are homogeneous
with a typical N-MORB pattern showing distinctive LREE
depletion (Figure 10(a,c)), with La/Yb ratios between 0.4
and 0.9. However, their primitive mantle-normalized
element patterns show spikes with slight Nb and Th
depletion (Figure 10(b,d)).

All samples of amphibolite are enriched in Ba, Rb,
and K as a likely consequence of hydration during
metamorphism (Figure 10(b)). Similar enrichments
observed in boninites from the Izu-Bonin-Mariana
(IBM) forearc are interpreted as a primary characteristic
rather than secondary alteration fluids (Reagan et al.
2010), whereas low-Ti depleted (boninites) and high-Ti
tholeiites from the Nuvvuagittuq belt are considered
metasomatic after the infiltration of hydrothermal fluids
(Turner et al. 2014).

Serpentinite samples have refractory bulk-rock com-
positions with low contents of immobile incompatible
elements, such as Al, Ti, and V (Supplementary Table 6).
The concentration of immobile refractory elements,
such as Ni (>2000 ppm) and Cr (>1200 ppm), is high.
Bulk-rock Mg# is high, 90.5 and 91.1, and CaO is very
low (less than 0.5 wt.%) for both samples. Although
calcium is mobile during seafloor hydrothermal activity
and/or metamorphic hydration + recrystallization, the
consistency with the low Al2O3 and high Mg# and Cr
contents suggests that the low CaO content is a primary
feature of the studied samples. In the Al2O3/SiO2 versus

Figure 6. An-Ab plagioclase compositions of the (a) the clino-
pyroxene-bearing amphibolites and (b) the clinopyroxene-lack-
ing amphibolites.

Figure 7. Ternary atomic Mg-Si-Fe diagram showing the chemical variability of serpentine minerals from serpentinites. The fields of
lizardite, chrysotile, and antigorite compiled by D’Antonio and Kristensen (2004).
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MgO/SiO2 diagram (Figure 9(b)), serpentinites plot in
the left region of the terrestrial array (Hart and Zindler
1986), where the field of forearc mantle peridotites, as
the IBM ultramafic rocks, is located.

6. P-T conditions and age of metamorphism

6.1. P-T conditions

An isochemical P-T projection (pseudosection) was
calculated for a representative bulk-rock composition
of the studied rocks having a mineral assemblage
with the lowest thermodynamic variance (OFT-146 g;
Supplementary Table 6). The pseudosection was cal-
culated in the NCFMASHTO system using the
Perple_X software (Connolly 2005). A fluid phase,
assumed to be pure H2O, was considered in excess.
Components K2O and MnO are neglected because

they have very low concentration in the rocks and
are diluted in the coexisting phases. The amount of
ferric iron was set at 10 mole % of total iron, appro-
priate for basic rocks. The solution models used for
amphibole, plagioclase, clinopyroxene, orthopyrox-
ene, chlorite, and epidote are those of Dale et al.
(2005), Newton et al. (1980), Green et al. (2007),
Holland and Powell (1996), Holland et al. (1998), and
Holland and Powell (1998), respectively, and an ideal
model for ilmenite-haematite.

The pseudosection (Figure 11(a)) shows a large field
in the lower right part of the P-T window, with the
association Hbl+Cpx+Pl+Ilm+Mag, consistent with the
observed peak mineral assemblages in sample OFT-
146 g. To further constrain the P-T conditions, mineral
composition isopleths for plagioclase (Xan) and diopsi-
dic pyroxene (Mg#) were determined (Figure 11(b)). The
distribution of isopleths confirms the field and fixes the

Figure 8. Compositional variations of spinels from ultramafic rocks: (a) Cr# versus TiO2 (wt.%); and (b) Mg# versus Cr# . The abyssal,
forearc, and boninite fields are after Uysal et al. (2007).

Figure 9. (a) Nb/Y versus Zr/TiO2 diagram (Winchester and Floyd 1977) for amphibolites from the La Tinta mélange. (b) Bulk rock
Al2O3/SiO2 versus MgO/SiO2 for La Tinta meta-ultramafic rocks. The terrestrial array is from Hart and Zindler (1986), and, for
comparison, the Gaspar Hernandez mafic rocks (Hispaniola; Escuder-Viruete et al. 2011a) and the Mariana forearc (compiled by
Hattori and Guillot 2007).
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conditions to ca. 3.8 kbar and 720ºC. These conditions
indicate high temperature at 12–13 km depth (i.e. in the
lithospheric mantle).

These low-P conditions of metamorphism can be
extended to all Cpx-bearing rocks because (i) they have
similar peak (Pl+Hbl+Cpx) assemblages and (ii) all rocks
are barely foliated, indicating static tectonic regimen dur-
ing metamorphism. Furthermore, the close spatial rela-
tionship of all types of amphibolite in the same
serpentinitic matrix suggests that similar low-P conditions
at somewhat lower-medium T attendedmetamorphism of
the Cpx-lacking blocks of amphibolite. We hence conclude
that the blocks represent disrupted dikes/sills of basaltic
rocks emplaced in ultramafic rocks of the upper part of an
oceanic lithosphere mantle (~12 km).

6.2. Age of metamorphism

The results of the 40Ar/39Ar incremental heating ana-
lyses and a summary of age and isochron calculation
results are presented in Supplementary Table 7 and are
graphically shown in Figure 12. Hornblende of sample
OFT-146 g yields a staircase pattern with ages of

78–90 Ma in steps 2–4 and a well-defined plateau age
of 123.2 ± 2.2 Ma (2σ) based on 89.0% of the released
39Ar (steps 5–8; Supplementary Table 7; Figure 12). The
isochron correlation age (ICA) of all steps of hornblende,
equally weighted according to model 2 in the software
ISOPLOT⁄ EX (Ludwig 2001), is 119.1 ± 3.1 Ma, with a
40Ar/36Ar intercept at 276.4 ± 2.9 (Figure 12), which is
close to the atmospheric value of 295.5 and mean
square weighted deviation = 1.5 (Figure 12). Although
the plateau age is dominated by step nº 8, which con-
tributes 68.0% of 39Ar released and gives an age of
121.6 ± 1.1, it is within error of the ICA. So, the plateau
and ICAs are also similar within error. Therefore, we
suggest that the plateau age is geologically significant
and dates cooling through 500–550°C after peak condi-
tions of metamorphism according to the experimentally
determined Ar retention temperature of hornblende
(Harrison 1981; McDougall and Harrison 1999). The
younger ages of 78–90 Ma of steps 2–4, included in
the isochron age of 119.1 ± 3.1 Ma, have a lower K/Ca
ratio (Supplementary Table 7) due to a distinct compo-
sitional zoning and bear a low component of 40Ar*, and
are, therefore, likely geologically meaningless.

Figure 10. (a, c) Chondrite (CI)-normalized (McDonough and Sun 1995) REE abundances and (b, d) primitive mantle-normalized (Sun
and McDonough 1989) trace-element concentrations of amphibolites from La Tinta mélange. For reference, normal and enriched
mid-ocean ridge basalts (N-MORB and E-MORB, respectively) after Sun and McDonough (1989) are plotted. Also, (a) the backarc
basalts of the Moa-Baracoa Ophiolite Massif (Marchesi et al. 2007) and the amphibolites from the Moa-Baracoa metamorphic sole
(Güira de Jauco Amphibolite Complex, Lázaro et al. 2013); (a, b) the forearc basalts, transitional lavas, and boninite lavas from Izu-
Bonin-Mariana (Reagan et al. 2010; Stern et al. 2012) are also plotted for comparison. In (c, d) mafic rocks from Gaspar Hernandez
complex (Hispaniola; Escuder-Viruete et al. 2011a) are also plotted.
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7. Discussion

7.1. Origin of the mafic and ultramafic rocks from
the La Tinta mélange.

Stern (2004), Reagan et al. (2010), and Stern et al. (2012)
proposed that basalts of a proto-forearc crust form at the
initial stage of a subduction zone, when sinking of the
slab and rapid trench rollback provoke the upwelling of
the fertile asthenosphere that produces melts with a
minor amount of subduction component, in contrast to
younger forearc lavas. The amphibolites from the La Tinta

mélange have MORB-like signatures similar to FAB (or
BABB), lacking a significant subduction-related compo-
nent. The HFSE (i.e. Zr, Hf, Nb, Ta, Ti) versus REE ratios
are similar to MORB (Figure 13). The La Tinta amphibolites
are slightly depleted in Nb and Th (Figures 10 and 14),
whereas the observed enrichment in Sr, Ba, and K is, at
least to a great extent, related to hydration during meta-
morphic transformation (Figure 10(b,d)). The data plotted
in the discrimination Al2O3/TiO2 versus TiO2 diagram of
Hickey and Frey (1982) allows suggesting that most sam-
ples clearly preserve a MORB-like affinity (Figure 13(a)).
The TiO2 contents (ca. 1 wt.%) and FeOtotal/MgO ratios of
the amphibolites are lower than those of normal MORB
and similar to the IBM FAB (Figure 13(b)). Moreover, the
HFSE and REE versus V ratios (e.g. TiO2/V and Yb/V;
Figure 13(c,d)) are slightly lower than in MORB and most
backarc basin lavas (e.g. the Moa-Baracoa ophiolite-
related volcanics; Marchesi et al. 2007). In fact, the chemi-
cal composition of the amphibolites is similar to that of
subduction-related basalts of the IBM FAB (Stern et al.
2012). In the Nb/Yb versus Th/Yb diagram, the La Tinta
amphibolites plot in the overlapping fields of N-MORB
and along the unmodified ‘mantle array’ and of the FABs,
whereas (younger) forearc subduction-influenced lavas
trend towards Th/Yb ratios typical of island arc lavas
(Figure 14).

A forearc position for the emplacement of these rocks
is also suggested by the Ti, Cr#, and Mg# contents of
magnesiochromite from the enclosing serpentinites
(Figure 8(a,b)). Whereas tectonic setting based in the Cr#
versus TiO2 in the spinel diagram is ambiguous (Figure 8
(a)), a forearc position is confirmed by the Mg# versus Cr#
in the spinel diagram (Figure 8(b)). The moderate Cr# of
spinel and the Mg# of olivine suggest ca. 30% melting of
the ultramafic protoliths of the serpentinites, consistent
with a forearc setting (Figure 15; Arai 1992).

The mineral and bulk rock compositions of the studied
samples exhibit that the ultramafic and associated amphi-
bolites rocks formed in a forearc environment of the
Cretaceous Caribbean arc. The geochemical characteristics
of the La Tinta amphibolites are similar to those of the IBM
FABs and the Hispaniola Gaspar Hernandez mafic igneous
rocks (Figures 10–15), the latter of Early Cretaceous age.
Hence, the pre-123.2 ± 2.2 Ma magmatic protoliths of the
La Tinta amphibolites represent fragments of the
Cretaceous proto-forearc spreading lithosphere.

7.2. Metamorphic evolution and age significance
at forearc position in the supra-subduction zone
setting

The mineral assemblages of the La Tinta amphibolite
blocks (plagioclase + hornblende ± diopside) and the

Figure 11. (a) Isochemical P-T equilibrium phase diagram for
sample OFT-146 g calculated with Perple_X. Mineral abbrevia-
tions after Whitney and Evans (2010). (b) Isopleths for anorthite
proportion in the plagioclase (dotted lines) and Mg# in the
clinopyroxene (dashed lines) are indicated. The P-T conditions
and the cooling trajectory are drawn.
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P-T conditions determined indicate low-pressure/high-
temperature metamorphism (Figure 11). These low-
pressure conditions are also suggested by the low
contents of Na(B) in the amphibole compositions
and the absence of garnet and/or epidote in the
peak metamorphic assemblage of all samples. The
absence of fabrics or textures produced by strain
(Figures 3 and 4) and retrograde growth zoning of
amphibole indicate cooling during static metamorphic
recrystallization. These processes are best explained in
the context of ocean floor-like metamorphism at shal-
low mantle depths (at ~12 km depth). Extension of
the forearc lithosphere and the associated infiltration
of fluids (likely from the sea) shortly after the onset of
subduction allowed the development of metamorph-
ism in a cooling forearc and mélange formation as a
consequence of serpentinization and fragmentation of
the dikes/sills. Hence, this mélange differs from the
nearby HP Sierra del Convento and La Corea
mélanges formed in the subduction channel after
accretion of fragments of the subducted Proto-
Caribbean slab to the mantle wedge (Caribbean
Plate) (Garcia-Casco et al. 2008b; Lázaro et al. 2009,
2011b; Blanco-Quintero et al. 2010). The textures of
the amphibolites, resembling metadolerite igneous
textures, suggest a hypoabissal origin, dikes or sills,

for the samples. The metamorphosed dikes would
break, resulting in blocks incorporated in the serpen-
tinitic low-pressure-blocks mélange, in a relatively late
stage of the tectonic evolution of the region.

The boninitic rocks and low-Ti IAT of Hispaniola are
Early Cretaceous in age (Lewis et al. 2002; Kesler et al.
2005; Escuder-Viruete et al. 2010, 2011a, 2014; Monthel
2010). A sample of microgabbro sill from Gaspar
Hernandez serpentinized peridotite-tectonite yielded a
U–Pb zircon concordia age of 136.4 ± 0.34 Ma
(Escuder-Viruete et al. 2011a). This age was interpreted
as the crystallization age of the microgabbro in a
MORB environment. However, it may suggest that the
Gaspar Hernandez peridotite and associated mafic
rocks formed in the forearc environment, in harmony
with its reinterpreted FAB composition. This age is in
agreement with the 40Ar/39Ar amphibole cooling age
of sample OFT-146 g here provided, which indicates a
pre-123 ± 2.2 Ma age of the FAB protolith. The slightly
younger development of the boninitic, low-Ti IAT, and
normal IAT volcanic sequences of the Maimón, Amina,
and Los Ranchos formations took place at 118–110 Ma
(Kesler et al. 2005; Escuder-Viruete et al. 2006), indicat-
ing that magmatism likely resumed in the forearc
region and concentrated in the young arc region by
120 Ma.

Figure 12. Incremental step heating analyses of amphibole from clinopyroxene-bearing amphibolite sample OFT-146 g. The heights
of the rectangles and all errors represent ±1σ uncertainty.
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7.3. Model for generation of the La Tinta
ultramafic mélange and implications for the
Caribbean tectonic evolution

In the La Tinta mélange FAB-related amphibolites
were recognized. Many of the amphibolites (ca.
123 Ma 40Ar/39Ar cooling age) are of doleritic nature
and recrystallized at low pressure (3.8 kbar, 720ºC for
the Cpx-bearing samples). These amphibolites are
comparable with mafic rocks of the Gaspar
Hernandez serpentinized peridotite, which were con-
sidered by Escuder-Viruete et al. (2011a) as MOR
basalts formed in the proto-Caribbean oceanic litho-
sphere. We hence suggest that the Gaspar Hernandez
mafic rocks, which are metamorphosed to seemingly
comparable low-pressure conditions in the greens-
chist and lower amphibolite facies (Escuder-Viruete
et al. 2011a), formed, instead, in the Caribbean fore-
arc. These considerations allow us to suggest that the
amphibolitic blocks from the La Tinta mélange

correspond to fragments of the proto-forearc spread-
ing lithosphere (Figure 16).

Subduction initiation started in the Pacific realm in
the Early Cretaceous (~132 Ma, Rojas-Agramonte et al.
2011), perhaps along a pre-existing weak zone, a col-
lapsed transform, in the oceanic crust (Pindell et al.
2012; Whattam and Stern 2015) (Figure 16(a)). The
FAB crust formed by upwelling of fertile asthenosphere
at the beginning of subsidence or sinking of the Proto-
Caribbean plate, with no interaction with slab-derived
fluids/melts (Stern 2004; Stern et al. 2012) (Figure 16
(b)). Whattam and Stern (2011) described the upwel-
ling fertile asthenosphere in the forearc setting, nil
slab-derived fluids with which to interact. They
described a seafloor spreading along the margin of
the upper plate simultaneously with the MORB/FAB
tholeiites formation as the oceanic lithosphere would
start to sink. Following these authors, this seafloor
spreading occurs as asthenosphere floods over the
sinking plate into the widening void above, which

Figure 13. Chemical variation of the La Tinta amphibolites in (a) Al2O3/TiO2 versus TiO2, (b) TiO2 wt.% against FeOtotal/MgO, (c)
TiO2 wt.% against V (ppm), and (d) Yb (ppm) against V (ppm). The Cuban Moa-Baracoa Ophiolite-related basaltic rocks (MBOB)
include the backarc basalts G1 group (Marchesi et al. 2007). The Hispaniola ophiolite-related mafic rocks from Gaspar Hernandez
complex (Escuder-Viruete et al. 2011a). The fields of forearc basalts, transitional lavas, and boninite lavas from Izu-Bonin-Mariana
volcanic arc (Reagan et al. 2010; Stern et al. 2012) are also plotted for comparison. Basalts from the East Pacific Rise are illustrated in
the grey-line field. Data and references for these sample suites are from the PetDB data base (http://www.petdb.org/).
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melts due to decompression. This stage would be
represented by the dolerite-derived amphibolite pro-
toliths from the La Tinta mélange. They were later
metamorphosed at high temperature and low pressure
in a static ocean floor metamorphic environment and
cooled, below the retention temperature of Ar in meta-
morphic amphibole, at ca. 123 Ma shortly after their
intrusion in the forearc mantle. The formation of the
FAB and related rocks then produced a very depleted
mantle residue. This very depleted mantle residue
interacts later with slab-derived fluids yielding boni-
nites and boninitic affinity rocks, probably represented
in the nearby Hispaniola, by the harzburgites and the
boninitic gabbros reported in the Puerto Plata complex
and the boninitic sequences of the Maimón formation

(Escuder-Viruete et al. 2006, 2014) (Figure 16(c)). The
hydration in forearc position, due to normal faulting,
produces the low-the pressure metamorphism of mafic
sills/dikes and serpentinization of ultramafic rocks
(Figure 16(d)). The final collision of the Greater
Antilles arc (leading edge of the Caribbean plate)
against the North American continent, the obduction
and emplacement of ophiolitic complexes as well as
synorogenic basin development (70–65 Ma; Iturralde-
Vinent et al. 2006) produces the breaking of metamor-
phosed dolerite dikes and sills embedded in the ser-
pentinitic mélange (Figure 16(e)).

8. Conclusions

The amphibolite (Amp+Pl±Cpx) blocks from La Tinta
mélange have MORB-like trace element compositions
with a slight subduction zone imprint, similar to most
FABs worldwide. Spinel and olivine mineral chemistry of
the enclosing serpentinized ultramafic rocks suggests a
forearc position for these rocks. Textures and whole rock
and mineral compositions of amphibolites and metaul-
tramafics, along with 40Ar/39Ar amphibole data indicate a
metamorphic cooling age of 123.2 ± 2.2 Ma, thus sug-
gesting that the amphibolites represent sheeted dikes/
sills intruded in the forearc region during the earliest
stages (Early Cretaceous) of subduction in the
Caribbean realm. The FAB-related compositions of the
protoliths of the amphibolite blocks correlate with
the Gaspar Hérnandez complex of Hispaniola, indicating
a belt of forearc complexes of Early Cretaceous age in
eastern Cuba and northern Hispaniola. The La Tinta FAB-
related amphibolite blocks correspond to fragments of

Figure 14. (a) Th/Yb versus Nb/Yb and (b) Nb/Th versus Ti
(ppm*1000) plots for the La Tinta amphibolite blocks. Fields
for comparison as in Figure 14. NMORB and EMORB after Sun
and McDonough (1989), and depleted MORB mantle (DMM),
depleted-DMM (D-DMM), and enriched-DMM (E-DMM) after
Workman and Hart (2005).

Figure 15. Mg# in olivine versus Cr# in spinel showing the
average composition of minerals from ultramafic rocks.
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the proto-forearc spreading lithosphere in a subduction
initiation scenario in the Pacific realm (ca. 136 Ma)
formed by upwelling of the fertile asthenosphere. This
event occurred at the onset of subduction of the Proto-
Caribbean with no interaction with a slab-derived com-
ponent, yielding a depleted mantle residue. Later, this

depleted mantle residue interacted with slab-derived
fluids to produce boninitic magmas. The dikes and sills
cooled and metamorphosed at low pressure (~3.8 kbar,
12 km depth, <720ºC) at ca. 123 Ma. At this stage,
the mélange started to form during normal faulting of
the forearc and serpentinization of the mantle. In a late

Figure 16. Simplified model for the generation of the Early Cretaceous Caribbean island-arc based on the model of Stern et al. (2012)
and adapted from Escuder-Viruete et al. (2014), and tectonomagmatic evolution of the La Tinta serpentinitic mélange. (a) Subduction
initiated in the Pacific realm, perhaps along a pre-existing weak zone, a collapsed transform, in the oceanic lithosphere (Pindell et al.
2012; Whattam and Stern 2015). (b) Initiation of slab subsidence and upwelling of fertile asthenospheric mantle produce forearc
basalts and related sills and dikes (represented by amphibolites from La Tinta mélange, Cuba). (c) The interaction with slab-derived
fluids/melts allows the residual depleted mantle to produce boninitic melts and related boninitic rocks. (d) Slab rollback slows and
causes flow of a fertile mantle, which interacts with slab-derived fluids/melts to produce normal IAT. The hydration in forearc
position produces the low-pressure metamorphism of basic sills and dikes, and serpentinization of ultramafic rocks. (e) The final NE-
directed ophiolitic complexes obduction, emplacement, collision, and synorogenic basin development produces breaking of
metamorphosed sills and dikes embedded in the serpentinites (70–65 Ma), yielding the mélange formation.
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stage of the tectonic evolution of the region (ca. 70 Ma),
the forearc obducted onto the evolving collision wedge
triggered by the subduction of the Caribeana terrane,
resulting in a further development of the serpentinitic
mélange.
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