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Abstract

Bimodal extrusive volcanic rocks in the northeast Greater Antilles Arc consist of two interlayered suites, including (1) a
predominantly basaltic suite, dominated by island arc basalts with small proportions of andesite, and (2) a silicic suite, similar in
composition to small volume intrusive veins of oceanic plagiogranite commonly recognized in oceanic crustal sequences. The
basaltic suite is geochemically characterized by variable enrichment in the more incompatible elements and negative chondrite-
normalized HFSE anomalies. Trace element melting and mixing models indicate the magnitude of the subducted sediment
component in Antilles arc basalts is highly variable and decreases dramatically from east to west along the arc. In the Virgin
Islands, the sediment component ranges betweenb0.5 to ∼1% in Albian rocks, and between ∼1 and 2% in succeeding
Cenomanian to Campanian strata. In comparison, sediment proportions in central Puerto Rico range between 0.5 to 1.5% in the
Albian to 2 toN4% during the Cenomanian-Campanian interval. The silicic suite, consisting predominantly of rhyolites, is
characterized by depleted Al2O3 (averageb16%), low Mg-number (molar Mg/Mg+Feb0.5), TiO2 (b1.0%), and Sr/Y (b10),
oceanic or arc-like Sr, Nd, and Pb isotope signatures, and by the presence of plagioclase. All of these features are consistent with an
anatexic origin in gabbroic sources, of both oceanic and arc-related origin, within the sub-arc basement. The abundance of silicic
lavas varies widely along the length of the arc platform. In the Virgin Islands on the east, rhyolites comprise up to 80% of Lower
Albian strata (112 to 105 Ma), and about 20% in post-Albian strata (105 to 100 Ma). Farther west, in Puerto Rico, more limited
proportions (b20%) of silicic lavas were erupted. The systematic variation of both sediment flux and abundance of crustally
derived silicic lavas are consistent with current tectonic models of Caribbean evolution involving approximately perpendicular
subduction of the Caribbean spur of the mid-Atlantic Ridge, which was located approximately midway between North and South
America until Campanian times. Within this hypothetical setting the centrally positioned Virgin Islands terrain remained
approximately fixed above the subducting ridge as the Antilles arc platform swept northeastward into the slot between the
Americas. Accordingly, heat flow in the Virgin Islands was elevated throughout the Cretaceous, giving rise to widespread crustal
melting, whereas the subducted sediment flux was limited. Conversely, toward the west in central Puerto Rico, which was
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consistently more remote from the subducting ridge, heat flow was relatively low and produced limited crustal melting, while the
sediment flux was comparatively elevated.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The Greater Antilles Island Arc (Fig. 1A), including
Cuba, Jamaica, Hispaniola, Puerto Rico, and the Virgin
Islands, preserves a continuous stratigraphic record of
bimodal subduction-related volcanism along the bound-
ary between the North American and Caribbean plates
from Early Albian to mid-Eocene time (approximately
112 to 45 Ma), a total of almost 70 my. Since temporal,
geochemical, and lithological sequences are similar in
all the islands, the Antilles platform is thought to
represent a continuous volcanic arc that formed in the
eastern Pacific or western Caribbean and subsequently
drifted eastward, over-riding a southwestern extension
of the North Atlantic basin between the Americas
(Donnelly, 1989; Pindell and Barrett, 1990).

At least two contrasting tectonic models of Antilles
evolution are currently popular (Appendix Fig. 1). In one,
theAntilles arc is regarded as an extension of the northeast-
dippingCordilleran subduction zone bounding thewestern
Americas (Mattson, 1979; Lapierre et al, 1997, 1999;
Smith et al., 1998; Kerr et al, 1999, 2003; Thompson et al.,
2003; Kerr and Tarney, 2005). During the Campanian
(∼75 Ma) the Caribbean basalt plateau, extruded (92-88
my, Hauff et al., 2000) in the eastern Pacific basin as the
plate drifted eastward over the Galapagos hot spot (Kerr et
al., 2002), intersected the Cordilleran trench (Appendix
Fig. 1A). The buoyancy of the thick basalt pile chocked off
northeast-dipping convergence, and replaced it with an
Antillian-type southwest-dipping subduction zone
(Lapierre et al., 1999; Révillon et al., 2000; Kerr et al.,
2003). In the other Antilles tectonic model (Appendix Fig.
1B), early stages of arc development also involved a brief
initial period of Cordilleran-type northeast-dipping sub-
duction (Pindell and Barrett, 1990). However, this phase is
thought to have terminated relatively early, in the Albian,
when the subduction zonewas choked off by approach of a
pre-Albian basalt plateau (Draper et al., 1996; Lewis et al.,
1999). Consequently, a new southwest-dipping subduction
zone developed along the leading northeastern edge of the
platform as it drifted northeastward into the slot between
the Americas (Donnelly, 1989; Pindell and Barrett, 1990;
Jolly et al., 1998, 2001; Kesler et al., 1990, 2005; Lewis
et al., 1999; Pindell et al., 2006; Marchesi et al., 2007).
Seafloor magnetic anomalies (Pindell et al., 2006) indicate
spreading between the Americans continued along a
southwest spur of the mid-Atlantic Ridge until Campanian
time (85-75 Ma). Pindell et al. (2006) suggested that
Antilles tectonism involved long-term subduction of the
active spur. Moreover, Pindell et al. (2006) proposed that
opening of a slab window at depth along the subducted
ridge culminated between 91 and 88Mawith emplacement
of the Caribbean Cretaceous mantle plume into the broad
supra-subduction zone region behind the volcanic arc.

Several lines of evidence regarding subduction
polarity in the Greater Antilles have emerged from
geochemical studies. For instance, Jolly et al. (2008)
reported that compositions of Jurassic Pacific chert,
represented by the Mariquita Chert in southwest Puerto
Rico (Schellekens, 1998), are characterized by depleted
incompatible element abundances (over an order of
magnitude lower than equivalent Atlantic Cregateous
pelagic sediment [Jolly et al., 2006]), and by slightly
positive chondrite-normalized Nb-anomalies resembling
oceanic basalt, inconsistent with compositions of arc
volcanic rocks from central Puerto. Instead deep negative
normalizedNb anomalies in these rocks resembleAtlantic
Cretaceous pelagic sediment. Pb-isotope data fromLower
Albian arc strata in southeast Cuba (Marchesi et al., 2007),
which indicate that the sediment component was derived
in part from continental material dating from approxi-
mately 500Ma, are in accord with this interpretation. The
ages are similar to those reported in the North American
basement and are unlikely to represent material derived
from the open Pacific chert-bearing basin on the south-
west flank of the arc, and instead are consistent with
subduction of the adjacent Atlantic basin located on the
northeast flank. In central Puerto Rico, quantitative
melting and sediment mixing models (Jolly et al.,
2008), indicate subducted sediments consisted domi-
nantly of biogenic clay, carbonate, and continental
sediment, all of which indicate long-term southwest-
dipping subduction of the restricted Atlantic basin.
Finally, Jolly et al. (2007), have shown that anomalously
low Zr/Sm, and high La/Nb andNb/Zr ratios in Caribbean
plateau basalts, compared with representatives from
the central Caribbean region and Columbia (Kerr et
al., 2002), are consistent with the presence of up to
0.5% pelagic sediment. The compositions reflect a supra-
subduction zone component of Atlantic origin, and



Fig. 1. (A) Map of the northern Caribbean plate boundary showing microplates (bold) and tectonic features (modified from Jansma et al., 2000). AFZ,
Anegada fault zone; AI. Aves Island, BP, Bahamas Platform; BR, Beata Ridge; CT, Cayman Trough Spreading Center; EH, Hispaniola microplate;
EPGF, Enriquillo-Plantain Garden Fault; GP, Gonaive microplate; HISP., Hispaniola; HR, Hess Rise; J, Jamaica; LAT, Lesser Antilles Trench; MR,
Mona Rift; LMT, LosMuertos Trench; NHDB, north Hispaniola deformed belt; OF, Orients Fault; PRT, Puerto Rico Trench; PRVI, Puerto Rico-Virgin
Islandsmicroplate; SITF, Swan Is. Transform Fault; SF, Septentrional Fault;WF,Walton Fault. NorthAmerican vector (relative to a static Caribbean) is
from Jansma et al. (2000). (B) Bathymetry and neotectonic elements of the northeast Antilles: NPRSFZ, Northern Puerto Rico Slope fracture zone;
SPRSFZ, Southern Puerto Rico Slope fracture zone [western (W), central (C) and eastern (E) segments are denoted]; MB, Mona block; SPRFZ and
NPRFZ, Southern andNorthern Puerto Rico Fracture Zones; PRVI, Puerto Rico- Virgin Islandsmicroplate; EH, easternHispañiolamicroplate; ID, Isla
Desecheo; CUL, Culebra Is; AFZ, Anegada fault zone. GPS vectors (all to scale) from Jansma et al. (2000); PRVI, Puerto Rico-Virgin Islands
microplate; SDR, southern Dominican Republic south of LMT, which is attached to the Caribbean Plate. Puerto Rico is subdivided bymajor left-lateral
strike-slip fracture zones into western (WPR) central (CPR) and northeastern (NEPR) tectonic blocks. Solid teeth on thrusts represent magmatic arcs;
open teeth, non-volcanic subduction zones; hatchers, gravity collapse. Bathymetry compiled from van Gestel et al., (1998) and Mauffret and Jany
(1990). Active volcanoes in the Lesser Antilles include: 1) Saba; 2) St. Eustatius; 3&4) St. Kitts; 5) Nevis; 6) Montserrat; 7) Guadalupe.
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because these lavas were erupted during Turonian-
Santonian times, are consistent with south-dipping
subduction in the older LowerAlbian to TuronianAntilles
arc fringing the Caribbean basin.

The principal goal of this study is to provide further
geochemical constraints on Cretaceous tectonism in the
northeast Antilles by extending the island arc basalt-
sediment trace element mixing models of Jolly et al.
(2008), eastward from central Puerto Rico into adjacent
terrains, including northeast Puerto Rico and the Virgin
Islands. Together these three arc sectors represent a
length along the original arc of approximately 450 km,
and therefore provide insight into lateral variations in
sediment flux. An additional aim is to investigate the
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distribution and petrogenesis of predominantly dacitic to
rhyolitic end-members of the silicic suite comprising
the bimodal arc assemblage in the northeast Antilles.
To accomplish these objectives, a total of almost 400
analyses, including 200 new major and trace element
analyses, together with new Sr, Nd, and Pb isotope data
from selected samples, are investigated.

2. Geological setting

The Puerto Rico-Virgin Islands microplate (PRVI) of
Jansma et al. (2000) is located at the northeastern end of
the ancient Greater Antilles island arc platform, and
occupies the broad zone between the diffuse Puerto Rico
Trench on the north and LosMuertos Trench on the south,
extending eastward from Mona Passage to the Anegada
Fault Zone (Fig. 1A and B). Puerto Rico is dominated by
an arched and deeply eroded volcanic core ringed bymid-
Oligocene to Pliocene shallow marine and terrestrial
trough sediments (Larue and Ryan, 1998; Montgomery,
1998). The core consists of two tectonic terrains separated
by the northwest-trending Greater Southern Puerto Rico
Fracture Zone (GSPRFZ, Fig. 1B; Glover, 1971), one
occupying the eastern two-thirds of the island (Bawiec,
2000; Schellekens, 1991, 1998; Jolly et al., 1998), and
another in the southwest third. Stratigraphic relations
between the terrains are obscured by the fracture zone
(Dolan et al., 1991; Schellekens, 1998), but easterly trends
in eastern Puerto Rico are truncated by northwest trends in
the southwest, indicating independent tectonic histories.

East-trending arc volcanic strata in eastern Puerto Rico,
dating between Early Albian and mid-Eocene time (112-
45 Ma; Schellekens,1991, 1998; Jolly et al., 1998), are
subdivided by the prominent Cerro Mula Fault Zone
(Appendix Figs. 2B, 3) into two tectonic blocks, the
northeast (NEPR) and central (CPR) blocks. Neither the
pre-arc basement on which the arc developed nor initial
island arc volcanic strata are exposed in either tectonic
block. Following a long volcanic interval between 112 to
85 Ma (Albian to mid-Santonian, Jolly et al., 2006), the
northeastern and central blocks (Fig. 1B) were juxtaposed
by at least 50 km of regional left-lateral strike-slip faulting
along the CerroMula Fault Zone (Pease, 1968). Volcanism
continued in eastern Puerto Rico during the Campanian
(∼85-70 Ma; Appendix Figs. 3 and 4), but by Maas-
trichtian times extrusive activity was replaced by granitoid
plutonism (Donnelly, 1989; Lidiak and Jolly, 1996; Smith
et al., 1998). Subsequent volcanism was sporadic from
Paleocene until it ceased in mid-Eocene time (∼45 Ma).

The oldest stratigraphic unit in the conformable Virgin
Islands sequence (Fig. 1B, Appendix Fig. 2A), which is
dated by radiolarians to between latest Aptian and Late
Albian time, is the Water Island Formation (Donnelly,
1966; Rankin, 2002; Donnelly and Rogers, 1980;
Appendix Fig. 3), a bimodal unit consisting of dacite
and rhyolite lavas (80%) and subordinate basaltic lava and
breccia (20%), accompanied by swarms of high-angle
sheeted basalt dikes (Rankin, 2002). The formation grades
to successive Cenomanian to Campanian formations of
basaltic to andesitic lavas and tuffs and rhyolites. The final
magmatic event in the Virgin Islands was emplacement of
the Virgin Gorda Batholith (Helsley, 1960), which has
Late Eocene (Gradstein et al., 2004) K/Ar and 40Ar/39Ar
radiometric ages ranging between 39 and 35 Ma (Cox et
al., 1977; Vila et al., 1986; Rankin, 2002).

3. Analytical procedures

Complete major (ICP-ES) and trace element (ICP-MS)
analyses of 198 least altered samples from northeast
Puerto Rico and the Virgin Islands, ground in mullite
vessels to minimize trace element contamination and
analyzed utilizing LiBO2 fusion techniques, are listed in
Appendix Tables 1–3; unweighted average compositions
of mapped stratigraphic units and distinctive geochemical
sub-units are also included. To ensure that samples
selected are representative of the range and relative
abundance of rock types in individual units, an average of
12 samples per unit (range from 6 to 31) were analyzed.
Sr, Nd, and Pb isotope analyses, including 18 new
analyses from the Virgin Islands, are presented in Table 1.
Analytical techniques and errors are outlined in Jolly et al.
(2007). This study is restricted to major and trace element
components that are stable in the presence of chloride
brines, including high field strength elements (HFSE),
rare earth elements (REE), and Th (Pearce and Parkinson,
1993). Apart from the alkalis, major element oxides form
coherent fields when plotted against immobile elements,
such as Al2O3, indicating that measured abundances
reflect original compositions. To minimize scatter intro-
duced by hydration, data in diagrams are recalculated on
an anhydrous basis to 100%. Volcanic classes, based on
SiO2 content, are from Peccerillo and Taylor (1976).

4. Major and trace element geochemistry

4.1. Classification of the northeast Antilles island arc
assemblage

4.1.1. Basaltic suite
Compositions of Antilles island arc basalts cluster

along the boundary (Miyashiro, 1974) between the
tholeiitic and calcalkaline suites on SiO2 vs FeO⁎/MgO
diagrams (Fig. 2; total Fe calculated as FeO⁎). Tholeiitic



Fig. 2. Covariation of SiO2 and FeO⁎/MgO. A to C includes units from the Virgin Islands as follows: (A) VIWI Water Island Formation subunits 1-6
(Albian), (B) VILH Louisenjoj Fm (Cenomanian) and (C) VITU Tutu Fm, CUL Culebra andesite (Campanian). D to F includes Northeast Puerto
Rican units: (D) DG Daguao Fm, FG Figuera Lava and FGS Figuera-like sill (Lower Albian), (E) FJLT Farjado Fm lower tuff, FJ (U+L, upper &
lower) Fajardo Fm, CG Cerro Gordo Fm., TAB Tabunico Fm (Upper Albian), (F) CEL Celada Fm, INF Infierno Fm, LOM Lomas Fm, SO1 & SO2
Santa Olaya Fm (Cenomanian). G to I includes Central Puerto Rican units: (G) ABC Fms AB&C, JI Fm J andesites, J2 Fm J rhyolites (Lower Albian)
(H) TORTorrecilla Fm, PTH Pitahaya Fm, RAB Río Abajo Fm (Upper Abian); (I) Pe Perchas Fm, MEY Magueyes Fm, LT Las Tetas Fm, LL Lapa
Lava, Av Avispa Fm (Cenomanian). The calcalkaline (CA) and tholeiite (T) fields of Miyashiro (1974) and low-Fe (LFe), moderate-Fe (MFe), and
high-Fe (Hfe) fields of Arculus (2003) are indicated.
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basalts, dominating lower parts of the sequence, plot
within the high-Fe field of Arculus (2003) and have
positive slopes, reflecting ubiquitous fractional crystal-
lization of clinopyroxene+plagioclase+magnetite, all
of which are abundant as phenocrysts in the basaltic
suite. Low-Fe andesites, which become progressively
more common in upper strata, are subdivided into three
types. In the largest group, positive slopes are
significantly off-set toward higher SiO2 with respect to
high-Fe tholeiites, such that felsic end-members extend
diagonally across the calcalkaline- tholeiite boundary. A
second group has steeper positive slopes such that
siliceous end-members have slightly lower Fe, while a
third has anomalous negative slopes. In comparison, the
five silicic units have elevated silica and plot within the
low-to moderate-Fe field of Arculus (2003).
4.1.2. Silicic suite
Compositions of the Antilles silicic suite are marked

by elevated SiO2 (N65%, Fig. 2) and low MgO (b5.0%,
Appendix Fig. 5), FeO⁎/MgO (05. to 4.0%, Fig. 2),
Al2O3 (b16%, Appendix Fig. 6), Sr/Y (b10.0, Fig. 3C
and D), and La/Yb (1-3, Appendix Fig. 7C, L, and G)
compared with island arc basalts, and by slightly
enriched LREE and flat normalized HREE segments.
All these features are also characteristic of small-volume
intrusive veins with leucocratic textures commonly
reported from modern oceanic crust and ancient ophiolite
sequences (Alabaster et al., 1982; Barbieri et al., 1994;
Carmichael, 1964; Coleman and Donato, 1979; Coleman
and Peterman, 1975; Dick et al., 2002; Flagler and Spray,
1991; Floyd et al., 1998; Hopson et al., 1981; Koepke
et al., 2004, 2005, 2007; Pallister and Knight, 1981;



Fig. 3. (A & B) Covariation of SiO2 and molar Mg/[Mg+Fe]=Mg#/
100 in silicic lavas from the northeast Antilles, including two subunits
from the Water Island Fm (VIWI 3&4), and one each from the
Louisenhoj Fm (VILHC), the Fajardo Fm lower tuff (FJLT) (northeast
Puerto Rico volcanic phase II), and Formation J (central Puerto Rico
phase I). Also shown are andesite fields from the Louisenjoh Fm
(VILHB) and Fm J (J1) B. Fields of Cenozoic basalt-rhyolite suites
compared with Water Island rhyolites, see text for sources. Experi-
mental melts of wet gabbro are indicated for 900 and 940°C at
PH2O=200 MPa (Koepke et al., 2004). (C & D) Sr/Y and Y (ppm) in
Antilles (C) and Cenozoic (D) rhyolites; fields are as in A.

Fig. 4. (A) Chrondrite-normalized incompatible element patterns of
residual trondhjemites from the pre-arc MORB sequence in southwest
Puerto Rico (Jolly and Lidiak, 2006) and representative anatectic
rhyolites from the northeast Antilles compared with N-MORB.
(B) TiO2 vs SiO2 in the tholeiitic pre-arc MORB basement in southwest
Puerto Rico (Jolly et al., 2007) compared with the northeast Antilles
silicic suite; symbols as in Fig. 3A and C. Also indicated (dashed line) is
the lower limit of experimental residual melts under both anhydrous
(reducing) and hydrous (oxidizing) conditions (Koepke et al., 2007).
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Pearce et al., 1984). These rocks, grouped by Le Maitre
(1989) into an oceanic plagiogranite series, are thought to
originate throughmelting of oceanic crust near spreading-
ridges during emplacement of gabbro, or by fractional
crystallization of tholeiitic melts (Le Maitre, 1989; Dick
et al., 2002; Koepke et al., 2007). Larger concentrations of
aphanitic extrusive silicic rocks with similar composi-
tions, sometimes called plagiorhyolites (Tsvetkov, 1991;
Jolly and Lidiak, 2006, Jolly et al., 2008), comprise felsic
end-members of bimodal suites in several island arcs
(Koepke et al., 2004), including the Cascades (Gerlach et
al., 1981), Aleutians (Tsvetkov, 1991), Izu-Bonin
(Tamura and Tatsumi, 2002), and Tonga-Kermadec
(Smith et al., 2003). These rocks are thought to represent
melts generated by sub-arc crustal fusion in response to
introduction of high-temperature arc-related melts from
depth.

Two separate silicic series of crustal origin are
recognized (Malpas, 1979; Gerlach et al., 1981; Floyd
et al., 1998; Bédard, 1999; Koepke et al., 2004, 2007).
The two are difficult to distinguish on the basis of major
element criteria alone (Koepke et al., 2007), but are
broadly subdivided from normalized REE spectra into
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1) a relatively high REE, fractional crystallization-related
(residual) series (Fig. 4A) and 2) a relatively low REE,
crustal melting-related (anatectic) series. An additional
characteristic of anatectic types, including those produced
by small degrees of melting, is low TiO2 (b1%; Koepke
et al., 2007) compared with melts generated through
fractional crystallization under both anhydrous and
hydrous conditions (N1.0%, Fig. 4B). Both comparatively
low LREE (LaN=10-20; Fig. 4A) and TiO2 concentra-
tions (between 0.1 to 1%) in the Antilles silicic suite
(Fig. 4) are typical of the anatectic variety.

4.2. Chondrite-normalized incompatible element
patterns

Normalized incompatible element patterns of basalts
from the northeast Antilles have negative Nb and
moderate to slight Zr anomalies, a narrow range of YbN
(from 10 to about 20 times chondrites, Appendix Fig. 4),
and variable LREE slopes, all typical features of island
arc suites. In the Virgin Islands, early basalts (Appendix
Fig. 4B) have moderately La depleted LREE patterns
and low YbN (5 to10), whereas associated MORB-like
basalts (VIWI 3&4) have flat and relatively smooth REE
slopes, and shallow negative Nb-anomalies (Appendix
Fig. 4A). Basalts and andesites from the succeeding
Cenomanian and Campanian (Appendix Fig. 4E and F)
have progressively higher LREE slopes such that LaN
gradually increases from almost 5 in Albian to over 50
in Campanian samples. In comparison, incompatible
element concentrations in northeast Puerto Rico are
considerably higher, ranging in LaN from about 10 in the
Lower Albian (Appendix Fig. 3H) to over 70 in the Upper
Albian and Cenomanian (Appendix Fig. 4I and J).

Members of the silicic suite have low total REE
(Lab8 ppm) and relatively flat to slightly LREE-
enriched patterns with YbN similar to or slightly higher
than basalts (ranging from 10 to approximately 30). In
addition, rhyolites have negative normalized HFSE
anomalies. Jolly and Lidiak (2006) subdivided Water
Island rhyolites into two groups: (1) a high-HFSE
sediment-poor type with shallow Nb and mostly slightly
positive Zr anomalies, but deep negative Ti anomalies
(VIWI-4); (2) a low-HFSE sediment-rich type with
moderate Zr and deep Nb and Ti anomalies, moderate
negative Ce-anomalies, and slightly enriched LREE
slopes (VIWI-3).

4.3. Sr, Nd, and Pb isotope geochemistry

Basalts and rhyolitic lavas from individual units have
overlapping isotopic ratios. For example, Water Island
samples of both rock types (VIWI-1, Fig. 5) and
Louisenhoj andesites (VILH) have, with a single excep-
tion, a restricted ranges of i87Sr/86Sr (from 0.7035 to
0.7040), ɛNd (from 7 to 10), and and PbΔ8/4 (averaging
approximately-5). In general, initial Nd isotope ratios of
early lavas, including both basalts and silicic lavas,
resemble pre-arc MORB basement tholeiite basalts
(denoted LCAJ in Fig. 5; Jolly and Lidiak, 2006), but
the rocks become gradually more enriched in successive
volcanic phases. For example, ɛNd-values of early Albian
units range from about 8.5 to 6.5, while Cenomanian units
have average values of approximately 6.5 (Fig. 5 E and F).
i87Sr/86Sr (Fig. 5 C and D) broadly approach or overlap
altered unleached MORB, which has elevated radiogenic
Sr with respect to modern MORB due to seafloor
alteration (Jahn et al., 1980). Early basalts from vol-
canic phase I in central Puerto Rico (CPR I) have lowest
i87Sr/86Sr, ranging between 0.7033 and 0.7041; whereas
samples from later Cenomanian phase III (CPR III) have a
total range from 0.7035 to 0.7044. Pb isotope ratios,
following patterns similar to Nd-isotopes (Fig. 5A andB;
Table 1), are subparallel to the northern hemisphere
reference line (NHRL; Hart, 1984). 206Pb/204Pb increases
gradually from depletedMORB-like values (18.3 to 18.4)
in the Virgin Islands, to between 18.5 to 19.0 in northeast
Puerto Rico, and finally to elevated levels ranging from
18.8 to over 19.5 in central Puerto Rico, consistent with
eastward decrease in the proportion of a U-Pb-enriched
HIMU component (Hart, 1984). Superimposed on this
compositional shift are additional variations of 207Pb/204Pb
and 208Pb/204Pb, consistent with introduction of a com-
ponent with elevated radiogenic Pb.

Since PbΔ8/4-values (Table 1) represent the devia-
tion of 208Pb/204Pb from the NHRL with respect to
206Pb/204Pb (Hart, 1984), they are relatively indepen-
dent of variations in source compositions introduced by
an HIMU mantle component. Therefore PbΔ8/4-values
more closely reflect proportions of the incompatible
element-enriched component, which is inferred to have
been provided by subducted pelagic sediment. In central
Puerto Rico, values range from a low of about 20
in volcanic phase I (CPR I, Fig. 5), to a high of +20 in
phases III and IV. In comparison, samples from
northeast Puerto Rico (NEPR) cluster along the NHRL
ranging from +20 to 3.3, while those from the Virgin
Islands have the largest range, from-31 to over +40.
Although the composition of the mantle source is not
known with any degree of certainty, the low-PbΔ8/4
isotope signature of early lavas is similar to pre-volcanic
Cretaceous MORB (Jolly et al., 1998). Consequently,
basalts from volcanic phase I have a limited sediment
component, and an estimate of the proportion of



Fig. 5. Isotope geochemistry in the northeast Antilles; additional data are given in Frost and Schellekens (1991), Frost et al. (1998), and Jolly et al.
(1998). Virgin Islands units are identified as follows: Albian Water Island Fm (VIWI-1, basalt; WI-3&4, plagiorhyolites VIWI-5&6, MORB-like
basalt), Cenomanian Louisenhoj Fm (VILH), Campanian Tutu Fm (VITU) and Eocene lavas from Tortola Island (VITR). (A & B) 206Pb/204Pb,
207Pb/204Pb and 208Pb/204Pb in the northeast Antilles. Av. AKPS, average Atlantic Cretaceous pelagic sediment; VI, Virgin Islands; CPR, central
Puerto Rico; NEPR, northeast Puerto Rico block ; I, II, III, IV, volcanic phases; LCAJ, pre-arc MORB basalt from southwest Puerto Rico (Jolly and
Lidiak, 2006); Northern Hemisphere Reference Line (NHRL) from Hart (1984). (C to F) Isotope mixing between hypothetical wedge sources and
average Atlantic Cretaceous pelagic sediment (AKPS). Hyperbolic curves with mixing intervals represent results of mixing calculations. (C&D)
i87Sr/86Sr ΔPb8/4. Calculated mixing curves are consistent with mixing between the corrected source of Formation A basalts and up to 2% pelagic
sediments (AKPS), in addition to sediment present in the starting basalt (range between 0.5 and 4%). (E&F) ɛNd-ΔPb8/4. End-members include 1)
hypothetical source of sample A-5 (Jolly et al., 2001) representing the composition of the wedge plus slab-derived aqueous fluid with a minimal
sediment component; compositions of end-members are at right.
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sediment incorporated by more radiogenic Cenomanian
(volcanic phase III) lavas is obtained from a mixing line
with end-members that include 1) the inversion source
(f=0.25) of a basalt from volcanic phase I (Jolly et al.,
2001) and 2) the average AKPS composition (Fig. 5D). In
PbΔ8/4- ɛNd and PbΔ8/4- i87Sr/86Sr plots, Puerto Rican
data concentrate along themixing lines, with Cenomanian
samples localized at the 2% level, similar to levels in
modern arcs (Ellam et al., 1988). This is a minimum
estimate, since it does not include the sediment
component of the starting basalt. It is noted that variation
in the composition of either end-member has minimal
effects on mixing calculations, due to the high radiogenic
content of pelagic sediments compared with the wedge.
Virgin Islands data plot along the same mixing line with
early Water Island lavas concentrating at the low and
younger lavas the high end of the spectrum. Hence,
isotope data reflect increasing sediment proportions both



Table 1
Isotope data from the Virgin Islands and northeast Puerto Rico

Sample a Pb Rb Sr Nd Sm i87/86 i143/144 ɛNd PbΔ8/4 PbΔ7/4 m87/86 m143/144 m206/204 M207/204 M208/204 Age,
Ma

Northeast Puerto Rico
CG-444 5.0 32.9 406.1 19.5 5.1 0.703509 0.51 8.75 19.83 1.56 0.703831 0.513061 18.48 15.51 38.17 100
DG-12 13.0 2.0 423.0 5.4 1.7 0.703843 0.51 7.11 5.80 6.18 0.703863 0.512998 18.51 15.56 38.06 105
DG-14 0.0 7.0 239.0 9.0 2.7 0.703751 nd nd nd nd 0.703873 nd nd nd nd 105
FG-17 7.0 2.0 272.0 6.2 1.9 0.703760 nd nd 4.99 6.27 0.703789 nd 18.53 15.56 38.08 100
FG-7 0.0 15.0 226.0 8.4 2.6 0.703690 0.51 6.81 nd nd 0.703954 0.512981 nd nd nd 100
FJ-25 5.0 6.0 429.0 13.4 3.1 0.703832 0.51 10.33 4.12 5.46 0.703888 0.513130 18.46 15.55 37.99 100
FJ-28 22.0 17.0 350.0 16.4 3.9 0.703724 0.51 8.52 −3.33 7.61 0.703917 0.513040 18.79 15.6 38.31 100
HP-49C 0.0 21.0 401.0 11.7 2.9 0.703677 nd nd nd nd 0.703885 nd nd nd nd 100
INF-6 0.0 1.5 140.5 10.5 3.0 0.703874 nd nd nd nd 0.703914 nd nd nd nd 95
INF-7 0.0 3.3 595.6 12.8 3.9 0.704039 nd nd nd nd 0.704060 nd nd nd nd 95
SO-329A 0.0 31.5 573.8 20.0 5.2 0.703624 0.51 7.19 −1.86 4.23 0.703831 0.512982 18.83 15.57 38.37 95
SO-399 0.0 8.5 486.0 14.0 4.1 0.703987 nd nd n.d. n.d. 0.704053 nd nd nd nd 95
SO-412 0.0 2.8 239.3 11.4 3.3 0.703949 0.51 8.44 2.75 5.35 0.703993 0.513057 18.64 15.57 38.19 95

Virgin Islands
HLTR 138 5.5 13.5 369.0 8.6 2.8 0.704330 0.512889 6.28 42.43 16.65 0.704410 0.512960 18.75 15.69 38.72 55
SBTR 143 13.3 12.3 229.9 11.8 4.2 0.704863 0.512925 6.97 29.43 12.95 0.704980 0.513002 18.75 15.65 38.59 55
TUST-30 0.9 6.7 233.5 20.4 4.4 0.703909 0.513017 9.40 6.74 6.29 0.704000 0.513085 18.53 15.56 38.1 80
TUSJ91 3.9 38.9 452.1 10.7 2.8 0.704086 0.512849 6.13 16.01 5.43 0.704360 0.512932 18.77 15.58 38.48 80
TUST 73 4.1 10.6 323.0 17.0 4.3 0.704516 0.512926 7.63 17.71 12.24 0.704620 0.513006 18.88 15.66 38.63 80
TUSJ 86 2.7 14.0 323.3 7.7 2.2 0.704092 0.512841 5.96 5.54 4.67 0.704230 0.512931 18.84 15.58 38.46 80
LHSJ 93 1.2 4.3 305.6 4.8 1.4 0.703647 0.512953 8.54 15.07 2.95 0.703700 0.513063 18.63 15.54 38.00 95
LHST 51 2.0 2.0 192.8 7.9 2.0 0.704181 0.512911 7.71 15.68 7.30 0.704220 0.513006 18.69 15.59 38.38 95
WISJ 87 0.7 2.8 226.7 3.1 1.0 0.704116 0.512896 7.79 n.d. n.d. 0.704170 0.513036 nd 15.55 37.74 110
WISJ-12 1.3 0.8 177.0 5.6 1.8 0.704170 0.512829 6.49 10.98 5.33 0.704190 0.512969 18.23 15.52 37.77 110
WISJ-15 0.9 5.8 227.8 5.3 1.9 0.702273 0.512893 7.74 21.98 8.49 0.702384 0.513049 18.58 15.59 38.31 110
WISJ-16 2.0 1.9 131.6 10.1 3.1 0.704937 0.512904 7.96 11.07 2.95 0.705000 0.513038 18.63 15.54 38.04 110
WISJ-24 0.6 2.2 218.4 3.6 1.1 0.704036 0.512951 8.87 −24.60 3.71 0.704080 0.513084 18.56 15.54 37.82 110
WISJ-24B 0.6 2.2 218.4 3.6 1.1 0.703906 0.512958 9.01 31.40 2.82 0.703950 0.513091 18.55 15.53 37.74 110
WISJ-25 1.4 18.6 163.5 9.0 2.6 0.704192 0.512887 7.63 6.20 4.20 0.704690 0.513013 18.33 15.52 37.85 110
WISJ64 2.3 5.3 238.7 7.4 1.8 0.704833 0.512974 9.32 15.99 8.09 0.704930 0.513080 18.34 15.56 37.96 110
WISJ95 2.3 2.6 279.7 12.0 3.0 0.703859 0.512890 7.68 15.05 7.98 0.703900 0.512999 18.72 15.60 38.41 110
WIST-29 3.0 5.7 30.5 9.0 2.7 0.703923 0.513002 9.87 nd nd 0.704740 0.513133 nd 15.58 38.10 110

a Sample codes as in Fig. 4.
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fromeast towest along the length of the arc and fromolder
to younger strata within at any locality.

5. Petrogenesis of the Antilles silicic suite

Experimental studies, mostly at 1 atm in dry basalt
systems, reveal that anhydrous fractional crystallization
of Fe-Ti-oxide rich assemblages produces residual
oceanic plagiogranite compositions with elevated
incompatible element concentrations (Juster et al., 1989,
Thy and Lofgren, 1994; Toplis and Carroll, 1995). In
contrast, fusion of wet gabbro at crustal pressures (Baker
and Eggler, 1987; Housh and Luhr, 1991; Beard, 1995;
Koepke et al., 2004, 2005) generates both rhyolite and
higher-degree andesite. Koepke et al. (2004) produced
low-K andesite by∼15%melting at 200MPa and tempe-
ratures between 900 and 940 °C (Fig. 3B), leaving re-
sidues of plagioclase+clinopyroxene+orthopyroxene+
amphibole. Low-Ti starting material precluded Ti-Nb-
oxide phases, but Koepke et al. (2007) documented
experimental evidence of residual Ti-bearing opaque
phases in water-present fusion of peridotite at crustal
pressures, consistent with negative normalized Ti-and
Nb-anomalies.

5.1. Melting models (amphibole gabbro and amphibolite)

Crustal fusion induced by ascent of mantle-derived
melts is most likely to occur in the hydrated, relatively
high-temperature part of the lower sub-arc crust, where
widespread crustal heating is generated by ascent of
mantle melts from depth, and by emplacement of
gabbros (Floyd et al., 1998). Accordingly, crustal
anatexis models, calculated for modal equilibrium
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batch melting and partition coefficients from McKenzie
and O'Nions (1991), are evaluated for two different
types of altered basaltic crust, amphibolite and amphi-
bolite gabbro (Fig. 6A and B), respectively. An
amphibolite with MORB-like compositions from the
pre-arc basement complex in western Puerto Rico was
selected as starting composition (sample AMPH30, Jolly
and Lidiak, 2006). When cast as an amphibole gabbro
source (model 2), consisting of a 45:39:15:1 augite-
plagioclase-hornblende-magnetite mixture (Fig. 6B),
melting produces slightly depleted chondrite-normalized
REE patterns that, at between 25-50% melting, re-
semble the Antilles silicic suite. The patterns include
small negative Eu anomalies, deep negative Nb-and Ti-
anomalies, consistent with fractional crystallization of
Ti-bearing oxide phases, and slight positive Zr-anoma-
lies. An alternative amphibolite source (model 1),
representing more extensively hydrated gabbro consist-
ing of a 60:39:1 hornblende-plagioclase-magnetite
mixture (Fig. 6A), produces melts with slightly enriched
normalized LREE slopes, also overlapping the Antilles
silicic suite. Melting trajectories for models 1 and 2 on
La/Sm vs Zr/Sm and La/Nb vs Nb/Zr are illustrated in
Fig. 6C and D. Fields for the silicic suite lie off the
predicted melting paths in both plots. However, since
fields are subparallel to the melting curves and are offset
consistently toward biogenic pelagic sediments, compo-
sitions are indicative of remelting of underplated arc-
related crust.

5.2. Zr-binaries and the role of crustal contamination

Only a small proportion of units in northeast Puerto
Rico (Fig. 7, Appendix Figs. 5–8) have the moderate
positive slopes on SiO2–Zr plots expected from
fractional crystallization of basaltic melts (Fig. 7I).
Instead, slopes range from almost vertical or steeply
positive, to strongly negative. Similar variations are
observed for other major elements (Al2O3 &MgO), REE
(La&Yb), and HFSE (Nb&TiO2).When superimposed
(Appendix Fig. 9G, H), however, the diverse trends for
all elements tend to converge on the Louisenhoj andesite
Fig. 6. (A and B) Low pressure melting models 1 and 2, representing
generation of rhyolite melts through fractional fusion of an N-MORB-
like amphibole-bearing gabbroic parent (sample AMPH-30), leaving
residues of 60% hornblende, 39% plagioclase, and 1% magnetite
(amphibolite model 1) and clinopyroxene 45%, hornblende 15%,
plagioclase 39% and magnetite 1% (amphibole gabbro model 2), res-
pectively. (C&D) Covariation of La/Sm-Zr/Sm and La/Nb-Nb/Zr in
northeast Antilles silicic suite identified as follows: VIWI-3, Water
Island Fm low-HFSE suite (Virgin Island volcanic phase I); VIWI-4,
Water Island high-HSFE Suite (VI I); VILH, Louisenhoj Fm (VI II);
LTFJ, Fajardo Fm lower tuff (NEPR II); J, Formation J (CPR I).
Melting tracks for low-pressure equilibrium batch melting of N-
MORB-type amphibole gabbro (Model 2) and amphibolite (Model 1)
are also shown. The % sediment melting track is based on the field of
Atlantic Cretaceous pelagic sediments (AKPS) and is from Jolly et al.
(2006). Symbols are as follows: FM, fertile MORBMantle (Pearce and
Parkinson, 1993; Bédard, 1999); RM1 & RM2 residual MORB mantle
from 1% & 2% melt. Normal MORB (NM), enriched MORB (SM),
and ocean island basalt (OIB) are from Sun and McDonough (1989).



Fig. 7. Covariation of SiO2 and Zr in selected units from northeast Puerto Rico (NEPR, long dash); Virgin Is. (VI, solid bold), and central Puerto Rico
(CPR, short-dash). A. Water Island Fm (VIWI1-5), U. S. Virgin Is. 1 & 5, low-HFSE basalts; 2 & 6, high-HFSE basalts; 3, low-HFSE felsic suite;
4, high-HFSE felsic suite. B. Louiesnhoj Fm (VILHA-C) and Tutu Fm (VITU), U. S. and British Virgin Is. C. Daguao (DG) and Figuera (FG) Fms,
NEPRI. D. Tabanuco (TAB1-3), Upper (FJ2) and Lower (FJ1) Fajardo, and Cerro Gordo (CG) Fms, NEPR II. Celada (CEL), Hato Puerco (HP &
HP2), and Santa Olaya (SO) Fms, NEPR III. F. Fm J (J1, J2) , CPR-I, Fajardo Fm lower silicic tuff (FJLT), NEPRII. G. Composite of SiO2- Zr fields
from VI, NEPR I-III, and CPR I; solid bold, VI; dashed bold, CPR I. G. Zr vs SiO2. H. Composite of fields from contaminated units (hybrids)
indicating that vectors representing increasing SiO2 content converge on the average composition of subunit B of the Louisenhoj Fm (VILHB). Silica
enrichment vectors of units shown in Fig. 7G and a mixing grid illustrating relations between felsic and basaltic end-members are included.
I. Composite of positive fields with trends dominated by fractional crystallization primarily of clinopryoxene and plagioclase. Unit codes as in
Appendix Fig. 2.

403W.T. Jolly et al. / Lithos 103 (2008) 393–414



Fig. 8. (A- C) Covariation of Nb and Yb in northeast Antilles basalts
(SiO2b55%); data are normalized to MgO=9.0% (Pearce and
Parkinson, 1993); the melting grid is from Pearce and Parkinson
(1993). A. Virgin Islands early basalt units (Albian through
Cenomanian): VIWI, Water Island Fm; VITU, Tutu Fm. VILH,
Louisenhoj Fm; other symbols as in Appendix Fig. 2. PM represents
the primitive mantle (Sun and McDonough, 1989); FM, the fertile
MORB mantle of Pearce and Parkinson (1993) and Bédard (1999);
(Atlantic) MORB from Dosso et al. (1993); AKPS, Atlantic
Cretaceous pelagic sediment (Jolly et al., 2006. Antilles basalts
concentrate along the 25% melting contour, but most stratigraphic
units contain isolated clusters of MORB-like basalts with relatively
high Yb. Water Island basalts (VIWI) lie below the FM melting curve,
indicating a slightly depleted source composition (between RM1 and
RM2). B & C. Basalts from Puerto Rico (NEPR and CPR) have more
enriched compositions, reflecting the presence of pelagic sediment.
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field (VILHB), consistent with widespread hybridization
between basaltic and intermediate melts. Mixing grids
(Appendix Fig. 9), calculated for various combinations
of basaltic end-members and the average Louisenhoj
andesite, indicate the approximate extent of mixing.
Basaltic end-members form an arcuate array extending
from low SiO2 and Zr (b10 ppm in Water Island basalts,
VIWI-1) to slightly elevated SiO2 and Zr (between 100
and 150 ppm) in Upper Ablian (volcanic phase II) in
northeast Puerto Rico (Figs. 10D and 11A). Composi-
tions of low-Zr end-members are consistent with a
slightly depleted (RM2) source composition, while
elevated SiO2 and Zr in phase II in northeast Puerto
Rico reflect a more siliceous, incompatible element-
enriched source.

Except for representatives from the Fajardo Forma-
tion, andesites form discrete, isolated fields in SiO2 plots.
Nevertheless, normalized patterns of andesites in the
Louisenhoj Formation, for example, overlap interlayered
basalts (Appendix Fig. 4), and are only slightly more
depleted than interlayered rhyolites (Appendix Fig. 4E).
These relations are inconsistent with extensive fractional
crystallization, and indicate instead that the ande sites
may have formed by simple mixing between basaltic and
silicic magmas or by higher degree melting of a gabbroic
source. Rapp et al. (1999) and Rapp and Watson (1995)
reported that low-degree melting (5-7%) under water-
present conditions and a range of pressures produces
siliceous melts, but that K2O is diluted in higher degree
melts to produce monotonous mafic to intermediate
tonalite. Hence, the restricted range of andesite composi-
tions are consistent with an origin through higher degree
melting rather than magma mixing.

6. Petrogenesis of island arc lavas

6.1. Geochemical parameters

Melting models for three source materials are
investigated, including the mantle source (spinel
peridotite), oceanic crust in the subducting slab, and
subducted pelagic sediments (Fig. 9A and B). Spinel
lherzolite adopted in mantle melting models consists of
57.5% olivine (ol), 27.0% orthopyroxene (opx), 12.5%
clinopyroxene (cpx), and 3.0% spinel (McKenzie and
O'Nions, 1991). Amphibole is not included because it is
absent in high pressure experimental peridotite melts
under hydrous conditions (Hirose, 1997). Cpx is
inferred to disappear at constant rates after 25% melting,
opx after 40%, and Al-spinel after 80% (Pearce and
Parkinson, 1993), such that orthopyroxene is converted
to olivine during early stages of fusion.
Partition coefficients. D-values for fractional melting
and crystallization of spinel peridotite are from Pearce
and Parkinson (1993) and Bédard (1999). Values for
REE, some interpolated (Jolly et al., 2008), for
equilibrium batch melting of the slab at high pressures,
which produces an eclogite residue (cpx/gt=1, Yogod-
zinski et al., 1995), are from (Yogodzinski et al., 1995;
see also Münker et al., 2004). Green and Pearson (1987)
and Ryerson and Watson (1987) demonstrated that
experimental high-pressure hydrous basalt melts are
saturated in rutile. Hence, residual rutile (0.04%) is also
included. A large range of HFSE partition coefficients
for residual rutile have been published. An experimental
value of Drutile/Ta=44, measured in intermediate melts
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by Green and Pearson (1987), and values of 50 and 100
for Nb-Ta and Ti, representing the mid-range of published
values (Jolly et al., in press), are adopted.

Estimation of source composition and degree of
melting. The concentration of Yb in mantle basalts is
controlled mainly by the degree of fusion in a garnet-free
peridotite source, while Nb abundance is proportional to
both relative degree of incompatible element enrichment
of the source and degree of melting. Consequently,
covariation of these elements, when normalized to a
standardizedMgO content of 9% (SiO2b55%), provides
estimates of both source composition and degree of
melting in island arc settings. Using these parameters,
Pearce and Parkinson (1993) constructed a (Yb-Nb)9
melting grid from calculated spinel peridotite melting
curves and associated contours representing 40, 25, 15,
and 5% fractional melting of the mantle sources (Fig. 8).
The field of the Water Island Formation in the Virgin
Islands (Jolly et al., 2006), the most depleted unit, plots
below the melting trajectory of the fertile MORB mantle
(FM), consistent with a slightly depleted source
composition. In models presented here the source is
inferred to consist of the residue of a 2% melt of an FM-
type source (RM2; Jolly et al., 2006). Concentrations of
Nb9 increase from 0.5 to over 5 ppm between the Albian
and Campanian in Puerto Rico. There is comparatively
narrow range in Yb9 from 0.8 to 1.5 ppm, such that most
samples from all volcanic phases are concentrated in a
Fig. 9. Key to melting models: (A) high-pressure slab melting (for 1, 2, 3,
clinopyroxene, and 4% rutile (Yogodzinski et al., 1995), (B) melting of pela
consisting of 40% garnet, 40% quartz and 20% sillimanite (Tatsumi, 2001),
grid produced by fusion of wedge mixtures comprised of an RM2 source (
sediment melt (f=0.5) end-members (0.5, 1, 2, 4, 6, 8, 10%) including biog
Jolly et al., 2006) and the average upper continental crust (UCC, Plank and
compositions. Fractional crystallization vectors for plagioclase (pl), hornblen
from partition coefficients of McKenzie and O'Nions (1991).
band between the 20 and 40% melting contours, with a
few as low as 5%. An intermediate value of 25%melting
is adopted in mantle melting and sediment-source mixing
models. Although results produced by these models are
non-unique, they are reliable when utilized in conjunction
with incompatible trace element ratios because (1)
variation in degree of fusion and fractional crystallization
have minimal effects on such ratios, and (2) incompatible
elements are rapidly depleted from a source during fusion
and such that residual concentrations are small compared
with pelagic sediments.

Sediment melting. Nicholls et al. (1994) and Tatsumi
(2001) demonstrated that pelagic sediments melt at the
high temperature and pressure conditions characteristic
of the subducting slab. Hence, the role of sediment can
be evaluated from trace element melting models that
leave residua dominated by garnet (40%) and inert
phases, including quartz (40%) and sillimanite (20%,
Tatsumi, 2001). D-values are interpolated from Tatsumi,
and it is inferred that D-values remain constant. At least
two different trends are possible, depending on the
selection of REE distribution coefficients for garnet.
Behavior of HFSE and REE are normally regarded as
incompatible (see, for example, McKenzie and O'Nions,
1991), such that progressive melting produces melts with
relatively constant incompatible element ratios at high
degrees of melting (N50%; Tatsumi, 2001). If HFSE are
compatible with respect to REE in garnet, as suggested by
4, 5, 6, 10, 15, 20, 25% melting) with resudue of 48% garnet, 48%
gic sediment end-members (for 25, 50 and 75% melting) with residua
and melting vectors (f=0.25) and associated three-component mixing
Pearce and Parkinson, 1993) and various proportions of two pelagic
enic Atlantic Cretaceous pelagic sediment (sample DSDP 417D/19/1,
Langmuir, 1997). Also indicated are fields of expected island arc melt
de (hb), clinopyroxene (cpx), and orthopyroxene (opx) are calculated
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Van Westrenen et al. (2001), then Zr/Sm decreases
significantly with decreasing degree of melting. During
this work it was determined that treating Zr as a
compatible component, with a D-value between 1 and
3, produces abnormally low Zr/Sm. Conversely, results
produced by an incompatible D-value of 0.3 (McKenzie
and O'Nions, 1991) are in accord with measured
compositions. Jolly et al. (2008) concluded from
geochemical studies that subducted sediment in the
northeast Antilles were derived from the Atlantic basin
rather than the Pacific. Therefore, sediment melts
(f=0.75, 0.50, and 0.25) were calculated (Fig. 9A and
B) for two starting compositions: 1) an upper continental
crust end-member (UCC, Plank and Langmuir, 1997) and
2) the most biogenic end-member of Atlantic sediment
(sample 417D/19/1, Jolly et al., 2008).
Fig. 10. Covariation of La/Sm- Zr/Sm and La/Nb- Nb/Zr in arc lavas from the
components; NA, northern Antilles; SA, southern Antilles; other unit codes
6.2. Mantle source- pelagic sediment mixing models

Major element compositions of end-members in-
volved in generation of island arc volcanic rocks in the
Antilles are not known with any degree of certainty.
Several features of trace element ratios make them
especially attractive for use in petrogenetic models:
(1) The effects of variation in degree of melting and frac-
tional crystallization on incompatible trace element ratios
are minimal (see vectors in Fig. 9A and B); (2) the
sediment component dominates the models because
incompatible element concentrations are over an order
of magnitude higher than likely mantle sources. Hence,
melting models are evaluated utilizing incompatible
element ratios, including La/Sm and Nb/Zr, which
represent the magnitude of chondrite-normalized slopes
northeast Antilles superimposed on melting grids, vectors, and mantle
as in Figs. 2 and 9.



Fig. 10 (continued ).
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of LREE segments, respectively, and La/Nb and Zr/Sm,
which reflect relative magnitudes of chondrite normalized
Nb and Zr anomalies. The mixing models in Figs. 9
and 10 are all based on 25% melts of an RM2-type
peridotite source. However, results are similar in plots
involving raw source mixtures, because trace element
ratios of melts resemble source mixes at elevated degrees
of melting, especially in samples with relatively low
proportions of sediment (0 to 4%).

Although a broad range of Zr/Sm is represented in
Atlantic Cretaceous pelagic sediment (AKPS, Fig. 9 A-B),
biogenic deposits with low Zr/Sm dominated sedimenta-
tion in the Atlantic basin during the Cretaceous (Donnelly,
1978; Jolly et al., 2008). The proportion of biogenic
sediment incorporated by arc lavas is estimated from two-
component mixing between the inferred mantle wedge
source and biogenic sediment melt (f=0.5). Results reveal
that, on both La/Sm vs Zr/Sm and La/Nb and Nb/Zr plots
(Fig. 10A-D), high-Fe tholeiite fields overlap tracks
produced by mixtures derived by melting of an RM2
source (Fig. 3G) combined with 0.5, 1, 2, 4, 6, 8, and 10%
biogenic sediment. These results are consistent with incor-
poration of progressively higher proportions of sediment
in a given region, and with an easterly decrease in total
sediment. Hence, in central Puerto Rico, proportions of
biogenic sediment range from 0.5 to 1% in the Lower
Albian, to between 1.0 and 1.5% in the Upper Albian, to
between 2 and 4% in the Cenomanian , compared with
from ∼0.5% to almost 2.0% (Fig. 10 G and H) in the
Virgin Islands.

Simple two-component mixing models do not ade-
quately account for the relatively shallow negative normal-
ized Zr anomalies and elevated Zr/Sm that characterize the
low-Fe suite (Fig. 10C and D). Instead, higher Zr/Sm in
these rocks more closely resembles upper continental crust
or highly enrichedmantle array basalts (OIB). Since La/Sm
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of several low-Fe units from volcanic phases III and IV in
central Puerto Rico exceed values of OIB, however, it is
unlikely that elevated incompatible element proportions
were contributed by an enriched mantle component.
Instead, incorporation of an upper continental crust com-
ponent of turbiditic origin is a more likely explanation, a
suggestion also proposed to explain Pb-isotope data from
equivalent strata in Cuba (Marchesi et al., 2007). To assess
this model, a three-component grid was constructed
representing mixing between an RM2-type source and
various proportions of (a) a 50% melt fraction of the
average upper continental crust (Plank and Langmuir,
1997), and (b) biogenic sediment melt (Fig. 10 A-H).
Compositions of low-Fe basalts in central Puerto Rico
(denoted CPR III-IVin Fig. 10A-D) are consistent with the
presence of up to 2% continental crust, compared with a
maximum of 0.5% in the Virgin Islands (Fig. 10 G and H).

6.3. High-pressure slab melting

Several low-Fe formations in northeast Puerto Rico
(Fig. 10 E and F), have comparatively low La/Sm and
La/Nb ratios relative to Zr/Sm and Nb/Zr, respectively.
These compositions are consistent with either 1) incor-
poration of relatively undiluted upper continental crust
turbidites (Taylor and McLennan, 1985; Plank and
Langmuir, 1997), 2) melting of an E-MORB-type mantle
source, or 3) introduction of a melt component generated
by high-pressure fusion of N-MORB-type amphibolite in
the subducting slab. In view of the oceanic setting and
dominance of biogenic clay in the Atlantic basin during
the Cretaceous, it is unlikely that the sediment component
consisted entirely of upper continental crust turbidites.
And, although the anomalous units partly overlap the
mantle trend on La/Sm vs Zr/Sm plots (Fig. 10C and E),
melting of an E-MORB-type component is inconsistent
with comparatively low Nb/Zr (Fig. 10 D and F). Instead,
both sets of ratios are consistent with incorporation of 10
to 15% slab melt, or according to simple mixing cal-
culations, melting in an RM2 source containing up to 5%
of a 5% slab melt.

Compositions of xenolithic glass representing slab
melts from subduction zone settings (Schiano and
Clocchiatti, 1994) indicate that melting produces an
eclogite residue consisting of garnet, clinopyroxene, and
small proportions of rutile (Yogodzinski et al., 1995).
Consequently, the melts have characteristically high SiO2

(60-75%), Al2O3 (15-22%), low FeO⁎/MgO (b50),
elevated LREE and Sr/Y (N10), moderate negative
chondrite-normalized Nb anomalies and small positive
Zr anomalies, and highly fractonated HREE with
relatively depleted Yb (Schiano et al., 1995). Because
the intensity of these features is dampened by mixing
with peridotite (Prouteau et al., 2001), melting of a man-
tle source containing a small slab melt component can
explain the elevated SiO2 and incompatible element
concentrations in the Fajardo and related formations
(Fig. 8G, H), and slightly fractionated HREE patterns in
the Cerro Gordo Formation (Appendix Fig. 4I). More-
over, becausemixtures of peridotite and small proportions
of siliceous melts plot well within the orthopyroxene field
in experimental phase diagrams (such as SiO2-FeO⁎/
MgO-CaO, Draper and Johnston, 1992), the appearance
of orthopyroxene in the LateAlbian is also consistent with
introduction of a slab melt. Observation (Defant and
Drummond, 1990) and experimental data (Beard and
Lofgren, 1991; Sen and Dunn, 1994; Rapp et al., 1999)
indicate that generation of slab melts in island arc settings
requires anomalous heat flow in the slab, as discussed
below.

7. Discussion and tectonic implications

Histograms representing the proportion of the three
major rock types in the northeast Antilles (parental
basalts, hybrids containingmore than 25% of crustal melt,
and rhyolite; Fig. 11, left), according to age, reveal that the
Albian strata in theVirgin Islands is dominated by rhyolite
(80%, Rankin, 2002), and that lower proportions of
rhyolite (15%) and a group of hybrids (25%), including
andesites, are present in the Cenomanian. Silicic lavas are
absent from the succeeding Campanian, but hybrids
(30%) persist. In comparison, rhyolites were erupted only
during the mid-Albian in northeast Puerto Rico, whereas
hybrid basalts comprise the bulk of analyzed samples (50
to 80%). Rhyolite (20%) is also restricted to early strata in
central Puerto Rico, and hybrid lavas are moderately
abundant (30–40%). The distribution indicates that the
volume of crustal melts in central Puerto Rico were
limited compared with northeast Puerto Rico and the
Virgin Islands.

There is also a pronounced shift in sediment pro-
portions in the northeast Antilles (Fig. 11, right). Albian
and Cenomanian strata in the Virgin Islands have limited
sediment, (between 0.25 and 1.25%, Fig. 11, right), and
the Campanian has only slightly higher proportions,
from 0.5 and 1.5%. Widespread hybridization masks the
sediment component in northeast Puerto Rico, but in
central Puerto Rico proportions of sediment are more
elevated and increase from 0.5 to∼2.5% in the Albian to
approximately 4% in the Cenomanian (Fig. 11, right).
The eastward decrease indicates sediment flux in the
Virgin Islands was considerably lower than in Puerto
Rico.



Fig. 11. Left. Histograms representing the estimated proportion of parental arc basalts, hybrid basalts, and silicic lavas from the northeast Antilles in
the Virgin Islands, northeast Puerto Rico, and central Puertto Rico. Data are grouped according to age as follows: volcanic phase I, Lower Albian;
phase II, Upper Albian; phase III, Cenomanian to mid-Santonian; phase IV, Campanian. Right. Estimated proportion (%, Appendix Fig. 9) of
sediment incorporated by arc basalts in the Virgin Islands and central Puerto Rico according to age.
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Magnetic stripes in the modern Atlantic Ocean
indicate that spreading along the Caribbean spur of the
mid-Atlantic ridge continued until Campanian time
(Pindell et al., 2006). Hence, tectonic models of
Caribbean evolution involving southwest-dipping con-
vergence include long-term subduction of the ridge and
introduction of elevated heat flow into the overlying
wedge. The position of the descending ridge axis was
relatively fixed with respect to the encroaching arc
platform until the Campanian, such that maximum heat
flow is to be expected in the central part of the arc.
Likewise, a gradient in sediment flux, from limited near
the ridge to elevated on the ridge flanks, is expected.
Variations in proportions of silicic lavas and in sediment
proportions in the Antilles are consistent with tectonic
models of this type. The occurrence in Albian strata in
the Virgin Islands of abundant sheeted basalt dikes,
reflecting crustal extension, and widespread hydrother-
mal alteration (Rankin, 2002), are also explained.

Escuder-Viruete et al. (2007, 2006) proposed an
alternative model in which slab melts, including high-
Mg andesites from the Turonian to Campanian Upper
Tireo Formation in Hispaniola, were produced by
oblique subduction of the mid-Atlantic Ridge beneath
that segment of the Antilles. It is noted that the
Hispaniola suite is contemporaneous with high-Mg
andesites reported from southwest Puerto Rico (Jolly
et al., 2007). In Puerto Rico the geographic position of
high-Mg andesites, which in Cenozoic arcs are restricted
to the forearc sector, is consistent with northeast-dipping
subduction, and with simultaneous operation of two
opposing arc systems during this period. Hence, if high-
Mg andesites in Hispaniola are correlated with Puerto
Rican counterparts, they represent products of northeast-
rather than southwest-dipping subduction. In that
setting, a source of anomalous heat flow required to
produce slab melts is provided by emplacement of the
Caribbean mantle plume (93-88 Ma, Kerr et al., 2002)
and ascent of associated mantle melts rather than sub-
duction of an oceanic ridge.

A hypothetical tectonic model consistent with long-
term southwest-dipping subduction of the mid-Atlantic
Ridge in the vicinity of the Virgin Islands is outlined in
Fig. 12. The sequence begins at about 95 Ma (Fig. 12A),
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prior to a mid-Santonian shift in convergence from
northeast to east-northeast and an increase in the rate of
subduction from about 6 to over 10 cm/y, both of which
were coincident with initiation of spreading along the
East Pacific Rise (Donnelly, 1989; Pindell et al., 2006).
During this period the Antilles arc subducted the still
active Atlantic ridge. Modification of subduction para-
meters in the Turonian-Santonian period produced
extensive left-lateral strike-slip faulting in Puerto Rico
that shortened the platform and subdivided it into
northeast and central tectonic blocks (Fig. 12B). The
increase in obliquity of subduction, or other factors
(Pindell et al., 2005, 2006), produced a lag in eastward
motion of the northeast Antilles compared with the
Limestone Caribees segment, forcing development
of a compensating northeast-dipping subduction zone
(Jolly et al., 2007). In this reconstruction, the submarine
Aves Ridge, located near the southern limit of the
northeast-dipping arc, represents a southwest extension
of northeast-dipping subduction into the Caribbean basin
(Donnelly, 1989; Schellekens, 1998). Meanwhile, the
Limestone Caribees and central Caribbean, isolated from
the Greater Antilles by an ancestor of the modern
Anegada Fault Zone (Pindell et al., 2005), drifted
eastward, producing a 250 km left-lateral off-set of the
platform (Fig. 12C). Following closure of the intra-arc
basin during the Eocene, the Puerto Rico-Virgin Islands
microplate underwent a 25° anti-clockwise rotation in
the Miocene (Reid et al., 1991; Larue and Ryan, 1998),
accompanied by opening of the Virgin Islands Trough
along the Anagada fault zone (Fig. 12D).

8. Conclusions

Depleted incompatible element abundances and
positive normalized Nb anomalies in Jurassic pelagic
chert from the Pacific basin are inconsistent with
northeast-dipping subduction (Appendix Fig. 1A).
Instead, negative normalized Nb and Zr anomalies
characteristic of Antilles island arc basalts reflect long-
Fig. 12. (A) Hypothetical Albian to Cenomanian (95 Ma) arrangement of th
along the Cerro Mula fault zone. The broad volcanic belt in central Puerto Ric
volcanic belt in northeast Puerto Rico and the Virgin Islands from steep subdu
island arc system (75 Ma), illustrating location of the hypothetical trench, c
submarine Aves Ridge, and vectors representing subsequent closure of the in
(40Ma), preceding a 25o anticlockwiseMiocene rotation (modified from Laru
off-set of the platform along the ancestral Anegada Fracture Zone (AFZ). A fu
set of the platform, was suggested by Van Fossen et al. (1991), but this estim
carbonates. (D) Modern arrangement of the Puerto Rico-Virgin Island (PR-VI)
1998) is defined by the 500 fathom bathometric contour. Vectors are from J
histograms compare the proportion (%) of parental basalts, hybrid mixtures, an
function of geographic position along the subduction zone.
term southwest-dipping subduction of low-Zr/Sm bio-
genic pelagic sediments of Atlantic origin since Albian
times. Trace element and isotope data from volcanic
rocks along a 450 km segment of the northeast Antilles
indicate that the sediment flux decreased dramatically
from east to west. In addition, the abundance of silicic
lavas varies widely along the arc, such that in the Virgin
Islands, rhyolites comprise up to 80% of Lower Albian
strata (112 to 105 Ma), compared with more limited
proportions (b20%) in Puerto Rico. The systematic
variation of both sediment flux and abundance of
crustally derived silicic lavas are consistent with ap-
proximately perpendicular subduction of the Caribbean
spur of the mid-Atlantic Ridge, located midway be-
tween the Americas until the Campanian. In this setting,
the centrally positioned Virgin Islands remained ap-
proximately fixed above the subducting ridge as the arc
platform swept northeastward into the slot between the
Americas. Accordingly, subducted sediment flux in the
Virgin Islands was limited throughout the Cretaceous,
whereas heat flow was relatively elevated, giving rise
to widespread crustal melting. Conversely, in central
Puerto Rico, which was consistently more remote from
the subducting ridge, sediment flux was comparatively
elevated, while limited heat flow produced lower pro-
portions of crustal melting.

Acknowledgements

This project is financially supported by Discovery
Grants from the National Science and Engineering
Research Council of Canada. Graphics were prepared
by Mike Lozon of the Department of Earth Sciences,
Brock University.

Appendix A. Supplementary data

Supplementary data associated with this article
can be found, in the online version, at doi:10.1016/j.
lithos.2007.10.008.
e northeast Antilles island arc preceding left-lateral strike-slip faulting
o is inferred to result from shallow dipping subduction, and the narrow
ction. (B) Development of the northeast-dipping southwest Puerto Rico
onfiguration of the contemporaneous northeast Antilles platform and
tra-arc basin (Jolly et al., 2007). (C) Northeastern Antilles arc platform
e and Rryan, 1998; Pindell et. al., 2005), indicating a 250 km left-lateral
rther 20o rotation since the Eocene, producing an additional 200 km off-
ate is less reliable since measurements were obtained from deformed
and Lesser Antilles segments of the Antilles arc (from Larue and Ryan,
ansma et al. (2000); geological features are as in Fig. 1A. At bottom
d silicis lavas in the total Cretaceous Antilles volcanic assemblages as a

http://dx.doi.org/doi:10.1016/j.lithos.2007.10.008
http://dx.doi.org/doi:10.1016/j.lithos.2007.10.008


412 W.T. Jolly et al. / Lithos 103 (2008) 393–414
References

Alabaster, T., Pearce, J.A., Malpas, J., 1982. The volcanic stratigraphy
and petrogenesis of the Oman ophiolite. Contributions to
Mineralogy and Petrology 81, 168–183.

Arculus, R.J., 2003. Use and abuse of the terms calcalkaline and
calcalkalic. Journal of Petrology 44, 929–935.

Baker, D.R., Eggler, D.H., 1987. Compositions of anhydrous and
hydrous melts coexisting with plagioclase, augite, and olivine
or low-Ca pyroxene from 1 atm to 8 kbar: application to the
Aleutian volcanic center of Atka. American Mineralogist 72,
12–28.

Barbieri, M., Caggianelli, A., Di Florio, M.R., Lorenzoni, S., 1994.
Plagiogranites and gabbroic rocks from the Mingora ophiolite
mélange, Swat Valley, NW Frontier Province, Pakistan. Miner-
alogical Magazine 58, 553–566.

Bawiec, W.J., 2001. Geology, Geochemistry, Geophysics, Mineral
Occurrences, and Mineral Resource Assessment for the Common-
wealth of Puerto Rico. U. S. Geological Survey 98–38 Open File
Report, CD-ROM.

Beard, J.S., 1995. Experimental, geological, and geochemical
constraints on the origins of low-K silicic magmas in oceanic
arcs. Journal of Geophysical Research 100, 15593–15600.

Beard, J.S., Lofgren, G.E., 1991. Dehydration melting and water-
saturated melting of basaltic and andesitic greenstones and
amphibolites at 1,3, and 6.9 kb. Journal of Petrology 32, 365–401.

Bédard, J.H., 1999. Petrogenesis of boninites from the Betts Cove
Ophiolite, Nfl, Canada: Identification of subducted source com-
ponents. Journal of Petrology 40, 853–1889.

Carmichael, I.S.E., 1964. The petrology of Thingmuli in eastern
Iceland. Journal of Petrology 5, 434–460.

Coleman, R.G., Donato, M.M., 1979. Oceanic plagiogranite revisited.
In: Barker, F. (Ed.), Trondhjemites, dacites, and related rocks.
Elsevier, Amsterdam-Oxford-New York, pp. 149–167.

Coleman, R.G., Peterman, Z., 1975. Oceanic plagiogranite. Journal of
Geophysical Research 80, 1099–1108.

Cox, D.P., Marvin, R.F., McGonigle, J.W., McIntyre, D.H., Rogers, C.I.,
1977. Potassium-argon geochemistry of some metamorphic,
igneous, and hydrothermal events in Puerto Rico and the Virgin
Islands. U. S. Geological Survey Journal of Research 5, 689–703.

Defant, M.J., Drummond, M., 1990. Derivation of some modern arc
magmas by melting of young subducted lithosphere. Nature 347,
662–665.

Dick, H.J.B., Ozawa, K., Meyer, P.S., Niu, Y., Robinson, P.T.,
Constantin, M., Hirth, J.G., Mackie, S.M., 2002. Primary silicate
mineral chemistry of a 1.5-km section of very slow spreading lower
ocean crust: ODPhole 735B, southwest IndianRidge. Proceedings of
the Ocean Drilling Program, Scientific Results 176, 1–61.

Dolan, J., Mann, P., de Zoeten, R., Heubek, C., Shiroma, J., 1991.
Sedimentologic, stratigraphic, and tectonic synthesis of Eocene-
Miocene sedimentary basins, Hispaniola and Puerto Rico.
Geological Society of America Special Paper 262, 217–263.

Donnelly, T.W., 1966. Geology of St. Thomas and St. John, U.S.Virgin
Island. Geological Society of America Memoir 98, 5-176. Boulder,
Colorado.

Donnelly, T.W., 1978. Chemistry of sediments of the western Atlantic:
site 417 compared with sites 9, 105, 386, 387. Initial Reports of the
Deep Sea Drilling Project 51B53, 515–1523.

Donnelly, T.W., 1989. Geologic history of the Caribbean and Central
America. Geological Society of America Special Paper A 299–321.

Donnelly, T.W., Rogers, J.J.W., 1980. Igneous series in island arcs.
Bulletin of Volcanlogy 43, 347–382.
Dosso, L., Bougault, H., Joron, J.-L., 1993. Geochemical morphology of
the North Mid-Atlantic Ridge, 10- 24o: Trace element-isotope com-
plementarity. Earth and Planetary Science Letters 120, 443–462.

Draper, D.S., Johnston, A.D., 1992. Anhydrous PT phase relations of
an Aleutian high-MgO basalt: an investigation of the role of
olivine-liquid reaction in the generation of arc high-alumina
basalts. Contributions to Mineralogy and Petrology 112, 501–519.

Draper, G., Guitierrez, G., Lewis, J.F., 1996. Thrust emplacement of
the Hispaniola peridotite belt: orogenic expression of the mid-
Cretaceous Caribbean arc polarity reversal. Geology 24, 43–1146.

Ellam, R.M., Menzies, M.A., Hawkesworth, C.J., Leeman, W.P., Rosi,
M., Serri, G., 1988. The transition from calc-alkaline to potassic
orogenic magmatism in the Aeolian Islands, Southern Italy.
Bulletin Volcanology 50, 386–398.

Escuder-Viruete, J.E., Diaz de Neira, A., Huerta, P.P.H., Monthel, J.,
Senz, J.G., Joubert, M., Lopera, Ea., Ullrich, T., Friedman, R.,
Mortensen, J., Pérez-Estaún, A., 2006. Magmatic relationships and
ages of Caribbean island arc tholeiites, boninites and related felsic
rocks, Dominican Republic. Lithos 90, 161–186.

Escuder-Viruete, J.E., Contreras, F., Stein, G., Urien, P., Jpubert, M.,
Pérez-Estaún, A., Friedman, R., Ullrich, T., 2007. Magmatic
relationships and ages between adakites, magnesian andesites and
Nb-enriched basalt-andesites from Hispaniola. Lithos 99, 151–177.

Flagler, P.A., Spray, J.G., 1991. Generation of plagiogranite by
amphibolite anatexis in oceanic shear zones. Geology 19, 70–73.

Floyd, P.A., Yalinz, M.K., Goncuoglu, M.C., 1998. Geochemistry and
petrogenesis of intrusive and extrusive ophiolite plagiogranites.
Central Anatolian Crystalline Complex, Turkey. Lithos 42,
225–241.

Frost, C.D., Schellekens, J.H., 1991. Rb-Sr and Sm-Nd isotopic
characterization of Eocene volcanic rocks from Puerto Rico.
Geophysical Research Letters 18, 545–548.

Frost, C.D., Schellekens, J.H., Smith, A.L., 1998. Nd, Sr, and Pb
isotope characterization of Cretaceous and Paleogene volcanic and
plutonic island arc rocks from Puerto Rico. Geological Society of
America Special Paper 322, 123–132.

Gerlach, D.C., Leeman, W.H., AveLallement, H.G., 1981. Petrology
and geochemistry of plagiogranite in the Canyon Mountain
Ophiolite, Oregon. Contributions to Mineralogy and Petrology
77, 82–92.

Glover III, L., 1971. Geology of the Coamo area, Puerto Rico, and its
relation to the volcanic arc-trench association. U.S. Geological
Survey Professional Paper 636, 102 pp.

Gradstein, F.M., Ogg, J.G., Smith, A.G., et al., 2004. A Geologic Time
Scale. Cambridge University Press, Cambridge.

Green, D.H., Pearson, N.J., 1987. An experimental study of Nb and Ta
partitioning between Ti-rich minerals and silicate liquids at high
pressure and temperature. Geochemica et Cosmochimia Acta 51,
55–62.

Hart, S.R., 1984. A large-scale isotope anomaly in the southern
hemisphere mantle. Nature 309, 753–757.

Hauff, F., Hoernle, K., Tilton, G., Graham, D.W., Kerr, A.C., 2000.
Large volume recycling of oceanic lithosphere over short time
scales: geochemical constraints from the Caribbean Large Igneous
Province. Earth and Planetary Science Letters 174, 247–263.

Helsley, C.E., 1960. Geology of the British Virgin Islands. Ph.D.
dissertation, Princeton University, NJ, 167 pp.

Hirose, K., 1997. Melting experiments on lherzolite KLB-1 under
hydrous conditions and generation of high-magnesian andesitic
melts. Geology 25, 42–44.

Hopson, C.A., Coleman, R.G., Gregory, R.T., Pallister, J.S., Bailey, E.H.,
1981. Geologic section through the Samail ophiolite and associated



413W.T. Jolly et al. / Lithos 103 (2008) 393–414
rocks along a Muscat-Ibra transect, southeastern Oman Mountains.
Journal of Geophysical Research 86, 2527–2544.

Housh, T.B., Luhr, J.F., 1991. Plagioclase-melt equilibria in hydrous
systems. American Mineralogist 76, 477–492.

Jahn, B., Bernard-Griffiths, J., Charlot, R., Cornichet, J., Vidal, F.,
1980. Nd and Sr isotopic compositions and REE abundances of
Cretaceous MORB (Holes 417D and 418A, Legs 51, 52, and 53).
Earth and Planetary Science Letters 48, 171–184.

Jansma, P., Mattioli, G., Lopez, A., DeMets, C., Dixon, T.H., Mann, P.,
Calais, E., 2000. Neotectonics of Puerto Rico and the Virgin Islands,
northeasternCaribbean, fromGPSgeodesy. Tectonics 19, 1021–1037.

Jolly, W.T., Lidiak, E.G., 2006. Role of crustal melting in petrogenesis
of the Cretaceous Water Island Formation (Virgin Islands,
northeast Antilles Island Arc). Geologica Acta 4, 7–34.

Jolly, W.T., Lidiak, E.G., Schellekens, J.H., Santos, S., 1998.
Volcanism, tectonics, and stratigraphic correlations in Puerto
Rico. Geological Society of America Special Paper 322, 1–34.

Jolly, W.T., Lidiak, E.G., Dickin, A.P., Wu, T.-W., 2001. Secular
geochemistry of central Puerto Rican island arc lavas: constraints on
Mesozoic tectonism in the Greater Antilles. Journal of Petrology 42,
2197–2214.

Jolly, W.T., Lidiak, E.G., Dickin, A.P., 2006. Cretaceous to mid-
Eocene pelagic sediment budget in Puerto Rico and the Virgin
Islands (northeast Antilles Island Arc). Geologica Acta 4, 35–62.

Jolly, W.T., Schellekens, J.H., Dickin, A.P., 2007. High-Mg andesites
and related lavas from southwestern Puerto Rico (Greater Antilles
Island Arc): petrogenetic links with emplacement of the Caribbean
mantle plume. Lithos 98, 1–26.

Jolly, W.T., Lidiak, E.G., Dickin, A.P., 2008. The case for persistent
southwest-dipping Cretaceous convergence in the northeast
Antilles: Geochemistry, melting models, and tectonic implications.
Bulletin of the Geological Society of America.

Juster, T.C., Grove, T.L., Perfit, M.R., 1989. Experimental constraints
on the generation of Fe-Ti basalts, andesites, and rhyodacites at the
Galapagos spreading center. Journal of Geophysical Research 94,
9251–9274.

Kerr, A.C., Tarney, J., 2005. Tectonic evolution of the Caribbean and
northwestern South America: The case for accretion of two Late
Cetaceous oceanic plateaus. Geology 33, 269–272.

Kerr, A.C., Iturralde-Vinent, M., Saunders, A.D., Babbs, T.L., Tarney, J.,
1999. A new plate tectonic model of the Caribbean: Implications
from a geochemical reconnaissance of Cuban Mesozoic volcanic
rocks. Geological Society of America Bulletin 111, 1581–1599.

Kerr, A.C., Tarney, J., Kempton, P., Spaden, S., Nivia, A., Marriner,
G., Duncan, R., 2002. Pervasive mantle plume head heterogeniety:
Evidence from the late Cretaceous Caribbean-Columbian oceanic
plateau. Journal of Geophysical Research 107, ECV2.

Kerr, A.C., White, R.V., Thompson, M.E., Tarney, J., Saunders, A.D.,
2003. No oceanic plateau-No Caribbean plate? The seminal role of
an oceanic plateau in Caribbean plate evolution. American
Association of Petroleum Geologists Memoir 79, 126–168.

Kesler, S.E., Russell, N., Polanco, J., McCurdy, K., Cumming, G.J.,
1990. Geology and geochemistry of the Los Ranchos formation,
central Dominican Republic. Geological Society of America
Special Paper 262, 187–201.

Kesler, S.E., Campbell, J.H., Allen, C.M., 2005. Age of the Los
Ranchos Formation, Dominican Republic: timing and tectonic
setting of primitive island arc volcanicsm in the Caribbean region.
Geological Society of America Bulletin 117, 987–995.

Koepke, J., Feig, S., Snow, J., Freise, M., 2004. Petrogenesis of oceanic
plagiogranites by partial melting of gabbro: an experimental study.
Contributions to Mineralogy and Petrology 146, 414–432.
Koepke, J., Feig, S., Snow, J., 2005. Late stage magmatic evolution of
oceanic gabbros as a result of hydrous partial melting: Evidence from
Ocean Drilling Program (ODP) Leg 153 drilling at the Mid-Atlantic
Ridge. Geochemistry, Geophysics, Geosystems 6 2004GC0008095.

Koepke, J., Berndt, J., Feig, S.T., Holtz, F., 2007. The formation o SiO2-
richmelts within the deep oceanic crust by hydrous partial melting of
gabbros. Contributions to Mineralogy and Petrology 153, 67–84.

Lapierre, H., Dupui, V., Lepinay, B.M., Tardy, M., Ruiz, J., Maury, R.C.,
Hernandez, J., Loubert, M., 1997. Is the Lower Duarte Complex
(Hispañiola) a remnant of the Caribbean plume generated oceanic
plateau? Journal of Geology 105, 111–120.

Lapierre, H., Dupuis, V., Lepinay, B., Bosch, D., Moni, P., Tardy, M.,
Maury, R., 1999. Late Jurassic oceanic crust and Upper Cretaceous
Caribbean Plateau picritic basalts exposed in the Duarte igneous
complex, Hispaniola. Journal of Geology 107, 193–207.

Larue, D.K., Ryan, H., 1998. Seismic reflection profiles of Puerto Rican
Trench: Shortening between the North American and Caribbean
plates. Geological Society of America Special Paper 332, 193–210.

Le Maitre, R.W., 1989. A classification of Igneous Rocks and Glossary
of Terms. Blackwell, Oxford. 193 pp.

Lewis, J.F., Hames, W.E., Draper, G., 1999. Late Jurassic oceanic crust
and Upper Cretaceous Caribban plateau picritic basalts exposed in
the Duarte igneous complex, Hispaniola: a discussion. Journal of
Geology 107, 505–508.

Lidiak, E.G., Jolly, W.T., 1996. Circum-Caribbean granitoids:
Characteristics and Origin. International Geological Reviews 38,
1098–1133.

Malpas, J., 1979. Two contrasting trondhjemite associations from
transported ophiolites in Western Newfoundland. In: Barker, F.
(Ed.), Trondhjemites, Dacites, and Related Rocks. Elsevier,
Amsterdam, pp. 465–487.

Marchesi, C., Garrido, C., Bosch, D., Proenza, J., Gervilla, F., Monié,
P., Rodríguez-Vega, A., 2007. Geochemistry of Cretaceous
magmatism in eastern Cuba: Recycling of North American
continental sediments and implications for subduction polarity in
the Greater Antilles paleo-arc. Journal of Petrology 48, 1813–1840.

Mattson, P.H., 1979. Subduction, buoyant braking, flipping, and
strike-slip faulting in the northern Caribbean. Journal of Geology
87, 293–304.

Mauffret, A., Jany, I., 1990. Collision et tectonic dexpulsion le long de
la frontiere Nord-Caraibe. Oceaniligica Acta 1, 97–116.

McKenzie, D., O’Nions, R.K., 1991. Partial melt distributions from
inversion of rare earth element concentrations. Journal of Petrology
32, 1021–1091.

Miyashiro, A., 1974. Volcanic rock series in island arcs and continental
margins. American Journal of Science 274, 321–355.

Montgomery, H., 1998. Paleogene stratigraphy and sedimentology of
the north coast, Puerto Rico. Geological Society of America
Special Paper 322, 177–192.

Műnker, C., Wőrner, G., Yogodzinski, G., Churikova, T., 2004.
Behaviour of high field strength elements in subduction zones:
constraints from Kamchatka-Aleutian arc lavas. Earth and
Planetary Science Letters 224, 275–293.

Nicholls, G.T., Wylie, P.J., Stern, C.R., 1994. Subduction zone melting
of pelagic sediments constrained by melting experiments. Nature
371, 785–788.

Pallister, J.S., Knight, R.J., 1981. Rare-earth element geochemistry of
the Samail ophiolite near Ibra, Oman. Journal of Geophysical
Research 86, 2673–2697.

Pearce, J.A., Parkinson, I.J., 1993. Trace element models for mantle
melting: application to volcanic arc petrogenesis. Geological
Society of London Special Paper 76, 373–403.



414 W.T. Jolly et al. / Lithos 103 (2008) 393–414
Pearce, J.A., Harris, N.B.W., Tindle, A.G., 1984. Trace element
discrimination diagrams for the tectonic interpretation of granitic
rocks. Journal of Petrology 25, 956–982.

Pease Jr., M.H., 1968. Cretaceous and lower Tertiary stratigraphy of
the Naranjito and Aguas Buenas quadrangles. U. S. Geological
Survey Bulletin 1253, 57.

Peccerillo, A., Taylor, S.R., 1976. Geochemistry of Eocene volcanic
rocks from theKastamonu area, Turkey. Contributions toMineralogy
and Petrology 58, 63–81.

Pindell, J.L., Barrett, S.F., 1990. Geological evolution of the Caribbean
region: a plate tectonic perspective. Geological Society of America
Special Paper H, 405–432.

Pindell, J.L., Kennan, L., Maresch, W.V., Stanek, K.P., Draper, G.,
Higgs, R., 2005. Plate-kinematics and crustal dynamics of circum-
caribbeasn arc continent interactions. Geological Society of
America Special Paper 394, 7–52.

Pindell, J.L., Kennan, L., Stanek, K.P., Maresch, W.V., Draper, G.G.,
2006. Foundations of Gulf of Mexico and Caribbean Evolution:
Eight controversies resolved. Acta Geologica, 4, 303–341.

Plank, T., Langmuir, C.H., 1997. The chemical composition of
subducting sediment and its consequences for the crust and mantle.
Chemical Geology 145, 325–394.

Prouteau, G., Scallet, B., Pichavant, M., Maury, R.C., 2001. Evidence
for mantle metasomatism by hydrous silicic melts derived from
subducted oceanic crust. Nature 410, 197–200.

Rankin, D.W., 2002. Geology of St. John, U. S., Virgin Islands. U.S.
Geological.Survey. Professional Paper 1631, 1–36.

Rapp, R.P., Watson, E.B., 1995. The amphibole-out phase boundary in
partially melted metabaslat at 8-32 kbar: implications for continental
growth and crust-mantle recycling. Journal of Petrology 36, 891–931.

Rapp, R.P., Shimizu, N., Norman, M.D., Applegate, G.S., 1999.
Reaction between slab-derived melts and peridotite in the mantle
wedge: experimental constraints at 3.8 Gpa. Chemical Geology
160, 335–356.

Reid, J.A., Plumley, P.W., Schellekens, J.H., 1991. Paleomagneitic
evidence for Late Miocene counterclockwise rotation of North Coast
carbonate sequence, Puerto Rico. Geophysical Research Letters 18,
565–568.

Révillon, S., Hallot, E., Arndt, N.T., Chauvel, C., Duncan, R.A., 2000.
A complex history for the Caribbean Plateau: Petrology:
Geochemistry, and Geomorphology of the Beata ridge, South
Hispaniola. Journal of Geology 108, 641–666.

Ryerson, F.J., Watson, E.B., 1987. Rutile saturtion in magmas:
implications for Ti-Nb-Ta depletion in island-arc basalts. Earth and
Planetary Science Letters 86, 225–239.

Schellekens, J.H., 1991. Late Jurassic to Eocene geochemical
evolution of volcanic rocks of Puerto Rico. Geophysical Research
Letters 18, 523–556.

Schellekens, J.H., 1998. Geochemical evolution and tectonic history of
PuertoRico.Geological Society ofAmerica Special Paper 322, 35–66.

Schiano, P., Clocchiatti, R., 1994. Worldwide occurrence of silica-rich
melts in suib-continental and sub-oceanic mantle minerals. Nature
368, 621–624.

Schiano, P., Clocchiatti, R., Shimizu, N., Maury, R.C., Jochum, K.P.,
Hoffman,A.W., 1995. Hydrous silica-richmelts in the sub-arcmantle
and their relationship with erupted arc lavas. Nature 377, 594–600.
Sen, C., Dunn, T., 1994. Experimental modal metasomatism of a spinel
lherzolite and the production of amphibole-bearing peridotite.
Contributions to Mineralogy and Petrology 119, 422–432.

Smith, A.L., Schellekens, J.H., Díaz, M., 1998. Batholith emplace-
ment in the northeastern Caribbean: Markers of tectonic change.
Geological Society of America Special Paper 322, 99–122.

Smith, I.E.M., Stewart, R.B., Price, R.C., 2003. The petrology of a
large intra-oceanic silicic eruption: the Sandy Bay Tephra,
Kermadec Arc, Southwest Pacific. Journal of Volcanology and
Geothermal Research 124, 173–194.

Sun, S.-S., McDonough, W.F., 1989. Chemical and isotopic systematics
of oceanic basalts. Geological Society Special Publication 42,
313–345.

Tamura, Y., Tatsumi, Y., 2002. Remelting of andesitic crust as possible
origin of rhyolite in oceanic arcs: an example from Izu-Bonin Arc.
Journal of Petrology 43, 1029–1047.

Tatsumi, Y., 2001. Geochemical modeling of partial melting of
subducting sediments and subsequent melt-mantle interaction:
generation of high-Mg andesites in the Setouchi volcanic belt,
southwest Japan. Geology 29, 323–326.

Taylor, S.R., McLennan, S.M., 1985. The Continental Crust: Its
Composition and Evolution. Blackwell, Oxford.

Thompson, M.E., Kempton, D., White, R.V., Kerr, A.C., Tarney, J.,
Saunders, A.D., Fritton, J.G., McBirney, A., 2003. Hf-Nd isotope
constraints on the origin of the Cretaceous Caribbean plateau and
its relationship to the Galapagos plume. Earth and Planetary
Science Letters 217, 59–75.

Thy, P., Lofgren, G.E., 1994. Experimental constraints on the low-
pressure evolution of transitional and mildly alkalic basalts: the
effect of Fe-Ti oxide minerals, and the origin of basaltic andesites.
Contributions to Mineralogy and Petrology 116, 340–351.

Toplis, M.J., Carroll, M.R., 1995. An experimental study of the
influence of oxygen fugacity on Fe-Ti oxide stability, phase
relations, and mineral-melt equilibria in ferro-basalt systems.
Journal of Petrology 36, 1137–1170.

Tsvetkov, A.A., 1991. Magmatism of the westernmost (Komandorsky)
seqment of the Aleutian island arc. Tectonophysics 199, 289–317.

Van Fossen, M.C., Channell, J.E.T., Schellekens, J.H., 1991. Paleomag-
netic evidence for Tertiary anticlockwise rotation in southwest Puerto
Rico. Geophysical Research Letters 16, 819–822.

van Gestel, J., Mann, P., Dolan, J., Grindlay, N., 1998. Structure and
tectonics of the upper Cenozoic Puerto Rico–Virgin Islands
carbonate platform as determined from seismic reflection studies.
Journal of Geophysical Research 103, 30,505–30,530.

Van Westrenen, W., Blundy, J.D., Wood, B.J., 2001. HFSE/REE
fractionation during partial melting in the presence of garnet:
Implications for identification of mantle heterogeneities. Geo-
chemistry Geophysics Geosystems 2 2000GC000133.

Vila, J., Andreiett, P., Bellon, H., Mascle, A., 1986. Tectonique de
collage le long d'un accident décrochand, ante oligocéne, est-
ouest, dan les Iles Vierges septentrionales (Antilles). Comtes
Rendus Académie des Sciences 302, 141–144.

Yogodzinski, C.A., Kay, R.W., Volynets, O., Koloskov, A., Kay, S.M.,
1995. Magnesian andesite in the western Aleutian Komandorsky
region: Implications for slab melting processes. Geological Society
of America Bulletin 107, 505–519.


	Bimodal volcanism in northeast Puerto Rico and the Virgin Islands (Greater Antilles Island Arc).....
	Introduction
	Geological setting
	Analytical procedures
	Major and trace element geochemistry
	Classification of the northeast Antilles island arc assemblage
	Basaltic suite
	Silicic suite

	Chondrite-normalized incompatible element patterns
	Sr, Nd, and Pb isotope geochemistry

	Petrogenesis of the Antilles silicic suite
	Melting models (amphibole gabbro and amphibolite)
	Zr-binaries and the role of crustal contamination

	Petrogenesis of island arc lavas
	Geochemical parameters
	Mantle source- pelagic sediment mixing models
	High-pressure slab melting

	Discussion and tectonic implications
	Conclusions
	Acknowledgements
	Supplementary data
	References


