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 Geochemistry and early Palaeogene SHRIMP zircon ages for island
 arc granitoids of the Sierra Maestra, southeastern Cuba
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 Abstract
 The Palaeogene volcanic arc successions of the Sierra Maestra, southeastern Cuba, were intruded by calc-alkaline, low- to
 medium-K tonalites and trondhjemites during the final stages of subduction and subsequent collision of the Caribbean
 oceanic plate with the North American continental plate. U–Pb SHRIMP zircon dating of five granitoids yielded 206Pb/238U
 emplacement ages between 60.5F2.2 and 48.3F0.5 Ma. The granitoids are the result of subduction-related magmatism and
 have geochemical characteristics similar to those of magmas from intra-oceanic island-arcs such as the Izu Bonin–Mariana
 arc and the New Britain island arc, Lesser Antilles. Major and trace element patterns suggest evolution of these rocks from a
 single magmatic source. Geochemical features characterize these rocks as typical subduction-related granitoids as found
 worldwide in intra-oceanic arcs, and they probably formed through fractional crystallization of mantle-derived low- to
 medium-K basalt.
 D 2004 Elsevier B.V. All rights reserved.
 Keywords: Calc-alkaline granitoids; Cuba; Sierra Maestra; Subduction magmatism; Zircon geochronology
 1. Introduction
 Calc-alkaline, I-type plutonic rocks are common in
 many different convergent tectonic settings and
 include subduction-related magmatic suites and colli-
 0009-2541/$ - see front matter D 2004 Elsevier B.V. All rights reserved.
 doi:10.1016/j.chemgeo.2004.06.031
 * Corresponding author. Fax:+43 662 8044 621.
 E-mail address: [email protected] (Y. Rojas-Agramonte).
 sional granitoids. In modern tectonic regimes, I-type
 granitoids are mainly tonalite, trondhjemite and
 granodiorite, and these as well as chemically equiv-
 alent volcanic rocks occur in intra-oceanic island arcs
 (Whalen, 1985; Mahlburg Kay and Kay, 1994;
 Haraguchi et al., 2003) and along Andean- or
 Cordilleran-type active continental margins (Kay and
 Kay, 1993). An understanding of the petrogenesis and
 (2004) 307–324
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 age of these plutons is therefore of great significance
 in understanding the geodynamic evolution of arc
 settings.
 The Sierra Maestra mountain range of southeastern
 Cuba (Fig. 1a,b) extends for ca. 190 km E–W and is
 located to the north of the submarine Oriente Trans-
 form Fault (OTF) which is part of the North-
 Caribbean transform fault system (Fig. 1a). The
 Palaeogene Volcanic Arc (PVA) in Cuba is repre-
 sented mainly in the Sierra Maestra Mountains and
 developed mainly during Palaeocene (Thanetian) to
 middle Eocene times (Cazanas et al., 1998) on top of
 an older arc complex known as the Cretaceous
 Volcanic Arc (CVA) (Iturralde-Vinent, 1996a).
 Although the most extensive outcrops of the PVA
 are found in southeastern Cuba, magmatic rocks of the
 same age have also been described from other areas of
 Fig. 1. (a) Simplified map of the Caribbean realm. Dashed rectangle delinea
 (after Pindell and Barrett, 1990). (b) Simplified map of the Sierra Maestra
 Garcıa Delgado, 1997).
 the Caribbean such as Hispaniola, Jamaica, Puerto
 Rico, Lesser Antilles, Nicaragua Rise and Aves Ridge
 (Jackson and Smith, 1979; Case et al., 1984; Dengo
 and Case, 1990; Lewis and Draper, 1990; Iturralde-
 Vinent, 1996b; Fig. 1a).
 The southern part of the Sierra Maestra exposes
 several granitoid massifs which were intruded into
 the Palaeogene volcanic arc during the waning
 phases of arc magmatism (Fig. 1b). Previous dating
 efforts in the Sierra Maestra granitoids were sum-
 marized by Iturralde-Vinent (1996b). Most of the
 available isotopic dates have been K–Ar ages carried
 out in the ex-Soviet Union and conventional U–Pb
 zircon ages reported by Kysar et al. (1998) and
 Mattietti-Kysar (1999).
 The published data for Palaeogene granitoid suites
 of the northern Caribbean realm were compiled and
 tes Sierra Maestra mountain range (SM) in SE Cuba. SMI-St. Martin
 with granitoid massifs and sample locations (after Perez Perez and
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Fig. 2. Stratigraphic column of the Sierra Maestra (after Linares e
 al., 1985; Garcıa Delgado and Torres Silva, 1997; Mendez
 Y. Rojas-Agramonte et al. / Chemical Geology 213 (2004) 307–324 309
 summarized by Lidiak and Jolly (1996), and previous
 dating efforts in Cuba, based mainly on the K–Ar
 system, were summarized by Itturalde-Vinent et al.
 (1996). The former authors described hornblende-
 bearing granitoids from Puerto Rico (Fig. 1a),
 emplaced between 49 and 39 Ma, and normative
 minerals of these rocks plot in the fields of quartz
 diorite, tonalite, and granodiorite. These granitoids are
 medium- to coarse-grained with phenocrysts of
 plagioclase and hornblende, and the mineralogical
 composition is thus similar to those in the Sierra
 Maestra. Porphyritic tonalite intruded in the Central
 Cordillera of Hispaniola at ~50 Ma. The granitoid
 rocks in the Virgin Islands (Fig. 1a) constitute a
 medium-K suite, and Ar–Ar ages indicate emplace-
 ment between 37 and 42 Ma (Smith et al., 1998). The
 main rock types are gabbro, diorite, tonalite, trondh-
 jemite and granodiorite (Lidiak and Jolly, 1996). The
 mineralogical composition is similar to granitoids in
 Puerto Rico and the Sierra Maestra. The intrusive
 rocks on St. Martin (Fig. 1a) are mainly medium-
 grained quartz diorite stocks and plugs (Lidiak and
 Jolly, 1996). Normative compositions include tonalite,
 trondhjemite, quartz monzodiorite, granodiorite and
 granite, and K–Ar ages range from 37 to 28 Ma.
 We report new geochemical, petrographic and
 SHRIMP zircon ages data as well as field observa-
 tions for calc-alkaline tonalites and trondhjemites
 plutons of the Sierra Maestra of southeastern Cuba
 and use this information to constrain the geodynamic
 origin of the granitoid suite.
 Calderon, 1997; Remane et al., 2002). 2. Geology of the Sierra Maestra
 The main part of the Sierra Maestra mountain
 range represents a Palaeogene island arc formed
 during the Lower Palaeocene to Middle Eocene times,
 when the major magmatic activity stopped (Perez
 Perez and Garcıa Delgado, 1997). Subsequently, the
 arc was disrupted during the Neogene along strike of
 the Sierra Maestra through initiation of the Oriente
 Transform Fault. The Paleogene volcanic activity was
 limited to the eastern part of the island and is
 represented by a sequence of volcanic rocks thicker
 than 4000 m (Cazanas et al., 1998).
 The stratigraphy of the Sierra Maestra is shown
 in Fig. 2. The Sierra Maestra mountain range is
 t
 made up of two different volcanic arc successions
 (Iturralde-Vinent, 1996a) (Figs. 1b and 2). The CVA
 is represented by the Turquino Fm. (Aptian–Cen-
 omanian), consisting of subvolcanic rocks, lava
 flows, coarse-grained pyroclastic rocks, tuffogenic
 sandstones and limolites (Linares et al., 1985).
 Lying unconformably on top with a stratigraphic
 hiatus appears the Manacal Fm. (Campanian–Maas-
 trichtian), where sandstones, tuff of different size,
 conglomerates and limestones have been described
 (Kuzovkov et al., 1988).
 The PVA is represented by the El Cobre Group
 (with three undifferentiated volcanic sequences), the
 Pilon Formation with sedimentary and pyroclastic
 rocks, and the Caney Formation, characterized by
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 pyroclastic and sedimentary rocks, agglomerates and
 lava flows (Iturralde-Vinent, 1996b; Garcıa Delgado
 and Torres Silva, 1997). The lower sequence of El
 Cobre Group is characterized by lavas and pyroclastic
 and volcaniclastic rocks. The chemical composition
 varies from basalts to rhyolites. The middle sequence
 is characterized by a predominance of explosive
 volcanism; the chemical composition varies from
 west to east from andesite and andesite–basalt to
 dacite and rhyodacite. An explosive and effusive
 volcanism is typical of the upper sequence with a
 predominance of pyroclastic and volcanoclastic rocks
 and lavas. The main composition is basaltic and
 basaltic–andesite (Mendez Calderon, 1997). Recent
 studies made in the lower and middle sequence show
 a tholeitic volcanism low in K (Cazanas et al., 1998).
 Intruding the sequences of the El Cobre Group
 there are a large number of hypoabyssal bodies of
 diorite to granite composition and plutons of gabbro,
 quartz-diorite, tonalite, granodiorite and granite
 (Laznicka et al., 1970; Rodrıguez Crombet et al.,
 1997). The PVA is overlain by the Charco Redondo
 and Puerto Boniato Formations including mainly
 limestones (Middle Eocene). A few late Eocene
 volcanic layers are found in the overlying Barrancas
 Formation (Jakus, 1983; Cobiella Reguera, 1988)
 interpreted by Cobiella Reguera (1988) as a weak
 remnant volcanism developed in the Late Eocene;
 other interpretations count for an intraplate volcan-
 ism associated with the activity of the Oriente Fault
 (Iturralde-Vinent, pers. comm.; Fig. 1a). Some
 subvolcanic bodies are also cutting Camarones and
 Farallon Grande Fms. and the terrigenous San Luis
 Fm. (Lewis and Straczek, 1955; Cobiella Reguera,
 1988; Garcıa Delgado and Torres Silva, 1997). The
 coarse-grained clastic Farallon Grande Fm. (late-
 middle Eocene?) to the west and the Camarones
 Fm. (late Eocene?) to the east show significant
 surface uplift and denudation along the axis of the
 Sierra Maestra.
 3. Granitoids in the Sierra Maestra
 Granitoid intrusions of the Sierra Maestra have
 been studied by various authors with data summar-
 ized in Eguipko et al. (1984), Iturralde-Vinent
 (1996b) and Rodrıguez Crombet et al. (1997).
 These rocks define several massifs of which we
 investigated the following, from west to east:
 Turquino, Peladero, Nima-Nima and Daiquirı (Fig.
 1b). Granitoid clasts occur in the Camarones
 Conglomerate, showing that the uppermost levels
 of granitoid bodies were already under erosion
 during the late Eocene. The general mineralogical
 composition of the granitoids includes magmatic
 minerals such as amphibole, plagioclase, biotite,
 sphene, zircon, apatite, and secondary minerals such
 as chlorite and epidote.
 Three distinct magmatic associations can be
 recognized in the granitoid suite of the Sierra Maestra:
 (1) a gabbro–tonalite association; (2) a tonalite–
 granodiorite association (Eguipko et al., 1984), and
 (3) a monzodiorite association (Rodrıguez Crombet et
 al., 1997). Based on their major element composition
 these granitoids can be classified as low- to medium-
 K, calc-alkaline, I-type intrusives (Eguipko et al.,
 1984).
 Previous age dating on these plutons was mostly
 carried out in the former USSR, using the K/Ar
 method (Iturralde-Vinent, 1996b; Rodrıguez Crom-
 bet et al., 1997). These ages vary within a wide
 range from 39F4 Ma (Daiquirı Massif) to 65F16
 Ma (Turquino Massif) and even 76F4 Ma, also in
 the Daiquirı Massif. Kysar et al. (1998) and
 Mattietti-Kysar (1999) reported precise conventional
 U–Pb zircon ages from these plutons: 49.8F0.2 and
 50.2F0.1 Ma for a quartz diorite and gabbro–
 diorite, respectively, in the Daiquirı Massif. An
 andesitic dyke located structurally above the Dai-
 quirı intrusion yielded an age of 50.6F0.1 Ma,
 whereas a minimum age of 49.7F0.3 Ma was
 obtained from a dacite flow located in a similar
 structural position. A quartz diorite from the Guama
 Massif farther west provided an age of 46.9F0.1
 Ma. The oldest age of 56 Ma (no error provided)
 was found in the western Sierra Maestra in the
 Turquino Massif. From these ages Mattietti-Kysar
 (1999) described the magmatic evolution of the
 PVA to two distinct magmatic episodes, separated
 from each other by 6–10 myr.
 Kysar Mattietti et al. (2001) also reported whole-
 rock lead isotopic data for various igneous rocks of
 the PVA in the Sierra Maestra and postulated the
 existence of a single magma source from the
 homogeneous nature of these results.
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 40Ar/39Ar biotite ages yielded well-defined plateau
 ages of 50F2 (Nima-Nima Massif) and 54F4 Ma
 (Peladero Massif). These are interpreted to record
 cooling through ca. 300 8C (Rojas-Agramonte et al.,
 2002). Zircon fission track dating provided younger
 ages between 32F3 and 46F4 Ma, and are interpreted
 to reflect cooling through Ca. 250F50 8C, whereastwo apatite fission track ages of 31F10 and 44F13
 Ma indicate that cooling through ca. 110F20 8Coccurred shortly after cooling through ca. 250F50 8C(Rojas-Agramonte et al., 2002).
 4. Analytical methods
 4.1. Sampling
 Granitoids are exposed in several plutons along the
 central southern axis of the Sierra Maestra, and our
 samples were collected in the Turquino, Peladero,
 Nima-Nima and Daiquirı Massifs. The various gran-
 itoid complexes are internally relatively uniform in
 petrographic composition and mostly contain mas-
 sive, medium-grained tonalite and trondhjemite. In the
 Daiquirı Massif, tonalite is cut by both mafic and a
 few felsic dykes. Mafic enclaves of plutonic origin,
 presumably from early gabbroic phases, have been
 observed in some outcrops.
 Relatively poor outcrop conditions and tropical
 weathering only made it possible to collect a small
 number of samples from fresh exposures along roads.
 Consequently, the number of samples is limited.
 Furthermore, the Camarones Conglomerate contains
 abundant felsic medium- to fine-grained trondhjemites
 and tonalites, which are interpreted to have been
 eroded from the upper, most differentiated, parts of
 the Sierra Maestra granitoid massifs. The locations for
 samples analyzed and a summary of their mineral
 constituents are given in Table 3.
 Sample preparation. Approximately 1 kg of each
 sample was crushed to a grain size of ~250 mm using a
 jaw crusher and agate mill. About 100 g of this material
 was separated and powderized in a Siebtechnik agate
 mill for chemical analysis. From the remaining
 material a heavy mineral fraction was produced using
 a Frantz magnetic separator and heavy liquids. Zircons
 for isotopic analysis were then hand-picked during
 optical inspection under a binocular microscope.
 Major and trace element geochemistry. Major
 oxides and trace elements were determined by ICP-
 emission (Jobin Yvon 70 spectrometer) and ICP-mass
 spectrometry (Perkin Elmer 5000) respectively at the
 CNRS Centre de Recherches Petrographiques et
 Geochimiques in Vandoevre-les-Nancy, France.
 Whole-rock powder samples were fused in Pt-
 crucibles with an ultra-pure LiBO2 flux and then
 dissolved in a mixture of HNO3, H2O2 and glycerol.
 For further analytical details see Carignan et al.
 (2001). Uncertainties for most major oxides are
 b2%, for P2O5b5%; uncertainties for trace elements
 are generally b5% for high concentrations and b15%
 for low contents. Loss on ignition (LOI) was
 determined after heating to 1050 8C. The analytical
 data are shown in Table 1 which also lists the
 detection limit for each oxide or element.
 Cathodoluminescence imagery. Representative
 zircons of each sample, selected by colour and
 morphology, were mounted in epoxy resin and
 sectioned approximately in half for cathodolumines-
 cence (CL) imaging and SHRIMP analysis. CL
 imaging was performed on a JEOL JXA-8900RL
 superprobe at the University of Mainz with operating
 conditions at 15 kV accelerating voltage and 12 nA
 beam current. CL images reveal internal structures by
 showing high-U (dark) and low-U (bright) domains
 (Vavra, 1990). Some subtleness in zonation is often
 visible and is particularly useful for recognizing
 inherited cores and overgrowth patterns (e.g., Vavra,
 1990; Hanchar and Miller, 1993; Vavra et al., 1996).
 CL images of zircons from our samples show
 oscillatory zoning typical of magmatic growth with
 alternating low- and high U zones.
 U–Pb SHRIMP zircon dating. Clear, perfectly
 euhedral zircons some 100 to 250 Am in length from
 several granite samples were handpicked and mounted
 in epoxy resin together with chips of the Perth
 Consortium standard CZ3. Isotopic analyses were
 performed on the SHRIMP II ion microprobe of the
 Chinese Academy of Geological Sciences in Beijing
 whose technical specifications are identical to those of
 SHRIMP II at Perth, Australia (De Laeter and
 Kennedy, 1998). Analytical procedures are described
 in Compston et al. (1992) and Nelson (1997). Precise
 dating of young zircons by ion-microprobe is best
 achieved by using 206Pb/238U ages (see Black et al.,
 2003, for explanation), and the reduced 206Pb/238U
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Table 1
 Chemical analysis of granitoids in the Sierra Maestra as determined by ICP-MS and ICP-AES
 Sample no. CU-05 CU-10 CU-101 CU-106 SM-33 SM-35a CU-29 CU-30 CU-32 SM-46 CU-40 CU-147-B Dl in %
 Major elements (wt.%)
 SiO2 69.83 62.02 70.4 68.47 69.28 74.32 59.43 62.98 58.7 60.66 63.98 61.39 0.2
 Al2O3 14.57 16.26 14.23 14.86 15.18 14.17 17.2 16.22 17.21 15.7 16.47 16.91 0.1
 Fe2O3 3.8 6.53 3.81 4.06 3.51 1.65 7.34 6.39 8.18 7.64 5.44 6.62 0.1
 MnO 0.09 0.12 0.09 0.1 0.06 b0.3 0.08 0.11 0.15 0.17 0.12 0.2 0.03
 MgO 1.09 2.39 1.05 1.14 1.14 0.35 2.66 2.23 2.78 2.68 1.88 1.99 0.1
 CaO 3.69 6 3.68 3.97 3.45 4.64 6.71 6.14 6.92 5.84 5.16 6.17 0.1
 Na2O 3.73 3.69 3.69 3.64 3.64 3.79 3.75 3.33 3.35 3.03 3.75 3.86 0.05
 K2O 1.73 0.95 1.32 1.64 1.98 0.12 0.81 0.68 0.71 1.1 1.27 0.41 0.05
 TiO2 0.28 0.51 0.29 0.27 0.23 0.22 0.59 0.51 0.62 0.55 0.38 0.38 0.05
 P2O5 0.08 0.15 0.07 0.08 b0.05 b0.05 0.08 0.1 0.13 0.11 0.15 0.2 0.05
 LOI 0.93 1.23 1.13 2 1.58 0.51 1.17 1.13 1.07 2.35 1.24 1.7
 Total 99.82 99.85 99.82 100.23 100.05 99.77 99.82 99.82 99.82 99.83 99.84 99.83
 Trace elements (ppm)
 Cs 0.67 0.22 0.23 1.58 0.68 b0.2 0.45 0.31 0.68 0.83 0.34 0.42 0.20
 Rb 36.8 12.2 16.5 38.6 39.2 1.19 24.6 15.6 21.9 30.0 28.5 8.24 0.60
 Ba 460 406 412 492 530 130 249 282 234 357 433 245 2
 Th 2.02 1.89 1.79 1.70 1.92 2.52 2.49 1.79 0.79 1.53 6.26 2.65 0.05
 U 1.06 0.95 0.87 1.14 0.94 1.43 1.16 0.99 0.58 0.76 2.71 2.25 0.05
 Nb 1.14 1.80 1.14 1.07 0.94 1.04 1.87 1.16 1.19 1.56 2.31 1.91 0.10
 Ta 0.13 0.14 0.12 0.13 0.12 0.14 0.16 0.12 0.11 0.14 0.15 0.12 0.02
 Sr 206 326 201 198 190 302 229 250 264 241 387 451 2
 Hf 1.92 3.16 2.48 2.72 2.35 3.55 3.94 2.71 2.19 2.94 2.80 2.74 0.04
 Zr 71.7 124.3 92.8 95.1 82.9 125.4 152.4 113.4 81.4 112.7 116.2 122.5 1.0
 Tb 0.274 0.666 0.317 0.270 0.218 0.250 0.840 0.231 0.587 0.503 0.408 0.365 0.01
 Y 13.0 28.1 14.3 12.8 10.2 13.1 34.6 12.0 28.7 24.1 16.5 14.0 0.1
 REE elements (ppm)
 La 6.50 9.45 5.03 3.47 4.76 5.55 8.58 5.79 5.15 5.94 16.83 11.12 0.04
 Ce 15.7 23.0 12.1 8.2 10.1 11.7 22.2 13.5 13.6 15.3 33.9 23.2 0.09
 Pr 1.64 3.22 1.52 1.16 1.29 1.45 3.28 1.59 2.09 2.01 3.62 2.88 0.04
 Nd 6.85 14.85 6.66 5.36 5.10 5.89 15.76 6.49 10.40 9.33 14.21 12.42 0.30
 Sm 1.65 3.89 1.75 1.47 1.23 1.33 4.83 1.38 3.03 2.65 2.82 2.42 0.03
 Eu 0.649 1.084 0.658 0.569 0.483 0.577 1.035 0.652 1.012 0.805 0.954 1.085 0.01
 Gd 1.70 4.02 1.92 1.63 1.32 1.43 5.06 1.42 3.54 3.00 2.59 2.53 0.03
 Tb 0.274 0.666 0.317 0.270 0.218 0.250 0.840 0.231 0.587 0.503 0.408 0.365 0.01
 Dy 1.82 4.29 2.13 1.75 1.47 1.72 5.33 1.57 3.96 3.30 2.46 2.32 0.02
 Ho 0.411 0.972 0.476 0.404 0.333 0.409 1.207 0.353 0.888 0.742 0.530 0.455 0.01
 Er 1.21 2.73 1.41 1.19 1.00 1.33 3.45 1.04 2.57 2.17 1.53 1.39 0.01
 Tm 0.215 0.461 0.244 0.200 0.169 0.228 0.567 0.196 0.420 0.373 0.260 0.225 0.005
 Yb 1.52 2.95 1.77 1.53 1.39 1.83 3.90 1.41 2.83 2.56 1.78 1.52 0.005
 Lu 0.180 0.494 0.295 0.257 0.229 0.336 0.579 0.250 0.457 0.432 0.295 0.261 0.005
 Dl=detection limit.
 Y. Rojas-Agramonte et al. / Chemical Geology 213 (2004) 307–324312
 ratios were normalized to the Perth and Canberra
 standards CZ3 (206Pb/238U=0.09432; age: 564 Ma)
 and SL 13 (206Pb/238U=0.0928; age: 572 Ma). The
 Canberra standard TEMORA (417 Ma; Black et al.,
 2003) was used for internal monitoring and yielded an
 age of 417.2F3.3 Ma, resulting in uncertainties in the
 ratio Pb*/U during analysis of all standard zircons of
 0.79%. Primary beam intensity was about 3.8 nA, and
 a Kfhler aperture of 100 Am diameter was used, giving
 a slightly elliptical spot size of about 25 Am. Peak
 resolution was about 5000, enabling clear separation
 of the 208Pb peak from the nearby HfO2 peak.
 Sensitivity was about 23 cps/ppm/nA Pb on the
 standards. Analyses of samples and standards were
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CU-49 CU-60 CU-148 CU-156 Dl in % 111-A 111-B 111-C 111-D 111-E 111-F 111-G 111-I Dl in %
 73.41 71.71 73.39 72.27 0.2 76.16 65.55 74.31 76.9 75.82 74.81 65.91 76.02 0.2
 13.3 13.93 13.84 13.73 0.1 12.79 15.15 13.49 12.42 13.6 13.37 15.45 12.9 0.1
 13.3 13.93 13.84 13.73 0.1 12.79 15.15 13.49 12.42 13.6 13.37 15.45 12.9 0.1
 2.89 3.46 2.09 3.21 0.1 1.88 4.15 2.28 1.36 1.18 2.08 4.72 1.6 0.1
 0.04 0.07 0.03 0.05 0.03 b0.03 0.09 0.05 b0.03 b0.03 0.04 0.11 b0.03 0.03
 0.32 0.59 0.45 0.67 0.1 0.32 1.24 0.5 0.39 0.21 0.54 1.56 0.53 0.1
 2.19 2.8 2.36 2.07 0.1 2.38 7.57 2.34 1.19 4.86 2 6.25 0.82 0.1
 4.16 4.39 4.16 5.06 0.05 4.82 2.31 5.14 5.43 2.92 5.34 4.11 6.06 0.05
 1.95 1.43 1.96 0.65 0.05 0.13 0.31 0.21 0.49 0.09 0.14 0.09 0.27 0.05
 0.19 0.25 0.18 0.23 0.05 0.15 0.41 0.25 0.19 0.14 0.25 0.53 0.22 0.05
 0.06 0.07 0.06 0.07 0.05 0.05 0.12 0.08 0.05 b0.05 0.07 0.13 0.06 0.05
 1.3 1.11 1.31 1.77 1.09 2.9 1.13 1.33 0.92 1.16 1.62 1.3
 99.81 99.81 99.83 99.78 99.77 99.80 99.78 99.75 99.74 99.80 100.48 99.78
 Dl in ppm
 0.3025 b0.2 0.349 0.2773 0.20 b0.2 b0.2 b0.2 b0.2 b0.2 b0.2 b0.2 b0.2 0.20
 39.5 27.4 46.2 16.6 0.60 1.12 4.22 2.40 6.24 1.16 1.32 1.48 3.80 0.60
 485 409 604 113 2 134 126 184 136 41.4 173 47.4 157 2
 4.04 2.57 3.79 3.44 0.05 1.55 1.93 2.11 1.93 1.17 2.63 1.45 1.98 0.05
 2.09 1.80 1.30 1.98 0.05 0.51 0.57 0.74 0.55 0.39 0.82 0.44 0.76 0.05
 2.83 2.49 1.86 2.82 0.10 2.48 2.47 2.25 1.92 2.06 3.85 2.00 2.44 0.10
 0.24 0.23 0.20 0.21 0.02 0.26 0.26 0.26 0.20 0.25 0.35 0.18 0.27 0.02
 132 164 195 145 2 146 321 165 89.7 269 169 262 107 2
 4.09 4.26 3.37 4.58 0.04 4.73 3.31 4.61 3.76 3.88 4.85 3.16 4.70 0.04
 143 164 116 168 1.0 151 117 171 140 130 182 117 176 1.0
 0.717 0.589 0.314 0.636 0.01 1.118 0.559 0.504 0.503 0.709 0.778 0.535 0.48 0.01
 32.0 26.5 14.8 31.5 0.1 47.7 24.0 22.8 20.0 28.9 34.4 21.4 21.5 0.1
 15.34 8.62 11.18 12.31 0.04 15.5 11.5 12.8 12.4 12.6 18.7 8.8 12.6 0.04
 33.87 20.58 22.44 28.69 0.09 42.5 27.5 30.1 27.1 33.8 43.4 26.2 30.5 0.09
 4.25 2.58 2.62 3.53 0.04 6.19 3.43 3.65 3.47 4.53 5.41 2.81 3.53 0.04
 17.12 11.47 9.55 14.95 0.30 25.50 14.55 14.70 13.90 18.94 22.81 12.74 14.07 0.30
 4.01 3.03 1.80 3.58 0.03 6.32 3.46 3.70 3.03 4.37 4.90 3.21 3.06 0.03
 0.745 0.950 0.669 0.914 0.01 0.798 1.035 0.774 0.775 1.181 1.021 1.051 0.821 0.01
 4.45 3.27 1.85 3.79 0.03 6.46 3.41 3.10 2.91 4.16 4.72 3.37 2.87 0.03
 0.717 0.589 0.314 0.636 0.01 1.118 0.559 0.504 0.503 0.709 0.778 0.535 0.48 0.01
 4.80 3.89 2.05 4.23 0.02 7.25 3.62 3.22 3.10 4.35 4.82 3.23 3.03 0.02
 1.047 0.873 0.473 0.950 0.01 1.569 0.788 0.721 0.667 0.951 1.077 0.713 0.664 0.01
 3.01 2.54 1.34 2.80 0.01 4.41 2.25 2.11 2.00 2.71 3.17 2.12 1.97 0.01
 0.54 0.457 0.238 0.473 0.005 0.798 0.389 0.368 0.314 0.443 0.544 0.335 0.341 0.005
 3.78 3.14 1.67 3.40 0.005 5.25 2.72 2.68 2.38 3.24 3.85 2.47 2.50 0.005
 0.598 0.517 0.279 0.540 0.005 0.843 0.456 0.455 0.39 0.557 0.641 0.412 0.431 0.005
 Y. Rojas-Agramonte et al. / Chemical Geology 213 (2004) 307–324 313
 alternated to allow assessment of Pb+/U+ discrimina-
 tion. Raw data reduction followed the method
 described by Nelson (1997). Common-Pb corrections
 have been applied using the 204Pb-correction method.
 Some samples had very low counts on 204Pb, and in
 these cases it was assumed that common lead is
 surface-related (Kinny, 1986) and the isotopic compo-
 sition of Broken Hill lead was used. Higher common
 Pb in the other samples was corrected using the
 method of Cumming and Richards (1975). The
 analytical data are presented in Table 2. Errors on
 individual analyses are given at the 1�s level and are
 based on counting statistics and include the uncertainty
 in the standard U/Pb age (Nelson, 1997). Errors for
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Table 2
 SHRIMP II analytical data for spot analyses of single zircons from granitoids in the Sierra Maestra, southeastern Cuba
 Sample no. U (ppm) Th (ppm) 206Pb/204Pb 208Pb/206Pb 207Pb/206Pb 206Pb/238U 207Pb/235U 206Pb/238U
 ageF1r
 Cu 5-1.1 238 55 94 0.0927F2230 0.0475F901 0.0069F7 0.0450F860 44F5
 Cu 5-2.1 269 51 82 0.1055F1954 0.0540F791 0.0076F7 0.0568F841 49F5
 Cu 5-3.1 488 185 1166 0.1288F96 0.0533F39 0.0494F5 0.3629F272 311F3
 Cu 5-4.1 975 215 352 0.1300F255 0.0871F104 0.0079F1 0.0950F116 51F1
 Cu 5-5-1 363 127 219 0.2546F577 0.0883F231 0.0075F2 0.0917F245 48F1
 Cu 29-1.1 1686 693 1547 0.1545F96 0.0616F38 0.0078F1 0.0664F43 50F1
 Cu 29-2.1 888 292 1824 0.2069F114 0.0605F43 0.0079F1 0.0657F49 51F1
 Cu 29-3.1 1449 581 4546 0.1928F78 0.0676F30 0.0079F1 0.0739F35 51F1
 Cu 29-4.1 273 88 392 0.3290F497 0.0634F193 0.0079F2 0.0689F213 51F1
 Cu 29-5.1 441 141 1171 0.2630F217 0.0625F83 0.0079F1 0.0677F92 50F1
 Cu 29-6.1 1209 353 3215 0.1283F72 0.0565F29 0.0078F1 0.0608F33 50F1
 Cu 29-7.1 1247 358 5068 0.1389F56 0.0559F22 0.0080F1 0.0616F26 51F1
 Cu 29-8.1 747 199 1083 0.1252F137 0.0589F55 0.0078F1 0.0635F61 50F1
 Cu 30-1.1 643 181 3574 0.1633F98 0.0719F39 0.0077F1 0.0764F43 49F1
 Cu 30-2.1 725 274 1814 0.1825F110 0.0648F43 0.0078F1 0.0699F48 50F1
 Cu 30-3.1 260 62 927 0.2590F329 0.0677F128 0.0079F2 0.0741F143 51F1
 Cu 30-4.1 182 43 2099 0.4810F386 0.0729F138 0.0079F2 0.0791F152 51F1
 Cu 30-5.1 479 114 2484 0.1921F132 0.0658F51 0.0077F1 0.0702F56 50F1
 Cu 30-6.1 197 46 1934 0.3603F248 0.0663F89 0.0078F1 0.0715F98 50F1
 Cu 30-7.1 219 53 1244 0.3487F264 0.0603F96 0.0079F1 0.0655F107 51F1
 Cu 30-8.1 358 89 1324 0.1855F198 0.0550F78 0.0078F1 0.0591F85 50F1
 Cu 49-1.1 3870 1776 647 0.1018F235 0.0539F95 0.0095F1 0.0706F126 61F1
 Cu 49-2.1 3030 2218 300 0.1797F439 0.0568F177 0.0092F2 0.0721F227 59F1
 Cu 49-3.1 3009 1610 343 0.0997F453 0.0487F183 0.0093F2 0.0622F237 60F1
 Cu 60-1.1 985 305 11493 0.1494F64 0.0421F24 0.0087F1 0.0503F30 56F1
 Cu 60-1.2 720 211 662 0.0937F162 0.0572F66 0.0087F1 0.0684F80 56F1
 Cu 60-2.1 194 56 338 0.1528F461 0.0425F185 0.0084F2 0.0492F216 54F1
 Cu 60-3.1 923 279 1662 0.1168F108 0.0590F44 0.0087F1 0.0712F54 56F1
 Cu 60-4.1 1356 491 1480 0.1192F82 0.0578F33 0.0084F1 0.0672F40 54F1
 Cu 60-5.1 333 89 375 0.1153F333 0.0527F134 0.0087F2 0.0632F163 56F1
 Cu 60-6.1 290 22 395 0.2906F448 0.0572F172 0.0086F2 0.0681F208 55F1
 Cu 60-7.1 683 202 1651 0.1335F75 0.0517F29 0.0087F1 0.0624F37 56F1
 Cu 60-8.1 193 34 516 0.2729F281 0.0522F106 0.0084F1 0.0607F125 54F1
 Cu 147B-1.1 1297 169 1137 0.0284F87 0.0453F37 0.0076F1 0.0474F39 49F1
 Cu 147B-2.1 1966 313 2617 0.0527F52 0.0498F22 0.0075F1 0.0515F24 48F1
 Cu 147B-3.1 1060 188 293 0.0701F189 0.0517F78 0.0076F1 0.0541F83 49F1
 Cu 147B-4.1 745 163 1186 0.0688F124 0.0520F52 0.0075F1 0.0540F55 48F1
 Cu 147B-5.1 816 178 996 0.0710F112 0.0500F47 0.0075F1 0.0516F49 48F1
 Cu 147B-6.1 720 140 1909 0.0471F85 0.0528F37 0.0074F1 0.0540F38 48F1
 Cu 147B-6.2 666 120 1630 0.0609F128 0.0528F54 0.0075F1 0.0546F57 48F1
 Y. Rojas-Agramonte et al. / Chemical Geology 213 (2004) 307–324314
 pooled analyses are at 2�s or 95% confidence
 interval.
 5. Petrography and geochemistry
 In thin section all granitoids have a well-preserved
 igneous texture and consist predominantly of well-
 zoned and twinned plagioclase (Fig. 3) and undulous
 quartz with variable proportions of hornblende and/or
 biotite. Plagioclase generally has a euhedral to sub-
 hedral calcic core and anhedral more sodic overgrowth
 rims. Minor to moderate sericitization of plagioclase is
 ubiquitous; hornblende is variously altered to biotite
 and/or chlorite, and formation of secondary epidote is
 minor to moderate (Table 3). In summary, the petro-
 graphic features are identical to those described by
 Rodrıguez Crombet et al. (1997).
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Fig. 3. Photomicrograph of fresh tonalite samples CU-32 (a,b) and CU-101 (c,d) showing zoned and twinned plagioclase.
 Y. Rojas-Agramonte et al. / Chemical Geology 213 (2004) 307–324 315
 5.1. Major and trace elements
 Although some of the analyzed samples show
 variable effects of alteration, this is not pronounced
 and is not evident in the chemical data. In
 particular, the trace elements show systematic
 patterns reflecting petrogenetic processes, although
 we cannot rule out that some of the variations in
 K2O, Na2O, Ba, Rb and Sr may be due to minor
 post-crystallization changes. All analyzed granitoids
 of the Sierra Maestra are similar in major element
 composition to the analyses reported by Rodrıguez
 Crombet et al. (1997) and plot in the fields of
 tonalite or trondhjemite in the An–Ab–Or diagram
 (Barker, 1979), whereas pebbles from the Camar-
 ones Conglomerate are predominantly trondhjemitic
 in composition. The calc-alkaline nature of the
 southern Sierra Maestra granitoids is well displayed
 in the AFM diagram (Fig. 4a), and the Na2O- and
 K2O contents clearly identify these rocks as I-type
 granitoids (Hine et al., 1978). SiO2 contents range
 from 59 to 73 wt.%, whereas the granitoid pebbles
 from the Camarones Formation show two distinct
 groups with 65–66% and 74–77%. The individual
 granitoid massifs seem to be characterized by
 distinct SiO2 ranges, which is highest in the
 Turquino Massif and lowest in the Nima-Nima
 Massif. This is in reverse to the ages as the
 Turquino granitoids are the oldest (see below).
 There is no systematic difference in SiO2 content
 between rocks containing hornblende or hornblen-
 de+biotite. Harker diagrams (Fig. 5) show a positive
 correlation of most major oxides, suggesting a
 possible common parental magma as already pro-
 posed by Kysar Mattietti et al. (2001). Only the
 Camarones pebbles show some deviating patterns
 suggesting either significant fractionation or a
 different magma source. SiO2 plotted against
 (Na2O+K2O) displays the subalkaline nature, and
 SiO2 plotted against K2O exhibits the low to
 medium-K character (Fig. 4b), typical of intra-
 oceanic island-arc plutonic rocks, also known as
 M-type granites (Pitcher, 1983) such as in Puerto
 Rico, Virgin Island (Lidiak and Jolly, 1996),
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Table 3
 Petrographic characteristics of granotoids from the Sierra Maestra
 Sample no. Coordinates Litho-tectonic unit Mineral content Alteration
 Latitude Longitude
 CU-5 N-195721 W-754043 Daiquirı Massif Well-zoned and
 twinned plag, undulous qtz,
 bio, hbl, minor K-fsp
 Plag slightly sericitized,
 hbl partly altered to biotite
 CU-10 N-195941 W-754139 Daiquirı Massif Well-zoned and twinned
 plag, undulous qtz, hbl,
 bio, minor K-fsp
 Plag slightly sericitized,
 hbl partly altered into
 chlorite and/or biotite
 CU-101 N-1957154 W-7540572 Daiquirı Massif Fresh, well-zoned and
 twinned plag, undulous
 qtz, hbl, minor K-fsp
 Minor sericitization of plag,
 minor alteration of hbl to
 epidote
 SM-35a N-195630 W-754044 Daiquirı Massif Fresh, well-zoned and
 twinned plag, undulous qtz,
 minor hbl
 Hbl partly epidotized
 CU-29 N-195749 W-755920 Nima Nima massif Strongly zoned plag,
 undulous qtz, hbl, bio
 Plag partly seriticized,
 hbl altered to biotite
 and chlorite
 CU-30 N-195746 W-754711 Nima Nima Massif Zoned plag, undulous qtz, hbl Plag extensively seriticized,
 hbl. Strongly altered to epidote
 CU-32 N-195801 W-755656 Nima Nima Massif Fresh zoned and twinned
 plag, slightly undulous qtz, hbl
 Hbl extensively altered
 to epidote
 SM-46 N-195650 W-754520 Nima Nima Massif Twinned plag, qtz, hbl,
 minor bio
 Plag extensively seriticized,
 hbl partly altered to biotite
 CU-40 N-195647 W-76431.6 Peladero Massif Partly zoned plag, strongly
 undulous qtz, hbl, bio
 Plag partly to strongly
 seriticized
 CU-147B-01 N-1958211 W-7641010 Peladero Massif Zoned and twinned plag,
 undulous qtz, hbl, bio
 Hbl extensively altered
 to chlorite
 CU-49 N-195602 W-764940 Turquino Massif Twinned plag, undulous qtz,
 bio
 Plag extensively seriticized,
 bio extensively chroritized
 CU-60 N-195610 W-761511 Turquino Massif Zoned and twinned plag,
 undulous qtz, bio
 Plag strongly seriticized,
 biotite extensively chroritized,
 secondary epidote
 CU-156-01 N-1956119 W-7650155 Turquino Massif Twinned plag, slightly
 Undulous qtz, bio
 Plag strongly seriticized,
 secondary epidote
 CU-111A-01 N-2005595 W-7533395 Camarones conglomerate Qtz, zoned plag, minor bio Minor secondary epitote
 CU-111B-01 N-2005595 W-7533395 Camarones conglomerate Qtz, plag, epidote
 CU-111C-01 N-2005595 W-7533395 Camarones conglomerate Zoned plag, qtz Extensive chloritization
 and formation of secondary
 epidote
 CU-111D-01 N-2005595 W-7533395 Camarones conglomerate Zoned plag, undulous qtz Plag seriticized, formation
 of secondary epidote
 CU-111E-01 N-2005595 W-7533395 Camarones conglomerate Qtz, twinned plag, minor hbl Porphyritic texture fresh,
 secondary epidote
 CU-111F-01 N-2005595 W-7533395 Camarones conglomerate Zoned plag, qtz, minor bio Plag strongly seriticized,
 some secondary
 chlorite and epidote
 CU-111G-01 N-2005595 W-7533395 Camarones conglomerate Twinned plag, qtz, hbl Plag and hbl strongly
 altered to sericite and epidote
 CU-1111-01 N-2005595 W-7533395 Camarones conglomerate
 K-fsp—K-feldstar; bio—biotite; hbl—hornblende; plag—plagioclase; qtz—quartz.
 Y. Rojas-Agramonte et al. / Chemical Geology 213 (2004) 307–324316
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Fig. 4. (a) AFM diagram (Irvine and Baragar, 1971) showing calc-
 alkaline nature of Sierra Maestra granitoids. (b) K2O versus silica
 diagram showing low- to medium-K Sierra Maestra tonalites and
 trondhjemites.
 Y. Rojas-Agramonte et al. / Chemical Geology 213 (2004) 307–324 317
 Aleutians (Mahlburg Kay and Kay, 1994), the Izu-
 Bonin–Mariana arc (Kawate and Arima, 1998) and
 the New Britain island arc, Papua New Guinea
 (Whalen, 1985).
 As expected, immobile trace elements such as Nb
 and Y classify the Sierra Maestra granitoids as
 volcanic arc granites. Enrichment in highly incompat-
 ible elements (Rb, Ba, Th, U, K), slight elevation in Sr
 and depletion in Nb and Ta (Fig. 6a) are typical of
 subduction-related magmatism (Brown et al., 1984;
 Kawate and Arima, 1998). Note some depletion of
 Rb, Ba, Ta, Nb as well as light rare-earth elements
 (La, Ce, Nd) and Sr compared to primitive calcic arc
 granitoids (Brown et al., 1984) and continental arc
 suites. Although some of our Rb- and Ba values may
 not be primary due to some post-crystallization
 alteration, the general trace element distribution
 underlines the intra-oceanic origin of these rocks.
 Some of the multi-element patterns (Fig. 6a) feature
 slight to distinct negative anomalies in Sr, P and Ti
 which may partly be due to rock alteration but are
 likely to reflect plagioclase, apatite and Fe–Ti oxide
 fractionation. None of our granitoids shows distinctive
 chemical features of adakites which are characterized
 by low FeO*/MgO, high Cr, Ni, Ba, Sr and La/Yb and
 pronounced depletion in Nb (Tarney and Jones, 1994;
 Yogodzinski et al., 1995).
 Compared with primitive mantle (Sun and McDo-
 nough, 1989) rare-earth element (REE) patterns (Fig.
 6b–f) are flat to moderately enriched in LREE with
 LaN/YbN ratios slightly varying from massif to massif.
 The LaN/YbN ratio is highest in granitoids of the
 Turquino (Fig. 6b) and Peladero Massifs (Fig. 6c),
 and in pebbles of the Camarones Conglomerate (Fig.
 6f), and lowest in the Nima-Nima (Fig. 6d) and
 Daiquirı Massifs (Fig. 6e). Granitoids of the Nima-
 Nima and Daiquirı massifs show flat REE patterns. Eu
 shows no or moderate negative anomalies that tend to
 correlate with high SiO2 contents, but in some cases
 such as in the Nima-Nima and Daiquirı Massifs there
 are also slightly positive anomalies which correlate
 with high plagioclase contents such as in sample CU-
 30 (Nima-Nima Massif). The REE patterns for the
 Peladero granitoids are distinctly U-shaped (Fig. 6e),
 suggesting depletion of the middle REE due to
 fractionation of amphibole and/or apatite (Kobayashi
 and Namamura, 2001). This feature is also apparent,
 but less pronounced, in the other granitoids (Fig. 6).
 Flat REE patterns with variable slight Eu anoma-
 lies are also characteristic of basaltic to dacitic
 volcanic rocks of the Palaeocene to middle Eocene
 El Cobre Group in the Sierra Maestra (Cazanas et al.,
 1998; Mattietti-Kysar, 1999), late Cretaceous to
 Eocene volcanic and plutonic rocks of the Dominican
 Cordillera (Lewis et al., 2002), Puerto Rico and
 Lesser Antilles arc, and in the Izu-Bonin–Mariana
 arc of the West Pacific (White and Patchett, 1984;
 Kawate and Arima, 1998) and in M-type granitoids of
 the New Britain arc of Papua New Guinea (Whalen,
 1985). Rocks with flat REE patterns and no Eu
 anomaly are usually interpreted as representing
 compositions close to parental magmas, whereas
 negative Eu anomalies reflect plagioclase fractiona-
 tion, and positive Eu anomalies plagioclase accumu-
 lation. The above petrographic and geochemical
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Fig. 5. Harker diagram for granitoid rock of the PVA in the Sierra Maestra.
 Y. Rojas-Agramonte et al. / Chemical Geology 213 (2004) 307–324318
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Fig. 6. (a) Primitive mantle-normalized multi-element diagram showing field of primitive island and continental arcs (Brown et al., 1984) and
 Sierra Maestra granitoids. Legend to the right shows sample number for the different granitoids. See Table 1 for detailed analyses. (b–f)
 Chondrite-normalized REE patterns for Sierra Maestra granitoids. Normalizing values from Sun and McDonough (1989).
 Y. Rojas-Agramonte et al. / Chemical Geology 213 (2004) 307–324 319
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 features, in particular the flat to slightly enriched REE
 patterns, suggest that the Sierra Maestra granitoids
 were produced by fractional crystallization of a
 mantle-derived basaltic magma. Partial melting of
 basaltic crust from the downgoing slab is an unlikely
 mechanism since it would produce garnet and strongly
 fractionated REE patterns (Martin, 1993).
 6. Zircon geochronology
 Single zircons from five granitoid samples of the
 Sierra Maestra PVA were analyzed on SHRIMP, and
 the results are summarized in Table 2 and in the
 Concordia diagrams of Fig. 7. We present and discuss
 these ages from west to east.
 Zircons of trondhjemite sample CU-49 (Turquino
 Massif) are colourless to light yellow, long-prismatic
 and perfectly euhedral. CL imagery shows simple
 magmatic growth zoning and no older cores. Three
 spot analyses from different zircons yielded concord-
 ant results with a mean 206Pb/238U age of 60.2F2.6
 Ma (Table 2; Fig. 7a). Tonalite sample CU-60 from
 the same massif and of similar composition also
 contains clear, euhedral zircons of which eight spot
 analyses (Table 2) provided a mean 206Pb/238U age of
 55.4F0.7 Ma (Fig. 7b) which is identical to a
 conventional U–Pb zircon age of 56 Ma (no error
 given) for a Turquino granitoid reported by Mattietti-
 Kysar (1999). These are the oldest ages of our
 granitoid suites documenting Palaeocene plutonic
 activity of the PVA during deposition of the El Cobre
 Group volcanic and sedimentary rocks.
 Tonalite sample CU-147B of the Peladero Massif
 also contains a homogeneous population of clear,
 euhedral zircons of magmatic origin, and seven spot
 analyses (Table 2) define a precise 206Pb/238U age
 of 48.2F0.4 Ma (Fig. 7c), probably defining the
 termination of plutonic activity during deposition of
 the Caney Formation in the early middle Eocene.
 Two tonalite samples were dated from the Nima-
 Nima Massif SWof Santiago de Cuba. The zircons are
 again clear, transparent and idiomorphic with charac-
 teristic magmatic growth patterns as seen in CL images.
 Eight spot analyses of zircons from sample CU-29
 (Table 2) define a precise 206Pb/238U age of 50.5F0.5
 Ma (Fig. 7d), identical to the age of 50.1F0.5 Ma for
 six grains of sample CU-30 (Table 2; Fig. 7e).
 Finally, we analyzed zircons from tonalite sample
 CU-5 of the Daiquirı Massif exposed SE of Santiago
 de Cuba. These zircons are exceptionally clear,
 colourless to light yellow and perfectly euhedral with
 well-developed magmatic oscillatory zoning. Analysis
 of five grains (Table 2) yielded a combined mean206Pb/238U age of 50.1F0.5 Ma (Fig. 7f), which is
 identical to conventional U–Pb zircon ages of
 49.8F0.3 and 50.2F0.1 Ma reported by Kysar et al.
 (1998). Interestingly, one additional grain of identical
 morphology and internal structure produced a much
 higher concordant 206Pb/238U age of 310.8F3.4 Ma
 (Table 2). We do not exclude the possibility that this
 grain is exotic and may reflect laboratory contami-
 nation during sample preparation, but the morpho-
 logical similarity of this zircon grain with respect to
 the others argues against this interpretation. If the
 ~311 Ma zircon is indeed from sample Cu-5 then the
 source region of this granite contains late Carbon-
 iferous crustal material and the PVA may then not be
 entirely intra-oceanic. It may be no coincidence that
 the anomalously high K–Ar age of 76F3.8 Ma for a
 gabbro as reported by Rodrıguez Crombet et al.
 (1997) also comes from the Daiquirı Massif, suggest-
 ing the potential presence of pre-Palaeocene crust in
 the root zone of the Sierra Maestra PVA. This matter
 requires further investigation.
 7. Conclusions and petrogenetic model
 The Palaeocene granitoids of the southern Sierra
 Maestra have tonalitic to trondhjemitic compositions
 and were emplaced 60 to 48 Ma ago during the final
 stages of arc magmatism related to southward-sub-
 duction of the North American plate beneath the
 Caribbean plate. We see no convincing evidence for
 two distinct pulses of granitoid magmatism as sug-
 gested by Mattietti-Kysar (1999). The uniform chem-
 istry and the similar zircon ages suggest a continuous
 magmatic evolution, through about 10–12 Ma, from a
 single, though not necessarily chemically homoge-
 neous, source as also supported by whole-rock Pb data
 (Kysar Mattietti et al., 2001) and normative composi-
 tions as summarized by Lidiak and Jolly (1996) for
 granitoids in Puerto Rico and the Virgin Islands.
 Geochemical features characterize these rocks as
 typical subduction-related granitoids as found world-
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Fig. 7. Concordia diagrams showing SHRIMP analyses of zircons from Sierra Maestra granitoids. Data boxes for each analysis are defined by
 standard errors in 207Pb/235U, 206Pb/238U and 207Pb/206Pb.
 Y. Rojas-Agramonte et al. / Chemical Geology 213 (2004) 307–324 321
 wide in intra-oceanic arcs, and they probably formed
 through fractional crystallization of mantle-derived
 low- to medium-K basalt. Our most silica-poor tonalite
 (sample CU-29, SiO2=59.43 wt.%), i.e. the least
 fractionated sample, is also low in K2O (0.81 wt.%).
 We speculate that fluids released from the subducted
 slab may account for slight enrichment in light ion
 lithophile elements (LILE) and induced partial melting
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Fig. 8. Model for the Palaeogene origin of granitoids in the Sierra Maestra (after Haraguchi et al., 2003).
 Y. Rojas-Agramonte et al. / Chemical Geology 213 (2004) 307–324322
 in the mantle wedge beneath the Sierra Maestra. The
 basaltic source material rose to the base of the crust in
 the evolving arc, and fractional crystallization gen-
 erated tonalitic to trondhjemitic melts which rose to
 higher crustal levels to form composite plutons (Fig.
 8). The most differentiated, uppermost parts of these
 plutons were already exposed on the surface prior to
 late Eocene and provided detritus for sediments of the
 late Eocene Camarones Formation. If our 300-Ma
 zircon is indeed a xenocryst in one of the tonalites then
 the PVA is not entirely intra-oceanic and may contain
 uppermost Carboniferous crustal material. Alterna-
 tively, this zircon could be one of those rare cases of
 old xenocrysts as found in mid-ocean ridges (Pilot et
 al., 1998).
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