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THE IGCP PROJECT 433

The present volume resulted from the UNESCO/IUGS
Project 433 “Caribbean Plate Tectonics”, which during the
years 2000-2005 organized scientific meetings and field
workshops in several countries as Barbados, Brazil (Rio de
Janeiro), Costa Rica, Cuba (central, western and eastern),
Germany (Freiberg and Stuttgart), Guatemala, Italy
(Florence), Spain (Granada and Barcelona), United
Kingdom (Leicester) and United States of America (Boston
and Austin). Participants in the project include geologists
from Argentina, Barbados, Canada, Colombia, Costa Rica,
Cuba, Dominican Republic, France, Germany, Guatemala,
Hungary, Italy, Jamaica, Japan, Mexico, New Zealand, Nica-
ragua, Panama, Peru, Poland, Puerto Rico, Spain, Trinidad &
Tobago, United Kingdom, USA, and Venezuela. A sequential
development of the project is available at the website http:
//www.ig.utexas.edu/CaribPlate/CaribPlate.html which inclu-
des the project description, reports of the meetings, Caribbean
bibliography, Caribbean models comparison, interesting infor-

mation and a forum.  The forum contains important papers
and presentations about Caribbean Plate Tectonics (as ppt and
pdf files). In the future this web site will serve as a permanent
source of information about Caribbean Plate Tectonics. 

The primary goal of the project was to pursue a consensus
regarding the basic principles for further development of Plate
Tectonics models on the origin and evolution of the Caribbean
plate. Although this goal has not been fully achieved, major
advancements have been made in clarifying and refining geo-
logic models and in understanding critical details of regional
and local geology, geochemistry, petrology, and tectonics that
bear on the origin of the Caribbean plate. 

A further major aim of this project was to improve
communication within the Caribbean geoscience commu-
nity and, in order to achieve this goal, the email group
carib@yahoogroups.com was founded, which now serves
as a highway for exchanging useful information concerning
new publications, scientific events and news, and a ques-

 



tion/answer forum which is widely used to search for infor-
mation among Caribbean group members. The group has
kept a low profile, in order to avoid loading the members
with excessive emails. This group will also be kept active
after the termination of the project.

Throughout the project we have encouraged debate
on understanding the origin and evolution of the
Caribbean, and Plate Tectonics models of the region.
The Volume editors are more than pleased to present in
this memoir a true example of the kind of debate that
characterized the project.

Two groups of papers are presented in this volume of
Geologica Acta. The first group includes new scientific
research papers on the Stratigraphy, Paleontology, Struc-
tural Geology, Igneous and Metamorphic Petrology, and
Geochronology of selected areas of the Caribbean
realm. These papers present a significant amount of new
data and new interpretations, whose practical and theo-
retical value transcend the limits of the Caribbean realm.
The majority of these papers present arguments favoring
the allochthonous origin of the Caribbean Plate. Within
this framework, the authors raise multiple questions
concerning the way the allochthonous model needs to be
applied in particular areas. In the second group of papers
pro and con arguments of an autochthonous versus
allochthonous model of the Caribbean tectonic plate are
discussed by Giunta and Beccaluva, Pindell et al., and
James. The last author criticizes, in great detail, most of
the basic tenet of the allochthonous model.  Even if one
does not agree with his in situ tectonic concept, we
strongly recommend that this paper be read with care
because it introduces many important questions.

CARIBBEAN PLATE TECTONICS: STATUS OF THE
DEBATE IN THE YEAR 2005

This memoir, indeed, is a golden spike in the contin-
uing scientific debate concerning the origin of the
Caribbean that has gone on for more than 100 years. The
questions and answers presented here, at the beginning
of the XXI Century, will provide a useful forum to guide
and encourage further research. In order to promote con-
tinuing discussion the Volume editors address additional
comments about several problems and key issues con-
cerning the interpretation of the Geology and Tectonics
of the Caribbean realm, problems that have been the
subject of debate as part of the project’s activities. 

From simplicity to complexity

A major trend in the scientific scenario of the
Caribbean region is the fact that, as additional research

and subsequent knowledge accumulate, the geological
picture becomes more complex. New investigations are
demonstrating that some concepts need to be modified,
sometimes drastically. Good examples are the investiga-
tions of the ophiolitic rocks associated with foldbelts
around the Caribbean (see Lewis et al.; Giunta and Bec-
caluva). This complexity is particularly evident in the
Cuban fold belt where García-Casco et al., and Proenza et
al. demonstrate that the so-called “Northern Cuban Ophiolite
Belt” once recognized as being a continuous tectonic entity
is in reality poly-genetic and needs to be subdivided into dis-
tinct units that take into account the petrology and age of the
igneous rocks and the characteristics of the metamorphic
inclusions in serpentinitic mélanges.

The so-called Primitive island arc tholeiites (IAT) of
eastern Cuba (Proenza et al.) are another example of this
complexity. These rocks are now recognized as being of
Late Cretaceous age (Iturralde-Vinent et al.), whereas the
previously accepted age for this kind of complex in the
Caribbean was Early Cretaceous. Pindell et al. speculate
that these and similar geochemical and petrological varia-
tions of a geologic unit along strike may be due to local
processes and inhomogeneities of the crust, not necessari-
ly reflecting different geotectonic scenarios. The contri-
butions by Jolly and Lidiak, Jolly et al., Proenza et al.,
Gazel et al., and Denyer et al. are good examples of using
discriminating geochemical methods to characterize dif-
ferent geotectonic scenarios. They corroborate that varia-
tions in the composition of the crust and mantle occur and
can be identified geochemically. Furthermore, as noted by
Jolly and co-workers, Gazel et al. and Denyer et al., geo-
chemical and petrologic results need to be evaluated in
light of stratigraphy, geologic structure, and tectonic set-
ting in order to understand its ultimate significance. Nev-
ertheless, these and similar results are clear indication
that understanding the origin of the Caribbean requires
the combination of different techniques and collaboration
of various experts. 

Particularly interesting are some sedimentologic, tec-
tonic and magmatic disparities between the leading and
trailing edges of the Caribbean plate. In the area of Cen-
tral America (Panamá and Costa Rica), excellent exam-
ples of the Caribbean oceanic plateau (Nicoya Complex),
the subduction-related accretionary wedge (Santa Elena
peninsula), and the various events produced by the
emplacement of a mantle plume occur (Denyer et al.;
Gazel et al.; Denyer and Baumgartner; and Baumgartner
and Denyer). However, although the Duarte Complex
(Hispaniola) and the Bermeja Complex (Puerto Rico) in
the Greater Antilles belt are generally correlatable with
some elements of the Nicoya and Santa Elena sections, as
they both yield Jurassic and Cretaceous radiolarites asso-
ciated with oceanic magmatic rocks, they present differ-
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ences in composition and structure. For example, the
Duarte complex shows no evidence of being emplaced by
a mantle plume as does the Nicoya; and Bermeja shows
few similarities to Santa Elena. Along the leading edge of
the Caribbean plate in the Greater Antilles (Cuba, Hispan-
iola, Jamaica) subduction-related serpentinitic melanges
may occur with inclusions of HP/LT metamorphic rocks,
which are probably correlatable with Guatemalan ophio-
lites cropping out associated with the Motagua-Polochic
fracture zone. These serpentinitic melanges are associated
with collisional margins, and they do not occur elsewere
in Central America south of Guatemala. Furthermore,
Cretaceous and early Paleogene volcanic arc sections are
particularly well developed in the Greater Antilles where
they are present as IAT and calc-alkaline (CA) assem-
blages. Similar magmatic suites are also probably present
in Costa Rica and Panamá, but these rocks have not yet
been studied in detail. CA assemblages of late Tertiary
age are also widespread in the Lesser Antilles and Cental
America, not in the Greater Antilles.  These disparities
suggest that the leading and trailing margins of the
Caribbean Plate underwent different geologic histories.

In situ vs. allochthonous origin of the Caribbean
Plate

A major goal of this project was finding key clues to
resolve the allochthonous vs in situ controversy regarding
the origin of the Caribbean Plate. The controversy contin-
ues, and advocates of both ideas present their arguments
here (James; Pindell et al.). 

As previously noted, most project participants have
adopted the allochthonous model. According to this mod-
el, the Caribbean originated and evolved in three main
stages. The first one, or ProtoCaribbean stage, took place
from latest Triassic through the Early Cretaceous, concur-
rently with the breakup and disruption of Pangea and the
evolution of an in situ oceanic crust in the Gulf of Mexico
and the Caribbean realm. The second or MesoCaribbean
stage, began in Early Cretaceous time, coincidendal with
extensive development of volcanic island arcs in the east-
central Pacific Ocean which defined the converging mar-
gins of the Caribbean Plate (in the trailing edge: present
nuclear Central America; and in the leading edge: Greater
Antilles—Aves Ridge—Caribbean Mountain System of
Venezuela). As a corollary of these ideas, it follows that
the Caribbean Plate originated within the Pacific Ocean.
The third or NeoCaribbean stage, started when the
Caribbean Plate began an active eastward drift with
respect to the North and South American plates. In this
process the ProtoCaribbean lithosphere was largely sub-
ducted and overridden by the allochthonous Caribbean
Plate. The time of initialization of this third stage is a
matter of debate, as some authors favor an early Creta-

ceous Aptian date, while others present arguments to sup-
port a latest Cretaceous (latest Campanian-Maastrichtian)
date. Taking into account the uncertainties of this general
model, considerable new work and reinterpretation of
geologic data needs to be carried out before local events
may be properly integrated into the regional tectonic
models. 

Great Arc vs. Multiple Arcs

This issue has been a matter of much discussion in the
project reports, meetings and field trips (visit project’s
web site), and is reflected by several papers included in
this volume (García-Casco et al.; Proenza et al.; Iturralde-
Vinent et al.; Rojas-Agramonte et al., Jolly et al.; Jolly
and Lidiak; Giunta and Beccaluva; Pindell et al.). The
concept of a single Great Arc shaping the evolution of the
Caribbean Plate, championed in this volume by J. Pindell
and colleagues, is based on the general argument that the
most important tectonic events in the Caribbean realm,
associated with the evolution of the leading edge of the
plate, are related to a subduction reversal (flip) that took
place within the Aptian (circa 120 Ma). But the Late Cre-
taceous (Late Campanian and Maastrichtian)-Paleocene
events are as important or even locally more important
than the Aptian one, as demostrated in several papers in
this volume (Mitchell; Iturralde-Vinent et al.; Rojas-Agra-
monte et al.; García-Casco et al.). Pindell et al. in their
contribution, now propose that the Great Arc ended, or
had an interruption, in the Paleocene and a new set of arcs
evolved thereafter. This is precisely the kind of evolution
the Multiple Arc concept is promoting.

The Multiple Arc concept, championed by Iturralde-
Vinent and also supported by other researchers (Jolly et
al., García-Casco et al.; Giunta and Beccaluva), proposes
that not a single, but several arcs were active during
Caribbean evolution beginning in the Cretaceous. It is pri-
marily based on growing evidence pointing to the occur-
rence of several important pan-Caribbean tectonic events
that took place in the Aptian, Santonian, late Campanian,
Maastrichtian-Paleocene, Middle Eocene, Latest Eocene
and Early to Middle Miocene. These events produced par-
tial or total extinction of arcs or arc segments, formation
of new arcs, deep seated metamorphism and exhumation,
deformations and regional unconformities, modifications
in arc geochemistry and geometry, as well as subduction
flipping and/or changes in the angle of subduction (Gar-
cía-Casco et al.; Proenza et al.; Rojas-Agramonte et al.;
Mitchell; Denyer et al.; Iturralde-Vinent et al.). 

Tectonic terranes

Ever since the first meeting of the project we have
been debating the concept and use of the term tectonic



terrane. Terrane tectonics is an integral part of Caribbean
geology as many tectonic crustal fragments have been
transported along plate boundaries.  In order to produce a
sound model for the evolution of the region, terranes have
to be dismembered into their original components and
palinspasticaly reconstructed vs time. Important examples
are Piñón-Dagua, Siquisiqui, Villa de Cura, Sierra Berme-
ja, Chorotega, Chortis, Maya, Guaniguanico, Escambray
and Pinos terranes, just to mention a few. Some of the
current Caribbean Plate Tectonic models do not take suf-
ficiently into account the fact that the present composi-
tion, shape and size of a terrane is the result of a long
period of formation, deformation and tectonic transport.
Models depicting the size and shape of tectonic terranes
unchanged during their in situ and later allochthonous
evolution are inappropriate. For example, the Escambray
Terrane of Cuba is a Mesozoic poly-genetic unit incorpo-
rating fragments of oceanic crust and continental passive
margin sections, which were partially introduced and
amalgamated into a subduction zone and are now exposed
as a tectonic window (Stanek et al.; García Casco et al.).
Therefore, its present size and shape has little to do with
the paleogeographic scenario where their internal original
elements were formed. Another problem concerning the
use of terranes in the Caribbean, is their representation in
maps and graphics without being formally defined. For
example, a Cretaceous terrane named “Central Cuba” and
identified as a distinctive geologic unit and with indepen-
dent history can be totally misleading if it refers to the
territory of present Central Cuba. Central Cuba was not a
coherent geologic entity until the Middle Eocene. There-
fore, we strongly recommend that the term terrane be
avoided unless it is properly defined.

The concept of an island arc

This is a major point of debate in the interpretation of
Caribbean Geology and Plate Tectonics. Pindell et al.
raised the question concerning Dewey’s classification of
arcs as compressional, neutral, or extensional depending on
their tectonic style at any given time.  Unfortunately,
Caribbean arcs have not been subdivided into these three
categories, a major task to be accomplished in the future.
However, various component parts of complex arcs have
been recognized, for example the trench, the forearc, the
axial part of the arc, the intra arc basin, the back arc, the
remnant arc, and the marginal sea or foreland basin. Identi-
fication of these elements is not an easy task, and debate on
these matters usually takes place (Giunta and Beccaluva,
James, Pindell et al., García-Casco et al.; Jolly et al., Itur-
ralde-Vinent et al.). In each of the Greater Antillean
islands, only parts of the complete arc complex are found.
Fragmentation and dispersion of the elements of the arcs
are the result of wrench (and transform) faults that occur
along the strike of the arcs and along the plate boundaries,

but also as a result of complex subduction-obduction
events. These processes dismembered and deformed the
architecture of the arcs, elongated the arc complexes along
their strike, and reduced their width. To illustrate this idea,
consider, for example, the fate of the Early Cretaceous arc
now recognized in the Circum Caribbean Fold Belt.
Implicit in the idea of a Pacific origin of the Caribbean
Plate is that the Early Cretaceous arc developed at the lead-
ing edge of the plate should have been of no more than sev-
eral hundred km in length (Pindell), while its fragments
have been dispersed during the Late Cretaceous-Present
eastward drift of the plate along several thousand km (the
present size of the Circum Caribbean Belt). Consequently,
it follows that the Late Cretaceous-Present volcanic-arc
sections cropping out all along the Caribbean Belt should
rest on top of the Early Cretaceous volcanic arc sections
only locally (Los Pasos Fm, Pre-Camujiro Fm, Los Ran-
chos Fm, Guamira basalts, and many others). In conse-
quence, the present geometry of the volcanic arc complexes
in the Greater Antilles cannot be resolved without careful
palinspastic reconstructions, locality by locality. Examples
of this kind of exercise are present in various papers pre-
sented in this volume, but the Volume editors strongly
emphasize that much more work has to be done before the
original geometry of the arcs in all the necessary details
can be understood. For example, Pindell et al. argue that
the Cretaceous arc-related rocks, as they occur in Central
Cuba, represent a fore arc region, while the axial part of
this arc is present in the Sierra Maestra Mountains of Cuba.
This interpretation would imply that, unusually, the fore arc
(Central Cuba) is built up by Neocomian(?)-Campanian
primitive IAT and CA plutonic, volcanic and vulcano-sedi-
mentary island arc suites, while the axial part of the arc
(Sierra Maestra) is represented only by a poorly exposed
Late Cretaceous (Albian-Campanian) mainly vulcanoclas-
tic section.  In Central America (Costa Rica) the occur-
rence of an Albian-Cenomanian volcanic arc is postulated
by the occurrence of volcanic-derived clastic material in
the Loma Chumico Formation, but the geometry of this arc
is under debate and will be difficult to define without addi-
tional data (Denyer et al.). In eastern Cuba, Paleocene-Mid-
dle Eocene volcanic arc rocks probably represent a back
arc-axial arc couple (Rojas Agramonte et al.), but the
equivalent fore arc-subduction complex has not been iden-
tified, and may be present in western Hispaniola (Pindell et
al.).  Furthermore, neither in Hispaniola nor in Puerto Rico-
Virgin islands are the volcanic arc sections fully represent-
ed, so many question about the geometry of the arc suites
are under debate (Jolly et al.; Jolly and Lidiak).

CONCLUDING REMARKS

The scientific results presented herein –despite the
questions remaining to be faced by future research– rep-
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resent an important and useful base to encourage local
and regional geological investigations, not only in the
Caribbean area, but also elsewhere, because some of the
issues debated here have to do with the basic principles of
plate tectonic interpretation. For example, the expression
of a mantle plume event in outcrops; the complex geo-
chemical evolution of magmatic arcs; the problems in rec-
ognizing different arc elements within a deformed belt;
the petrological identification of different subduction
melanges along the strike of ophiolite outcrops and the
debate concerning their interpretation; and some of the
problems related to the definition and use of tectonostrati-
graphic terranes. We strongly believe that there is no clear
distinction between basic and applied science. Every new
scientific contribution ultimately is a step toward the cul-
tural and economical development of society, which has
been the true essence of our project.
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Role of crustal melting in petrogenesis of the Cretaceous Water
Island Formation (Virgin Islands, northeast Antilles Island arc)

The latest Aptian to earliest Albian (~115 Ma) Water Island Fm in the Virgin Islands contains some of the oldest
known arc-related strata in the Greater Antilles Island Arc. Hence, the unit is of considerable significance in tec-
tonic reconstructions of initial subduction parameters along the long-lived destructive plate margin separating
the North American and Caribbean Plates. Exposed Water Island strata are bimodal, consisting predominantly
of altered dacite and rhyolite (originally called keratophyre; 65-85% SiO2) and subordinate degraded (spilite;
46-57% SiO2). TiO2 content of Water Island basalt averages approximately 0.5%, resembling borderline inter-
mediate-Ti boninite basalts, consistent with low incompatible element abundances and low normalized light
rare earth elements (LREE) with respect to Sm. Trace element patterns of the felsic suite, characterized by pro-
nounced negative normalized anomalies for high field-strength elements (HFSE), low Sr/Y, and low absolute
rare earth element (REE) abundances, and relatively flat normalized REE patterns, have analogues in plagiorhy-
olite suites from bimodal Cenozoic arcs, including the western Aleutians, Izu-Bonin, the Kermadecs, and South
Sandwich. Relatively low incompatible element concentrations in plagiorhyolites and contrasting normalized
incompatible trace element patterns in basalts preclude an origin of Water Island plagiorhyolite through MORB-
type fractional crystallization. Compositions are consistent instead with melting models involving partial fusion
of amphibole-bearing gabbro at low pressures (within the stability range of plagioclase) in response to introduc-
tion of heat and aqueous flux by arc-related basalt melts and associated hydrothermal fluids during transmission
to the surface. Truncation of the basalt fractional crystallization trend at SiO2 = 57% indicates evolved island
arc basalt (IAB) crystal fractionates were gradually displaced from crustal magma conduits by more buoyant
plagiorhyolite melt, and trapped in underplated, sub-crustal magma chambers. Basalts have low (Ce/Ce*)N
(average ≈ 0.78), indicating the presence of significant pelagic sediment (0.5 to 1.5% Atlantic Cretaceous
pelagic sediment, AKPS). One subunit of relatively high-HFSE plagiorhyolite has (Ce/Ce*)N near-expected val-
ues, but another with low-HFSE has slightly lower than expected (Ce/Ce*)N, consistent with a small sediment
component. Absence of intermediate andesite from the Water Island Fm is inconsistent, however, with basalt-
rhyolite magma mixing processes. Consequently, incorporation of sediment by low-HFSE plagiorhyolite is
inferred to have resulted from re-melting of arc-related gabbro.

Antilles. Virgin Islands. Water Island Fm. Plagiorhyolite. Crustal melting.
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INTRODUCTION

The bimodal Water Island Fm, representing Late Apt-
ian or Early Albian volcanic strata from the Antilles
island arc in the Virgin Islands, is distinguished by the
predominance of dacites and rhyolites (SiO2 = 65 to 85
wt. %) over basaltic classes (SiO2 = 45 to 55  %), and by
the absence of intermediate andesites. The felsic rocks
resemble leucocratic end-members of Cenozoic bimodal
oceanic magma suites, named plagiogranites by Coleman
and Peterman (1975), compositions of which are domi-
nated by elevated SiO2 and low Al2O3, Na2O, MgO,
Sr/Y<10, relatively flat chondrite normalized REE spec-
tra, and negative normalized HFSE anomalies, reflecting
a hydrous low pressure origin within the stability range of
plagioclase (see for example Koepke et al., 2004). Pla-
giogranites are most common as small volume concentra-
tions within veins, fractures and shear zones intruding
oceanic crust sequences, such as the Southwest Indian
Ocean Ridge (Hébert et al., 1991; Dick et al., 2000) and
the Mid-Atlantic Ridge (Casey, 1997), as well as in ophi-
olite sequences of various ages (Gerlach et al., 1981; Jen-
ner et al., 1991; Floyd et al., 1998; Koepke et al., 2004).
The plagiogranite series was subsequently extended to
include relatively larger concentrations of arc-related
extrusive plagiorhyolite (Yazeva, 1978), also with low-
Al2O3 and Sr/Y<10, similar to lavas reported from
numerous Cenozoic arc terrains (Alabaster et al., 1982;
Tsvetkov, 1991; Jafri et al., 1995; Tamura and Tatsumi,
2002; Leat and Lester, 2003; Leat and Smellie, 2003;
Smith et al., 2003; Price et al., 2005). In addition, cer-
tain arc-related plagiogranite veins have adakitic com-
positions, characterized by elevated LREE, Al2O3, Sr/Y,
low and strongly fractionated normalized HREE pat-
terns with pronounced negative HFSE anomalies (Kam-
chatka Peninsula, Kepezhinskas et al., 1995; Drum-
mond et al., 1996), reflecting an origin involving
melting of garnet-clinopyroxene-bearing amphibolitized
basalt at high water pressures within the descending
slab (Rapp et al., 1999). 

Pearce et al. (1984) found diversity within pla-
giogranites to be so great and representatives of group
so widespread that trace element compositions of the
rocks can be utilized to discriminate between various
tectonic settings. Since similar compositional variations
are observed in extrusive plagiorhyolite counterparts
(Floyd et al., 1998; Koepke et al., 2004), a geochemical
approach is also adopted here. Principal objectives
include 1) examination of key major and trace element
parameters on the basis of 32 new analyses of represen-
tative Water Island samples (Table 1, see Appendix ),
and 2) comparison of geochemical data with Cenozoic
bimodal basalt-plagiorhyolite-bearing suites and experi-
mental data, and 3) examination of the origin and tec-

tonic setting of Water Island bimodality based on major
and trace element fractional crystallization and partial
melting models. 

Basalt and plagiorhyolite end-members of the Water
Island Fm, widely called spilites and keratophyres,
respectively, to reflect their degraded, albite-chlorite-bear-
ing secondary mineralogy (Donnelly and Rogers, 1980;
Donnelly, 1989; Donnelly et al., 1990; Lebron and Perfit,
1994), are uniformly altered to assemblages consisting
primarily of relict augite, albitized plagioclase, and chlo-
rite. Experience has shown that most large-ion lithophile
elements (LILE, including Rb, Ba, K, and Sr) are remobi-
lized during low-temperature alteration, and that only Sr
retains well-defined fields. To avoid confusion due to se-
condary compositional changes, geochemical models are
restricted to the least soluble components, including rare
earth elements (REE), high field-strength elements
(HFSE), and Th (Pearce, 1983). The only exception is
that Sr/Y is employed as a general indicator of melting
pressures for entire rock populations.

GEOLOGICAL SETTING

The Antilles island arc platform is subdivided into two
segments: 1) the Greater Antilles in the north and north-
west, including Cuba, Hispañiola, Puerto Rico, and the
Virgin Islands, all of which have been volcanically inac-
tive since Paleogene time, and 2) the active Lesser
Antilles in the east (Fig. 1). The northeast Antilles,
including the Virgin Islands and Puerto Rico, occupies the
region between these two arc sectors. Rocks representing
the Jurassic pre-arc basement in the northeast Antilles are
exposed both in central Hispañiola, where the Duarte
Complex is comprised of obducted basaltic oceanic ter-
rains (Draper et al., 1996; Lewis and Jiménez, 1991;
Lapierre et al., 1997, 1999; Lewis et al., 1999, 2002), and
in southwestern Puerto Rico (Fig. 1), where the Sierra
Bermeja Basement Complex consists of serpentinized
upper mantle ultramafic rocks, Lower Jurassic (~185 Ma)
MORB tholeiite basalt (Lower Cajul Fm) and associated
amphibolites (Las Palmas Amphibolite), and Jurassic to
mid-Cretaceous chert (Mariquita Chert, Montgomery et
al., 1994; Schellekens, 1998).

Limited paleontologic data from radiolarian chert
(Donnelly, 1966), including new observations reported by
Rankin (2002), indicate the Water Island Fm dates from
Late Aptian or Early Albian time (~115 Ma, Rankin,
2002), which is in broad agreement with ages established
in other islands (see summaries of Jolly et al., 1998a;
Schellekens, 1998; Lewis et al., 2002). Island arc volcan-
ism in the northeast Antilles continued episodically until
mid-Eocene time (45 Ma, Frost and Schellekens, 1998).

Cretaceous crustal melting in the NE AntillesW.T. JOLLY and E.G. LIDIAK
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Because oldest arc strata are of uniform age and because
geochemical and lithological sequences are similar in all
islands, the Antilles arc platform is considered to be rem-
nants of a once continuous volcanic chain, possibly with
multiple subduction zones, that formed along the western
flank of the Pacific Plate and overrode the proto-Atlantic
portion of the North American Plate as it swept eastward
into the modern Caribbean (Burke, 1988; Donnelly, 1989;
Pindell and Barrett, 1990; Draper et al., 1996; Lewis et
al., 2002). Jolly et al. (this volume) suggested on geoche-
mical grounds that subduction in the Virgin Islands
involved young, and therefore pelagic sediment-poor,
ridge-related oceanic crust generated along the southwest-
trending Caribbean spur of the Mid-Atlantic Ridge (dated
between 155 and 125 Ma, Pindell and Barrett, 1990)
shortly following its extinction.

Stratigraphy in the Virgin Islands

The oldest strata in the Virgin Islands (Donnelly, 1966;
Donnelly et al., 1971, 1990; Hekinian, 1971; Donnelly and

Rogers, 1980), the bimodal Lameshure Volcanic-Intrusive
Complex of Rankin (2002; Figs. 1 and 2), consist of between
2 and 4 km of extrusive volcanic rocks (Water Island Fm)
and associated hypabyssal intrusive equivalents (Careen Hill
Intrusive Suite). Water Island strata, which dips consistently
northward, is widely exposed in south-eastern St. Thomas,
eastern St. John, and on Norman and Peter Islands in the east
(Fig. 2). Predominant felsic end-members, comprising
approximately 80% of the unit (Rankin, 2002), range from
dacites to siliceous rhyolites (65 to 88% SiO2 on a volatile-
free basis), whereas subordinate mafic end-members (20%)
are largely restricted to the basaltic range (46 to 57% SiO2).
The various units of the formation are commonly interlay-
ered, but thick uninterrupted sequences of both types are
present (Fig. 2). Basaltic strata are dominated by
aphanitic to sparcely porphyritic, amygdaloidal and
commonly pillowed, plagioclase-ferroaugite-bearing
lava, lava breccia and tuff, together with related intru-
sive feeder dikes and stocks and pelagic radiolarian
chert. Analyzed basaltic rocks include representative
non-amygdular lavas and individual clasts separated
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FIGURE 1 A) Bathymetry and neotectonic elements of the northeast Antilles. MB: Mona
block; ID: Isla Desecheo; IM: Isla de Mona; AFZ: Anegada fault zone; PRVI: Puerto Rico-Vir-
gin Islands Arch; stars represent active Lesser Antilles volcanoes. GPS vectors (all to scale)
from Jansma et al. (2000). Solid teeth on thrusts represent magmatic arcs; open teeth, non-
volcanic subduction; hatchers, gravity collapse. Puerto Rico is subdivided by major left-late-
ral strike-slip fracture zones into western (WPR) central (CPR) and northeastern (NEPR) tec-
tonic blocks. Insets A and B represent St. Thomas and St. John map areas, respectively, in
Fig. 2. B) Stratigraphic correlations in the northeast Antilles are modified from Helsley
(1960), Donnelly (1966), and Rankin (2002); T-C-S: Turonian-Coniacian-Santonian; EPR:
eastern Puerto Rico; VITU: Virgin Is. Tutu Fm; VILH: Louisenhoj Fm; VITR: Tortola Fm; VIWI:
Water Is. Fm. Time scale is from Harland et al. (1982).



from tuff breccias. Felsic end-members are fine-grained
spherulitic lavas that are commonly layered, brecciated,
and extensively hydrothermally altered. The Water
Island Fm is intruded by numerous younger, predomi-
nantly fine-grained to porphyritic basaltic dikes, sills, and
stocks, many of which are identified by the presence of
epidote-bearing metamorphic aureoles (Rankin, 2002).

At several localities the Water Island Fm grades con-
formably upward (Rankin, 2002) to lava, volcanic brec-
cia and conglomerate, sand, and tuffaceous shale of the
succeeding Louisenhoj Fm (Donnelly, 1966). This unit,
between 0.5 and 1.5 km thick, consists primarily of
fragmental extrusive basalt accompanied by appreciable
proportions of both andesite and rhyolite. Louisenhoj
volcanism was followed conformably by deposition of
the Outer Brass Limestone, a platform carbonate dated
by planktonic Foraminifera to between Late Turonian
and Late Santonian time (~85 Ma, Pessagno, 1976).
Succeeding, also conformable, volcanic sandstone,

shale, and conglomerate of the Tutu Fm, of Santonian
to Campanian age (Donnelly, 1966), are restricted to a
narrow belt on the north side of the islands (Fig. 2).
Strata in northern St. John were metamorphosed to
hornblende-garnet amphibolite by the calcalkaline Vir-
gin Islands Batholith and satellite plutons (Fig. 2; Hels-
ley, 1960; Donnelly and Rogers, 1980; Donnelly et al.,
1990; Lidiak and Jolly, 1996). The intrusive rocks, rep-
resenting the final major magmatic event in the north-
east Antilles, have Oligocene K/Ar ( Cox et al., 1977)
and 40Ar/39Ar (Rankin, 2002) radiometric ages ranging
from 35 to 39 Ma.

Petrography of Water Island lavas

Basalts from the Water Island Fm are essentially
aphyric to slightly porphyritic, with small (1 to 5 mm long)
and sparce augite and mostly albitized plagioclase phe-
nocrysts in an aphanic groundmass of devitrified and chlo-
ritized glass, feathery-textured clinopyroxene, and
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FIGURE 2 Geologic maps of St. Thomas (A) and St. John (B), US Virgin Islands, showing location and subunit designations of analyzed Water Island
samples; geology from Donnelly (1966) and Rankin (2002). Subunits identified in Fig. 3 as follows: solid circle, low-HFSE borderline boninitic basalt
(VIWI-1); solid square, low-HFSE plagiorhyolite (VIWI-4); square, high-HFSE plagiorhyolite (VIWI-5); solid pyramid MORB-like basalt (VIWI-3). Strike
and dip symbols indicate attitude of bedding, heavy lines represent faults, teeth on faults indicate overthrusting. Note the maps are at the same scale
and overlap at Grass Cay.



quenched albitized feldspar microlites. Accessory titano-
magnetite is ubiquitous, pseudomorphs of olivine are pre-
sent in a few samples, and green spinel is a trace compo-
nent in altered rocks. Most of the rocks were strongly
hydrated (chloritized) during alteration. In addition abun-
dant prehnite and rare pumpellyite are present as low-tem-
perature alteration products (see also Rankin, 2002). 

Like basaltic end-members, Water Island plagiorhyo-
lite are predominantly aphanitic. However, albitized pla-
gioclase laths and euhedral to subhedral quartz, both of
which range in length from 0.5 to 5 mm, as well as tiny
magnetite grains, appear in many of the samples studied.
Rankin (2002) subdivided eruptive plagiorhyolites into
three textural types: (1) phenocryst-poor aphanitic rocks
with less than 10% plagioclase plus quartz crystals
(including samples 14, 20, 21, 22, 27, 35, 37, and 66 in
Table 1), which comprise almost 90% of the plagiorhyo-
lite suite; (2) plagioclase-quartz porphyries with between
10 and 25% plagioclase plus quartz phenocrysts (samples
7, 16, 25, 29, and 36, 43), comprising up to 10% of the
suite; and (3) rare plagioclase-phyric varieties with
between 5 and 10% plagioclase crystals (samples 38 and
23). Mineralogy of analysed plagiorhyolite samples is
compared to bulk rock compositions in Fig. 3B (see sym-
bols denoted a, b, etc.). 

GEOCHEMISTRY OF THE BIMODAL WATER ISLAND
FORMATION

Data base, analytical methods, and geochemical
parameters

Major (ICP-ES) and trace element (ICP-MS) analyses
from 32 Water Island samples (15 basalts and 17 pla-
giorhyolites) are provided in Table 1; sample locations are
included in Fig. 2. Supplementing Water Island data
(Table 2, see Appendix ) are 12 analyses of pre-arc
MORB tholeiite basalt and trondhjemite fractionates, and
a representative of the associated Las Palmas Amphibo-
lite, both from Arroyo Cajul in the Sierra Bermeja Com-
plex, western Puerto Rico (Schellekens et al., 1990; Jolly
et al., 1998a and b). Rock analysis was performed by
Acme Analytical Laboratories at Vancouver, BC, Canada.
Sample preparation and analytical methods are outlined
in Jolly et al. (this volume). To avoid scatter introduced
by secondary hydration, data in diagrams and theoretical
models (but not in Tables 1 and 2) are recalculated on a
volatile-free basis.

Spinel peridotite melting models were calculated as
described in Jolly et al. (this volume). In conformity with
Nb and Yb abundances (figs. 10 and 11 of Jolly et al., this
volume) and Cr/Yb relations, models were calculated for

25% fusion (f = 0.25). Starting compositions were select-
ed from the range of mantle compositions suggested by
Pearce and Parkinson (1993) and modified by Bédard
(1999), whereas compositions of Atlantic Cretaceous
pelagic sediment (AKPS) are from Jolly et al. (this vol-
ume). Chondrite values and the order of incompatible ele-
ments are from Sun and McDonough (1989). 

Partition coefficients for mantle melting processes in
spinel peridotite are modified from Pearce and Parkinson
(1993) and Bédard (1999), while those for equilibrium
batch melting and basaltic fractional crystallization are
from Rollinson (1993). Published coefficents (D-values)
for HFSE partitioning between felsic liquids and residual
ilmenite (ilm) have an exceedingly large range. For exam-
ple, Dilm/Nb reported by Ewart and Griffin (1994) and Sti-
mac and Hickmott (1994) range from 6.58 to 89.9 and
from 50.9 to 64.2, respectively. In comparison, a similar
range, Dilm/Ta = 64 to 85, was reported by Stimac and
Hickmott, while a higher average of 106 was suggested
for that element by Nash and Crecroft (1985). Stimac and
Hickmott also reported a large range of Dilm/Ti, from 150
to 235, but Sisson (1991) indicated lower values, averag-
ing 16.5. An experimental value of Drutile/Ta = 44 was
measured in intermediate liquids by Green and Pearson
(1987).  Values of 50 and 100 for Nb and Ti, respectively,
representing the mid-range of published values, are
adopted here for use in melting and fractional crystalliza-
tion models.

Geochemical terminology

Previous geochemical classifications of island arc
basalts in the Virgin Islands, and elsewhere in the Greater
Antilles, subdivided the rocks into two groups (Fig. 3)
based on isotope data, normalized REE slopes, and relative
abundances U, Th, and large-ion lithophile elements
(LILE, K, Rb, Sr, Ba; Donnelly and Rogers, 1980; Donnel-
ly, 1989; Donnelly et al., 1990; Lebron and Perfit, 1994):
1) a lower primitive island arc suite (PIA) with low incom-
patible elements and radiogenic isotope abundances, con-
sisting predominantly of degraded, albite-bearing low-K
basalt (spilite) accompanied, in the Water Island Fm, by
altered quartz-albite-bearing dacite and rhyolite (originally
called keratophyre) and 2) an overlying basalt to interme-
diate calc-alkaline suite (CA), with elevated incompatible
and radiogenic element concentrations, consisting primari-
ly of andesite and related crystal fractionates.

PIA-type lavas typically have low LILE, LREE, and
HFSE abundances, low Th, U, and radiogenic Pb, and
near-horizontal or slightly depleted normalized LREE
spectra. Hence, trace element distribution is broadly
equivalent to the conventional modern island arc tholeiite
(IAT) series (Jakeš and Gill, 1970). Younger CA-type
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lavas, distinguished from PIA by elevated LREE, U, Th,
and radiogenic Pb abundances, resemble the orogenic cal-
calkaline series of Gill (1981). Jolly et al. (this volume)
concluded REE content of Antilles volcanic rocks is
closely related to proportions of subducted pelagic sedi-
ment, which is highly variable, both temporally and spa-
tially, across the northeast Antilles. Moreover, recent geo-
chemical investigations revealed many PIA basalts in the
Greater Antilles, including the Téneme Fm in Eastern
Cuba (Proenza et al., this volume), and the Maimon
Fm in central Hispañiola (Horan, 1995; Lewis et al.,
2000, 2002), as well as Water Island basalts, have
boninitic affinities (low TiO2, Al2O3, CaO, and REE,
especially heavy rare earth elements (HREE), com-
pared with IAB and MORB basalts), indicating ano-

malous, incompatible element-depleted mantle source
compositions (Hickey and Frey, 1982; Crawford, 1989;
Pearce and Parkinson, 1993; Bédard, 1999). On A TiO2

vs. FeO*/MgO plot (Fig. 4B), total Fe calculated as
FeO*), the Tenemé Fm plots within the intermediate-Ti
boninite field of Bédard (1999), whereas Water Island
basalts (VIWI-1, -2, and –3), with an average of
approximately 0.5% TiO2, plot along the boundary
between intermediate-Ti boninites and IAB; hence, the
rocks are considered to be boninitic rather than true
boninites. In comparison, rocks stratigraphically corre-
lated with the Water Island Fm from central Puerto
Rico (Fms A, B, and C, Jolly et al., 2001, 2002, this
volume) are restricted to the combined IAB-MORB
field, with TiO2 > 0.5%.
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FIGURE 3 Geochemical subdivision of Water Island Fm from covariation of critical major and incompatible elements. A) SiO2 -MgO illustrates the
absence of intermediate andesite from the Water Island bimodal basalt-plagiorhyolite assemblages. Volcanic classes are based on SiO2 content,
according to the classification system of La Maitre (1989); basaltic andesite (SiO2 = 52 to 57%) are included in the basalt range and the dacite-
rhyolite boundary is set at 72% SiO2. Both dacite and rhyolite are included within the plagiorhyolite – plagiorhyolite series (Coleman and Peterman,
1975; Coleman and Donato, 1979). B) SiO2 - Zr discriminates low- and high-HFSE plagiorhyolites. C) Water Island basalts and plagiorhyolites lie
between the N-MORB and E-MORB trends in Yb-La plots. D) MORB-like basalts and high-LREE basalts both lie along the N-MORB trend (Sun and
McDonough, 1989) in Nb-Zr plots; in comparison, equivalent volcanic strata from Formations A, B, and C in central Puerto Rico have a higher slope
and elevated Nb.  FMM represents the fertile MORB-type source of Pearce and Parkinson (1993).



Geochemical subdivision

Basalts, with Zr concentrations ranging from <10 to
approximately 30 ppm, form a tight cluster between 48
and 57% silica on Zr-SiO2 plots (Fig. 3B). The rocks
are resolved into three subunits, one with low Nb (des-
ignated basalt subunit VIWI-1), another (VIWI-2) from
the sheeted dike complex in southern St. John (Rankin,
2002) with Nb concentrations below the analytical
detection limit (0.5 ppm), and a third (VIWI-3) with
MORB-like chondrite-normalized incompatible ele-
ment patterns. Together the basalts form a tight, mo-
derately negative field on CaO/Al2O3 vs FeO*/MgO
diagrams (Fig. 4A), reflecting high-pressure, cpx-do-
minated fractional crystallization. The trend contrasts
with low negative slopes characteristic of low-pressure,
plagioclase-dominated MORB fractional crystallization
(Yogodzinski et al., 1995). As indicated above, Water
Island boninitic basalts (VIWI-1, -2 and -3) have some-
what depleted Ti and Yb concentrations compared with
N-MORB, ranging from 0.45 to 0.65 % TiO2 (average
approximately 0.5%) and 1.0 to 1.5 ppm Yb, respec-
tively (Fig. 4B and 4C). A graphic core-log presented
by Hekinian (1971), representing the exclusively
basaltic upper 360 m of a 740 m log drill core reco-
vered from the vicinity of Ram Head, St. John (Fig.
2B), indicates the rocks have similar intermediate-TiO2

concentrations average ~0.5%.

Water Island plagiorhyolites, like the interlayered
basalts, are characterized by low HFSE, especially Nb,
Ta, and Ti. In addition, most samples have low MgO
(<3%), total REE and LREE (La<8 ppm; Fig. 3C), Sr,
and Sr/Y<10). Al2O3 content and CaO/Al2O3 Water
Island plagiorhyolites are also low (averaging 12.8%
and 0.2, respectively, Table 1 and Fig. 4A) compared
with Antilles basalts of equivalent age (averaging =
17.6% and 0.75 in Fm A basalts from central Puerto
Rico; Jolly et al., 2001, this volume). The rocks form
discrete low-HFSE (VIWI4) and high-HFSE (VIWI5)
groups on Zr-SiO2 plots, with low-HFSE varieties
ranging from 40 to 70 ppm Zr, compared to a range
from 60 to 110 ppm in high-HFSE types. 

Geographic distribution of geochemical subunits

Basalt is present throughout the Water Island Fm,
commonly interlayered with plagiorhyolite, but more
significant concentrations occur in three geographic
areas of the northern Virgin Islands (Fig. 2). The most
extensive exposures are in southeastern St. John (Fig.
2B), where, for example, the upper 360 m of the Ram
Head drill core is composed entirely of basalt and gab-
bro (Hekinian, 1971). Isolated domains of basalt strata
are also present within plagiorhyolite further north

where the rocks are largely inaccessible within Virgin
Islands National Park.  Basalt predominates in two
additional areas below the transitional contact with the
Louisenhoj Fm, one in southwestern St. John and ano-
ther in southeastern St. Thomas (Fig. 2A).

Distribution of the two Water Island plagiorhyolite
subunits (VIWI-4 and -5) appears geographically con-
trolled. Low-HFSE types are present exclusively in
southeastern St. John in the vicinity of Ram Head (Fig.
2B), and in the two areas below the Louisenhoj Fm in
western St. John and St. Thomas, in areas dominated
by basalt. North of an east northeast-trending fault
zone (Fig. 2B) that separates the Ram Head area from
eastern St. John, basalts are relatively more scarce, and
low-HFSE plagiorhyolite is absent, and is replaced by
high-HFSE types. Correlations across the fault are
uncertain (Rankin, 2002), and it is possible the entire
stratigraphic section in northeast St. John is repeated
on the south side.

Chondrite-normalized incompatible element patterns

Normalized incompatible element patterns of
boninitic basalts (VIWI-1 and –2; Fig. 5C) have mo-
derately La enriched normalized LREE slopes, low
YbN (5 to10), low Zr and Nb abundances with negative
Zr and Nb anomalies, and a pronounced negative Ce-
anomaly, but the rocks have no significant Eu anomaly.
The Water Island Formation contains a small propor-
tion of MORB-like basalts (VIWI-3) that (1) plot along
the N-MORB line on binary diagrams involving HFSE
(Fig. 3D) and (2) have relatively smooth, flat norma-
lized middle rare earth elements (MREE)-HREE seg-
ments. Incompatible element concentrations overlap
boninitic basalts, except for smaller chondrite-norma-
lized Nb-anomalies (Fig. 5).

All Water Island plagiorhyolites (VIWI-4 and -5)
have relatively flat normalized incompatible element
spectra (Fig. 5A and B) characterized by the presence
of negative normalized Nb, Ta, and Ti anomalies.
Low-HFSE plagiorhyolites, which have moderate Zr
and extremely deep Nb- and Ti-anomalies, comprise
two subgroups, one (VIWI4a, consisting of samples
66 and 35, Fig. 5A and Table 1) with moderate nega-
tive Ce-anomalies and slightly enriched normalized
LREE slopes, and another (VIWI4b, samples 66, 29,
and 37) with relatively flat LREE segments. In com-
parison, high-HFSE plagiorhyolites have relatively
shallower Nb- and Ta-anomalies, lack Ce- and Zr-
anomalies, but have deeper negative Ti-anomalies and
lower TiO2 than low-HFSE types (VIWI-4). Both pla-
giorhyolite subunits have high YbN, ranging from 10
to approximately 30.
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GEOCHEMICAL AFFINITIES OF WATER ISLAND
PLAGIORHYOLITES

Comparison with Cenozoic high-pressure slab
melts (adakites)

In covariation plots of SiO2 vs. molar Mg/[Mg+Fe],
the low-SiO2 part of the Water Island plagiorhyolite field
(Fig. 6C) overlaps the adakite series (Kay, 1980), which is
an integral part of volcanic suites in numerous Cenozoic
arcs. Examples include the western Philippines (Sajona et
al., 1994), Panama (Defant et al., 1991), the Aleutians (Kay,

1980; Yogodzinski et al., 1994, 1995), Chile (Stern and Kil-
ian, 1996), and Japan (Morris, 1995; Tamura and Tatsumi,
2002; Tatsumi et al., 2003), but many others have been
reported. Water Island plagiorhyolites also partly overlap
the field of the Archean plutonic tonalite-trondhjemite-gra-
nodiorite series (TTG of Barker, 1979; Martin, 1986), as
defined by Smithies (2000; Fig. 6B), which closely resem-
ble low-Mg-type extrusive Cenozoic adakites. 

Adakite compositions, characterized by intermediate
SiO2, and high Al2O3, Sr, Sr/Y<100, and fractionated
normalized HREE slopes with low Yb (Defant and
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FIGURE 4 Petrogenetic processes in the Water Island Fm. A) CaO/Al2O3 vs. FeO*/MgO differentiates MORB from IAB type fractional crystallization
series, and the field of plagiorhyolites. LCAJ identifies the tholeiitic field of the lower Cajul Fm, southwest Puerto Rico, which represents western
Puerto Rican (WPR) pre-arc MORB. B) TiO2 - Fe*/MgO discriminates low- and intermediate-Ti boninites according to the classification of Bédard
(1999; temporal correlatives of the Water Island Fm in central Puerto Rico (Formations A, B, and C) are from Jolly et al. (2001, 2002; this volume);
Bonin Island field is from Crawford (1989); Téneme Fm data are from Proenza et al. (this volume); Fe* represents total Fe as FeO; WPR Mesozoic
MORB includes extrusive tholeiites from the Cajul Fm and amphibolites from the Las Palmas Amphibolite,  southwest Puerto Rico. C) Yb vs Cr discri-
minates boninites, IAB, and MORB basalts (Pearce and Parkinson, 1993); units are identified as in B. Fractional crystallization (fc) vectors are included
for opaque oxides (mt), for melts in which clinopyroxene (cpx) is greater and less than plagioclase (pl).) Yb9.0 and Nb9.0 represent corrected ele-
mental abundances at MgO = 9.0 (see Jolly et al., this volume). D) Theoretical melting curves (from Pearce and Parkinson, 1993) for melting of fer-
tile MORB mantle (FMM) and 5% depleted mantle (RMM5; Pearce and Parkinson, 1993) are indicated together with contours representing degree of
melting. Modern MORB field is from data of Dosso et al. (1993).



Drummond, 1990), indicate an origin through melting of
amphibolite at elevated pressures above the stability
range of feldspar, a process consistent with residual
clinopyroxene and garnet in the source (1-4 GPa, Beard
and Lofgren, 1991; Wyllie and Wolf, 1993; Sen and
Dunn, 1994; Rapp and Watson, 1995; Rapp et al., 1999;
Proteau et al., 2001). It is difficult to independently
assess mineral-melt equilibria for Water Island volcanic
rocks, since normative values are unreliable due to low-
temperature alteration. In many significant respects,
however, Water Island plagiorhyolites, characterized by
low Sr/Y < 10, Sr, Al2O3 (Table 1), and relatively flat
normalized HREE slopes (Figs. 5Aand 5B), represent
the opposite end of the compositional spectrum relative
to adakites (Fig. 7). 

Cenozoic bimodal basalt-plagiorhyolite
associations 

The geochemistry of Water Island plagiorhyolites
more closely resembles bimodal basalt-plagiogranite
suites of various petrogenetic derivations, such as rep-
resentatives from ophiolites, where the felsic rocks
form small-volume veins that are predominantly but
not exclusively leucocratic (Coleman and Donato,
1979; Hopson et al., 1981; Pallister and Knight, 1981;
Alabaster et al., 1982; Pearce et al., 1984; Barbieri et
al., 1994; Floyd et al., 1998), and in Cenozoic oceanic
crust sequences (Carmichael, 1964; Coleman and
Peterman, 1975; Flagler and Spray, 1991; Floyd et al.,
1998; Jafri et al., 1995; Koepke et al., 2004). Larger
concentrations of extrusive plagiorhyolite with similar
compositions are reported from Cenozoic subduction-
related island arcs, including the Aleutians (Tsevtkov,
1991), Izu-Bonin (Tamura and Tatsumi, 2002), Tonga-
Kermadec (Smith et al., 2003), and South Sandwich
(Leat et al., 2003). Plagiorhyolite is also reported from
Mesozoic and Paleozoic arc settings, such as the Urals
(Yazeva, 1978) and Bay of Islands, Newfoundland
(Malpas, 1979; Elthon, 1991; Jenner et al., 1991;
Bédard, 1999). In certain arc settings (cf., Canyon
Mountain, Oregon, Gerlach et al., 1981) basalt is
replaced by andesite as the mafic end-member.
Although sometimes utilized to describe veins with
adakite compositions (Kepezhinskas et al., 1995;
Drummond et al., 1996), the term plagiorhyolite is
restricted here to rocks with low Al2O3, Sr, Sr/Y<10,
relatively low total REE and relatively flat normalized
HREE patterns.

Many authors (Malpas, 1979; Gerlach et al., 1981;
Floyd et al., 1998; Bédard, 1999; and Koepke, 2004)
distinguished a pair of distinctive plagiorhyolite
series. The two are difficult to distinguish on the basis
of major element criteria alone (Koepke et al., 2004),
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FIGURE 5 Chondrite-normalized incompatible element patterns from
Water Island subunits. A) Low-HFSE plagiorhyolites (VIWI-4). B) High-
HFSE plagiorhyolites (VIWI-5). C) Boninitic basalt (VIWI-1). D) Sheet-
ed dikes (VIWI-2, denoted D) and MORB-like basalt (VIWI-3). Normal-
ization values are from Sun and McDonough (1989); all patterns are
presented at the same scale.



but can be differentiated utilizing normalized REE
spectra into 1) a high REE, fractional crystallization-
related Samail-type series and 2) a relatively low REE,
partial melting-related Canyon Mt-type series. Plagiorhy-
olite of the Samail-type, named for ophiolites in Oman
(Coleman and Donato, 1979), is potentially represented in
the Antilles by tholeiitic trondhjemite from the western
Puerto Rican Mesozoic MORB suite (Fig. 8A), whereas
the Canyon Mt-type is potentially represented by Water
Island plagiorhyolites, which resemble Cenozoic arc-
related plagiorhyolite suites with respect to both major
(SiO2 and molar Mg/[Mg+Fe], Fig. 6D) and incompatible
trace element concentrations (Sr/Y-Y, Fig. 7).

Numerous experimental studies, mostly at 1 atm in
the dry system, reveal that fractional crystallization of

Fe-Ti-oxide rich assemblages produce Samail-type
siliceous melts from a tholeiitic parent (Juster et al.,
1989, Thy and Lofgren, 1994; Toplis and Carroll,
1995). In contrast, melts resembling Canyon Moun-
tain-type plagiorhyolites were generated experimenta-
lly Baker and Eggler (1987), Housch and Luhr (1991),
Beard (1995), and Koepke et al. (2004) in wet gabbro
at crustal pressures. Koepke et al. (2004) produced
such melts at 200 MPa and temperatures between 900
and 940º C, Fig. 6D. Low-Ti starting material used in
the runs precluded production of Ti-Nb-oxide phases
(Koepke et al., 2004), but other authors (Ryerson and
Watson, 1987; Hirose, 1997) reported residual opaque
phases in wet low pressure experiments (1 KPa), con-
sistent with negative Ti- and Nb-anomalies in pla-
giorhyolite. 
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FIGURE 6 Covariation of SiO2 and molar Mg/[Mg+Fe] = Mg#/100. A) Water Island Fm (symbols as in Fig. 3; plagiorhyolite field shaded) and field of
western Puerto Rican MORB (stippled); four trondhjemitic crystal fractionates identified by diamonds. Also included for comparison is the field of
equivalent central Puerto Rican IAB from Formation A (Jolly et al., 2002, this volume), which overlaps the lower part of the Water Island basalt field.
B) Fields of selected Cenozoic mid-oceanic (low sediment) island arcs, including New Britian (Woodhead et al., 1998), Soloman Islands (Pearce et
al., 1999), South Sandwich Is. (Pearce et al., 1995), and the Archean tonalite-trondhjemite-granodiorite (TTG) suite (>3 Ga, Smithies, 2000), com-
pared with VIWI. C. Global adakites, experimental melts of amphibole basalt (1 to 4 GPa, Rapp et al., 1999) and hydrous peridotite (1 GPa, Hirose,
1997), and analyzed sub-arc melts from peridotite xenoliths (Schiano and Clocchiatti, 1994; Schiano et al., 1995), compared with Water Island pla-
giorhyolite (VIWI4 and 5). See text and Rapp et al. (1999) for data sources. Symbols as follows: AB: amphibole basalt; KLB-1: depleted peridotite;
AVX-1: incompatible element enriched peridotite; LMA: low-Mg adakite; HMA: high-Mg andesite; AFC: simultaneous mantle assimilation and fraction-
al crystallization (Stern and Killian, 1996). D. Cenozoic basalt-plagiorhyolite suites compared to the Water Island plagiorhyolite, see text for sources.
Experimental melts of wet gabbro are indicated for 900 and 940°C at PH2O = 200 MPa (Koepke et al., 2004).



PETROGENESIS OF THE WATER ISLAND BASALT-
PLAGIORHYOLITE SUITE MORB-THOLEIITE FRAC-
TIONAL CRYSTALLIZATION RESIDUAL (SAMAIL-
TYPE) MODELS

Major element mass balance calculations

Koepke et al. (2004), who compiled major element
data for plagiogranite suites from diverse tectonic settings
and ages, were unable to distinguish between residual and
anatectic plagiorhyolites, particularly those with >70%
SiO2, on the basis of major elements. The problems are
illustrated by major element mass balance calculations,
based on average representative microprobe analyses of
Water Island augite and plagioclase phenocrysts (Lidiak,
unpublished data), together with likely titanomagnetie
(Smith et al., 2003) and olivine compositions (Table 3,
see Appendix). Models reveal that major element compo-
sitions similar to Water Island plagiorhyolites (such as
sample 23 in Table 1) can be produced, with minimal
residuals, by removal of observed phenocrysts from rep-
resentative basalts (such as sample 42). However, the
models, which produce a maximum of 10-20% felsic
residua, are inconsistent with observed frequency distrib-
ution in the Water Island Fm, where plagiorhyolite is
dominant. Also, fractional crystallization cannot account
for the absence of andesite from the Water Island Fm and
many analogous Cenozoic bimodal associations (cf.,
Aleutians, Tsvetlov, 1991). 

Incompatible trace element fractional crystalli-
zation models

Development of Samail-type residual plagiogranite
suites by advanced fractional crystallization of basaltic
melts is evaluated utilizing trondhjemite lavas from the pre-
arc MORB assemblage (Lower Cajul Basalt, Jolly et al.,
1998b) in southwestern Puerto Rico (Fig. 1; Schellekens et
al., 1990). Normalized patterns of tholeiite basalts and
associated amphibolites are subparallel to average N-
MORB, and together the patterns form an essentially flat
field except for leftward depletion with respect to Sm of
more incompatible components, particularly La, Nb, and
Th. The rocks have a wide range of YbN, from between 0.9
and 20 in amphibolites (Fig. 8A and 9B), 15-30 in tholei-
ites, and a maximum between 60 and 80 in trondhjemite
end-members. Evolved trondhjemites, with SiO2 between
65 and 70%, have more elevated normalized patterns and
deep negative Nb-, Eu-, and Ti-anomalies, reflecting exten-
sive low pressure fractional crystallization of plagioclase
plus ilmenite. A likely fractional crystallization origin for
the trondhjemites is confirmed by trace element fractional
crystallization models (Fig. 8C), evolved liquid residua
from which reproduce key geochemical features of the
rocks, including significant incompatible element enrich-

ment and deep negative normalized Ti- and Nb-anomalies.
Conversely, the models produce normalized patterns (YbN

>10) that are consistently more elevated than Water Island
plagiorhyolites (YbN <10).

Low-pressure crustal anatexic (Canyon Moun-
tain-type) models 

Low-HFSE plagiorhyolites (VIWI-4) are subdivided
in Figs. 9A and 9B into two types. One set of three sam-
ples has relatively flat patterns and small negative Ce-
anomalies (VIWI-4a, Fig. 1A); another set of two sam-
ples has comparatively deep negative Ce-anomalies
(VIWI-4b, Fig. 8B). The envelope of normalized low-
HFSE plagiorhyolites patterns is compared with basalts
(VIWI-1) in Fig. 9C. Although the two end-members
have similar negative Ce-anomalies, basalts have steep
leftward decreases in normalized LREE (Fig. 8C). Since
fractional crystallization of plagioclase plus quartz pro-
duces progressive LREE depletion, the more LREE-
enriched normalized slopes of plagiorhyolites compared
with basalts are inconsistent with a co-magmatic origin.

High-HFSE plagiorhyolites (VIWI-5), like their low-
HFSE counterparts, have relatively flat normalized
MREE – HREE segments. The rocks are subdivided on
the basis of LREE-MREE segments into two types, one
with slightly enriched (VIWI-5a in Fig. 9D) and another
with slightly depleted LREE spectra with respect to Sm
(VIWI-5b in Fig. 9E). As in low-HFSE varieties, the con-
trasting patterns indicate high-HFSE plagiorhyolites rep-
resent a variety of magma types, produced by melting in a
range of sources with slightly different compositions. A
similar conclusion arises from phenocryst distribution in
high-HFSE plagiorhyolites. Plagioclase-quartz porphyries
(denoted b in Figs. 3B, 9), representing the most silica
enriched end-members, have slightly enriched LREE seg-
ments with high La compared with relatively phenocryst-
poor low-HFSE plagiorhyolites, inconsistent with an ori-
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FIGURE 7 Covariation of Sr/Y with Y in selected Cenozoic arc basalts
compared with the field of Water Island plaiorhyolites (VIWI-4 and -
5), see text for references. 



gin through fractional crystallization of the observed pla-
gioclase plus quartz phenocryst assemblage. The compo-
sitional variations in Water Island plagiorhyolite com-

pared with basalts also excludes separation of an immisci-
ble liquid (Dixon and Rutherford, 1979) as a potential
mechanism for production of plagiorhyolite. 

Canyon Mountain-type crustal anatexis models, calcu-
lated utilizing a modification of the Shaw (1970) equation
for equilibrium modal batch melting, produce more
appropriate results. Partial fusion is evaluated in Fig. 10
for two different types of altered basaltic crust, amphibole
gabbro and amphibolite. Crustal melting induced by
introduction of mantle-derived melts is most likely to
occur in the lower crust, where mafic gabbros and associ-
ated accumulates predominate (see for example, Floyd et
al., 1998). Accordingly, an incompatible element depleted
amphibolite from the basement complex in western Puer-
to Rico was selected as starting composition (sample
AMPH30, Table 2 and Fig. 8B). When cast as an amphi-
bole gabbro source (model 1), consisting of a 40:44:15:1
mixture of augite, plagioclase, hornblende and ilmenite,
melting of this sample produces slightly depleted chon-
drite-normalized REE patterns that, at relatively high
degrees of melting (25-50%), closely resemble Water
Island plagiorhyolites (VIWI-5a). The patterns also have
similar negative Eu anomalies, reflecting residual
feldspar, deep negative Nb- and Ti-anomalies, consistent
with fractional crystallization of Ti-bearing oxide phases,
and slight positive Zr-anomalies (Fig. 9E). An amphibo-
lite source (model 2), representing a more highly altered
gabbro consisting of a 55:44:1 mixture containing horn-
blende, plagioclase and ilmenite, produces melts with
slightly enriched normalized LREE slopes with respect to
Sm at relatively low degrees of melting (15-25%), match-
ing appropriate high-HFSE plagiorhyolites (VIWI-5b,
Fig. 8F). Both models indicate melts similar to Water
Island plagiorhyolites can be generated by melting in
amphibole-bearing crustal materials at low pressures, pro-
ducing plagioclase-rich residua.

Results for key incompatible trace element
ratio-pairs.

Melting models are further evaluated in Figs. 11 and
12 utilizing selected trace element ratio pairs, which
have the advantage of minimizing the effects of fraction-
al crystallization. These include 1) Nb/Zr and the adja-
cent pair La/Nb, reflecting mantle composition and the
relative magnitude of negative Nb-anomalies, respec-
tively, 2) La/Sm and Sm/Yb, representing slopes of nor-
malized LREE-MREE and MREE-HREE segments, and
3) Sm/Yb and the adjacent pair Zr/Sm, reflecting magni-
tude of Zr/Sm anomalies relative to slopes of normalized
MREE-HREE segments. Included in the diagrams are
calculated mixing curves (Jolly et al., this volume) re-
presenting compositions of melts (f = 0.25) from select-
ed peridotite sources (FMM, RMM1, RMM2, and

Cretaceous crustal melting in the NE AntillesW.T. JOLLY and E.G. LIDIAK

18Geolog ica  Acta ,  Vo l .4 ,  Nº1-2,  2006,  7-33

FIGURE 8 A) and B) Chondrite normalized patterns for A) MORB
tholeiites and trondhjemitic fractionates from the Cajul Fm and B) Las
Palmas Amphibolites, both from the pre-arc Sierra Bermeja Complex
in southwest Puerto Rico (Table 2), representing rock types available
in sub-arc oceanic crust. C) Fractional crystallization model (pl
58.5%, cpx 40, ilm 0.5) for an N-MORB composition (f, proportion
crystallized). Selection of partition coefficients is discussed in text.
Calculated patterns of more evolved fractionates resemble tholeiitic
trondhjemite fractionates from the Puerto Rican pre-arc MORB suite,
but are much more elevated than Water Island plagiorhyolites.
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RMM5) contaminated by pelagic sediments, and trajec-
tories (bold lines) and melt proportions (0.05, 0.15,
0.25, 0.50) predicted (Fig. 10) by low-pressure melting
models 1 (amphibole gabbro) and 2 (amphibolite).

La/Nb–Nb/Zr

The three major basaltic subunits (VIWI-1, -3) are
intermediate between the mantle trend and pelagic sed-
iment (AKPS) on La/Nb-Nb/Zr plots, where the rocks
concentrate along the RMM2-average AKPS mixing
line (Fig. 11). Low La/Nb in MORB-like basalts
(VIWI-3) are consistent with a lower degree of melting
(~15% compared to 25% for VIWI-1. see also Fig.
4D), and with a combination of decompression- and
flux-related melting processes. The field of Water
Island boninitic basalts (VIWI-1) form a vertical field
that overlaps calculated mixing curves for source-sedi-

ment mixtures (f = 0.25, Jolly et al., this volume). The
absence of significant negative normalized Ce-anom-
alies in low Nb/Zr basalts is consistent with low sedi-
ment proportions or with significant crustal contamina-
tion. Conversely, mixing lines indicate samples with
higher Nb/Zr contain from <0.5 to 1.5% pelagic sedi-
ment (average Atlantic Cretaceous pelagic sediment
(AKPS, Jolly et al., this volume). The presence of
small negative Ce-anomalies in most Water Island
basalts is consistent with the presence of a significant
sediment component. Melting trajectories for models 1
and 2 both track across the field of high-HFSE pla-
giorhyolite, consistent with fusion at crustal pressures.
The high-HFSE group (VIWI-5) is approximately
aligned along calculated melt trajectories, indicating
negligible sediment, whereas low-HFSE types (VIWI-
4) have slightly higher Nb/Zr, consistent with a small
sediment contribution. 

FIGURE 9 Comparison of chondrite normalized incompatible trace element patterns from Water Island basalts and plagiorhyolites; normalization
values are from Sun and McDonough (1989). SiO2 content (volatile free) of the rocks is indicated; letter a following plagioclase sample numbers
indicates plagioclase porphyries; b indicates plagioclase-quarts porphyries, unmarked samples are phenocryst-poor. A) through C) Subdivision of
low-HFSE plagiorhyolites into types with A) flat-LREE segments (VIWI-4a) and B) significant negative Ce-anomalies (VIWI-4b), and comparison of the
low-HFSE plagiorhyolite field with boninitic basalts (VIWI-1). Although both groups have significant negative Ce-anomalies, the basalt suite has mod-
erate LREE depletion, whereas plagiorhyolites have predominantly flat patterns. D) through F) Subdivision of high-HFSE plagiorhyolites into slightly
depleted  (VIWI-5a) and enriched (VIWI-5b) types based on configuration of normalized LREE segments. Included in C for comparison is the field of
evolved trondhjemitic tholeiites from southwest Puerto Rico (from Fig. 8C).



La/Sm– and Zr/Sm–Sm/Yb 

Relations between ratio pairs involving REE elements
confirm interpretations drawn from La/Nb-Nb/Zr. For
instance, high-HFSE plagiorhyolites (VIWI-5, Figs. 12C
and 12F) are aligned along or closely associated with the
mantle trend (Figs. 12A and 12D) in La/Sm–Sm/Yb and
Zr/Sm–Sm/Yb diagrams, consistent with melting in a
source composed of sediment-poor oceanic crust. This
interpretation is verified by melting trajectories for mod-
els 1 and 2 (Figs. 10C and 10D), which reflect up to 50%
fusion of amphibole gabbro and amphibolite. In compari-
son, low-HFSE plagiorhyolites (VIWI-4) have anom-
alously low Zr/Sm, indicating the presence of significant
sediment. Basalts (VIWI-1) have low La/Sm and overlap
the MORB field, indicating a minimal crustal component,
but a significant pelagic sediment component. Sm/Yb is
slightly displaced to the right in these diagrams, due to
fractional crystallizations (fc) of clinopyroxene (see fc
vectors in Figs. 12A and 12D). As a result, the plots pro-
duce slightly higher estimates of sediment proportions,
ranging from approximately 0.5 to 2%, compared with
values derived from La/Nb–Nb/Zr, which has compensat-
ing plagioclase and clinopyroxene fractional crystalliza-

tion vectors (Fig.11A). Anomalously low Zr/Sm in sheet-
ed dikes (VIWI-2, Fig. 12E) are consistent with (1) a
highly depleted source composition compared with a
MORB source, or (2) incorporation of a unique, relatively
low-Zr sediment component.

Ce-anomalies (Ce/Ce*)N

Normalized relations between measured and expected
Ce (Ce* = [La minus Pr]/2 + La)N are compared with
SiO2 in Fig. 13. It is generally inferred that negative
Ce/Ce* anomalies in island arc basalts are produced by
Ce-depletion in the sediment component (Ben-Othman et
al., 1989; Plank and Langmuir, 1998). This interpretation
is consistent with measured compositions of Atlantic
Mesozoic pelagic sediment (AKPS; see Jolly et al., this
volume), which has average (Ce/Ce*)N of 0.88 (range
from 0.72 to 0.98). In comparison, pre-arc Mesozoic
MORB (Table 2), reflecting the approximate composi-
tional range of source compositions in the northeast
Antilles, has a higher average value of 1.08 (range from
0.98 to 1.18). Water Island basalt subunits have wide
ranges of  (Ce/Ce*)N. Water Island boninitic basalts
(VIWI-1 and -2) have values ranging from approximately
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FIGURE 10 Low-pressure partial melting models in amphibole-bearing oceanic crust with composition of low-REE amphibolite sample AMPH-30
(Table 2) from the pre-arc basement MORB suite, western Puerto Rico (see Fig. 4C). Subdivision of plagiorhyolites is from Fig. 9. Symbols as follows:
cpx: clinopyroxene; hb: hornblende; pl: plagioclase; ilm: ilmenite. A) and B) Melting model 1 - Chondrite-normalized patterns representing low pres-
sure crustal fusion (f = melting proportion) in amphibole gabbro (cpx 40 %, hb 15, pl 44, ilm 1); the field of plagiorhyolite VIWI5a closely resembles
calculated fraction patterns between 25 and 50% melting. C) and D) Melting model 2 - calculated patterns for 15 to 25% fusion in amphibolite (hb
55, pl 44, ilm, 1) resemble field of plagiorhyolite VIWI5b.



0.65 to 1.5, but most samples are concentrated within a
tight field averaging 0.78, indicating the presence of a
significant sediment component. Three samples, designat-
ed WIVI-1’ in Fig. 13B, have near expected values of
(Ce/Ce*)N, reflecting limited sediment content and possi-
bly due to crustal contamination. MORB-like basalts
(VIWI-3) have a narrower range (from approximately
0.85 to over 1.15, indicating variable but predominantly
low sediment proportions. Since Nb-Yb abundances are
consistent with relatively low degrees (5-15%) of melt-
ing (Fig. 4D), it is inferred MORB-like basalts represent
samples of melts generated predominantly by decom-
pression-related melting in the back arc region of the
mantle wedge, where proportions of contaminating sedi-
ment are more limited (Hochstaedter et al., 1990). Low
La/Nb-Nb/Zr (Fig. 11B) in MORB-like basalts indicates
a minimal crustal component.

(Ce/Ce*)N values in Water Island plagiorhyolites,
ranging between 0.8 and 1.1, are similar to MORB, but
higher than most boninitic basalts (VIWI-1). The two
distinctive plagiorhyolite subunits have partly overlap-
ping fields (Fig. 13B), but high-HFSE types (VIWI-5)
have an average (Ce/Ce*)N of 0.98, slightly above the
expected value, indicating a negligible sediment compo-
nent, whereas low-HFSE types (VIWI-4) have a lower
average of 0.92, indicating the presence of  significant

sediment. The absence of intermediate members in the
Water Island Fm is inconsistent with significant
hybridization of mafic and felsic end-members of the
Water Island Fm. Instead, the distribution of composi-
tions indicates low-HFSE plagiorhyolites incorporated
significant proportions of re-melted gabbro of island arc
origin. Possible re-melted sources include (1) gabbroic
segregations, such as feeder veins, dikes, and sills inti-
mately associated with the sub-arc oceanic crust, and (2)
sub-crustally underplated, still hot, layered plutonic
intrusive bodies produced by solidification of earlier
boninitic basalts. 

Summary of petrogenetic constraints on the
Water Island Fm

Petrogenetic evidence from Water Island basaltic sub-
units, summarized in Table 4a (see Appendix) is consis-
tent with the following interpretations: (1) Low Nb and
Yb abundances (following correction for olivine fraction-
al crystallization during elevation to crustal levels), inter-
mediate TiO2 (~0.5%), and Cr-Yb relations indicate
boninitic basalts (VIWI-1 and -2) were generated by
melting in a moderately incompatible element depleted
mantle source (RMM2-5). Compositions of MORB-like
basalts (VIWI-3) are consistent with lower degrees of
melting in a similar mantle source. Degree of melting
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FIGURE 11 La/Nb-Nb/Zr (relative magnitude of Nb-anomalies compared to degree of incompatible enrichment); mantle components include FMM,
fertile MORB mantle; RMM2, residual mantle after removal of 2% melt; RMM5 (Pearce and Parkinson, 1993); OIB, ocean  island basalt; EM, E-MORB;
PM, primitive mantle, and NM, N-MORB are from Sun and McDonough (1989). Mixing lines (f = 0.25) between Atlantic Mesozoic pelagic sediment
(AKPS) and various source compositions are from Jolly et al. (this volume). Fractional crystallization trends to 75% solid for pl, hb, and cpx are indi-
cated by vectors. AKPS represent Atlantic Creaceous pelagic sediment (Jolly et al., this volume). A) Pre-arc Mesozoic MORB from Puerto Rico (Table
2), including representative compositions of Caribbean Cretaceous Plateau Basalts (CCPB) from the central Caribbean (Kerr et al., 1999, 2002; Hauff
et al., 2000). B) Water Island lava subgroups; symbols as in Figs. 3B and 3D. Water Island MORB-like basalts with low La/Nb cluster near the WPR
Mesozoic MORB field (symbols as in Fig. 4C); boninitic Water Island basalts (VIWI-1) concentrate along calculated mixing lines for melting in peri-
dotite sources with RMM2-5 compositions (Pearce and Parkinson, 1993), whereas Water Island plagiorhyolites have elevated La/Nb. Plagiorhyolite
fields are compared to calculated melting models 1 and 2 (Fig. 10) for fusion in amphibole gabbro and amphibolite, respectively. Plagiorhyolites lie
along or near calculated melting tracks; low-HFSE types are slightly more elevated, consistent with a significant pelagic sediment component.



averaged between 15 and 25% for boninitic basalts
(VIWI-1), but was consistently lower for MORB-like types
(5-15%). (2) Estimates of pelagic sediment proportions,
derived from La/Nb-Nb/Zr, range from <0.5 to 1.5% in
boninitic basalts (VIWI-1); Zr/Sm- and La/Sm-Sm/Yb pro-
duce similar but slightly higher estimates. Low (Ce/Ce*)N

in most basalts is also consistent with the presence of a sig-
nificant sediment component. (3) Low La/Nb in Water
Island basalts compared with plagiorhyolites indicates
incorporation of  a negligible crustal component. (4)
Major and trace element compositions of plagiorhyolite
subunits, characterized by low Al2O3, Sr, Sr/Y<10, and
relatively flat normalized REE spectra, indicate melts
were generated in a hydrous environment at crustal pres-

sures in equilibrium with plagioclase. This inference is
consistent with low TiO2 and Nb, which are retained by
Ti-bearing oxide minerals during hydrous melting. (5)
(Ce/Ce*)N, Zr/Sm-Sm/Yb, and La/Nb-Nb/Zr relations
indicate low-HFSE plagiorhyolites (VIWI-4) have a sig-
nificant sediment component, whereas high-HFSE types
(VIWI-5) have negligible sediment. Absence of interme-
diate members from the Water Island Fm indicates sedi-
ment in low-HFSE plagiorhyolites was contributed by re-
melted arc-related crustal gabbros rather than by magma
mixing. (6) Low-pressure melting models involving mod-
erate degrees of fusion (25-50%) in amphibole gabbro are
consistent with slightly depleted normalized LREE slopes
(similar to VIWI-5a; Fig. 9D). Slightly enriched LREE
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FIGURE 12 Sm/Yb-La/Sm (comparison of MREE-HREE and LREE-MREE segments) and Sm/Yb-Zr/Sm (HFSE-MREE relations compared to MREE-HREE).
Unit fields and symbols, mixing lines, fractional crystallization vectors, mantle components, and pelagic sediment field as in Fig. 11. Bold lines and
symbols represent calculated crustal melting models 1 and 2, in amphibole gabbro and amphibolite, respectively; 15, 25, and 50 represent degree
of melting. Melting models are restricted to the field of high-HFSE plagiorhyolite (VIWI-5), consistent with an origin by fusion in amphibole-bearing
MORB-like gabbro. Low-HFSE plagiorhyolites (VIWI-4) have anomalously low Zr/Sm, consistent with contamination by sediment-bearing basalt melt.



slopes (as in VIWI-5b, Fig. 9E) are consistent with lower
degrees of fusion (5-25%) in amphibolite.

Crustal heating alone is insufficient for generating
voluminous melt from oceanic crust, particularly in
refractory gabbroic accumulates comprising lower parts
of oceanic crustal sequences (Floyd et al., 1998; Koepke
et al., 2004). Jolly et al. (this volume) suggested that low
sediment contents in Virgin Island volcanic rocks, com-
pared with samples from central Puerto Rico, are consis-
tent with subduction of the still hot proto-Atlantic ridge
system. If so, then high heat flow in the Virgin Islands
was generated within the subducting plate. In addition,
copious quantities of aqueous fluid, such as are stored in
pargasitic amphibolite, serpentinite, and other hydrous
alteration products, are also required to flux the melting
process (Koepke et al., 2004). Judging from exposed
ophiolite sequences, however, the volume of fluid avail-
able in the lower gabbroic oceanic crust is severely lim-
ited (Floyd, et a., 1998). Instead, the most likely sources
of fluid flux in an island arc tectonic setting are
hydrothermal processes associated with crustal under-
plating by arc-related basalt magmas (Smith et al., 2003;
cf. Tsvetlov, 1991). Accordingly, it is inferred crustal
melting was largely confined to hydrothermally altered

parts of the lower crust, especially in the vicinity of
stratigraphic discontinuities, shear zones, fractures,
veins and other relatively permeable channelways.
Widespread hydrothermal alteration of Water Island pla-
giorhyolites (Rankin, 2002) is consistent with this inter-
pretation.

Plagiorhyholite sequences in Cenozoic arcs (cf.
Aleutians, Tsvetlov, 1991; Kermadecs, Smith et al.,
2003) are normally produced following an interval of
basalt volcanism during which the sub-arc crust is pro-
gressively heated in response to both continuous trans-
mission of melts to the surface and crustal underplating
by arc-related gabbro. Consequently, it inferred a con-
siderable thickness of older basalt underlies the predom-
inantly plagiorhyolite-bearing Water Island strata
exposed in the Virgin Islands.

CONCLUSIONS

Virgin Island lavas from the bimodal Water Island
Fm (Late Aptian to Early Aptian, i. e. 115 Ma; Rankin,
2002) consist predominantly of plagiorhyolite (80%;
SiO2 = 65 to 85% on a volatile-free basis) interlayered
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FIGURE 13 (Ce/Ce*)N. A) Ce-anomalies in Atlantic Cretaceous pelagic sediment (AKPS; Jolly et al., this volume) and pre-arc MORB tholeiites and
amphibolites (Amph) from western Puerto Rico (WPR; Table 2); DSDP105 and DSDP417D represent sediment compositions in drill cores from the
deep-sea drilling program taken at indicated localities. B) Ce-anomalies in Water Island basalts and plagiorhyolites; symbols are identified in Figs. 3
and 4.



with subordinate basaltic rocks (20%; SiO2 ? 49 to 58).
Basalts are characterized by moderate TiO2 content
(average 0.5%, Fig. 4B) resembling borderline interme-
diate-Ti boninitic basalts in the classification of Bédard
(1999). The basalts also have low Yb (Fig. 4C and D),
MORB-like HFSE (Fig. 4D), and slightly lower average
LREE abundances (La < 1.5 ppm, Fig. 3C) than N-
MORB. These features are consistent with a mantle
source composition that was significantly depleted in
incompatible elements relative to an N- MORB-type
source, presumably due to (1) MORB-melting processes
during original plate formation or (2) low-degree
decompression fusion in the back arc region (Speigel-
man and McKenzie, 1985). In comparison, temporally
correlated Albian volcanic strata in central Puerto Rico
have higher TiO2, ranging from 0.6 to 1.1% (Fig. 4B),
similar to the most Cenozoic island arc basalts (Pearce
and Parkinson, 1993). Water Island basalts have relative-
ly elevated Nb/Zr compared with MORB-type sources.
In the absence of a recognizable OIB-type component
these features indicate basalts contain a small pelagic
sediment component (0.5 to 1.5%). 

Plagiorhyolites in the Water Island Fm have low REE,
Al2O3, and Sr/Y<10, similar to plagiorhyolite end-mem-
bers of Cenozoic bimodal arc suites (western Aleutians,
Izu-Bonin, the Kermadecs). Experimental and incompati-
ble trace element evidence and theoretical melting models
are all consistent with an origin of plagiorhyolite through
fusion of hydrothermally altered oceanic crust within the
stability range of plagioclase. Accordingly, the predomi-
nance of felsic end-members in Water Island strata indi-
cates availability of a long-term source of heat and aqueous

fluids at depth, and implies early mantle-derived island
arc melts were underplated along the sub-arc crust-mantle
boundary. Moreover, truncation of the basalt fractional
crystallization series at SiO2 = 58% indicates basalt crys-
tal fractionates were eventually largely displaced from the
crustal melt conduit system by more buoyant plagiorhyo-
lite liquids and became trapped instead within permanent
sub-crustal magma chambers. A small sediment compo-
nent in certain plagiorhyolite samples (low-HFSE subunit
WIVI-4), together with the absence of intermediate
andesitic members from the Water Island Fm, is consis-
tent with incorporation of re-melted hydrothermally
altered, arc-related amphibole-bearing gabbro intimately
associated with the sub-arc crust or within underplated
layered gabbroic plutons. High heat flow in the Virgins
Islands probably resulted from subduction of the still hot
proto-Atlantic ridge system (see Jolly et al., this volume).

ACKNOWLEDGEMENTS

This paper is a contribution to the IGCP Project 433. The
authors gratefully acknowledge reviews of the original manu-
script by Mark Feigenson, J. F. Lewis, D. W. Rankin, and J. J.
W. Rogers. Doug Rankin kindly shared his insights into the
geology of St. John, VI. Graphics were prepared by Mike Lozon
(Department of Geological Sciences at Brock University).
Financial assistance for this project is provided by the National
Science and Engineering Research Council of Canada
(NSERC), and by IGCP Project 433 on Tectonics of the
Caribbean Plate Boundary.

REFERENCES

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

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, Pak-
istan. Mineralogical Magazine, 58, 553-566.

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: applica-
tion to the Aleutian volcanic center of Atka. American Min-
eralogist, 72, 12-28.

Barker, F., 1979, Trondhjemites, Dacites, and Related Rocks.
Amsterdam, Elsevier, 659pp.

Beard, J.S., 1995. Experimental, geological, and geochemical
constraints on the origins of low-K silicic magmas in ocean-
ic 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

Cretaceous crustal melting in the NE AntillesW.T. JOLLY and E.G. LIDIAK

24Geolog ica  Acta ,  Vo l .4 ,  Nº1-2,  2006,  7-33

FIGURE 14 Schematic tectonic model (not to scale) of subduction
setting of the Water Island Fm. Geographic subdivisions are from
Jarrard (1986), mantle configuration is from Peacock (1993), and
back-arc convection patterns are from summary of Pearce and
Parkinson (1993). Aqueous fluids emanating from the slab are iden-
tified as af; possible melt fractions include M-1, sediment melt
(Nicholls et al., 1994); M-2, spinel peridotite melt; M3, basalt-con-
taminated crustal melt; M-4, crustal melt with a limited sediment
component. 



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, Newfoundlandl, Canada: Identification of
subducted source components. Journal of Petrology, 40,
1853-1889.

Ben-Othman, D., White, W., Patchett, J., 1989. Geochemistry of
marine sediments, island arc magma genesis, and crust-man-
tle recycling. Earth and Planetary Science Letters, 94, 1-21.

Burke, K., 1988. Tectonic evolution of the Caribbean. Annual
Reviews of Earth and Planetary Sciences, 16, 201-30.

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

Casey, J.F., 1997. Comparison of major- and trace element geo-
chemistry of abyssal peridotites and mafic plutonic rocks
with basalts from the MARK region of the Mid-Atlantic
Ridge. Procedings of ODP Science Results, 153, College
Station TX, 181-241.

Coleman, R.G., Donato, M.M., 1979. Oceanic plagiogranite revisit-
ed. In: Barker, F. (ed.). Trondhjemites, dacites, and related
rocks. Amsterdam-Oxford-New York, Elsevier, 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. United States Geological Sur-
vey Journal of Research, 5, 689-703.

Crawford, A.J., 1989. Boninites and Related Rocks. London,
Unwin Hyman ed., 279 pp.

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

Defant, M.J., Richerson, P.M., De Boer, J.Z., Stewart, R.H.,
Maury, R.C., Bellon, H., Drummond, M.S., Feigenson,
M.D., Jackson, T.E., 1991. Dacite genesis via both slab
melting and differentiation: Petrogenesis of La Yeguada Vol-
canic Complex, Panama. Journal of Petrology, 32, 1101-
1142.

Dick, H.J.B., Natland, J.H., Alt, J.C. et al., 2000. A long in situ
section of the lower oceanic crust: results of ODP leg 176
drilling at the southwest Indian Ridge. Earth and Planetary
Science Letters, 179, 31-51.

Dixon, S.J., Rutherford, M.J., 1979. Plagiogranites as late-stage
immiscible liquids in ophiolite and mid-ocean ridge suites:
An experimental study. Earth and Planetary Science Letters,
45, 45-60.

Donnelly, T.W., 1966. Geology of St. Thomas and St. John,
U.S.Virgin Islands. In Hess, H. (ed.). Caribbean Geological
Investigations. Geological Society of America Memoir, 98,
5-176.

Donnelly, T.W., 1989. Geologic history of the Caribbean and
Central America. In Bally, A.W., Palmer, A.R. (eds.). Geolo-
gy of North America-An Overview. Geological Society of
America Special Paper, A, 299-321

Donnelly, T.W., Rogers, J.J.W., Pushkar, P., Armstrong, R.L.,
1971. Chemical evolution of the igneous rocks of the eastern
West Indies. In Donnelly, T.W. (ed). Caribbean Geophysical,
Tectonic, and Petrologic Investigations. Geological Society
of America Memoir, 130, 181-224.

Donnelly, T.W., Rogers, J.J.W., 1980. Igneous series in island
arcs. Bulletin of Volcanlogy, 43, 347-382.

Donnelly, T.W., Beets, D., Carr, M.J., et al.,1990. History and
tectonic setting of Caribbean magmatism. In Case, J.E. and
Dengo, G. (eds.). Caribbean Region. Boulder, Colorado,
Geological Society of America, H, 339-374. 

Dosso, L., Bougault, H., Joron, J.-L., 1993. Geochemical mor-
phology of the North Mid-Atlantic Ridge, 10-24o: Trace ele-
ment-isotope complementarity. Earth and Planetary Science
Letters, 120, 443-462.

Draper, G., Gutiérrez, G., Lewis, J.F., 1996. Thrust emplace-
ment of the Hispañiola peridotite belt: orogenic expression
of the mid-Cretaceous Caribbean arc polarity reversal. Geo-
logy, 24, 1143-1146.

Drummond, M.S., Defant, M.J., Kepezhinski, P.K., 1996. Petro-
genesis of slab-derived trondhjemite-tonalite-dacite/adakite
magmas. Transactions of the Royal Society of Edinborough:
Earth Sciences, 87, 205-215.

Elthon, D., 1991. Geochemical evidence for formation of the
Bay of Islands ophiolite above a subduction zone. Nature,
354, 140-145.

Ewart, A., Griffin, W.L., 1994. Application of proton-micro-
probe data to trace-element partitioning in volcanic rocks.
Chemical Geology, 117, 251-284.

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. Geochem-
istry and petrogenesis of intrusive and extrusive ophiolite
plagiogranites. Central Anatolian Crystalline Complex,
Turkey. Lithos, 42, 225-241. 

Frost, C.D., Schellekens, J.H., 1998. Rb-Sr and Sm-Nd isotopic
characterization of Eocene volcanic rocks from Puerto Rico.
Geophysical Research Letters, 18, 545-548.

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.

Gill, J.B., 1981. Orogenic Andesites and Plate Tectonics. Lon-
don, Springer, 390 pp.

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

Harland, W.B., Cox, A.V., Llewellyn, P.G., Pickton, C.A.G.,
Smith, A.G., Walters, R., 1982. A Geologic Time Scale.
Cambridge, UK, Cambridge University Press.

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

Cretaceous crustal melting in the NE AntillesW.T. JOLLY and E.G. LIDIAK

25Geolog ica  Acta ,  Vo l .4 ,  Nº1-2,  2006,  7-33



Caribbean Large Igneous Province. Earth and Planetary Sci-
ence Letters, 174, 247-263.

Hébert, R., Constantin, M., Robinson, P.T., 1991. Primary min-
eralogy of Leg 118 gabbroic rocks and their place in the
spectrum of oceanic mafic igneous rocks. Procedings of
ODP, Science results, 118, Ocean Drilling Program, College
Station, TX, 3-20.

Hekinian, R., 1971. Petrological and geochemical studies of spilites
and associated rocks from St. John, U.S. Virgin Islands. Geo-
logical Society of America Bulletin, 82, 659-682.

Helsley, C.E., 1960. Geology of the British Virgin Islands. Doc-
toral Dissertation, NJ, Princeton University, 167 pp.

Hickey, R.L., Frey, F.A., 1982. Geochemical characteristics of
bononite-series volcanics: implications for their source.
Goechimica et Cosmochimica Acta, 46, 2009-2115.

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

Hochstaedter, A.G., Gill, J.B., Morris, J.D., 1990. Volcanism in the
Shmisu Rift, II. Subduction and non-subduction related compo-
nents. Earth and Planetary Science Letters 100, 195-209.

Hopson, C.A., Coleman, R.G., Gregory, R.T., Pallister, J.S., Bai-
ley, E.H., 1981. Geologic section through the Samail ophio-
lite and associated rocks along a Muscat-Ibra transect,
southeastern Oman Mountains. Journal of Geophysical
Research, 86, 2527-2544.

Horan, S., 1995. Geochemistry and tectonic significance of the
Maimon-Amina Schists, Cordillera Central, Dominican
Republic. M.Sc. Thesis, Gainsville, FL, University of Flori-
da, 172 pp.

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

Jafri, S. H., Charan, S.N, Govil, P. K., 1995. Plagiogranite from
the Andaman ophiolite belt, Bay of Bengal, India. Journal of
the Geological Society of London, 152, 681-687.
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TABLE 1 Major and trace element analyses of Water Island basalts and plagiorhyolites.

Sample WIST WIST WISJ WISJ WIST WIST WISJ WISJ WIST WIST
Number 44 76HB 144 24 68 68B 87 39 33 RH251
Unit 1 1 1 1 1 1 1 1 1 1

SiO2 43.78 47.04 47.65 48.13 48.62 48.72 49.96 50.85 51.23 53.12
TiO2 0.55 0.51 0.6 0.55 0.44 0.44 0.6 0.73 0.61 0.56
Al2O3 14.12 17 15.42 14.58 16.09 16.14 17.03 18.28 15.51 15
Fe2O3 7.59 10.37 9.13 9.31 8.8 8.72 9.67 11.1 9.49 6.76
MnO 0.3 0.11 0.14 0.11 0.09 0.09 0.12 0.17 0.12 0.13
MgO 4 7.74 9.43 9.83 7.49 7.54 6.16 4.95 6.33 6.76
CaO 13.77 6 8.45 11.2 7.26 7.29 11.55 7.78 11.29 7.22
Na2O 4.43 1.7 2.29 2.06 3.53 3.44 1.65 4.14 1.8 2.7
K2O 0.08 1.64 0.31 0.14 0.05 0.04 0.21 0.3 0.34 0
P2O5 0.07 0 0.05 0.04 0.03 0.04 0.05 0.03 0.05 0.04
Subtot. 87.93 91.07 92.56 95.02 91.52 91.59 96.03 97.22 95.82 91.61
LOI 11 7.2 6.3 3.8 7.6 7.3 2.7 1.5 3.1 6.2

Cr 0 48 151 7 0 0 82 0 14 48
Ni 20 43 63 78 23.2 23.5 17.7 20 44 52
Co 32.7 31.2 36 43.1 31.7 33.9 34.7 31.7 36.4 34.2
Sc 32 46 41 47 36 37 48 44 38 36
V 341 229 230 295 260 267 329 465 309 275
Cu 66 0 0 138 89 84.6 115.6 101.6 15.8 60
Pb 1.6 2.46 2.1 0.6 0.8 0.8 0.7 0.4 0.4 1.72
Zn 103 0 0 48 60 59 58 48 38 65
Rb 2.5 35.8 4.4 2.2 1 1.2 2.8 8.4 5.3 8.1
Cs 0.5 0.6 0.4 0.1 0.2 0 0.2 0.9 0.7 0.3
Ba 90 133 62 17 20 9 70 68 50 83
Sr 146.7 13.9 137.3 218.4 181.4 180.5 226.7 136.2 100.3 164.8
Ga 15.6 13.9 13.5 16.5 13.3 14.7 17.5 16.3 14.9 13.4
Ta 0.03 0.033 0 0.02 0.02 0 0 0.03 0.02 0
Nb 0.5 0.5 0 0.3 0.4 0 0 0.5 0.3 0
Hf 0.7 0.7 0.7 1 0.7 0.7 0.9 0.9 0.8 0.5
Zr 19.1 16.5 23.2 23.1 18.3 19 15.3 25.6 24.5 18.9
Y 8.5 7.7 13.5 12 8.7 8.2 10.6 13.8 13.2 11.9
Th 0.5 0 0.2 0.1 0.2 0.2 0 0.2 0.1 0.2
U 0.8 0 0.1 0.6 0.1 0 0.7 0.7 0.1 0.1
La 2.2 0 1.3 1.1 0.9 0.8 1.2 1.9 1.2 0.8
Ce 4.2 0 3.2 3.5 2.2 2.2 2.9 3.7 2.8 1.9
Pr 0.74 0.3 0.77 0.6 0.36 0.41 0.56 0.73 0.67 0.6
Nd 4.3 1.9 4.3 3.6 2.1 2 3.1 4 4 3.4
Sm 1.3 0.6 1.4 1.1 0.8 0.9 1 1.4 1.2 1.2
Eu 0.45 0.28 0.51 0.53 0.31 0.34 0.6 0.53 0.56 0.5
Gd 1.35 1.05 1.9 1.77 1.31 1.27 1.56 2.04 1.97 1.52
Tb 0.23 0.2 0.34 0.27 0.2 0.24 0.28 0.32 0.34 0.32
Dy 1.42 1.21 2.27 2.02 1.48 1.56 1.84 2.08 2.12 1.68
Ho 0.31 0.29 0.49 0.43 0.32 0.33 0.4 0.49 0.49 0.47
Er 0.95 0.92 1.37 1.41 0.92 0.89 1.24 1.51 1.37 1.2
Tm 0.13 0.13 0.21 0.19 0.14 0.14 0.18 0.2 0.21 0.18
Yb 0.93 1.01 1.18 1.32 0.83 1.03 0.96 1.52 1.27 1.18
Lu 0.15 0.15 0.19 0.22 0.12 0.14 0.18 0.22 0.25 0.2

APPENDIX
Major and trace element analyses of basalts and plagiorhyolites from the Water Island Formation,

Virgin Islands. Data listed are absolute values determined by ICP techniques.
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Sample WISJ WISJ WISJ WIST WIST WISJ WIST WIST WIST WIST
Number 88 89 68-15 31 32 38 35 29 66 36
Unit 2 2 3 3 3 4 4 4 4 4

SiO2 45.40 47.63 43.94 48.04 51.91 64.24 67.57 77.95 76.66 82.06
TiO2 0.57 0.56 0.56 0.49 0.45 0.46 0.56 0.25 0.28 0.12
Al2O3 16.11 15.95 14.24 17.06 16.12 15.62 14.83 11.99 8.89 9.75
Fe2O3 8.85 9.44 8.84 9.73 8.99 5.54 5.01 1.78 5.05 1.62
MnO 0.15 0.14 0.17 0.12 0.08 0.06 0.05 0.01 0.07 0.02
MgO 5.48 6.16 6.99 8.78 6.63 3.12 1.81 0.04 2.09 0.31
CaO 14.5 10.1 11.04 6.09 8.16 5.56 2.65 0.18 1.22 0.69
Na2O 1.64 3.28 4.27 1.94 3.28 2.5 4.43 6.28 2.98 3.75
K2O 0.06 0.46 0.46 0.46 0.07 0.08 0.45 0.66 0.19 0.77
P2O5 0.03 0.05 0.06 0.01 0.03 0.18 0.1 0.04 0.06 0.01
Subtot. 91.9 92.82 89.69 91.75 94.82 96.8 96.96 99 96.98 98.94
LOI 7.2 5.9 9.2 4.2 4.2 2.5 2.4 0.8 2.3 0.8

Cr 0 95 144 35 0 0 0 0 0 0
Ni 15.8 15.9 45 29 30 30 20 32 1.6 20
Co 31.7 34.9 30.2 37.3 36.5 10.8 7 1.3 8.6 1.1
Sc 43 48 38 54 40 19 23 8 18 4
V 301 295 241 286 271 86 24 9 26 7
Cu 85.6 98.3 0 157.5 7.4 30.5 1.7 6 9.6 4.
Pb 4.8 0.8 2.06 0.7 0.2 0.3 1.6 3 1.1 0.4
Zn 57 67 0 67 49 45 118 10 112 8
Rb 0.9 9.2 6.7 9.9 1 2.5 8 5.7 2.7 14.3
Cs 0.1 0.2 0.7 1 0.1 0.5 0.5 0.3 0 0.5
Ba 46 124 129 117 14 85 85 45 50 391
Sr 205.2 297.6 252 212.4 164.1 274.4 80.8 30.5 55.7 159.3
Ga 15.7 14.6 11.3 16.8 14.5 15.2 17 14.3 11 8.9
Ta 0 0 0 0.03 0.03 0.03 0.02 0.04 0 0.03
Nb 0 0 0.6 0.6 0.5 0.5 0.4 0.7 0.5 0.5
Hf 0.6 0.7 0.7 0.7 0.7 1.8 1.7 2.7 2 2.8
Zr 14 12.7 19.9 17.1 19.4 38 45.2 68.6 58.6 73
Y 12.9 12.8 11.4 7.7 11.2 17.3 26.5 30.8 34.7 22.2
Th 0.2 0 0 0.1 0.3 0.3 0.4 0.3 0.1 1
U 0.1 0.5 0.4 0.2 0.2 0.8 0.9 1 0.2 0.6
La 1 0.9 0.7 0.9 1 3.9 2.4 3.8 6.7 4.5
Ce 2.6 2.4 1.6 3.2 3.4 9 5.3 10 13.6 10.6
Pr 0.54 0.47 0.61 0.56 0.44 1.74 1.1 1.68 2.3 1.7
Nd 2.8 2.3 4.1 2.7 2.8 9.4 6.6 9 13.8 8.1
Sm 1.1 1.1 1.2 1 1.1 2.4 2.5 2.7 3.4 2.4
Eu 0.44 0.53 0.47 0.39 0.46 0.97 0.95 0.99 1.48 0.21
Gd 1.76 1.37 1.57 1.13 1.63 2.94 3.68 3.96 4.67 2.73
Tb 0.33 0.3 0.29 0.18 0.26 0.43 0.62 0.66 0.82 0.45
Dy 2.07 1.84 1.58 1.5 1.69 2.82 3.81 5.08 4.78 3.13
Ho 0.46 0.5 0.38 0.29 0.35 0.59 0.89 1.06 1.06 0.71
Er 1.4 1.35 1.1 0.94 1.11 1.76 2.82 3.3 2.87 2.16
Tm 0.19 0.19 0.19 0.17 0.16 0.26 0.43 0.5 0.41 0.4
Yb 1.42 1.67 1.06 1 1.07 1.74 2.58 3.3 3.06 2.4
Lu 0.19 0.2 0.18 0.17 0.16 0.26 0.37 0.53 0.53 0.42

TABLE 1 Continued.



Sample WISJ WIST WISJ WISJ WISJ WISJ WISJ WISJ WIST WIST WISJ WIST
Number 23 27 94 22 20 25 21 14 43 37 16 7
Unit 5 5 5 5 5 5 5 5 5 5 5 5

SiO2 64.75 64.83 67.02 70.22 71.64 73.27 73.5 74.34 74.28 76.96 76.07 75.32
TiO2 0.37 0.87 0.47 0.5 0.33 0.33 0.37 0.31 0.28 0.14 0.26 0.29
Al2O3 14.66 13.79 15.33 12.79 12.71 13.15 12.04 12.76 12 13.11 12.18 12.34
Fe2O3 5.43 5.98 5.02 3.98 2.88 3.16 3.19 2.54 2.44 1.98 2.21 2.1
MnO 0.06 0.04 0.06 0.05 0.07 0.08 0.03 0.04 0.08 0.02 0.01 0.01
MgO 5.61 2.91 1.62 4.44 1.01 0.78 2.21 1.01 0.82 0.22 0.86 1.1
CaO 4.85 1.43 2.95 0.5 2.06 1.84 0.8 1.45 1.66 0.79 0.98 0.46
Na2O 2.46 6.58 4.79 1.93 5.61 3.9 5.66 5.56 4.08 4.95 5.73 3.03
K2O 0.08 0.05 2.27 1.88 0.83 2.56 0.2 0.48 1.77 1.44 0.22 2.29
P2O5 0.03 0.16 0.09 0.05 0.03 0.03 0.05 0.03 0.02 0.01 0.04 0.02
Subtot. 97.76 96.04 99.12 95.94 96.88 98.78 97.73 98.27 97.19 98.15 98.34 96.05
LOI 2.4 3 0.4 3.8 2.6 0.7 1.8 1.2 2.3 1.5 1.2 1.5

Cr 14 0 0 0 0 0 0 0 0 7 0 0
Ni 109 20 3.4 50 35 31 55 40 20 20 43 20
Co 20.7 9.6 11.6 2.5 3.1 4 2.8 5.3 2 1.2 4.3 1.2
Sc 25 21 20 15 11 11 14 12 8 5 7 9
V 145 91 103 14 16 38 22 29 14 9 13 8
Cu 75 3 14.5 3 3 5 4 9 3.7 4.2 3 3.4
Pb 1.3 2 1 1.5 1.6 1.4 2.7 1.3 0.5 3.3 2 1
Zn 37 101 52 76 60 32 48 169 31 11 5 30
Rb 0.8 0.6 29 17 9.1 18.6 2.1 5.2 15.6 20.4 1.9 19.3
Cs 0.1 0.1 0.3 0.4 0.1 0.1 0.1 0.1 0.2 0.6 0.1 0.2
Ba 13 21 385 225 102 273 24 103 357 330 95 319
Sr 44.8 45.1 174.6 27.9 102.4 163.5 102.1 73.4 100.3 33.2 131.6 72.5
Ga 17.5 20.4 15.5 18.1 16.3 15.1 14.6 12.6 11 14.6 11.9 14.4
Ta 0.04 0.05 0 0.04 0.05 0.06 0.05 0.05 0.03 0.05 0.06 0.04
Nb 0.7 0.9 0.8 0.7 0.9 1.1 0.9 0.8 0.6 0.8 1.1 0.7
Hf 2.6 3.2 1.8 2.6 3.1 3.5 4.2 3 2.9 3.4 4.1 2.9
Zr 73.4 82.2 62.4 70.4 86.6 90.5 104 82.7 87.9 89.5 95.5 94
Y 22.8 31 22 23 23.7 22.4 30.7 21.2 20.4 28.1 28.3 26
Th 0.4 0.2 0.2 0.5 0.7 1.1 0.5 0.8 1.2 1.8 0.7 1.2
U 0.1 0.5 0.4 0.3 0.3 0.5 0.4 0.4 0.6 0.5 0.4 0.5
La 3.6 4.3 3.6 2.8 2.8 6.5 5.1 4.5 5.3 7.4 5.3 6.8
Ce 10.8 12.2 8.7 8 8 14.6 15.2 10.1 13 16.2 14 15.5
Pr 1.65 1.97 1.52 1.36 1.21 1.98 2.53 1.51 2.01 2.51 2.11 2.6
Nd 8.8 11.2 8.8 7.4 6 9 13.5 7.3 10.3 11.8 10.1 12.4
Sm 2.2 3.5 2.3 2.1 2.1 2.6 3.7 2.2 2.6 2.8 3.1 3.4
Eu 0.84 1.28 0.87 0.78 0.4 0.75 1.4 0.64 0.72 0.33 0.8 0.88
Gd 2.95 4.44 3.27 2.88 2.56 2.85 5.05 2.51 3.22 3.23 3.63 3.75
Tb 0.51 0.79 0.59 0.5 0.47 0.49 0.87 0.43 0.49 0.58 0.63 0.55
Dy 3.47 5.44 3.7 3.73 3.42 3.49 6.04 3.33 3.01 3.89 4.23 3.64
Ho 0.73 1.06 0.85 0.76 0.74 0.73 1.35 0.67 0.69 0.85 0.94 0.83
Er 2.38 3.37 2.41 2.54 2.59 2.29 4.27 2.16 2.02 2.93 3.12 2.59
Tm 0.35 0.51 0.37 0.38 0.43 0.37 0.64 0.36 0.31 0.48 0.49 0.41
Yb 2.38 3.41 2.52 2.74 2.77 2.6 4.54 2.42 2.27 3.27 3.37 2.66
Lu 0.39 0.5 0.38 0.43 0.43 0.47 0.69 0.38 0.39 0.52 0.53 0.42

TABLE 1 Continued.
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TABLE 2 Major and trace element analyses of MORB tholeiite and amphibolite, Sierra Bermeja Complex, Western Puerto Rico.

Sample AMPH CAJ CAJ CAJ CAJ CAJ CAJDS LCAJ LCAJ LCAJ LCAJ LCAJ
Number 30 D E A B C 103B Z Y X V U

SiO2 64.75 64.83 67.02 70.22 71.64 73.27 73.5 74.34 74.28 76.96 76.07 75.32
SiO2 48.79 49.65 68.98 66.16 68.50 54.19 51.45 46.29 53.00 53.48 45.21 69.45
TiO2 0.71 1.89 1.50 1.44 1.57 1.79 1.05 1.22 1.46 1.71 1.26 1.60
Al2O3 12.09 13.55 9.63 10.62 10.00 11.92 15.09 12.88 13.52 10.85 12.82 9.46
Fe2O3 9.64 12.38 6.71 9.18 8.22 13.57 9.96 9.11 11.02 12.78 9.26 7.35
MnO 0.15 0.21 0.07 0.10 0.08 0.15 0.19 0.18 0.17 0.15 0.18 0.08
MgO 17.04 6.99 1.80 2.13 1.58 4.81 7.70 10.24 6.63 4.91 11.82 1.61
CaO 9.40 8.78 4.98 4.88 4.81 6.44 10.03 15.48 8.22 9.75 14.21 5.26
Na2O 1.46 2.99 3.56 3.48 3.77 4.06 3.09 0.45 3.64 2.26 0.37 3.06
K2O 0.05 0.71 0.24 0.18 0.28 0.56 0.77 0.10 0.47 0.07 0.09 0.13
P2O5 0.05 0.15 0.35 0.32 0.38 0.17 0.08 0.12 0.15 0.17 0.13 0.36
Subtot. 98.41 96.06 97.15 97.57 98.37 96.30 98.41 95.16 97.18 94.85 94.42 97.62
LOI 0.05 2.60 2.10 1.40 0.70 2.20 0.03 3.90 1.60 3.80 4.60 1.60
Ni 700.7 34.6 10.9 11.2 16.3 24.8 50.3 28.5 33.3 22.9 42.7 11.3
Co 0.0 47.7 17.2 19.4 18.1 32.4 0.0 33.1 36.4 30.9 34.2 17.3
Sc 39 43 24 20 21 38 39 32 37 39 33 23
V 216 429 182 169 189 368 281 263 340 342 258 176
Cu 61.0 69.9 39.9 38.2 57.6 34.8 52.7 144.5 91.5 39.9 52.5 40.0
Pb 2.0 1.9 1.9 1.0 0.6 1.8 0.7 9.1 18.4 3.4 16.7 5.6
Zn 42 83 113 80 102 83 55 16 24 80 21 89
Rb 0.2 12.7 4.6 2.0 5.1 9.8 12.4 1.0 9.0 0.0 0.8 1.9
Cs 0.0 0.1 0.1 0.0 0.1 0.0 0.0 0.0 0.3 0.0 0.0 0.0
Ba 115.8 399.0 64.0 324.0 42.0 71.0 217.4 48.0 576.2 185.2 26.0 25.1
Sr 296.2 169.5 56.4 102.7 73.6 96.0 256.7 24.7 164.8 30.1 26.8 42.1
Ga 11.9 18.8 15.8 20.0 19.2 16.8 14.6 13.9 17.7 17.9 14.1 16.8
Ta 0.0 0.3 0.8 0.6 0.7 0.3 0.0 0.0 0.1 0.1 0.1 0.5
Nb 0.9 3.6 8.8 9.3 9.2 3.0 1.5 1.8 1.3 2.1 1.4 7.6
Hf 1.1 3.3 8.3 10.3 9.7 4.8 1.9 1.9 2.5 2.6 2.1 8.2
Zr 37.0 101.0 290.0 355.5 355.0 129.1 64.7 67.9 80.9 86.9 74.1 269.1
Y 14.6 46.2 97.9 110.1 111.7 48.1 22.1 27.5 36.0 46.8 29.3 91.1
Th 0.05 0.50 1.00 1.10 2.00 0.20 0.18 0.00 0.00 0.00 0.30 1.10
U 0.0 1.0 0.8 0.1 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.4
La 1.46 4.30 13.60 16.10 15.30 5.40 2.62 3.30 3.20 3.40 3.40 11.90
Ce 4.3 12.4 41.2 44.0 44.4 16.0 7.8 9.2 10.4 11.4 10.5 35.3
Pr 0.75 2.11 6.44 7.18 7.34 2.51 1.31 1.60 1.78 1.95 1.73 5.81
Nd 3.96 12.20 36.70 38.00 36.00 14.70 7.19 8.80 10.80 11.50 9.90 32.80
Sm 1.4 4.3 10.3 11.7 12.7 4.7 2.7 2.6 3.1 3.7 2.9 9.8
Eu 0.58 1.66 2.58 2.63 2.91 1.38 0.91 1.10 1.30 1.33 1.41 2.36
Gd 2.09 5.99 14.02 14.35 15.85 6.13 3.24 3.90 4.63 5.63 4.13 12.91
Tb 0.33 1.13 2.59 2.67 2.92 1.27 0.54 0.70 0.87 0.93 0.78 2.31
Dy 2.56 7.29 15.78 17.55 18.82 8.24 4.12 4.38 5.80 6.70 4.64 14.84
Ho 0.53 1.76 3.44 3.74 3.77 1.83 0.85 0.92 1.24 1.49 0.92 3.10
Er 1.57 4.68 9.55 11.58 12.01 5.46 2.38 2.77 3.51 4.53 3.01 9.02
Tm 0.24 0.68 1.52 1.58 1.62 0.76 0.36 0.40 0.52 0.74 0.44 1.38
Yb 1.55 4.52 9.42 10.00 10.27 4.66 2.33 2.66 3.41 4.50 2.75 9.22
Lu 0.24 0.68 1.35 1.56 1.46 0.73 0.37 0.43 0.58 0.70 0.45 1.37



Element Parent Calc. Diff. ol cpx pl mt Daughter 
Sample 87 fo78 18B 18B (Fe-Ti) 23

SiO2 52.02 52.09 0.07 38.14 50.90 45.22 0.23 66.24
TiO2 0.62 0.82 0.19 0.01 0.66 0 8.40 0.38
Al2O3 17.73 17.80 0.07 0.02 4.58 34.03 4.82 15.00
FeO* 9.06 9.10 0.04 20.82 6.84 0.78 81.71 5.00
MgO 6.41 6.47 0.06 40.74 15.10 0 2.52 5.74
MnO 0.12 0.05 0.07 0.35 0 0 0.36 0.06
CaO 12.03 12.06 0.03 0.18 19.90 17.78 0 4.96
Na2O 1.72 1.49 0.23 0.01 0.20 1.51 0 2.52
K2O 0.22 0.04 0.18 0 0 0.02 0 0.08

Coeff 0.02 0.23 0.31 0.06 0.39
SR2 0.143

Basaltic Source Evidence % Evidence % Evidence % Crustalt Evidence
subunits melting sediment component

WIVI-1 & 2 RMM2-5 Nb-Yb 25 Nb-Yb <0.5-1.5 La/Nb-Nb/Zr Mostly (Ce/Ce*)N
Ti-Fe*/Mg Cr-Yb (Ce/Ce*)N low

Cr-Yb

WIVI-3 FMM Nb-Yb 5-15 Nb-Yb 0-0.5 La/Nb-Nb/Zr           0            La/Nb-Nb/Zr
La/Nb La/Nb (Ce/Ce*)N

Plagiorhyolite Source Evidence % Melt Evidence % Evidence    
subunit sediment

4a. Low-HFSE Alt. gabbro Mg#-SiO2 15-25 REE model Small La/Nb-Nb/Zr     
Flat LREE and amph. Sr-Y, Sr-Mg#  Zr/Sm-Sm/YbN (Ce/Ce*)

REE model

4b. Low-HFSE Alt. gabbro      " 15-25 REE model Small La/Nb-Nb/Zr     
Ce anomaly Zr/Sm-Sm/Yb (Ce/Ce*)N

5a. High-HFSE Amph. Mg#-SiO2 25-50 REE model Negligible La/Nb-Nb/Zr    
Enr LREE Sr-Y, Sr-Mg# La/Sm-Sm/Yb (Ce/Ce*)N

REE  model

5b. High-HFSE Alt. gabbro " 15-25 REE  model Negligible La/Nb-Nb-Z       
Depl LREE La/Sm-Sm/Yb (Ce/Ce*)N

TABLE 3 Mass balance calculations reveal removal of appropriate proportions of observed phenocryst phases (est. ol, olivine; analysed cpx, augite;
analysed pl, plagioclase; est. mt, titanomagnetite) from parent basalt 87 (Table 1) produces daughter plagiorhyolite 23 with low sum of squares of
residuals (SR2). Data in wt.%.

TABLE 4a Summary of petrogenetic constraints, Water Island Formation basaltic subunits.

TABLE 4b Summary of petrogenetic constraints, Water Island Formation plagiorhyolite subunits.
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Cretaceous to Mid-Eocene pelagic sediment budget in Puerto Rico and
the Virgin Islands (northeast Antilles Island arc)

Island arc basalts (IAB) in the Greater Antilles, dating between Albian and mid-Eocene time (~112 to 45 Ma),
consist of an early low-K, primitive island arc (PIA) basalt series and a later, predominantly intermediate calcal-
kaline (CA) series. The rocks resemble modern sediment-poor, low-light rare earth element (LREE)/heavy rare
earth element (HREE) arc basalts from intra-oceanic tectonic settings and sediment-rich, high-LREE/HREE
types from continental margin arcs, respectively. Isotope and incompatible trace element distribution along a
450 km segment of the arc in the northeast Antilles demonstrates that low-LREE/HREE basalts predominate in
Albian to Santonian (~85 Ma) stratigraphic sequences in the Virgin Islands (VI) and northeast Puerto Rico
(NEPR), while there is a gradual but spectacular increase in both LREE/HREE and absolute abundances of
incompatible elements in central Puerto Rico (CPR). Northeastern Antilles basalts have consistently elevated
La/Nb and relatively low Nb/Zr, both inconsistent with the presence of a significant ocean island basalt compo-
nent. Hence, observed differences are interpreted to reflect variation in proportions of pelagic sediment subduct-
ed by the south-dipping Antilles arc system as it swept north-eastward across the Caribbean region and eventu-
ally approached the Bahama Banks along the south-eastern fringes of the North American Plate. Trace element
mixing models indicate sediment proportions in VI and NEPR were limited, averaging considerably below
1.0%. In comparison sediment content in CPR increased from an average slightly above 1.0% in Albian (~112
Ma) basalts to as high as 8% in Cenomanian (100-94 Ma) types. Hypothetical pre-arc pelagic sedimentary
facies in the subducted proto-Atlantic (or proto-Caribbean) basin, included 1) a young, centrally located longi-
tudinal ridge-crest facies, with a thin sediment cover, eventually subducted by VI and NEPR, 2) a slightly older
basin-margin facies of variable width and moderate sediment thickness, subducted by CPR during Albian time,
and 3) a thick, pre-arc continental margin facies in the vicinity of Central America, subducted by CPR during
Cenomanian time. Following collision of neighboring Hispaniola with the Bahamas sediment budgets in the
northeast Antilles stabilized at moderate levels from 2 to 3%, reflecting widespread subduction of North
Atlantic Cretaceous pelagic sediment (AKPS). 

Island arc. Antilles. Cretaceous. Pelagic sediment. Mantle melting.
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INTRODUCTION

Early Cretaceous to mid-Eocene island arc basalts
(IAB) in the Greater Antilles (Fig. 1) are traditionally
subdivided (Donnelly et al., 1990; Lebron and Perfit,
1994) into a lower primitive island arc suite (PIA), con-
sisting predominantly of quartz-bearing dacitic lava and
lava breccia (keratophyre) accompanied by degraded low-
K basalt (spilite), and an overlying basaltic to intermedi-
ate calc-alkaline suite (CA). Plagioclase and augite domi-
nate phenocryst assemblages in both suites, while
pseudomorphs of olivine and amphibole are rare or
absent, even in felsic end-members, until Tertiary time.
PIA lavas typically have low large-ion lithophile (LILE),
rare earth (REE), and high field strength element (HFSE)
abundances, low Th, U, and radiogenic Pb, and near-hori-
zontal normalized REE spectra. Original definitions of
PIA (Donnelly and Rogers, 1980) stipulated marked
bimodality with respect to SiO2, as exemplified by the
Water Island Formation in the Virgin Islands (Hekinian,
1971) and Los Ranchos Formation in Hispaniola (Kesler
and Campbell, 2005). However, subsequent investigations
(Schellekens, 1998; Jolly et al., 1998a) revealed true
bimodality is absent from early Puerto Rican IAB, and is
absent or subdued in Hispaniola (Lewis et al., 2002).
Younger CA lavas in the northeast Antilles are distin-
guished from PIA by elevated incompatible element
abundances and variably enriched REE patterns. Trace
element abundances in modern island arcs are closely
linked to compositions and proportions of subducted
pelagic sediment (Hawkesworth and Powell, 1980; Arcu-
lus and Powell, 1986). Accordingly, Hawkesworth et al.
(1993) subdivided arc basalts (SiO2 < 55%, Fig. 2A) into
1) a low-LREE/HREE series, comprising intra-oceanic
arc suites with low (New Britain, Woodhead et al., 1998;
South Sandwich, Cohen and O’Nions, 1982; Tonga,

Ewart and Hawkesworth, 1987) to moderate (Aleutians,
Romik et al., 1990; Japan, Tatsumi et al., 1988; Northern
Lesser Antilles, Davidson, 1986, 1987) sediment propor-
tions, and 2) a high-LREE/HREE series, comprising con-
tinental margin arc suites with elevated pelagic sediment
proportions (Aeolian Is., Ellam et al., 1988; Grenada,
Thirlwall and Graham, 1984; Philippines, McDermott et
al., 1993). 

Northeast Antilles PIA and CA basalts are broadly
equivalent to modern low- and high-LREE/HREE types,
respectively (Fig. 2B). Hence, Antillian island arc volca-
nism produced basalt compositions that extend across the
entire modern LREE/HREE spectrum, reflecting wide
variation in proportions of pelagic sediment subducted by
the arc during its 80 million year long eruptive history
(Schellekens, 1998). The principal objectives of this paper
include both 1) examination of geographic and temporal
compositional variability along a 450 km section of the
northeast Antilles arc system from the Anegada Fault
Zone to Mona Passage (Fig. 2), and 2) assessment of tec-
tonic implications of observed disparities. For these pur-
poses chronological trends in pelagic sediment budgets
key incompatible trace element parameters are ascer-
tained for three discrete regions (Fig. 3), including Cen-
tral Puerto Rico in the west, north-eastern Puerto Rico in
the central zone, and the Virgin Islands in the east. Addi-
tional Santonian to mid-Eocene island arc strata are pre-
sent in southwestern Puerto Rico. These rocks are not
included in this investigation because they have distinc-
tive incompatible element-rich compositions (Schelle-
kens, 1998), and form northwest-trending belts that trun-
cate dominantly east-west trends in eastern Puerto Rico.
The southwestern strata, therefore, are considered to rep-
resent arc deposits developed in association with an inde-
pendent subduction zone.   
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FIGURE 1 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; LATMT: Lesser Antilles Trench Thrust; MR:
Mona Rift; LMTT: Los Muertos Trench Thrust; NHDB: north Hispaniola deformed belt; OF: Orients Fault; PRTMT: Puerto Rico Trench Thrust; PRVI: Puer-
to Rico-Virgin Islands microplate; SITF: Swan Is. Transform Fault; SF: Septentrional Fault; WF: Walton Fault. North American vector (relative to a stat-
ic Caribbean) is from Jansma et al. (2000).



GEOLOGICAL SETTING

General relations
The Antilles Island Arc is subdivided naturally into

two segments: 1) the extinct Late Mesozoic to Paleogene
Greater Antilles in the north, including Cuba, Jamaica,
Hispaniola, Puerto Rico, and the Virgin Islands, and 2)
the volcanically active Lesser Antilles in the southeast
(Fig. 1), which rest on buried remnants of the south-east-
ern extension of the Mesozoic arc. The ancient Greater
Antilles island arc platform is geologically significant
because it preserves a continuous record of subduction
along the boundary between the North American and
Caribbean Plates from Aptian-Albian in the Early Creta-
ceous to mid-Eocene time (approximately 125 to 45 Ma;
Pindell and Barrett, 1990; Schellekens, 1998; Jolly et al.,
1998a and b; Iturralde-Vinent and McPhee, 1995; Lewis
et al., 2002), a total of over 80 my. Of principal interest
here is the northeastern sector, the Puerto Rico - Virgin
Islands microplate (PRVI) of Jansma et al. (2000), which
occupies the broad zone between the diffuse Puerto Rico
Trench Thrust on the north and the Los Muertos Trench
Thrust on the south, and extends almost 450 km eastward
from Mona Passage to the Anegada Fault Zone (Fig. 3). 

Exposures of basement rocks are absent in most
islands of the northeast Antilles east of Hispaniola, but a
Jurassic sequence of MORB tholeiites (Schellekens et al.,
1990), accompanied by serpentinized peridotite (Sierra
Bermeja Complex of Mattson, 1960; Fig. 3) and pelagic
radiolarian chert (Mariquita Chert) of Pacific (Farallon)
origin (Montgomery et al., 1994), is thought to represent
pre-arc oceanic basement in western Puerto Rico
(Schellekens et al., 1990). Because oldest exposed arc stra-
ta date approximately from early Cretaceous time in all the
islands, and because geochemical and lithological
sequences are similar, the modern Antilles arc platform is
considered to be remnants of a once continuous volcanic arc
chain that formed in the eastern Pacific and was subsequent-
ly inserted eastward into the modern Caribbean region
along the eastern flank of the Pacific Plate (Mattson, 1979;
Burke, 1988; Donnelly, 1989; Pindell and Barrett, 1990;
Draper et al., 1996; Schellekens, 1998; Lewis et al., 2002).

Virgin Islands

The oldest unit in the Virgin Islands (Fig. 4), dated by
radiolarians to between latest Aptian and earliest Albian
time (Rankin, 2002), is the aphanitic to coarse-grained,
plagioclase-augite-bearing Water Island Formation (Fig.
5). Dacitic (80%) and basaltic (20%) lava and lava breccia
accompanied by pelagic chert normally predominate in
this 2 to 4 km thick bimodal unit, but on St. John (Fig. 4)
the Water Island Fm includes high angle sheeted basaltic
dike swarms (Rankin, 2002; Jolly and Lidiak, this vol-

ume). Discordance between these features, initially iden-
tified as bedding, and overlying strata of the Louisenhoj
Fm was originally regarded as evidence of angular uncon-
formity (Donnelly, 1966). On the contrary, field relations
demonstrate that the Water Island Fm grades conformably
upward into volcanic conglomerate, sand, and tuffaceous
shale of the overlying Louisenhoj Fm (Rankin, 2002).
The Louisenhoj, a 0.5 to 1.5 km thick, PIA-type basaltic
unit, is in turn overlain conformably by a relatively thin,
but highly significant carbonate unit, the Outer Brass
Limestone. This unit, dated conclusively by abundant
planktonic Foraminifera to between Late Turonian and
Late Santonian time, effectively constrains ages of the
upper Louisenhoj Fm and lower parts of the succeeding,
also conformable, Tutu Fm (Rankin, 2002). 

Tutu calcalkaline volcaniclastic strata are restricted
to a narrow belt in the core of the east-west oriented
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FIGURE 2 A)  Covariation of La and Yb in basalts (SiO2 < 55%) from
central Puerto Rico (CPR) and the Water Island Fm, Virgin Islands
(VIWI); symbols as indicated. B) Covariation of La and Yb in intrao-
ceanic and continental margin island arc basalts (see text for refe-
rences).



Narrows Syncline (Fig. 4), with subparallel north-dip-
ping Water Island - Louisenhoj strata on the south
flank. Donnelly (1960) and Helsley (1960) originally
mapped the unfossiliferous, south-dipping strata on
Hans Lollok Island as overturned, and considered the
rocks to represent a western extension of the Eocene
Tortola Fm, whereas Rankin (2002) considered Hans
Lollik strata immediately north of the syncline as
being upright, and inferred the rocks pre-dated the
Campanian Tutu Fm. Consequently, the Tortola Fm is
restricted here to units exposed in the British Virgin
Islands, and the Hans Lollik Member (Helsley, 1960)
is renamed the Carrot Bay Member (Figs. 4 and 5).

Possibly correlative strata on Jost van Dyke Island
yielded two fossil bearing clasts containing, respec-
tively, a coral fragment and some corroded
foraminifera, both reportedly of Paleocene to Eocene
age (Helsley, 1960). In addition a carbonate unit in
the upper Sharks Bay Member on the north side of
Tortola Island (Fig. 4) was reported to contain mid-
Eocene algae and foraminifera. Rocks of Maastrich-
tian age are not known to be present in the British
Virgin Islands.

Volcanic stratigraphy in the Virgin Islands con-
cludes with predominantly fine-grained, felsic tuff of

Cretaceous-Mid Eocene pelagic sediment budget in the NE AntillesW.T. JOLLY et al.

38Geolog ica  Acta ,  Vo l .4 ,  Nº1-2,  2006,  35-62

FIGURE 3 Bathymetry and neotectonic elements of the northeast Antilles: NPRSFZ: Northern Puerto Rico Slope fracture zone; SPRSFZ: Southern
Puerto Rico Slope fracture zone; Western, central and northeastern Puerto Rico (WPR, CPR, NEPR). PRVI: Puerto Rico - Virgin Is. Microplate. Bathym-
etry compiled from US Naval Oceanographic charts.



the Necker Fm, which was locally strongly metamor-
phosed by contact effects associated with the final
major magmatic event in the northeast Antilles, intru-
sion of the calcalkaline Virgin Gorda Batholith. The
plutonic rocks, ranging widely in composition from
gabbro to adamellite and segregations of granitic
pegmatite (Helsley, 1960; Donnelly and Rogers,
1980; Lidiak and Jolly, 1996), have Late Eocene
radiometric ages ranging from 39 to 35 Ma (K/Ar,
Cox et al. 1977 and Vila et al., 1986; 40Ar/39Ar,
Rankin (2002), consistent with an Eocene age for the
Necker Fm (Helsley, 1960).

Puerto Rico

Dominated by an arched and deeply eroded volcanic
core and ringed by mid-Oligocene to Pliocene clastic-car-
bonate terrestrial through shallow marine sediments
(McPhee and Iturralde-Vinent, 1995; van Gestel et al.,
1998, 1999; Iturralde-Vinent and McPhee, 1999; McPhee et
al., 2003), the island of Puerto Rico consists of three
independent tectonic terranes (Figs. 1 and 2), one in the
southwest (WPR), another occupying the central and
south-central half of the island (CPR), and a third smaller
terrane (NEPR) in the north-eastern corner (Schellekens
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FIGURE 4 A) Geologic map of the Virgin Islands, modified from Donnelly (1966), Hel-
sley (1960), and Rankin (2002). Helsley (1960) considered the Tortola Fm to be
Eocene in age, and strata on the north limb of the Narrows syncline to be overturned. B)
Stratigraphy of the Tortola Fm (Helsley, 1960), indicating relations between the Sage
Mountain and Shark Bay Members, and the renamed Carrot Bay Member in southeast
Tortola (formerly the Hans Lollik Member); see text for discussion.



et al., 1990; Jolly et al., 1998a; Schellekens, 1998). Maxi-
mum thickness of strata in CPR are estimated to total
almost 14 km (Jolly et al., 1998a), but additional plutonic
underplating during Maastrichtian to Eocene time (Don-
nelly et al., 1990) produced maximum crustal thickness of
up to 30 km (Boynton et al., 1979). The Southern Puerto
Rico Fault Zone (SPRFZ, Glover, 1971), trending south-
eastward across the western third of the island, forms the
CPR-WPR boundary. This mid-Eocene to early
Oligocene fault zone (Glover, 1971) effectively truncates
geological features in adjacent CPR. 

Relative age relations and a detailed stratigraphic
framework were firmly established in Puerto Rico by the
USGS during a long-term, island-wide mapping project
(Bawiec, 2001). CPR and NEPR, to which this paper is
restricted, were assembled into their modern configura-
tion during mid-Santonian time (Seiders, 1971) by left-
lateral strike-slip faulting along the prominent Cerro Mula
Fault zone, a major strand of the Northern Puerto Rico
Fault Zone (Glover, 1971). Stratigraphic units on either
side of this fault are all plagioclase-augite-bearing, but
otherwise are lithologically unrelated prior to mid-San-
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FIGURE 5 A and B) Stratigraphic correlations in the northeast Antilles, modified from Jolly et al. (1998a), Rankin (2002), and Schellekens (1998);
geologic time scale from Gradstein and Ogg (2004).



tonian time. Total displacement of at least 50 km is indi-
cated by stratigraphic relations (Pease, 1968); this repre-
sents a significant shortening of the arc. Earliest strata in
both terranes (Figs. 5 and 6) are broadly dated to the Ear-
ly Albian (Glover, 1971; Berryhill et al., 1960; Briggs,
1973) and consist of thick sequences of PIA-type, low-
LREE/HREE basalts (Schellekens, 1998; Jolly et al.,
1998b, 2002). Overlying Cenomanian strata in both CPR
and NEPR have higher LREE/HREE, but values in CPR
are extremely elevated, reaching levels similar to modern
continental margin suites such as the western Philippines,
Grenada in the southern Lesser Antilles, and the Aeolian
Islands (Fig. 2).

Predominantly east-trending volcanic strata in CPR
are subdivided (Figs. 5 and 6; Table 1, see Appendix) into
five successive volcanic phases, defined by disconformi-
ties associated with reefoidal limestone units that deve-
loped on localized topographic highs (Berryhill et al.,
1960; Kaczor and Rogers, 1990), including CPRI, CPRII,
and CPRIII, from Upper Aptian to Lower Albian,
Upper(?) Albian, and Cenomanian to Lower Santonian
age, respectively (Fig. 5). Utilizing recognized strati-
graphic correlations (Briggs, 1973), CPR volcanic phases

are extended into northeast Puerto Rico (NEPRI, NEPRII,
NEPRIII; Figs. 5 and 6), where the stratigraphic sequence
is entirely conformable (Pease, 1968; Seiders, 1971; Brig-
gs, 1973). Following the mid-Santonian regional strike-
slip tectonic event discussed above, calcalkaline volcan-
ism resumed in eastern Puerto Rico, but was intermittent
and alternated with extensive granitic plutonism, particu-
larly during Maastrichtian to Paleocene time (Donnelly et
al., 1990; Schellekens, 1998). Post-tectonic strata, much
of which was subaerial, form belts of similar geochemical
composition that extend across the Cerro Mula fault. The
rocks are subdivided into two additional volcanic phases,
including Upper Santonian to Maastrichtian high-K most-
ly intermediate volcanic rocks (EPRIV), and Paleocene to
mid-Eocene predominantly fine-grained, intermediate to
felsic, hornblende-bearing tuff (EPRV). Frost and
Schellekens (1991), Larue and Ryan (1998) and Mont-
gomery (1998) reported additional Tertiary strata form
extensive subsurface and submarine volcanic basins
buried beneath post-volcanic sedimentary cover. 

Mattson (1979) suggested the disconformity between
phases II and III in CPR, and the unconformity reported
by Donnelly (1966) between the Water Island and
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FIGURE 6 Geology of Puerto Rico (modified from Jolly et al., 1998a) illustrating distribution of volcanic phases and structural features. Volcanic
phases (I-V) are dated as follows: I: Early Albian (112-105 Ma); II: mid-Albian to Cenomanian (105 to 100 Ma); III: Cenomanian (100 to 94 Ma); IV:
Turonian to Late Maastrictian (94 to 65 Ma); V: Paleocene to late mid-Eocene (65 to 45 Ma).  GSPRFZ: Greater southern Puerto Rico fault zone;
CMFZ: Cerro Mula fault zone, CFZ: Carraizo fault; LFZ: Leprocomio fault zone.



Louisenhoj in the Virgin Islands, both represent orogeny
resulting from a reversal in polarity of subduction in the
Antilles, and this suggestion was incorporated into subse-
quent Caribbean tectonic models (Lebron and Perfit,
1994; Draper et al., 1996). It is noted, however, that
absence of Albian unconformities in NEPR and in the
revised Virgin Islands stratigraphic reconstructions of
Rankin (2002) is inconsistent with significant tectonism
during Albian-Santonian time (112 to 85 Ma) in the
northeastern Antilles, as are observations of Kaczor and
Rogers (1990) that, in deep water settings, CPR strata
grade conformably across volcanic phase boundaries. 

Cretaceous volcanic strata in Puerto Rico contain
eroded remnants of numerous strato-volcanoes, individu-

ally marked by localized accumulations of lava and lava
breccia several kilometers thick. The volcanic centers
tend to be oriented in chains along east-southeast trends
representing principal volcanic axes, physiographically
analogous to modern volcanic arc fronts. In CPR geo-
graphic positions of successive Cretaceous volcanic
chains migrated 5 to 15 km northward. Abundant flank
strata, deposited on the back-arc side of the principal vol-
canic axis during phases CPRIII and CPRIV, are widely
preserved in south-central Puerto Rico (Fig. 6). 

Hispaniola

Although Hispaniola is located across Mona Passage
and therefore lies outside the northeast Antilles as
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FIGURE 7 206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb in the northeast Antilles. A and B)  Northeast Antilles. C and D) Hispaniola and Puerto Rican
Tertiary basalts (Frost and Schellekens, 1998). Av. AKPS: average Atlantic Cretaceous pelagic sediment; VIWI: Water Island Fm., Virgin Islands (data
from Donnelly, 1978); CPR: central Puerto Rico; NEPR: northeast Puerto Rico block (sample locations given in Jolly et al., 1998b); I, II, III, IV, V: vol-
canic phases; CAJ: pre-arc MORB-like basalt from Western Puerto Rico, Global, northern (NA) and southern (SA) Lesser Antilles sediment from Plank
and Langmuir (1997); Northern Hemisphere Reference Line (NHRL), enriched mantles EMI, EMII, and HIMU, and NM (depleted MORB) are from Hart
(1984); Hispaniola data sources as follows: Los Ranchos Fm, Cumming and Kesler (1987); Maimon Fm, Horan (1995); Loma La Vega Fm, Lebron and
Perfit (1994).



defined here (Figs. 1 and 2), the stratigraphic sequence
is similar and is therefore relevant because it provides
insight into lateral correlations with major islands of the
Greater Antilles. The Mesozoic basement in central His-
paniola consists of the basaltic Duarte Complex and
associated Loma Caribe peridotite, considered to repre-
sent a preserved Jurassic to Late Cretaceous oceanic
crustal segment (Lewis et al., 1999, 2002). In addition to
extrusive volcanic rocks, Lapierre et al. (1997, 1999)
recognized a separate mafic intrusive phase of Albian
age within the Duarte sequence, interpreted to record an
early oceanic plateau event. There is wide consensus
that the Duarte terrane was obducted by north-directed
thrusting onto early island arc strata along a north-dip-
ping subduction zone due to collision between the devel-
oping arc and an approaching oceanic plateau. However,
there is disagreement regarding timing of the over-
thrusting event. Draper et al. (1996) viewed tectonism as
Albian in age on the basis of structural fabrics in the
Early Albian Los Ranchos Fm that are not reproduced in
younger Cenomanian strata, and correlated the event
with Albian unconformities reported in the Virgin
Islands and central Puerto Rico (see also Burke, 1988;
Pindell and Barrett, 1990; Lebron and Perfit. 1994;
Lewis et al., 1999, 2002). Instead, Lapierre et al. (1997)
correlated Duarte strata with basalts of the Caribbean-
Columbian Cretaceous Basalt Plateau (CCBP, 92-74 Ma,
Hauff et al., 1997, 2000; Kerr et al., 1999, 2002), and
suggested obduction was post-Santonian.

Initial island arc strata in Hispaniola include the
PIA-type Amina, Maimon and Los Ranchos Fms. Of
these, the Los Ranchos has been radiometrically dated
to 110 Ma (U-Pb, zircons, Kesler and Campbell, 2005).
The Maimon Fm, which contains boninitic basalts
interlayered with low-K IAB, is unique in the Antilles
outside of Cuba, but Los Ranchos basalts are similar in
composition to PIA-type volcanic rocks (Lewis et al.,
2002). Cumming and Kesler (1987) and Kesler and
Campbell (in press) report relatively elevated Pb iso-
tope ratios in Los Ranchos basalts from Hispaniola
(Figs. 7C and 7D). Succeeding post-Albian calcalka-
line strata in Hispaniola include the Cenomanian Tireo
Group and Campanian to Maastrichtian Loma La Vega
Fm (Lewis et al., 2002). 

ANALYTICAL DATA AND GEOCHEMICAL PARAMETERS

Analytical data base

New major and trace element data for 18 representative
samples from the Virgin Islands and Puerto Rico per-
formed for this project are presented in Table 2 (see
Appendix). These include ten Atlantic Late Cretaceous

pelagic sediments (AKPS), and 8 representative island arc
basalts from the Virgin Islands (10), NEPR (10), CPR
(12), and EPR (2). To minimize effects of crystal fraction-
ation and crustal assimilation, geochemical samples are
restricted to basaltic end-members with SiO2 < 55%; frac-
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FIGURE 8 Isotope mixing between hypothetical wedge sources
and average Atlantic Cretaceous pelagic sediment (AKPS). Hyper-
bolic curves with mixing intervals represent results of mixing cal-
culations.  Fields of analyzed samples are identified as follows:
C: central tectonic block; NE: northeast tectonic block; I, II, III, IV,
V represent Puerto Rican volcanic phases. A) εεNd-∆Pb8/4 values.
End-members (Table 2, see Appendix) include 1) hypothetical source
of sample A-5 (see Jolly et al., 2002) representing the composition of
the wedge plus slab-derived aqueous fluid with a minimal sediment
component. PA and PAWMS: carbonate-rich pelagic sediment (Hole et
al., 1984); Atl and SA: North and south Atlantic low-carbonate pelagic
sediment from Ben Othman et al. (1985).  B)  i87Sr/86Sr ∆Pb8/4. Calcu-
lated 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%, see Fig. 13A). Compositions of end-members
are listed at right.



tionates and other intermediate to felsic end-members are
considered elsewhere. Sample preparation was performed
in stainless steel and mullite vessels to insure minimal
trace element contamination. Major element ICP-ES and
trace element ICP-MS analyses were performed, follow-
ing LiBO2 fusion, at Acme Analytical Laboratories, Van-
couver, Canada. Duplicate analyses and deviations from
geochemical standards reveal precision to be within 1 to
5% of the amount present or better for most trace ele-
ments. Geochemical study in this investigation is restrict-
ed to components that are stable in the presence of aque-
ous, chloride brines, including REE, HFSE, and Th-U
(Pearce and Parkinson, 1993). Hence, effects of aqueous
fluids on abundances of soluble large-ion lithophile ele-
ments (LILE, Rb, Ba, U, K, Sr and Pb) during magma
generation and evolution are not considered. 

Jolly et al. (1998b) summarized isotope analytical
techniques and precision limits. Duplicate isotope analy-
ses of leached and unleached samples revealed no signifi-
cant differences. Comprehensive isotope data from Puerto
Rican Island arc rocks, including εεNd, i87Sr/86Sr, and Pb
isotope ratios are listed in Jolly et al. (1998, 2001); addi-
tional Pb isotope ratios from Paleocene and Eocene vol-
canic and plutonic rocks are given in Frost and Schellekens
(1998). Pb data from the Virgin Islands consist of three
analyses from the Water Island Fm (Donnelly et al., 1971;
a fourth anomalously low analysis is omitted).

Atlantic Cretaceous pelagic sediment (AKPS) 

The preserved pre-arc basement in WPR consists of
serpentinized peridotite and Jurassic to Late Cretaceous
oceanic crust associated with radiolarian chert of Pacific
provenance. The presence of these rocks is consistent
with generation of the Antilles island arc through south-
dipping subduction as the Pacific (Farallon) Plate swept
through the Caribbean basin, over-riding the young proto-
Atlantic ridge (Donnelly, 1989; Pindell and Barrett,
1990). Consequently, pelagic sediment most closely
resembling that subducted by the advancing Antilles arc
is preserved within the Atlantic basin north of the modern
Puerto Rican Trench Thrust (Fig. 1). Full major and trace
element geochemical data, and estimated paleontologic
ages (Donnelly, 1978; Donnelly et al., 1978), for ten rep-
resentative samples of Atlantic Cretaceous pelagic sedi-
ment (AKPS) from this reservoir, including five each
from Deep Sea Drilling Project sites 105 and 417D in the
eastern North Atlantic (Donnelly et al., 1978), are listed
in Table 2 (see Appendix). Isotope data for eight of the
samples are given in Table 3 (see Appendix). The average
trace element composition of this sample set (Table 4, see
Appendix) , consisting of six carbonates and four clay-
stones, in conformity with approximate abundances of
rock types recovered from the Atlantic basin, is utilized to

represent the subducted sediment component in geochem-
ical models presented in this paper. It is recognized, how-
ever, that additional, relatively thick sequences of pre-arc,
continental margin-type pelagic sediments, such as those
in the blueschist terrane of the Samana Peninsula, north-
ern Hispaniola (Joyce, 1990), were probably also
involved in the subduction process, particularly along lat-
eral extremities of the arc.  

Melting models

Mineralogical modes utilized in calculations, represen-
ting a spinel lherzolite N-MORB-type source (fertile
MORB mantle [FM] in the terminology of Pearce and
Parkinson, 1993), consist of 57.5% olivine (ol), 27.0%
orthopyroxene (opx), 12.5% clinopyroxene (cpx), and 3.0%
spinel (McKensey and O’Nions, 1991). Phases are inferred
to disappear from the source at constant rates during melt-
ing, such that orthopyroxene melts incongruently to olivine
during early stages of fusion. Rates of phase disappearance
adopted include cpx, 25%; opx, 40%; Al-spinel, 80%
(Pearce and Parkinson, 1993). The trace element composi-
tion of FM, and mineral/melt trace element partition coeffi-
cients (D-values) for ultramafic melts are from Bédard
(1999). Trace element concentrations utilized in calcula-
tions are corrected for ol fractionation during magmatic
assent to MgO = 9.0% from MgO-Yb abundances, accor-
ding to the method of Pearce and Parkinson (1993).

Johnson and Dick (1992) described mantle peridotite
from modern ridge environments presumed to represent
residua from MORB-type melting, and demonstrated that
these rocks are less depleted in certain incompatible ele-
ments than calculated residua. In their models of MORB
melting they adopted open system fractional melting,
with the caveat that pooled melts were continuously re-
equilibrated with the mantle as they percolated upward
through the melting column. Pearce and Parkinson (1993)
also utilized fractional melting models, assuming the sys-
tem to be closed, and refined the models by simulating
retention of small quantities of melt in the residua equiva-
lent in volume to porosity, which, according to relations
between Zr contents and modal clinopyroxene in depleted
peridotite (fig. 8 of Pearce and Parkinson, 1993), ranges
from <0.5 to a maximum of about 3%. In models present-
ed here, upward re-equilibration of melts with the mantle
and melt retention by the residue are both simulated by
combining fractional melting (Shaw, 1970) with correc-
tions for trapped melt. Trapped melt is treated as a sepa-
rate phase with a partition coefficient (D-value) of 1.0,
according to the method of Pearce and Parkinson (1993).
This procedure has the effect of increasing bulk distribu-
tion coefficients for all incompatible elements, but espe-
cially Th, Nb, La, Ce, Pr, and Nd. Melt compositions are
similar regardless of corrections, but residua vary widely,
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depending on proportions of trapped melt; a median value
of 1.0% trapped melt retention is utilized in models.
Residual cpx modes obtained in the models produce
slopes matching theoretical residues when plotted against
abundances of key trace elements (fig. 5 of Pearce and
Parkinson, 1993). In multiple component melting models
involving pelagic sediment (Nicholls et al., 1994) or an
ocean island basalt component, additives are treated as
100% melt fractions and combined with the source. 

Nd-Sr-Pb ISOTOPE GEOCHEMISTRY 

Isotope ratios

Initial Nd isotope ratios in early Antilles volcanic rocks
resemble MORB (denoted CAJ in Figs. 7 and 8; Jolly et
al., 1998b), but become gradually more enriched in succes-
sive volcanic phases (Fig. 8A). εεNd-values of early units
range from about 8.5 to 6.5, while CPRIII averages 6.5.
i87Sr/86Sr (Fig. 8B) broadly approach or overlap composi-
tions of altered WPR and unleached Atlantic Mesozoic
MORB, both of which have elevated radiogenic Sr with
respect to modern MORB due to seafloor alteration (Jahn
et al., 1980). CPRI basalts have lowest i87Sr/86Sr, ranging
between 0.7033 and 0.7041; while values in CPRIII aver-
age about 0.7039, the total range is large, from 0.7035 to
0.7044, partly overlapping earlier units (Fig. 8B). More
enriched modern island arcs have similar wide ranges in
radiogenic Pb (Elliot et al., 1997). Pb isotope ratios, fol-
lowing patterns similar to Nd-isotopes (Figs. 7a and b;
Table 4, see Appendix), form fields subparallel to the
northern hemisphere reference line (NHRL; Hart, 1984).
206Pb/204Pb increases gradually from depleted MORB-
like values (18.3 to 18.4) in the Virgin Islands (Donnelly
et al., 1971), to between 18.5 to 19.0 in NPR, and finally
to elevated levels ranging from 18.8 to over 19.5 in CPR,
consistent with systematic west to east increase in the
proportion of a U-Pb-enriched HIMU component (Hart,
1984) in the mantle source. Superimposed on this compo-
sitional shift are additional, somewhat incoherent varia-
tions of 207Pb/204Pb and 208Pb/204Pb, indicating elevated
radiogenic Pb contributed by an enriched component,
such as pelagic sediment or an EMI-type component
(Figs. 7A and 7B). Since 208Pb/204Pb is relatively less
affected by U-Pb systematics, Pb∆8/4-values (Table 1, see
Appendix), representing deviation of 208Pb/204Pb from the
NHRL with respect to 206Pb/204Pb (Hart, 1984), indicate
magnitude of Pb∆8/4 is lowest in CPRI-II, ranging from 0
to -20 (Fig. 8), and ranges as high as +10 to almost +20 in
CPRIII. In NEPR, compositions cluster along the NHRL
with values ranging from +5 to -25 (Fig. 8).

Post-Santonian Puerto Rican island arc basalt
(EPRIV-V) has also elevated radiogenic Pb (Frost and
Schellekens, 1991; Frost et al., 1998; Figs. 7C and 7D),

with 206Pb/204Pb between 18.4 to 19.4, broadly overlap-
ping fields for CPRII and CPRIII. 208Pb/204Pb fields for
younger EPR volcanic rocks are aligned along NHRL,
while 207Pb/204Pb has a broad elevated range up to 15.65.
In Hispaniola, the Albian Maimon Fm (Horan, 1995)
broadly overlaps NEPR fields, but other units have elevat-
ed Pb isotope ratios compared to the northeast Antilles.
For example, 207Pb/204Pb in Los Ranchos lavas exceeds
measured values in CPR. Similarly values for 207Pb/204Pb
and 208Pb/206Pb in the Campanian to Maastrichtian Loma
La Vega Fm equal or exceed CPRIII (Figs. 7C and 7D).

Isotope mixing models

Although the absolute composition of the mantle
source is unknown, the low-Pb∆8/4 isotope signature of
early CPRI arc basalts in the northeast Antilles is similar
to pre-volcanic Cretaceous MORB (Cajul basalt CAJ-103
in Figs. 7A and 7B, 8A and 8B), consistent with a
MORB-like source (Jolly et al., 1998b). Hence, CPRI
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FIGURE 9 N-MORB-normalized incompatible element patterns in
representative arc basalts from CPR (A) and the Water Is. Fm in the
Virgin Islands (B). VI basalts include representatives from the Tutu Fm
(TU), Tortola Fm (TR), and the Water Is. Fm, WI (including a felsic end-
member or keratophyre, WIST35). Full geochemical data for selected
basalts from this list and additional basalts are presented in Table 2
(see Appendix). Normalization factors and sequence are modified from
Sun and McDonough (1989); more incompatible elements are at right.



basalts have a limited sediment component, and an esti-
mate of the proportion of sediment incorporated by more
radiogenic CPRIII lavas is obtained from a calculated
mixing line with end-members that include 1) the inver-
sion source (f = 0.25) of a CPRI basalt (sample A-5) and
2) the average AKPS composition (end members are list-

ed in Fig. 8B). In Pb∆8/4 - εεNd and Pb∆8/4 - i87Sr/86Sr
plots, Puerto Rican data concentrate along or overlap the
mixing lines, with CPRIII concentrating at the 2% level
with respect to sample A-5, broadly similar to levels in
modern arcs (Ellam et al., 1988, Ellam and Hawkesworth,
1988). This estimate represents a minimum value, since it
does not include the sediment component of the CPRI
starting basalt

Incompatible trace element geochemistry

MORB-normalized incompatible trace element spec-
tra reveal that Puerto Rican volcanic rocks, like Creta-
ceous lavas and associated plutonic rocks from other
islands of the Greater Antilles (Donnelly, 1989; Lebron
and Perfit, 1994; Lidiak and Jolly, 1996), are uniformly
over enriched in LILE with respect to LREE, moderately
enriched in LREE and Th, and strongly depleted in
HFSE, all fundamental features of island arc associations
(Fig. 9). The most depleted rocks in the northeast Antilles
include the Water Island and Louisenhoj Fms in the Vir-
gin Islands, which have normalized slopes ranging from
slightly enriched to moderately depleted (Fig. 9). In Puer-
to Rico, the complete range of compositions is represent-
ed in CPR (Fig. 9). Basal basalts from Formation A
(CPRI, Fig. 9) are the least enriched in incompatible ele-
ments, and have lowest LILE/HFSE and HFSE/HREE, as
well as lowest LREE/HFSE and LREE/HREE. Values of
all these ratios increase in succeeding volcanic phases,
reaching maximum levels in high-K basalts from the Per-
chas Fm in CPRIII. 

Nb – Yb (corrected for olivine fractionation to
crustal levels to MgO = 9.0%)

The absolute concentration of Yb in mantle basalts
reflects the degree of fusion in a peridotite source, while
Nb abundance is proportional to relative degree of incom-
patible element source enrichment (Pearce and Parkinson,
1993). Consequently, covariation of this element pair,
when corrected for ol-fractionation, can potentially pro-
vide insight into both melting processes and source com-
positons in the northeast Antilles. For this purpose, a cal-
culated Yb-Nb melting grid, assembled from spinel
peridotite melting curves for both FM and RMM2 (the
residue of a 5% melt of FM) and contours representing
40, 25, 15, and 5% melting (Pearce and Parkinson, 1993),
is presented in Fig. 10A. Actual mantle compositions and
modes vary widely (Pearce and Parkinson, 1993) from
idealized values adopted for model calculations. Despite
the limitations, however, generalized melting grids pro-
vide a standardized framework that permits meaningful
intra- and inter-arc comparison. For instance, N-MORB
(denoted NM, Sun and McDonough, 1989), modern
Atlantic MORB (Dosso et al., 1993) and WPR Mesozoic
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FIGURE 10 A) Nb - Y melting grid consisting of a) trajectories
representing fractional fusion of FM (fertile MORB mantle of
Pearce and Parkinson [1993], as modified by Bédard [1999]) and
RMM5 (residue of 5% melt of FM); and b) contours for 5, 15, 25
and 40% melting. PM, primitive mantle, NM, N-MORB of Sun and
McDonough (1989), Av. AKPS, average Atlantic pelagic sediment.
Selected modern island arc suites with relatively flat N-MORB-nor-
malized HREE patterns include the following: Aleutians (Romick et
al., 1990); Northern Lesser Antilles, Davidson (1986); Marianas,
Woodhead et al. (1998); South Sandwich, Cohen and O’Nions
(1982); Tonga, Ewart and Hawkesworth (1987); and Vanuatu
(Peate et al., 1997). Are also included modern North Atlantic
MORB (Dosso, et al., 1993) and WPR Mesozoic MORB (Schelle-
kens et al., 1990; Jolly et al., 1998a), the field of Atlantic Creta-
ceous pelagic sediment (AKPS, Table 2, see Appendix), NLA,
northern Lesser Antilles sediment and global subducting sediment
(Plank and Langmuir, 1997), and volcanic glass representing slab
melt from sub-arc peridotite xenoliths in the Philippines (Schiano
et al., 1995). B) Covariation of MgO-Yb concentrations in ana-
lyzed basalts (SiO2 < 55%) from central Puerto Rico. Diagonal
lines, which represent Yb concentrations extended from MgO =
9.0% to lower MgO concentrations along tracks parallel to the
data field of CPR volcanic phases I, II, and III, illustrate derivation
and uncertainty of fractionation corrections.
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MORB (Schellekens et al., 1990; Jolly et al., 1998a and
b) concentrate in a band, between the 5 and 15% melting
contours, indicative of relatively low degrees of melting
compared to selected island arc basalts (Fig. 11A). The
models also reveal that arc basalts have compositions
intermediate between mantle compositions and pelagic
sediment, as characterized by global subducting pelagic
sediment (Plank and Langmuir, 1997) and Atlantic Creta-
ceous pelagic sediment (AKPS). 

In the Virgin Islands, Yb-Nb data subdivide basalts
(SiO2 < 55%) from the Water Island Fm into several
interefingering sub-units, including a high-Yb MORB-
like basalt, low-HFSE basalts, and a two sampl,es of
sheeted dikes from St. John (Fig. 11A). Fields for all but
one of these plot below the FM melting trajectory, indi-
cating slightly depleted (~2%) source compositions and a
relatively small incompatible element-enriched compo-
nent (i. e., pelagic sediment). Water Island basalts tend to
be slightly more depleted in Nb than samples from both
the Louisenhoj and Tortola Fms. A slightly enriched
source is indicated for high LREE basalts. In general,
there is a wide range in Yb, reflecting considerable varia-
tion in degree of melting, but most samples are concen-
trated along the 25% melting contour.

Corrected Yb concentrations in Puerto Rico overlap
the Virgin Islands, consistent with a wide range in degree
of melting from a maximum of almost 40 to less than
15% in early basalts, but Nb abundances in Puerto Rico
are much more variable and in most flows more elevated
than their counterparts in VI. Data from NEPR cluster
along the FM melting trajectory (Fig. 11B), consistent
with an FM-like source composition with relatively little
sediment. In comparison, Nb abundances increase from
an average of less than 1 to over 3 ppm between CPRI
and III (Fig. 11C). Taken together the data form a broad
vector with a trajectory directed toward average AKPS,
consistent with a spectacular increase in the proportion of
pelagic sediment contributed to the melt in CPR com-
pared to NEPR and VI. Strata from the Virgin Islands and
eastern Puerto Rico dating between Maastrichtian and
mid-Eocene time resemble CPRIII. 

Multiple component melting models

Absolute degree of melting in arc settings is contro-
versial (Plank and Langmuir, 1997; Davies and Stephen-
son, 1992). Johnson and Dick (1992) and Pearce and
Parkinson (1993) argued that island arc melting
processes are not analogous to those involved in gener-
ation of MORB magmas. Differences arise from hydra-
tion of the wedge by fluids emanating from the sub-
ducting slab in arc settings, and from resultant
increased buoyancy of hydrated peridotite, which

together lead to extensive decompression fusion within
the wedge. Together, these two complementary processes

FIGURE 11 Covariation of Nb and Yb in northeast Antilles basalts
(SiO2 < 55%), corrected for ol fractional crystallization during eleva-
tion  from mantle to crustal levels to MgO = 9.0% (Fig. 10B); melting
grid is from Fig. 10A. A) Virgin Islands: WI: Water Island Fm; LH:
Louisenhoj Fm; TU: Tutu Fm; TR: Tortola Fm; other symbols as in Table
1 (see Appendix). Water Island plagiorhyolites (denoted VIWI-4 and -
5) represent compositions of crustal contaminants in Antilles volcanic
rocks. B) Central Puerto Rico volcanic phases CPRI- III, BA: back arc;
VA: principal volcanic axis. C) Northeast Puerto Rico volcanic phases
NEPRI-III. D) Eastern Puerto Rico volcanic phases EPRIV - V. PM rep-
resents the primitive mantle composition of Sun and McDonough
(1989); modern (Atlantic) MORB from Dosso et al. (1993); fc, frac-
tional crystallization.



increase total degree of melting in arcs relative to
MORB environments (~10%), to a range between 15
and 30% (Pearce and Parkinson, 1993). In general, Yb
abundances in the northeast Antilles cluster along the
1.0 ppm Yb level throughout the suite (Figs. 11A to D),
corresponding with an average of approximately 25%
melting, but it is noted maximum melting proportions
within individual volcanic phases tended to increase in
time from 30 to 35% in volcanic phase I to between 25
and 40% in phase III. In addition, fields of early
Antilles basalts plot slightly below the FM melting
curve, indicating slightly depleted source compositions
between RMM2 and RMM5.

Chondrite-normalized incompatible element spectra
of fractional melts calculated utilizing these parameters (f
= 0.25 in RMM2), combined with various proportions of
AKPS (0.005, 0.1, 0.02, 0.04, 0.06, 0.08, 010), are illus-
trated in Fig. 12. The patterns reproduce typical features

of CPR IAB, including elevated LREE slopes and deep
negative HFSE anomalies. Shallow slopes in volcanic
phase I are consistent with incorporation of 0.5 to 2%
AKPS, similar to modern arcs (Ellam and Hawkesworth,
1988), including Tonga (Ewart and Hawkesworth, 1987)
and the Marianas and New Britain (Woodhead et al., 1998;
Fig. 10A). More enriched slopes in phases II and III reflect
incorporation of much higher proportions of pelagic sedi-
ment, exceeding >5% in certain flows from CPRIII.

Covariance of La/Nb - Nb/Zr in Antilles IAB

Although multiple component mixing models invol-
ving introduction of pelagic sediment into a spinel peri-
dotite source produce normalized incompatible element
spectra resembling observed Antilles IAB, including vari-
ably enriched REE and deep negative normalized HFSE
anomalies (Fig. 12), the models do not exclude presence
of an additional enriched mantle component. It is noted
however that La/Nb is approximately proportional to
degree of mantle enrichment at constant sediment con-
tent, while conversely Nb/Zr is proportional to absolute
magnitude of the sediment component. Hence, taken
together La/Nb and Nb/Zr unambiguously discriminate
enriched and depleted mantle, island arc basalts, and
pelagic sediment.

La/Nb and Nb/Zr for Mesozoic oceanic basalts from
western Puerto Rico, the Caribbean Cretaceous Basalt
Plateau, and various modern MORB basalts (Sun and
McDonough, 1989), are illustrated in Figs. 13A and 13B.
Also included is the mantle trend, consisting of fertile
MORB mantle (FM; Pearce and Parkinson, 1993; Bédard,
1999), depleted mantle (RMM1, RMM2, RMM5 repre-
senting mantle residue of 1, 2, and 5% melting in FM),
and enriched mantle compositions (primitive mantle and
ocean island basalt from Sun and McDonough, 1989).
Like IAB from many modern subduction zones (compare
Fig. 13A with 13B), Antilles basalts (SiO2 < 55%) form a
series of fields subparallel to the field of AKPS, interme-
diate between pelagic sediment and moderately depleted
peridotite sources. Fractional crystallization vectors indi-
cate that removal of realistic proportions of plagioclase
(pl) and clinopyroxene (cpx) produced small composi-
tional variations. Insead, elongation of individual fields
(Figs. 13A to 13H) toward high-La/Nb, low Nb/Zr is con-
sistent with contamination by small proportions of low-
pressure crustal melts, similar to plagiorhyolites from the
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FIGURE 12 Mixing between RMM2 and proportions of AKPS produces
melts (A) with chondrite-normalized incompatible element patterns sim-
ilar (B) to observed CPR basalts. Results are consistent with incorpora-
tion of up to 2% sediment during volcanic phase I (Formation A) and
from 5 to 8% in phases III (Perchas Fm) and IV; SiO2 < 55%.

FIGURE 13 Covariation of Nb/Zr and La/Nb in selected arc basalt units (SiO2 < 55%) from CPR (A) and selected modern IAB (B), including the Aeo-
lian Islands (Ellam et al., 1988), Philippines (McDermott et al., 1993), New Britian (Woodhead et al., 1998), New Hebridies (Dupuy et al., 1982),
Papua New Guinea (Kennedy et al., 1990), and S. Sandwich Islands (Cohen and O’Nions, 1982). Symbols within individual fields are indicated by
unit codes from Table 1 (see Appendix); field boundaries as in Fig. 14A. For reference, data from the Virgin Island and northeast Puerto Rico are indi-
cated in C-H; for clarity, fields only are shown for the Santa Olaya Fm (SO and SO2). All diagrams include mixing lines for 25% melts of a hypotheti-
cal source composed of a mixture of  FM, RMM1, RMM2, and RMM5 combined with various proportions (0.5, 1, 2, 4, 6, 8 10%) of pelagic sediment
(average AKPS, Table 2, see Appendix). Atlantic MORB data are from Dosso et al. (1993), WPR MORB field from data are from Jolly et al. (1998b)
and unpublished data.  Least squares regression lines for these and other units listed in Table 1 (see Appendix) are illustrated in Fig. 14A.
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Water Island Fm in the Virgin Islands (Fig. 13C; Jolly and
Lidiak, this volume). Accordingly, least-contaminated,
low-La/Nb basalt end members at left are inferred to most
closely reflect plagic sediment proportions. 

Antilles basalts form a vertical band with a wide range
in Nb/Zr. In CPR, for example, Nb/Zr increases eight-
fold, from approximately 0.01 to 0.08, between volcanic
phases I (solid lines in Fig. 13B) to III (short dashes),

reflecting a voluminous increase in the proportion of sedi-
ment. Antilles basalts also have a broad range of La/Nb,
from 3 to over 10, but values are all relatively high com-
pared to FM, consistent with a slightly depleted source. In
more general terms, Antilles basalts have consistently
high La/Nb and relatively low Nb/Zr, both of which are
inconsistent with the presence of a significant OIB-type
component. Small numbers of relatively low La/Nb
basalts, corresponding with high-Yb end-members noted
in Nb-Yb diagrams (Figs. 11A to 11D), are present in all
three regions of the northeast Antilles (Figs. 14 to 14H)).
Compositions of these anomalous basalts are consistent
with relatively low degrees of melting (<15%). In compari-
son the main fields have consistently lower Yb, averaging
about 1 ppm, indicating between 15 to 40% melting. 

Lateral and vertical variation in proportions of
subducted sediment

Mixing trends of calculated multiple component melts
(f = 0.25; see Figs. 11A to 11D), derived from mixtures
of selected mantle peridotite sources (FM, RMM1,
RMM2, RMM5) and a range of sediment proportions (0,
1, 2, 4, 6, 8 10%), are superimposed on La/Nb - Nb/Zr
plots in Figs. 13 and 14. Mixing trajectories involving FM
and more depleted residual mantle compositions (RMM1)
form sweeping, hyperbolic curves extending diagonally
between the mantle trend line and pelagic sediments,
while trends for more depleted sources (>RMM2) are
almost vertical with relatively constant La/Nb. Conse-
quently, relative magnitudes of the sediment component
are proportional to Nb/Zr at the intersection between the
field of a given basalt unit and the appropriate vertical mix-
ing line (approximately RMM2, Fig. 11A; see also Jolly
and Lidiak, this volume). To facilitate comparisons across
the Antilles (Table 1, see Appendix), estimates of sediment
proportions were standardized by measurement of intersec-
tions between 1) least-squares regression lines for each unit
and 2) the RMM2 mixing trajectory in Fig. 14.

Results reveal that sediment proportions in the Virgin
Islands range from an average of between 0.3 and 0.7% in
more typical basalts from the Water Is., Louisenhoj, and Tor-
tola Fms, and about 2% in the Tutu Fm. The narrow range is
consistent with subductioin of a sediment-poor, extinct
ridge-related tectonic setting (Fig. 15A). In comparison, esti-
mated sediment proportions in NEPR are similarly low,
ranging from less than 0.5% to a maximum of about 2% se-
diment. In CPR Nb/Zr indicates a radically different
sequence involving gradually but spectacularly increasing
sediment proportions, ranging from <1.5% in early Albian
basalts (~112 to 100 Ma) to between 5 and 8% in Cenoma-
nian (100 to 94 Ma) end-members (Fig. 15A). The composi-
tional shift in CPR from a) low-sediment basalts resembling
Cenozoic intra-oceanic arc basalts (New Britain, northern
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FIGURE 14 Covariation of Nb/Zr and La/Nb in northeastern Antilles
IAB as expressed by least squares regressions. Unit codes are from
Table 1 (see Appendix). A) Virgin Islands. B) CPR. C) NEPR. Fields of
lowLa/Nb basalts (lower-degree melts) are illustrated separately at
left; symbols as in Fig. 10.



Antilles, Aleutians; Fig. 2), to b) sediment-rich types, resem-
bling continental margin arcs (Grenada, Philippines, Aeolian
Is.), is consistent with change from an open oceanic- to a
continental-margin tectonic setting.

PELAGIC SEDIMENT BUDGET IN THE NORTHEAST
ANTILLES

Tectonic evolution of the modern Caribbean basin

Plate rotation models of Caribbean tectonics (Pindell
et al., 1988; Donnelly, 1989) begin with opening of the

Atlantic basin during Jurassic time, which in the south-
western Caribbean region involved spreading between the
North and South American Plates (Fig. 16). This process
produced a narrow southwest-trending oceanic basin with
a centrally located mid-oceanic ridge system extending
longitudinally between the two continents. Since spread-
ing involved a southwestern extension of the early mid-
Atlantic ridge system, this basin is here identified for con-
venience and clarity as the proto-Atlantic basin rather
than proto-Caribbean in the terminology of Pindell and
Barrett (1990). Most tectonic models (Burke, 1988; Pin-
dell and Barrett, 1990; Lebron and Perfit, 1994; Draper et
al., 1996; Lewis et al., 2002), developed primarily in His-
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FIGURE 15 Pelagic sediment budget in the northeastern Antilles according to age and estimated pelagic sediment components of basalts (SiO2 <
55%) from Puerto Rico (CPR and NEPR) and the Virgin Islands (VI). A) Unit codes are from Table 1 (see Appendix). EVA: early phase III volcanic axis;
EBA: early back arc strata; LVA: late volcanic phase III volcanic axis; LBA: late back arc strata; LOM: Lomas Fm; SO2: Santa Olaya subunit 2. B)
Fields representing sediment facies (from Fig. 16B) and ranges of sediment proportions in Virgin Islands (VI) and Northeastern, Central and Eastern
Puerto Rico (NEPR, CPR and EPR respectively). 



paniola, consist of three distinct stages, including 1) early
establishment of a northeast-dipping subduction zone and
associated island arc chain linking the western margins of
North and South America and effectively closing the gap
between the Pacific and proto-Atlantic basins during
Aptian or Early Albian time (~125 Ma), 2) collision of

the juvenile northeast-dipping arc system with an east-
ward drifting oceanic plateau, the Duarte Terrane of cen-
tral Hispaniola, which was obducted northward onto the
arc during Aptian to mid Albian time, and 3) a reversal in
polarity of subduction from northeast- to southwest-dip-
ping and generation of a second, subparallel arc system
beginning in Late Albian time. A variant of this model
was proposed by Lapierre et al. (1997, 1999; see also dis-
cussion in Lewis et al., 1999), who suggested collision
between the Duarte block and the Antilles arc occurred
later, during Santonian time (<85 Ma), in association
with development of the Caribbean Cretaceous Basalt
Plateau. South-dipping subduction polarity during the
entire interval from Albian to Santonian time is implicit
in all these models.

Despite uncertainty regarding tectonism accompanying
early subduction in the Antilles, there is consensus that, fol-
lowing establishment of the south-dipping Antilles subduc-
tion zone, the Pacific Plate was inserted into the proto-
Atlantic basin by north-northeast convergence (Figs. 16A to
16C). Accordingly, pelagic sediment subducted by the Puer-
to Rico – Virgin Islands (PRVI) sector of the arc shifted from
a low-sediment, ridge-related to a continental margin facies,
composed of sediments associated with the pre-drift North
and South American continents. Subsequently, a shift from
northeast to east-northeast convergence deflected motion of
the northeast Antilles toward the Bahama Banks, and during
Maastrichtian to Eocene time, Hispaniola collided with the
southeast margin of the North American Plate in the Bahama
Banks region (Pindell and Barrett, 1990). PRVI, which skirt-
ed the southern fringes of the Bahamas, escaped a similar
fate and was swept instead past the continental margin
toward the open Atlantic Ocean (Donnelly, 1989). Since
Maastrichtian time motion of the Caribbean Plate has been
largely restricted to left-lateral strike-slip displacement along
the Puerto Rico Trench Thrust (Fig. 16D; Pindell and Bar-
rett, 1990; Pindell, 1994).

Distribution of pre-arc sedimentary facies in the
proto-Atlantic basin 

Variation in magnitude of the Late Cretaceous pelagic
sediment component in the northeast Antilles is characte-
rized by consistently low values in VI and NEPR on the
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FIGURE 16 Pre-arc pelagic sediment facies in the proto-Atlantic (=proto-Caribbean of Pindell and Barrett, 1990) region and tectonic evolution of the
Antilles island arc (modified from Donnelly, 1989; Pindell and Barrett, 1990; Kerr et al., 1999; Lapierre et al., 1997, 1999). WC: Western North America
- Chortis boundary zone; Ch: Chortis block; B: Bahama Banks; Y: Yucatan; CAA: Central America Arc; J: Jamaica; Hisp: Hispaniola; C: Cuba; vectors from
Pindell et al. (1988). A) The early stages of subduction along the southwest margin of the proto-Atlantic basin in early Cretaceous time (125 Ma). Con-
vergence from this period through Santonian time (85 Ma) was primarily northeast-directed. The Chortis block has separated from Mexico. A north east-
erly-dipping subduction zone, possibly related to eruption of bonninitic Maimon basalts (Horan, 1995; Lewis et al., 2000), fringes the west-drifting North
America Plate. Hypothetical distribution of pelagic sediment facies in the proto-Atlantic basin prior to southwest-dipping subduction and development of
the Antilles arc, based on pelagic sediment budget in the northeast Antilles (Fig. 15), is indicated. B) Final stages of insertion of the Caribbean Plate into
the gap between North and South America (~ 65 Ma). The estimated path of Puerto Rico across the basin (dashed line with arrow reflecting the conver-
gence vector) indicates CPR and Hispaniola subducted continental margin pelagic sediments, partly inherited from pre-spreading sources, whereas the
Virgin Islands (and NEPR) subducted material from the extinct proto-Atlantic ridge crest. C) Modern Caribbean region with modern plate motion vectors
for North and South America and the Cocos Plate, relative to the Caribbean Plate (Pindell et al., 1988).



east, and a gradual shift from moderately low to exceed-
ingly high values in CPR on the west. This pattern mir-
rors sediment distribution expected along a transverse,
from ridge to basin margin, across a relatively young and
narrow oceanic basin such as the proto-Atlantic during
Cretaceous time. Pre-arc pelagic sediment facies within
this hypothetical basin (Fig. 16B) were dominated by a
young, centrally located, longitudinal ridge-crest pelagic
facies, and flanking, subparallel belts of slightly older and
thicker basin-margin pelagic facies. A continental margin
pelagic facies, of variable thickness, inherited from pre-
spreading sedimentary basins associated with continental
break-up, comprised margins of the basin.

As the developing arc advanced northeastward
across the Caribbean, motion of VI followed the north-
east trace of the proto-Atlantic ridge-crest. Conse-
quently, proportions of subducted sediment in VI
basalts remained low from early Albian time until the
mid-Santonian. The marginal position of CPR in the
arc with respect to VI and NEPR brought that segment
into close proximity with the northwestern margin of
the basin. Consequently, CPR basalts incorporated
increasing proportions of continental sediment as the
system approached Central America and the Yucatan
during Cenomanian time. The unusually high apparent
sediment content in CPRIII basalts (up to 8%) possibly
reflects subduction of a high-Nb/Zr component inherit-
ed from continental detritus. In neighboring Hispanio-
la, relatively enriched radiogenic Pb ratios in the Los
Ranchos Fm (Albian, 110 Ma, Kesler and Crawford, in
press) indicate the sediment content of Hispaniola
basalts was high not only during Cenomanian phases
of the arc, but also during earlier Albian time, reflect-
ing consistent subduction of a large component of con-
tinental margin pelagic sediments throughout arc histo-
ry (Joyce, 1990). Hispaniola ultimately collided with
the Bahamas during the Maastrichtian -Eocene interval
(Pindell, 1994), whereas Puerto Rico and the Virgin
Islands were diverted east of the Bahamas toward the
North Atlantic Basin. At that time sediment propor-
tions stabilized between 2 to 3% until extinction of the
arc in the mid-Eocene. 

CONCLUSIONS

Incompatible element abundances in basalts from the
northeast Antilles reflect wide variation in sediment pro-
portions along a 450 km section of the island arc from the
Virgin Is (VI) to Puerto Rico (CPR and NEPR). Low-
LREE/HREE, PIA-type basalts with limited sediment
content (<1.0%) predominate in Albian to Cenomanian
strata from VI and NEPR. Similar basalts, with slightly
higher LREE/HREE, are also present in early Albian stra-

ta from CPR, but high-LREE/HREE calcalkaline vari-
eties, with elevated sediment proportions (between 4 and
8%) predominate in CPR Cenomanian strata. Covariation
of La/Nb and Nb/Zr in Antilles basalts indicate the differ-
ences result from south-dipping subduction of several dis-
tinct pre-arc pelagic sediment facies associated with the
proto-Atlantic ridge system that separated North and
South America during the Late Cretaceous. Basalt com-
positions in VI and NEPR are consistent with subduction
of a sediment-depleted longitudinal ridge-crest pelagic sed-
iment facies occupying the central part of the basin. Similar
basalts in Albian strata from CPR have slightly higher
sediment proportions, consistent with subduction of a la-
teral basin-margin pelagic facies. During Cenomanian
time, the approach of the arc system to Central America
and the Yucatan along the southwest fringes of the North
American Plate was accompanied in CPR basalts by a
massive increase in sediment proportions, reflecting
incorporation of archaic, pre-spreading continental mar-
gin pelagic sediments, probably similar to pelitic strata
preserved in the blueschist terrains of the Samana Penin-
sula, northern Hispaniola. Thereafter, sediment propor-
tions in northeast Antilles island arc basalts declined pro-
gressively, reflecting entry of the arc into the open
Atlantic Ocean.
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TABLE 1 Northeast Antilles volcanic unit names and codes, ages (from Fig. 5), and estimated sediment proportions (from Fig. 14).

Unit code and name Age, Ma % Sediment 

Virgin Islands
1. WI Water Island Formation Low HFSE Basalt 112-105 0
2. WI Water Island Formation Low HFSE Plagiorhyolite 112-105 Crustal melt
3. WI, Water Island Formation High HFSE Plagiorhyolite 112-110 Crustal melt 
4. HL2, Tortola Formation, Carrott Bay Member 1 55-50? 0.6
6. SM, Tortola Formation, Sage Mt. Member 50-45? 0.8
5. SB, Tortola Formation, Shark Bay Member 50-45? 0.4
7. HL1, Tortola Formation, Carrott Bay Member 2 55-50? 0.7
8. LHA Lousienhoj Formation, Member A 105-90? 0.7
9. LH B and C, Louisenhoj B and C 105-90? 0.7.
10 TUA, Tutu Formation, Member A 85-75 2.1
11.TUB, Tutu Formation B 85-75 1.2
12.TUC, Tutu Formation C 85-75 1.2
HH, Water Island Formation High-HFSE MORB-like basalt 112-105 0.4
LH, Water Island Formation Low-HFSE MORB-like basalt 112-1050 1.5
Central Puerto Rico
13. CPRI J, Formation J ~105 0.4
14. CPRI B and C, Formations B and C ~110 0.7
15. CPRI A and LA, Formation A and lower Formation A 115-110 1.1
16. CPRIII Av 1and 2, Avispa Formation 90-85 3.1
17. CPRII TOR, Torrecilla Formation ~100 3.8
18. CPRII PTH, Pitahaya Formation ~100 4.5
19. CPRIII Hyb Perchas-Lapa Hybrids 95-90 7.0
20A. CPRIII PE, Perchas Formation 95-90 8.0
20B CPRIII RG, Rio Grande Pluton 95-90 8.0
21A. CPRIII LT, Las Tetas Member 90-85 2.8
21B.CPRIII LL, Lapa Lava Member 95-90 4.0
Northeastern Puerto Rico
22A. NEPRII FG, Fajardo Formation 105 0.8
22B NEPRII CG, Cerro Gordo Formation 105 0.8
23. NEPRIII INF, Infierno 90-85 1.2
24. NEPRIII SO, Santa Olaya Formation 100-85 0.7
25. NEPRI DG, Dagauo Formation 112 0.7
26. NEPRI FG, Figuera Formation 110-105 1.0
LOM, Lomas Formation 90-85 1.0-4.0
SO2, Santa Olaya Formation Member 2 100-85 4.0
Eastern Puerto Rico
27. EPR IV, Pozas, Mamey, Tortugas, M. Gonzales Formations 85-70 2.5
28. EPR V GUR, Guracanal Formation 60 2.6
29. EPRIV RdP, Rio de la Plata Formation 85-80 4.0
30. EPR V YUN, Formation (not shown) 60-55 4.0-1.0
31. EPR V JOB, Formation (not shown) 55-45 0.5
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TABLE 2 Major and trace element analyses from Atlantic Cretaceous pelagic sediment (AKPS) and representative island arc volcanic rocks from the
Virgin Islands and Puerto Rico.

1 2 3 4 5 6
Suite AKPS AKPS AKPS AKPS AKPS AKPS
Sample 105/15/6 105/18/6 105/37/5 105/37/6 105/22/5 417/12/3
SiO2 65.94 23.42 57.84 54.52 34.25 69.68
Al2O3 17.57 5.12 11.79 13.04 6.77 11.43
Fe2O3t 6.41 2.72 5.68 6.82 13.38 4.44
MgO 2.77 1.33 2.34 2.88 2.01 4.23
MnO 0.02 0.08 0.23 0.71 0.10 0.04
CaO 0.58 64.47 17.71 16.71 39.14 3.58
Na2O 2.26 1.18 1.14 1.15 1.24 1.39
K2O 3.61 1.41 2.67 3.44 2.37 2.72
TiO2 0.77 0.22 0.52 0.65 0.32 0.51
P2O5 0.06 0.05 0.09 0.06 0.36 1.98
Cr2O3 0.007 0.002 0.004 0.007 0.004 0.017
C 1.03 0.21 3.58 3.16 2.27 5.53
LOI 16.00 36.80 18.06 17.50 34.65 19.60
Ba 631 1 216 298 787 759
Ce 83.42 45.77 76.97 85.78 86.01 73.78
Co 35 21 33 58 19.5 21
Cs 8.55 3.04 5.41 7.36 4.16 6.40
Dy 4.86 3.95 4.77 4.96 7.88 8.21
Er 2.72 2.06 2.51 3.10 4.16 5.26
Eu 1.25 1.09 1.46 1.40 2.25 2.06
Gd 5.43 5.01 5.39 6.30 9.74 9.50
Hf 3.83 1.44 2.69 4.28 1.84 2.37
Ho 0.98 0.80 0.89 1.08 1.55 1.92
La 40.93 28.81 39.47 46.14 47.57 53.45
Lu 0.49 0.29 0.34 0.45 0.56 0.77
Nb 15.3 5.6 10.2 13.0 6.7 9.0
Nd 33.34 23.85 32.71 39.02 46.67 47.68
Ni 185 75 116 139 207 153
Pb 21 12 20 22 18 16
Pr 8.20 5.78 8.19 9.22 11.11 10.65
Rb 150 61 112 133 94 114
Sm 7.46 5.76 6.15 7.85 10.80 9.66
Sr 222 790 174 180 514 175
Ta 0.96 0.32 0.74 0.86 0.43 0.63
Tb 0.83 0.67 0.80 0.86 1.42 1.38
Th 13.60 5.76 7.38 9.45 8.03 8.03
Tm 0.39 0.29 0.38 0.47 0.58 0.79
U 3.13 3.52 0.86 1.10 8.00 12.05
V 150 86 80 109 465 355
Y 29 27 30 31 51 60
Yb 2.97 1.65 2.24 2.98 3.36 5.16
Zr 122 45 92 130 66 93

7 8 9
AKPS AKPS AKPS

417D/18/2 417D/19/1 417d/21/3
67.84 82.02 45.07
14.16 7.76 8.41
5.87 3.96 24.03
5.84 1.94 2.69
0.06 0.02 0.11
0.60 0.68 13.81
1.73 0.89 1.30
3.19 2.10 3.34
0.61 0.34 0.42
0.11 0.29 0.81
0.002 0.004 0.006
0.21 0.14 4.33

15.50 8.36 32.55
759 2142 1786
55.31 91.37 125.79
19 13 18
7.1 5.17 5.28
3.36 9.64 11.81
2.14 4.77 6.25
0.94 2.70 3.40
3.88 12.04 14.46
3.09 1.53 2.23
0.68 1.88 2.29

28.43 47.17 66.33
0.37 0.59 0.83
9.0 11.2 7.7

24.25 59.70 69.49
90 67 338.0
15 17 24
6.28 13.04 16.43

149 92 127
5.02 12.20 15.83

81 105 237
0.84 0.33 0.53
0.63 1.81 2.16
8.36 8.14 10.29
0.37 0.67 0.86
2.63 0.66 12.49

110 89 844
22 55 74
2.32 4.27 5.07

115 60 86
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TABLE 2 Continued.

13 14 15 16 17 18
CPRIII CPRIII VI VI VI VIKERAT
Pe-239 LL-11B HLTR136 TUST81 WIST33 WIST35

53.58 56.96 53.34 57.51 52.94 69.33
15.96 16.84 17.24 16.69 16.03 15.22
7.16 6.01 9.41 10.15 9.81 5.14
3.08 2.18 4.30 3.38 6.54 1.86
0.15 0.09 0.27 0.18 0.12 0.05

10.18 6.34 9.55 5.38 11.67 2.72
1.81 4.21 4.15 3.81 1.86 4.55
6.62 5.98 0.77 1.60 0.35 0.46
0.94 0.87 0.85 0.90 0.63 0.57
0.52 0.51 0.11 0.41 0.05 0.10
0.076 0.027 0.001 0.001 0.009 0.000

nd nd 0 0 0 0
7.12 3.91 1.40 2.40 3.10 2.40

103 749 218 851 52 87
nd 0.38 12.12 23.24 2.89 5.44
17 6 27 22 38 7
0.17 0.60 0.71 0.31 0.72 0.51

nd nd 3.56 4.37 2.19 2.91
nd nd 2.12 2.68 1.42 2.89

1.53 1.15 0.98 1.30 0.58 0.97
nd nd 3.33 4.75 2.04 3.78

1.83 2.88 1.63 2.87 0.83 1.74
nd nd 0.69 0.91 0.51 0.91
21.93 16.74 4.99 11.37 39.60 19.35
0.29 0.28 0.32 0.38 0.26 0.38
4.0 4.8 1.0 2.3 0.3 0.4

22.93 18.19 8.76 16.18 4.13 6.77
40 30 12 5 45 21
7 30 6 35 0 2

nd nd 1.90 3.43 0.69 1.13
97 107 14 28 5 8
4.96 3.77 2.85 4.20 1.24 2.57

1020 522 376 679 104 83
0.10 0.18 0.10 0.10 0.02 0.02
0.62 0.51 0.52 0.65 0.35 0.64
3.16 4.26 0.41 1.74 0.10 0.41

nd nd 0.30 0.38 0.22 0.44
3.51 1.77 0.41 0.72 0.10 0.92

309 309 252 189 319 25
15 16 216 25 1435 275
1.75 1.79 2.33 2.83 1.31 2.65

60 101 54 79 25 46

10 11 12
AKPS CPRI CPRII

417/20/2 C-11A TOR-42
57.35 50.85 49.33
9.98 19.44 14.95

14.24 10.35 11.60
3.46 6.02 8.23
0.08 0.19 0.36
8.70 9.58 9.76
1.35 2.52 3.34
3.05 0.23 1.42
0.56 0.71 0.72
1.40 0.12 0.25
0.010 0.010 0.003
4.93 nd nd

26.05 3.25 2.54
1273 103 749

99.8 9.87 24.94
19.5 nd nd
5.84 0 0.38

10.01 2.96 nd
5.76 1.80 nd
2.73 0.79 1.25

11.98 2.72 nd
2.30 1.41 1.84
2.11 0.63 nd

59.89 4.08 10.74
0.80 0.27 0.29
8.4 0.8 2.4

58.54 7.72 14.83
245.5 23 178
20 1 5
13.54 1.56 nd

120 1 41
12.75 2.31. 3.85

206 317 1109
0.58 0.30 0.39
1.77 0.43 0.60
9.16 0.42 1.37
0.83 0.27 nd

12.21 nd 0.23
560 258 297
67 16 17
5.11 1.78 1.87

90 43 60
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TABLE 3 Nd, Sr, and Pb isotope data for Atlantic Cretaceous pelagic sediment (AKPS); major and trace element data are presented in Table 2.

Sample 144Nd/143Nd εNd
87Sr/86Sr i87Sr/86Sr 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb Age(Ma)

Hole 417
12/3 0.512083 - 9.929 0.71489 0.71243 95
18/2 0.511963 - 12.256 0.72837 0.72103 18.99 15.68 39.06 100
19/1 0.512187 - 7.821 0.71488 0.71124 18.90 15.72 39.08 105
21/3 0.512202 - 7.681 0.71302 0.71067 19.35 15.71 38.63 110

Hole 105
15/6 0.512726 - 9.266 0.71436 0.71140 18.88 15.69 38.93 110
18/6 0.512196 - 7.882 0.70821 0.70785 18.93 15.68 38.86 115
37/5 0.512151 - 8.020 0.71425 0.71065 18.75 15.70 38.97 140
37/6 0.512135 - 8.428 0.71661 0.71234 18.73 15.69 38.92 145

TABLE 4 Average abundances (ppm, n=10) of stable incompatible elements in Atlantic  Cretaceous  pelagic sediment (AKPS), from north of the Puer-
to Rico Trench at DSPD sites 105 and 417D.

Th 8.43
Nb 9.66
Ta 0.61
La 45.01
Ce 64.99
Pr 9.07

Nd 48.97
Zr 93
Hf 2.69
Eu 7.02
Ti 3000
Gd 7.81

Tb 1.14
Dy 6.53
Ho 1.34
Er 3.70
Tm 0.54
Yb 3.11



High pressure metamorphism of ophiolites in Cuba

High-pressure metamorphic complexes of ophiolitic material in Cuba trace the evolution of the northern margin
of the Caribbean Plate during the Mesozoic. In the northern ophiolite belt of western and central Cuba, these
complexes document cold (i.e., mature) subduction of oceanic lithosphere. Age data indicate subduction during
pre-Aptian times followed by mélange formation and uplift during the Aptian-Albian. The P-T evolution is
clockwise with relatively hot geothermal gradient during exhumation (i.e., “Alpine-type”), suggesting that
exhumation may have been triggered by unroofing processes ensuing arrest of subduction. It is hypothesized
that tectonic processes related to termination of subduction led to formation of characteristic oscillatory zoning
of garnet recorded in blocks separated by ca. 800 km along strike of the belt. In eastern Cuba, the complexes
document hot subduction with peak conditions at ca. 750 ºC, 15-18 kbar followed by near-isobaric cooling (i.e.,
counterclockwise P-T path). The contrasting petrologic evolution in the two regions indicates that the correla-
tion of eastern and western-central Cuban mélanges is doubtful. The age and tectonic context of formation of
these hot-subduction complexes is uncertain, but available data are consistent with formation during the Aptian-
Albian due to a) the birth of a new subduction zone and/or b) subduction of young oceanic lithosphere or a
ridge. Furthermore, tectonic juxtaposition of high-pressure ophiolitic material and subducted platform metasedi-
ments in the Escambray complex (central Cuba) that were decompressed under relatively cold geothermal gra-
dients (“Franciscan-type” P-T paths) indicates syn-subduction exhumation during the uppermost Cretaceous
(ca. 70 Ma). The diversity of P-T paths, ages and tectonic settings of formation of the high-pressure complexes
of ophiolitic material in Cuba document a protracted history of subduction at the northern margin of the
Caribbean Plate during the Mesozoic.

High-pressure. Metamorphism. Ophiolite. Subduction. Caribbean.
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INTRODUCTION

Volcanic-arc and ophiolitic rocks constitute important
geological elements of the Caribbean realm (Fig. 1A),
and deciphering their origin and evolution is fundamental
to achieving well-founded plate-tectonic reconstructions
for the region. Volcanic-arcs provide insights into the age
of subduction and the processes triggering it. In contrasts,
ophiolites are related to generation of oceanic lithosphere
either at mid-ocean ridges or at suprasubduction environ-
ments. However, ophiolitic rock assemblies, in the
Caribbean and elsewhere, normally enclose high pressure
(HP) metamorphic complexes indicative of the location,
age and tectonic processes accompanying subduction.
When associated with non-metamorphosed ophiolitic
bodies, as in Cuba, high-pressure complexes are exotic
relative to their enclosing ophiolitic matrix, and can be
used in combination with associated non-metamorphosed
ophiolites and volcanic arc terranes to constrain the
geometry of plate boundaries.

In Cuba, ophiolitic material metamorphosed to high-
pressure is found as blocks within serpentinite-matrix
mélanges in a number of geological settings (Somin and
Millán, 1981; Millán, 1996a). The most important ophi-
olitic assembly is the “northern ophiolite belt” (Iturralde-
Vinent, 1989, 1996a ,b, 1998), a discontinuous belt of
more than 1000 km in length composed of discrete, vari-
ously sized bodies exposed in the north of the island,
from W to E, Cajálbana, Mariel-La Habana-Matanzas,
Las Villas, Camagüey, Holguín, Mayarí, Moa-Baracoa
(Fig. 1B). All these bodies have been widely considered
to represent a single geologic element formed within the
same paleogeographic/paleotectonic setting during the
Mesozoic, although more recently Iturralde-Vinent et al.
(this volume) argued that eastern Cuba bodies should not
be included as part of this belt. In this paper, we follow
this subdivision.

The ophiolitic bodies are composed mostly of
chrysotile-lizardite serpentinites, which are the metamor-
phic products of harzburgite, dunite and, less abundantly,
pyroxenite, wehrlite and lherzolite, though they also con-
tain fragments of the crustal sections of ophiolite, includ-
ing layered and isotropic gabbros and associated cumu-
late rocks, chromite ores, diabase, basalt and pelagic
sediments (see Iturralde-Vinent, 1996b for review; addi-
tionally, see Khudoley, 1967; Khudoley and Meyerhoff,
1971; Pardo, 1975; Somin and Millán, 1981; Fonseca et
al., 1985; Iturralde-Vinent, 1989; Millán, 1996a; Kerr et
al., 1999; Proenza et al., 1999). These bodies of serpenti-
nite have been the subject of controversy concerning the
origin of Alpine-type ultramafic rocks in the 1950’s, when
H.H. Hess proposed a primary hydrated ultramafic mag-
ma but N.L Bowen disputed this hypothesis and interpreted

the bodies as solid intrusions of serpentinized peridotite
(Young, 1998, p. 201-209). In the 1970’s the bodies were
recognized as oceanic fragments accreted to the
Yucatan/North American margin during late Upper Creta-
ceous to Paleogene collision of this margin with the
Upper Cretaceous volcanic arc of Cuba. Oceanic transfor-
mations resulted in serpentinization and low-pressure
metamorphism (Somin and Millán, 1981; Millán, 1996a;
Auzende et al., 2002; Proenza et al., 2003; García-Casco
et al., 2003). During accretion, the bodies were strongly
sliced off, fractured and brecciated. In fact, most of them
can be considered as tectonic serpentinite-matrix
mélanges that contain, in addition to co-genetic igneous
and sedimentary materials, exotic blocks incorporated
from adjacent platform sedimentary sequences, volcanic-
arc and subduction complexes. Other ophiolitic assem-
blies appear as tectonic slices within continental terranes
that probably represent fragments of the Mesozoic plat-
form of the Maya block (i.e., Escambray and Guaniguani-
co terranes of central and western Cuba, respectively;
Iturralde-Vinent, 1989, 1996a; Pszczólkowski, 1999; Fig.
1B). These ophiolitic slices are composed of chrysotile-
lizardite serpentinite-matrix mélanges in the Guaniguani-
co terrane, while in the Escambray massif they are made
of a) massive garnet amphibolites (Yayabo amphibolites,
Millan, 1997b) and b) antigorite-bearing serpentinite-
matrix mélanges containing high-pressure rocks (Somin
and Millán, 1981; Millán, 1996a, 1997b; Auzende et al.,
2002; Schneider et al., 2004).

Notwithstanding the important contributions by M.L.
Somin and G. Millán (1981), the evolution of metamor-
phism is perhaps one of the least known geological issues
of Cuba. In this paper, we review and provide new data
concerning the metamorphic evolution of high-pressure
rocks of basic composition and oceanic origin present in
mélanges forming part of a) the northern ophiolite belt, b)
the eastern Cuba ophiolites and c) tectonically intercalat-
ed slices within the Guaniguanico and Escambray ter-
ranes. Our principal focus is the nature, age and tectonic
significance of high pressure metamorphism.

SUMMARY OF CUBAN GEOLOGIC HISTORY

The Cuban orogenic belt formed as a result of conver-
gence between the North American and Caribbean plates in
Mesozoic to Tertiary times (Iturralde-Vinent, 1988, 1994,
1996a). The process involved a large amount of oceanic
material including ophiolites and intra-oceanic volcanic arc
rocks that appear as complexly imbricated tectonic slices
for the most part of the Cuban orogenic belt.

The earliest age of formation of the northern ophiolite
belt is constrained to be Upper Jurassic by Tithonian
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through Albian-Cenomanian oceanic sediments that local-
ly cover the igneous rocks in different parts of the belt
(Iturralde-Vinent and Morales, 1988; Iturralde-Vinent,
1994, 1996b; Llanes et al., 1998). Isotopic (mostly K-Ar)
ages of igneous rocks span an interval of 160-50 Ma (see
review by Iturralde-Vinent et al., 1996). Of these data,

only the Upper Jurassic to Lower Cretaceous dates are
commonly considered to represent formation of oceanic
lithosphere, while Upper Cretaceous to Paleogene K-Ar
dates are thought to represent subsequent arc-related
magmatism or isotopic resetting due to post-formation
alteration and deformation events. Middle-Upper Jurassic

FIGURE 1 A) Plate tectonic configuration of the Caribbean region, with important geological features including ophiolitic bodies and Cretaceous-
Tertiary suture zones (compiled after Draper et al., 1994; Meschede and Frisch, 1998; and Mann, 1999). B) Geological sketch of Cuba (after Itur-
ralde-Vinent, 1996a) showing location of the northern ophiolite belt and other important geologic elements mentioned in the text, and the studied
areas with indication of studied samples (see Figs. 2, 4, 6 and 8 for further detail).



is the time of break-off of Pangea in the region and the
onset of formation of an oceanic basin connected with the
Atlantic, the Proto-Caribbean (Pindell, 1985, 1994;
Mann, 1999 and references therein), which opened as the
Americas drifted away since that time until the Maas-
trichtian. According to most workers, the northern and
eastern ophiolite belts of Cuba formed in the inter-Ameri-
cas gap (Somin and Millán, 1981; Iturralde-Vinent,
1996a; Kerr et al., 1999), a conclusion that is strength-
ened by the scarcity of associated plateau basalts (or B”
material; Burke et al., 1984; Kerr et al., 1999), which are
typical of the Caribbean crust. However, increasing geo-
chemical evidence accumulated recently from Early and
Late Cretaceous basaltic rocks associated with these ophi-
olitic complexes favors supra-subduction environments
(including back-arc, fore-arc and arc settings) instead of
mid-ocean ridges as the locus of basalt generation. Gar-
cía-Casco et al. (2003) indicated IAT signatures of
basaltic rocks from the Cajálbana ophiolite body meta-
morphosed in an Early Cretaceous (130 Ma) volcanic arc
environment. Fonseca et al. (1989) and Kerr et al. (1999)
described boninitic rocks in the northern ophiolite belt
(Havana region) of unknown age, but the latter authors
suggested that they may represent an Early Cretaceous
(Aptian-Albian or older) boninite volcanic arc. In this
same belt the Margot Formation (Matanzas region) con-
sists in back arc basalts (Kerr et al., 1999) dated as Ceno-
manian-Turonian (Pszczólkowski, 2002). García-Casco et
al. (2003) indicated probable calc-alkaline signatures in
basaltic rocks from the Iguará-Perea region (northern
ophiolite belt, Las Villas) metamorphosed in a Turonian-
Coniacian (88 Ma) volcanic arc environment. Andó et al.
(1996) indicated calc-alkaline trend in magmatic rocks of
suggested Upper Cretaceous age in the Holguín ophiolite
body. Cenomanian-Turonian island arc tholeiitic basalts
are recorded in eastern Cuba ophiolites (Proenza et al.,
1998, 1999, this volume; Iturralde-Vinent et al., this volu-
me). Thus, volcanic material in the northern and eastern
ophiolite belts document suprasubduction environments
during the Early and Late Cretaceous and, possibly, a
number of intra-oceanic subduction events. The paleotec-
tonic/paleogeographic location of the tectonic slices of
(meta)ophiolitic material in the Guaniguanico and Escam-
bray terranes, on the other hand, remains uncertain due to
their complex tectonic relationships and lack of detailed
geochemical studies.

A belt of tectonic units consisting of volcanic, vol-
canic-sedimentary and plutonic arc rocks of basic through
acid composition all along the island (Fig. 1B) documents
an Early Cretaceous (Late Neocomian-mid Albian age)
island arc of tholeiitic (IAT) affinity rooted by oceanic
lithosphere that developed into a voluminous calc-alka-
line (CA) and high-alkaline arc (Albian-Campanian; Itur-
ralde-Vinent, 1996c, d; Díaz de Villalvilla, 1997; Kerr et

al., 1999; Iturralde-Vinent et al., this volume, and refer-
ences therein). This sequence of Cretaceous arc volcan-
ism in Cuba is similar to that identified all along the
Caribbean region (Donnelly and Rogers, 1978; Burke,
1988; Donnelly et al., 1990; Lebron and Perfit, 1993,
1994; Jolly et al., 2001). Burke (1988) named this arc the
Great Arc of the Caribbean, which would have evolved as
a response to Cretaceous subduction in the region, but the
relationship between this volcanic-arc terrane and the var-
ious types of suprasubduction magmatic events recorded
in northern and eastern ophiolite belts is uncertain.

Intense collisional tectonics, ophiolite obduction and
olistostrome formation of latest Cretaceous through Pale-
ocene-Middle Eocene age relate to the collision of the
oceanic volcanic arc terranes with the ophiolites and the
continental margins of the Maya and Bahamas blocks
(Pszczólkowski and Flores, 1986; Iturralde-Vinent, 1994,
1996a, 1998; Bralower and Iturralde-Vinent, 1997; Gor-
don et al., 1997). The Campanian termination of the vol-
canic arc and the Upper Cretaceous isotopic ages of con-
tinental metamorphic terranes (Escambray, Isle of Pines)
and of the oceanic roots of the volcanic arc (Mabujina
complex) (Iturralde-Vinent et al., 1996; García-Casco et
al., 2001; Grafe et al., 2001; Schneider et al., 2004) indi-
cates onset of arc-continent collision in the Cuban seg-
ment of the Caribbean orogenic belt in Upper Cretaceous
times. However, Kerr et al. (1999) suggested that the ear-
liest collision event in Cuba is of Aptian-Albian age and
of intra-oceanic nature, unrelated to the Upper Creta-
ceous-Paleogene arc-continent collision event. This intra-
oceanic event was identified by García-Casco et al.
(2002) in mélanges of the northern ophiolite belt of cen-
tral Cuba.

ANALYTICAL METHODS

Mineral compositions were obtained with a CAME-
CA SX-50 microprobe (University of Granada) operated
at 20 kV and 20 nA, and synthetic SiO2, Al2O3, MnTiO3,
Fe2O3, MgO and natural diopside, albite and sanidine, as
calibration standards, and a ZEISS DSM 950 scanning
microscope equipped with a LINK ISIS series 300 Ana-
lytical Pentafet system operated at 20 kV and 1-2 nA
beam current, with counting times of 50-100 s, and the
same calibration standards. Representative analyses are
given in Table 1. Elemental XR images were obtained
with the same CAMECA SX-50 machine operated at 20
kV and conditions indicated in Figs. 5, 7 and 9. The
images were processed using unpublished software by
Torres-Roldán and García-Casco. Fe3+ in clinopyroxene,
amphibole, garnet and epidote was calculated after nor-
malization to 4 cations and 6 oxygens (Morimoto et al.,
1988), 23 oxygens (Leake et al., 1997), 8 cations and 12
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TABLE 1 Representative composition of mineral phases in studied samples (see also García-Casco et al., 2002, and Schneider et al., 2004).

Sample CV230B LV69A SRO1A SRO1A LV69A LV69A CV230B LV69 SRO1A

Phase Grt Grt Grt Pl Omp Ms Ep Ep Ep
Tie line peak peak peak peak peak peak peak peak peak
SiO2 37.83 38.28 37.60 68.36 55.73 49.56 38.43 38.48 38.01
TiO2 0.07 0.02 0.06 0.08 0.41 0.06 0.09 0.10
Al2O3 21.32 21.84 21.32 19.68 10.19 30.49 31.82 28.37 25.83
FeOtot* 21.90 23.92 26.87 0.44 4.40 1.80 1.96 5.82 9.29
MnO 1.28 0.50 0.13 0.04 0.00 0.02 0.17 0.02
MgO 3.62 7.75 1.67 8.52 3.18 0.02 0.02
CaO 13.03 7.22 12.31 0.19 13.51 0.00 24.34 24.00 23.81
Na2O 11.73 6.69 1.08
K2O 0.01 0.00 9.39
Sum 99.09 99.52 99.97 100.42 94.44 95.91 95.75 92.32 96.11
Oxygen 12 12 12 8 6 22 12.5 12.5 12.5
Si 2.97 2.95 2.98 2.98 2.00 6.53 2.97 3.00 2.99
Ti 0.00 0.00 0.00 0.00 0.04 0.00 0.01 0.01
Al 1.97 1.98 1.99 1.01 0.43 4.74 2.90 2.61 2.39
Fe3+ 0.07 0.11 0.05 0.02 0.04 0.00 0.13 0.38 0.61
Fe2+ 1.37 1.43 1.73 0.00 0.09 0.20 0.00 0.00 0.00
Mn 0.08 0.03 0.01 0.00 0.00 0.00 0.01 0.00
Mg 0.42 0.89 0.20 0.46 0.62 0.00 0.00
Ca 1.10 0.60 1.04 0.01 0.52 0.00 2.01 2.00 2.00
Na 0.99 0.46 0.28
K 0.00 1.58

Sample CV230B CV230B CV230B LV69A LV69A LV69A SRO1A SRO1A SRO1A

Phase Pargasite Gl Act Bar Gl Act MgKat Gl Act
Tie line peak retro retro peak retro retro peak relict retro

(inclusion)
SiO2 43.48 57.21 55.29 50.81 57.06 52.87 47.52 57.88 55.47
TiO2 0.87 0.09 0.05 0.21 0.05 0.10 0.29 0.00 0.00
Al2O3 13.69 11.33 1.57 10.70 9.56 5.93 12.64 11.07 2.71
FeOtot* 13.33 12.73 11.83 8.73 10.01 9.06 14.83 11.28 10.93
MnO 0.15 0.14 0.20 0.05 0.07 0.11 0.06 0.03 0.00
MgO 11.29 8.61 16.20 14.39 11.56 16.22 9.61 9.25 16.13
CaO 11.49 0.60 11.71 8.17 1.91 10.04 8.25 1.09 11.44
Na2O 2.48 7.17 0.92 3.87 6.38 2.19 4.29 6.85 1.11
K2O 0.47 0.01 0.03 0.23 0.03 0.11 0.26 0.00 0.07
Sum 95.57 96.09 96.94 97.15 95.66 96.64 97.81 99.94 100.90
Oxygen 23 23 23 23 23 23 23 23 23
Si 6.41 7.91 7.88 7.18 7.92 7.52 6.91 8.00 7.86
Ti 0.10 0.01 0.00 0.02 0.00 0.01 0.03
Al 2.38 1.85 0.26 1.78 1.57 0.99 2.17 1.80 0.45
Fe3+ 0.11 0.13 0.08 0.16 0.18 0.17 0.06 0.03 0.03
Fe2+ 1.53 1.34 1.33 0.87 0.99 0.91 1.74 1.28 1.26
Mn 0.02 0.02 0.02 0.01 0.01 0.01 0.01 0.00
Mg 2.48 1.78 3.44 3.03 2.39 3.44 2.09 1.90 3.41
Ca 1.81 0.09 1.79 1.24 0.28 1.53 1.29 0.16 1.74
Na 0.71 1.92 0.25 1.06 1.72 0.60 1.21 1.83 0.31
K 0.09 0.00 0.01 0.04 0.00 0.02 0.05 0.01

* Total Fe expressed as FeO.



oxygens and 8 cations and 12.5 oxygens (Fetotal=Fe3+) per
formula unit (pfu), respectively. Mineral and end-member
abbreviations are after Kretz (1983), except for amphibole
(Amp).

NORTHERN OPHIOLITE BELT

Central Cuba

Central Cuba is used informally to embrace the area
from Havana to Holguín, which bears the most complete
representation of geologic complexes in the island (Figs.
1B and 2A). In this region, the continental North Ameri-
can margin and foreland to the north includes middle
Jurassic to Eocene sedimentary formations of Cayo Coco,
Remedios, Camajuaní and Placetas belts, of which the lat-
ter is of deep water affinity and related to the oceanic Pro-
to-Caribbean realm (Iturralde-Vinent, 1996a, 1998). The
northern ophiolite belt is formed by a number of tectonic
slices thrusted northward and partially intermingled with
the Placetas belt. To the south, the Cretaceous volcanic-
plutonic arc belt is tectonically emplaced above the north-
ern ophiolite belt, but in the Havana-Matanzas and Hol-
guín regions it is tectonically intermingled with the
northern ophiolites. The Cretaceous volcanic arc belt con-
tains Neocomian?-Albian tholeiitic rocks covered by
Albian-Campanian calc-alkaline and high-alkaline rocks.
The suites are formed by volcanic, plutonic and volcanic-
sedimentary sequences. The volcanic-arc units tectonical-
ly overlie the Mabujina complex, composed mainly of
arc-derived medium- to high-grade, low to intermediate
pressure, metamorphic rocks of ultrabasic, basic, interme-
diate and acid composition that are crosscut by slightly to
strongly metamorphosed and deformed plutonic bodies
(Somin and Millán, 1981; Millán, 1996b; Grafe et al.,
2001; Blein et al., 2003). This complex is interpreted as
the metamorphosed roots of the island arc and its oceanic
sole (Somin and Millán, 1981; Millán, 1996b) or as a sep-
arate arc system (Blein et al., 2003). The Mabujina com-
plex is in turn tectonically underlain by the Escambray
terrane, described below. The thrust-and-fold belt was
complexly assembled during late Upper Cretaceous-Mid-
dle Eocene times, when syn-tectonic sedimentary-olis-
tostromic formations of Paleogene age were deposited
above the northern ophiolite belt and the continental mar-
gin sections (Iturralde-Vinent., 1998).

Mélanges containing m- to dm-sized blocks of eclog-
ite, garnet amphibolite, amphibolitite, blueschist, green-
schist, quartzite, metapelite and antigoritite occur within
the northern ophiolite belt. Important localities are in the
Villa Clara (Fig. 2B) and the Holguín-Gibara regions
(Kubovics et al., 1989), which are separated by ca. 450
km along strike of the major geological structure (Fig.

1B). Available K-Ar ages from samples of high-pressure
blocks in the region range from 130 to 60 Ma, but data
cluster about 110±10 Ma (Somin and Millán, 1981;
Somin et al., 1992; Iturralde-Vinent et al., 1996) suggest-
ing an Early Cretaceous age for the subduction zone;
younger ages are inferred to represent reworking during
Upper Cretaceous-Paleogene tectonism associated with
collision.

García-Casco et al. (2002) provided detailed descrip-
tions of representative eclogite samples from blocks of
mélanges associated with the northern ophiolilte belt in
Villa Clara and Holguín regions (Figs. 1B and 2B). The
rocks conform to the type-C eclogites of Coleman et al.
(1965) and the low-T eclogites of Carswell (1990), con-
sisting of an assemblage containing garnet porphyroblasts
up to 3 mm width set in a matrix of faintly oriented medi-
um grained omphacite, calcic to sodic-calcic amphibole
(locally also porphyroblastic), epidote, rutile, sphene,
apatite and occasional phengite. These rocks are not clas-
sified as eclogite s.s. as defined by Carswell (1990), but
rather as amphibole-eclogite (cf. Newton, 1986) since
they contain less than 75% of garnet plus omphacite, and
amphibole bears textural relationships (position, inclu-
sions, chemical zoning, replacements) that clearly indicate
its stability during pre-, syn- and post-peak-eclogitic meta-
morphism. Porphyroblasts of garnet and amphibole com-
monly bear inclusions of epidote, rutile, sphene, omphacite,
amphibole, albite, quartz and chlorite. The main eclogitic
assemblage (Grt+Omp+NaCa Amp+Ep+Rt+Spn) is affec-
ted by localized replacement by albite (Ab), actinolitic
amphibole, epidote and sphene generated by a late-stage
albite-epidote amphibolite to greenschist facies overprint
(Fig. 3). The general P-T paths of the samples are clock-
wise, with prograde increase in temperature and pressure
followed by strong decompression accompanied by mod-
erate cooling during the retrograde exhumation paths
(Fig. 3). However, XR-mapping of the samples demonstrat-
ed the presence of complex oscillatory zoning in garnet and
amphibole porphyroblasts. Based on a) the chemical nature
of the oscillations and b) phase-relations modeling, García-
Casco et al. (2002) concluded that oscillatory zoning
formed as a result of widespread and recurrent changes in
P-T conditions during prograde metamorphism (Fig. 3).
Such thermal disturbances are incompatible with steady
state subduction of the slab and it was proposed that they
were produced instead by tectonic processes related to the
demise of the subduction system.

Age determinations for the eclogite sample LV36A
yielded 103.4±1.4 (40Ar/39Ar plateau age of amphibole),
115.0±1.1 (40Ar/39Ar plateau age of phengite; 123.1±1.0
to 117.1±0.9 intragrain laserprobe fusion ages) and
118.2±0.6 Ma (Rb/Sr isochron for phengite-omphacite-
whole-rock; Schneider, 2000; García-Casco et al., 2002).
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These data indicate that the minimum age of eclogite
facies metamorphism is pre-118 Ma (Aptian or older),

while final uplift and cooling dates to Aptian-Albian
times (118-103 Ma). Thus, it is concluded that block
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FIGURE 2 A) Basic geologic features of central Cuba (from Iturralde-Vinent, 1996a). The insets show the location of the studied areas in the
Northern ophiolites (2B) and the Escambray Terrane (see Fig. 8). B) Geologic map of the studied area in the Northern ophiolite belt including the
Villaclara mélange (slightly modified and simplified after García Delgado et al., 1998) with indication of LV36A sample locality (see García Cas-
co et al., 2002).
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FIGURE 3 AlNaO2-CaMgO2-CaFeO2 phase diagrams and associated P-T calculations and paths for the studied samples (see location in Figs. 2, 4, 6
and 8). The phase diagram was constructed after projection from average epidote, rutile, sphene, quartz, apatite, H2O (±phengite) and the exchange
vectors Fe3+Al-1 and MnFe-1 (±KNa-1). The thin lines in the P-T diagrams correspond with results of Thermocalc (see also García-Casco et al., 2002,
and Schneider et al., 2004, for samples LV36A and LV69A, respectively).



LV36A formed in a subduction system of pre-Aptian age
and that it was incorporated into the mélange and
exhumed during the Aptian-Albian. The tectonic nature of
the mélange-forming event is uncertain. However, the
near-isothermal decompression sections of the retrograde
part of the P-T paths followed by the HP block offer some
insights into this problem. The decompression-dominated
retrograde paths are similar to that termed Alpine type
(Ernst, 1988), which is normally interpreted as the result
of rapid exhumation in a relatively hot geothermal gradi-
ents imposed by tectonic unroofing after arrest of subduc-
tion. Though arrest of subduction is generally thought to
be caused by collision of the subduction-forearc system
with a buoyant down-going continental, oceanic, or arc
lithosphere (Ernst, 1988; Ring et al., 1999; Wakabayashi,

2004), other collision tectonic processes, such as reversals
of subduction polarity, have similar consequences, as dis-
cussed below. In either case, however, the retrograde
paths of exotic blocks within the northern ophiolite belt in
central Cuba are consistent with collision tectonics
accompanying termination of subduction during the mid-
Cretaceous.

Western Cuba

Western Cuba is here used informally to represent the
geological units which crop out mostly in the Pinar del
Río province (Figs. 1B and 4A). The Geology of this
region diverges from that of central Cuba in that the con-
tinental Guaniguanico terrane represents the Mesozoic
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FIGURE 4 A) Basic geologic features of western Cuba (compiled after Pszczólkowski, 1994 and Iturralde-Vinent, 1996a). The inset corresponds to
the studied area shown in B. B) Geologic map of the studied area (slightly modified and simplified after Martínez González et al., 1994) with indica-
tion of sample locality SRO1A.



margin of the Maya block (Iturralde-Vinent, 1994;
Pszczólkowski, 1999), though the oceanic terranes corre-
late with central Cuba. The Cajálbana ophiolite body is
the western counterpart of the northern ophiolite belt. The
body is noticeably elongated and tectonically sandwiched
in between tectonic slices of two Cretaceous arc
sequences: the Albian-Campanian volcanic-sedimentary
sequences of the Bahía Honda belt to the north and the
Albian-Cenomanian Felicidades belt to the south (Fig. 4).
The Bahía Honda belt constitutes the western equivalent
of the calc-alkaline Albian-Campanian volcanic arc belt
while the Felicidades belt is interpreted as an adjacent
marginal-sea basin of nearly the same age (Iturralde-
Vinent, 1996a, b; Kerr et al., 1999). The Cajálbana ophio-
lite and the Bahía Honda and Felicidades belts are
grouped within the oceanic Bahía Honda allochthonous
terrane, which overrides the Guaniguanico terrane along
NW-directed thrusts (Iturralde-Vinent, 1994; 1996a). The
Guaniguanico terrane is formed by north verging thrust
belts, namely the Quiñones, Sierra del Rosario, Sierra de
los Órganos and Cangre belts (Fig. 4A), composed of
Jurassic and Cretaceous sedimentary sequences related to
the eastern margin of the Maya block (North American
Plate) and syntectonic Paleocene to Middle Eocene fore-
land sediments (Iturralde-Vinent, 1994, 1996a; Rosen-
crantz, 1990, 1996; Bralower and Iturralde-Vinent, 1997;
Pszczólkowski, 1999). Iturralde-Vinent (1994, 1996a) and
Pszczólkowski (1999) considered that thrusting and gravi-
tational sliding during the Paleogene completely reversed
the original relative paleogeographic positions of the
Guaniguanico thrust units. Gordon et al. (1997) identified
a complex Paleogene tectonic history with at least five
phases of deformation. The terrane is non-metamorphic,
except the Cangre belt, metamorphosed to high pressure
low temperature conditions (Somin and Millán, 1981;
Pszczólkowski and Albear, 1985; Millán, 1988, 1997a).
The age of metamorphism has not been precisely deter-
mined. Somin et al. (1992, sample M-3) reported a K-Ar
whole-rock data of 113 ± 5 Ma in a sample of mica-
quartz schist that probably represents a mixture of detritic
and metamorphic ages (Hutson et al., 1998).

In the Guaniguanico terrane, mostly in the Sierra del
Rosario belt, metamorphosed and non-metamorphosed
ophiolitic material appears as medium-to large-sized
exotic blocks and olistoplates incorporated into syn-tec-
tonic olistostromic formations having a Lower Eocene
sedimentary matrix (Pszczólkowski, 1978; Somin and
Millán, 1981; Somin et al., 1992; Millán, 1996a, 1997a;
Bralower and Iturralde-Vinent, 1997). The metamor-
phosed blocks consist of serpentinite-matrix mélanges
containing HP exotic blocks. Available age data from the
HP metamorphic blocks range form 128 to 58 Ma, with
recurrence of 110±10 Ma ages (Somin and Millán, 1981;
Somin et al., 1992; Iturralde-Vinent et al., 1996) as in

central Cuba (see above). The coincidence of age data
of HP blocks from western and central Cuba suggests
that the occurrence of HP ophiolitic rocks within Lower
Eocene sedimentary matrix in western Cuba is a pecu-
liarity of this region related to the late stages of Ter-
tiary orogenic evolution and not to the primary evolu-
tion of the subduction system where the HP blocks
originated. Additionally, the Early Cretaceous radio-
metric ages in western and central Cuba mélanges sug-
gest that HP metamorphism developed in the same sub-
duction system.

That the Early Cretaceous subduction system of cen-
tral Cuba extended to western Cuba is also indicated by
the petrologic features of HP bocks from serpentinite
mélanges of the Guaniguanico terrane. Here we describe
a garnet amphibolite block (SRO1A) collected from a
Paleogene olistostromic deposit located ca. 8 km to the
south of the village of Bahía Honda (Fig. 4B). Figure 5
depicts the relevant textural and mineral composition
information of this sample (see also the phase diagram of
Fig. 3 for further information). The amphibolite is fine-
grained, composed of garnet, calcic to sodic-calcic
amphibole (actinolite-magnesiohornblende-barroisite-
magnesiokatophorite), clinozoisite/epidote, rutile, sphene,
albite, chlorite and glaucophane. Of these, amphibole,
epidote and chlorite are oriented along the foliation.
Glaucophane appears as scarce xenomorphic blasts set in
the matrix of calcic to sodic-calcic amphibole and is
interpreted as relict. Garnet porphyroblasts (≈500 µm in
width) contain inclusions of glaucophane, calcic amphi-
bole, epidote, albite and sphene. Albite is fine to medium
grained, locally porphyroblastic, and has non-oriented
inclusions of all the phases (including garnet) with which
it is in textural equilibrium. However, garnets appear
slightly corroded by the matrix assemblage, particularly
actinolitic amphibole, epidote and chlorite. The absence
of omphacite and the coexistence of garnet+albite indi-
cates this block was metamorphosed at lower pressure
and temperature than eclogites from central Cuba
described above, within the albite-epidote amphibolite
facies, while relict glaucophane suggests the prograde
path evolved through the blueschist facies. The retrograde
assemblage (actinolite+epidote+chlorite+albite) denotes
greenschist facies overprint.

Although sample SRO1A formed at a distinct shal-
lower level in the subduction system compared with the
eclogites from central Cuba, their metamorphic evolu-
tions prove to be similar. This interpretation is confirmed
by prograde growth zoning of garnet from this W-Cuba
sample, which is disturbed by several euhedral concentric
oscillations in Mn, Mg, Ca and Fe (Fig. 5). These oscilla-
tions developed in the course of prograde metamorphism
towards peak albite-epidote amphibolite facies conditions
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FIGURE 5 Key textural and mineral composition data of sample SRO1A. The synthetic XR images were generated with Imager software (Torres-
Roldán and García-Casco, unpublished) and consist of the XR signals for Ka lines of Fe, Mn, Mg, and Ca in garnet (color coded counts/nA/sec) cor-
rected for 3.5 ms deadtime; voids, polish defects, and all other mineral phases masked out), overlaid onto a gray-scale base-layer that contains the
basic textural information calculated with the expression ∑(counts/nA/s)i·Ai], A=Atomic number, i= Fe, Mn, Mg, Ca. Acceleration potential: 20 kV.
Beam current: 151 nA. Step (pixel) size: 2 mm. Counting time: 30 ms. The compositional profile of garnet (Step size: 10 mm -left hand side of the
profile-, and 4 mm -right hand side) is indicated in the XR image of Mn. The arrows indicate the location of Mg# reversals in the detailed profile. The
composition of amphibole is plotted within the classification scheme of Leake et al. (1997). The green, brown and magenta symbols and labels cor-
respond to calcic, sodic-calcic and sodic amphiboles, respectively. The empty symbols and normal typeface labels correspond to compositions with
Sum(A) < 0.5. The filled symbols and italic typeface labels correspond to compositions with Sum(A) > 0.5.



(Fig. 3). The distribution of the elements define relatively
homogeneous cores that have high Mn (that slightly
decreases outward) and low Ca and Mg# contents, and
overgrowths poorer in Mn and richer in Ca but only
slightly richer in Mg# where the oscillations take place.
In terms of Mg (and Mg#), the overgrowths display two
major reversals (resolved in the detailed right-hand side
section of the profile of Fig. 5) that match upturns in
Mn and Ca, in addition to other reversals of lower
intensity. As in the eclogites of central Cuba, the
increase in Mn and decrease in Mg# at the reversed lay-
ers indicate formation upon recurrent prograde-retro-
grade episodes taking place in the course of subduction.
Matrix amphibole shows a distinctively irregular patchy
zoning in many grains (Fig. 5). When concentric zoning
is developed the cores are actinolitic and the over-
growths are magnesiohornblende to barroisite-magne-
siokatophorite, indicating prograde growth. The outer-
most rims are retrograde as they trend backwards to
magnesiohornblende and actinolite with increasing
Mg# relative to peak sodic-calcic amphibole. The inclu-
sions of amphibole within garnet cores are similar to
the actinolitic cores of matrix amphibole. Consequently,
the prograde zoning of matrix amphibole correlates, at
least in part, with the oscillatory zoning of garnet.
Indeed, the preservation of prograde patchy zoning in
this sample is consistent with the adjustment of amphi-
bole composition to recurrent changes in pressure
and/or temperature in the course of subduction-related
metamorphism. Glaucophane has intermediate Mg# (ca.
0.6) contents, slightly higher than prograde barroisitic
amphibole and lower than calcic amphibole. Chlorite
has Mg# = 0.54-0.52.

Metamorphic temperatures and pressures were esti-
mated using Thermocalc (Holland and Powell, 1998, ver-
sion 3.21). Calculations using different combinations of
the composition of the phases have large errors, probably
due to equilibrium problems and the poorly-known activi-
ty-composition relations of complex amphibole and chlo-
rite solid solutions. The calculated pre-peak and peak P-T
conditions are 444 ± 82 ºC, 6.4 ± 2.4 kbar, and 556 ± 107
ºC, 11.5 ± 3.1 kbar, respectively. Relative to the eclogites
of central Cuba (Fig. 3), these figures are in accordance
with the Mg#-poorer composition of garnet rims and the
lack of omphacite in sample SRO1A. A range of 400-
500ºC was calculated using the Fe-Mg exchange equilib-
rium among relict glaucophane and garnet cores, although
the pressure calculations using glaucophane in combina-
tion with other phases were rather imprecise. Consequent-
ly, the shape of the prograde path towards peak conditions
depicted in Fig. 3 is uncertain. A similar range of temper-
ature and 2-4 kbar was calculated using combinations of
chlorite, garnet rims with lower Mg#, and retrograde
amphibole, albite and epidote. The P-T path depicted in

Fig. 3 is clockwise with a) P-T oscillations (that account
for the Mg and Mn reversals in garnet) during the pro-
grade subduction-related path and b) decompression-
dominated retrogression. It should be noted that the P-T
oscillations of the path suggest tectonic instability of the
down-going slab, and that the Alpine-type retrograde por-
tion of the path implies rapid exhumation and a relatively
steep geothermal gradient, in all aspects similar to paths
followed by eclogite blocks of central Cuba. These fea-
tures strongly suggest the serpentinite-mélanges of west-
ern and central Cuba formed at the same Early Creta-
ceous subduction system that extended for a distance of
about 800 km (present geographic coordinates), and that
this system suffered a generalized (Aptian-Albian) tecton-
ic event that terminated subduction.

Eastern Cuba

Eastern Cuba extends towards the East from the Nipe
fault (Fig. 1B). The huge Mayarí-Cristal and Moa-Bara-
coa ophiolite bodies of this region have been classically
viewed as the eastern counterpart of the northern ophio-
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FIGURE 6 A) Basic geologic features of eastern Cuba (Iturralde-
Vinent, 1996a). The inset corresponds to the location of the studied
area shown in 6B. B) Geologic map of the Sierra del Convento
mélange (Kulachkov and Leyva, 1990) with indication of sample
locality CV2130B.
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lite belt, but Iturralde-Vinent et al. (this volume) have
characterized them as “eastern ophiolites”. These bodies
have been considered as suprasubduction ophiolite that
underwent widespread infiltration by melts of island arc
tholeiitic and boninitic composition that interacted with
the ultramafic rocks (Proenza et al., 1998, 1999; Gervilla
et al., 2005). The region contains a number of volcanic
arc formations having distinct island arc tholeiitic,
boninitic and calc-alkaline signatures, though in most cas-
es they appear to be of Upper Cretaceous age (Iturralde-
Vinent et al., this volume; Proenza et al., this volume).
Whether these geochemically distinct arc volcanics
formed within a single or different subduction zones is
uncertain. The Purial volcanic complex, south of the ophi-
olitic bodies (Fig. 6A), includes island arc tholeiitic and
calc-alkaline signatures and has been classically consid-
ered the eastern prolongation of the Cretaceous arc belt of
western-central Cuba (Iturralde-Vinent, 1996c). However,
important geological contrasts with other parts of Cuba
are that this Cretaceous volcanic arc terrane is a) tectoni-
cally overridden by the ophiolitic complexes and b) meta-
morphosed to the greenschist and blueschist facies
(Boiteau et al., 1972; Cobiella et al., 1977; Somin and
Millán, 1981; Millán et al., 1985). Importantly, metamor-
phism in this complex is dated as late Upper Cretaceous
by Somin et al. (1992; 75 ± 5 Ma K-Ar whole-rock) and
Iturralde-Vinent et al. (this volume; 75-72 Ma based on
paleontological dating). The Mesozoic North American
margin (Florida-Bahamas platform) is likely represented
in this region by the sedimentary sequences of the Asun-
ción terrane, though an exotic origin cannot be excluded.
This complex is metamorphosed to high-P low-T condi-
tions (Millán et al., 1985). Regionally, the ophiolite bodies
override the Asunción metasediments. The major dis-
placements appear to be NE to NW-directed thrusts
(Cobiella et al., 1984; Quintas, 1987, 1988; Nuñez Cam-
bra et al., 2004). However, the structure of the region is
complex and has not been studied in detail.

The ophiolitic bodies of eastern Cuba include serpen-
tinite-matrix mélanges containing high-pressure blocks.
The largest complexes are La Corea and Sierra del Con-
vento mélanges, both having similar lithological assem-
blages (Millán, 1996a). La Corea mélange is located in
Sierra de Cristal and is associated with the Mayarí-Cristal
ophiolitic body (Fig. 1B). The Sierra del Convento
mélange, located southward (Figs. 1B and 6), overrides
the Purial metavolcanics. The nature of the metamorphic
blocks is varied but, in contrast with other mélanges from
central and western Cuba, high temperature epidote±gar-
net amphibolites bearing small bodies of leucocratic
(mostly trondhjemitic) material dominate. Other types of
block are blueschist, greenschist, quartzite, meta-
greywacke and metapelite, while eclogite is rare (Cobiella
et al., 1977; Somin and Millán, 1981; Kulachkov and

Leyva, 1990; Hernández and Canedo, 1995; Leyva,
1996; Millán, 1996a). Available age data for HP rocks
range from 125 to 66 Ma in La Corea and 116-82 Ma in
Sierra del Convento (Adamovich and Chejovich, 1964;
Somin and Millán, 1981; Somin et al., 1992; Iturralde-
Vinent et al., 1996; Millán, 1996a). As in central and
western Cuba, the recurrence of Early Cretaceous ages
indicates Early Cretaceous subduction. However, the
geological singularities of eastern Cuba make the corre-
lation of the associated subduction systems doubtful.
These doubts are strengthened by the petrologic diffe-
rences of the metamorphic blocks from both regions, as
described below.

The most typical rock type of eastern Cuba mélanges
is epidote-amphibolite, commonly bearing garnet. We
shall describe here a representative garnet amphibolite
sample (CV230b) of Sierra del Convento complex col-
lected from the area of El Palenque (Fig. 6B). Figure 7
depicts the relevant textural and mineral composition
information of this sample (see also the phase diagram of
Fig. 3). The prograde assemblage consists of calcic (parg-
asitic) amphibole, epidote, garnet, sphene, rutile and
apatite. Prograde plagioclase is lacking, as in most metab-
asite samples metamorphosed to the epidote-amphibolite
facies of the Sierra del Convento mélange, suggesting rel-
atively high pressure of formation. Retrograde overprints
in the studied sample are faint and consist of albite, acti-
nolite, glaucophane, chlorite and pumpellyite. Similar
overprints are common in other samples, though the
extent of retrogression is highly variable. Pargasitic
amphibole comprises most of the matrix and is oriented
parallel to the foliation. Individual crystals have a smooth
core-to-rim prograde zoning (minimum Si = 6.38 atoms
pfu; max. NaB= 0.33; max. SumA= 0.68; max. Ti = 0.11;
min. Mg# = 0.62). The rims are commonly partly
replaced by actinolite, glaucophane, chlorite and albite.
Epidote displays a faint patchy zoning (Fe3+ = 0.12-0.17
atoms pfu). Garnet forms large porphyroblasts (up to >1.5
cm in diameter) that include pargasitic amphibole, epi-
dote, rutile and sphene, and is slightly replaced at the rims
and along fractures by pargasite-magnesiohornblende-
actinolite, chlorite, pumpellyite and albite. Its composi-
tion is rich in almandine and grossular (Xalm= 0.45;
Xgrs=0.35-0.40), and the grains bear a smooth prograde
growth zoning with decreasing Mn (down to 0.06 atoms
pfu) and increasing Mg# (up to 0.24) towards the rims.
The outermost 200-300 µm of the grains display
reverse diffusive zoning (noted by upturns in Mg# and
Mn; Fig. 7) formed during retrograde exchange with the
matrix. This type of zoning indicates relatively high
temperature at the onset of retrogression. Importantly,
oscillatory zoning has not been observed in garnet from
this and other samples of amphibolite from the Sierra
del Convento mélange.
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FIGURE 7 Key textural and mineral composition data of sample CV230B. The top synthetic XR images correspond to Mn(Ka) and Mg(Ka)/
(Fe(Ka)+Mg(Ka)) of garnet (beam current: 292 nA; step size: 26 mm; counting time: 50 ms (Na, Mn, Ti, Mg) and 25 ms (Si, Al, Fe, Ca); all other
operating conditions and procedures as in figure 5, except that the gray-scale base is calculated with the expression ∑(counts/nA/s)i·Ai], A=Atomic
number, i= Si, Ti, Al, Fe, Mn, Mg, Ca, and Na). The bottom synthetic XR images (step size: 7 µm; all other operating conditions and procedures as
above) correspond to Na(Ka) and Al(Ka) of amphibole (sodic and calcic; in the Na image, prograde pargasite-edenite-magnesiohornblende composi-
tions appear with shades of blue, retrograde glaucophane is green-yellow, and retrograde actinolite is magenta). The compositional profile of garnet
is indicated in the XR image of Mn. The composition of amphibole is plotted within the classification scheme of Leake et al. (1997), with symbols
and labels as in figure 5.



Metamorphic conditions were estimated using Thermo-
calc (version 3.21). As for sample SRO1A, the results have a
large uncertainty. In addition, errors are increased by the
high-variance of the peak assemblage garnet-pargasite-epi-
dote (Fig. 3). Using different combinations of the composi-
tion of inclusions within garnet and of the rims of garnet (not
affected by retrograde diffusion) and matrix pargasite, the
conditions of the pre-peak and peak assemblages were esti-
mated at 600-650ºC and 14-16 kbar, and 750-800ºC and 15-
18 kbar respectively. The conditions of retrogression could
not be estimated with certainty, though the growth of retro-
grade glaucophane indicates cooling at relatively high pres-
sure. The P-T path is counterclockwise, with high-grade
conditions attained during subduction and blueschist condi-
tions attained during accretion and exhumation.

Similar P-T conditions and counterclockwise paths can
be inferred from other samples of amphibolite from the
Sierra del Convento and La Corea mélanges. These find-
ings, which indicate hot subduction and cold exhumation
for the amphibolite blocks of eastern Cuba mélanges, con-
trast with P-T conditions and paths observed in blocks
from mélanges in western-central Cuba. Thus, the Early
Cretaceous subduction systems of the two regions either
were different or were associated with different geodynam-
ic scenarios. Indeed, hot-subduction can be rationalized
within the framework of either a) initiation of subduction
or b) subduction of young oceanic lithosphere or an active
oceanic ridge (Oh and Liou, 1990; Wakabayashi, 1990,
2004; Gerya et al., 2002; Willner et al., 2004). In the first
case, the mélanges of  eastern Cuba document initiation of
a new subduction system during the mid-Cretaceous simul-

taneously with termination of subduction in central and
western Cuba. In the second case, the mélanges of western-
central and eastern Cuba were generated within the same
Early Cretaceous subduction system, but a triple junction
interaction (ridge-trench-transform or trench-transform-
transform, Wakabayashi, 2004) should have occurred at its
eastern branch. An important constraint that may contribute
to solving this problem is the progressively refrigerated
system implied by the observed retrograde paths in the
high-grade blocks from eastern Cuba mélanges, which is
consistent with continued subduction during incorporation
of the blocks into the associated overlying subduction
channel. This mechanism is not consistent with the mid-
Cretaceous arrest of subduction inferred for western-central
Cuba, favoring the “initiation of subduction scenario” for
eastern Cuba and, consequently, the lack of correlation
between the subduction systems of both regions.

ESCAMBRAY TERRANE

The Escambray terrane crops out south of central Cuba
within the Cretaceous volcanic arc belt, in a tectonic win-
dow below the metamorphosed arc-related Mabujina com-
plex (Figs. 1B and 8). It is composed of an ensemble of
strongly deformed tectonic slices that comprise continental
margin metasediments and metaophiolites (Somin and Mil-
lán, 1981; Millán and Somin, 1985; Millán, 1997b; Stanek
et al., this volume). Millán (1997b) subdivided the massif
into four major tectonic units (I to IV, numbered from bot-
tom to top in the pile; Fig. 8), each of which comprises a
number of smaller tectonic units. The lithological sequences
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FIGURE 8 Geologic map of the Escambray (Millán, 1997b and unpublished data) with indication of major tectonic units, serpentinite mélanges and
amphibolite and eclogite bodies within unit 3, and sample locality LV69A. See location in Figs. 1 and 2A.



consist of metacarbonatic and metapsammopelitic rocks,
with local metabasite intercalations. These rocks have been
correlated with non-metamorphosed Jurassic-Cretaceous
continental margin sequences in the Guaniguanico terrane
of western Cuba, which formed part of the borderland of
the Maya block (Millán, 1997a, b; Iturralde-Vinent, 1996a;
Pszczólkowski, 1999). However, other reconstructions
locate the terrane farther southwest in the borderland of the
Chortis block (Pindell and Kennan, 2001).

P-T conditions during metamorphism in the Escam-
bray were variable (Millán, 1997b; Stanek et al., this vol-
ume; Fig. 8), ranging from low grade at intermediate-P
(greenschist facies) and high-P (blueschist facies) to
medium grade at high-P (eclogite facies). The internal
deformation is intense and complex, with numerous tec-
tonic-metamorphic inversions. The massif has an inverted
metamorphic zoning, with greenschist facies at the base
in unit I, greenschist and lawsonite blueschist facies in
unit II, and epidote-blueschist and eclogite facies at the
top in unit III. The uppermost unit IV in contact with the
overlying Mabujina complex diverges from this pattern
(greenschist-blueschist facies). High pressure conditions
indicate subduction of the continental margin. Subduction
of oceanic lithosphere is also documented by serpentinite-
matrix mélanges bearing high-pressure exotic blocks (Fig.
8). Available age data range from Upper Jurassic (U-Pb
age of zircon in eclogite, Maresch et al., 2003) through
mid-Cretaceous (U-Pb: 106-100 Ma; Hatten et al., 1988,
1989) to Upper Cretaceous (K-Ar: 85-68 Ma; 40Ar/39Ar:
71-68 Ma; Rb/Sr: 65-69 Ma; Somin and Millán, 1981;
Hatten et al., 1988; Somin et al., 1992; Iturralde et al.,
1996; Schneider et al., 2004). Except for the Upper Juras-
sic age (discussed below), these ages are consistent with
subduction in the course of the Upper Cretaceous and
exhumation during the late Upper Cretaceous. This sug-
gests that the associated subduction system may be inde-
pendent of the Lower Cretaceous subduction system
recorded in the HP blocks of mélanges from the northern
ophiolite belt in western and central Cuba. Petrologic evi-
dence presented below also support this view.

Millán (1997b) reported that eclogite facies rocks of
tectonic unit III underwent blueschist facies retrogression,
and related this overprinting to the low-grade high-pres-
sure metamorphism of unit II. This type of blueschist ret-
rogression is not common in the HP exotic blocks of the
northern ophiolite belt from western-central Cuba, a fact
that may relate to tectonic processes exclusive of the
Upper Cretaceous subduction system where the Escam-
bray complex impinged. Millán (1997b) and Schneider et
al. (2004) identified blueschist retrogression as a result of
syn-subduction exhumation during the late Upper Creta-
ceous. These authors also noted that the prograde meta-
morphic evolution of coherent eclogite samples present in

the metasedimentary formations is more complex than that
of the eclogite blocks of the tectonically intercalated strips of
serpentinite-mélanges, but that their peak eclogite conditions
and retrograde evolutions are similar, the latter characterized
by substantial cooling upon exhumation. Since subduction of
buoyant continental crust should have lead to tectonic-ther-
mal processes different from those triggered by subduction
of normal oceanic lithosphere, we concentrate here on the
metamorphic evolution of the HP exotic blocks within ser-
pentinite-mélanges representing oceanic material present in
unit III, using one sample of an eclogite block (LV69A)
located towards the NE of the massif (Fig. 8). This sample
was studied in detail by Schneider et al. (2004), though we
shall give here additional petrologic evidence pertaining to
its retrograde metamorphic evolution. The age data provided
by Schneider et al. (2004) are 40Ar/39Ar (phengite):
69.3±0.6, 40Ar/39Ar (barroisite): 69.1±1.3 and Rb/Sr (whole-
rock-phengite-barroisite): 66.0±1.7 Ma, and were interpreted
as cooling ages close to thermal peak.

Figure 9 illustrates textural and mineral composition
data from sample LV69A (see also Fig. 3 and Schneider et
al., 2004). The peak mineral association is composed of
almandinic (type-C) garnet, sodic-calcic (barroisite) amphi-
bole, omphacite, epidote, phengite, quartz, rutile and
apatite, which is typical of amphibole-eclogites. Amphi-
bole, omphacite, epidote, phengite, quartz and rutile com-
prise the matrix, though omphacite develops porphyrob-
lasts up to 2 mm in length. Garnet is porphyroblastic, 1-2
mm in diameter, and includes epidote, sphene, rutile and,
occasionally, amphibole, omphacite and quartz. These
inclusions are oriented along an internal foliation oblique
to the external foliation. The primary assemblage is irregu-
larly replaced by a post-kinematic retrograde assemblage
consisting of actinolite, glaucophane, albite, (clino)zoisite
and chlorite, indicative of blueschist facies conditions.

Garnet zoning is concentric, typical of prograde
growth, with cores richer in Fe, Mn and Ca, and rims
richer in Mg and Mg#. This zoning pattern is disturbed by
mechanical rupture of grains during deformation and,
locally, by weak diffusional readjustments of Fe-Mn-Mg
along fractures and rims of the grains and along the gar-
net-inclusions and garnet-garnet interfaces (Fig. 9). The
mechanical rupture of the grains took place before attain-
ment of the metamorphic peak, as indicated by broken
grain boundaries overgrown by rims rich in Mg and Mg#
and poor in Mn. The diffusional process took place close
to the thermal peak since the modified composition of the
garnet interiors trends towards high Mg#. The composi-
tion of omphacite is almost homogeneous, though subtle
variations in Al, Na, Ca, Fe, Mg and Mg# occur in patch-
es. At places where omphacite is replaced by retrograde
albite, the associated patches are poorer in Al and Na (i.e.,
lower jadeite content). Grains of omphacite included
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FIGURE 9 Key textural and mineral composition data of sample LV69A. The top synthetic XR images (beam current: 251 nA; step size: 5 mm; counting
time: 50 ms; all other operating conditions and procedures as in Fig. 7) correspond to Mn(Ka) and Mg(Ka)/(Fe(Ka)+Mg(Ka)) of garnet. Note that the
grain in the center of the images is fractured. The bottom synthetic XR images (step size: 6 mm; counting time: 50 ms (Na, Mn, Ti, Si) and 35 ms (Al, Fe,
Mg, Ca; all other operating conditions and procedures as above and Fig. 7) correspond to Al(Ka) and Mg(Ka)/(Fe(Ka)+Mg(Ka)) of retrograde glauco-
phane. The compositional profile of garnet is indicated in the XR image of Mn. The composition of amphibole is plotted within the classification scheme
of Leake et al. (1997), with symbols and labels as in Fig. 5.



within garnet have lower Mg# than those of the matrix
and porphyroblasts, though the jadeite contents are simi-
lar. Thus, the composition of peak omphacite corresponds
with high Al, Na and Mg# contents. Amphibole in the
matrix and enclosed within omphacite and garnet is sod-
ic-calcic (barroisite, locally magnesiokatophorite). The
compositional zoning is faint and concentric, with rims
richer in Ti, Al, Fe and Na+K(A) indicative of prograde
growth. The amounts of Na(B) decrease slightly towards
the rims. Locally, amphibole rims are calcic (magnesio-
hornblende-actinolite), with a composition similar to that
of retrograde grains associated with chlorite, albite and
glaucophane. Inclusions of epidote within garnet have the
Al-richest composition, the grains of the matrix show a
faint zoning with cores richer in Al and rims richer in
Fe3+ and some grains associated with retrograde over-
prints have lower Fe3+, all indicating positive correlation
of Fe3+ with temperature. Phengite shows a faint concen-
tric zoning with cores richer in Si and Mg and rims richer
in Al and Ti. This pattern is consistent with prograde
growth at high pressure. Small grains of glaucophane
overprint prograde barroisite, omphacite and garnet. At
sites where omphacite grew adjacent to garnet, its compo-
sition is richer in Fe and Al, while it is richer in Mg at
sites dominated by amphibole and/or omphacite. This is
clearly shown in Fig. 9, where grains of Al-Fe-richer
glaucophane grown at the rims of garnet become richer in
Mg as they intrude the matrix formed by barroisite
+omphacite. Since garnet is rich in Al and Fe, and bar-
roisite and glaucophane are poorer in Al and richer in Mg,
this texture indicates that the heterogeneous composition
of glaucophane is the result of diffusion problems during
retrogression and not because of different stages of
growth. Similarly, retrograde chlorite occurs adjacent to
garnet and within the barroisite+omphacite matrix, and its
composition mimics the site of growth with higher Fe
contents in the former and higher Mg contents in the lat-
ter (not shown) indicating equilibrium problems.

Metamorphic conditions have been estimated using
Thermocalc (version 3.21). With the new data outlined
above, we refined the calculations of Schneider et al.
(2004) with identical results within error. Conditions cal-
culated for the pre-peak inclusion assemblage and the
peak assemblage are 573 ± 66 º C and 14.6 ± 2.8 kbar,
and 657 ± 47ºC and 15 ± 2.1 kbar, respectively. Condi-
tions calculated for the retrograde assemblage are 460 ±
87ºC and 8.8 ± 1.7 kbar, though these figures are uncer-
tain because of equilibrium problems of glaucophane and
chlorite mentioned above. The resulting P-T path
describes a prograde section within the eclogite field fol-
lowed by strong cooling during decompression. That the
retrograde P-T path involves substantial cooling, as is ty-
pical for Franciscan-type paths, is indicative of a low
geothermal (i.e., refrigerated) gradient during exhuma-

tion, implying that subduction did not stop during
mélange formation and exhumation. This situation resem-
bles that inferred for eastern Cuba, but is the reverse from
that inferred for the mélanges of western-central Cuba.

PLATE-TECTONIC IMPLICATIONS

Alternative plate-tectonic models have been proposed
for the Caribbean region (Morris et al., 1990; Pindell,
1994; Meschede and Frisch, 1998 for reviews, and the
IGCP 433 “Origin of the Caribbean Plate” site
http://www.ig.utexas.edu/CaribPlate/CaribPlate.html).
However, most authors agree in a) formation of an ocean-
ic inter-Americas gap (i.e., Proto-Caribbean) during
Jurassic break-up of Pangea and Cretaceous drift of North
and South America, b) progressive consumption of the
Proto-Caribbean during the Cretaceous-Tertiary in one or
several subduction zones, c) insertion of the Pacific-
derived Caribbean plate into the inter-Americas gap and
d) collision of the Caribbean plate with the North and
South American plate margins during the uppermost Cre-
taceous and Tertiary (Wilson, 1966; Malfait and Dinkel-
man, 1972; Mattson, 1979; Pindell and Dewey, 1982;
Burke et al., 1984; Duncan and Hargraves; 1984; Burke,
1988; Pindell and Barrett, 1990; Pindell, 1985, 1994;
Iturralde-Vinent, 1998; Kerr et al., 1998, 1999; Mann,
1999; Pindell and Kennan, 2001). This process may have
been accompanied by a change in polarity of subduction,
from eastward-dipping subduction of the Pacific below
the Proto-Caribbean to westward-dipping subduction of
the Proto-Caribbean below the Pacific (Caribbean), but
the age and tectonic scenario of the flip is debated.

Burke (1988), Duncan and Hargraves (1984) and Kerr
et al. (1998) have argued for an Upper Cretaceous flip of
subduction, while Mattson (1979), Pindell and Dewey
(1982), Pindell (1994) and Pindell and Kennan (2001)
have proposed an Aptian age. Mid-Cretaceous unconfor-
mities recorded in volcanic arc sequences along the
Antilles and Venezuela have been related to an important
mid-Cretaceous orogenic event by Pindell and Kennan
(2001), but the unconformity is absent in Puerto Rico
(Schellekens, 1998; Jolly et al., 2001) and Virgin Islands
(Rankin, 2002). In La Habana, Villa Clara and Camagüey
regions of central Cuba, unconformities and conglome-
rates of Albian age locally separate the tholeiitic and calc-
alkaline island arc suites of the Cretaceous volcanic belt
of central Cuba (i.e., pre-Camujiro/Los Pasos and Camu-
jiro/Mataguá formations, respectively), but conglomerates
and unconformities of Coniacian-Santonian age are also
present within this volcanic belt (Iturralde-Vinent, 1996c;
Diaz de Villalvilla, 1997; Piñero Pérez et al., 1997).
Lebron and Perfit (1993, 1994) argued for a mid-Creta-
ceous flip based on an abrupt change from IAT to CA
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affinity in volcanic arc rocks, but this argument has been
disputed by Kerr et al. (1999), Jolly et al. (2001) and Itu-
rralde-Vinent et al. (this volume) based on evidence from
Cuba and Puerto Rico. Mid-Cretaceous reversal of sub-
duction has been related to northward overthrusting of the
arc by oceanic crust in the Cordillera Central of Hispanio-
la (Draper et al., 1996, Lewis et al., 1999, 2002), but
according to Lapierre et al. (1997, 1999) this tectonic
event took place in Upper Cretaceous times. Our data and
interpretations add to this debate.

Mid-Cretaceous arrest of subduction (western-
central Cuba)

The P-T path and age data from high pressure blocks
within serpentinite mélanges of the northern ophiolite belt
in western and central Cuba provide evidence for pre-
Aptian (pre-118 Ma) subduction, Aptian tectonic instabil-
ity of the subduction system and Aptian-Albian arrest of
subduction and mélange formation and exhumation. This
mélange-forming event may relate to Aptian collision
between Chortis and western Mexican blocks documen-
ted in exotic blocks of eclogite within serpentinite
mélanges south of the Motagua fault zone in Guatemala
(Harlow et al., 2004). If correlation exists, the lack of evi-
dence for ocean basin closure and continent-continent
collision in Cuba indicates prolongation of the continent-
continent collision belt of Guatemala into a southern
intra-oceanic belt.

The possible Cuban prolongation of mid-Cretaceous
Guatemalan collision can be integrated into the tectonic
model of Kerr et al. (1999). This model diverges from
others proposed for the Caribbean region in postulating
two simultaneous subduction systems during the Lower
Cretaceous, the western one involving NE-directed con-
sumption of the Pacific and associated with the forma-
tion of the tholeiitic island arc and the eastern one
involving SW-directed consumption of the Proto-Cari-
bbean and associated with the formation of a boninitic
arc. Based on the extinction of the boninitic arc, the
model incorporates termination of the subduction of the
Proto-Caribbean and an orogenic event during the Apt-
ian-Albian that formed an intra-oceanic suture. Thus,
correlation of mid-Cretaceous sutures in Cuba and
Guatemala is possible. Because the suture is located
within the northern ophiolite belt, between the Creta-
ceous volcanic arc belt (to the South) and the Bahamas
Platform (to the North) in central Cuba, the associated
subduction zone likely involved subduction of the Proto-
Caribbean, as suggested by Kerr et al. (1999). However,
Harlow et al. (2004) suggested NE dipping subduction
of the Pacific (Farallon) plate in Guatemala. To clarify
this problem, age data of the boninitic rocks from Cuba
are needed.

Alternatively, the mid-Cretaceous event of arrest of
subduction and mélange formation in western-central
Cuba may represent arrest of subduction of Pacific
lithosphere related to Aptian flip of subduction as pro-
posed by Pindell (1994) and Pindell and Kennan
(2001). However, the model of Aptian flip of subduc-
tion predicts formation of western-central Cuba
mélanges to the southwest (pre-Aptian scenario) of the
volcanic arc. This prediction conflicts with the struc-
tural arrangement of central Cuba, where the Creta-
ceous volcanic arc belt overrides the northern ophiolite
belt and associated mélanges along N-directed thrusts.
Though this structure formed during the uppermost
Late Cretaceous to Paleogene collision, the reconstruc-
tion of the relative position of the complexes during
pre-Upper Cretaceous times places the mélanges north-
east of the arc. The conflict is resolved if the mélanges
are of Upper Cretaceous age, as proposed, for example,
by Andó et al. (1996). But, while an additional Upper
Cretaceous event of mélange formation is not exclud-
ed, the metamorphic data from the high-pressure
blocks in the Holguín region indicate subduction dur-
ing the Lower Cretaceous. Thus, model of Aptian flip
of subduction can only accommodate our inferences
concerning metamorphism in western-central Cuba
mélanges if a fragment of the pre-Aptian fore-arc
(located in the Pacific side of the arc) was tectonically
incorporated to the post-Aptian fore-arc (located in the
Proto-Caribbean side of the arc) during the flip of sub-
duction, perhaps as a result of important sinistral
strike-slip movements traversing the magmatic arc.

Mid-Cretaceous onset of subduction (eastern Cuba)

High-grade metamorphism in amphibolite blocks
from eastern Cuba mélanges indicates formation in a
hot subduction environment suggesting initiation of
subduction. Initiation of subduction in the Caribbean
realm has been proposed for parts of the Cordillera de
la Costa accretionary prism, Venezuela (Smith et al.,
1999). However, these authors dated the onset of sub-
duction as Upper Cretaceous, while it is probably of
Aptian-Albian age in eastern Cuba. Consequently,
rocks from eastern Cuba support models of flip of sub-
duction during the Aptian. This type of model predicts
the birth of a new SW-dipping subduction system that
consumed hot oceanic lithosphere of the Proto-
Caribbean basin, which was opening at that time and
subduction of a ridge was possible, as suggested by
Pindell and Kennan (2001) who depict subduction of
the Proto-Caribbean ridge in their model. Furthermore,
continued subduction and, consequently, refrigeration
of the subduction system during the Upper Cretaceous
is consistent with counterclockwise P-T paths of east-
ern Cuba amphibolite blocks.
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Upper Cretaceous subduction of the Purial 
volcanic arc

Though a sound structural analysis of eastern Cuba has
not been undertaken, the basic structural arrangement of the
region is dominated by NE-directed thrusts of (meta)ophi-
olitic material over the (meta)volcanic arc terrane of the Pu-
rial complex. This arrangement implies that the ophiolitic
material and associated serpentinite mélanges were located
to the SW of the Cretaceous volcanic arc belt previous to
thrusting, conflicting with the predictions of models of Ap-
tian flip of subduction. In this type of model, the mélanges
should have been accreted to the fore-arc of the Caribbean
plate and, consequently, should have been located to the NE
of the volcanic arc. In addition, it should be noted that this
model does not satisfactorily explain Late Campanian meta-
morphism of the Purial volcanic arc. This metamorphism
was developed during collision of the Cretaceous volcanic
arc belt with a subduction zone, as indicated by the attain-
ment of high-pressure metamorphism and associated intense
ductile deformation. In order to explain this orogenic process
during the late Upper Cretaceous and the structural arrange-
ment of eastern Cuba, it appears that two subduction zones
are required as depicted in Fig. 10. This two-fold configura-
tion explains a) volcanic arc sequences of Upper Cretaceous
age with contrasted geochemical signatures including
boninitic and  tholeiitic in the eastern ophiolites and (mostly)
calc-alkaline in the Cretaceous volcanic arc belt of the Purial
complex, b) high-pressure metamorphism of oceanic materi-
al in La Corea and Sierra del Convento mélanges associated
with the eastern ophiolites, c) high-pressure metamorphism
of Cretaceous volcanic arc belt (Purial complex) and conti-
nental-margin sequences (Asunción), and d) thrusting of the
ophiolitic bodies over the Cretaceous volcanic arc belt (Pu-
rial complex). The proposed arrangement of subduction du-
ring the Upper Cretaceous for eastern Cuba strengthens our
view that mélanges of eastern and western-central Cuba are
not correlated.

Upper Cretaceous subduction of the Escambray

Before our data and interpretations are discussed, the
Late Jurassic (140-160 Ma) U-Pb ages of zircon of eclog-
ites from the Escambray merits comment. This age is
enigmatic and may represent either the magmatic crystal-
lization of the precursor gabbro or an early (pre-
Caribbean) metamorphic event (Maresch et al., 2003).
Pindell and Kennan (2001) considered that this age corre-
lates with Late Jurassic high pressure rocks from Baja
California and suggested that the continental rocks of the
Escambray (and Isle of Pines) may be located south of
Chortis block during the late Jurassic. Furthermore, these
authors depict the continental part of the Escambray mas-
sif to the SW of the Proto-Caribbean subduction zone
during the Upper Cretaceous, implying that it was not
subducted during this stage. This configuration is incon-
sistent with our interpretation of on-going subduction of
oceanic and continental material during the late Upper
Cretaceous and with independent studies that suggest cor-
relation of a) the dragged basement of the eastern margin
of the Yucatan peninsula with the Guaniguanico terrane
(Pyle et al., 1973) and b) the latter with the Escambray
and Isle of Pines terranes (Iturralde-Vinent, 1996a; Mil-
lán, 1997a, b; Pszczólkowski, 1999, and references there-
in). Further geochronological work is needed to solve this
problem.

Assuming the continental portion of the Escambray
ensemble forming part of the margin of the Maya block
during the Mesozoic, subducted ophiolitic material
within the complex (i.e. serpentinite-mélanges contain-
ing HP blocks) should correspond to Proto-Caribbean
oceanic crust. K-Ar, 40Ar/39Ar and Rb/Sr ages of
metasediments from the margin and of subducted ocean-
ic crust (e.g. eclogite block LV69A) suggest subduction
during the Upper Cretaceous and exhumation during the
late Upper Cretaceous. This configuration is consistent
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FIGURE 10 Model of the tectonic configuration of eastern Cuba during the Upper Cretaceous. Oceanic and suprasubduction volcanisms are indicat-
ed in black and grey, respectively. The Sierra del Convento and La Corea amphibolites (star) would have been formed upon the (Aptian) onset of sub-
duction system 2, and the Purial complex (volcanic arc 1) would collide with this subduction system in the Late Campanian. The age of collision of
the Asunción terrane (Bahamas?) with subduction system 2 is uncertain. Possible locations of eastern Cuba ophiolites and associated volcanics
(suprasubduction system 2) are also indicated.



with models that incorporate flip of subduction either
during the Upper Cretaceous or the Aptian, though pre-
100 Ma U-Pb ages constitute a problem of the former
type of models. In the latter type of model, the 100-106
Ma U-Pb ages of zircons (Hatten et al., 1988, 1989) of
eclogite blocks within serpentinite mélanges are
explained as earlier subducted Proto-Caribbean crust
(Millán, 1996a).

CONCLUDING REMARKS

The metamorphic evolution of subducted ophiolitic
material from Cuba and the geologic setting of the differ-
ent complexes do not support a single subduction system
in the region during the Cretaceous. We propose that:

a) High-pressure blocks from the northern ophiolite
belt in western and central Cuba formed in a pre-Aptian
subduction zone that arrested during the Aptian-Albian
due to an intra-oceanic collision event related to either
Early Cretaceous continent-continent collision event in
Guatemala or Aptian flip of subduction,

b) high-pressure high-temperature amphibolite blocks
from the eastern Cuba ophiolites formed in a new Aptian
(SW-dipping) hot subduction zone which evolved to
mature subduction during the Upper Cretaceous and
arrested during the Late Campanian when the Purial seg-
ment of the Cretaceous volcanic arc belt impinged into
the subduction zone (Fig. 10), and

c) high-pressure rocks from the Escambray complex
formed in a mature (SW-dipping) subduction zone of
Upper Cretaceous age which consumed Proto-Caribbean
oceanic crust and arrested during the late Upper Creta-
ceous, when the margin of the Maya block impinged into
the subduction zone.

These conclusions suggest a variety of tectonic
arrangements that may record space and time complexity
in a dynamic plate-tectonic scenario strongly influenced
by adjacent continental masses of North and South Amer-
ica. It may be no coincidence that the inferred Aptian-
Albian  subduction arrest of in western and central Cuba
and initiation of hot subduction in eastern Cuba is syn-
chronous with the onset of opening of Equatorial-South
Atlantic and the westward drift of South America during
mid-Cretaceous times. This was a global event that may
have had significant consequences for the plate-tectonic
evolution of the Caribbean region, such as the demise and
birth of subduction systems, subduction polarity rever-
sals, intraoceanic collision, closure of small oceanic
basins flanking continental blocks, and changes in loca-
tion and geochemical signature of arcs and of ocean-basin

magmatic activity. The time overlap of these events and
of the episodes of subduction-related metamorphism and
serpentinite-matrix mélange formation in Cuba makes
conceivable that the latter had shared the same origin.
This could mean that a number of independent subduction
zones evolved in the Caribbean-eastern Pacific region
during the Cretaceous. Plate tectonic models that incorpo-
rate Aptian flip of subduction better accommodate our
data and interpretations, though some adaptations of the
models are needed. In particular, the Early Cretaceous
Cuban-Guatemalan subduction-collision event and two
simultaneous Upper Cretaceous subduction zones should
be considered. Thus, the subduction zone where the
blocks from the northern ophiolite belt of western-central
Cuba were formed document a Lower Cretaceous subduc-
tion system different from that of eastern Cuba and the
Escambray, and the subduction zones where the HP rocks
of the latter two regions formed do not necessarily repre-
sent different parts (separated along strike) of a single
Upper Cretaceous subduction system.
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Tectonic implications of paleontologic dating of
Cretaceous-Danian sections of Eastern Cuba

The sedimentary rocks intercalated in volcanic and metavolcanic sections of Mayarí-Baracoa and Sierra del
Purial Mountains (Eastern Cuba), yielded Cretaceous through Danian microfossils. In the Mayarí Mountains the
Téneme Fm consists of basalts and hyaloclastites with minor intercalations of well-bedded foliated limestone
and shaly limestone that in the type area contain a Turonian or early Coniacian planktonic foraminifera assem-
blage. In the Morel area (Moa-Baracoa massif), back-arc pillow basalts with ribbon cherts include a late Turon-
ian or Coniacian limestone bed intercalated with interbedded organic-rich calcareous shales near the top. The
upper part of the Coniacian (?)-Campanian Santo Domingo Fm crops out west of Moa and it consists of fine-
grained well-bedded volcaniclastic rocks with two intercalated lenses of coarse-grained impure biocalcirudites
to biocalcarenites. These rocks yielded a mixed penecontemporaneous planktonic and benthonic microfossil
assemblage attributed to the lower part of the late Campanian (Globotruncanita calcarata Zone). At Sierra del
Purial, crystalline limestones embedded within the metavulcano-sedimentary Río Baracoa section (Purial meta-
morphic complex) yielded Campanian microfossils. The Maastrichtian Yaguaneque (=Cañas) limestones crop
out extensively in both Mayarí-Baracoa and Purial Mountains. All the formations previously mentioned uncon-
formably overlie and tectonically intermingle with the late Maastrichtian-early Danian clastic rocks of the
Mícara and La Picota Fms. Our new dates demonstrate that in the Greater Antilles the PIA (Primitive Island
Arc—tholeiite)  recorded by the Téneme Fm would be Late Cretaceous in age in opposition to the Lower Creta-
ceous age proposed for the PIA basalts. The protolith of the Purial metamorphic complex is probably Maas-
trichtian-early Danian, but certainly Campanian and older in age. This fact suggests that the metamorphism that
affected the Purial rocks took place probably in the late Maastrichtian and was coeval with the detachment,
exhumation and emplacement of mafic-ultramafic thrust-sheet bodies. This event recorded in Eastern
Cuba/Western Hispaniola and Guatemala might have been related to the insertion of thick oceanic ridges into
the subduction zone. 

Caribbean. Northeastern Cuba. Microfossils. Stratigraphy. Cretaceous-Paleocene. Tectonic, magmatic and metamorphic events.
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INTRODUCTION

The age of the Cretaceous-Paleocene volcanic, sedimen-
tary and metamorphic rocks in Eastern Cuba has been an
elusive and controversial problem for many years, due to the
lack of paleontologic dating of key fossiliferous strata. The
sections referred to the Téneme, Quibiján and Santo Domin-
go Fms, which are well represented within the Mayarí-Bara-
coa Mountains, and metavolcanic rocks within Sierra del
Purial, were previously dated according to their stratigraphic
position, on the base of scarce, inconclusive paleontologic
data, or by correlation with similar rocks elsewhere in Cuba
or the Dominican Republic (Somin and Millán, 1981; Millán
and Somin, 1985; Millán, 1996; Quintas, 1987, 1988a; Kerr
et al., 1999). The stratigraphy of the Cretaceous and Pale-
ocene sedimentary, volcano-sedimentary and metamorphic
rocks of Eastern Cuba is here revisited, in the light of our
new field observations, new paleontologic dating, and labo-
ratory research. Additional research on the petrology, geo-
chemistry and geochronology of igneous and metamorphic
rocks in the region are currently in progress (García Casco et
al., this volume; Proenza et al., this volume).

As the dating of the above mentioned sections is crucial
to understand the tectonic evolution of Cuba, and that they
have strong bearing on the plate tectonic interpretation of
the Caribbean, the studied samples were collected in good
exposures, where geochemical and petrological studies
have been carried out recently (Gyarmati et al., 1997; Kerr
et al., 1999; García Casco et al., this volume; Proenza et al.
this volume). Samples for micropaleontological dating
were taken from sedimentary rocks exposed in Los Plá-
tanos, La Yua, Centeno, Morel, and Río Baracoa (Fig. 1).
Previously, the senior author conducted two other sampling
expeditions to many localities of the Mícara and La Picota
Fms. Several samples were taken from each locality and a
minimum of 3-4 distinctly oriented thin sections or chemi-
cal separation prepared from every sample. Despite careful
search no macrofossils were observed in the outcrops but
most of the sampled rocks yielded microfossils. The
Appendix 1, included in the electronic version of this
paper, contains photomicrographs illustrating some micro-
fossils and rock microfacies of the investigated units.

In the following section we briefly describe the main
lithology of the investigated formations, their stratigra-
phic and/or tectonic position, the fossil content and their
age. The plate tectonic implications of the age of these
rocks are discussed.

GEOLOGIC SETTING

In Eastern Cuba several tectonic units have been
described (Cobiella et al., 1977, 1984; Iturralde-Vinent,

1994a, 1998; Kerr et al. 1999). This region includes sev-
eral tectonic units that consist of ophiolitic, volcanic-arc
and sedimentary rocks (Fig. 1). The stratigraphic units
considered in this paper are located within the Mayarí-
Baracoa Mountains, the Sierra del Purial Mountains, and
surrounding areas (Fig. 1). The Mayarí-Baracoa Moun-
tains yield mafic-ultramafic rocks, metamorphosed mafic-
ultramafic rocks (La Corea and Bernardo complexes), and
metamorphosed and non-metamorphosed Cretaceous
(Campanian and older) arc-related volcanic and sedimen-
tary rocks (Téneme, Quibiján, and Santo Domingo Fms),
as well as early Late Maastrichtian limestone (Yagua-
neque=Cañas Fm). In these mountains, the Cretaceous
and older rocks are allochthonous and overthrust (and
intermingle within) the syntectonic late Maastrichtian-
early Danian sedimentary sequences (Mícara and La Pi-
cota Fms). All of these units are at least partially meta-
morphosed from very low to low grade conditions
(Boiteau et al., 1972; Millán, 1996; Gyarmati et al., 1997).
They are unconformably overlain by the post-tectonic,
less deformed late Danian and younger rocks (Nagy et al.,
1983; Cobiella et al., 1977, 1984; Pushcharovski (ed.),
1988; Iturralde-Vinent, 1976, 1977, 1997a, 1998; Fig. 1). 

Cretaceous arc-related volcano-sedimentary and plu-
tonic rocks included in the Purial metamorphic Complex
make up most of the outcrops in the Sierra del Purial
Mountains. In some sections these rocks are only slightly
recrystalized, but generally they are metamorphosed from
greenschist to blueschists facies (Somin and Millán,
1981; Millán and Somin, 1985). Mafic-ultramafic
mélange with metamorphosed mafic-ultramafic rock
(Güira de Jauco and Sierra del Convento amphibolitic
complexes) thrusted these rocks. Maastrichtian Yagua-
neque (=Cañas) limestones also crop out in the area. Late
Danian and younger slightly deformed sedimentary rocks
overlie the Cretaceous rocks (Somin and Millán, 1981;
Millán and Somin, 1985; Nagy et al., 1983; Cobiella et
al., 1977, 1984; Pushcharovski (ed.), 1988; Figs. 1 and 2).
The mafic-ultramafic bodies of easternmost Cuba and
their metamorphic counterparts were described as part of
the so called “Cuban Northern Ophiolites”. Nevertheless,
their composition, structural position and emplacement
differ from those cropping out westward from Holguín
(Iturralde-Vinent, 1994). Therefore, they can probably be
considered distinct lithological assemblages (“Eastern
Cuba ophiolites”).

In the easternmost end of the region, the so called
Asunción Terrane, Jurassic-Cretaceous marble and shale
outcrops are generally considered to be part of the
Bahamian continental margin. Iturralde-Vinent (1994,
1998) proposed that the Purial Complex and the meta-
morphosed mafic-ultramafic rocks (Güira de Jauco com-
plex) overthrust the Asunción Terrane. However, other
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authors (Cobiella et al., 1984; Quintas, 1987, 1988a;
Pushcharovski (ed.), 1988; Fig. 1) suggest that the Asun-
ción Terrane rocks overthrust the Purial Complex and the
metamorphosed mafic-ultramafic rocks (Güira de Jauco
complex). Whether the latter was the case, this would be
the only place in Cuba were Bahamian continental margin
rocks (Asunción Terrane) might be emplaced onto ocean-
ic-derived complexes.

STRATIGRAPHY 

Dating sedimentary rocks by means of fossils is some-
times ambiguous. For instance, if the fossil assemblage
provides an Albian to Turonian age, this means that the
taxa identified ranged this time interval. But under no cir-
cumstances does the fossiliferous rock sample encompass
such a long period of time, since the fossiliferous layer
from which the sample was obtained often would record
no more than a few tens or hundred of years, depending
upon the depositional processes. Therefore, it would be
incorrect to date the sample, and consequently the whole
formation, as Albian to Turonian. Unfortunately, this has
been the usual rather than the exceptional procedure
in many stratigraphic works previously carried out in the
Greater Antilles. In this paper, a rock containing Albian to

Turonian fossils is described as being of either Albian,
Cenomanian, or Turonian in age. The age of such a for-
mation must be evaluated also according to its strati-
graphic relationships to other units, and may be finally
established, just as Cenomanian.  Thus, only when a fos-
sil assemblage yields an accurate date, will this date be
fully adopted for that part of the formation that contains
the fossiliferous sample. The previous discussion may be
considered obvious and unnecessary, but our experience
demonstrates the opposite.

Téneme Fm 

The Téneme Fm was briefly described in the legend of
the 1:250 000 geologic map of Cuba as basalts, andesite-
basalts, tuffs, tuffaceous breccias and limestone (Push-
charovski (ed.), 1988). Proenza et al. (this volume) have
concluded that the Téneme basalts show island arc tholei-
ite (IAT) signature, and have referred to them as “Primi-
tive Island Arc (PIA)” rocks.  These rocks crop out west
of Moa and are overthrusted by deformed mafic-ultramaf-
ic ophiolite rocks, or unconformably overlain by the
Maastrichtian-early Danian Mícara Fm (Figs. 1 to 3). The
Téneme basalts are brecciated and the limestones display
a faint schistosity, probably due to an early deformational
event related to the imbrication of the basaltic unit with

FIGURE 1 Map of Northeastern Cuba with location of sampling localities, reference points, and distribution of some Mesozoic rocks. Insets show
the location of detailed maps in Figs. 3 and 4. Modified from Iturralde-Vinent (1998). Geographic Coordinates.



the ophiolitic serpentinites and gabbroids.  A small plug
of plutonic rocks with volcanic arc affinities cut the
basalts, but probably not the mafic-ultramafic bodies
(Pushcharovski (ed.), 1988; Fig. 3).  In the area near Los
Plátanos (Fig. 3), serpentinites and gabbroids overthrust
the Téneme basalts that display a strongly foliated about 5
m thick tectonite. This intense deformation observed in
the basalts does not occur between the mafic-ultramafic
bodies and the Mícara and La Picota Fms, suggesting that
deformation took place before -or in an early stage of- the
final tectonic emplacement of the mafic-ultramafic
allochthonus rocks.

The Téneme Fm in the type area (Fig. 3) includes pil-
low basalts, hyaloclastites and a few intercalations of
well-bedded foliated limestones, shaly limestones and
tuffites. Previously they had been grouped with other vol-
canic rocks and referred to the all embracing “Tuff series”
or “Bucuey Fm” (Adamovich and Chejovich, 1964; Nagy
et al., 1983). On the other hand, the Barrederas Member
of the “Bucuey Fm” was defined by Nagy et al. (1983) as
Aptian-Turonian limestones cropping out north of
Téneme (Fig. 3). Field observation and microscopic com-
parison of thin sections indicate that the Barrederas Mem-
ber limestones at La Yua and the limestone beds within
the Téneme section in Los Plátanos (Fig. 3) are similar in
age, lithology and fossil content. Furthermore, the

Barrederas limestones in the type area are interbedded
with basalts apparently identical to those of Téneme.
Thus, since both units are not distinguishable in the field,
we propose here to include the Barrederas limestones
within the Téneme Fm.

At Los Plátanos area (coord. x651.6; y219.8; Fig. 3), a
~10 m thick, well bedded, pervasively foliated section
crops out. This section is intercalated with the basalts of
the Téneme Fm. and consists of hyaloclastites, a few
black, dark-purple and gray fine-grained limestones, and
shaly limestones, with abundant planktonic microfossils
(foraminifera and radiolaria).  These fossils are slightly
deformed by the foliation, but the assemblage identified
in thin sections includes unidentified Radiolaria and
planktonic foraminifera (Clavihedbergella simplex, Mar-
ginotruncana aff. M. coronata, Marginotruncana aff. M.
sinuosa, Whiteinella spp., Heterohelix sp., Globigerinel-
loides sp., Rotalipora cf. R. greenhornensis, and Rotalipo-
ra cf. R. cushmani).

Near La Yua (coord. x649.7; y225.65; Fig. 3), usually
recognized as the type area of Barrederas Member, foliat-
ed limestone outcrops, which are identical to those
described in the previous paragraph, are associated with
weathered hyaloclastites and basalts. The limestones yield
radiolaria and planktonic foraminifera (Globigerinel-
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FIGURE 2 Stratigraphic chart of the Cretaceous-Paleocene formations in Eastern Cuba. See further explanation on lithofacies in the text.



loides cf. G. bolli, Marginotruncana aff M. marginata,
Whiteinella spp. Heterohelicidae, Dicarinella? sp. and
Rotalipora aff. R. greenhornensis).

The occurrence of Marginotruncana in the described
sections implies a Turonian or younger age, but Whi-
teinella spp. is reported from late Cenomanian to early
Coniacian (Premoli-Silva and Sliter, 1995). Therefore, we
propose a Turonian or early Coniacian age for the fossil
assemblage, with redeposition of Albian-Cenomanian
microfossils.

Morel Fm 

In the area of Morel (coord: x730; y207; Figs. 1, 2 and
4), along the road between Moa and Baracoa, ribbon chert
bearing pillow basalts and some hyaloclastites are wide-
spread. These rocks underlie tuffaceous sandstones, an-
desite-basaltic tuffs and andesite-basalts referred to the San-
to Domingo Fm (Gyarmati and O’Conor, 1990)  or occur
thrusting gabbroid rocks (Fig. 4). Gabbroid and serpentinite
thrust sheets locally overthrust both Morel and Santo
Domingo Fms. Kerr et al. (1999) incorrectly referred Morel
basalts as the Quibiján Fm (misspelled Quiviján), and geo-
chemically characterized them as back-arc island arc tholei-
ites. Nevertheless, this Morel section cannot be correlated
with the Téneme or Quibiján Fms, since Morel basalts show
distinct lithology and geochemical signature (Proenza et al.,
this volume). Accordingly, we consider these rocks a new
unit named here Morel Fm.

A 390 m deep exploratory well drilled in the outcrop-
ping area of the Santo Domingo Fm (Figs. 4 and 5), cuts a
230 m thick section, of andesite-basaltic tuff and tuffa-
ceous sandstones with interbedded minor andesite-
basalts, here assigned to the lower part of the Santo
Domingo Fm (Gyarmati and O’Conor, 1990). These
rocks overlie more than 160 ms of basalts, olivine basalts
and hyaloclastites, which in the upper part intercalate thin
layers of organic-rich calcareous black shales and lime-
stone, referred here to the above- mentioned Morel Fm. In
the past, several samples were collected from outcrops of
the ribbon cherts within the Morel basalts, but they lacked
fossil remains. A sample was collected from a foliated
brown to light brown limestone layer interbedded within
weathered and foliated organic-rich calcareous shales.
According to the exploratory well log data, these facies
occur interbedded in the upper part of the Morel basalts
(Fig. 5). This sample yielded planktonic microfossils of
late Turonian or Coniacian age (sensu Premoli-Silva and
Sliter, 1995), including Dicarinella sp., Globigerinel-
loides bollii, Globotruncanidae, Hedbergella planispira,
Hedbergella simplex, Heterohelix cf. H. moremani, Het-
erohelix cf. H. reussi, Marginotruncana cf. M. pseudolin-
neiana, Pithonella ovalis, Whiteinella? sp.. Therefore, the

age of the Morel Fm is late Turonian or Coniacian and
probably older, as the sample belongs to the upper part of
the unit (Fig. 5).

Quibiján Fm 

According to the original description by Quintas
(1988b), in the type section along the Quibiján River, the
Quibiján Fm consists of slightly metamorphosed, thick
bedded, porphyritic and amigdaloidal basalts, basaltic
breccias, lapilli-tuff and fine-grained tuffaceous rocks.
This unit crops out in many localities within the Moa-
Baracoa Mountains (Quintas, 1988b; Fig. 4), but not in
the Morel area. Millán (1996) described the outcrops
along the Quibiján river basin as part of the Purial meta-
morphic Complex, essentially as noted by Quintas
(1988b). Geochemically they are described as calc-alka-
line (Millán, 1996) or tholeiite to calc-alkaline arc-related
rocks (Gyarmati et al., 1997).

In East Central Cuba, the basal part of the tholeiite to
calc-alkaline island arc sections are Albian through
Coniacian in age, and are made up by porphyritic basalts,
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FIGURE 3 Geological sketch of the type area of the Téneme Fm. See
location in Fig. 1. Modified from Pushcharovski (ed.) (1988). Coordi-
nates x and y are referred to the Cuban 1:50 000 scale maps.



andesite-basalts, and volcanic breccias that are interbed-
ded with tuffaceous sandstones and other sedimentary
rocks (Iturralde-Vinent, 1994a, 1996a, 1996b, 1998; Piñe-
ro et al., 1997). These lithologies, and especially the
Guáimaro/Camujiro Fms (Piñero et al., 1997) strongly
resemble those of the Quibiján Fm.  As no fossils have
been yielded by the Quibiján Fm, it can be tentatively
assumed that the age of this unit may range from Albian
to Turonian as that of the Guáimaro/Camujiro Fms in
East Central Cuba (Figs. 2 and 6).  

Santo Domingo Fm 

This unit crops out extensively in the Mayarí-Baracoa
Mountains (Iturralde-Vinent, 1976, 1977) and shows in
general complex relationships with the mafic-ultramafic
bodies, and the latest Cretaceous-Paleocene sedimentary
section (Pushcharovki ed., 1988). According to Quintas
(1987, 1988a), rock sections assigned to the Santo
Domingo Fm overlie the Quibiján Fm and locally are
overthrusted by metamorphic rock sheets referred to the
Purial Complex. Volcaniclastic and sedimentary rocks,
with a few andesite sills make up the bulk of Santo
Domingo Fm. In the type section, Iturralde-Vinent (1976,
1977) split the Santo Domingo Fm into four parts: (1) A
lower ~1000 m thick section that consists of well bedded,
laminated, dark green, thin to very thin grain andesitic
tuffs and radiolaria bearing sparse tuffites (up to 50% cal-
cium carbonate). Andesitic sills are minor. The rocks
weather to a light to dark brown color. (2) A conspicuous
~200 m thick layer named “El Frances bed”, which is
formed by massive, light brown, coarse grained tuffites
with angular lithic fragments that are included in a matrix

of very fine volcanic glass. The basal surface of this bed
is erosional, with large angular fragments of the underly-
ing unit embedded in the tuffites. This layer is widespread
in the Mayarí-Baracoa Mountains and constitutes a mark-
er horizon. It was originally interpreted as a turbidite, but
more properly must be considered a megaturbidite. (3)
The next part of the section overlies transitionally the pre-
vious one, and is represented by ~700 m thick, well bed-
ded, graded upward, green, thin to very thin grain tuffa-
ceous sandstones, tuffites and sparse andesitic tuffs. (4)
The uppermost part of the Santo Domingo Fm is ~200 m
thick, and consists of gray to dark green color, laminated
and upward graded, coarse to middle grained sandstone
and tuffites with calcite matrix. Some authors, in the
course of geological mapping, have included many other
lithological units within the Santo Domingo Fm, especial-
ly thick lava units (Gyarmati and O’Conor, 1990;
Gyarmati et al., 1997). These thick lava units are not
included in the Santo Domingo Fm as it is considered in
this paper.  Eventually they may belong to the underlying
Quibiján Fm as defined by Quintas (1988b).

Well bedded, fine grained, light to dark brown tuffites
and tuffaceous sandstones, equivalent to the upper part of
the Santo Domingo Fm crop out in the village of Cen-
teno, west of Moa (coord. x692.000; y222.500; Fig. 1).
These units interbed two calcareous lenses up to 5 m
thick. These calcareous rocks are composed by thick
bedded, light gray, graded calcirudites to calcarenites,
with calcareous and volcaniclastic grains, and abundant
bioclastic material. Despite of carefully searching no
macrofossils were observed. The microfossils are pene-
contemporaneous planktonic and benthic foramini-
fera,with prevalence of the planktonic ones, suggesting
that these beds record turbidite deposition of intrabasi-
nal clasts derived from calcareous shallow marine envi-
ronments.

The samples collected in these beds yielded an assem-
blage that corresponds to the lower part of late Campan-
ian (KS27: Globotruncanita calcarata zone, sensu Pre-
moli-Silva and Sliter, 1995; Fig. 2) with planktonic forams
(Globotruncana arca, Globotruncana bulloides, Globo-
truncana linneiana, Globotruncanita calcarata, Glo-
botruncanita aff. G. elevata, Globotruncanita stuarti-
formis, Globigerinelloides alvarezi, Globigerinelloides
messinae, Pseudotextularia elegans, Rugoglobigerina
rugosa, *Heterohelix aff. H. moremani, *Marginotrun-
cana? sp.), mixed with benthic organisms, as large forams
(Orbitoides tissoti, Rotalia sp., Sulcorbitoides pardoi,
Sulcoperculina globosa, Sulcoperculina vermunti),
Melobesiae algae (Ethelia alba), echinoid spines, and
rudist fragments. Some of the mentioned planktonic
forams (marked with *) were redeposited from older
Upper Cretaceous rocks.
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FIGURE 4 Geological sketch of the Morel area (see location in Fig.
1). Modified from Gyarmati and O’Conor  (1990). Coordinates x and y
are referred to the Cuban 1:50 000 scale maps. See legend in Fig. 3.



The Santo Domingo Fm is older than Maastrichtian,
as it is overlain by rocks of Maastrichtian age (Quintas,
1987, 1988a). Moreover, the samples collected in Cen-
teno at the top of the formation point to the lower part
of the late Campanian. On the other hand, the age
obtained from samples collected from the underlying
Morel Fm (Figs. 4 and 5) suggest that the Santo Do-
mingo Fm is younger than Coniacian or late Turonian
(Fig. 2). This correlates well with the upper part of the
calc-alkaline volcanoclastic sections of Central Cuba
(Fig. 6), which are dated as late Coniacian to mid-Cam-

panian (Iturralde-Vinent, 1996a, 1996b, 1997a, 1998;
Piñero et al., 1997). 

Purial Complex 

Metamorphosed Cretaceous sedimentary, volcano-sedi-
mentary and plutonic rocks that crop out in Sierra del Pur-
ial Mountains and surrounding areas (Fig. 1) are named
Purial Complex after Boiteau et al. (1972). These are
deformed greenschist, blueschist and slightly recrystalized
sections (Millán and Somin, 1985; Millán, 1996). Some
other rock assemblages that include distinct lithostrati-
graphic units have been misleadingly assimilated into the
Purial Complex, just because they were metamorphosed to
some degree, or because they crop out within the Sierra del
Purial Mountains (Nagy et al., 1983; Cobiella et al., 1977,
1984; Quintas 1987, 1988a, 1988b; Pushcharovski (ed.),
1988; Gyarmati and O’Conor 1990; Gyarmati et al., 1997).
Rocks included in the Purial Complex are generally over-
thrusted by mafic-ultramafic rocks (Cobiella et al., 1984;
Pushcharovski (ed.), 1988; Quintas, 1987, 1988a, 1988b). 

Millán (1996) described several informal units in
order to characterize diverse lithological assemblages
cropping out in the Purial Mountains, which should be
formalized in the future.  A general description and com-
parison of the protoliths of these informal units to the
lithostratigraphic units known from east-central Cuba,
show many similarities (Fig. 6). Consequently the Purial
Complex is generally interpreted as the record of a Creta-
ceous tholeiite to calc-alkaline axial volcanic arc (Millán,
1996; Iturralde-Vinent, 1998).  As a consequence of the
very poor biostratigraphic dating from Purial Complex,
the ages of the informal units (Fig. 6) are hypothetical
with the exception of the Río Baracoa section.  On the
other hand, the meta-siliciclastic rocks of Mal Nombre
are a puzzle, because they show many similarities with
the Maastrichtian-early Danian Mícara Fm (Millán,
1996).  If this correlation proves to be true, it suggests
that dynamic metamorphism locally embraced elements
of the Maastrichtian-early Danian sections, but this state-
ment requires further investigation.

The metamorphic recrystalization at Purial generally
destroyed or concealed the fossil record in the meta-sedi-
mentary rocks, except for two localities along Río Bara-
coa (Fig. 1). One locality is an isolated block found in the
confluence between Río Baracoa and Arroyo Cayo.  It is
composed of crystalline, white, massive limestone that
grade into metatuffaceous rocks. Millán and Somin
(1985) reported large forams of Campanian age (Orbi-
toides cf. O. tissoti, Pseudorbitoides sp., Sulcoperculina
diazi, Sulcoperculina globosa) identified by C. Díaz-
Otero (Millán, 1996). Another locality, downstream in the
Río Baracoa, is an outcrop of similar crystalline lime-
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FIGURE 5 Lithological log of the exploratory well drilled in the Morel
area (location in Fig. 4). Adapted from Gyarmati and O’Conor  (1990).
Stronger fracturation of the Morel Fm suggests, but do not surely imply,
a tectonic contact with the overlying Santo Domingo Fm.



stone within metatuffaceous green rocks. From one sam-
ple, Millán, (1996) identified Campanian planktonic and
benthic foraminifera (Globotruncana arca, Globotrun-
cana cf. G. elevata, Globotruncana lapparenti, Glo-
botruncana linneiana, Globotruncanita cf. G. calcarata,
Globigerinelloides sp., Hedbergella sp., Pseudorbitoides
sp.). Our samples from Río Baracoa yielded Cretaceous
planktonic foraminifera, but too recrystallized to be prop-
erly identified. The Campanian age of Río Baracoa sec-
tion correlate well with the lithologically equivalent
Piragua Fm of east-central Cuba (Fig. 6).

Yaguaneque Fm 

The Maastrichtian Yaguaneque Fm (Nagy et al.,
1983=Cañas Fm, Cobiella et al., 1984) consists of up to
10-50 ms thick, white, gray, light brown, sometimes
pink, massive fossiliferous limestones. These rocks are
shallow to basinal marine in origin and occur strongly
fractured and partially recrystalized (Nagy et al., 1983).
This formation occurs in different locations within the
Mayarí-Baracoa and Purial Mountains, and generally
crops out as blocks and boulders without a clear strati-
graphic relationship with country rocks; hence some of
these contacts may be tectonic  (Nagy et al., 1983,
Cobiella et al., 1984; Quintas 1987, 1988a). This Maas-
trichtian limestone overlies amphibolites near Güira de
Jauco, but also occurs over mafic-ultramafic rocks, the

Purial Complex sensu lato, and the Santo Domingo Fm
(Cobiella et al., 1984; Quintas 1988a, 1988b). 

The microfossils reported by Nagy et al. (1983) from
the Yaguaneque limestones in the type locality near Moa
(Fig. 1), includes benthic foraminifers (Omphalocyclus sp.,
Orbitoides sp., Pseudorbitoides cf. P. israelskyi, Sulcoper-
culina cf. S. globosa, Vaughanina sp.), rudist fragments,
radiolaria, and planktonic forams (Contusotruncana con-
tusa, Contusotruncana cf. C. fornicata, Globigerinelloides
sp., Globotruncana linneiana, Globotruncanita cf. G. stu-
arti). In outcrops located in the area of Güira de Jauco and
close to Río Baracoa, the Yaguaneque Fm overlies amphi-
bolites of the Güira de Jauco Complex and greenschists
referred to the Purial Complex (Fig. 1). In this area, accord-
ing to Cobiella et al. (1984) the limestones are neither
metamorphosed, nor recrystalized and yield both benthic
(Orbitoides apiculata s.l., Orbitoides sp., Pseudorbitoides
rutteni, Pseudorbitoides sp., Sulcoperculina dickensoni,
Sulcoperculina globosa, Vaughanina cubensis) and plank-
tonic foraminifers (Heterohelix sp., Pseudotextularia sp.,
Rugoglobigerina sp.). These fossil assemblages can be dat-
ed as Maastrichtian. Nevertheless, the fact that blocks and
boulders of Maastrichtian limestone and isolated rudist
fragments (Titanosarcolites sp.) occur within La Picota Fm
(Cobiella et al., 1984; Quintas, 1988a), strongly suggests
that the Yaguaneque Fm is older than Mícara and La Pico-
ta, probably pre-Latest Maastrichtian (Fig. 2).
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FIGURE 6 Lithostratigraphic correlations of the Cretaceous volcanic arc sections of East-Central Cuba (after Iturralde-Vinent, 1996a, 1996b; Iturralde-
Vinent and Thieke, 1987; Piñero et al., 1997) and the informal units defined by Millán and Somin (1985) and Millán (1996) for the Purial Complex.



Cobiella et al. (1984) and Quintas (1987, 1988a,
1988b) suggested that the Yaguaneque limestones were
deposited onto the coevally emplacing thrust sheets. In this
context, they assumed that the limestones were contempo-
raneously dismantled and incorporated into Mícara and La
Picota Fms. Resedimentation of Maastrichtian and Eocene
shallow water limestones (Jimaguayú and Florida Fms)
into deeper water penecontemporaneous clastic deposits
(El Brazo Member of the Jimaguayú Fm and calcareous
breccias within the Florida Fm), have been observed within
slightly deformed piggyback basins of central Cuba (Itur-
ralde-Vinent and Thieke, 1987; Pushcharovski ed., 1988),
but this is in contrast with such dynamic tectonic environ-
ment as described by Cobiella et al. (1984). Instead we
propose the scenario shown in Fig. 7, where the limestones
were deposited overlying the Santo Domingo Fm, and they
were later incorporated into the tectonic pile during the
general deformation of the area. This interpretation agrees
with the fact that the Yaguaneque Fm is older than Mícara-
La Picota Fms (Fig. 2).

Mícara and La Picota Fms 

The Mícara (Cobiella, 1974) and La Picota (Lewis
and Straczek, 1955) Fms, as redefined by Iturralde-Vinent
(1976, 1977), crop out in the Mayarí-Baracoa and Purial
Mountains (Cobiella et al., 1984; Quintas, 1987, 1988a;
Pushcharovski ed., 1988). Rocks of the Mícara Fm are
well-bedded, graded, polymictic sandstones and shales,
with local intercalations of conglomerates and breccias.
In some sections up to 10 m thick, well-bedded serpen-
tinitic sandstones and gravels occur, usually near very
large thrust sheets of gabbroids and serpentinites. The La
Picota Fm occurs as lenticular intercalations within the
Mícara Fm, and is represented by massive, chaotic layers
of pebbles, blocks and boulders of gabbroids and serpen-

tinite, a few Maastrichtian limestones (Yaguaneque Fm)
or isolated rudist (Titanosarcolites sp.), and some scat-
tered masses of synsedimentary folded elements of the
Mícara Fm. The stratigraphic sections of Mícara and La
Picota are strongly intermingled with allochthonous tec-
tonic olistoliths and olistoplates composed by mafic-ultra-
mafic rocks, the Santo Domingo Fm, and the Purial Com-
plex (Fig. 7; Cobiella, 1974, 1978; Iturralde-Vinent, 1976,
1977; Quintas 1987, 1988a). Mícara and La Picota Fms
were generally deposited in deep marine environments,
within a basin facing the thrust front. Laterally, toward the
southeast, in these units are found intercalated fairly thick
conglomerates (Iturralde-Vinent 1976, 1977). Deeper ma-
rine water sections occur toward the west, near Babiney
(García Delgado et al., 2001). 

In general, La Picota and Mícara have been dated as
Maastrichtian to early Danian (Iturralde-Vinent, 1976,
1977; Cobiella et al., 1984; Pushcharovski ed., 1988).
Recent sampling for paleontologic dating in many out-
crops resulted in early Danian dates of well-exposed sec-
tions previously identified as Maastrichtian, and reworked
Maastrichtian microfossils are common. In only one or
two sections Maastrichtian fossil assemblages were iden-
tified in samples kindly studied by Timothy Bralower
(nannofossils) and Mark Pucket (foraminifera and ostra-
coda). The Mícara and La Picota Fms often grade upward
into late Danian marls, marly limestones and conglomer-
ates with white tuffaceous intercalations (Gran Tierra and
Sabaneta Fms in Cuba, Iturralde-Vinent, 1976, 1977; and
upper half of Imbert Fm in Hispaniola, Iturralde-Vinent,
1997b), recording the early development of a new Paleoce-
ne-Middle Eocene volcanic island arc.

Toward the west (Babiney area in Fig. 1) isochronous
Maastrichtian to Paleocene rocks consist of well-bedded

Cretaceous-Danian Geodynamics of Eastern CubaM.A. ITURRALDE-VINENT et al.

97Geolog ica  Acta ,  Vo l .4 ,  Nº1-2,  2006,  89-102

FIGURE 7 Diagrammatic cross section of the Mícara and La Picota late Maastrichtian-early Danian basin, depicting general relationships among the
different units discussed in this paper (Fig. 2).  The vertical bars are actual sections observed in the field (Iturralde-Vinent, 2003).  Modified from
Cobiella (1974, 1978). See stratigraphic chart in Fig. 2.



polymictic sandstones, fine-grained calcareous sand-
stones, marls, siltstones and limestones, with few interca-
lated layers of diabase-rich breccia-conglomerate.  The
diabase is quite fresh, suggesting that it was not exposed
to subaerial weathering or seawater alteration. The detrital
material is represented also by grains and pebbles of car-
bonate, volcanic, metamorphic and mafic rocks. García
Delgado et al. (2001) included this section in the Mícara
Fm, but it is sufficiently distinctive as to be considered an
independent unit, named Babiney Fm in an unpublished
report by Kozary (1957).  

The Mícara Fm records syntectonic turbidite sedimen-
tation that towards the southeast includes more olis-
tostromes derived from la Picota Fm. West of the Mayarí
Mountains, the Babiney Fm represents a distal and proba-
bly deeper part of the basin (Figs. 1 and 7). This lithologi-
cal zonation suggests that the source of the allochthonous
debris (and probably of the allochthonous bodies) was
located to the southeast of the basin (Fig. 7). 

DISCUSSION: DATING MAGMATIC, METAMORPHIC
AND TECTONIC EVENTS

Without an appropriate stratigraphic framework it is
difficult to elaborate any scenario for the geodynamic
evolution of a region as complicated as Eastern Cuba.
Our present knowledge of the stratigraphy is summarized
in Fig. 2.  In this section the available stratigraphic data
will be used to constrain the sucession and dating of the
geologic events recorded in the region as expressed by the
tectono-magmatic events, tectonic deformation and
regional metamorphism.

Tectono-Magmatic events

Oceanic basalts and other volcanic and sedimentary
rocks of different geochemical signature occur associated
with the mafic-ultramafic and island arc bodies that crop out
in Cuba (Kerr et al., 1999). The biostratigraphic dating from
these rocks presented in this paper provides new insight into
the magmatic events developed in Eastern Cuba.

The Téneme Fm has been geochemically character-
ized as primitive island arc tholeiites (PIA), similar to
other Cretaceous PIA sections in the Greater Antilles
(Proenza et al., this volume). Since earlier contribu-
tions by Donnelly and Rogers (1980), evidence has
been provided to show that all PIA rocks in the Greater
Antilles are of Lower Cretaceous Aptian-Neocomian
age (Díaz de Villalvilla and Dilla, 1985; Lebrón and
Perfit, 1994; Iturralde-Vinent, 1997b; Kerr et al. 1999).
However, in the light of the new paleontologic dating
of the Téneme Fm, contributed in this paper, a younger

PIA unit of Late Cretaceous Turonian or early Conia-
cian age is recognized. 

The switch from primitive island arc (island arc
tholeiites) into calc-alkaline geochemical signature in the
Lower Cretaceous, is currently interpreted as a conse-
quence of a polarity flip in the arc subduction zone
(Lebrón and Perfit, 1994). However this interpretation has
been criticized by Iturralde-Vinent (1994a, 1998), Jolly et
al. (1998) and Kerr et al. (1999). The fact that primitive
island arc rocks can also be found in the Late Cretaceous,
may be a complication for the polarity flip interpretation,
because two flips in a single arc are unusual and not pre-
dicted by any published plate-tectonic reconstruction.
Maybe, a more appropriate approach to explain the vari-
ety of igneous rocks in space and time within an arc sys-
tem is to accept that distinct geochemical signatures are
the result of magmatic processes, which, in turn, are not
necessarily tied to a particular time range. For instance,
two samples taken, just a few m apart from arc-related
basalts of the same stratigraphic unit and age, were found
to have different geochemical signatures (Kerr et al.,
1999). These samples from Encrucijada Fm in Western
Cuba differ markedly, ENC2 being much more primitive
than ENC1. Thus, Kerr et al. (1999) concluded that they
belong to different parental magmas.  Similarly, two
samples from the Colombia basalt of East-Central Cuba,
represent island arc-tholeiite (COL1), and calc-alkaline
rock (COL2). Therefore, flipping might not be the only
explanation for geochemical variations in extrusive rocks.

The identification of subduction polarity of the Creta-
ceous arc (or arcs) in Eastern Cuba is another problem yet
to be solved. In the Mayarí massif, the partially isochro-
nous island arc tholeiites (Téneme Fm; Proenza et al., this
volume) were developed northwestward of the back-arc
rocks, represented in the Moa-Baracoa massif by the San-
to Domingo and Morel Fms (Iturralde-Vinent, 1994a,
1996a, 1996b, Kerr et al., 1999; Proenza et al., this vol-
ume). Furthermore, the tholeiitic to calc-alkaline volcanic
and plutonic arc-related protolith of the so-called Purial
Complex is located to the southeastward, and has been inter-
preted as a basin located within the axial part of an arc (Itur-
ralde-Vinent 1994a, 1996a, 1996b). Therefore, from north-
west to southeast, today three partially isochronous belts
occur (Fig. 8): an island arc tholeiite belt (Mayarí), a back-
arc tholeiite belt (Moa-Baracoa), and an axial-arc tholeiitic
to calc-alkaline belt (Purial). Nevertheless, since this relative
position may have been determined by the tectonic emplace-
ment of these bodies, one cannot directly identify the present
scenario as the original relative position of the arc (or arcs)
elements. Additional structural research is needed, including
appropriate palinspastic reconstruction of the tectonic pile,
before the original position of the arc belts, and the arc polar-
ity may be properly identified.
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Tectonic deformation and metamorphism

Early Maastrichtian and older rocks that crop out in
Eastern Cuba are allochthonous (Nagy et al., 1983;
Pushcharovski (ed.), 1988; Quintas, 1987, 1988a, 1988b;
Cobiella, 1974, 1978; Cobiella et al., 1977, 1984; Itur-
ralde-Vinent, 1976, 1977, 1996a, 1996b, 1998; Fig. 1).
The early Maastrichtian (?) and certainly Campanian and
older rocks of the Purial Complex display some degree of
recrystalization and are unconformably overlain by non-
metamorphosed late Danian-Early Eocene and younger
rocks (Pushcharovski, ed., 1988; Cobiella et al., 1984;
Millán, 1996; Figs. 2 and 6). This suggests that the meta-
morphism of the Purial Complex took place during the
late Maastrichtian. 

The thrust sheet emplacements took place within the
late Maastrichtian in the Mícara-La Picota marine basin,
where syntectonic clastic and clastic-gravitational sedi-
mentation (olistostrome) took place simultaneously
(Cobiella, 1974, 1978; Iturralde-Vinent, 1976, 1977). The
hypothetical structure of the basin is diagrammatically
presented in Fig. 7, taking into account field observations
of actual sections. The Mícara Fm displays drag folds
with axes oriented NE-SW and recumbent folds down-
turned to the NW (Quintas, 1987, 1988a), suggesting that
the tectonic transport took place from SE to NW. This
emplacement direction is reflected in the sedimentary
facies as olistostromes of La Picota Fm are more wides-
pread to the southeast (Cobiella et al., 1984; Quintas,
1987, 1988a), while isochronous sandstones and marls
dominate to the west (Babiney Fm). The same age and
direction of tectonic transport was postulated by means of
structural measurements in the Purial Complex and in the
mafic-ultramafic rocks (Núñez Cambra, 2003).  No major
deformations are recorded in Eastern Cuba after the early
Danian and before Oligocene (Iturralde-Vinent, 1976,
1977; 1994a; Cobiella et al., 1977, 1984; Pushcharovski
ed., 1988).  This means that Eastern Cuba was not strong-
ly affected by the latest Paleocene to early Late Eocene
deformations recorded elsewhere (Mattson, 1984; Pszc-
zolkowski and Flores, 1986).

In other areas of Cuba, there are no stratigraphic sec-
tions of the same age, similar to the La Picota and Mícara
Fms.  Mafic-ultramafic rock clasts occur only as fine
detritic materials in the Late Cretaceous deposits, and
abundant boulders and olistoliths of serpentinites and
gabbroids occur only in the late Paleocene and Eocene
foredeep deposits (Iturralde-Vinent, 1997a, 1998; García
Delgado and Torres, 1997). 

In Hispaniola, the lower half of the Imbert Fm includes
Maastrichtian-early Danian conglomerates and breccias
similar to La Picota Fm, which underline late Danian-

Eocene white tuffaceous sections as in Cuba (Iturralde-
Vinent, 1994b; Iturralde-Vinent and MacPhee, 1999).

In Guatemala, the Sepur Group is associated with a
major change from stable platform to mobile belt, and has
been described as latest Cretaceous (Campanian)-Pale-
ocene in age, containing “abundant ophiolitic debris rang-
ing from serpentine grains to ophiolitic slide masses
many km wide, which record tectonic emplacement of
ophiolitic rocks...” “It is dominantly a shale-sandstone
flysch unit of turbidites that represent a submarine fan
complex. It can be divided into a lower and upper unit;
the Santa Cruz ophiolite allochthon occurs at the bound-
ary between the two” (Donnelly et al. 1990).  Rosenfeld
(1981) described the lower unit as dominantly shales and
shaly flysch and minor interbedded polymictic conglom-
erates, some of which contain blocks of limestone and
calc-alkaline volcanic and plutonic clasts. The upper part
carries abundant ophiolitic debris. The similarities
between the lower Sepur Group and the Mícara Fm, and
the upper Sepur Group with the La Picota Fm are remark-
able, suggesting a common cause both in time and tecton-
ic mechanism. In this region, as in Eastern Cuba, the
emplacement of thrust sheets encompassed Cretaceous
arc and mafic-ultramafic rocks, as well as their metamor-
phic equivalents and limestone boulders (Rosenfeld,
1981; Donnelly et al., 1990). Not any similar section (in
age and lithology) occurs in other place in the Caribbean.
These sections are apparently restricted to only two local-
ities along the Caribbean plate boundaries, in Guatemala
and Eastern Cuba/Western Hispaniola.  
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FIGURE 8 Schematic geologic map of Easternmost Cuba, illustrating
the present position of the primitive arc, back-arc and axial arc belts.
This scenario resulted from its tectonic emplacement, so may not re-
present the original relative position of these belts. Geographic Coor-
dinates.



The succession of tectonic events that took place in about
5 Ma (during the late Maastrichtian) in Eastern Cuba can be
summarized as: (1) deep seated metamorphism, (2) crustal
uplift and exhumation, (3) subhorizontal gravity emplace-
ment of thin tectonic sheets within a marine basin, and (4)
shallow dynamic metamorphism associated with the thrust-
ing. The main question is what triggered these events. One
possibility is that they resulted from the collision between the
Caribbean Plate with the North and South American Plates
(Pindell, 1994).  But the collision is not an answer in itself,
because it does not account for the local character of these
events, which did not extend all along the plate boundary.  On
the other hand, it is possible to correlate the late Maastrichtian
tectonic event with a worldwide orogeny linked to a major
change in the rate and direction of plate movements (Schwan,
1980; Iturralde-Vinent, 1994a, 1998). Nevertheless, again the
restricted location of the events in Guatemala and Eastern
Cuba/Western Hispaniola remains unexplained. Another
speculative possibility is to postulate that these local events
were triggered by the insertion of thick intraplate ridges into
the subduction zone, as described for the interaction between
the South American plate and the Pacific crust today (Ramos
and Aleman, 2000) but the acceptation of this mechanism
would require further investigation in the Caribbean.

CONCLUSSIONS

The main magmatic and tectonic events that took
place in Eastern Cuba from pre-Maastrichtian to Danian
time can be summarized as follows:

1. Pre-Maastrichtian (>72 Ma): Development of the
Cretaceous arc systems.  

2. Late Campanian (75-72 Ma): Extinction of the arc’s
magmatic activity. Probably beginning of deep crustal
detachment and regional metamorphism.

3. Early Maastrichtian (72-68 Ma): Partial shallowing
of the marine basin within the extinct arc and deposition
of shallow water limestone, probably directly overlying
the Santo Domingo Fm.  

4. Late Maastrichtian (68-65 Ma): Crustal uplift and
exhumation of the deep-seated metamorphic rocks and
exposure of the thrust front. Rapid subsidence of the
marine basin and syntectonic deposition and deformation
of clastic sequences (Mícara and La Picota Fms) during the
gravitational emplacement of allochthonous thrust sheets.

5. Danian and younger (< 65 Ma): Partial uplift and
deposition of post-orogenic volcaniclastic and sedimenta-
ry rocks that overly almost every older rock in the basin. 
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The following figures illustrate the microfacies representative of the investigated sedimentary 
units and some index fossils.  
 

 
 
FIGURE I Generalized geologic and locality map of eastern Cuba, showing the location of the 
investigated samples. 
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FIGURE II Téneme Fm, Locality Los Plátanos. See location in Fig. I and further details in Fig. 3 in 
the printed version.  Photomicrographs of foliated shaly hemipelagic limestone with planktonic 
microfossils. A.  Microfacies with Marginotruncana sp. (M) and Hedbergellidae (H). Width of the field 1642 
microns; B. Rotalipora cf. R. cushmani (R) Maximun length 600 microns;  C. Marginotruncana coronata 
(M) Maximun length 605 microns. 
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FIGURE III Photomicrographs of foliated shaly hemipelagic limestone with planktonic microfossils. 
Téneme Fm, Locality La Yua. See location in Fig. I and further details in Fig. 3 in the printed version. A. 
Microfacies with Marginotruncana sigali  (M) Width of the field 1010 microns; B. Rotalipora cf. R. brotzeni 
(R) Maximun length 400 microns; C. Marginotruncana sinuosa (M) Maximun length 510 microns. 
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FIGURE IV Photomicrographs of foliated and recrystalized hemipelagic limestone with planktonic 
microfossils.  Morel Formarion, Locality Morel. See location in Fig. I and further details in Fig. 4 in the 
printed version. Microfacies with Hedbergella simplex (H) and Heterohelicidae (T).  Width of the field 1410 
microns 



M.A. ITURRALDE-VINENT  et al.        Cretaceous-Danian Sections in Eastern Cuba 

 
 
FIGURE V Photomicrographs of biodetritic calcarenite with planktonic and benthic microfossils.  
Santo Domingo Formarion, Locality Centeno (Fig. I).  A. Microfacies with Sulcorbitoides sp. (S) and 
Globotruncanita calcarata (G). Width of the field 3900 microns;   B.  Sulcorbitoides pardoi (S) Maximun 
length 990 microns; C.  Globotruncanita calcarata (G) Maximun length 480 microns. 
 



Primitive Cretaceous island-arc volcanic rocks in eastern Cuba:
the Téneme Formation

The Téneme Formation is located in the Mayarí-Cristal ophiolitic massif and represents one of the three Creta-
ceous volcanic Formations established in northeastern Cuba. Téneme volcanics are cut by small bodies of 89.70
± 0.50 Ma quarz-diorite rocks (Río Grande intrusive), and are overthrusted by serpentinized ultramafics.
Téneme volcanic rocks are mainly basalts, basaltic andesites, andesites, and minor dacites, and their geochemi-
cal signature varies between low-Ti island arc tholeiites (IAT) with boninitic affinity (TiO2 < 0.4 %; high field
strength elements << N-type MORB) and typical oceanic arc tholeiites (TiO2 = 0.5-0.8 %). Basaltic rocks
exhibit low light REE/Yb ratios (La/Yb < 5), typical of intraoceanic arcs and are comparable to Maimón For-
mation in Dominican Republic (IAT, pre Albian) and Puerto Rican lavas of volcanic phase I (island arc tholei-
ites, Aptian to Early Albian). The mantle wedge signature of the Téneme Formation indicates a highly depleted
MORB-type mantle source, without any contribution of E-MORB or OIB components. Our results suggest that
Téneme volcanism represents a primitive oceanic island arc environment. If the Late Cretaceous age (Turonian
or early Coniacian) proposed for Téneme Formation is correct, our results indicate that the Cretaceous volcanic
rocks of eastern Cuba and the Dominican Republic are not segments of a single arc system, and that in Late
Cretaceous (Albian-Campanian) Caribbean island arc development is not represented only by calc-alkaline
(CA) volcanic rocks as has been suggested in previous works.

Geochemistry. Volcanic rocks. Primitive-island arc. Téneme Formation. Cuba.
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INTRODUCTION

Donnelly and Rogers (1980) and Donnelly et al.
(1990) distinguished three igneous series in the develop-
ment of the circum-Caribbean Island Arc. The first stage
of arc development is characterized by mid-ocean ridge
basalts (MORB). The second stage is represented by the
so-called “primitive island-arc” (PIA) (pre-Albian), simi-
lar in composition and tectonic setting to island-arc
tholeiites (IAT); this volcanic activity appears to be con-
temporaneous with the MORB series. The third stage of
Caribbean island arc development is represented by Late
Cretaceous (Albian-Campanian) to Early Oligocene calc-
alkaline (CA) volcanic rocks. In addition, Kerr et al.
(1999) suggested that the oldest arc volcanism in the
northern Caribbean region is a short-live boninitic arc,
which predates the PIA series.

The PIA volcanic rocks consist of basalts, basaltic
andesites and less common dacites and/or rhyolites. All
these rocks are strongly altered by seawater. This process
modified the mafic rocks to spilite, and the felsic rocks to
keratophyre and quartz keratophyre. PIA volcanics in
Greater Antilles include the following units from east to
west (Fig. 1): Water Islands Formation in the Virgin
Islands; pre-Robles Formation of eastern Puerto Rico;
Los Ranchos and Tortue-Amina-Maimón Formations in
Hispaniola; clasts of PIA rocks in pre-Camujiro sedimen-
tary rocks near the province of Camagüey, and Los Pasos
Formation in Central Cuba (Donnelly and Rogers, 1980;
Donnelly et al., 1990; Lebron and Perfit, 1993, 1994; Itur-
ralde-Vinent, 1994, 1996b, 1996c; Lewis et al., 1995,
2000, 2002; Díaz de Villalvilla, 1997; Díaz de Villalvilla
et al., 1994; Simon et al., 1999; Lidiak and Jolly, 2002;
Blein et al., 2003).

In addition, Lebron and Perfit (1994) suggested that
the Téneme Fm in eastern Cuba could also belong to the
PIA volcanism (Pre-Albian), because of the presence of
tholeiite rocks as reported by Torrez and Fonseca (1990).
However, up to the present work, no detailed petrochemi-
cal studies have been carried out to characterize the
Téneme volcanic arc magma source, and its inclusion in
the PIA series is uncertain. 

In this paper, we provide new data on petrographic
characteristics, mineral chemistry, and whole rock con-
tents in major and trace elements (high field strength ele-
ments: HFSE and rare earth elements: REE) of the
Téneme volcanic rocks of eastern Cuba. According to our
data, we suggest that Téneme volcanism represents a
primitive oceanic island arc environment, and that Creta-
ceous volcanic rocks of eastern Cuba and the Dominican
Republic are not segments of a single arc system. 

CRETACEOUS ARC-RELATED VOLCANIC ROCKS IN
NORTHEASTERN CUBA

The geology of the northern part of eastern Cuba is
characterized by the presence of the “Mayarí-Baracoa
ophiolitic belt” (MBOB; Iturralde-Vinent, 1996a; Pro-
enza et al., 1999a; Cobiella-Reguera, 2005), which
includes two allochthonous massifs: the Mayarí-Cristal
massif to the west and the Moa-Baracoa massif to the
east (Fig. 2). The MBOB is a strongly faulted pseudotab-
ular body that is ca. 170 km long, 10 to 30 km wide, and
on average 3.5 km thick, and mainly comprised of
harzburgite tectonites (Proenza et al., 1999a, b; Marchesi
et al., 2003, in press). These ophiolitic rocks are in sys-
tematic tectonic contact with Cretaceous volcanic rocks. 
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FIGURE 1 Distribution of the primitive island arc (PIA) series (gray shade) in Greater Antilles, based on the compilation of Simons et al. (1999).
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FIGURE 2 Geological map of the easternmost part of Cuba, showing the main outcrops of Cretaceous arc-related volcanic rocks.
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In northeastern Cuba three units of Cretaceous vol-
canic and sedimentary rocks have been distinguished,
namely the Quibiján, Santo Domingo, and Téneme For-
mations (Knipper and Cabrera, 1974; Quintas, 1988,
1989; Quintas et al., 1994; Torres and Fonseca, 1990;
Gyarmati and Leyé O’Conor, 1990; Gyarmati et al., 1997;
Iturralde-Vinent, 1976, 1996a, 1996b; Kerr et., 1999; Itur-
ralde-Vinent et al., this volume) (Fig. 2). Quibiján Fm
crops out in the Moa-Baracoa massif, and has its type sec-
tion along the Quibiján river basin (Quintas, 1988, 1989).
According to Quintas (1988), the volcanic sequence is
more than 500 m thick, and mainly consists of porphyritic
and amygdaloidal basalts and tuffaceous rocks. In addition,
several outcrops of Cretaceous volcanic rocks, which occur
in tectonic contact with the serpentinized peridotites of the
Moa-Baracoa massif, along the Moa-Baracoa road, have
been reported as part of the Quibiján Fm (e.g. Morel and
Duaba areas; Fig. 3A). At Morel these volcanic rocks con-
sist of a sequence of pillowed basalts interbedded with
cherts and hyaloclastites. Two samples analyzed by Kerr et
al. (1999) exhibit island arc tholeiite affinity and were
interpreted as formed in a back-arc basin.

At the type section south of the town of Calabazas, the
Santo Domingo Fm is represented by tuffs and tuffaceous

rocks intercalated with scarce limestone beds. Sills of
porphyritic andesites also occur. The volcanic sequence is
more than 2000 m thick (Iturralde-Vinent, 1976, 1996b).
Iturralde-Vinent et al. (this volume), suggest that the San-
to Domingo Fm is Turonian(?)-Campanian in age. No
detailed geochemical studies have been performed to
characterize the Santo Domingo volcanics, although
Gyarmati et al. (1997) suggested a tholeiite and calc-alka-
line affinity based on major element geochemistry.

Geochemical data from relatively immobile trace ele-
ments, including HFSE and REE, in the Quibiján (as
defined by Quintas, 1988) and Santo Domingo Fms are
not available. Thus, the geochemical affinity, magma
source and tectonic setting of Quibiján and Santo Domin-
go volcanism are uncertain. 

The Téneme Formation

Téneme Formation is located in the Mayarí-Cristal
massif, west of the Sagua de Tánamo region (Fig. 2).
According to the 1:500,000 Geological Map of Cuba
(Linares et al., 1985), these volcanic rocks were included
within the Santo Domingo Fm. Later, Téneme volcanics
were formalized as an independent lithostratigraphic unit



(Téneme Formation, see Geological Map 1:250,000 of the
Republic of Cuba; Pushcharovsky et al., 1988). Accord-
ing to Iturralde-Vinent et al. (this volume), the age of
Téneme Fm is Late Cretaceous. The fossil assemblage
includes radiolaria and planktonic foraminifera that can
be dated as Turonian to early Coniacian (Marginotrun-
cana, Whiteinella spp.).

In the study region (Fig. 2), the Téneme Fm is
exposed within an area of approximately 40 km2 (Fig.
4), and is overthrusted by the ultramafic rocks of the
Mayarí-Cristal ophiolitic massif (Fig. 3B). North of the
study area, Téneme volcanics are unconformably over-
layed by Paleogene volcanic sedimentary rocks of the
Sabaneta Formation (Fig. 4), whereas toward the east
they are in tectonic contact with Late Cretaceous-Pale-
ocene sedimentary rocks (Micara and Picota Fms; Itur-
ralde-Vinent, 1976; Quintas, 1989; Iturralde-Vinent et
al., this volume).

The Téneme volcanic sequence has been studied in
detail along the Río Grande (Adamovich et al., 1963;
Knipper and Cabrera, 1974). These authors subdivided
the volcanic sequence into three sections. The lower
section is represented mainly by basaltic andesites, and
reaches up to 500 m in thickness. The intermediate sec-
tion is made up of basalts, basaltic andesites and
spilites, and it is up to 1200 m thick. The upper section
consists of a 300 m thick sequence of lavas, interbed-
ded tuffs, and tuffaceous sandstones. Adamovich et al.
(1963) and Knipper and Cabrera (1974) stated that
Téneme Formation reaches up to 2000 m in thickness,
but our field observations indicate this datum is overes-
timated. We consider that the thickness of the volcanic
sequence is less than 1000 m.

Three small bodies of intrusive rocks are exposed
toward the southeastern boundary of the study area. These
plutonic rocks (Río Grande intrusive, Fig. 4) are medium
to fine-grained, quartz diorites that exhibit a strong folia-
tion defined by amphibole orientation.

SAMPLING AND ANALYTICAL PROCEDURES

Téneme volcanic rocks were sampled in their type
section. A total of 24 samples were collected: 20 vol-
canics and 4 plutonic rocks from the intrusive outcrop in
the southeast part of the study area (Fig. 4). In addition,
two samples (M-1 and D-1) of the Quibiján Fm, from
along the Moa-Baracoa road, were also analyzed for com-
parison. The sample M-1 was taken from the locality of
Morel, the same area of samples QUI1 and QUI2 of Kerr
et al. (1999), and sample D-1 was collected in the locality
of Duaba, very near of Baracoa city.

Chemical analyses of the mineral phases were carried
out with a CAMECA SX 50 electron microprobe at the Uni-
versity of Barcelona as described by Proenza et al. (1999a). 

Major elements and selected trace elements (Y, Zr, V,
Cr, Co, Ni, Cu and Zn) contents were determinated by
XRF at the Universidad Nacional Autónoma de México
(UNAM). Li, Cs, Be, Sc, Zn, Ga, Nb, Ta, Mo, Sn, Tl, Pb, U,
Th and REE were measured by ICP-MS at the Centro de
Instrumentación Científica, at the University of Granada.

Hornblende mineral separates from quartz diorite samples
Tm-35 (36.5 mg) and Tm-37 (110.0 mg) were produced and
later irradiated for 8 hours in package KD33 at the TRIGA
reactor at the U.S. Geological Survey in Denver. The monitor
mineral used was Fish Canyon Tuff sanidine (FCT-3) with an
age of 27.79 Ma (Kunk et al., 1985; Cebula et al., 1986). Both
hornblende separates were analyzed at the U.S. Geological
Survey Argon Thermochronology lab in Denver on a VG Iso-
topes Ltd., Model 1200 B Mass Spectrometer fitted with an
electron multiplier using the 40Ar/39Ar step-heating method of
dating. For additional information on both, analytical proce-
dures and data reduction, see Kunk et al. (2001). We used the
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FIGURE 3 Outcrop pictures of the Quibiján (A) and Téneme (B) Fms
at the Moa-Baracoa and the Mayorí-Cristal massives, respectively.
These volcanic rocks are overthrusted by ultramafic rocks (mainly
serpentinite and serpentinized harzburgite) of the Mayarí-Baracoa
ophiolitic belt. See Fig. 1 for location. 



decay constants recommended by Steiger and Jager (1977).
Plateau ages, not present, are identified when three or more
contiguous steps in the age spectrum agree in age, within the
limits of analytical precision, and contain more than 50% of
the 39ArK released from the sample. Average ages are calculat-
ed in the same manner as plateau ages except that contiguous
steps do not agree in age.

PETROGRAPHIC DESCRIPTION AND MINERAL
CHEMISTRY OF THE TÉNEME VOLCANICS

Volcanic rocks of the Téneme Fm are mainly composed
of basalts, basaltic andesites, andesites, and minor dacites. In
general, Téneme volcanics underwent extensive hydrother-
mal processes that led to formation of abundant quartz veins.

FIGURE 4 Geological map of the area of Téneme volcanics. Geology based on the compilation map of Gyarmati and Leyé O’Conor (1990). Sample
locations are indicated.
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In thin section the volcanic rocks mainly show a por-
phyritic texture, but glomeroporphyritic and aphyric textures
are also observed. The samples contain relict phenocrysts or
microphenocrysts of clinopyroxene, plagioclase, Cr-spinel,
and altered (serpentinized and/or chloritized) olivine and
orthopyroxene. Primary amphibole is absent in all studied
samples. The groundmass comprises plagioclase and
clinopyroxene microlites, and devitrified glass. Accessory
minerals include apatite and subhedral magnetite. Alter-
ation products are chlorite, albite, epidote, clinozoisite,
calcite and quartz. All samples exhibit zeolite and prehnite-
pumpellyite facies metamorphism or lower greenschist
grade that overprinted the primary groundmas. 

Clinopyroxene

Representative analyses of clinopyroxenes from
Téneme volcanic rocks are displayed in Table 1. Clinopy-
roxene analyses are plotted in the enstatite-diopside-
hedenbergite-ferrosilite quadrilateral, following the clas-
sification of Morimoto et al. (1989). They lie in the augite
field and predominantly in the Mg-rich portion (Fig. 5A).
Clinopyroxene phenocrysts from basaltic rocks have low
Ti contents (Table 1), and plot in the island arc tholeiite
(Fig. 5B) field of Leterrier et al. (1982). In addition, the
composition of Téneme clinopyroxene crystals is similar
to that observed in suprasubduction zone (SSZ) ophiolites
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FIGURE 5 A) Compositions of clinopyroxene phenocrysts of basaltic rocks from the Téneme Fm, expressed in terms of wollastonite-enstatite-fer-
rosilite abundances. Pyroxene nomenclature is from Morimoto et al. (1989). B) Variation of Ti versus total Al in clinopyroxene phenocrysts from
basaltic rocks of the Téneme Fm. Notice as all samples plot into the island arc tholeiite field of Leterrier et al. (1982). C) TiO2-Na2O-SiO2/100 dis-
crimination diagram (Beccaluva et al., 1989) for clinopyroxene from basaltic rocks of the Téneme Fm. NM: normal MORB; EM: enriched MORB; ICB:
Iceland basalts; IAT: island arc tholeiites; BON: boninites; BA-A: intraoceanic fore arc basalts and andesites.
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1 2 3 4 5 6 7 8 9 10 11 12

SiO2 53.63 53.27 52.00 52.08 53.97 54.08 52.62 52.83 52.83 52.28 53.05 52.99
TiO2 0.11 0.12 0.28 0.24 0.04 0.06 0.14 0.16 0.19 0.17 0.19 0.16
Al2O3 1.34 1.54 1.60 1.68 0.99 0.94 2.02 1.90 2.07 2.26 1.50 1.71
Fe2O3 0.79 1.64 1.81 1.47 1.29 1.65 2.36 1.53 1.85 2.33 1.30 1.93
MgO 18.74 18.65 14.51 14.38 18.77 19.65 18.00 17.72 17.61 17.54 17.77 17.75
CaO 20.45 21.21 20.70 21.02 21.26 21.06 20.38 20.74 20.69 20.58 19.40 19.41
MnO 0.20 0.13 0.36 0.13 0.16 0.13 0.17 0.17 0.11 0.15 0.22 0.21
FeO 3.85 2.48 8.47 8.62 2.91 1.88 3.71 4.09 4.66 4.17 6.17 6.00
Na2O 0.12 0.17 0.25 0.26 0.17 0.14 0.21 0.20 0.15 0.15 0.14 0.17
K2O 0.00 0.00 0.02 0.01 0.00 0.02 0.01 0.00 0.00 0.00 0.01 0.00
Total 99.22 99.21 99.99 99.87 99.56 99.60 99.60 99.33 100.16 99.64 99.74 100.33

Si 1.96 1.95 1.94 1.95 1.97 1.96 1.93 1.94 1.93 1.92 1.95 1.94
Ti 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.00
Al 0.06 0.07 0.07 0.07 0.04 0.04 0.09 0.08 0.09 0.10 0.07 0.07
Fe3+ 0.02 0.05 0.05 0.04 0.04 0.05 0.07 0.04 0.05 0.06 0.04 0.05
Mg 1.02 1.02 0.81 0.80 1.02 1.06 0.98 0.97 0.96 0.96 0.97 0.97
Ca 0.80 0.83 0.83 0.84 0.83 0.82 0.80 0.82 0.81 0.81 0.76 0.76
Mn 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.01 0.00 0.01 0.01 0.01
Fe2+ 0.12 0.08 0.26 0.27 0.09 0.06 0.11 0.13 0.14 0.13 0.19 0.18
Na 0.01 0.01 0.02 0.02 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Cations calculated on the basis of 6 oxygens

and their modern analogues (e.g. Beccaluva et al., 1989;
Bortolotti et al., 2002). On the SiO2/100-TiO2-Na2O dis-
crimination diagram, the clinopyroxene crystals from the
Téneme volcanic rocks plot in the intraoceanic forearc
basalts and basaltic andesite field (Fig. 5C).

Cr-spinel

The presence of Cr-spinel in Téneme basaltic rocks is
in accordance with the high Cr content of the whole rock
(up to 1027 ppm in sample Tm-29; Table 2). Cr-spinels
have high Cr# ([Cr/(Cr+Al)] ≥0.8) and low TiO2 contents
(≤0.25 wt %) (Table 2). This composition is similar to
that of Cr-spinel reported from Troodos volcanics, and
comparable to that found in boninites (Fig. 6A). In gener-
al, Cr-spinels are depleted in Fe2O3, and can be interpret-
ed as close to their magmatic compositions. The lowest
values of Mg/(Mg+Fe2+) probably result from partial re-
equilibration of Cr-spinel crystals with the liquid during
groundmass crystallization.

According to Barnes and Roeder (2001), there is a
petrogenetic link between some ophiolite complexes and
boninitic lavas. In this sense, accessory chromite in dunite
from the easternmost part of the Mayarí-Cristal ophiolitic

massif (Sagua de Tánamo region) have Cr# just above the
field of abyssal peridotites, and similar to those in equi-
librium with IAT and boninitic magmas (Fig 6B). Thus,
some Sagua de Tánamo dunites probably formed when
depleted IAT or boninite melts passed through mantle
harzburgite. Such magmas could be represented by Cr-
rich spinel-bearing Téneme volcanics.

GEOCHEMISTRY OF TÉNEME VOLCANIC ROCKS

Geochemical classification 

Studies on element mobility during alteration process-
es show that the most mobile elements are K, Na, Rb, Ba,
Sr, Ca, Mg, Si, Fe and Mn. In contrast, Ti, Al, Nb, Y, Th,
Ta, Zr, Hf, as well as most of the REE (mainly MREE
and HREE) are considered to be practically immobile. In
order to examine the geochemical signature of the
Téneme rocks immobile HFSE and REE have been pref-
erentially considered. 

Analyzed samples from the Téneme Fm are classified
in two groups according to silica content: basaltic type
(50 < SiO2 < 60 wt%) and intermediate type (60 < SiO2 <
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TABLE 1 Representative analyses of clinopyroxenes from Téneme volcanics.



70 wt% for samples Ten-3, Tm-12 and Tm-13). They show
relatively high MgO contents (5-10 wt%, except for one
sample) and exhibit a clear IAT affinity (TiO2 = 0.28-0.83
wt%, Zr = 28-96 ppm, Y = 7-17 ppm; P2O5 < 0.1 wt%).
Two analyzed samples from the Quibiján Formation
(samples M-1 and D-1) are basaltic rocks with TiO2 con-
tents above 1 wt% (Table 3).

Hawkesworth et al. (1993a, 1993b), subdivided island
arc basaltic rocks on the basis of their LREE/HREE ratio:
(1) low-LREE series represent intraoceanic arcs, and (2)
high-LREE series are representative of arcs developed in
proximity to continental margins. On the La-Yb variation
diagram (Fig. 7) Téneme and Quibiján basaltic rocks fall
within the low-LREE/Yb island arc basalt field (La/Yb <
5), similar to those from the Maimón Formation in
Dominican Republic (IAT, pre Albian; Lewis et al., 2002),
and to the Puerto Rican lavas of volcanic phase I (IAT,
Aptian to Early Albian; Jolly et al., 2001).

REE and spider diagrams of the Téneme volcanics

Téneme volcanic rocks exhibit slight REE enrichment,
and MREE and HREE depletion with respect to N-type
MORB (Fig. 8A). The relative enrichment in LREE may
be linked to interaction with subduction-related fluids. 

Similar LREE enrichment and MREE and HREE
depletion with respect to N-type MORB characterize PIA
meta-basaltic rocks of Cerro de Maimón (southern margin
of the Maimón Fm, Dominican Republic; Lewis et al.,
2000), as illustrated in Fig. 8B. This figure shows that
there is a strong similarity among REE patterns of
Téneme basaltic rocks and those of meta-basalts from the
Maimón Formation, and of boninites from the western
Pacific island arcs. 

In contrast to Téneme volcanics, the Morel basalt (sam-
ple M-1) has a relatively flat REE pattern similar to N-
MORB, confirming the results reported by Kerr et al.
(1999). This REE pattern exhibits a slight peak at Nd-Sm,
which is typical of BABB (Back-arc basin basalts) pro-
duced during the earliest stages of back-arc basin spreading
(Hawkins and Allan, 1994; Meffre et al., 1996). However,
the Duaba basalt (sample D-1) shows a slight enrichment
in LREE, with a flat MREE to HREE segment (Fig. 8C).

As generally reported for island arc suites, MORB-
normalized multielement plots reveal that Téneme
basaltic rocks are enriched in LILE with respect to LREE
and depleted in HFSE, MREE and HREE (Fig. 9A).
These patterns are similar to those reported for
metabasaltic rocks from the Maimón and Los Rancho
Formations in Dominican Republic (Fig. 9B) (Lewis et
al., 2000, 2002), interpreted as original basalts formed

respectively in the forearc and in the axial region of a
nascent primitive island arc (see Lewis et al., 2000,
2002). In contrast, MORB-normalized multielement pat-
terns of Morel and Duaba basalts indicate a more fertile
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FIGURE 6 A) Compositions of chromite from Téneme volcanics (sam-
ple Tm-29) compared to chromite of various magma types. B) Summa-
ry of chromite data from the eastern part of Mayarí-Cristal ophiolitic
massif (Sagua de Tánamo region; Proenza et al., 1999; 2003), which
is in tectonic contact with the Téneme volcanics. Fields of different
magma types and abyssal peridotites are from compilation of Metzger
et al. (2002).
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1 2 3 4 5 6 7 8 9 10

TiO2 0.21 0.21 0.23 0.25 0.19 0.15 0.19 0.20 0.20 0.17
Al2O3 9.20 9.89 9.92 9.84 9.21 9.11 9.49 9.39 9.42 9.03
V2O3 0.13 0.21 0.10 0.12 0.16 0.15 0.09 0.15 0.07 0.09
Cr2O3 55.28 58.04 58.76 58.69 55.34 54.74 56.81 56.24 56.22 55.33
Fe2O3 4.71 5.23 5.63 5.43 4.37 3.97 4.39 5.21 4.38 4.40
MgO 6.18 13.19 14.69 14.60 6.46 4.64 8.95 8.96 7.30 5.86
MnO 0.95 0.40 0.24 0.26 0.83 0.95 0.61 0.69 0.81 0.81
FeO 23.13 13.23 11.29 11.29 22.59 25.11 19.30 19.24 21.71 23.54
NiO 0.13 0.09 0.12 0.15 0.19 0.14 0.16 0.20 0.18 0.15
ZnO 0.52 0.03 0.05 0.02 0.67 0.80 0.18 0.27 0.26 0.45
Total 100.44 100.54 101.02 100.64 100.02 99.76 100.16 100.54 100.54 99.83

Ti 0.04 0.04 0.05 0.05 0.04 0.03 0.04 0.04 0.04 0.04
Al 2.95 3.01 2.98 2.97 2.96 2.98 2.99 2.95 2.99 2.92
V 0.03 0.04 0.02 0.02 0.04 0.03 0.02 0.03 0.02 0.02
Cr 11.91 11.85 11.83 11.86 11.95 12.01 12.00 11.85 11.98 12.02
Fe3+ 0.97 1.02 1.08 1.05 0.90 0.83 0.88 1.05 0.89 0.91
Mg 2.51 5.08 5.57 5.56 2.63 1.92 3.56 3.56 2.93 2.40
Mn 0.22 0.09 0.05 0.06 0.19 0.22 0.14 0.16 0.18 0.19
Fe2+ 5.27 2.86 2.40 2.41 5.16 5.83 4.31 4.29 4.89 5.41
Ni 0.03 0.02 0.02 0.03 0.04 0.03 0.03 0.04 0.04 0.03
Zn 0.10 0.01 0.01 0.00 0.14 0.16 0.04 0.05 0.05 0.09
Total 24.03 24.00 24.01 24.00 24.04 24.05 24.02 24.02 24.02 24.03

Cations calculated on the basis of 32 oxygens

source than for the Téneme basaltic rocks. However, Dua-
ba sample has a more marked Nb anomaly than Morel
basalt (Fig. 9C).

Magma source and tectonic setting

The Téneme basaltic rocks have IAT affinity, with a
TiO2 content ranging from 0.28 to 0.53 wt %. Only one
sample (Tm-21) is relatively TiO2-rich (0.83 wt %). In
contrast, the Quibiján volcanics exhibit TiO2 contents
ranging from 1.04 (sample D-1) to 1.90 (M-1) wt % and
plot in the field of basalts generated at mid-ocean ridge
setting (Fig. 10A). On the Th-Hf/3-Nb/16 diagram (Fig.
10B) Téneme basaltic rocks and Duaba basalt (D-1) have
a supra-subduction zone (SSZ) signature, whereas Morel
sample (M-1) lies in the overlap zone of BABB and
MORB fields.

In the Cr-Y diagram (Fig. 11A), all the Téneme
basaltic rocks plot in both the IAT and boninite fields
(mainly along the high-Ca boninites crystallization vec-
tor), whereas values exhibited by Quibiján samples are
proper to the BABB and MORB fields. On the TiO2-Zr
diagram (Fig. 11B) the Téneme basaltic rocks plot within

and close to the field of the Izu-Bonin-Mariana (IBM)
forearc boninites, whereas the Quibiján volcanics follow
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TABLE 2 Representative analyses of chromian spinels from Téneme volcanics.

FIGURE 7 La-Yb abundances in Téneme and Quibiján volcanic
rocks. Fields of Central Puerto Rican volcanic phases are from Jolly et
al. (2001), and data of Maimón Fm is taken from Lewis et al. (2000,
2002).

Low
LREE/HREE

IAB

High
LREE/HREE

IAB

La/Y
b = 5

0

5

10

15

20

25

30
Téneme  (  )    Quibiján (  )    Maimón (   )

SiO     55%2

Puerto Rican
volcanic phase I

Puerto Rican
volcanic phase

III

Puerto Rican
volcanic phase

II

0 1 2 3 4 5

Yb (ppm)

L
a

(p
p
m

)

D-1

M-1



Primitive Cretaceous island arc vulcanites in E CubaJ.A. PROENZA et al.

112Geolog ica  Acta ,  Vo l .4 ,  Nº1-2,  2006,  103-121

TABLE 3 Representative major-elements (wt%) and trace elements (ppm) analyses from the Téneme volcanic rocks (Lt-1, Tm-21, Tm-29, Tm-14, Tm-1,
Ten-1, Tm-20, Ten-2, Tm-8), Río Grande intrusive rocks (Tm-35, Tm-37, Tm-38) and Quibiján basalts (M-1 and D-1).

Lt-1 Tm-21 Tm-29 Tm-14 Tm-1 Ten-1 Tm-20 Ten-2 Tm-8 Tm-35 Tm-37 Tm-38 Tm-39 M-1 D-1

SiO2 50.21 50.51 52.44 54.53 55.95 55.45 58.19 57.63 59.75 59.66 59.19 58.01 58.80 47.35 46.23

TiO2 0.51 0.83 0.53 0.37 0.28 0.46 0.45 0.40 0.39 0.41 0.44 0.47 0.47 1.77 1.04

Al2O3 15.80 17.68 11.81 14.23 12.77 18.86 14.55 15.73 15.39 17.97 18.47 18.08 18.09 14.01 14.08

FeO* 9.19 10.44 8.64 8.00 7.43 7.03 7.46 6.85 6.60 6.39 6.26 7.15 7.18 11.25 13.40

MnO 0.12 0.19 0.12 0.13 0.13 0.11 0.12 0.11 0.08 0.13 0.13 0.15 0.15 0.19 0.25

MgO 10.44 4.88 9.95 8.00 9.17 4.27 5.59 5.15 7.73 2.34 2.39 2.78 2.65 7.20 8.77

CaO 8.53 8.04 11.38 9.24 8.32 7.84 10.06 9.05 0.49 7.53 7.57 7.63 7.85 12.25 8.21

Na2O 1.47 3.29 2.22 1.42 2.69 2.79 1.51 1.69 4.49 2.85 2.92 2.88 2.31 1.71 2.91

K2O 0.32 0.85 1.42 0.71 0.28 0.50 0.22 0.25 0.22 0.61 0.63 0.46 0.37 0.50 0.03

P2O5 0.04 0.10 0.08 0.05 0.03 0.08 0.06 0.06 0.07 0.07 0.08 0.08 0.09 0.16 0.20

LOI 4.11 3.40 1.25 3.78 3.09 3.08 2.26 3.55 4.82 2.47 2.34 2.85 2.69 4.06 5.33

Total 100.76 100.18 99.86 100.48 100.15 100.47 100.48 100.47 100.03 100.43 100.42 100.54 100.65 100.45 100.44

Y 9.00 13.00 17.00 6.00 9.00 11.00 10.00 10.00 7.00 13.00 13.00 15.00 13.00 33.00 21.00

Zr 75.00 51.00 61.00 52.00 28.00 96.00 60.00 60.00 83.00 53.00 42.00 56.00 50.00 119.00 103.00

V 245.00 325.00 199.00 187.00 185.00 190.00 199.00 170.00 218.00 161.00 165.00 178.00 156.00 359.00 345.00

Cr 239.00 51.00 1027.00 293.00 500.00 45.00 194.00 171.00 94.00 50.00 54.00 60.00 21.00 161.00 596.00

Li 18.32 9.26 1.46 12.99 7.15 8.56 8.23 10.66 17.33 5.62 5.75 7.56 6.41 9.94 25.38

Rb 3.78 8.44 28.76 8.27 3.21 5.35 3.05 4.29 2.43 13.25 13.16 9.47 7.80 5.11 0.06

Cs 0.30 0.22 0.15 0.21 0.17 0.30 0.05 0.09 0.19 0.39 0.67 0.49 0.47 0.15 0.14

Be 0.57 0.41 0.44 0.32 0.36 0.51 0.51 0.64 0.40 0.49 0.28 0.17 0.23 0.61 0.57

Sr 276.02 323.54 125.46 358.00 291.88 581.81 236.74 333.35 68.10 134.80 146.64 138.83 118.50 58.18 78.06

Ba 307.23 421.20 563.50 135.27 116.44 627.09 89.41 232.74 81.32 299.58 449.64 289.67 191.31 8.02 36.91

Sc 34.85 38.28 31.10 35.96 33.15 30.04 31.80 30.82 29.62 21.94 20.69 25.65 25.22 45.01 35.33

Co 41.09 36.73 62.39 39.02 45.23 71.32 57.47 51.58 30.26 44.13 43.41 41.73 42.73 44.94 47.11

Ni 94.77 33.23 587.65 66.09 122.25 87.26 64.82 761.25 52.05 37.75 122.82 98.17 24.81 65.21 347.72

Cu 77.70 144.04 21.60 78.52 54.39 72.62 54.32 35.84 141.86 8.45 10.47 10.83 4.86 53.41 55.83

Zn 62.07 96.57 60.40 63.95 55.92 57.87 53.43 59.30 156.55 45.68 43.32 51.24 46.98 97.61 113.10

Ga 18.05 18.35 10.16 14.38 11.59 19.22 17.18 16.31 16.86 18.28 18.62 18.37 18.57 20.96 16.40

Nb 1.05 1.31 1.05 1.35 1.16 1.19 0.68 0.96 0.61 1.39 1.43 1.61 1.54 3.00 1.69

Ta 0.18 0.35 0.24 0.39 0.42 0.30 1.43 0.30 0.17 0.74 0.72 0.63 0.67 0.39 0.32

Hf 1.66 3.35 1.17 3.36 3.14 1.83 1.04 1.39 1.24 0.38 0.36 0.43 0.26 2.99 4.00

Mo 3.93 3.22 46.50 2.30 1.89 13.91 1.73 158.89 5.37 6.52 24.11 20.02 3.46 1.50 3.62

Sn 0.08 0.19 0.52 0.23 0.04 0.11 0.39 0.27 0.00 0.42 0.35 0.33 0.11 0.27 0.58

Tl 0.06 0.08 0.24 0.06 0.02 0.09 0.02 0.01 0.01 0.08 0.09 0.06 0.05 0.02 0.01

Pb 2.82 2.41 0.91 1.88 1.90 3.61 4.51 2.77 2.47 1.29 1.37 1.28 0.88 0.38 2.41

U 0.69 0.38 0.25 0.32 0.38 0.65 0.35 0.53 0.42 0.68 0.26 0.32 0.23 0.27 0.33

Th 0.68 0.58 0.32 0.61 0.46 0.87 0.39 0.66 0.62 0.51 0.76 0.86 0.77 0.17 0.70

La 3.80 4.11 3.74 3.00 1.60 7.60 3.67 5.41 9.35 5.17 5.34 5.42 4.66 3.68 5.69

Ce 9.25 11.65 9.94 8.69 4.75 17.44 9.19 11.87 18.99 10.75 11.24 11.88 9.92 11.87 15.63

Pr 1.26 1.73 1.55 1.17 0.65 2.33 1.36 1.65 2.64 1.39 1.46 1.55 1.35 2.06 2.53

Nd 5.96 8.48 7.53 5.10 2.81 9.71 6.68 7.22 11.29 6.28 6.02 7.26 6.14 11.33 12.50

Sm 1.37 2.51 2.19 1.43 0.95 2.33 1.93 1.71 2.48 1.56 1.55 1.90 1.72 4.07 3.54

Eu 0.63 0.91 0.86 0.51 0.39 0.98 0.62 0.61 0.87 0.74 0.85 0.75 0.69 1.37 1.16

Gd 1.35 2.92 2.09 1.56 1.35 2.38 1.75 1.65 2.48 1.73 1.63 2.04 1.79 5.26 3.83

Tb 0.21 0.50 0.34 0.24 0.23 0.38 0.29 0.29 0.38 0.29 0.28 0.35 0.30 0.91 0.65

Dy 1.33 2.98 2.10 1.48 1.45 2.41 1.84 1.95 2.45 2.05 1.94 2.37 2.07 6.21 4.18

Ho 0.29 0.64 0.43 0.30 0.33 0.53 0.41 0.41 0.51 0.46 0.43 0.56 0.50 1.37 0.93

Er 0.85 1.76 1.20 0.86 0.95 1.49 1.19 1.23 1.41 1.39 1.23 1.56 1.45 3.81 2.60

Tm 0.13 0.27 0.18 0.13 0.15 0.24 0.19 0.18 0.22 0.23 0.20 0.24 0.22 0.57 0.41

Yb 0.90 1.71 1.10 0.88 1.01 1.51 1.07 1.19 1.43 1.43 1.34 1.51 1.46 3.58 2.64

Lu 0.14 0.26 0.16 0.14 0.16 0.25 0.16 0.18 0.20 0.23 0.23 0.24 0.23 0.49 0.40



the MORB trend. The increase in TiO2 with a slight
increase in Zr is typical of the tholeiitic suite, whereas
IBM arc boninitic rocks exhibit a trend characterized by
increasing Zr at low concentration of TiO2. Hence, the
Téneme volcanic rocks show the characteristic Zr enrich-
ment of many Tertiary boninite suites. Téneme and Quibi-
ján volcanics also differ in terms of LREE/MREE, as
illustrated in La/Sm versus TiO2 diagrams (Fig. 11C).

Téneme rocks mainly plot in the field of IBM and North
Tonga boninites, whereas the Morel sample plots within
to the field of Lau back-arc basin, and the Duaba sample
close to Mariana arc rocks. 

In addition, the plot of Zr/Yb vs Nb/Yb (Fig. 12A)
reflects that both Téneme and Quibiján volcanic rocks
from eastern Cuba consistently exhibit geochemical con-
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FIGURE 8 A) N-MORB normalized REE patterns (Sun and McDo-
nough, 1989) for the Téneme volcanic rocks. B) Comparison of N-
MORB normalized REE patterns (Sun and McDonough, 1989) for
Téneme basaltic rocks with: 1) metabasalts and mafic schists of the
Maimón Fm (Lewis et al., 2002), and 2) western Pacific boninites
(Pearce et al., 1992). C) N-MORB normalized REE patterns (Sun and
McDonough, 1989) for the Quibiján basalts (Morel and Duaba areas).
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tributions from relative depleted mantle sources. These
results suggest that the basement beneath eastern Cuba
in Upper Cretaceous was a depleted or normal N-
MORB-type mantle. Téneme basaltic rocks and the sam-
ple of Duaba (D-1) have high Th contents associated
with derivation from arc mantle sources (Fig. 12B). In
contrast, the sample from Morel (M-1) has little slab
influence and lies within the mantle array.

Figures 12A and 12B also show that the sources of
Cretaceous volcanics arc rocks from Los Pasos Fm
(Central Cuba), Maimón Fm (Central Cordillera,
Dominican Republic), Puerto Rican volcanic phase I,

and Paleogene volcanics rocks of El Cobre Group (SE
Cuba) were depleted or N-MORB-type mantle wedges
(Fig. 12B), without any evidence of contribution from
an enriched mantle (e.g. mantle plume influence). 

THE RÍO GRANDE INTRUSIVE

Geochemistry

The Río Grande quartz diorite consists of plagio-
clase, hornblende, deformed quartz, and minor biotite
grains. K- feldspar is absent in all the analyzed samples.
Commonly, these intrusive rocks show extensive albiti-
zation and sericitization of plagioclase and minor
replacement of hornblende by chlorite and tremolite.

Geochemical data for the Rio Grande intrusive rocks
are listed in Table 3. The SiO2 content ranges from 58 to
60 wt%, and the MgO content varies between 2.34 and
2.65 wt%. All the samples are low in titanium (TiO2 ≤
0.47 wt%), potassium (K2O ≤0.63 wt%), Y (≤15 ppm),
Yb (≤1.5 ppm), and Nb (≤1.6 ppm). On the Nb vs Y
discrimination diagram (Pearce et al., 1984), the
Téneme intrusive rocks plot within the volcanic-arc and
syn-collisional granites field (no shown), while the K-
Na-Ca plot (Fig. 13A) shows that Río Grande plutonics
fall into the fields of Aruba batholith (Aruba, Dutch
Caribbean; White et al., 1999) and granitoid rocks of the
Cordillera Central (Dominican Republic; Lidiak and Jolly,
1996; Lewis et al., 2002).

As regards the REE contents of the Río Grande dio-
rites, all samples exhibit low incompatible element va-
lues and patterns characterized by a slight LREE enrich-
ment with flat MREE and HREE segments (Fig. 13B).
The Río Grande quartz-diorites are not significantly
depleted in HREE, suggesting that garnet control is
insignificant in the origin of these intrusive rocks. The
REE patterns are similar (except for the positive Eu
anomaly) to those of the tonalitic batholith exposed in
Aruba (White et al., 1999) and to those of granitoid
rocks of the Cordillera Central (Dominican Republic;
Lewis et al., 2002) (Fig. 13C). Finally, multielemental
diagrams for intrusive rocks show negative Nb ano-
malies, typical of arc volcanic suite. The overall geo-
chemical signature of Río Grande intrusive rocks sup-
ports the origin of these rocks in a subduction-related
environment.

40Ar/39Ar step-heating geochronology

The 40Ar/39Ar step-heating data are listed in Table 4
and presented in age spectra and isochron diagrams in
Fig. 14.
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The age spectrum for hornblende sample Tm-37 (Fig.
14A) is fairly concordant but it does not form a plateau.
However, the inverse-isotope correlation diagram (Fig.
14B) shows an isochron age at 89.70 ± 0.50 Ma with
good statistical constraints (40Ar/36Ar initial = 293 ± 6;
MSWD = 1.6; 53.1% of total 39ArK gas). A calculated
average age at 89.40 ± 0.20 Ma supports the isochron age
within limits of analytical error. 

In contrast, hornblende sample Tm-35 presents a dis-
turbed age spectrum (Fig. 14C) with a bad inverse-isotope
correlation (unacceptable MSWD of 640; Fig. 14D). A
calculated average age of 105.20 ± 0.30 Ma is the best
approximation for the age of this hornblende sample;
however, this age is clearly overestimating the age of the
sample perhaps due to the presence of excess argon in the
hornblende as observed in its climbing spectrum (Fig.
14C). This age is also too old based on geological field
relationships since the package of Téneme volcanics,
being intruded by the quartz diorite, present intercalated
Cenomanian-Turonian fossil faunas (Iturralde-Vinent et
al., this volume). This fact, combined with the relatively
bad behaviour of this sample with respect to Argon sys-
tematics, force us to discard this analysis to determine the
age of the quartz diorite. 

The fine-grained, perhaps hypabissal(?) character of
the quartz-diorite intrusion would imply that the cooling
of the body was fairly fast, indicating that the hornblende
isochron age at 89.70 ± 0.50 Ma (sample Tm-37) is the
time of crystallization of the Rio Grande quartz diorite. In
addition, this crystallization-intrusion age could be used
to estimate the minimum possible age for the Téneme
volcanics in the Rio Grande area. 

DISCUSSION AND CONCLUSIONS

According to trace element discrimination diagrams
presented in this paper, we infer that Téneme basaltic
rocks are low-Ti island arc tholeiites (low-Ti IAT) with
boninitic affinity. Two basalt samples from Quibiján Fm
differ in their geochemical characteristics; e.g. Duaba
basalt has a light REE enrichment normalized pattern,
whereas Morel basalt has a relatively flat REE pattern
similar to N-MORB. Thus, these volcanic rocks were not
derived from the same parental magma, and should not be
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included in the same lithostratigraphic unit (Quibiján For-
mation). These data indicate that the so-called Quibiján
Formation, as defined today, include basalts from different
origins, and in consequence need further detailed field,
geochemical, and geochronological investigations.

The Téneme volcanic Formation consists of both
tholeiites with boninitic affinity and typical oceanic arc
tholeiites. These volcanic rocks have a geochemical
signature similar to that of the Maimón Formation in
Dominican Republic, (Lewis et al., 2000, 2001), and in
general to that of the primitive (pre-Albian) island arc
series described in the circum-Caribbean region. 

Iturralde-Vinent et al. (this volume) propose, based on
paleontological dating, a Turonian to early Coniacian age

for Téneme Fm. This age is supported by the 89.70 ± 0.50
Ma Río Grande Instrusive that were probably emplaced
during the final stages of arc magmatism. If this Late Cre-
taceous age is correct, primitive island arc volcanism in
the Caribbean region was not extinguished in Aptian-
Albian time (Donnelly and Rogers, 1980; Donnelly et al.,
1990), but was still active in Late Cretaceous. In other
words, Caribbean island arc development in Late Creta-
ceous (Albian-Campanian) is not only represented by

Primitive Cretaceous island arc vulcanites in E CubaJ.A. PROENZA et al.

116Geolog ica  Acta ,  Vo l .4 ,  Nº1-2,  2006,  103-121

N-MORB

DM

E-MORB

OIB

W
ith

in-plate
enric

hment

0.1 1 10 100

Nb/Yb

1

10

100

1000

Z
r/

Y
b

0.1 1 10 100

Nb/Yb

0.01

0.1

1

10

T
h/

Y
b

N-MORB

DM

E-MORB

OIB

W
ith

in-p
lat

e

en
ric

hmen
t

S
u
b
d
u
ct

io
n

zo
n
e

m
et

as
o
m

at
is

m

Téneme Fm.

Quibiján Fm.

Los Pasos Fm.
El Cobre Group

Téneme Fm.

Quibiján Fm.

Los Pasos Fm.
El Cobre Group

Puerto Rican
volcanic phase I

Maimón Fm.

A

B

D-1

D-1

M-1

M-1

FIGURE 12 A) Zr/Yb versus Nb/Yb and (B) Th/Yb versus Nb/Yb plots
for Téneme and Quibiján basaltic rocks. These diagrams (modified
from Pearce and Peate, 1995) show the progression from depleted to
enriched sources: DM = depleted mantle, from Staudigel et al.
(1998); N-MORB, E-MORB and OIB from Sun and McDonough (1989).
Geochemical analyses for Los Pasos (central Cuba) and El Cobre
(eastern Cuba) basaltic rocks are from Proenza et al. (unpublished
data). Field of Maimón Fm is taken from Lewis et al. (2000, 2002),
and field form Puerto Rican volcanic phase I (Río Majada Group) is
from Jolly et al. (2002).

Río Grande diorite

Río Grande diorite

Aruba batholith (diorite)

Aruba batholith (tonalite)

Cordillera Central, Dominican Republic (tonalite)

1.0

10

100

100

La Ce Pr Nd Sm Eu Tb Dy Ho Er Tm Yb LuGd

1.0

10

La Ce Pr Nd Sm Eu Tb Dy Ho Er Tm Yb LuGd

R
o

ck
/c

h
o

n
d

ri
te

R
o

ck
/c

h
o

n
d

ri
te

C
al-alkaline

trend

TTD
field

Meta-basalt

melting curve

Cordillera Central, D.R.

A
ruba

batholith

Na Ca

KA

B

C

FIGURE 13 A) A) K-Na-Ca plot for the Río Grande intrusive rocks
(after Defant and Drummond, 1993). Field for the Aruba batholith is
from White et al. (1999), and the field for the Cordillera Central
tonalite is from Lewis et al. (2002). B) Chondrite normalized (Sun and
McDonough, 1989) REE patterns for the Río Grande intrusive. C) Río
Grande intrusive rocks compared to diorites from Aruba batholith
(White et al., 1999) and tonalite from Cordillera Central of Dominican
Republic (Lewis et al., 2002).



Primitive Cretaceous island arc vulcanites in E CubaJ.A. PROENZA et al.

117Geolog ica  Acta ,  Vo l .4 ,  Nº1-2,  2006,  103-121

Step Temp. %39Ar Radiogenic 39Ark
40Ar* Apparent Apparent Apparent Error

°C of total Yield (%) (Moles x 10-12) 39Ark K/Ca K/Cl Age (Ma) (Ma)

TM-37        hornblende J = 0.001981 ± 0.25%      wt = 110.0 mg      

A 1000 0.8 19.3 0.000233 23.427 0.020 0.99 82.03 ± 2.67
B 1025 1.0 30.7 0.000308 20.513 0.014 0.61 72.03 ± 1.73
C 1050 1.8 42.0 0.000546 20.477 0.012 0.36 71.90 ± 0.99
D 1075 3.2 57.0 0.000948 24.989 0.014 0.30 87.37 ± 0.57
E 1100 6.7 69.2 0.001959 27.233 0.016 0.31 95.02 ± 0.39
F 1125 12.6 76.3 0.003710 26.100 0.018 0.42 91.16 ± 0.24
G 1150 20.6 83.3 0.006050 25.226 0.019 0.49 88.18 ± 0.18
H 1175 7.0 80.2 0.002064 25.315 0.019 0.49 88.48 ± 0.99
I 1200 3.1 73.8 0.000898 25.220 0.017 0.43 88.16 ± 0.54
J 1225 2.6 66.7 0.000755 25.450 0.016 0.41 88.94 ± 0.67
K 1250 4.3 77.8 0.001262 25.689 0.017 0.42 89.76 ± 0.40
L 1275 11.2 82.4 0.003304 25.626 0.017 0.45 89.55 ± 0.25
M 1300 11.9 82.3 0.003489 25.611 0.018 0.47 89.50 ± 0.22
N 1350 10.0 78.4 0.002946 25.710 0.017 0.45 89.83 ± 0.27
O 1450 3.0 68.9 0.000889 25.722 0.016 0.31 89.87 ± 0.58

Total Gas 89.11

86.4% of gas on plateau-like in 1125 through 1450 steps Average Age =  89.40 ± 0.20

TM-35         hornblende J = 0.001992 ± 0.25%      wt = 36.5 mg    

A 1050 1.3 32.1 0.000168 20.874 0.017 0.71 73.67 ± 2.80732
B 1100 5.6 60.9 0.000730 28.442 0.015 0.37 99.66 ± 0.77932
C 1150 37.6 80.6 0.004913 28.371 0.019 0.47 99.41 ± 0.24147
D 1200 14.8 81.4 0.001940 29.607 0.020 0.50 103.62 ± 0.3513
E 1300 36.8 83.3 0.004828 31.810 0.018 0.47 111.10 ± 0.22002
F 1450 3.9 62.9 0.000515 24.302 0.015 0.38 85.49 ± 0.94684

Total Gas 103.50

94.8% of gas on plateau-like in 1100 through 1300 steps Average Age = 105.20 ± 0.30

Ages calculated assuming an initial 40Ar/36Ar = 295.5± 0.
All precision estimates are at the one sigma level of precision.
Ages of individual steps do not include error in the irradiation parameter J.
No error is calculated for the total gas age.

TABLE 4 40Ar/39Ar step-heating data for quartz diorite samples Tm 35 and Tm-37 (Río Grande intrusive).

calc-alkaline (CA) volcanic rocks, as it has been suggest-
ed in previous studies (e.g. Donnelly et al., 1990; Lebron
and Perfit, 1994; Kerr et al., 1999).

The geochemistry and age of Téneme volcanic
rocks contrast with the Late Cretaceous geodynamic
model of the Caribbean region, especially with respect
to the position of the Caribbean oceanic plateau (Pin-
dell and Barret, 1990). Mineral chemistry (e.g. very
high Cr# values of Cr-spinel), and whole rock compo-
sitions (e.g. low Ti, Y, Nb abundances, and very low
values of HREE) of Téneme basaltic rocks indicate a
highly depleted mantle source for these magmas. The
highly depleted mantle is likely to have been derived

from previous melt extraction beneath the spreading
ridge (Proto-Caribbean crust) and/or in a back-arc
region related to Early Cretaceous island arc volcanism
in the Greater Antilles. No contribution of E-MORB or
OIB sources have been detected in the petrogenesis of
the Téneme volcanics rocks. In contrast, the Late Cre-
taceous basement of the Dominican Republic Arc II
(Lewis et al., 2002) displays an E-MORB signature.
Such differences indicate that the volcanic rocks of
eastern Cuba and the Dominican Republic were not
segments of a single arc system in Upper Cretaceous.
These results support a multiple-arc and oceanic
microplates model for the Caribbean region in Upper
Cretaceous time (Iturralde-Vinent, 2003).



Tholeiites with boninitic affinities, as Téneme volcanic
rocks, are very rare in back-arc settings, whereas they are
commonly generated during the initial stages of subduction
in forearc regions (Stern et al., 1991; Pearce et al., 1992).
In addition, Morel basaltic rocks exhibit a BABB affinity
(Kerr et al., 1999; this study), and are partially coeval with

Téneme volcanism (Iturralde-Vinent et al., this volume).
Thus, the origin of Téneme and Morel volcanics from east-
ern Cuba can be explained in terms of a multistage process
associated with an intra-oceanic subduction zone devel-
oped within the Caribbean region in Upper Cretaceous
time. At this time, north-eastward-directed subduction
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FIGURE 14 A) The 40Ar/39Ar age spectrum (A), and inverse-isotope correlation diagram (B) for hornblende sample Tm-37. The 40Ar/39Ar age spec-
trum (C), and inverse-isotope correlation diagram (D) for hornblende sample Tm-35.
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occurred beneath the Proto-Caribbean region, consuming
Farallon plate (Kerr et al., 1999). Téneme volcanics were
probably formed in a nascent primitive island arc, and
therefore represent an example of forearc (or axial compo-
nent) of this Upper Cretaceous IAT volcanism (PIA)
recorded in eastern Cuba. In contrast, Morel volcanics
probably were formed during extension of a back arc (or
intra arc) basin, associated with the Téneme arc.
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Geology, age and tectonic evolution of the Sierra Maestra
Mountains, southeastern Cuba

We summarize the available geological information on the Sierra Maestra Mountains in southeastern Cuba
and report new zircon fission track and biotite Ar-Ar ages for this region. Two different and genetically unrelat-
ed volcanic arc sequences occur in the Sierra Maestra, one Cretaceous in age (pre-Maastrichtian) and restricted
to a few outcrops on the southern coast, and the other Palaeogene in age, forming the main expression of the
mountain range. These two sequences are overlain by middle to late Eocene siliciclastic, carbonatic and terri-
genous rocks as well as by late Miocene to Quaternary deposits exposed on the southern flank of the mountain
range. These rocks are britle deformed and contain extension gashes filled with calcite and karst material. The
Palaeogene volcanic arc successions were intruded by calc-alkaline, low- to medium-K tonalites and trond-
hjemites during the final stages of subduction and subsequent collision of the Caribbean oceanic plate with the
North American continental plate. U-Pb SHRIMP single zircon dating of five granitoid plutons yielded
206Pb/238U emplacement ages between 60.5 ± 2.2 and 48.3 ± 0.5 Ma. These granitoids were emplaced at pres-
sures ranging from 1.8 to 3.0 kbar, corresponding to depths of ca. 4.5-8 km. 40Ar/39Ar dating of two biotite con-
centrates yielded ages of 50 ± 2 and 54 ± 4 Ma, indicating cooling through ca. 300 ºC. Zircon and apatite fission
track ages range from 32 ± 3 to 46 ± 4 Ma and 31 ± 10 to 44 ± 13 Ma, respectively, and date cooling through
250 ± 50 ºC and 110 ± 20 ºC. The granitoids are the result of subduction-related magmatism and have geochem-
ical characteristics similar to those of magmas from intra-oceanic island-arcs such as the Izu Bonin-Mariana arc
and the New Britain island arc. Major and trace element patterns suggest evolution of these rocks from a single
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INTRODUCTION

The geological framework and tectonic evolution of
Cuba, the only island in the Greater Antilles located on
the North American plate (Fig. 1A), appears to be the
most complex within the northern Caribbean realm. The
geology of Cuba differs from that of other islands in the
Caribbean in that rare Precambrian rocks occur in the
north-central part of the island which have not been
reported from other Caribbean regions (Somin and Mil-
lán, 1977; Renne et al., 1989; Draper and Barros, 1994;
Iturralde-Vinent, 1994). Although continental margin
sedimentary rocks of Jurassic to Cretaceous age and dif-
ferent types of Mesozoic metamorphic and volcano-plu-
tonic complexes also occur on other Caribbean islands,
they are particularly widespread in Cuba (Iturralde-
Vinent, 1996a).

Cuba largely comprises from NNE to SSW (1) Juras-
sic to late Cretaceous carbonates, evaporites and cherts
from the Bahamas Platform, (2) the late Triassic?–early
Cretaceous Northern Ophiolite belt, (3) the Cretaceous
Volcanic Arc, (4) Mesozoic metamorphic complexes or
terranes, and (5) a Palaeogene Volcanic Arc (Iturralde-
Vinent, 1996a, b), constituting together the Cuban Oro-
gen. This orogen was accreted to the North American
continental margin during late Cretaceous to Eocene tec-
tonic process (Iturralde-Vinent, 1994, 1998). 

The eastern part of Cuba, east of the Nipe-Gua-
canayabo fault zone (Fig. 1B), represents a key element
of the northern Caribbean domain with distinct character-

istics different from other areas of the island. According
to Iturralde-Vinent (2003) this area is the only domain in
Cuba where rocks of the Bahamas platform (North Amer-
ican plate) are metamorphosed (Fig. 1B) and where Cre-
taceous Volcanic Arc rocks were partially metamorphosed
under HP/LT conditions. In particular, it is the only area
of Cuba where ophiolitic rocks are almost horizontally
disposed. A well developed Palaeogene Volcanic Arc
(PVA), with the axial zone well exposed in the Sierra
Maestra Mountains, is a further unique characteristic of
eastern Cuba (Fig. 1B). Palaeogene volcano-sedimentary
sequences to the north of the Sierra Maestra have been
interpreted as the back arc zone of the PVA (Iturralde-
Vinent, 1994, 1998, Fig. 1B). Due to these reasons, this
region is known as the Eastern Cuban Microplate (ECM;
Iturralde-Vinent, 2003). The rocks of the ECM were
considerably deformed during the latest Cretaceous
(Iturralde-Vinent, 2003), in the latest Eocene to Oligo-
cene and again during the Miocene (Rojas-Agramonte et
al., 2005). 

The Sierra Maestra is composed of minor Cretaceous
arc-related rocks unconformably overlain by widespread
Palaeogene volcanic arc successions which, in turn, are fol-
lowed by middle to late Eocene clastic and carbonate rocks
(Figs. 2A and 3). The southern part of the Sierra Maestra
exposes several granitoid massifs which were intruded into
the PVA during the waning phases of arc magmatism
(Rojas-Agramonte et al., 2004; see Fig. 2A). The PVA also
extends to other Caribbean islands such as Hispaniola,
Jamaica, Puerto Rico, the Lesser Antilles, Nicaraguan Rise
and Aves Ridge (Fig. 1A; Jackson and Smith, 1979; Case
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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 basalts. Several distinct phases of deformation were recognized in the Sierra Maes-
tra, labelled D1 to D6, which define the transition from collision of the Palaeogene island arc to the formation of
the Oriente Transform Wrench Corridor south of Cuba and later movement of the Caribbean plate against the
North American plate. The first phase (D1) is related to the intrusion of a set of extensive subparallel, N-trend-
ing subvertical basalt-andesite dykes, probably during the early to middle Eocene. Between the late-middle
Eocene and early Oligocene (D2), rocks of the Sierra Maestra were deformed by approximately east-west trend-
ing folds and north-vergent thrust faults. This deformation (D2) was linked to a shift in the stress regime of the
Caribbean plate from mainly NNE-SSW to E-W. This shift in plate motion caused the abandonment of the
Nipe-Guacanayabo fault system in the early Oligocene and initiation of a deformation front to the south where
the Oriente Transform Wrench corridor is now located. Compressive structures were overprinted by widespread
extensional structures (D3), mainly faults with southward-directed normal displacement in the Oligocene to ear-
ly Miocene. During this period the plate boundary jumped to the Oriente fault. This event was followed by
transpressive and transtensive structures (D4–D6) due to further development of the sinistral E-trending Oriente
Transform wrench corridor. These structures are consistent with oblique convergence in a wide zone of left-la-
teral shear along an E-W-oriented transform fault. 

Cuba. Calc-alkaline granitoids. Geochronology. Palaeostress analysis. Subduction magmatism. Transform fault. Wrench corridor.KEYWORDS
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et al., 1984; Dengo and Case, 1990; Iturralde-Vinent,
1996a, b), but the most extensive outcrops of Palaeogene
volcanic rocks appear in eastern Cuba.

The Sierra Maestra is an E-W trending mountain
range (Fig. 2A) that occurs immediately north of the

North Caribbean (Oriente) transform system (Hernández-
Santana et al., 1991; Figs. 1A and 2A), extending from
several km west of Pilón to the Guantánamo basin (Fig.
1B) and stretching ca. 190 km E–W and ca. 20 km N–S.
This transform system separates the Caribbean plate from
the North American plate and it is connected with the

FIGURE 1 A) Bathymetric map of the Caribbean showing main features of the region and location of the Oriente Fault (after USGS Coastal & Marine
Geology Program: CMG InfoBank Atlas: Caribbean Sea region). Dashed rectangle locates eastern province of Cuba, which is shown in detail in Figure
1B. Abbreviations: SM: Sierra Maestra; DR: Dominican Republic, OTF: Oriente Transform Fault. B) Geological sketch map of eastern Cuba (after Itur-
ralde-Vinent, 1996a). The insets show figure numbers of detailed structural maps.



Swan fault to the west through the Mid-Cayman spread-
ing centre (Fig. 1A). Since the latest middle Eocene this
spreading centre has generated the oceanic crust of the
Cayman trough (Rosencrantz et al., 1988; Fig. 1A). A
steep topographic gradient is typical for this region, as
indicated by the highest elevation of ca. 1974 m (Pico
Turquino) (Fig. 2A) and the lowest depression of –6642
m in the adjacent Oriente Deep to the S (Fig. 2A). This
relief is due to Neogene sinistral strike-slip activity along
the Oriente transform system which we named the Ori-
ente Transform Wrench Corridor (OTWC, Rojas-Agra-
monte et al., 2005; Fig. 2A). The Neogene-Quaternary
Santiago basin (Fig. 2A) divides the Sierra Maestra into
two main tectonic blocks, one to the west and the Gran
Piedra block to the east (Pérez-Pérez and García-Delgado,

1997). Sinistral movement along the OTWC was respon-
sible for the present configuration of the Sierra Maestra
macroblock (Hernández et al., 1989; Fig. 2B). NE-trend-
ing faults and subordinate ENE-WSW-trending faults
formed in response to this movement and are important
elements in the region, determining some geomorpholo-
gic and dynamic features in this area (Hernández-Santana
et al., 1991; Rueda et al., 1994). 

GEOLOGICAL SETTING OF THE SIERRA MAESTRA
MOUNTAIN RANGE

The main part of the Sierra Maestra represents a
Palaeogene island arc formed during early Palaeocene to
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FIGURE 2 Simplified geological map of the Sierra Maestra (after Pérez-Pérez and García-Delgado, 1997) and the submarine sectors of the Cuban
continental margin, showing distribution of main tectonic elements along the Oriente Transform Fault (after Calais et al., 1998). Location of cross-
sections (A-A´–D-D´) is also shown. OTWC: Oriente Tranform Wrench Corridor. B)  Morphotectonic differentiation in the Sierra Maestra macroblock:
CC: Cabo Cruz; SMW: Western Sierra Maestra; SMC: Central Sierra Maestra; SME: Eastern Sierra Maestra; B-SC: Baconao-Santiago de Cuba, GP:
Gran Piedra (after Hernández-Santana et al., 1991; Iturralde-Vinent, 1991; Rojas-Agramonte et al., 2005). C) Inset map showing main fault pattern in
and around the Santiago basin (after Rueda-Pérez et al., 1994; Rojas-Agramonte et al., 2005). The most important fault system is that with NE-SW
orientation followed by the Baconao fault zone system with a NW-SE orientation.



middle Eocene times (Pérez-Pérez and García-Delgado,
1997). The arc was subsequently disrupted during the
Neogene along strike of the Sierra Maestra through initia-
tion of the OTWC. Palaeogene volcanic activity was limi-
ted to the eastern part of the island and is represented by a
thicker than 4000 m volcanic rocks sequence (Cazañas et
al., 1998). A large number of hypabyssal bodies of dioritic

to granitic composition and plutons of gabbro, quartz-
diorite, tonalite, granodiorite and granite intruded the
Palaeogene volcanic sequence (Laznicka et al., 1970;
Rodríguez-Crombet et al., 1997). The stratigraphy of the
Palaeocene to late Eocene rocks in the Sierra Maestra is
shown in Fig. 3 (see Cazañas et al., 1998 and Rojas-Agra-
monte et al., 2004 for further details). The southern mar-

Evolution of the Sierra Maestra MountainsY. ROJAS-AGRAMONTE et al.

127Geolog ica  Acta ,  Vo l .4 ,  Nº1-2,  2006,  123-150

FIGURE 3 Stratigraphic column of Cretaceous to Palaeogene formations in the Sierra Maestra (after Rojas-Agramonte et al., 2004). *Geological
time scale, calibration after Remane et al. (2002). Abbreviations: ap: Aptian; al: Albian; cm: Cenomanian; tr: Turonian; cn: Coniacian; st: Santonian;
cp: Campanian; m: Maastrichtian.



gin of the Sierra Maestra also exposes late Miocene to
Quaternary rocks, filling several depressions (grabens)
facing the OTWC (Fig. 2B). These young formations
unconformably overlay Cretaceous to Eocene rocks
(Fig. 2A). The late Miocene to Quaternary formations
appear to be less deformed than the pre-Neogene
rocks. The stratigraphy of the late Miocene to Quater-
nary rocks is shown in Fig. 4 and has been described in
detail by Cabrera Castellanos et al. (2003) and Rojas-
Agramonte et al. (2005). Neotectonic movements relat-
ed to the OTWC and eustatic sea level changes con-
trolled sedimentation of the Upper Miocene–Quaternary
formations.

The rocks in the Sierra Maestra are deformed with
increasing intensity from south to north (Fig. 5).
Oligocene rocks to the north of the mountain range
show only mild deformation (Iturralde-Vinent,
1996b). The dominant structure is a large N-dipping
monocline, complicated in the eastern and western
parts by synforms and antiforms (Fig. 5). Major gra-
nitoid massifs are exposed in its southern part and
more open folds in the north. Rojas-Agramonte et al.
(submitted) found the following predominant fault
orientations in the Sierra Maestra (Fig. 6): (1) Appro-
ximately NW-striking faults occur over the entire
Sierra Maestra and display mainly dextral strike-slip

displacement. Some of these faults are cut by NNW-
oriented strike-slip faults. NW-striking faults with
sinistral displacement were identified at some locali-
ties. All these faults postdate deposition of Middle to
Upper Eocene formations. (2) NE-oriented dextral
strike-slip faults also affect middle to Upper Eocene
formations. (3) Approximately E-striking faults are
dominant near the coast in the area of Pilón–Turquino
(Fig. 6A). Because of cross-cutting relationships,
these faults seem to postdate formation of folds which
are dominant in that region. E-trending faults define
two generations and types of slip: normal, S-directed
motion (likely older) and sinistral displacement (like-
ly younger) and  (4) Approximately WSW-striking
faults are predominant close the coast from east of La
Mula to west of Santiago de Cuba (Fig. 6B). Some of
these are thrust faults; some others are sinistral strike-
slip faults, which overprint thrust faults at a few
localities.

Reverse and thrust faults dominate the most north-
ern section in the Gran Piedra block (Fig. 7A) whereas
normal faults overprinting earlier structures prevail in
the region close to the coast (Rojas-Agramonte et al.,
submitted; Fig. 7B). Individual faults are locally asso-
ciated with alteration zones, which are several centime-
tres to several metres wide.
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FIGURE 4 Stratigraphic column of late Miocene to Quaternary formations of the southern Sierra Maestra (after Rojas-Agramonte et al., 2005). *Geo-
logical time scale, calibration after Remane et al. (2002).



Outcrop-scale folds are not frequent in the southern
Sierra Maestra and appear to be associated with reverse
faulting (Rojas-Agramonte et al., submitted). To the
North of the Gran Piedra block an overturned fold tren-
ding E–W is developed in the San Luis Formation and is
related to overthrusting and reverse faulting (Fig. 7C).

Many folds occur within well-stratified ash tuffs of
the Pilón Formation (Fig. 7D), mainly isoclinal and
open folds. These formed as a result of NE–SW con-
traction and have fold amplitudes as large as 10 metres
(Rojas-Agramonte et al., submitted). Synsedimentary
slump folds (with folded bedding dipping to the west)
also occur in the Pilón Formation. These are layer-par-
allel, tight to isoclinal folds with fold axes trending ca.
E–W; they are overturned and document transport from
S to N. In the Gran Piedra block the fold structures
have a constant NW-trend.

Geomorphology and neotectonics

The neotectonic fault system is mainly responsible for
the present coastal configuration and for the formation of
different morphostructural blocks in the Sierra Maestra (Fig.
2B). These blocks display strong fracturing in the way of
horsts (Hernández-Santana et al., 1991) and grabens located
in the southern sectors close to the coast (Iturralde-Vinent,
1991). The Central Sierra Maestra macroblock (SMC; Fig.
2B) is the most elevated in southeastern Cuba with the most
intense neotectonic movements, whereas the Boniato-Santia-
go de Cuba block (B-SC; Fig. 2B) constitutes the link
between the western Sierra Maestra and the Gran Piedra
Mountains. The Santiago basin occurs in this block and is
the most depressed graben in the region.

The Upper Miocene to Quaternary deposits generally
increases in elevation, including several terraces (Rojas-
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FIGURE 5 Cross-sections across the Sierra Maestra (after Rojas-Agramonte et al., submitted). See Figure 2 for location. In general, the Pilón area
(cross-section A–A´) has a synclinal structure with the Farallón Grande and San Luis Formations cropping out in its centre and the Pilón Formation
dominating this region (see Fig. 2A). Lava flows in this zone are scarce or practically absent, but small dykes and subvolcanic bodies of mafic com-
position occur within predominantly well-bedded ash tuffs. Cross-sections B–B´ and C–C´ show the main structures in the central part of the Sierra
Maestra. The area exhibits a monoclinal structure with rocks generally dipping to the north. Some local changes in dip direction close to the coast
are mainly related to normal faults and overturned folds. E–W trending folds are connected with reverse faults. Extensive outcrops of CVA rocks are
typical in this area (cross-section B–B´) where granitoid bodies intrude the PVA and CVA successions or are in tectonic contact with these
sequences. Cross–section D-D´ shows the Gran Piedra block where small relicts of the CVA are in contact with granitoid bodies of the PVA which are
extensively exposed in this area. The Cretaceous volcanic rocks are difficult to recognize in the Gran Piedra block and also in the rest of the Sierra
Maestra due to similarities with the PVA sequences. The rocks of the El Cobre Group in Gran Piedra dip northeast, and those from the Middle to Upper
Eocene formations to the north. This is the most deformed part of the mountain range, due to possible clockwise rotation of the Gran Piedra block in
the Neogene when the Santiago basin formed (Rojas-Agramonte et al., 2005). Large open folds appear to the north at a regional scale, folding the
PVA and all Eocene formations. 



Agramonte et al., 2005). Terraces in the Jaimanitas For-
mation can be seen at several localities along the south-
eastern Cuban coast. In the Río Maya Formation up to
four Plio-Pleistocene terrace levels have been identified.

The terraces reach altitudes of up to 200 m in the eastern part
of the area (Figs. 7E and E’). The deposits are faulted and
fractured and contain subvertical calcite- and karst-filled ten-
sion gashes. Strike-slip and subordinate normal faults can be
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FIGURE 6 A) Structural map showing main struc-
tures and fault pattern in the area of Pilón and
part of the central Sierra Maestra (see Figure 1B
for location; after Rojas-Agramonte et al., submit-
ted). Three main fault systems appear dominant
in this region, namely E-, NE- and NW- striking
faults. In general terms, NW-trending faults are
mainly dextral strike-slip, whereas E-striking
faults are associated with normal faults with a
dextral or sinistral component. Another conspicu-
ous feature in this region is the formation of
large-scale anticlines and synclines oriented E-
W and formed during different phases of com-
pressive deformation. Anticlines are generally
tight with limbs varying in dip angles from 60° to
90°, whereas limbs in synclines dip at maximum
angles of 40° to 50°. These folds are generally
complicated by small-scale secondary folds hav-
ing smooth limb inclinations. To the east of the
area, and already part of central Sierra Maestra,
there appear several N-trending thrust faults dip-
ping to the west, whereas close to the coast the
pattern changes to E-W trending thrusts dipping
to the south. B) Structural sketch map of the cen-
tral Sierra Maestra (see Figure 1B for location;
after Rojas-Agramonte et al., submitted) showing
main tectonic features of the area. The dominant
structures are NW- and a major E-striking fault
systems; subordinate are NE-striking sinistral
faults. In comparison with the Pilón area, this
region appears less complicated by small-scale
synforms and antiforms and generally smooth
dips of beds to the north (ca. 20° to 30°); fold
axes mainly trend N, NE and E. A relevant feature
close to the coast is the occurrence of south-dip-
ping thrust faults parallel to the coast (cross-sec-
tion C-C´, Fig. 5); N–S trending thrust faults
appear to the west of this area. The distribution
of faults is irregular near the coast, with different
orientations; normal faults are common and
reverse faults are subordinate. To the north a
more consistent fault pattern with a NW-trending
fault set has a dextral or sinistral component. C)
Structural map of the region of Gran Piedra, east-
ern Sierra Maestra (see Figure 1B for location;
after Rojas-Agramonte et al., submitted), showing
the main fault and fold pattern. In general, the
area east of Santiago de Cuba is characterized
by a large-scale anticline-syncline, complicated
by small secondary structures in the centre. The
orientation of faults varies from NW, E and NE.
NW-striking faults are the most common, and
large-scale faults are up to 30 km long. NE-
trending faults are common north of Gran Piedra
and mainly affect Middle to Upper Eocene forma-
tions. Normal faults are common and locally are
reactivated as dextral or sinistral strike-slip
faults. The general dip direction of the rocks is to
the north with angles varying from 0° to 40° in
rocks of El Cobre Group and from 10° to 30° in
the Middle to Upper Eocene formations. To the
south and close to the coast, Neogene to Quater-
nary sedimentary rocks dip to the south at angles
of 15° to 30°. To the west of Santiago de Cuba
the pattern is different with a predominance of
ENE- and NNW- to NNE-striking faults. Synclines
and anticlines trend east.
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observed with offsets in the order of 0.1 to several metres
(Rojas-Agramonte et al., 2005; Figs. 7F and 7G).

The still-active sinistral transcurrent El Cristo fault
(Pérez-Pérez and García-Delgado, 1997; Fig. 2C) branches
off to the NW from the late Miocene to Quaternary rocks
in the Santiago basin. This fault is part of the OTWC and
is defined as a synthetic Riedel fault (Pérez-Pérez and
García-Delgado, 1997). The subsidence and depositional
history of the Santiago basin was controlled by strike-slip
deformation related to Miocene activity along the El
Cristo fault as well as synsedimentary tectonics (Pérez-
Pérez and García-Delgado, 1997). Late Miocene to Qua-
ternary rocks are exposed in the Santiago basin (mini-
mum thickness ca. 200 m). 

GEOCHEMISTRY

Geochemistry of the El Cobre Group in the 
Sierra Maestra

The rocks of the El Cobre Group have been subdivi-
ded into three different sequences on account of their vol-
canogenic and geochemical features (Méndez-Calderón et
al., 1994; Méndez-Calderón, 1997). According to Mén-
dez-Calderón (1997), the lower sequence is characterized
by intense explosive volcanism and lava flows. The domi-
nant composition is basaltic and basaltic-andesitic with a
tholeiitic trend. The middle sequence is dominated by
rocks related to explosive volcanism with varying compo-
sition from andesitic to andesitic-basaltic, dacitic to rhyo-
dacitic. This sequence is characterized by a tholeiitic to
calc-alkaline trend. The upper sequence is characterized
by explosive volcanism with lava flows with basaltic,
andesitic-basaltic and dacitic-rhyodacitic composition and
with a tholeiitic to calc-alkaline trend. 

Cazañas et al. (1998) studied the lower and middle
sequence of the El Cobre Group and found these volcanic
rocks to be similar to low-K tholeiites of island arcs (IAT;
see figs. 7A and 7B in Cazañas et al., 1998). The rocks
analysed by Cazañas et al. (1998), following the classifica-
tion of total alkalis versus silica, were basalt, basaltic
andesite, andesite and dacite. The REE-content in these
rocks is extremely low. A chondrite-normalized REE plot
shows a flat pattern with no relative enrichment in either
LREE or HREE (Fig. 8A). LILE are slightly enriched with
respect to REE and HFSE, and show a strong Nb negative
anomaly. Cazañas et al. (1998) concluded that there were at
least two island arcs in the northeastern Caribbean domain
from the late Danian to the middle Eocene. One calc-alka-
line arc evolved as part of the main CVA, which is also
found in the Dominican Republic and Puerto Rico (Caza-
ñas et al., 1998 and references therein). The second one is a

typical IAT arc, well represented in the rocks of eastern
Cuba (Sierra Maestra arc). Thus, the volcanism in the
Sierra Maestra was independent from the other areas of
the Caribbean domain with similar characteristic to that
of the Kermadec arc in the SW Pacific (Fig. 8B; Ewart
et al., 1977; Ewart and Hawkesworth, 1987).

Geochemistry of the granitoids

Granitoid intrusions of the Sierra Maestra have been
studied by various authors with data summarized in
Eguipko et al. (1984), Iturralde-Vinent (1996b),
Rodríguez-Crombet et al. (1997), Kysar Mattietti (2001)
and Rojas-Agramonte et al. (2004). These rocks define
several massifs from west to east, namely Turquino,
Peladero, Nima-Nima and Daiquirí (Fig. 2B). Granitoid
clasts occur in the Camarones Conglomerate, showing
that the uppermost levels of the granitoid bodies experi-
enced erosion during the late Eocene. The general miner-
alogical composition of the granitoids includes magmatic
minerals such as quartz, amphibole, plagioclase, biotite,
sphene, zircon, apatite, and secondary minerals such as
chlorite and epidote.

Three distinct magmatic associations can be recog-
nized 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 (Rodríguez-Crombet et al., 1997). Based on
their major element compositions these granitoids can be
classified as low- to medium-K, calc-alkaline, I-type
intrusives (Eguipko et al., 1984).

In this section all granitoids have a well preserved
igneous texture and consist predominantly of well zoned
and twinned plagioclase and undulatory quartz with vari-
able proportions of hornblende and/or biotite. Plagioclase
generally has a euhedral to subhedral calcic core and
anhedral more sodic overgrowth rims. Minor to moderate
sericitization of plagioclase is ubiquitous; hornblende is
sometimes altered to biotite and/or chlorite, and forma-
tion of secondary epidote is minor to moderate (Rojas-
Agramonte et al., 2004). 

Most granitoids of the Sierra Maestra plot in the
fields of tonalite or trondhjemite in the An-Ab-Or dia-
gram, whereas pebbles from the Camarones Conglome-
rate are predominantly trondhjemitic in composition
(Rojas-Agramonte et al., 2004). The calc-alkaline nature
of these rocks is well displayed in the AFM-diagram
(Rojas-Agramonte et al., 2004) 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
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FIGURE 7 A) Reverse fault and thrust resulting from N–S compression and found in rocks of the El Cobre Group to the north of the Gran Piedra block. B)
Mafic dyke intruding granitoid massif in central Sierra Maestra close to the coast; several normal faults cut the dyke. C) Folding in rocks of the San Luis
Formation to the north of La Gran Piedra (outcrop is almost 10 metres high), with rectangle showing location of close-up view. Close up shows fold above
thrust in sediments of San Luis Formation Inset shows stereoplot with orientation of fold axes. D) Open to isoclinals folds in Pilón area; inset stereoplot
shows orientation of fold axes; the sequence is ca. 5 m thick. E and E’) View looking at the southeastern part of the Gran Piedra block. Terraces exposed
in Rio Maya Formation. Person 1.65 m tall. F) Extensional vein reactivated as sinistral strike-slip fault due to NE-SW compression. Small-scale releasing
bend can also be observed. G) Normal fault within La Cruz Formation to the east of Santiago de Cuba in the Santiago Basin.



74–77 % SiO2. Harker diagrams show a positive correla-
tion of most major oxides, suggesting a possible common
parental magma (Kysar Mattietti et al., 2001; Rojas-Agra-
monte et al., 2004). 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, typical of intra-oceanic island-arc plutonic
rocks, also known as M-type granites (Pitcher, 1983) such
as in Puerto Rico, The Virgin Islands (Lidiak and Jolly,
1996), the Aleutians (Mahlburg-Kay and Kay, 1994), the
Izu-Bonin-Mariana arc (Kawate and Arima, 1998), and
the New Britain island arc (Whalen, 1985).

Immobile trace elements such as Nb and Y classify
the Sierra Maestra granitoids as volcanic arc granites
(Fig. 8C; Rojas-Agramonte et al., 2004). Enrichment in
highly incompatible elements (Rb, Ba, Th, U, K), slight
elevation in Sr and depletion in Nb and Ta are typical of
subduction-related magmatism (Brown et al., 1984;
Kawate and Arima, 1998). Although some Rb- and Ba-
values may not be primary due to some post-crystalliza-
tion alteration, the general trace element distribution
underlines the intra-oceanic origin of these rocks (Kysar
Mattietti, 2001; Rojas-Agramonte et al., 2004). 

Compared with the primitive mantle (Sun and McDo-
nough, 1989), rare earth element (REE) patterns are flat
to moderately enriched in LREE with LaN/YbN ratios
slightly varying from massif to massif (Fig. 8D). The
highest (La/Yb)N ratio is found in granitoids of the
Turquino and Peladero Massifs, and in pebbles of the
Camarones Conglomerate; the lowest in the Nima-Nima
and Daiquirí Massifs. Granitoids of the Nima-Nima and
Daiquirí 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 Daiquirí Massifs there are also slightly
positive Eu anomalies which correlate with high plagio-
clase contents such as in the sample from the Nima-Nima
massif. The REE patterns for the Peladero granitoids are
distinctly U-shaped, suggesting depletion of the middle
REE due to fractionation of amphibole and/or apatite
(Kobayashi and Nakamura, 2001). This feature is also
apparent, but less pronounced, in the other granitoids.

Flat REE-patterns with variable slight (mainly nega-
tive) Eu-anomalies are also characteristic of basaltic to
dacitic volcanic rocks of the Palaeocene to Middle
Eocene El Cobre Group in the Sierra Maestra (Fig. 8A
and 8D), as well as in Upper Cretaceous to Eocene mag-
matic rocks of the Dominican Cordillera (Lewis et al.,
2002), Puerto Rico and The 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). The above petrographic and geochemical
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 (Rojas-Agramonte et al., 2004). 

GEOCHRONOLOGY 

Previous radiometric dating on these plutons was car-
ried out in the former USSR, using the K/Ar method
(Iturralde-Vinent, 1996b; Rodríguez-Crombet et al., 1997;
Table 1, see Appendix). Kysar et al. (1998) and Mattietti-
Kysar (1999) reported precise conventional U-Pb zircon
ages from these plutons with ages ranging from 46 to 56
Ma (Table 1, see Appendix). From these ages Mattietti-
Kysar (1999) ascribed the magmatic evolution of the PVA
to two distinct magmatic episodes, separated from each
other by 6–10 m.y. Kysar Mattietti et al. (2001) also
reported whole-rock lead isotopic data for various
igneous rocks of the PVA in the Sierra Maestra and postu-
lated the existence of a single magma source from the
homogeneous nature of these data.

U-Pb SHRIMP zircon ages

Single zircons from five granitoid samples of the Sier-
ra Maestra PVA were analyzed on SHRIMP by Rojas-
Agramonte et al. (2004), the results are summarized in
Table 1 (see Appendix). Zircons of a trondhjemite sample
from the Turquino Massif are colourless to light yellow,
long-prismatic and perfectly euhedral. Three spot analy-
ses from different zircons in this sample yielded concor-
dant results with a mean 206Pb/238U age of 60.2 ± 2.6 Ma.
A tonalite sample from the same massif and of similar
composition also contains clear, euhedral zircons of
which eight spot analyses provided a mean 206Pb/238U age
of 55.4 ± 0.7 Ma, which is identical to a conventional U-
Pb zircon age of 56 Ma (no error given) for the Turquino
granitoid (Mattietti-Kysar, 1999). These are the oldest
ages of our granitoid suites, documenting Palaeocene plu-
tonic activity of the PVA during deposition of the El
Cobre Group volcanic and sedimentary rocks.

A tonalite sample from the Peladero Massif also con-
tains a homogeneous population of clear, euhedral zircons
of magmatic origin, and seven spot analyses give a
206Pb/238U age of 48.2 ± 0.4 Ma, probably defining the ter-
mination of plutonic activity during deposition of the
Caney Formation in the early middle Eocene. 

Two tonalite samples were dated from the Nima-Nima
Massif SW of Santiago de Cuba. The zircons are again
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clear, transparent and idiomorphic with characteristic mag-
matic growth patterns as seen in CL images. Eight spot
analyses of zircons from one sample give a 206Pb/238U age of
50.5 ± 0.5 Ma, identical to the age of 50.1 ± 0.5 Ma for six
grains in the other sample from the same massif.

Zircons from a tonalite sample of the Daiquirí Massif
exposed SE of Santiago de Cuba are exceptionally clear,
colourless to light yellow and perfectly euhedral with
well developed magmatic oscillatory zoning. Analysis of
five grains yielded a combined mean 206Pb/238U age of 50.1
± 0.5 Ma, which is identical to conventional U-Pb zircon
ages of 49.8 ± 0.3 and 50.2 ± 0.1 Ma reported by Kysar et
al. (1998). Interestingly, one additional grain of identical
morphology and internal structure produced a much high-
er concordant 206Pb/238U age of 310.8 ± 3.4 Ma. We do not
exclude the possibility that this grain is exotic and may

reflect laboratory contamination during sample prepara-
tion, but the morphological similarity of this zircon grain
with respect to the others argues against this interpreta-
tion. If the ~311 Ma zircon is indeed from sample CU-5
then the source region of this granite contains late Car-
boniferous 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 76 ± 3.8 Ma for a gabbro
as reported by Rodríguez-Crombet et al. (1997) also
comes from the Daiquirí Massif, suggesting the potential
presence of pre-Palaeocene crust in the root zone of the
Sierra Maestra PVA. 

40Ar/39Ar Geochronology

Two multigrain biotite samples from the Peladero and
Nima-Nima massifs were dated using the 40Ar/39Ar laser
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FIGURE 8 A) REE diagram, normalized to chondritic values, for the volcanic rocks from the Lower and Intermediate Sequences of El Cobre Group
(Cazañas et al., 1998). B) Comparison of the trace elements (shadowed area) from the Lower and Intermediate Sequences of El Cobre Group with
those from the Kermadec primitive island arc (crosses; Cazañas et al., 1998). C). 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 (after Rojas-Agramonte et al., 2004). D) Chondrite-normalized REE patterns for Sierra Maestra granitoids. Normalizing values from Sun and
McDonough (1989; after Rojas-Agramonte et al., 2004). Symbols as in Fig. 8C.



Evolution of the Sierra Maestra MountainsY. ROJAS-AGRAMONTE et al.

135Geolog ica  Acta ,  Vo l .4 ,  Nº1-2,  2006,  123-150

ablation method. Analytical techniques follow those of
Liu et al. (2001). The results are shown in Table 2 (see
Appendix) and are portrayed as age spectra in Fig. 9.
Both biotite samples show some variability in low-energy
increments of the experiment, reflecting minor distur-
bance of the Ar isotopic system subsequent to initial clo-
sure. Intermediate to high energy steps of the experiment
together constitute more than 70% of the 39Ar released
and yielded well-defined plateau ages of 50 ± 2 and 54 ±
4 Ma (Fig. 9). These ages are interpreted to record cool-
ing through ca. 300ºC, the appropriate argon closure tem-
perature of biotite (MacDougall and Harrison, 1999).

Fission track ages (FT)

Mineral concentrates from the Turquino, Peladero,
Nima-Nima and Daiquirí massif were obtained using
standard heavy liquid and magnetic separation tech-
niques. Zircon FT dating was carried out at the Institute
of Geology and Palaeontology, Graz University, using the
external detector method as described in Bojar et al.
(1998). The analytical results are shown in Table 3 (see
Appendix). For apatite FT dating the grain population
method was used in the laboratory of Salzburg University
(Hejl, 1997). Samples were dated using the population
method (Wagner, 1968; Wagner and Van den Haute,
1992). Zircon FT ages were determined for five samples
and apatite FT ages for two samples. The zircons yielded
older ages ranging from 32 ± 3 to 46 ± 4 Ma and are
interpreted to reflect cooling through approximately 250
± 50 °C (Tagami et al., 1996). The apatite FT ages are 31 ±
10 to 44 ± 13 Ma (Table 4, see Appendix), indicating fast
cooling from 250 ± 50 °C to 110 ± 20 °C. Track length
measurements show a bimodal distribution (Fig. 10A).

Figure 10B shows the cooling path modelling of the
Nima-Nima granitoid, with a typical bimodal frequency
distribution, related to stepwise cooling which has been
modelled with a fission track age of 44 Ma. The model
indicates fast cooling between 45 and 40 Ma, followed by
a period of 30 Ma where almost no variation occurred in
the temperature of the massif. We correlate final and fast
cooling during the early Miocene (since 12 Ma) with
activity along the OTWC and relate it to the onset of sep-
aration of the Hispaniolan arc from eastern Cuba.

GEOBAROMETRY

The chemical composition of rock-forming minerals
from five granitoids samples has been determined by
electron microprobe in order to assess the pressure and
temperature conditions during solidification of various
sites during granitoid intrusion (Table 5, see Appendix;
Fig. 2). Pressures were calculated using the hornblende

geobarometer of Schmidt (1992), modified by Ague
(1997). For a temperature estimate the geothermometer
of Holland and Blundy (1994) was applied. In both cas-
es we used the PET software (Dachs, 1998). As des-
cribed in the section Geochemistry of the Granitoids the
main mineral composition of these samples is zoned and
twinned plagioclase, undulous quartz, biotite, horn-
blende and minor K-feldspar.

Good temperature estimates were obtained for the
granitoids located in the eastern part of the Sierra Maestra
(Daiquirí and Nima-Nima Massifs), because their chemi-
cal composition is more appropriate than those located in
the western part. Hornblende in these two granitoids is
Mg-rich, whereas hornblende from the Turquino Massif
in the western part is iron-rich (Fig. 11). Temperature
estimates for these granitoids in the eastern part show a
wide range from 600 to 900°C. These data may reflect the
crystallization temperature of hornblende and, possibly,
also of hornblende overgrowth that was found on some
crystals. In some samples of the Daiquirí Massif horn-
blende cores have low-alumina contents, possibly indicat-
ing relicts of an older amphibole generation. Pressure
estimates for four samples suggest 1.8–3 kbar, which cor-
responds to a depth of ca. 4.5–8 km (Fig. 12).

PALAEOSTRESS ANALYSIS

A palaeostress analysis was carried out along the
southern slopes of the Sierra Maestra mountain range by
Rojas-Agramonte et al. (submitted). This palaeostress
study was applied in the Sierra Maestra in order to deter-
mine the tectonic evolution of this area and to determine
the transition from arc-continent collision to transform
motion during Tertiary times in this region. Outcrop-scale
faults with slip lines (striae), veins and folds were mea-

FIGURE 9 40Ar/39Ar release spectra of biotite from granite intrusions
in the Sierra Maestra.



sured in volcanic rocks of the El Cobre Group, including
the Pilón and Caney Fms and in granitoids, as well as in
the middle to late Eocene rocks of the San Luis, Charco
Redondo and Farallón Grande Fms. Six phases of defor-
mation were recognized in the entire region (Rojas-
Agramonte et al., submitted; Table 6, see Appendix).
Deformations D3 to D6 are in agreement with a
palaeostress study carried out on late Miocene to Qua-
ternary formations in the southern Sierra Maestra
(Rojas-Agramonte et al., 2005)

The first deformation phase (D1) developed in an
extensional tectonic environment and was accompanied
by intrusion of andesitic and aplitic dykes and extensional
veins filled with epidote, chlorite, quartz and, possibly,
some filled with calcite. In the eastern part of the Sierra
Maestra this phase is characterized by E–W and N–S
extension found in andesitic volcanics and granitoid intru-
sions, whereas for the veins NW–SE, NNE–SSW to
NE–SW and WNW–SSE extension is dominant. In the
central Sierra Maestra appear N-trending synclines and
anticlines due to E–W contraction (Fig. 6B). N–S-striking
thrust faults also appear to be associated with this event. 

The Gran Piedra block corresponds to an E–W exten-
sional regime characterized by veins filled with epidote and
chlorite and the intrusion of aplitic dykes. Felsic and aplitic
dykes were emplaced during NNW–SSE extension. All
these dykes and veins were subsequently reactivated and
overprinted by reverse, normal and strike-slip faults.

Deformation phase D2 is dominated by N–S compres-
sion, characterized by reverse faulting and folding. These

faults locally reactivated many calcite-filled and, less so, epi-
dote- and quartz-filled extensional veins. Dextral strike-slip
faults also formed due to this compressional phase. We have
also found quartz veins that were reactivated as sinistral
strike-slip faults due to N–S compression. Reverse faults
formed due to NE–SW compression are also associated with
this phase as well as isoclinal folds. In some outcrops calcite
fills extensional veins are due to E–W extension. 

N–S compressional structures are numerous in the
Gran Piedra block, and reverse faults and overthrusts
were measured in rocks of the Charco Redondo and San
Luis Fms. Overturned folds trending E–W also formed in
rocks of the San Luis Fm. Epidote extensional veins were
reactivated during this phase, and normal faults formed
due to E–W extension as well as NNW-striking dextral
strike-slip faults due to NNE–SSW compression. 

Deformation phase D3 (N–S extension) produced
mainly S-dipping normal faults that locally appear to
overprint structures formed during the D2 N–S compres-
sion event and also surfaces that were reactivated as nor-
mal faults and were first filled by calcite. In Gran Piedra
this deformation also produced E–W-striking normal
faults which overprint structures of the D2 N–S compres-
sional event. Calcite-filled veins were reactivated as nor-
mal faults during this phase. 

NE–SW compression (Deformation phase D4) pro-
duced WNW and NNE-oriented sinistral strike-slip faults
that overprinted normal faults or reactivated older sur-
faces. N- to NNE-oriented dextral strike-slip faults also
reactivated older fractures (veins filled by calcite). The
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FIGURE 10 Cooling path of granitoids from the Sierra Maestra. G.O.F: Goodness of fit.
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FIGURE 11 Chemical
composition of horn-
blende from 4 samples in
three granitoids massifs,
determined by electron
microprobe. Hornblendes
from Daiquiri and Nima-
Nima Massifs are Mg-
rich, whereas horn-
blendes from Turquino
Massif are Fe-rich. The
lower alumina concen-
tration in hornblende of
sample CU-10 corre-
sponds to 3 core mea-
surements, suggesting
that these minerals cores
represent an older horn-
blende generation.



formation of dextral strike-slip faults was followed by the
formation of normal faults due to NW–SE extension.
Reverse faults are also associated with this phase.

In the Gran Piedra block the D4 event produced dextral,
N-oriented strike-slip faults due to NE–SW compression,
which also overprinted NNE-striking normal faults. Karst-
filled cracks formed due to NW–SE extension and are also
related to this event. 

During the deformation phase D5, E–W striking reverse
faults overprinted normal faults that formed due to N–S
extension. NW–SE compression produced NNW-oriented
sinistral strike-slip faults in the Gran Piedra and appears to
overprint normal faults formed due to E–W extension.
Karst-filled fractures (filled with red soil and sedimentary
breccia) formed due to NE–SW extension.

Structures of the last phase (D6) appear to overprint all
older features and comprise dextral, sinistral and reverse
faults that formed due to E–W to nearly WNW–ESE com-
pression. Sinistral faults appear to overprint reverse faults
due to WNW–ESE compression; at the same time sinistral
faults appear to reactivate chlorite- and calcite-filled veins.
Reverse faults that formed due to E–W compression also
reactivated chlorite-filled veins. As a consequence of this
major compressional event, normal faults formed due to
N–S extension. NW- to WNW-oriented sinistral strike-slip
faults are dominant in the Gran Piedra block.

DISCUSSION

The tectonic evolution of the Sierra Maestra provides
evidence for an Eocene to Miocene transition from

regional N- to NE-directed compression to left-lateral
strike-slip deformation along the OTWC. This transition
is monitored by the different deformation phases dis-
cussed above and described in detail by Rojas-Agramonte
et al. (submitted). The architecture of the Sierra Maestra
Mountains reveals an overall antiformal structure, which
includes a monocline (e.g., Fig. 5, cross-sections B–B´,
C–C´) with its limb dipping to the north. The southern
flank of this structure is now exposed in Hispaniola after
Neogene disruption of these two regions (Iturralde-
Vinent, 1996a). Anticline formation is likely to have been
contemporaneous with granitoid intrusion and deposition
of siliciclastic sediments along the northern margin of the
anticline.

The Tertiary evolution of the Sierra Maestra can be
summarized in terms of six distinct phases of deformation
(Table 6, see Appendix). The available data (Rojas-Agra-
monte, 2003; Rojas-Agramonte et al., 2004, 2005) are
compatible with recent tectonic models (Leroy et al.,
2000; Pindell and Kennan, 2001) and allow a more
detailed insight as follows and as illustrated in Fig. 13.

D1: Late Palaeocene to middle Eocene

The first phase of deformation includes a set of sub-
parallel, N-striking subvertical basalt/andesite dykes that
monitor N–S shortening and E–W extension. These may
have formed during the waning phases of PVA magmatic
activity since some dykes cut Eocene tuffs of the Pilón
Fm. These dykes indicate N–S shortening (within pre-
sent-day coordinates) during subduction and a compres-
sive setting for the PVA. The granitoids form stock-like
plutons, and it is not clear whether they intruded in a
compressive tectonic environment. These granitoids were
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FIGURE 12 Calculated pressures and temperatures for emplacement of granitoids in the Daiquirí and Nima-Nima Massifs. Data were calculated
from hornblende and plagioclase compositions of Table 1. Samples CU-29 and CU-30 show lower pressure corresponding to rim composition of horn-
blende. Horizontal lines represent aluminium-in-hornblende barometer and vertical lines hornblende + plagioclase thermometer.



emplaced 60 to 48 Ma ago and have a tonalitic to trond-
hjemitic composition. The oldest ages of the granitoid
suites are 60.2 ± 2.6 and 55.4 ± 0.7 and suggest early
Palaeocene plutonic activity for the PVA. 40Ar/39Ar ages
for the Nima Nima and Peladero massifs are similar to the
SRIMP ages for the same massifs.

During cooling, many epidote- and/or quartz-bearing
veins formed with a preferred N–S orientation. These are
similar in orientation to earlier dykes and, therefore, indi-
cate continuous N–S compression during the middle
Eocene. The youngest age of 48.2 ± 0.4 Ma probably
defines the termination of plutonic activity during deposi-
tion of the Caney Fm in the early middle Eocene. Mag-
matism in the Sierra Maestra was continuous and lasted
for about 10–12 million years as suggested by the uni-
form chemistry and similar zircon ages. This magmatism
evolved from a single, though not necessarily chemically
homogeneous, source (Rojas-Agramonte et al., 2004). 

The rifting process in the Cayman trough predates the
middle Eocene (Rosencrantz, 1990; Leroy, 1995). This
rifting may have begun in the late Palaeocene to early
Eocene if it correlates with rifting and extension associat-
ed with fissural volcanic activity in west-central Haiti
(Pubellier et al., 2000 and references therein). This par-
tially coincided with dyke intrusion and vein formation in
the Sierra Maestra, since we already stated these two
regions were part of the same crustal unit until the early
Miocene. Pérez-Pérez and García-Delgado (1997) described
several deep faults with sublatitudinal strike that originated
after Palaeogene volcanism began in the Sierra Maestra.
These faults were interpreted to form conduits for fissure
volcanoes (Pérez-Pérez and García-Delgado, 1997) and
could be related to the same process in Haiti. Rojas-Agra-
monte et al. (submitted) suggested that the Sierra Maestra
remained unified with Hispaniola until the late Palaeocene
when it was separated from mainland Cuba (Fig. 13A).
These authors proposed that the PVA in the Sierra Maestra
formed along strike of the subduction zone and may have
had another orientation than today. Later, during the middle
Eocene, mainland Cuba collided with the Bahamas plat-
form, thus forming the Cuban Orogen (Fig. 13B).

D2: Middle Eocene to early Oligocene

Collision of the Cuban Orogen with the Bahamas plat-
form (North American plate) in the middle Eocene (Itur-
ralde-Vinent, 1994, 1998) coincided with the end of mag-
matic activity in the Sierra Maestra. This event is also
dated by the oldest zircon FT age of 44 ± 4 Ma, indicat-
ing the beginning of exhumation of the granitoid suite.

The Nipe-Guacanayabo fault system (Fig. 13B)
accommodated the northeastward relative motion of the

Caribbean plate; this is compatible with N–S shortening.
Uplift in the Sierra Maestra began, and deposition of
coarse clastic sediments commenced in the late middle
Eocene (Farallón Grande Fm) and continued through the
late Eocene (Camarones Fm). Deposition of breccias of
the Farallón Grande Fm in the west suggests steeper
slopes in this area than in the central and eastern Sierra
Maestra for the middle to late Eocene, suggesting an east-
ward migration of surface uplift. In the central eastern
Sierra Maestra the San Luis Fm begins with fine clastic
sediments, passing into the coarse clastic Camarones Fm
to the east. Lewis and Straczek (1955) suggested that
deposition of the San Luis and Camarones Fms was due
to a crescendo in uplift of a land mass to the south. The
most differentiated, uppermost parts of the granitoid plu-
tons were already exposed prior to the late Eocene and
provided detritus for sediments of the Upper Eocene
Camarones Fm. 

Approximately N–S compression (D2) within present-
day coordinates is constrained by the formation of conju-
gate Mohr shear sets, dextral NW-striking faults and NE-
striking dextral faults (Rojas-Agramonte et al.,
submitted). This event is likely to have been related to the
formation of E–W oriented thrusts and coincides with
external stress conditions, which are necessary to form E-
trending folds, constituting together a set of collisional
structures (Rojas-Agramonte et al., submitted). The large-
scale structure also displays weak, E- to ESE trending
folds. These large-scale folds also affected the Camarones
Fm (Fig. 5, cross-section D–D´) and are likely to have
formed during the same stress conditions as N-directed
local thrusts. This event (D2) most likely began in the
middle to late Eocene, when uplift in the Sierra Maestra
began, and most deformation was terminated in the early
Oligocene after deposition of the Camarones Fm (Fig. 3,
cross-section D-D´ Fig. 5), as indicated by the younger
zircon FT age of 32 ± 3 Ma. 

A reorientation of the Caribbean plate stress field
from mainly NE–SW to dominantly E–W occurred in the
early Oligocene (Iturralde-Vinent and Macphee, 1999).
For this reason the Eastern Cuban microplate could not
continue its northeastward movement, and the Nipe-Gua-
canayabo fault system was abandoned. A deformation
front developed where the Oriente Fault is now located.
The Eocene–Oligocene transition was a time of general
uplift and erosion, and the Farallón Grande Fm to the
west and Camarones Fm to the east (Figs. 2A and 3) wit-
nessed this process by receiving coarse clastic sediments
from the uplifted areas in the Sierra Maestra. The overall
shortening is relatively minor as the large open folds and
subordinate offsets on outcrop-scale reverse and thrust
faults indicate. Shortening in the Sierra Maestra was
accommodated by N–S thrusting and ca. E–W trending
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folds, propagating north to northeastward (Rojas-Agra-
monte et al., submitted). 

Uplift in the Sierra Maestra was the result of a combi-
nation of tectonic and thermal processes, namely collision
of the Caribbean and North American plates in the middle
Eocene and initiation and further development of the Ori-
ente Transform Fault in the late Oligocene. The Sierra
Maestra did not directly collide with the Bahamas Plat-
form. Nevertheless, we argue that collision between the
Cuban Orogen and the Bahamas Platform indirectly
caused deformation in the Sierra Maestra. Subsequently,
due to sinistral motion along the OTWC, the Sierra Maes-
tra continued to be uplifted, and this process is still taking
place (Rojas-Agramonte et al., 2005). Uplift was the
result of shortening, and the active collision front pro-
ceeded to eastern Cuba, and the Sierra Maestra island arc
docked with the Cuban orogen (Fig. 13B).

D3: Late Oligocene to early Miocene 

Compressive structures were overprinted by N–S exten-
sional structures (D3). Rojas-Agramonte et al., submitted
interpreted the numerous local normal faults to have result-
ed from a major S–directed detachment system. This event
most likely occurred during the late Oligocene to early
Miocene. Iturralde-Vinent (1998) already described this set
of normal faults for the Oligocene.

In the late Oligocene the ECM became attached to the
North American plate, the plate boundary jumped to the
Oriente fault (Iturralde-Vinent and Gahagan, 2002), and a
regional plate reorganization occurred (Leroy et al., 2000).
During the early middle Miocene the Caribbean region
showed the effect of disruption of Cuba and Hispaniola by
oblique transtension (Fig. 13C), likely due to oblique
spreading in the Cayman trough. Apatite fission track ages
record the onset of separation of the Hispaniolan arc
assemblage from eastern Cuba in the early Miocene at
about 12 Ma ago. Localized extension occurred during this
phase, and grabens, pull-apart basins and trenches began to
form (Iturralde-Vinent and Macphee, 1999).

D4–D6: Early middle Miocene to Recent

Further evolution of the Sierra Maestra mountain
range is related to initiation of transcurrent motion along
the North Caribbean Transform Fault (D4–D6). The
OTWC as the leading master fault of the North Caribbean
transform system strikes approximately E–W. This fault is
primarily responsible for the formation of the steep topo-
graphic gradient along the southern Cuban coast (Fig.
2A). Quaternary to Recent structures in the sea indicate
compression in the east and extension in the west (Rojas-
Agramonte et al., 2005). 

Subsequent sinistral shearing along E–W striking
faults is related to deformation phase D4, implying ca.
NW–SE maximum principal stresses. This event can be
related to the main displacement along the OTWC, since
corresponding faults were detected only close to the
coast. Faults have the orientation and the en-échelon
arrangement of Riedel shears, which generally form along
wrench corridors (e.g. Mandl, 1988). This phase D4
reflects pure sinistral transform motion (Fig. 13D). Later,
the NE-ward indentation of the Beata ridge, an oceanic
plateau, resulted in SW-vergent deformation in Hispanio-
la (Leroy et al., 2000).

The final deformation is characterized by dextral reac-
tivation of WNW-oriented strike-slip faults in the Gran
Piedra block, which may have formed at the same time as
a few dextral E–W oriented strike-slip faults in the Sierra
Maestra block. These faults can be explained by shear
reversal along the OTWC, with mainly dextral transpres-
sive displacement (Rojas-Agramonte et al., submitted).
This event may also have been responsible for a clock-
wise rotation of the Gran Piedra block and initial forma-
tion of the Santiago deformed belt to the south of the San-
tiago basin (Fig. 2A). This belt comprises several thrust
sheets, which indicate the generally convergent nature of
this sector of the OTWC. This structure shows clear evi-
dence of compression and probably existed since the late
Pliocene (Calais et al., 1998).  

Indentation of the Beata ridge resulted in fan-like
extrusions in front of the indenter (Fig. 13E). This may
have resulted in a dextral short-lived shear reversal along
the Oriente fault (Rojas-Agramonte et al., submitted).
GPS measurements show that present-day motion along
the OTWC is almost parallel to the strike of the fault
(Mann et al., 2002). From the middle Miocene to the pre-
sent, motion and associated deformation have increased
significantly. The northern boundary of the Caribbean
plate is characterized by intense transpressive deforma-
tion resulting in ca. E–W to ENE–WSW compression that
is still active today (Rojas-Agramonte et al., 2005 and ref-
erences therein). 

The sequence of deformation from D4 to D6 suggests a
reversal of motion. D4 indicates dextral displacement along
the E–W striking OTWC, whereas D5 reveals sinistral
displacement, which later changed to nearly E–W com-
pression. The question arises whether there is any support-
ing evidence for shear reversal along the OTWC. The final
E–W compression (D6) is in accordance with present-day
transform motion as indicated by GPS data (Moreno et al.,
2002; Mann et al., 2002). Transpression in the southern
Sierra Maestra was distributed mainly between strike-slip
faults trending almost parallel to the coast, whereas
transtension occurred between NE-striking normal faults.
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CONCLUSIONS

Palaeogene volcanism, at least as it appears in the
lower part of the El Cobre Group in the Sierra Maestra,
originated in an island arc setting. El Cobre Group is a
typical low-K IAT that is similar to other Caribbean arc
sequences (Cazañas et al., 1998). The Sierra Maestra arc
presents geochemical characteristics similar to that of the
Kermadec arc in the SW Pacific. During the final stages
of arc magmatism the Palaeogene Volcanic Arc sequences

were intruded by tonalitic to trondhjemitic granitoids
emplaced 60 to 48 Ma ago at pressures of 1.8-3 kbar and
corresponding to depths of 4.5 to 8 km. Geochemical fea-
tures characterize these rocks as typical subduction-relat-
ed granitoids as found worldwide in intra-oceanic arcs,
and they probably formed through fractional crystalliza-
tion of mantle-derived low- to medium-K basalt. 39Ar-40Ar
biotite ages on these granitoids are ca. 52–54 Ma and are
interpreted to record cooling through ca. 300ºC. Zircon
fission-track ages from 32 ± 3 to 46 ± 4 Ma reveal cool-
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FIGURE 13 Tectonic evolution model of the northeastern Caribbean, from Palaeocene to Recent (after Rojas-Agramonte et al., submitted).



ing through ca. 250 ± 50 °C, and apatite fission-track ages
of 31 ± 10 and 44 ± 13 Ma reflect cooling through ca.
110 ± 20 °C. These data suggest fast cooling and exhuma-
tion after collisional processes in the Eocene. 

The structure of the Sierra Maestra resulted from col-
lision of the eastern Cuban microplate with the North
American plate during Oligocene to Neogene initiation
and activation of the North Caribbean Transform Fault in
accordance with the tectonic evolution of the North
Caribbean region. We suggest that the PVA was generated
under compressive conditions during a N–S shortening
regime in present-day coordinates. The overall structure is
the formation of a large orogen-wide anticline, which was
modified by folds, reverse folds and thrust faults. Anti-
cline formation is likely to have been contemporaneous
with granitoid intrusion and deposition of siliciclastic
sediments along the northern margin of the anticline.
Apatite and zircon fission track data yield ages ranging
from 46 ± 4 to 32 ± 3 Ma and indicate uplift in Eocene to
Oligocene times. Coarse clastic sediments were deposited
between the middle and late Eocene with clast prove-
nance from the uplifted areas in the Sierra Maestra.

The North Caribbean transform fault modified the
overall structure of the Sierra Maestra by wrenching,
beginning in the Miocene and determining the present
southern slope of the mountain range. The granitoid plu-
tons were affected by normal and strike-slip faults, which
are often located at the interface between granites and
stronger country rocks. This is obviously the reason why
granitoid massifs are now exposed close to the coast
because these normal and strike-slip faults are part of the
Oriente Transform Wrench Corridor, which cuts through
the former central axis of the island arc system.

Finally, the kinematics of Sierra Maestra deformation
can be attributed to a combination of oblique convergence
between the Caribbean and North American plates and
eastward escape of the Caribbean plate along a left-lateral
strike-slip fault system after northeastward attachment of
the Eastern Cuban Microplate. The second deformation
phase (D2) reflects the period of northeastward attachment
of the Eastern Cuban Microplate. The third deformation
(D3) records a period of transition between mainly com-
pressive to transcurrent motions. Final cooling at ca. 12 Ma
is related to movement along the OTWC, when it became a
sinistral transform system. The OTWC exhibits a fault and
fracture pattern which agrees with first motion solutions
derived from earthquake focal mechanisms (Calais et al.,
1998). The phases of deformation from D4 to D6 described
above characterize the dynamics of the south-eastern
Cuban coast at the leading edge of the North American
plate during formation and development of the northern
Caribbean Oriente Transform Wrench Corridor. 
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APPENDIX 

TABLE 1 Compilation of age determinations for Sierra Maestra intrusive rocks.

Method Locality Rock type Age (Ma) Reference

K-Ar Daiquirí Massif Gabbro 76 ± 3.8 Rodríguez-Crombet et al., 1997
Daiquirí Massif Tonalite 44 ± 4 Eguipko and Pérez, 1976
Daiquirí Massif Tonalite 54 ± 5 Alioshin et al., 1975
Daiquirí Massif Quartz diorite 39 ± 4 Alioshin et al., 1975
Daiquirí Massif Quartz diorite 49 ± 6 Laverov and Cabrera, 1967
Nima-Nima Massif Plagiogranite 46 ± 6 Laverov and Cabrera, 1967
Nima-Nima Massif Quartz diorite 42 ± 5 Eguipko and Pérez, 1976
Nima-Nima Massif Quartz diorite 58 ± 5 Laverov and Cabrera, 1967

Conventional Daiquirí Massif Quartz diorite 49.8 ± 0.2 Kysar et al., 1998
U-Pb Daiquirí Massif Gabbro-diorite 50.2 ± 0.1 Kysar et al., 1998

Daiquirí Massif Andesite dyke 50.6 ± 0.1 Kysar et al., 1998
Daiquirí Massif Dacite flow 49.7 ± 0.3 Kysar et al., 1998
Guamá Massif Quartz diorite 46.9 ± 0.1 Kysar et al., 1998
Turquino Massif - 56 (no error Kysar et al., 1998

provided)

U-Pb SRIMP Daiquirí Massif Tonalite 50.1 ± 0.5 Rojas-Agramonte et al., 2004
Daiquirí Massif Tonalite 310.8 ± 3.4 Rojas-Agramonte et al., 2004
Nima-Nima Massif Tonalite 50.5 ± 0.5 Rojas-Agramonte et al., 2004
Nima-Nima Massif Tonalite 50.1 ± 0.5 Rojas-Agramonte et al., 2004
Peladero Massif Tonalite 48.2 ± 0.4 Rojas-Agramonte et al., 2004
Turquino Massif Tonalite 55.4 ± 0.7 Rojas-Agramonte et al., 2004
Turquino Massif Trondhjemite 60.2 ± 2.6 Rojas-Agramonte et al., 2004

40Ar/39Ar Nima-Nima Massif Tonalite 54 ± 4 This paper
Peladero Massif Tonalite 50 ± 2 This paper

Zircon Fission track Daiquirí Massif Tonalite 36 ± 4 This paper
Nima-Nima Massif Tonalite 39 ± 4 This paper
Nima-Nima Massif Tonalite 32 ± 3 This paper
Nima-Nima Massif Tonalite 41 ± 3 This paper
Peladero Massif Tonalite 44 ± 4 This paper

Apatite Fission track Nima-Nima Massif Tonalite 44 ± 13 This paper
Turquino Massif Tonalite 31 ± 10 This paper
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TABLE 2 Analytical data from multi-grain incremental heating 40Ar-39Ar analyses of biotite from granitoids of the Sierra Maestra, SE-Cuba. Errors are
1-sigma.

Sample: CU40 Biotite (Peladero)

J-Value: 0.01892 +/- 0.000189

Step 36Ar/39Ar 37Ar/39Ar 40Ar/39Ar %39Ar %40Ar* age +/-

meas. corr. meas. [Ma] [Ma]

1 0.04929 0.1782 14.83 7.2 1.8 8.8 5.2
2 0.01093 0.0912 4.6 2.1 29.8 46 14.4
3 0.01266 0.0735 4.91 6 23.9 39.2 5.9
4 0.0055 0.0715 3.23 4.7 49.6 53.6 6.7
5 0.00187 0.0487 2.19 5.6 74.7 54.5 5.6
6 0.00221 0.0534 2.1 3.6 68.8 48.2 8.1
7 0.00185 0.0734 2.23 5.5 75.5 56.2 5.5
8 0.00523 0.043 3.16 13.5 51.2 54.1 2.5
9 0.00257 0.0511 2.37 14.5 67.9 53.7 2.5

10 0.00893 0.0642 4.27 8.6 38.2 54.4 3.8
11 0.00326 0.1014 2.63 12 63.4 55.8 2.4
12 0.00092 0.1308 1.85 7.2 85.2 52.8 3.7
13 0.00022 0.0341 1.68 4.1 96.2 53.8 5.8
14 0.0002 0.0134 1.58 5.3 96.3 50.6 4.2

total 0.00741 0.07457 3.67 100 40.4 49.6 0.5

Integrated steps 4 - 14 84.6 53.8 3.8

Sample: CU29 Biotite (Nima Nima)

J-Value: 0.01897 +/- 0.000190

Step 36Ar/39Ar 37Ar/39Ar 40Ar/39Ar %39Ar %40Ar* age +/- 

meas. corr. meas. [Ma] [Ma]

1 0.01213 0.0275 4.478 2.9 20 29.9 5.9
2 0.00454 0.03461 2.758 5.9 51.3 47.4 2.7
3 0.00568 0.01406 3.057 1.8 45.1 46.1 9
4 0.00748 0.06263 3.273 1.6 32.5 35.7 10.1
5 0.00633 0.03413 2.923 3.9 36 35.2 4.1
6 0.0026 0.02576 2.04 2.7 62.4 42.6 4.5
7 0.00238 0.02239 2 3.4 64.8 43.3 3.7
8 0.00147 0.00391 1.91 2.5 77.2 49.3 4.9
9 0.00188 0.02105 2.055 4.1 73 50.1 3.8

10 0.003 0.03782 2.487 3.6 64.3 53.5 3.9
11 0.00129 0.02817 1.993 4.9 80.9 53.9 3.3
12 0.0012 0.02611 1.859 7.7 80.9 50.3 2.1
13 0.0006 0.03586 1.801 8.9 85.3 51.4 1.7
14 0.00074 0.02797 1.756 10.2 87.5 51.4 1.6
15 0.00091 0.02853 1.687 5.5 84.1 47.5 2.9
16 0.00059 0.15032 1.595 12.6 89 47.8 1.4
17 0.00064 0.04516 1.704 6 88.8 50.7 2.6
18 0.00079 0.27907 1.66 5.9 86 48.4 2.6
19 0.00089 0.07971 1.642 6.1 84 46.3 2.7

total 0.00203 0.06149 2.027 100 70.5 47.9 0.5

Integrated steps 8 - 19 77.9 49.9 2.4
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TABLE 4 Apatite fission track analytical data. ρρ = track density (x106 tracks cm-2); (N) = number of tracks counted; s and i denote, spontaneous and
induced tracks, respectively. Samples were dated using the population method (Wagner, 1968, Wagner and Van der Haute, 1992).

Sample Number Spontaneous Induced Error Neutron Fission
code of grains tracks tracks flux track age

or grids in Ma

(ns/ni) Ns ρρs Ni ρρi 1 s (1014 cm-2) error is 1s

(106 cm-2) (106 cm-2) of ρρs/ρρi

(%)

CU30 30/20 20 0.0417 16 0.05 30 10.68 44 ± 13
(Nima-Nima) 

CU60 20/10 17 0.0531 15 0.0938 34 11.02 31 ± 10 
(Turquino) 

TABLE 3 Zircon fission track analytical data. ρρ = track density (x106 tracks cm-2); (N) = number of tracks counted; s, i and d denote, spontaneous,
induced tracks and tracks in the fluence monitor glass, respectively. Samples were dated using the external detector method (Hurford et al., 1983). 

Sample Mineral Dosimeter Spontaneous Induced Pooled Age Proba- U
/No. of track density track density ±1ss (Ma) bility (%) (ppm)
crystals ρρd (Nd) ρρs (Ns) ρρi (Ni) 

(x106 cm-2) (x106 cm-2) (x106 cm-2)

CU5 9 0.4506 (4506) 6.598 (386) 4.735 (277) 36±4 80 287
(Daiquirí)

CU29 8 0.4506 (4506) 6.582 (520) 4.354 (344) 39±4 80 264
(Nima-Nima)

CU30 8 0.4506 (4506) 3.262 (517) 2.669 (423) 32±3 23 162
(Nima-Nima)

CU32 15 0.4506 (4506) 3.829 (987) 2.425 (625) 41±3 22 147
(Nima-Nima)

CU40 7 0.4506 (4506) 11.981 (623) 7.077 (368) 44±4 45 428
(Peladero )
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TABLE 5 Representative chemical composition of plagioclase and amphibole. b.d. - below detection limit.

Plagioclase CU5 (Daiquirí) CU10 CU29 CU30 CU60 
(Daiquirí) (Nima-Nima) (Nima-Nima) (Turquino)

core rim core rim core core core

SiO2(wt%) 58.9 64.6 54.5 64.25 52.14 55.48 56.72
Al2O3 25.57 22.13 28.67 22.47 30.13 27.92 26.53
MgO 0.02 0.01 0.01 b.d. 0.005 0.03 0.01
Na2O 6.86 9.23 5.01 8.89 3.81 5.43 6.44
CaO 8.1 3.64 11.55 4.11 13.62 10.61 9.09
K2O 0.35 0.3 0.16 0.38 0.13 0.14 0.17
TiO2 0.03 0.02 0.03 b.d. 0.01 0.01 0.02

Fe2O3 0.22 0.15 0.23 0.15 0.4 0.38 0.25
MnO 0.02 <0.01 <0.01 0.03 b.d. 0.01 0.01
Cr2O3 0.06 0.02 b.d. b.d. b.d. b.d. b.d.
Total 100.1 100.1 100.2 100.3 100.3 100 99.23

Si 2.63 2.85 2.46 2.83 2.36 2.5 2.57
Al 1.35 1.15 1.52 1.17 1.61 1.48 1.41
Na 0.59 0.79 0.44 0.76 0.33 0.47 0.56
Ca 0.39 0.17 0.56 0.19 0.66 0.51 0.44
K 0.02 0.02 0.01 0.02 0.01 0.01 0.01

Amphibole CU5 CU10 CU29 CU30 CU60

rim core core core rim - -

SiO2(wt%) 47.43 52.64 47.44 46.45 48.16 49.77 42.69
Al2O3 5.39 2.5 6.3 7.11 5.34 1.33 8.1
MgO 10.13 14.45 13.44 12.6 10.49 9.25 3.77
Na2O 0.99 0.46 1.46 1.63 0.92 0.38 0.93
CaO 10.05 10.85 10.99 11.09 10.2 2.75 11.14
K2O 0.39 0.16 0.32 0.32 0.39 0.04 0.55
TiO2 0.58 0.3 1.58 1.79 0.29 0.19 0.12
FeO 21.41 16.63 15.99 16.76 21.46 32.12 29.18
MnO 1.62 0.88 0.46 0.35 b.d. 2.06 1.25
Cr2O3 0.04 0.01 <0.01 b.d. 0.95 b.d. b.d.
Total 98.06 98.89 98 98.1 98.23 97.89 97.73

Si 7.11 7.6 6.96 6.83 7.16 7.74 6.69
Al 0.95 0.42 1.09 1.23 0.94 0.24 1.49

Mg b.d. 3.11 2.94 2.76 2.33 2.14 0.88
Na 0.29 0.13 0.42 0.46 0.27 0.11 0.28
Ca 1.61 1.68 1.73 1.75 1.62 0.46 1.87
K 0.07 0.03 0.06 0.06 0.07 0.01 0.11
Ti b.d. 0.03 0.17 0.2 0.03 0.022 0.01

Fe2+ 2.13 1.77 1.61 1.64 2.07 4.177 2.97
Fe+ 0.55 0.25 0.35 0.42 0.6 b.d. 0.85
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Sierra Maestra Gran Piedra Fault pattern 
scheme

Structures Interpretation Structures Interpretation

D1 Extensional tectonics, Predominant E-W and D1 Extensional tectonics E-W to nearly NW-SE
associated mainly less radial extension related with extensional extension and NE-SW 
with N-S trending veins and dikes compression
extensional veins 
and dikes

D2 Reverse, dextral and N-S to NE-SW D2 “Thrusts, reverse and N-S compression
sinistral strike-slip compression; dextral strike-slip 
faults. Isoclinal folds, extension varying faults, less sinistral
normal faults and from E-W to nearly strike-slip faults;
calcite-filled veins NW-SE overturned folds”

D3 E-W trending normal N-S to nearly NNE-SSW D3 E-W trending normal N-S extension
faults and calcite-filled and NNW-SSE faults and calcite-filled
veins extension veins

D4 Reverse, dextral and NE-SW to nearly D4 Dextral N-S trending NE-SW compression
sinistral strike slips ENE-WSW compression strike-slip faults and and NW-SE extension
faults. Normal faults and NW-SE extension calcite-filled veins

D5 Reverse, dextral and NW-SE compression D5 Sinistral strike-slip and NW-SE compression
sinistral strike-slip normal faults and NE-SW extension
faults. Normal faults
and extensional 
calcite-filled veins 
NE-SW extension

D6 Reverse, sinistral and E-W compression and D6 Sinistral WNW- E-W compression
dextral strike-slip N-S extension and N-S trending strike-slip
faults. Normal faults to nearly NNW-SSE faults

extension

TABLE 6 Phases of deformation in the Sierra Maestra and fault patterns characterizing palaeostress phases D1-D6 (from Rojas-Agramonte et al., sub-
mitted).



Structure, tectonics and metamorphic development of the Sancti
Spiritus Dome (eastern Escambray massif, Central Cuba)

The Sancti Spiritus Dome of the eastern Escambray (Cuba) represents a metamorphic fold and thrust structure
which was part of the Cretaceous subduction-accretion complex of the Greater Antillean Arc. On the basis of
structural data and pressure-temperature-time evolution the metamorphic complex can be subdivided into four
units interpretable as nappes: a high-grade greenschist-facies unit (Pitajones unit), a high-pressure tectonic
mélange (Gavilanes unit), high-pressure amphibolites (Yayabo unit) and – tectonically overlying - low-pressure
metagabbros of the Greater Antillean Arc (Mabujina unit). The oldest rock fabrics are preserved in eclogite- and
blueschist-facies rocks of the Gavilanes unit, indicating arc-parallel extension. Maximum metamorphic condi-
tions are recorded in eclogites (16-20 kbar, 580-630 °C) and garnet-mica schists (16-23 kbar, 530-610 °C) of
the Gavilanes unit. Field observations and fabric studies show that greenschist-facies dynamic indicators are
dominated by top-to-NE tectonic transport in the lowermost nappes. The greenschist-facies shear zone between
the Yayabo unit and the Mabujina unit is viewed as the main detachment zone between the subduction complex
and the overlying arc complex. Active subduction ceased at about 70 Ma, followed by rapid uplift, exhumation
and thrusting to the north.

Subduction-accretion complex. Metamorphism. Tectonics. Petrology. Geochronology. Greater Antillean Arc.
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INTRODUCTION

A major conspicuous element of the northern
boundary of the northwestern Caribbean area (Fig. 1)
is the suture zone marking the collision between the
Cretaceous Greater Antilles island arc (GAA) and its
associated subduction-accretion complex with the
southern edge of North America (Yucatán and
Bahamas platform; Iturralde-Vinent, 1994). The origi-
nal structure of this Northern Caribbean Suture Zone
(NCSZ) is preserved in excellent fashion along the
north coast of Cuba, due to the Late Eocene jump of
the plate boundary from the southern edge of the
Bahamas platform to its present position along the
Cayman trough. Concurrently the eastern part of the
NCSZ was displaced eastward together with the pre-
sent-day Caribbean plate, leaving behind the oceanic
Yucatán basin as a fault-bounded triangular tectonic
unit (Pindell et al., 2005). The age of the collision is
dated by the folding and thrusting of the Bahamas car-

bonate sequences and the overlying olistostromes as
Paleogene, no younger than Early Late Eocene (Itur-
ralde-Vinent, 1996).

In spite of many modeling attempts, the collision
between the GAA and the southern margin of the
Yucatán/Bahamas platform is still not well understood.
Introducing comprehensive data sets for the subduction-
accretion complex in Central Cuba would allow the tim-
ing and the mechanism of the collision to be reconstruct-
ed in more detail. Here we summarize new structural,
petrological and geochronological data for the western
part of the NCSZ, the Escambray metamorphic complex
of central Cuba, which traces the Early Cretaceous to Ear-
ly Tertiary tectonic history of the Caribbean plate. The
data indicate that subduction in this section of the GAA
lasted about 30 Ma, involving crustal elements from the
Yucatán block, and consuming proto-Atlantic crust. Colli-
sion initially involved top-to-the-north imbricated defor-
mation of the GAA. Subsequently, the tectonically
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FIGURE 1 A) Tectonic sketch of the Yucatán basin with the NCSZ and the position of the Escambray metamorphic complex. Light grey areas indicate
the allochthonous island-arc sequences, dark grey areas the metamorphic complexes (Isla de la Juventud, Escambray, Sierra Purial from west to
east). B) Overview of the geologic units of Las Villas (Central Cuba), modified after Stanek (2000).



Subduction-accretion record in the Sancti Spiritus DomeK.P. STANEK et al.

153Geolog ica  Acta ,  Vo l .4 ,  Nº1-2,  2006,  151-170

thinned arc and fore-arc complex were thrust onto the
southern shoulder of the Bahamas platform.

TECTONIC SETTING OF CENTRAL CUBA

The northwestern part of the North Caribbean Suture
Zone consists of three structural domains (Fig. 1A). In the
western domain (Guaniguanico Mountains west of the
Pinar Fault Zone), sediments from the continental margin
east of Yucatán have been thrust to the north
(Pszczólkowski et al., 1975; Pszczólkowski, 1999). The
top of the nappe pile consists of geological units with
remnants of the fore-arc ophiolite and island arc of the
GAA. With the exception of the Cangre metamorphic
belt, these nappes show only a very weak metamorphic
overprint (Hutson et al., 1998). In the eastern domain
(southeast of the Cauto Depression), the Oriente ophiolite
is thrust onto the metamorphosed Cretaceous GAA (Pur-
ial complex); both are covered to the south by a short-
lived Paleogene island arc in the Sierra Maestra
(Gyarmati, 1983; Cobiella et al., 1984).

The Central Cuban domain is bounded by the Pinar
Fault Zone and the Cauto Depression (Fig. 1A); here the
Central Cuban Main Thrust represents the western part of
the NCSZ, separating the oceanic Cretaceous GAA and
the thinned continental crust of the southern Bahamas
platform. The Central Cuban Main Thrust comprises the
Las Villas Fault (Hatten et al., 1988) and the Cubitas
Fault (Iturralde Vinent and Roque, 1982) and their exten-
sions to west (Matanzas) and east (Holguin); it represents
the main thrust plane in Central Cuba in the sense of Was-
sal (1956), Shaposhnikova (1974) and Somin and Millán
(1981); it is not an equivalent of the “Falla Cubana Axial”
of Bush and Sherbakova (1986). In Las Villas, both the
thrusted arc rocks and the folded platform sediments are
cut by the NE-trending La Trocha Fault Zone. West of the
La Trocha Fault Zone, postcollisional uplift and erosion
has exhumed a complete profile through the GAA and the
associated subduction-collision complex (Iturralde-
Vinent, 1994; Stanek et al., 2000) (Fig. 1B). 

The ophiolitic mélange that crops out between Lake
Alacranes reservoir in the northwest via the city of Santa
Clara to the La Trocha Fault Zone in the east (Fig. 1B),
represents the basement of the Cretaceous GAA (Somin
and Millán, 1981; Hatten et al., 1988). The island-arc
rocks form a megasyncline, exposing the lower, pre-Apt-
ian part of the volcanic sequence as well as the Middle to
Upper Cretaceous volcanoclastic and igneous suites (Par-
do, 1975). South of the megasyncline of the allochtho-
nous island-arc rocks, the Escambray metamorphic com-
plex is exposed in a tectonic window. In the Early
Paleogene, the exhumation and uplift of the Escambray

metamorphic complex was accompanied by the formation
of flanking sedimentary basins, which were filled by
detritus from metamorphic rocks (Kantchev, 1978).

Two principal goals guided the interdisciplinary inves-
tigations carried out by our team and summarized here: 1)
to determine the tectonic structure and direction of tecton-
ic transport during the evolving dynamic history of the
Escambray nappe complex, and 2) to delineate the con-
trasting pressure-temperature-time paths of the various
elements of the Escambray nappe structure

GEOLOGICAL SETTING OF THE ESCAMBRAY

The Escambray metamorphic complex extends for
about 1800 km2 and is thus the largest metamorphic com-
plex along the northern Caribbean Plate boundary. The
geomorphological gradient between the top of the moun-
tain range and the adjacent Yucatán basin to the south is
one of the most prominent in the northern Caribbean. The
Escambray Mountains are divided by the Trinidad basin
and the valley of the Agabama River into the western
Trinidad dome and the eastern Sancti Spiritus dome
(SSD) (Fig. 1B). The geomorphologically well-exposed
metasedimentary sequences of the Escambray complex
are surrounded and separated by tectonic contacts from a
series of amphibolites, metagabbros and gneisses of the
Mabujina complex (Somin and Millán, 1976).

The rock suites of the Escambray massif have been
petrographically described in considerable detail by
Somin and Millán (1974, 1977, 1981), Somin et al.
(1975), Millán and Somin (1985a) and Millán (1988).
According to these authors, the metamorphic rocks can be
divided into two main groups. The dominant rock types of
the Escambray complex are monotonous carbonate- and
quartz-mica schists, locally intercalated with massive
metacarbonates. On the basis of rare remnants of fossils
the protolith ages of these metasedimentary rocks have
been suggested to be Upper Jurassic to Lower Cretaceous,
comparable to the stratigraphic profile in western Cuba
(Millán and Myczcinski, 1978; Somin et al., 1992). The
second group comprises massive dark-grey to black
metacarbonates and marbles, with tectonic slivers of
metagabbro, greenschist, massive sulfide bodies and ser-
pentinite. Various bodies up to several tens of meters in
size of eclogite, blueschist, garnetiferous mica schist, ser-
pentinite and metaquartzite form mélange-like zones
within the carbonate- and quartz-mica schists. In the
northeastern part of the Escambray, garnetiferous amphi-
bolites are also exposed. A number of lithostratigraphic,
tectonic and metamorphic models have been proposed in
the past to subdivide the Escambray complex into man-
ageable and meaningful units (Fig. 2). These various



FIGURE 2 Comparison of published models of the tec-
tonic, metamorphic and lithologic subdivision of the
Escambray massif, south-central Cuba. A) Metamorphic
zonation of the Escambray massif by Somin and Millán
(1981). B) Lithostratigraphic subdivision of the Escambray
massif by Millán and Somin (1985a). C) Subdivision of the
Escambray massif into 8 tectonic units by Millán and
Somin (1985b). D) Tectonic super units of the Escambray
massif by Millán Trujillo (1997). Contacts between the
super units are exaggerated for clarifying. Bold numbers
correspond to the numbers of the super units (see text for
further information).
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schemes reflect the evolution of our understanding of
metamorphic nappe structures; they have also led to
unfortunate misunderstandings that obscure the important
story told by these rocks. To clarify this point, a short
summary on previous work on the Escambray massif is
offered here.

The first complete description of the Escambray meta-
morphic complex was published by Somin and Millán
(1981), based on detailed field work and petrographic
investigations. These authors distinguished groups of
metamorphic rocks on the basis of characteristic mineral
associations and identified three metamorphic zones: a
low-grade zone in the core of the Trinidad dome (zone 1)
as an uppermost unit (already described as a “nappe” by
Somin and Millán, 1981), surrounded by greenschist-
facies rocks (zone 2) and high-grade rocks (zone 3) along
the periphery of the two domes (Fig. 2A).

The model of Millán and Somin (1985a) divided the
metamorphic complex into at least 12 lithostratigraphic
formations (Figs. 2B and 3), necessitating the definition
of stratigraphic contacts according to the definition of
lithostratigraphic formations (Boggs, 1987). Such a con-
tact was discussed only for the boundaries between the
Loma La Gloria and the Cobrito Fms, which together

comprise the largest outcrop area in the Escambray mas-
sif. The proposed stratigraphy of the Escambray complex
(Fig. 3) is based on rare observations of fossil remnants
(Millán and Myshinzski, 1978; Somin and Millán, 1981;
Stanik et al., 1981), and on lithological correlation and
equation with the non-metamorphic stratigraphic section
of western Cuba (Pszczólkowski, 1978, 1999).

The third model (Millán and Somin, 1985b) dealt tenta-
tively with tectonic units in combination with three meta-
morphic zones (Fig. 2C). Concepts of tectonic nappes and
thrusts (already mentioned by Somin and Millán, 1981)
were introduced, without further detailed description.
Mélange zones with metamorphosed ultrabasic rocks
masking the limits between different tectonic units were
described. According to the definition given, a tectonic unit
was considered to comprise various lithostratigraphic for-
mations and rocks of different metamorphic overprint. For
example, in the Sancti Spiritus dome the unit 5 consists of
both the Loma La Gloria Fm and parts of the Cobrito Fm,
together with the stratigraphic contact assumed between
them. The outer part of unit 5 corresponds to metamorphic
zone 3 and the inner part to zone 2. The combination of
greenschist- and eclogite-facies rocks in one tectonic unit
was assumed to be caused by post-metamorphic thrusting
and nappe formation.

FIGURE 3 The lithostratigraphic profile of the Escambray following the stratigraphic profile of western Cuba, summarized after Millán and Somin
(1985b) and Dublan and Álvarez (1986).
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The fourth model (Millán Trujillo, 1997) combines
metamorphic zones, lithostratigraphic formations and tec-
tonic units into four tectonic super units, consisting of
different nappes and thrust sheets (Fig. 2D). The first
super unit (“primera unidad tectónica de orden principal”)
comprises rock suites of Cretaceous protolith age affected
only by greenschist-facies metamorphism. The outcrop
area of this first super unit is localized in the center of the
Trinidad dome. This super unit consists of metasand-
stones (La Llamagua Fm), marble (San Juan Group), gar-
net-bearing metacherts (La Sabina Fm), basic metavol-
canics (Yaguanabo Fm) and greenschist-facies
metaterrigenous schists (El Tambor Fm). This first super
unit is not exposed in the Sancti Spiritus dome. 

The second super unit (“segunda unidad tectónica
de orden principal”) is located in the central part of the
Sancti Spiritus dome. The rocks of this second unit
have undergone HP/LT metamorphic conditions. The
unit consists of graphite-bearing carbonate micaschists
and marbles (Cobrito Fm), albite-bearing metasand-
stones alternating with metapelites, metavolcanics and
marbles (La Chispa Fm), basic metavolcanics with
jadeitic clinopyroxene and lawsonite (“esquistos verdes
Felicidad”) and different types of marbles (San Juan
Group). The protolith age is assumed to be Jurassic. In
addition to the above-mentioned protolith rock types,
all protoliths of the first unit may also be exposed in
the second unit.

The third super unit (“tercera unidad tectónica de orden
principal”) is exposed as a rim around the two dome-like
structures of the Escambray, tectonically overlying the first
and second unit. The rocks have been overprinted under
HP/LT conditions. The retrograde metamorphic path is
characterized by greenschist-facies conditions. The main
rock types are quartz-mica schist (Loma La Gloria Fm) and
carbonate-mica schist with intercalations of marble (Cobri-
to Fm). The mica schist suite includes bodies of eclogite,
serpentinite, garnet schist of the Algarrobo type and garnet
amphibolites of the Yayabo type. The unit has the appear-
ance of a tectonic mélange containing high-grade rocks as
tectonic slivers or boudins.

The fourth unit (“cuarta unidad tectónica de orden
principal”) is found only along the northern edge of the
twin-dome structure. Although the rocks of this unit
are not considered to have undergone HP-metamor-
phism, some metacherts do contain glaucophane and
garnet.

All tectonic super units have undergone multiple fold-
ing and thrusting. In the proposed N-vergent mega-anti-
cline (Millán Trujillo, 1997), the fourth super unit forms
the uppermost nappe of the Sancti Spiritus dome. 

A modified subdivision of the Sancti Spiritus dome
into three metamorphic zones was later introduced by
Schneider et al. (2004). These zones were correlated with
the P-T-data provided by Grevel (2000). Thus the lower-
most Unit I comprises greenschist-facies rocks. In Unit II
the metasediments include lawsonite-blueschist facies
metabasites, and in Unit III metabasites with an eclogite-
facies overprint occur. 

The evolution of ideas on the Escambray complex
outlined here highlights the difficulties associated with
finding meaningful subdivisions for heterogeneous nappe
piles of metamorphic rocks. Modern concepts indicate
that pressure-temperature-time (P-T-t) analyses are indis-
pensable for reconstructing rock series with similar meta-
morphic histories into manageable units and for differen-
tiating these from units with contrasting histories.
Nevertheless, a multi-parameter, interdisciplinary study
must accompany this approach. Protolith characterization
is required because rocks with quite diverse origins may
have been amalgamated at an early stage and therefore
show similar metamorphic histories. By contrast, rocks
with similar origins may have followed quite different P-
T-paths during subduction, accretion and exhumation.
Problems of scale and of P-T-t accuracy complicate all
these efforts. Recognizable large-scale units may in them-
selves be critically heterogeneous, and the scale of a tec-
tonic discontinuity may be difficult to ascertain, especial-
ly if rocks of similar protolith type and metamorphic
grade happen to be juxtaposed.

GEOLOGY AND TECTONIC STRUCTURE OF THE
EASTERN ESCAMBRAY

Geology of the nappe units of the Sancti 
Spiritus Dome

We commenced field work in the eastern part of the
Escambray in 1994 together with G. Millán Trujillo of the
Instituto de Geología y Paleontología in Havana and
encountered considerable difficulties in identifying in out-
crop the lithostratigraphic limits, tectonic units and meta-
morphic zones defined previously. Together we estab-
lished a redefinition of the metamorphic suite of the
Sancti Spiritus dome and the adjacent areas into five
major structural elements, interpretable as nappes, on the
basis of new structural and petrologic data evolving from
our study. G.M.T. chose to pursue a different tectonic
interpretation of the evolving data and presented his ver-
sion independently in Millán Trujillo (1997), as summa-
rized in Fig. 2D of this paper. 

The tectonically lower three nappes, as defined by us
(Pitajones, Gavilanes, Yayabo) are part of the traditional
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Escambray metamorphic complex, whereas the upper two
nappes are thought to represent parts of the Cretaceous
GAA. These latter nappes are the Mabujina unit, which
represents part of the metamorphosed basal part of the
GAA, and an unnamed uppermost nappe composed of
unmetamorphosed island-arc rocks. The following
description is based on this originally mutually developed
scheme. Neutral designations based on geographical
names have been introduced to avoid confusion with pre-
vious subdivisional systems and to avoid undesirable con-
notations of source and evolution. It is important to keep
in mind that further and more detailed study may lead to a
further, more detailed breakdown of this nappe system.

Pitajones nappe

The tectonically lowermost nappe, called the Pitajones
unit (Fig. 4, see Fig. 5 for locations) after typical sections
near the village of Pitajones in the southwestern part of
the SSD, comprises monotonous carbonate and quartz-

mica schists with intercalations of massive metacarbon-
ates in its lower part (Cobrito, Boquerones and Herradura
Fms of Millán and Somin, 1985a). The upper part of the
Pitajones nappe exhibits thinly foliated carbonate-mica
schists with tectonic slivers or boudins of green schists
and metagabbros, massive black and grey marbles (La
Chispa Fm, los esquistos verdes Felicidad, the San Juan
marbles of Millán, 1988; Dublan and Alvarez, 1986; Mil-
lán and Somin, 1985a). The boundary to the overlying
nappe is marked by strongly deformed greenschists and
carbonate-mica schists. Typical sections of the Pitajones
unit can be found along the road from Fidel Claro to the
mountains north of the settlement Veinte y Tres and in the
upper valley of the Río Higuanojo.

Gavilanes nappe

The tectonically overlying Gavilanes unit (Fig 4;
named after the hill of the same name south of the settle-
ment of Gavilanes) forms stretched bands of quartz- and
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FIGURE 4 Tectonic structure of the SSD; diagrams use the lower hemisphere of Schmidt, indicating the spatial position of the metamorphic folia-
tion and stretching lineation (grey bands are great circles, i.e. ¶-circles of the main foliation). Geologic base map compiled after Stanik et al. (1981)
and Millán Trujillo (1996c, unpublished). For profiles “A - B” and “C – D” see Fig. 8.



carbonate-mica schists with tectonic intercalations of HP-
facies rocks like eclogite, blueschist, marble, metachert
(Loma La Gloria Fm of Somin and Millán, 1981), garnet-
mica schist (“Algarrobo type” rocks) and high-grade ser-
pentinites (Auzende et al., 2002). In some places serpen-
tinites and talcose rocks coat the tectonic slivers of
HP-rocks. The outcrops of the HP-rocks extend from the
northwestern edge of the SSD (Sopimba) to the east toward
Buenos Aires and Loma del Obispo, as well as along the
southern border of the SSD. The occurrence of HP-rocks in
the core of the SSD is indicated by the occurrence of sodic
amphibole and jadeite in metagrabbro. Typical sections of
the Gavilanes unit can be found along the road 2 km south of
Pedrero to Gavilanes and along the ridge crest of Sopimba.

Yayabo nappe

In the northeastern SSD (Fig. 4), a distinct series of
garnet-bearing amphibolites with minor intercalations of
serpentinites and metasediments were named the Yayabo

suite by Somin and Millán (1974, 1976, 1981) and Millán
and Somin (1976). The type outcrop is located in the val-
ley of the Yayabo River, 12 km west of the city of Sancti
Spiritus. The observed contact between the Yayabo rocks
and the other units is a brittle fault zone in the Yayabo
valley (see also Fig. 9). However, Yayabo-like rocks are
also sheared into carbonate- and quartz-mica schists of
the Gavilanes unit in the northeastern part of the SSD; the
foliation of these rocks is tectonically concordant with the
host rocks. The tectonic orientation of the main fabrics in
the amphibolites and the carbonate-mica schists is
described as more or less parallel. For this reason, and
because of the high-grade amphibolite mineralogy, Somin
and Millán (1981) inferred a common history for the
Escambray complex and the Yayabo unit.

Towards the northeast, the Yayabo rocks dip below
epidote-amphibolite-facies rocks of the Mabujina unit.
The contact between the Mabujina and Yayabo units has
been described both as brittle faults with lens-like bodies
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FIGURE 5 Shaded relief map on the basis of a digital elevation model of the Sancti Spiritus dome (coordinate reference UTM 17Q). The main roads
and rivers in the SSD are indicated.



of serpentinite and as semiductile mylonitic shear zones
(Somin and Millán, 1981). In some localities, like the
Camino Quemado in the eastern border of the Sancti
Spiritus dome, both units are represented by garnetiferous
amphibolites, and there is no obvious lithological differ-
ence between them (Somin and Millán, 1981). 

Internal structure of the nappe pile of the 
Sancti Spiritus dome

The geomorphology of the SSD (Fig. 5) reflects the
main tectonic structures of the dome. The flat southern
and western parts of the SSD near Pitajones are remnants
of a mid-Eocene transgression surface. The features of
paleo-coastal erosion in the mica schists have been cut by
the roads from Pitajones to south and west. Northwest
and north of Pitajones Village, marbles, carbonate-mica
schists and metabasites form a steep scarp. To the NW
this scarp gives way to a hilly terrain which is underlain
by series of flat-lying, foliated HP-metamorphic rocks.
The eastern part of the dome west of Banao consists of
several sharply linear, SE-trending mountain ranges
which end abruptly along an assumed NE-trending fault.
In the northern part of the SSD, the morphological SE-
NW trend continues. Here the highest hills (Lomas la
Gloria) reach more than 700 m. To the NE the mountain
ranges decrease down to 300 m and pass into a rough
hilly terrane, the outcrop area of the Yayabo amphibolites.

In the north, the metamorphic rocks have been cut by
young E-W trending normal faults, accompanied by
remarkable slope steepening. 

The different morphological features are caused by
different tectonic structures (Fig. 4). In the western and
northwestern part of the SSD, the Gavilanes unit lies on
top of the Pitajones unit, and both exhibit a gently dip-
ping main foliation (Sopimba). In the east and north, the
linear mountain ranges indicate stacking and imbrication
of mica schists with lenses of greenschist and marble.

Pitajones nappe

The main fabric element of the Pitajones unit is a pen-
etrative foliation (S2) marked by the growth of white
mica. Older rock fabrics are represented by compositional
layering, quartz rods with relic fold hinges, as well as
folds in microlithons. A ductile S1 foliation has also been
preserved in sheath folds of marbles; metagabbros show
transitions from only weakly deformed magmatic textures
to greenschist-facies mylonitic textures. The structural
thickness of the nappe unit can be estimated to be
between 3 and 4 km.

In the type outcrops around the settlement of Pitajones
(Fig. 4), the S2 (main) foliation in the monotonous series
of quartz and carbonate-mica schists dips gently in south-
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FIGURE 6 Bookshelf rotation (domino structure) of a greenschist boudin in a matrix of greenschist and carbonate-mica schist (length of the out-
crop is 10-12 m). Tectonic transport during S2 deformation is top to NE. Abandoned quarry 1 km west of the settlement of La Veinte y Dos (see
Figs. 4 and 5).



westerly and northeasterly directions, forming flat undu-
lating asymmetric SE-trending folds. The axial planes of
the folds and the SW-dipping stretching lineation, as well
as mica fishes in thin sections, indicate a top-to-NE
movement in most cases. The gently north- or south-dip-
ping lineation is interpreted as the intersection of the S2

and the steep west-dipping S3 (extensional) foliation. A
similar structural style of the mica schists can be observed
along the road east of the Higuanojo reservoir (Fig. 4). In
the upper part of the Pitajones unit the uniformity of the
foliation has been disturbed by intercalation of boudins
and tectonic slivers of marbles and greenschists. These
intercalations can range from several meters up to several
tens of meters in size. The direction of tectonic transport
can be identified in outcrop scale as top to the NNE by
striations on marble rods and by the rotation of marble
and greenschist megaboudins (Fig. 6). 

In the core of the SSD (Fig. 4), a Pitajones-like rock
suite has been folded in both SW and NE vergent direc-
tions as a result of the compression between a large ser-

pentinite body in the south and a main thrust fault in the
NE (Fig. 7). In this case, the orientation of the S3 (axial
plane) schistosity coincides exactly with the direction of
NE-SW compression. Depending on the orientation of the
section seen in outcrop, two alternative directions for tec-
tonic transport could be proposed.

Another instructive profile for structural studies of the
Pitajones nappe is located in the upper valley of the Río
Higuanojo (Fig. 4) west of Banao. Here the Río Higuano-
jo cuts a lithologic succession of the Pitajones unit which
has been repeated several times due to reverse faulting
(Fig. 8). In a profile from SW to NE, the main foliation is
seen to be more or less horizontal in the south (Loma La
Güira), parallel to the lithologic boundaries between the
carbonate-mica schists, metacherts and massive dark mar-
bles at the top. To the NE, the main foliation becomes
steeper and the lithology also includes greenschists and
metagabbros. In rare cases the carbonate-mica schists
show a first folding of the sedimentary layering, asym-
metric folds with SW-dipping axial planes, cut by an S2
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FIGURE 7 Structural sketch of the central part of the SSD (south of Gavilanes, see Fig. 4). SW- and NE-vergent, folded S2 foliation at the top of a
shear zone within the Pitajones unit (length of the profile is about 3 km). The S2 main foliation has been cut by an axial- plane-parallel S3 schistosi-
ty. The southern part of the profile is suggested to be a back thrust.



(axial-plane) foliation (Fig. 9). The S2 foliation has been
overprinted by an S4 crenulation cleavage which indicates
normal (extensional) movement top to east (see Fig. 9, for
example). The stretching lineations on the main foliation
as well as sheath folds in marbles indicate an oblique
reverse movement with a strong sinistral component
under ductile conditions. Up to now there is no proof of a
HP-mineral association here, so the main deformation in
the Higuanojo area must be assumed to have taken place
under greenschist-facies temperatures. The sinistral
oblique reverse faults are thought to be the major tectonic
element responsible for crustal thickening and exhuma-
tion of the Escambray complex during the latest period of
subduction and the beginning collision. 

The northern realm of the SSD (Pedrero, Fig. 4) shows
a distinctive structural style. The S2 deformation is very
similar to that in other areas of the Pitajones-type rock
suite, in that the series of carbonate- (in part graphite-rich)
and quartz-mica schists have a characteristic SW dipping
main foliation. The S2 textures have been overprinted by a
steeply dipping S3 cleavage with an oblique dextral move-
ment. In some places, folded S2 textures with vertical fold
axis can be observed (Fig. 10). These features indicate late
semiductile thrusting to the north and dextral strike-slip
movement in the extensional direction.

Gavilanes nappe

At the top of the Pitajones unit, HP-rocks occur both
in the southern and in the northern part of the SSD. The

poorly defined contact between both units involves
strongly deformed greenschist-facies mylonites and thin
foliated metacarbonates. In the Gavilanes unit, tectonic
slivers or blocks of high-grade rocks, varying in size
between tens to hundreds of meters, are embedded in a
matrix of strongly foliated mica schists. A characteristic
feature of the cores of the high-grade blocks is the ran-
dom growth of amphibole (glaucophane), pyroxene
(omphacite) and/or garnet in a foliation outlined by white
mica. These fabrics are found not only in eclogite and
blueschist, but also in metaquartzite and garnet-mica
schist (Algarrobo-type). It can be concluded that these
metasediments also underwent HP-conditions (Grevel et
al., in review). Auzende et al. (2002) also suggest that the
serpentinites of the Gavilanes unit were overprinted under
high-grade metamorphic conditions. At the scale of the
tectonic blocks, the primary texture has often been
replaced by a retrograde foliation parallel to the foliation
in the surrounding mica schists. At the map scale, the
Gavilanes unit represents a tectonic mélange of HP-rocks
in a matrix of mica schists. The structural thickness of the
mélange unit can be estimated to be 500 to 800 m.

In the southern part of the SSD, eclogite, blueschist
and serpentinite bodies have been exposed by erosion, but
the tropical weathering precludes large outcrops suitable
for structural work. In the northern part, the Caracucey
River and its tributary creeks cut the Gavilanes unit; one
of the best outcrops can be found along the gravel road
from Pedrero to Gavilanes (Fig. 11, see also Fig. 4). The
Gavilanes unit is limited to the north by a semiductile,
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FIGURE 8 Generalized SW-NE tectonic profile of the eastern part of the SSD (vertical exaggeration x2). In the south, thrust planes and the main foli-
ation dip gently to the south; in the central part, the Pitajones unit forms a stacked structure. The contact between the Yayabo unit and the Mabujina
unit is represent by a dextral mylonitic shear zone, overprinted by a brittle normal fault.



top-to-north reverse fault. The hanging-wall rocks of the
fault are characterized by isolated serpentinite lenses con-
taining a large number of different types of blocks, such
as garnet-mica schist, blueschist and talc schist. Towards
the south into the valley of the Caracucey River (Fig. 11)
blocks of eclogite, blueschist and metachert are embed-
ded in carbonate-mica schists of the tectonic mélange.
The s-c fabrics and stretching lineation in the mica schist
indicate a dominant top-to-northeast movement. Further
downhill a large eclogite body enclosed in a serpentinite
matrix has been cut by the road (grey section in Fig. 11).
This eclogite occurrence is one of the traditional sampling
locations for HP-metamorphic rocks in the SSD (Schnei-
der et al., 2004). It exhibits typical high-pressure-related
textures in which the compositional layering is randomly
overgrown by white mica and omphacite, in turn cross-cut
by high-temperature shear zones. The eclogite body is

also cross-cut by retrograde, antigorite-bearing shear
zones with top-to-south movement. A similar direction of
tectonic transport can be observed in semibrittle normal
faults dipping gently to the south (S4).

Beyond the section of Fig. 11, several blocks of eclog-
ite and blueschist-facies rocks crop out in the road to the
Gavilanes settlement. In the ford of the Caracucey River,
eclogite lenses are embedded in highly sheared dark-grey
marbles (Lithofacies Caracucey of Somin et al., 1992).
The stretching lineation and sheath folds indicate a strong
sinistral movement along this fault, interpreted as an out-
of-sequence-fault (see Fig. 8). Black marble rods in the
dark grey marble contain remnants of Radiolaria (Somin
et al., 1992). The succession of dark grey marbles contin-
ues to the southeast towards Buenos Aires, where marbles
with sheath folds and folded eclogite lenses and
blueschist-facies quartzites are exposed in a wild-water
creek. As in the Caracucey ford, the stretching lineation
of the high-grade rocks yields an oblique sinistral move-
ment (top to E – SE). The marbles are embedded in
greenschists with a southwest dipping S2 foliation.

In the valley of the Caracucey River west of Gavilanes
(Fig. 5), the sheared tectonic contact between the Pita-
jones unit and the Gavilanes unit is exposed. At several
localities along these shear zones, metapelitic schists
occur. The thinly foliated, phyllitic texture with post-S2

crenulation cleavage has been randomly overgrown by
chloritoid (Grevel, 2000). Millán has also reported kyan-
ite together with chloritoid and rutile (Millán, 1988).

Yayabo nappe

At the northeastern margin of the SSD, mainly along
the Yayabo River valley, the contacts between the Gavi-
lanes nappe and the tectonically overlying Yayabo and
Mabujina nappes are exposed (see Fig. 12). In the western
Yayabo valley, the high-temperature metamorphic contact
between metasediments of the Gavilanes unit and the gar-
net amphibolites has been overprinted by a steeply dipping
N-trending brittle fault. The metasediments comprise car-
bonate-mica schists, metaquarzites (in some places garnet-
bearing), talc schist and rare garnet-mica schist. The car-
bonate-mica schists and metaquartzites have been folded
with northeastern vergence, the fabrics of the rocks indicat-
ing a top-to-NE translation. The presence of HP-rocks in
the metasediments of the western Yayabo valley (found
only as boulders in the creek) suggests that these can be
considered as belonging to the Gavilanes unit. Slivers of
garnet amphibolites included in these Gavilanes-like rocks
have been mapped by Somin and Millán (1976, 1981) and
Stanik et al. (1981). Somin et al. (1992) also mentioned the
occurrence of Yayabo-like amphibolites at the southern
margin of the SSD. The contacts of these slivers are not
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FIGURE 9 Structural style of the Pitajones unit in the Banao - Río
Higuanojo area (see Figs. 4 and 5). A) Carbonate-mica schists with
folded sedimentary layering (NE-vergent) and cross-cutting S2 foliation.
S4 is a younger semiductile extensional crenulation cleavage, which
occurs in suitable rocks (Río Banao Valley, about 3 km north of Banao).
B) Packages of marbles and pelitic schists show sheath folds in various
sizes, with movement generally top-to-SE. (Río Higuanojo Valley, out-
crops near Charco de Oro in the Cuchillas del Purial, about 6 km north
of the Loma La Guira, see also Fig. 8).
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clearly exposed, but tectonic contacts have been assumed.
Somin and Millán (1981) have also mentioned rare eclog-
ite-facies mineral associations in the Yayabo amphibolites.

The garnet amphibolites in the Yayabo valley repre-
sent a suite of amphibolites (Yayabo unit) with different
proportions of garnet, zoisite and white mica. Grain size
and texture can vary from coarse-grained, garnet-zoisite-
rich amphibolites to fine-grained amphibolites with
white mica. Zoisite needles several cm long and amphi-
bole crystals form typical L-tectonites. The foliation is
marked by the growth of white mica. Along the profile
in Fig. 12 the foliation dips gently to SW, whereas the
preferred orientation of zoisite and amphibole has a
northwesterly trend. The rotation of garnet implies a
main direction of tectonic transport top-to-NW. In rare
cases sheath folds can be observed. To the east,
metasediments and serpentinite bodies are tectonically
intercalated with the garnet amphibolites. The appear-
ance of serpentinite lenses marks a textural change
between the garnet amphibolites and the mylonitic
amphibolites. 

In the eastern valley of the Yayabo River, the garnet
amphibolites are in contact with blastomylonites and
mylonites of a N-S trending major shear zone with a
greenschist-facies overprint. The thickness of this zone
is about 400-500 m. The mylonite zone includes sheared
lenses of garnet amphibolites from the Yayabo unit as
well as metagabbros from the overlying Mabujina unit.
The fabric of the mylonites is produced by amphibole,
white mica, rare zoisite, albite and quartz; garnet is gene-

FIGURE 10 Northern Pitajones unit, outcrop 200 m south of Pedrero
(see Figs. 4 and 5). Map view of folded S2 foliation of quartz-mica
schist (grey) with quartz segregations (dark) and graphite-rich car-
bonate-mica schist with nearly vertical fold axis. The fold-related
schistosity indicates dextral movement.

FIGURE 11 Cross-section of the Gavilanes unit (tectonic mélange) south of Pedrero (see Figs. 4 and 5). The eclogite, metaquartzite and marble
boudins preserve HP-fabrics (S1). The matrix consists of carbonate-mica schists. Gently south-dipping semiductile to brittle shear zones mark the S3
planes (the black line indicates the slope surface).



rally absent. The mylonitic foliation dips steeply east;
the mineral lineation dips gently to the N-NE. Dextral
movement predominates in the mylonites. In the east,
the mylonites are cut by normal brittle faults; producing
a 5 m wide contact zone to tectonically overlying unaf-
fected rocks of the Mabujina unit (Fig. 12). The
mylonite zone between the Yayabo unit and the Mabuji-
na unit is the most prominent shear zone in the eastern
Escambray, and can be considered as the main detach-
ment between the lower plate rocks (Escambray meta-
morphic complex as part of the subduction-accretionary
complex) and the upper plate rocks (Mabujina unit as
part of the tectonically overriding volcanic arc).

MABUJINA UNIT - THE NAPPE AT THE TOP OF
THE ESCAMBRAY COMPLEX

Low-grade amphibolites in southern Central Cuba
were first described by Thiadens (1937). Somin and
Millán (1976) called them the Mabujina complex.
Dublan and Alvarez (1986) subdivided the Mabujina
complex into the amphibolite-facies Mabujina Fm and

the greenschist-facies Porvenir Fm to the north of the
Mabujina Fm. The Mabujina Fm or nappe frames the
tectonic window of the Escambray complex as an ero-
sional remnant.

The protolith rocks of the Mabujina amphibolites are
interpreted as basement of the GAA, associated gneisses and
metavolcanics as belonging to the lower part of the Creta-
ceous GAA, both now forming an allochthonous unit at the
top of the Escambray complex (Somin and Millán, 1974,
1976, 1981; Boyanov et al., 1975; Dublan and Alvarez,
1986; Millán Trujillo, 1996b). This suggestion was taken up
by Iturralde-Vinent (1994) and Kerr et al. (1999). The age of
the protolith of the Mabujina Fm has been estimated paleob-
otanically from spores and pollen as Upper Jurassic to Low-
er Cretaceous (Dublan et al., 1988). A preliminary age deter-
mination on gneisses gave 90-130 Ma (Bibikova et al.,
1988), and recent SHRIMP zircon dating has yielded 132
Ma (Rojas-Agramonte et al., 2005). On the basis of geo-
chemical and isotopic data, the igneous protoliths of the
Mabujina unit are interpreted as island-arc rocks derived
from a depleted mantle source with sedimentary contamina-
tion (Blein et al., 2003).
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FIGURE 12 Generalized cross section (see Figs. 4 and 5) of the Yayabo unit along the Río Yayabo Valley (the section is about 2 km long).
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The fifth and uppermost unnamed nappe unit incor-
porates all volcanogenic and plutonic rocks of the
GAA which have undergone little or only very weak
metamorphic overprinting. These rocks have been fold-
ed and thrust to the north. They are not the subject of
this paper.

We have only few structural data on the overlying
Mabujina unit itself. At the northeastern edge of the
SSD, the Mabujina unit consists of monotonous
metagabbros and pyroxenites, as well as rare garnet-
bearing metagabbros. In other localities like the valley
of the Rio Jicaya (see Fig. 1), amphibolites, biotite
gneiss and plagiogranite gneiss predominate (Fig. 13).
There the sequence is folded, the NW plunge of the
fold axes coinciding with the trend of the stretching
lineation in the gneisses.

Both the Mabujina as well as the Yayabo units
have been intruded by quartz-feldspar-muscovite
pegmatites up to several tens of meters thick, as
well as veins of coarse-grained quartz-mica and
milky quartz. Four localities - on the road from
Manicaragua to Jibacoa, in the Río Jicaya valley, in
the Yayabo quarry and an old quarry 2 km west of
the Yayabo quarry - were studied and dated by
Grafe et al. (2001). A similar pegmatite cross-cut-
ting the Gavilanes-like rocks in the northeastern
part of the Escambray has been described by Somin
and Millán (1981). These pegmatitic rocks did not
undergo ductile deformation like their amphibolite-
facies host rocks. Thus the ages of 88-80 Ma deter-
mined by Grafe et al. (2001) on these small intru-
sions mark the minimum age of HP-metamorphism
in the subduction-accretion complex of the GAA
and of the ductile deformation in the lower part of
the GAA itself.

PRESSURE-TEMPERATURE-TIME PATHS IN THE
SANCTI SPIRITUS DOME

Pressure-temperature determinations

In conjunction with the basic structural observations
outlined above and summarized in Table 1, the P-T-paths
of the metamorphic rocks of the eastern Escambray repre-
sent critical constraints for the tectono-metamorphic sub-
division discussed here. Grevel (2000) used a combina-
tion of classical thermobarometers as well as multivariant
equilibria calculations to estimate pressure-temperature
conditions. Her results are summarized here (Table 2 and

FIGURE 13    Structure of the Mabujina unit in the
Río Jicaya Valley (see Fig. 1) west of Güinía de
Miranda.

FIGURE 14     Exemplary P-T paths of the different nappe units of the
eastern Escambray (modified from Grevel, 2000, and Grevel et al., in
review). 



Fig. 14). Grevel’s (2000) estimate of the contrasting
maximum metamorphic conditions reached in each
nappe unit underscores the structural interpretation
presented in this paper. The mineral assemblages of the
Pitajones unit record 7-8 kbar at temperatures of 410-
520°C. Although such conditions mirror fairly cool
geotherms, there is no record of any rocks in this unit
actually having reached conditions of the blueschist or
eclogite facies. This is in clear contrast to the overlying
mélange of the Gavilanes unit, where omphacite- and
glaucophane-bearing garnet-mica schists, eclogites and
deerite-bearing metacherts record clear evidence of
HP/LT metamorphic conditions (Table 2). Very similar
results were obtained by Schneider et al. (2004), who
estimated 15-16 kbar and 600-650°C for three eclogite

samples from Gavilanes-type rocks, although these
estimates are generally somewhat lower in pressure
and somewhat higher in temperature (Table 2). Pres-
sure-temperature estimates of the high-variance
metabasic assemblages of the Yayabo and Mabujina
units are fraught with the traditional considerable diffi-
culties. Nevertheless, the pressures of 12-14 kbar at
temperatures of 580-650ºC estimated by Grevel (2000)
for the Yayabo unit are in accord with the barroisitic
nature of the rock-forming amphiboles found (Maresch
and Abraham, 1981). Although the stability field of
omphacite was obviously not reached, a HP/LT meta-
mophic history is clearly indicated. Metagabbro sam-
ples from the Mabujina unit adjacent to the Yayabo unit
of the NE boundary of the Escambray indicate maxi-
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Deformation stage Pitajones unit Gavilanes unit Yayabo unit Mabujina unit
(tectonic mélange)

D0 Relict sedimentary 
layering at the eastern 

Protolith margin of the SSD

D1 Relict first generation HP-related fabrics with HT-HP related fabrics HT-fabrics (S1 main
folds (F1 preserved in random growth of of amphibole, zoisite schistisity) in

Subduction-related remaining quartz rods) sodic blue amphibole, and white mica (S1) metagabbros and
and sheath folds omphacite, deerite, (top to NW) gneisses; F1 fold
in marbles white mica in the axis and stretching

schistosity plane (S1), lineation indicate
preserved in boudins tectonic movement
of HP-rocks; sheath top to NW or SE
folds in marble and
metasediments

D2 Penetrative main Penetrative main Mylonitic Mylonitic
schistosity (S2) in schistosity (S2) in greenschist-facies greenschist-facies

Subduction and carbonate-mica and carbonate-mica and shear zones with shear zones with
collision quartz-mica schists quartz-mica schists steeply dipping steeply dipping

as well as greenschists (matrix of the tectonic foliations marked foliations marked
(top to N – NE); mélange); by white mica. by white mica.
S3 axial plane foliation greenschist-facies
of folded s2 foliation schistosity in HP rocks

(top to N – NE)

Thickening, stacking and exhumation by (sinistral) oblique thrust 
faults (top to E – SE)

D3

Thrusting and Semi-brittle to brittle shear zones (top to S), Semi-brittle to brittle brittle faults
exhumation W- and E-dipping S4 (extensional shear zones

crenulation) foliation; (top to SE);
brittle faults brittle faults

D4 Large-scale normal faults at the northern margin of the SSD,
asymmetric uplift of the SSD;

Neotectonics Suggested NE-trending normal faults parallel to the Trocha fault
system

TABLE 1 Deformation stages in the Escambray metamorphic complex (Pitajones, Gavilanes, Yayabo unit) and the overlaying island arc unit (Mabujina unit).
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mum temperatures of 620-700ºC at pressures of 7 kbar,
in accord with the regional temperature estimates pro-
posed by Somin and Millán (1981).

Figure 14 summarizes some typical P-T-paths for
rocks from the various nappe units, again underlining
contrasting structural and metamorphic evolution. The
best P-T control is available for rocks from the Gavilanes
unit. In keeping with the interpretation of a mélange, as
well as the range of maximum P-T-conditions summa-
rized in Table 2, individual samples may show distinct P-
T-paths. Nevertheless, all these paths mirror steep P/T
gradients typical. All paths converge at pressures of 5 to
10 kbar. As noted by Grevel et al. (in review) in their
analysis of deerite-bearing metacherts of the Gavilanes
nappe, subduction must still have been active during the
exhumation of the structural components of this unit. 

The P-T-paths of the Pitajones, Yayabo and Mabujina
nappes are distinctly different. However Grevel’s (2000)
study indicates that the retrograde paths of the Mabujina
and Yayabo units converged at ca. 4 kbar and 510-540°C.
These P-T conditions can be interpreted as indicating the
exhumation level at which the Mabujina and the Yayabo
units were juxtaposed, with the formation of the green-
schist-facies mylonite zone between them.

DISCUSSION AND CONCLUDING REMARKS

Several major conclusions can be drawn from Fig. 15.
Subduction began at least as far back as the Albian/Apt-
ian, and at least ~30 Ma of GAA-magmatic activity until
at least 80 Ma are definitely indicated. However, as indi-
cated in Fig. 15, there are clear indications (Schneider et
al., 2004; Grevel et al., in review) that the exhumation
path of the Gavilanes unit followed a “cold” P-T path,

indicating that subduction was still active during the onset
of exhumation at ca. 70 Ma. It is not entirely clear at pre-
sent whether the Yayabo nappe originated from the sub-
ducting plate or whether it represents a part of the original
“hanging wall” that became entrained in the subduction
process. Nevertheless, although the Mabujina unit of the
GAA basement and the Yayabo unit of the subducting
plate were already welded together by 90 Ma, the Escam-
bray nappe pile was not complete until the Early Maas-
trichtian i.e. during the last stages of subduction. The
geochronological data of the Gavilanes unit reflect rapid
cooling, most probably by underthrusting of sediments of
the Bahamas margin and contemporaneous uplift (Fig.
15). 

During the last stages of subduction-related metamor-
phism and the onset of final exhumation, especially of the
Gavilanes unit, the island arc of the GAA was already
being deeply eroded (Iturralde-Vinent, 1996). 40Ar/39Ar
data from granitoids in eastern Central Cuba give a uni-
form 75-70 Ma peak (Hall et al., 2004). Fission track data
of a diorite north of the Escambray (Fig. 15) supports the
onset of uplift in the island arc at about 75 Ma. During
the Late Campanian and Maastrichtian the island arc was
covered by clastic sediments and platform-like carbonates
(Kantchev, 1978). Not until about 65 Ma did thrusting of
the metamorphic subduction-accretionary complex and
the island arc onto the southern margin of the Bahamas
platform begin to take place, and cooling may have been
assisted by extensional tectonic unroofing (Pindell et al.,
2005). This “65 Ma event”, clearly seen in the P-t paths
of Fig. 15, is the reason for the predominance of 75-65
Ma K/Ar “ages” in the early report of Somin and Millán
(1981) in the metamorphic rocks of the Escambray. Dur-
ing this thrusting, subduction-complex buoyancy forces
and slab rebound helped to uplift and exhume the meta-
morphic complex. This unroofing led to the sedimentary

TABLE 2 Maximum pressure-temperature conditions estimated for the metamorphic units of the eastern Escambray (Grevel, 2000; Grevel et al., in
review).

Metamorphic unit Rock type Maximum conditions
preserved

Pitajones unit metagabbros 7-8 kbar, 410-520ºC
carbonate-mica schists 7-8 kbar, 480-520ºC

Gavilanes unit garnet-mica schists, blueschists 16-23 kbar, 530-610ºC
deerite metaquartzite >15 kbar, 470°C
eclogites 16-20 kbar, 580-630 ºC

Yayabo unit garnet amphibolites 12-14 kbar, 580-650ºC

Mabujina unit metagabbros ≈ 7 kbar, 620-700ºC



basins filled by cover sediments and arc-related rocks
now surrounding the Escambray complex. The first peb-
bles of HP-metamorphic rocks in the sedimentary record
occur at about 45 Ma (Kantchev, 1978). All tectonic units
had been exhumed and were being eroded by mid-Eocene
time.

The structural development of the eastern Escambray
correlates well with the P-t paths in Fig. 15. The SSD re-
presents a fold and thrust structure formed at different
crustal levels. The oldest rock fabrics are preserved in
eclogite- and blueschist-facies rocks of the Gavilanes
unit. NW-trending mineral lineations and sheath folds are
suggested to represent the arc-parallel extensional direc-
tion during the subduction stage. Suggested tectonic ero-
sion of the fore-arc wedge could lead to inclusion of parts
of the basement of the island arc into the HP-mélange as
the Yayabo unit; another protolith for the Yayabo amphi-
bolites could be remnants of the subducted Proto-
caribbean crust. These rocks preserve the textures and the
metamorphic overprint of an early subduction stage. In
the Late Cretaceous, sedimentary and volcanic rocks of
the Bahamas/Yucatán margins were being involved in the
down-going slab. We suggest that the input of “cold” con-
tinental margin sediments led to a shallowing of the sub-
duction angle and a thickening of the accretionary wedge.
The volcanic front was shifted away from the arc axis and
the magmatism in the island arc ceased. The subducted
continental margin sediments underwent a high green-
schist-facies metamorphic overprint with only a minor
discernible shift to steepened P/T gradients (i.e. ca. 16 –
20°C/km). These rocks now represent the Pitajones unit. 

In present exposures the Yayabo unit and the tectoni-
cally overlying Mabujina unit are separated by a brittle

fault zone that cuts an earlier ductile shear zone. In terms
of thrust tectonics, the Yayabo amphibolites were part of
the lower plate (Escambray metamorphic complex) and
the Mabujina unit was part of the overriding upper plate.
We propose that the shear zone between the Yayabo unit
and the Mabujina unit acted as the main detachment
between the subduction-accretion complex and the over-
lying arc complex in a mid-crustal level. 

Our interpretation agrees with the model of a south-
dipping subduction zone (Pindell et al., 2005; for addi-
tional references see there). In this model the collision of
the GAA with the Bahamas was the consequence of the
subduction of Proto-Caribbean crust beneath the
Caribbean microplate. In the southern part of western
Cuba, seismic records show a narrow belt of “thin transi-
tional crust” which extends eastward to Holguín (Moreno,
2003). This 20-30 km thick crust could be interpreted as
continental crust thermally thinned during the opening of
the Protocaribbean. Most of the tectono-metamorphic fea-
tures in the Escambray complex-accretion, tectono-meta-
morphic overprint, structural thickness and uplift can be
explained in terms of the collision of a north-facing island
arc and its related subduction-accretion complex with the
southern edge of the North American continental margin
during the Late Cretaceous. The early stages of the devel-
opment of the GAA and the subduction-accretion com-
plex still remain problematic and will be the object of fur-
ther investigations. 
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kompleksov Kuby. Moskva: Isdatelstvo Nauka, 219 pp.

Somin, M.L., Arakeljanz, M.M., Kolesnikov, E.M., 1992.
Vozrast i tektoniceskoje znacenije vysokobariceskich meta-
morficeskich porod Kuby. Izvestija Akademii Nauk, Rossi-
iskaja Akademia Nauk, Seria Geologičeskaya., 3, 91-104.
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Timing and implications of Late Cretaceous tectonic and 
sedimentary events in Jamaica

The Cretaceous succession in Jamaica can be divided into sedimentary packages bounded by major unconfor-
mities (synthems). On the base of biostratigraphy and ages derived from strontium isotope ratios, these uncon-
formities have been dated as Early Santonian, Late Campanian-Early Maastrichtian and Early Eocene. Each
unconformity is also characterised by the widespread deposition of shallow water limestones, and a further shal-
low limestone depositional event occurred in the late Middle Campanian. Some unconformities can be related
to known tectonic events (based on either Burke-type or Pindell-type models) that affected the Caribbean
region. The Early Santonian event is widespread and occurred shortly after the creation of the Caribbean Large
Igneous Province. The late Middle Campanian shallow water limestone event could correlate to the reversal of
the Great Arc of the Caribbean in Burke-type models, but is unrepresented in Pindell-type models. The Late
Campanian-Early Maastrichtian unconformity is related to the first collision of the Caribbean Plate with North
America in both Burke-type and Pindell-type models. The Early Eocene event is associated with the onset of
rifting that controlled Tertiary depositional patterns across Jamaica.
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INTRODUCTION

Mobilistic models for the evolution of the Caribbean
involving Pacific origins for the Caribbean Plate and
Caribbean Large Igneous Province (CLIP) fall into two
groups: Pindell-type and Burke-type models (Burke,
1988; Pindell and Barrett, 1990; Pindell, 1994; Pindell
and Kennan, 2001; Kerr et al., 2004). Pindell-type models
have a westward facing arc in the early Cretaceous, which
became east-facing in the Aptian allowing the Caribbean
Plate to move between the Americas and colliding with
them from Early Maastrichtian to Eocene time. Burke-

type models have a westward facing arc in the pre-Cam-
panian, the emplacement of the CLIP in the Turonian to
Coniacian, the collision of the CLIP in the Campanian
with the arc causing arc reversal and allowing the
Caribbean Plate to be pulled between the Americas, and a
Late Campanian-Eocene collision between the Caribbean
and North and South American Plates.

Changes in tectonic stress regimes and tectonic events
profoundly affect sedimentation within sedimentary basins
in island arc systems (Vail et al., 1991; Busby and Ingersoll,
1995). Consequently, the events that have occurred during

Cretaceous. Tertiary. Uncorfomities. Caribbean Plate. Jamaica. Stratigraphy.KEYWORDS



the evolution of the Caribbean should have left a significant
imprint on the sedimentary successions. Mitchell (2004)
described the geology of central Jamaica and established a
succession of tectono-sedimentary packages in Central
Jamaica using well-constrained age assignments (Kauffman,
1966; Jiang and Robinson, 1987; Jiang, 1993; Wiedmann
and Schmidt, 1993; Underwood and Mitchell, 2000).

This paper represents a revision of Mitchell (2004)
and incorporates the strontium isotopic data of Steuber et
al. (2002) and new biostratigraphic data. It extends the
tectonically controlled sedimentary packages recognized
in central Jamaica to western and eastern Jamaica, recog-
nizes new events, compares the succession in Jamaica
with successions in Cuba, Hispaniola and Puerto Rico,
and discusses how these events might relate to the Pindell
and Burke models.

GEOLOGICAL SETTING

The geological evolution of Jamaica has been divided
into four basic stages by Draper (1987). The Cretaceous
was characterized by island arc volcanism associated with
the extrusion of lavas and the deposition of volcaniclastic
sedimentary rocks and thin limestones. In Paleocene-Ear-
ly Eocene time, Jamaica was the area of extensive intra-
arc rifting. From Middle Eocene to Middle Miocene time,
Jamaica formed part of an extensive carbonate platform
complex that extended across the Nicaragua Rise.
Renewed uplift began in the Late Miocene and continues
to this day; this has resulted in the rapid uplift of the Blue
Mountains and the exhumation of numerous inliers
exposing the Cretaceous succession on the island.

The Cretaceous-Paleocene rocks referred to in this
paper are exposed in the Blue Mountains, Clarendon and
Hanover Blocks (Fig. 1). The succession on the Clarendon
Block (particularly the Central Inlier) has been best studied
and forms the ‘type’ succession of this report. The succes-
sion was divided into packages (synthems, Fig. 2) bounded
by angular unconformities (Mitchell, 2004). This strati-
graphic subdivision allows the recognition of distinct depo-
sitional episodes, separated by important tectonic events
that shaped the sedimentary basins of Jamaica. The vol-
canic basement and synthems are briefly discussed below
(details can be found in the references cited).

STRATIGRAPHY

Older Volcanic Succession

In the Central Inlier, the Arthurs Seat Formation con-
sists of a thick succession of volcanic and sedimentary

rocks (Mitchell, 2004). The lower part consists of a
sequence of tholeiitic andesitic flows and associated dyke
rocks (Jackson, 1987; Mitchell, 2004); the upper part,
very-poorly-sorted, unbedded conglomerates associated
with rare graded/laminated sandstones and porphyritic
basalts and andesites with calc-alkaline affinities (Jack-
son, 1987; Mitchell, 2004). This succession was intruded
by various dykes, and in the east by the Ginger Ridge
Granodiorite (Porter, 1970, 1972) giving a K-Ar isochron
age of 85 ± 9 Ma (Turonian to Middle Campanian, Lewis
et al., 1972). The succession was interpreted to have
formed in a subaerial, proximal volcaniclastic apron close
to an active volcanic centre (Mitchell, 2004).

In the nearby Benbow Inlier, a 9 km thick succession
of lavas, volcaniclastic sediments, shales and limestones
is developed (Burke et al., 1968), with rudist-bivalves
indicating a Barremian to Late Albian age range. The
uppermost part of the succession has yielded a Turonian
nannofloral assemblage (Jiang and Robinson, 1987).
Tholeiitic lavas in the lower part of the section are regard-
ed as part of the tholeiitic island arc (or PIA) suite,
whereas the overlying Albian to Turonian rocks have a
calc-alkaline island arc suite (Jackson, 1987).

The oldest dated rocks exposed along the southern
side of the Grand Ridge of the Blue Mountains consist of
basalts and gabbros of the Bath-Dunrobin Formation
(Wadge et al., 1982). These consist of typical MORB
basalts and have been interpreted as a dismembered ophi-
olite complex (Wadge et al., 1982; Jackson, 1987). Cherts
interbedded with the basalts indicate a Turonian-Conia-
cian age (Montgomery and Pessagno, 1999), the same as
the CLIP fragments found in Hispaniola and drilled in
DSDP wells (Kerr et al., 2004). 

Crofts Synthem

In the Central Inlier, the Crofts Synthem has a basal
angular unconformity, and consists of the Peters Hill,
Back River and Dawburn Content formations (Mitchell,
2004). The Peters Hill Formation consists of up to 25 m
of limestone and is succeeded by the Back River Forma-
tion represented by a coarsening upwards succession of
mudstones passing upwards into thickly bedded sand-
stones. A thin unit of cross-bedded sandy limestones is
present at the top. The overlying Dawburn Content For-
mation is a succession of graded, turbiditic sandstones
and intervening shales. The Peters Hill Limestone con-
tains a prolific Santonian rudist fauna, whereas the over-
lying Back River Formation contains inoceramids and
planktic foraminifers indicating the Upper Santonian-
Lower Campanian (Kauffman, 1966; van Dommelen,
1971). The Crofts Hill Synthem has been intruded by a
few basaltic sills and andesitic dykes.
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In the Stapleton Inlier (Fig. 2), the Crofts Synthem is
represented by a conglomerate-shale-limestone sequence.
The Johns Hall Conglomerate has yielded probable Early
Campanian gastropods (Sohl, 1967), whereas the overly-
ing deep-water Sunderland and Newmans Hall Shales
have yielded Early and Middle Campanian nannofossils
(Jiang, 1993). The Stapleton Limestone, represents a
widespread shallow-water phase yielding a rudist fauna
included Barrettia gigas Chubb (Chubb, 1971) and is of
late Middle Campanian age (Jiang, 1993). The overlying
Shephards Hall Formation is also of Campanian age
(Jiang, 1993). 

In the parish of Hanover, a thick Santonian-Middle
Campanian section is present within the Lucea, Grange,
and Green Island Inliers (Chubb, 1955; Grippi, 1980;
Grippi and Burke, 1980; Schmidt, 1988). The most com-
plete Santonian-Middle Campanian succession is seen in
the central block of the Lucea Inlier (Grippi, 1980; Jiang
and Robinson, 1987). Here a deep-water turbiditic San-
tonian (and possibly older) succession is present, and is
cut by a submarine channel-fill. This is overlain by a
lenticular limestone (the Clifton Limestone yielding a late

Santonian rudist assemblage), and a Santonian-Lower
Campanian deep-water shale-conglomerate sequence
(Jiang and Robinson, 1987). The Green Island Limestone
of the Green Island Inlier is the local expression of the
widespread late Middle Campanian shallow-water Barret-
tia gigas limestone.

Late Cretaceous Unconformity

In the Central Inlier, the unconformity at the base of
the Kellits Synthem truncates the Arthurs Seat Forma-
tion, Crofts Hill Synthem, and an east-west, high-angle
thrust fault at the top of the Crofts Hill Synthem
(Mitchell, 2004).

Kellits Synthem

The Kellits Synthem is well-developed across the
Cornwall-Middlesex Block and represents a major
transgressive-regressive cycle (Mitchell and Blissett,
2001; Mitchell, 2004). It is exposed at outcrop in the
Central, St. James, Marchmont and Jerusalem Moun-
tain Inliers.
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The succession in the Central Inlier has been exten-
sively described before (Mitchell, 1999; Mitchell and
Blissett, 2001; Mitchell, 2004). The basal Slippery Rock
Formation (150 to 175 m thick) consists of red, brown or
grey pebble conglomerates in poorly-defined beds up to
several m thick. The conglomerate beds have sharp, ero-
sive bases, may have tabular and trough-cross bedding;
some show nodular calcretes at the top. The amalgamat-
ed conglomerate beds pass upwards into discrete con-
glomerate beds alternating with poorly-sorted, pebbly
sandstones and red siltstones with nodular and pelloidal
calcretes. In the western part of the inlier, the Slippery
Rock Formation is succeeded by the Thomas River For-
mation. This consists of up to 175 m of red and grey
mudstones. At the base is a thin sandy limestone with
oysters. The red mudstones are unfossiliferous, but con-
tain thin horizons of nodular calcrete. The grey mud-
stones contain thin beds of flaser, wavy and lenticular
bedded sandstone showing bidirectional palaeocurrents.
A few thin, widely spaced marine limestones are present
and contain a rudist-coral fauna. The grey mudstones
yield a mixed marine–freshwater fanua (gastropods and
bivalves) and flora (charophytes, Kumar and Grambast-
Fessard, 1984; Kumar and Oliver, 1984). The Guinea
Corn Formation is up to 250 m thick and rests on the
Thomas River Formation in the west, the Slippery Rock
Formation in the middle, but is absent in the eastern parts
of the inlier. The formation consists of rudist-bearing
limestones (Coates, 1965, 1977; Kauffman and Sohl,
1974; Mitchell, 1999, 2002) alternating with fossiliferous
siltstones and mudstones forming rhythms (Mitchell,
2002). Rudist bivalves are abundant in the limestones,
and include Titanosarcolites, Praebarrettia, Bournonia,
Biradiolites, Chiapasella, Antillocaprina and Thyrasty-
lon (Trechmann, 1924; Chubb, 1971; Kauffman and
Sohl, 1974; Mitchell, 1999, 2002; Mitchell and Gunter,
2002). The limestones thin to the northeast and mud-
stones become more prominent. Fossiliferous siltstones
are interbedded with the limestone in the lower part of
the succession. In the upper part of the succession, mud-
stones with graded sandstones, similar to the sandstones
in the overlying Green River Formation, are present
(Mitchell, 1999). A late Maastrichtian age is indicated by
the fauna (Underwood and Mitchell, 2000) and ages
derived from strontium isotope values (Steuber et al.,
2002). The Guinea Corn Formation (or Slippery Rock
Formation where the Guinea Corn Formation is missing)
is succeeded by the Summerfield Group consisting of a
shallowing-upwards succession of marine to terrestrial
volcaniclastic sedimentary rocks (Mitchell, 2000;
Mitchell and Blissett, 2001). The lower part consists of
mudstones with normally graded sandstones (Green Riv-
er Formation – 60 m thick) that pass up into massive
sandstones (Peckham Formation – 150 m thick). The
overlying Mahoe River Formation (210 m thick) consists

of thickly-bedded, pebble and boulder conglomerates
with rounded clasts that have well-developed imbrica-
tion. The top of the group is represented by up to 150 m
of dacitic ignimbrites of the Waterworks Formation.
Mitchell (2000) interpreted this shallowing-upwards suc-
cession as a progradational volcaniclastic braid-delta,
associated with a newly emergent volcanic centre. A sin-
gle fission track age from apatites from the Waterworks
Formation indicates the earliest Eocene (55.3 ± 2.8 Ma,
Ahmad et al., 1987).

In the parish of St. James, the Kellits Synthem is
exposed in the Kennsington, Calton Hill, Maldon and sev-
eral smaller inliers (Gunter and Mitchell, 2005). The suc-
cession consists of thick interbedded rudist-bearing lime-
stones and shallow-marine mudstones. The Maldon and
Vaughansfield Formations correlate with the D Beds and
top F Beds in the Central Inlier (Mitchell and Gunter,
2002; Gunter and Mitchell, 2005); the Calton Hill Lime-
stone possibly equivalent to the B or MC beds. The
marine mudstones are succeeded by marine (?and terres-
trial) sandstones and conglomerates, which are the lateral
equivalent of the Summerfield Group.

The succession in the Jerusalem Mountain Inlier con-
sists of a lower unit of limestones (Jerusalem Mountain
Formation) and an upper unit of red beds (Masemure For-
mation) (Jiang and Robinson, 1987). The Jerusalem
Mountain Formation, previously regarded as the youngest
fossiliferous Cretaceous deposit in Jamaica, is now
known to be of early Late Maastrichtian age (Steuber et
al., 2002). The Masemure Formation is probably a lateral
equivalent of the Thomas River Formation.

The Kellits Synthem is overlain unconfomably by the
deposits of the Yellow Limestone Group (late Early
Eocene to Middle Eocene) across central and western
Jamaica (Robinson and Mitchell, 1999).

DISCUSSION

The Cretaceous stratigraphy of Jamaica can be divid-
ed into distinct sedimentary packages separated by angu-
lar unconformities. The oldest rocks consist of a volcanic
arc succession in central and western Jamaica (Lower and
lower Upper Cretaceous) and an ophiolite suite (Turon-
ian-Coniacian – either part of the CLIP, or a back/fore-arc
spreading centre) in the Blue Mountains. Similar mafic-
ultramafic suites associated with basalts of Turonian to
Coniacian age occur in eastern Cuba and have been inter-
preted as part of an extensional back-arc basin succession
(Iturralde-Vinent et al., this volume; Proenza et al., this
volume). Evidence for the Pindell-type model arc polarity
reversal was inferred because of the change from primi-
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tive island arc tholeiites to calc-alkaline volcanics during
the Aptian of the Benbow inlier (Pindell and Kennan,
2001).

An important Santonian event is recognized with the
widespread development of shallow-water limestones
with rudist assemblages. These appear either intercalated
in deep-water deposits (e.g., Clifton Limestone of the
Hanover Block) or as transgressive deposits (Peters Hill
Formation of the Central Inlier). This Santonian carbon-
ate phase finds parallels elsewhere in the Caribbean, the
Cotui Limestone of Puerto Rico (Skelton, 1996) and the

Loma Yucatán Limestone and other localities of Cuba
(Rojas et al., 1995). This event has been interpreted as
one of several interruptions in the arc’s magmatic activity,
associated with deformation, uplift and subaereal erosion;
followed by general subsidence and resume of magmatic
activity usually with a different geochemistry (Iturralde-
Vinent, 1994; Kerr et al., 1999).

A widespread shallow-water limestone phase is also
developed in the upper part of the Crofts Synthem of
Western Jamaica. This limestone contains the Barrettia
gigas rudist assemblages and is dated on calcareous nan-
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FIGURE 2 Simplified stratigraphy of the Cretaceous of Jamaica. Timescale in Ma after Gradstein et al., 2004. Events: 1: Arc reversal – Pindell-mod-
el; 2: formation of CLIP; 3: arc reversal – Burke model; 4: collision of Caribbean plate with North America. Limestone units: GC: Guinea Corn; K:
Kensington; CH/M/V: Carlton Hill, Maldon and Vaughansfield; GI: Green Island; St: Stapleton; Cl: Clifton; PH: Peters Hill.



nofossils as late Middle Campanian. In Cuba, Rojas et al.
(1995) report two Campanian-Maastrichtian Barrettia
associations: a lower (Campanian) Barrettia monilifera
limestone unit (Loma de Caballeros, and other localities);
and an upper Barrettia-Titanosarcolites association. A
revision of the species and lineages of Barrettia and
Titanosarcolites is needed to resolve the detailed correla-
tions between Cuba and Jamaica. The shallow-water
limestone event of Jamaica could relate to the arc polarity
reversal of the Burke-type models. 

The unconformity at the base of the Kellits Synthem is
well developed in Central Jamaica and is well-constrained
to the Early Maastrichtian based on ages derived from Sr-
isotope values in the overlying limestones of the Kellits
Synthem (Steuber et al., 2002). Mitchell (2004) attributed
this unconformity and the associated thrusting to the colli-
sion between the Caribbean Plate (Nicaragua Rise) and the
North American Plate (Maya/Yucatàn Block). Both Burke-
and Pindell-type models recognize this event.

CONCLUSIONS

The sedimentary successions preserved in the Creta-
ceous rocks of Jamaica record important changes in depo-
sitional styles that are related to changes in regional/local
stress regimes and/or tectonic events. The Early Maas-
trichtian collision of the Caribbean Plate with the North
American Plate is recorded by thrusting and an important
unconformity. Earlier unconformities and/or shallow
water limestone deposits occur and have direct equiva-
lents in other parts of the Caribbean. These events have
been interpreted as interruptions of the arc’s magmatic
activity due to tectonic events (multiarc hypothesis of
Iturralde-Vinent, 1994; Kerr et al., 1999). Further detailed
studies dating and tracing these events across the
Caribbean are needed to determine their value in recon-
structing the tectonic plate history.
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Evidence for middle Cretaceous accretion at Santa Elena
Peninsula (Santa Rosa Accretionary Complex), Costa Rica

An oceanic assemblage of alkaline basalts, radiolarites and polymictic breccias forms the tectonic substratum
of the Santa Elena Nappe, which is constituted by extensive outcrops of ultramafic and mafic rocks of the
Santa Elena Peninsula (NW Costa Rica). The undulating basal contact of this nappe defines several half-windows
along the south shores of the Santa Elena Peninsula. Lithologically it is constituted by vesicular pillowed and
massive alkaline basaltic flows, alkaline sills, ribbon-bedded and knobby radiolarites, muddy tuffaceous and
detrital turbidites, debris flows and polymictic breccias and megabreccias. Sediments and basalt flows show
predominant subvertical dips and occur in packages separated by roughly bed-parallel thrust planes. Indivi-
dual packages reveal a coherent internal stratigraphy that records younging to the east in all packages and
shows rapid coarsening upwards of the detrital facies. Alkaline basalt flows, pillow breccias and sills within
radiolarite successions are genetically related to a mid-Cretaceous submarine seamount. Detrital sedimentary
facies range form distal turbidites to proximal debris flows and culminate in megabreccias related to collapse
and mass wasting in an accretionary prism. According to radiolarian dating, bedded radiolarites and soft-se-
diment-deformed clasts in the megabreccias formed in a short, late Aptian to Cenomanian time interval. Mid-
dle Jurassic to Lower Cretaceous radiolarian ages are found in clasts and blocks reworked from an older
oceanic basement. We conclude that the oceanic assemblage beneath the Santa Elena Nappe does not repre-
sent a continuous stratigraphic succession. It is a pile of individual thrust sheets constituting an accretionary
sequence, where intrusion and extrusion of alkaline basalts, sedimentation of radiolarites, turbidites and
trench fill chaotic sediments occurred during the Aptian-Cenomanian. These thrust sheets formed shortly
before the off-scraping and accretion of the complex. Here we define the Santa Rosa Accretionary Complex
and propose a new hypothesis not considered in former interpretations. This hypothesis would be the basis
for further research.

Santa Elena Peninsula. Accretion. Costa Rica. Radiolarites. Megabreccias. Middle Cretaceous. Subduction.
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INTRODUCTION

The Santa Elena Peninsula, located in northwestern
Costa Rica, is 15 km wide and 40 km in a long east-west
trend. It forms part of an extensive region, 500 km in
length, geologically constituted by oceanic assemblages
along the Pacific coast of Costa Rica (Fig. 1). These
assemblages are formed by Cretaceous-Paleocene igneous
suites of ultramafic and mafic to acidic intrusive rocks,
massive and pillow basalts, dolerite sills and dikes, and
Jurassic to Cretaceous radiolarian cherts (Donnelly, 1994;
Meschede and Frisch, 1994). These occurrences are
closely associated with an active margin, where the Cocos
Plate is being subducted underneath the Caribbean Plate.
This subduction process is also responsible for the exis-
tence of an active volcanic arc along the whole region
(Fig. 1). The Panama Fracture Zone is a dextral transform
fault that separates the Cocos and Nazca plates and forms
a triple junction by the interaction with the Caribbean
plate in the southeast, offshore of Costa Rica (Fig. 1). The
Hess Escarpment and the western edge of the North Pana-
ma Deformed Belt are remarkable tectonic Caribbean
intraplate features (Fig. 1). The Hess Escarpment, still of
an obscure origin, is a linear northeast-trending escarp-
ment of 100 to 3000 m variable relief (Holcombe et al.,
1990). The North Panama Deformed Belt is a well
defined seismically active offshore belt of Cretaceous-
Neogene rocks (Mann and Kolarsky, 1995).

There are four localities containing peridotites in the
Nicaraguan-Costa Rican region (Fig. 1): Santa Elena
Peninsula (Harrison, 1953; Dengo, 1962, 1972; Astorga,
1997), Río San Juan (Astorga, 1992; Vargas and Alfaro,
1992; Tournon et al., 1995), Tonjibe drillhole (Pizarro,
1993) and Siuna (Venable, 1994; Rogers, 2003). The rela-
tionship between these four occurrences is not completely
clear, but the Río San Juan, Tonjibe and Santa Elena
Peninsula localities have been interpreted as a 150 km
long E-W trending ultramafic suture zone (Tournon et al.,
1995), which corresponds to the boundary between the
Chorotega and the Chortis blocks, seen in alignment with
the Hess Escarpment (Dengo, 1985).

The Santa Elena Peninsula belongs to a major south
directed nappe emplaced during Upper Cretaceous that
has a hanging-wall formed by ultramafic peridotites,
(Azéma and Tournon, 1980; Tournon, 1984, 1994; Frisch
et al., 1992). The footwall is constituted by an igneous-
sedimentary sequence, which has been dated Middle
Jurassic to Early Cretaceous (Schmidt-Effing, 1980;
DeWeber et al., 1985; Hauff et al., 2000).

Originally, the Santa Elena Peninsula ultramafics
were considered part of an ophiolitic suite (Dengo,
1962; Kuijpers, 1980), related to the oceanic assemblage

that constitutes the Nicoya Peninsula (Fig. 1). Later,
Bourgois et al. (1984), Baumgartner (1984) and Azéma
et al. (1985) correlated the underlying “volcanosedimen-
tary” tectonic unit (Santa Rosa Accretionary Complex,
in this paper) to the Nicoya Complex, which is the geo-
logic unit that comprises the oceanic assemblage of the
Nicoya Peninsula and is formed predominantly by
Upper Cretaceous plateau basalts ascribed to the main
Caribbean Large Igneous Plateau event (Donnely, 1994;
Sinton et al., 1997).

The relationship between the rocks of the Nicoya and
Santa Elena peninsulas has been discussed and interpret-
ed in various petrologic and geodynamic studies (Dengo,
1962; Tournon, 1984; Azéma et al., 1982; Burgois et al.,
1984; Frisch et al., 1992; Astorga, 1997; Beccaluva et al.,
1999; Hauff et al., 2000). However, the more recent geo-
chemical analyses made by Beccaluva et al. (1999) and
Hauff et al. (2000) suggest that the Santa Rosa Accre-
tionary Complex does not correspond to the Galapagos
mantle array. Instead, it corresponds to mantle reservoirs
and geochemical characteristics different from those of
the Nicoya Complex (Nicoya Peninsula).

In this work, we study the stratigraphic and structural
relations of the volcano-sedimentary sequence that out-
crops along the south coast of the Santa Elena Peninsula
beneath the Santa Elena Nappe (Fig. 2), reinterpreting
and discussing the previous radiolarian biochronology
(Schmidt-Effing, 1980; Dewever et al., 1985; Astorga,
1992). Our intention is to propose a new hypothesis, not
considered by previous authors, which states that the foot-
wall block of the Santa Elena Nappe is not a continuous
sequence, but a piled-up accretionary sequence, that we
named the Santa Rosa Accretionary Complex. We are
aware that more petrologic, micropaleontologic and tec-
tonic studies must be made for a better understanding of
the whole picture, but our hypothesis represents a starting
point to further studies.

GEOLOGIC SETTING

The Santa Elena Nappe is constituted by three petro-
logical affinities: 1) mantle serpentinized peridotites 2)
pegmatitic gabbros, layered gabbros and plagiogranites
and basaltic dikes, and 3) doleritic dykes (Burgois et al.,
1984; Tournon, 1984; Frisch et al., 1992; Hauff et al.,
2000). Radioisotopic Ar39/Ar40 dating was done on a gab-
bro sample from this unit, and it gives an age of 124.0 ±
4.0 Ma (Hauff et al., 2000; Fig. 2).

The oceanic assemblage underlying the Santa Elena
Ultramafic Nappe defined herein as the Santa Rosa
Accretionary Complex crops out in the Potrero Grande
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tectonic window and in several half-windows along the
southern coast of the Santa Elena Peninsula (Azéma and
Tournon, 1980; Azéma et al., 1982; Tournon and Alvara-
do, 1997; Fig. 2). The upper boundary of this complex is

the Santa Elena thrust which separates it from the peri-
dotites of the Santa Elena Nappe. This thrust has associat-
ed thick fault megabreccias with house-sized blocks,
which were formed during the emplacement of the nappe

Middle Cretaceous Accretionary Complex at the SW Caribbean plateP.O. BAUMGARTNER and P. DENYER
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FIGURE 1 Present day geotectonic setting of Central America and the Caribbean, showing the oceanic assemblages and the peridotite occurrences
of Costa Rica and Nicaragua. NDPB: North Deformed Panama Belt, PFZ: Panama Fracture Zone, MAT: Middle America Trench, BCC: Boundary between
Chortis and Chorotega blocks, HE: Hess Escarpment. Map based on DeMets et al. (1990), Donnelly (1994), Meschede and Frisch (1994), Venable
(1994), Tournon et al. (1995), Ranero and von Huene (2000), Ranero et al. (2003) and Rogers (2003).



(i.e., outcrops in western Playa Carrizal, Pelada Island
and northern Playa Naranjo). The composition of the
fragments of the magabreccias vary from place to place
and generally include fragments of dolerites, basalts, gab-
bros. Sometimes they are set in a tectonically deformed
serpentinite matrix (Tournon, 1984). The thrust fault
plane is roughly horizontal with steep undulations. As a
result of these undulations, the thrust dives in several
places below the present shoreline, causing the underly-
ing Santa Rosa Accretionary Complex to appear as isolat-
ed outcrops. They are at most a few tens of meters above
mean sea level (Figs. 2 and 3).

Beneath the main thrust, numerous flat-lying, top-to-
west to southwest thrusts, some asymmetric folds (Azéma
and Tournon, 1980; Tournon, 1984) and fabric studies
(Frisch et al., 1992) are associated to the main Santa Ele-
na thrust and affect the Santa Rosa Accretionary Com-
plex, indicating a south to southwest emplacement of the
Santa Elena Nappe (Azéma and Tournon, 1980; Frisch et
al., 1992). These successions show predominantly subver-
tical and steep eastward dips. Locally, dips are more gen-
tle northwards resulting in nearly horizontal intersections
of strata with the generally E-W oriented cliffs (Playa
Carrizal to north of Playa Naranjo, Fig. 2).

Tournon (1984, 1994) described a tectonized and
possibly isoclinally folded sequence of alkaline pil-

low basalts, basalt breccias, red and brown radiola-
rites, radiolarite-basalt breccias, tuffs and a distinct
package of ribbon-bedded chert with intervening sills
of potassic alkaline basalts at Sitio Santa Rosa. Based
on the presence of radiolarite fragment inclusions
occurring within sills with chilled margins, he con-
cluded that they were produced in an oceanic environ-
ment. This ocean was considered to be as old as early
Middle Jurassic and to range up to the Cenomanian;
an age that agrees with radiolarian dates (Tournon,
1984; DeWever et al., 1985). Tournon (1984) suggest-
ed an anticline structure based on the fact that strata
dated as Middle Jurassic are flanked by rocks dated as
middle Cretaceous. The sequence of Santa Rosa had
been considered the most complete Jurassic-Lower
Cretaceous section of Costa Rica (Tournon, 1994;
Astorga, 1997).

From eastern Punta Santa Elena and from Res-
pingue (Fig. 2), Tournon (1984; 1994) described thick
piles of alternating pillowed and massive basalts and
dolerites cut by basaltic dykes and rare trachytes with-
out intervening sediments. Tournon (1984, 1994)
emphasized on an undersaturated alkaline trend, evi-
denced in part by enrichment in Light Rare Earth Ele-
ments. Frisch et al. (1992) and Hauff et al. (2000) con-
firmed these findings and interpreted the basalts in
terms of an intraplate, seamount origin.
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FIGURE 2 Geologic map of the Mesozoic oceanic assemblages of the Santa Elena Peninsula (modified after Tournon, 1994). Radioisotopic ages
from Hauff et al. (2000). Micropaleontologic ages from Schmidt-Effing (1980) and DeWever et al. (1985). See Fig. 3 for further detail on the studied
outcrops.



The easternmost outcrops of the Santa Rosa Accre-
tionary Complex (Playa Tule, north of Playa Naranjo;
Fig. 2) were signed out by Tournon (1984, 1994) because
of the occurrence of breccias with andesitic and even
acidic arc-derived clasts.

Offshore and westwards of the coastal outcrops of the
Santa Rosa Accretionary Complex, the Islas Murciélago
form a continuous 10 km long archipelago, consisting of
columnar, pillow and massive basalts, with a general
steep northward dip. The basalts forming the Islas Mur-
ciélago are geochemically (Hauff et al., 2000) very differ-
ent from the igneous rocks of the Santa Rosa Accre-
tionary Complex. Hauff et al. (2000) presented a
radioisotopic Ar39/Ar40 date of 109.0 ± 2.0 Ma and relat-
ed their origin to a primitive island arc.

SANTA ROSA ACCRETIONARY COMPLEX UNITS

The Santa Rosa Accretionary Complex is made up of
8 units at Sitio Santa Rosa, separated from the neighbor-
ing unit by decimeter to meter wide intensive and roughly
bed-parallel shear zones (Figs. 2, 3 and 4). We interpret
these units as tectonically stacked, based on the field tec-
tonic features, sedimentological inconsistencies and age
distribution .

Unit 1

Not represented in Fig. 4, it is more than 100 m thick
and includes a lower part formed by pillowed basalts with
minor basalt breccias, and an upper part constituted by
ribbon red radiolarites exposing intense soft sediment
deformation interpreted as slumping. 

Unit 2

It is composed of 300 m of mostly disorganized, poor-
ly stratified polymictic breccias that include radiolarite
blocks of up to 10 m size, and several meter thick volcan-
oclastic debris flow breccias that crop out in the upper
part of the unit. The reworking of poorly lithified breccias
as blocks is shown by sharp changes in breccia fabrics
along irregular contacts. 

Unit 3

It is about 300 m thick and dominated by thin-bed-
ded ribbon-radiolarites with intervening alkaline basalt
sills (Fig. 5A) that overlie a basalt breccia and tuffa-
ceous mudstone, including a large (slumped?) radiolar-
ite block. The basaltic breccia is also intruded by
basaltic sills suggesting a related origin of the pil-
lowed/layered basalt flows and the sills of Sitio Santa
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FIGURE 3 Aerial photograph (Instituto Geográfico Nacional of Costa Rica) with location of units described in the text B) Schematic cross section,
based on the units described by Tournon (1984). See location in Fig. 2 and details on sedimentology in Fig. 4.



Rosa. In the thin-bedded ribbon-radiolarites, gravita-
tional emplacement of the sills along bedding planes
must be assumed to explain the lack of disturbance of
the delicate radiolarite bedding (Fig. 5A). This con-
trasts with the topmost sills, which enclose meter-sized
contorted rip-up clasts of radiolarite and show internal
flow structures.

Unit 4

This is 125 m thick chaotic breccia unit including
giant (10 x 10 x 20 m) blocks of very deformed radiolar-
ites (Fig. 5B) that denote a complex sedimentary and/or
tectonic reworking, which include: 1) gravitational
emplacement of the blocks into a bedded pebbly to cob-
bly polymictic breccia that coarsens upwards, and/or 2)
gravitational or tectonic mixing of this breccia.

Unit 5

This unit is 100 m thick and is entirely made of mas-
sive alkaline basalt.

Unit 6

It is 150 m thick and constitutes a coarsening upwards
succession that begins with centimeter bedded volcan-
oclastic turbidites interbedded with brown siliceous mud-
stones (Fig. 5C). This unit finishes with meter to 10-m
thick strata of debris flows.

Unit 7

In this 300 m thick unit, ribbon-bedded radiolarites
grade upsection into grey tuffaceous mudstones with
muddy trubidites at the base (Fig. 5D) that represent non-
channelized distal fan facies. Upwards, over the first
decimeter-thick debris flows (Fig. 5E), the succession is
truncated by an erosion surface and overlain by a
megabreccia with decameter-sized radiolarite slide-blocks
set in a polymictic boulder breccia (Fig. 5F).

Unit 8

It is represented by layered flows of pillowed and massive
basalts that crop out along the shoreline 1.5 km to the east.

LITHOLOGIC ASSOCIATIONS AND SEDIMENTOLOGY
OF THE SANTA ROSA ACCRETIONARY COMPLEX

In this section, we describe the principal lithologic
associations, the sedimentology and the tectonostrati-
graphic succession of the Santa Rosa Accretionary Com-
plex cropping out near Sitio Santa Rosa, between Playa

Danta and Punta El Respingue (Fig. 2), and also at Playa
Carrizal and Northen Playa Naranjo.

Sitio Santa Rosa

Some of the described associations are repeated many
times along the coast and others are unique (Figs. 3 and
4). One or more lithologic associations occur in the 8 tec-
tonic units. In order to obtain stratigraphic polarity, we
systematically observed grading in the turbidites and
small debris flows of the detrital intervals. In the radiolar-
ite successions, the geopetal mud infill in large, spherical
radiolarian tests was determined under the hand lens
(15x) and verified in thin sections. From this analysis, we
conclude that all sedimentary strata have their top towards
the east.

Vesicular pillow and massive basalt, basaltic breccias,
vesicular pillow basalt and alkaline basaltic sills with
chilled margins

These lithologies form 10 to 100 m packages between
Punta Santa Elena and Punta El Respingue. In the Sitio
Santa Rosa outcrops, they form the tectonic Unit 1, base
of Unit 3, and the ensemble of units 5 and 8 (Figs. 2 and
3). They represent a succession of flows, each several tens
of meters thick. They can be detected on aerial photos
NW of El Respingue (Unit 8).

Flows are often massive and brecciated. They repre-
sent monomichtic disorganized basaltic breccias with pil-
low fragments in a more or less sheared matrix of tuffa-
ceous (hyaloclastic?) material. There seems to be a
genetic relationship between pillowed/brecciated basalt
flows and the sills described from Unit 3. Tournon (1984;
1994), based on whole rock principal element analyses,
notes a potassic alkaline geochemistry of these basalts. 

Numerous centimeter and meter wide sills form part
of Unit 3. The thickest sills show the same lithologies as
the interior of basalt flows of the vesicular pillow and
massive basalt association, especially those belonging to
units 3 and 5. This suggests a genetic relationship
between pillowed/brecciated basalt flows and the sills
described here from Unit 3.

Ribbon bedded red radiolarian chert

It constitutes the middle and upper part of the Unit 3
(Fig. 3). It is an association dominated by 2-5 cm bedded
brown and brownish red ribbon radiolarites with cm-sized
ripple marks in some beds recording some current activi-
ty. These radiolarites are intruded by numerous sills,
which could represent more than half of the thickness of
Unit 3 (Fig. 4). The adjacent radiolarites, in turn, are
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hydrothermally altered to more massive brick red to yel-
low jasper. Sills show greenish-yellowish weathering;
they are alkaline basalts that show chilled margins both at
the base and the top. 

Tuffaceous mudstones and muddy tuffaceous turbidi-
tes, and red ribbon-bedded radiolarites

The lower parts of the units 6 and 7 in the Sitio Santa
Rosa are composed of red, 2-10 cm thick ribbon-bedded
radiolarites that grade upsection into less well-bedded

reddish brown to dark grey tuffaceous siliceous mud-
stones with interbeds of thin, muddy turbidites (Figs. 5C,
5D, 5E). These interbeds formed by Tc-d and Tb-d
Bouma sequences increase in frequency and thickness
upwards, from a few centimeters to several decimeters. 

Radiolarian siliceous mudstone and volcanoclastic
turbidites/debris flow breccias

This lithologic association is formed by reddish-
brown siliceous radiolarian mudstones (brown radiolarites
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FIGURE 4 Sedimentological logs and paleoenvironmental interpretation of Santa Rosa Accretionary Complex (Southwest Santa Elena Peninsula).
Thick numbers correspond to the stratigraphic-sedimentological units described in the text. See Figs. 2 and 3 for location and structural features.



of Tournon 1984, 1994) that are centimeter to meter
interbedded with graded volcanic sandstones and pebble-
breccias. All beds are distinctly coarse-tail graded and
show a very rapid coarsening upwards trend. Bed thick-
ness of the sandstones and breccias is almost proportional
to clast size: sandy turbidites are a few centimeters thick
whereas pebbly breccias are 15-30 cm thick, and breccias
with boulder-sited outsized clasts set in a pebbly, sandy
polymodal matrix make up meter-thick beds. The clasts
of the breccias are mainly reworked radiolarian chert,
basalts and few coarser grained dolerites. Inverse grading
can be observed for the coarsest of these clasts, although
each individual bed of breccia is followed by a normally
graded sandy turbidite. According to the characteristics of
the matrix, the heterogeneity of clasts and the thickness
variations, the breccias of this association have to be
interpreted as rather proximal debris flows.

Disorganized polymictic breccias and magabreccias

This is the most abundant rock association in the Sitio
Santa Rosa outcrops. It is present in the tectonic units 2,
4, 6 and 7 (Fig. 4). It is made of disorganized breccias and
megabreccias in which clasts are from less than a meter
up to 30 m sized slabs of radiolarites (Figs. 5D, 5E). The
thickness of the breccias and megabreccias in beds is
highly variable, reaching more than 100 m. In relation to
bed thickness, three major kinds of disorganized breccias
could be distinguished, 1) Decimeter to meter thick beds of
moderately organised breccias 2) Meter thick beds of poor-
ly organized breccias with soft sediment deformation
(however, intervening contorted layers of radiolarian mud-
stone and graded breccias can be interpreted as originally
interstratified in several 100 m thick units; Unit 2, Fig. 4);
and 3) Decameter thick beds of totally disorganized
megabreccias including meter to decameter-size blocks of
basalt, soft-sediment-deformed radiolarite and reworded
breccias (Unit 7) which overlie the turbidite/debris flow
association with an erosive unconformity (Fig. 4).

These breccias are commonly associated with ribbon-
bedded and knobbly radiolarian. The association of disor-
ganized polymictic breccias and megabreccias can easily
be distinguished from that of the monomictic breccias of
the vesicular pillow and massive basaltic flows association
which do not show organization in beds with grading, clast
orientation, and have different lithologic composition.

Playa Carrizal 

West of Playa Carrizal (Fig. 2), 50-100 m thick-units
of 5-20 cm-bedded, brick red parallel-bedded to knobbly
radiolarian chert occur (Fig. 5G), overlying pillow basalts
(Fig. 5H) Individual chert beds are separated from each
other by claystone layers and sometimes black shales.

Grey shales can be observed in the outcrops located 1 km
west of Playa Carrizal (Tournon 1984; Astorga 1997).
Organic matter is preserved in clay-rich lithologies. The
knobbly nature of the radiolarian chert suggests original
presence of carbonates that may have dissolved away dur-
ing diagenesis (Bosellini and Winterer, 1975). The clay
partings suggest that radiolarite sedimentation was inter-
rupted by episodes of sedimentation of volcanic-derived
smectite.

Northern Playa Naranjo

The outcrops just north of Playa Naranjo are part of
the Santa Rosa Accretionary Complex, but show different
sedimentary and igneous facies. They are composed of
pink pelagic limestones interbedded with graded tur-
bidites and pebbly igneous breccias with andesitic and
even acidic clasts. This succession could be much more
proximal with respect to the middle Cretaceous arc. In the
eastern Pacific, pre-Campanian pelagic limestone facies
are restricted relatively shallow (above CCD) sites (Thier-
stein, 1979). However, they are found today in the same
structural position under the Santa Elena Nappe and are
therefore included within the Santa Rosa Accretionary
Complex.

PALEONVIRONMENTAL INTERPRETATION OF THE
SANTA ROSA ACCRETIONARY COMPLEX UNITS

From the previously described rock associations and
their stratigraphical succession, the Santa Rosa units 1 to
8 (Figs. 3 and 4) have been interpreted as formed in the
following volcano-sedimentary paleoenvironments.

Unit 1: The slumped radiolarites, vesicular pillow and
massive basalts, and basaltic breccias of this unit may
have formed on the slopes of a submarine seamount
(Frish et al, 1992; Tournon, 1994; Hauff et al., 2000).

Unit 2: This unit is interpreted as a very proximal
trench-fill succession that documents mass wasting of
already accreted oceanic and trench fill lithologies.

Unit 3: Rock associations present in this unit indicate
that it was probably deposited in a deep ocean abyssal
plain located in the vicinity of an intraplate seamount or
plateau providing the sources of the numerous basaltic
sills and the gravitational flows.

Unit 4: It is interpreted as the result of mass wasting
occurring in the trench area.

Unit 5: This massive unit is interpreted as the result of
several flows of massive alkaline basalts.
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FIGURE 5 Some outcrops of the Santa Rosa Accretionary Complex from the south coast of the Santa Elena Peninsula (see location in Fig. 3). A) Thin
ribbon-bedded radiolarian cherts with intervening alkaline basaltic sills located near the top of Unit 3; the sill in the foreground is about 2 m thick;
Sitio Santa Rosa (Fig. 2). B) Polymictic breccia of Unit 4 with giant block of highly folded, thin bedded lower Middle Jurassic radiolarite at Sitio San-
ta Rosa. C) Siliceous radiolarian mudstones with thin turbitite beds and a pebbly volcanoclastic debris flow located near the base of Unit 6 at Sitio
Santa Rosa; note the dipping fault planes parallel to the Santa Elena Overthrust cutting Santa Rosa Accretionary Complex. D) Poorly bedded tuffa-
ceous siliceous mudstones with interbeded tuffaceous thin-bedded turbidites; near base of Unit 7, just above radiolarites at Sitio Santa Rosa. E)
Tuffaceous mudstones with a mainly volcanoclastic pebbly debris flow overlain by a graded turbidite of the middle part of Unit 7 at Sitio Santa Rosa.
F) Collapse megabreccia made of green and red radiolarite slide blocks set in a polymictic volcanoclastic breccia on top of Unit 7; the triangular
block at the lower left is about 2 m large. G) Knobbly radiolarite of Late Aptian-Albian to Cenomanian age at Playa Carrizal. H) Strongly calcitized
vesicular alkaline pillow lavas near Playa Carrizal; clay-rich interbeds may have contained carbonates before diagenesis. Photographs A to F are
showing the top of the stratigraphic section to the right.



Unit 6: It represents more and more proximal sedi-
mentation of channelized debris flows encroach over thin-
bedded turbidites as a result of a rapid approach of the
site of sedimentation to a trench area. This succession
resembles much the Dhimaina and Potami Formations
from the Pelagonian Upper Jurassic (Baumgartner, 1985).

Unit 7: The presence of volcanic rocks together with the
deep-sea nature of the sediments documents gravitational
emplacement of slope sediments that can be interpreted as
slumping in an inner trench wall. In this setting, the over
100 m thick megabreccia can be interpreted as a prism col-
lapse and gravitational emplacement on the trench floor.

Unit 8: This unit is a consequence of massive and
vesicular pillowed basaltic flows.

We deduce that these oceanic successions were origi-
nally sedimented in an oceanic abyssal plain environment
that evolved to a trench where successively coarser and
more proximal sediments coming from the inner trench
wall were deposited. These sediments were accreted
together with the basalts. 

DISCUSSION OF RADIOLARIAN BIOCHRONOLOGY

Radiolarian assemblages of the Santa Rosa Accre-
tionary Complex cropping out between Playa Carrizal
and Sitio Santa Rosa were dated by DeWever et al.
(1985). Unfortunately, no illustrations are available for
these assemblages, which makes it difficult to judge the
biochronologic assignments. However, considering radio-
larian determinations as correct, age assignments could
be reassessed based on the biozonations proposed by
Baumgartner et al. (1995) for the Middle Jurassic to
Early Cretaceous and by O’Dogherty (1994) for the
middle Cretaceous.

The radiolarian ages are discussed in this section
together with the chronostratigraphic meaning and value
of these re-dated radiolarian assemblages considering the
sedimentological features of the rocks in which the radio-
larian assemblages were sampled. 

Early to Middle Jurassic (Pliensbachian-Aalenian)

The radiolarite assemblage dated by DeWever et al.
(1985) as early Middle Jurassic has been identified near
the top of Unit 4 (Fig. 3), in the disorganized polymictic
boulder breccia that constitutes this unit at Sitio Santa
Rosa. Concretely, the sample SE85 of DeWever et al.
(1985) was collected in a 10 x 10 x 20 m sized block
(Figs. 4 and 5F). Thus, although DeWever et al. (1985)
consider that this sample dates the unit 4, it comes from a

large reworked block that only allows to precise that the
age of the breccia is younger than the sample age.

In relation to this age, several species mentioned by
DeWever et al. (1985) were known from the Piensbachian
of Greece and Turkey at that time. However, a complete
revision of the Lias to earliest Dogger radiolarian
biochronology is underway (Gorican et al., 2003) and
ranges of age that are more complete can be expected for
many of the cited species. Based on the current informa-
tion, an age range of Pliensbachian to Aalenian is proba-
ble. Thus, this age could well correspond to the oldest
rocks found so far in Costa Rica.

Apart from these discussed radiolarite assemblages,
Astorga (1977) provided images of “Pliensbachian” radi-
olarians collected at the Sitio Santa Rosa. However, the
precise location of these specimens is unknown and none
of the illustrated radiolarian specimens can be determined
to species level. They seem to correspond to an upper
Lower or lower Middle Jurassic radiolarian assemblage.

Middle Jurassic (Bajocian-Callovian) 

The co-occurrence of two forms of Bernoullius in
sample SE138 of DeWever et al. (1985) from the Santa
Rosa Accretionary Complex cropping out at Potrero
Grande tectonic window (Fig. 2) clearly indicates a late
Middle Jurassic age (Bajocian-Callovian). 

Late Jurassic-Early Cretaceous 

Upper Jurassic-Lower Cretaceous radiolarian species
are mentioned by DeWever et al. (1985) as reworked radi-
olarians in samples that also include radiolarians of late
Aptian to Cenomanian age. These mixed assemblages
occur in clasts of the disorganized polymictic breccias of
the San Rosa Accretionary Complex. Therefore, just as
the Pliensbachian-Aalenian radiolarian assemblages,
these mixed assemblages only date the age of the blocks
but not that for the breccias, which should be younger.

Early to Late Cretaceous (Late Aptian-Albian to
Cenomanian)

Upper Aptian-Albian to Cenomanian radiolarian
assemblages have been recognized in the successions of
Santa Rosa Accretionary Complex cropping out at Playa
Carrizal, Sitio Santa Rosa and in the Potrero Grande tec-
tonic window (Tournon, 1984; DeWever et al., 1985).
They come from samples collected in stratified radiolar-
ites at Playa Carrizal (samples CR548, SE50, SE113 of
Tournon, 1984) and at Portrero Grande tectonic window,
as well as from clasts of disorganized polymictic breccias
of units 2 and 7 at Sitio Santa Rosa (SE83, SE113, of
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Tournon, 1984 and DeWever et al., 1985) (Fig. 4). In the
Portrero Grande tectonic window, the well-preserved
Upper Cretaceous radiolarian assemblage was first attrib-
uted to the late Albian to early Cenomanian, with Ceno-
manian being the most probable age (Schmidt-Effing,
1980). However, according to O’Dogherty (1994) we
would rather place this sample in the early Cenomanian,
based on the co-occurrence of Pseudoaulophaxus sculpus
(=Alievum superbum of Schmidt-Effing, 1980) and
Dactylosphaera silviae (=Pseudoaulophacus putahensis
of Schmidt-Effing, 1980).

Taking into account that upper Aptian-Albian to Ceno-
manian radiolarian assemblages are present in the stratified
turbidites and breccia blocks, and that no radiolarian
assemblages younger than Cenomanian have been found in
the Santa Rosa Accretionary Complex, it can be inferred
that this age span represents most likely the time of forma-
tion of the radiolarite succession as well as its partial
reworking in the polymictic breccias occurred soon after.

REMARKS AND CONCLUSIONS

The sequence of Sitio Santa Rosa, constituted by sedi-
ments and basalt flows showing predominant subvertical
dips at first view, represents a complete, continuous and
abnormally extremely thick oceanic sequence. Previously it
had been also interpreted as to show isoclinal folding of the
subvertical radiolarite successions (Tournon, 1984, 1994),
but this is not supported by our study, because we found that
all polarity indicators show that the top of each unit is sys-
tematically towards the east. The numerous repetitions of the
described lithologies and the very similar age of the whole
oceanic succession of sediments are evidences that support
that this sequence can be interpreted as an accretionary com-
plex, constituted by coherent individual packages separated
by roughly bed-parallel thrust planes. We define this
sequence as the Santa Rosa Accretionary Complex.

We estimate that the total thrust-repeated volcanic-
sedimentary sequence of the Santa Rosa Accretionary
Complex reaches more than 25 km in thickness, based on
the relatively vertical attitude and the continuity between
the tip of the Santa Elena Peninsula and the Potrero
Grande tectonic window. However, the thickest continu-
ous and coherent separate unit reaches only 300 m.

The successions described from the south coast of the
Santa Elena Peninsula were formed during a relatively
short late Aptian-Albian to Cenomanian time interval,
first in an oceanic environment (late Aptian-Cenomani-
nan), and later in a trench environment (Cenomanian),
when the plate approached subduction. The successions
of the Santa Rosa Accretionary Complex could have

formed on a plate, like the Farallon Plate (Frisch et al.,
1992), which became subducted before the emplacement
of the main Caribbean Large Igneous Plateau.

The Albian-Cenomanian interpreted subduction/accre-
tion sequence of the studied area must have formed near an
intraoceanic island arc, as suggested by the arc derived
clasts of northern Playa Naranjo (Tournon, 1984). Structur-
al relationships, although not studied in detail, preliminari-
ly indicate that the sills intruded into soft radiolaritic sedi-
ment during pre-accretion times. The island arc tholeiites
of the Islas Murciélago, dated as early Albian (Hauff et al.,
2000), could be part of a primitive island arc. Its relation-
ship to the Santa Rosa Accretionary Complex is not clear.

Neither the sedimentary palaeoenvironment nor the
petrogenetic affinities of the igneous rocks allow for a
correlation of the Santa Rosa Accretionary Complex with
the nearest oceanic assemblage, the Nicoya Complex,
which crops out in the Nicoya Peninsula.

Reworked radiolarite blocks and clasts in the Santa
Rosa Accretionary Complex yielded Jurassic and Neoco-
mian radiolarian ages, similar to those found in blocks in
the Nicoya Complex. This could be an indication that both
Complexes may have formed on a similar Jurassic-Early
Cretaceous oceanic assemblage. The Jurassic radiolarite
blocks may have originated from the back-stop of the
prism, or may represent remnants of an older oceanic base-
ment underlying the Cretaceous igneous material dominat-
ing in the accretionary prism. In any case, the Jurassic radi-
olarites are important land marks that are still enigmatic
and call for an explanation in the plate-tectonic context.
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Magmatic and geotectonic significance of Santa Elena Peninsula,
Costa Rica

We present a new integrated interpretation of the geochemistry and geotectonic significance of the Santa Elena
Peninsula, which is divided in three units: 1) an overthrust allocthonous unit of ultramafic and mafic rocks, the
Santa Elena Nappe; 2) an autochthonous basaltic sedimentary suite, resting immediately below the overthrust,
the Santa Rosa Accretionary Complex; and 3) Islas Murciélago pillow and massive basaltic flows. In the Santa
Elena Nappe three petrological affinities have been recognized: 1) the ultramafic complex, that corresponds to
depleted (MORB-like) mantle serpentinizated peridotites, with very low TiO2 and high Ni and Cr; 2) the peg-
matitic gabbros, layered gabbros and plagiogranites and basaltic dikes with low TiO2 (< 0.89%) contents and
high LREE depletions; and 3) the doleritic dykes with higher TiO2 (>0.89%). These mafic associations have
geochemical signatures that suggest an island arc origin and petrographic evidences of low grade metamor-
phism and hydrothermal alteration. The Santa Rosa Accretionary Complex includes pelagic and volcanoclastic
sediments, tuffs and alkaline magmatic rocks, originated by low degree melting of enrichment OIB mantle
source, and probably related with seamount portions incorporated into the accretionary prism. Islas Murciélago
pillow and massive basalts show no clear structural relationship with the rest of the units, but are geochemically
similar to the dolerites of the Santa Elena Nappe. Sr, Nd, and Pb isotopic ratios of the Santa Elena Nappe and
the Santa Elena Accretionary Complex samples do not correspond to the Galapagos Mantle array, and have dif-
ferent mantle reservoirs and geochemical characteristics than the Nicoya Complex.

Santa Elena Peninsula. Oceanic assemblages. Ultramafic Complex. Geochemistry. Accretionary complex.
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INTRODUCTION

Costa Rica is located in the southern part of Central
America, in the convergent margin of the Cocos and
Caribbean plates. The western margin of the Caribbean Plate
was formed by tectonic juxtaposition of the Chortis, Chorote-

ga, and Chocó Blocks (Dengo, 1973). The Santa Elena
Peninsula has an east-west orientation, this is probably unre-
lated to the modern (northwest-southeast) trench axis (Fig. 1).

Traditionally the magmatic rocks at Santa Elena Peninsula
have been related to the Nicoya Complex (Dengo, 1962; Kui-

 



jpers, 1980), an oceanic basaltic sequence that includes pillow
and massive basalts, breccias, dolerites, gabbros, plagiogra-
nites, and radiolarites of Middle Jurassic to Late Cretaceous
age (Baumgartner, 1987; Gursky, 1994) that extends along the
entire Pacific margin of Costa Rica (Fig. 1). Geochemistry and
petrological studies suggest mid-ocean rift, hotspot, and primi-
tive island arc tectonic affinities (Appel et al., 1994; Meschede
and Frisch, 1994; Sinton et al., 1997; Beccaluva et al., 1999;

Hauff et al., 2000). Recent theories relate the Nicoya Complex
with the Galapagos hotspot (Hauff et al., 1997; Alvarado and
Denyer, 1998; Beccaluva et al., 1999).

Harrison (1953) presented the first geological description
of the Santa Elena Peninsula and mentioned the presence of
an ultramafic massif cut by mafic dikes and a sedimentary
cover in the northern part of the peninsula. Dengo (1962)
interpreted that the ultramafic and mafic rocks stratigraphica-
lly represent lateral equivalents of the Nicoya Complex. Later,
petrological and structural data by Tournon and Azéma (1980)
and Tournon (1994) suggest that the ultramafic complex repre-
sents the base of an ophiolitic sequence that is thrust over an
autochthonous unit (Fig. 2) of alkaline volcanic and sedimen-
tary rocks (radiolarites, greywakes and tuffs). The alloctho-
nous unit (Fig. 2) consists of serpentinized peridotites, peg-
matitic gabbros, cumulate gabbros, and plagiogranites, which
is cut by different generations of dolerites and basaltic dikes
(Tournon, 1980; Beccaluva et al., 1999). Tournon (1994) pre-
sented detailed microprobe analysis of minerals of both units.

The ultramafic complex had been correlated with peri-
dotites cropping out in both sides of the Costa Rican –
Nicaraguan border (Río San Juan and San Carlos, Nicaragua)
and with the base of the Tonjibe 1 petroleum exploration drill
hole (Fig. 1). These ultramafic suites have been interpreted as
an east-west, sutured zone (Fig. 1) between the Chorotega and
Chortis blocks (Tournon et al., 1995). Nevertheless, the suture
hypothesis does not explain the Siuna peridotite occurrences
(northeastern Nicaragua, Fig. 1) associated with radiolarites
and basalts described by Venable (1994) and Rogers (2003).

Hauff et al. (2000), based on 39Ar/40Ar dating, geoche-
mistry, and Sr, Nd and Pb isotopes, considered that the 124-
109 Ma units of Santa Elena were originated in a primitive
island arc setting, related to the subduction zone of the Chortis
Block. They correlated Santa Elena and Tortugal (Fig. 1) alka-
line volcanic rocks, and proposed that the Chortis Block
extends southwards the Hess Escarpment. They also described
the geology and tectonic possition of the Santa Elena peninsu-
la rock suites, and the previous hypothesis are evaluated. The
aim of this paper is to present a new integrated interpretation
of the geochemistry and geotectonic significance of the Santa
Elena Peninsula, based on the pool of geochemical analyses
made in the past 25 years. This research represents an actua-
lized synthesis of the magmatic units of the region, which are
geologically characterized. Thus, this paper set the actual state
of the art in this region.

METHODOLOGY

The Santa Elena Peninsula is one of the key localities
in the study of the geological evolution of Costa Rica and
the western Caribbean edge. To contribute to that study,
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FIGURE 1 Tectonic and geological setting of the Santa Elena Peninsula.
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we present a systematic interpretation of the magmatic,
metamorphic and hydrothermal processes. We compiled,
plotted, and reinterpreted 140 chemical analyses, from Kuss-
maul et al. (1982), Wildberg (1984), Tournon (1984),
Meschede and Frisch (1994), Ragazzi (1996), Beccaluva et
al. (1999), Arias (2002), and Hauff et al. (2000). These
analyses were made by diverse laboratories with different
techniques and standards. In order to validate these chemical
analyses we compare data from same localities, and they
agree well enough within the error range. The amount and
type of data used are summarized in Table 1. The database
used in this paper is available on request.

For the classification and discussion of the petrological
units we used HFSE (high field strength elements) and REE
(rare earth elements) because of their “immobile” character. 

THE SANTA ELENA NAPPE: PETROGRAPHY AND
GEOCHEMISTRY

Ultramafic Complex

The ultramafic complex represents the magmatic rocks
of larger extension in the peninsula. Most of these rocks are

FIGURE 2 Geological map of the Santa Elena Peninsula. Modified after Tournon (1994).

Source No. samples Majors Traces Sr-isotopes Nd-isotopes Pb-isotopes

Kussmaul et al. (1982) 23 X

Tournon (1984) 11 X

Wildberg (1984) 23 X X

Meschede & Frisch (1994) 19 X X

Ragazzi (1996) 17 X X

Beccaluva et al. (1999) 7 X X X X

Arias (2000) 26 X X X X

Hauff et al. (2000) 14 X X X

TABLE 1 Source and type of chemical analyses used in this paper.



highly serpentinized; nevertheless some peridotites have
preserved some of the original paragenesis, which permits
their classification as spinel harzburgites. Along the road
North of Cerro Guachipelin, meter wide exposures of
dunitic layers with chromite mineralization occur in the
peridotites (Fig. 2). Tournon (1994) mentioned that meter
wide patches of plagioclase bearing lherzolites, pyroxenites
and dunites are also common. In the major fault zones the
peridotites have been transformed to pseudotachylite.

The peridotites and the ultramafic associations have
low TiO2 (0.01-0.14%), Zr (3-25 ppm) (Fig. 3), V (41-95
ppm), and very high MgO (34-45%), Cr (1931-2471
ppm) and Ni (1993-2380 ppm).

Pegmatitic Gabbros

These rocks are characterized by abundant plagio-
clase, light green amphibole (pargasite-actinolite), clino-
pyroxene, and olivine, with apatite and titanite as acces-
sories. The occurrence of the clinopyroxene-amphibole
transition, pyrite, zeolites, and serpentine, indicates low
temperature alteration. Individual minerals are tectonical-
ly fractured and folded; some plagioclases have secon-
dary tectonic twins. There are at least two generations of
pegmatitic gabbroic dikes (2 cm to 10 m in thickness).
Any of them show chilled margins with the peridotites
and therefore they were likely emplaced when the peri-
dotite was still hot and plastic.

Tournon and Azéma (1980) have provided a chemical
analysis, showing that these gabbros are high in Al2O3,

MgO, and low in TiO2, similar to the layered gabbros
sequence of Bahía Nancite (Fig. 2)

Dolerites 

These dikes represent a later magmatic episode
because they cut the peridotites and the pegmatitic gab-
bros, and show chilled margins with the hostrock. Río
Mairena dolerites have labradorite plagioclase, light green
uralite, and clinopyroxene as the main mineralogical
association. The Río Murciélago dikes have bytownite
and pargasite-actinolite, with relicts of clinopyroxene. At
Río Seco at least two amphibolitic dikes occur, and they
are related to a major northeast-southwest fault structure
(Fig. 2). These dikes present foliations of aligned actino-
lite and bytownite; accessory minerals are apatite, titanite
and magnetite. The abundance of doleritic dikes increases
towards the west coast, where they constitute a dike
swarm (Tournon, 1994). All the samples have secondary
pyrite and zeolites. A secondary amphibol yields a
radioisotopic K/Ar date of 88 ± 4.5 Ma (Bellon and
Tournon, 1978).

These dikes range from basalts, basaltic-andesites to tra-
chy-basalts, and display tholeiitic to transitional calc-alkaline
affinities. They are characterized by TiO2 ≥0.86 %, and have
higher Zr contents at a same value of TiO2 % than the
basaltic dikes and the layered gabbros (Fig. 3). MgO con-
tents vary from 4.80 to 10.12%; these results, along with
the low Cr (≤206 ppm) and Ni (≤104 ppm) contents,
indicate that these rocks are fractionated relative to primi-
tive magmas (Fig. 4). They are also depleted in LREE and
HFSE, and enriched in LILE and Pb (Fig. 5A and 5B). 

Layered gabbros and plagiogranites

The layered gabbros and plagiogranites are located
along the southern coast, near Bahia Nancite (Fig. 1). The

FIGURE 3 Zr/TiO2 variation diagram of the Santa Elena Units. The
lower diagram is an amplification form TiO2 0-1.5% and Zr 0-200
ppm. Data from Wildberg (1984), Meschede and Frisch (1994),
Ragazzi (1996), Beccaluva et al. (1999) and Hauff et al. (2000).
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various layered rocks differ in the relative abundance of
ferromagnesian minerals and plagioclase. Ultramafic
cumulates (plagioclase bearing peridotites and pyroxe-
nites) are also present (Tournon, 1994, Arias, 2002). Acti-
nolite and tremolite occur as secondary phases. The pla-
giogranites are composed of abundant quartz, labradorite
and actinolite. Hauff et al. (2000) report a 40Ar/39Ar date
of the layered gabbros as 124.0 ± 4.0 Ma. 

The layered gabbros are characterized by very high
MgO (8.41-39.07%), Cr (72-2096 ppm) and Ni (74-296
ppm), and low TiO2 (0.01-0.38%) and lower Zr contents
compared to the dolerites and the basaltic dikes. Their TiO2

contents are higher than in ultramafic rocks (Figs. 3 and 4).
The layered gabbros are strongly depleted in LREE and
HFSE, and enriched in LILE and Pb (Fig. 5C and 5D). The
plagiogranites are also depleted in LREE and HFSE. These
depletions respond to the cumulative sequence, where these
cumulates are more depleted than the evolved liquids or
even than the original basaltic liquid from which they frac-
tionated. One of the samples presents a positive Eu ano-
maly that indicates plagioclase accumulation. The rest of
the samples that have Eu negative anomalies indicate pla-
gioclase fractionation processes (Fig. 5C and 5D).

Basaltic Dikes

Basaltic dikes cut the layered gabbros at Bahía Nancite,
and the dike swarm along the eastern coast. They show an
ophitic to subophitic texture and are composed of plagio-
clase, clinopyroxene, olivine and magnetite. Based on field
observations, Tournon (1994) suggested that these rocks re-
present the latest magmatic phase of the Santa Elena Nappe.

These dikes are tholeiitic to transitional calc-alkaline
basalts and basaltic-andesites; with primitive to fractionated
features, high MgO (6,71-11,44%), Cr (61-555 ppm), Ni
(74-208%) and low TiO2 (≤0.86%). Their Zr content, at a
same value of TiO2, are lower than those of the dolerites, and
higher than those of the layered gabbros (Figs. 3 and 4).
They show depletions in LREE, HFSE and enrichment in
LILE and Pb. One sample has a negative Eu anomaly, indi-
cating strong plagioclase fractionation (Figs. 5A and 5B).

Metamorphic and metasomatism processes

Metamorphism of mafic and ultramafic rocks requires
metasomatic aqueous fluids in areas exposed to heat flow
related to magmatic activity (Miyashiro, 1972).

The ultramafic and mafic association of the Santa Ele-
na Nappe show evidence  of hydrothermal alteration
(presence of pyrite in most of the samples), and ocean
floor metamorphism, which resulted in the serpentiniza-
tion of the peridotites and development of secondary

amphiboles in the dolerites, the layered gabbro complex,
the pegmatitic gabbros, and in lesser degrees, in the
basaltic dikes. The secondary paragenesis of albite + epi-
dote + actinolite + chlorite indicates zeolites to green
schist metamorphic facies. The serpentinization of the
peridotites and the presence of amphibole in the dolerites
increase along the major fault zones (Fig. 2).

The dike swarm on the west coast also has low tem-
perature alteration minerals (epidote + clinozoisite +
chlorite + quartz) that suggest low degree of ocean floor
metamorphism. 

FIGURE 4 Cr/MgO and Ni/MgO variation diagrams showing the primi-
tive and fractionated features of the Santa Elena units. Data from Wild-
berg (1984), Meschede and Frisch (1994), Ragazzi (1996), Beccaluva
et al. (1999) and Hauff et al. (2000).
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THE SANTA ROSA ACCRETIONARY COMPLEX:
DESCRIPTION AND GEOCHEMISTRY

This unit directly underlies the basal thrust of the San-
ta Elena Nappe.  It is exposed in the tectonic-erosional
window of Río Potrero Grande and along the southern
coast of the Santa Elena Peninsula (Fig. 2). This unit
includes pillow lavas, radiolarian cherts (principally of
late Aptian to Cenomanian age) along with reworked
cherts of Middle and Late Jurassic age (Schmidt-Effing,
1980; DeWever et al., 1985). Pelagic limestones also
occur at one outcrop north of Playa Naranjo. At Playa
Carrizal, the sequence is made up of alkaline pillow lava
flows, minor black shales, and Aptian-Cenomanian radio-

larites (Azéma and Tournon, 1980; Tournon, 1994). At
Santa Rosa, radiolarian cherts are cut by alkaline dikes. At
Playa Respingue, the sequence is made up of a thick pile of
massive and pillow basalts, dikes, trachytes and tuffs. East
of Bahía Nancite the sequence includes sandstones and
microconglomerates composed of volcanic lithoclasts that
suggest the proximity of intermediate to felsic volcanism
(Tournon and Azéma, 1980; Tournon, 1994).

The alkaline basalts have phenocrysts of partially
altered olivine, clinopyroxene (titaniferous augite), pla-
gioclase and magnetite. They range from basanites to
phonolites, all with a strong alkaline affinity. They are
typified by high TiO2 (1.25-3.66%), Ba (> 300 ppm), and
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FIGURE 5 Santa Elena Nappe and Santa Rosa Accretionary Complex, chondrite and primitive mantle normalized diagrams (Sun and McDonough,
1989). The geochemical data are from Beccaluva et al. (1999) and Hauff et al. (2000) for A and B, and from Arias (2002) for C and D. 



Zr (> 200 ppm) contents, LREE enrichment (Fig. 5A) and
variable MgO (1.99-8.49%), Cr (35-383) and Ni (20-166)
contents (Figs. 3 and 4).

ISLAS MURCIÉLAGO

The structural relation of the Islas Murciélago with
the rest of the units is unknown. The archipelago (Fig.
1) is made up of a subvertical and steep northward til-
ted sequence of tholeiitic pillow and massive basalts
and trachy-basalts. Their geochemistry is similar to the
dolerites from the Santa Elena Nappe. They have higher
Zr and TiO2 than the basaltic dikes and the layered
gabbros. These basalts are fractionated from primitive

magmas, with MgO varying from 5.64 to 7.49%, low
Cr (≤388 ppm) and low Ni (≤84ppm) (Figs. 3 and 4).
They are depleted in LREE and HFSE, and enriched in
LILE (Fig. 5A and 5B). A pillow basalt from Islas
Murciélago yields a 40Ar/39Ar date of 109.0 ± 2.0 Ma
(Hauff et al., 2000).

RESULTS AND DISCUSSION

Petrological units and general interpretation 

The Santa Elena Nappe shows 3 different petrological
affinities: 1) The ultramafic complex: depleted MORB
(Mid-Ocean Ridge Basalt) mantle, with very low TiO2,
and high Ni and Cr. 2) Pegmatitic gabbros, layered gab-
bros and plagiogranites and basaltic dikes, with low TiO2

content (< 0.86 %) and depleted to strongly depleted in
LREE. 3) The dolerite dikes yield higher TiO2 (> 0.86 %)
and other HFSE and LREE than the rest of the magmatic
rocks at the Santa Elena Nappe. This third unit is similar
to Islas Murciélago pillow and massive basalts; however
the structural relationships between the Islas Murciélago
and the Santa Elena Nappe are not clear.
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FIGURE 6 Zr/Nb-Ba/La and La/Yb-Ba/La ratios diagrams. Data from
Ragazzi (1996), Beccaluva et al. (1999) and Hauff et al. (2000).

FIGURE 7 V/Ti discrimination diagram after Shervais (1982). Data
from Wildberg (1984), Meschede and Frisch (1994), Ragazzi (1996),
Beccaluva et al. (1999) and Hauff et al. (2000). IAT: Island-Arc
Tholeiite; OFB: Ocean-Floor Basalt; MORB: Mid-Ocean Rift Basalt;
BAB: Back-Arc Basalt; OIB: Ocean-Island Basalt. 



The mafic rocks from the Santa Elena Nappe have
La/Yb ratios <5 that indicate high degrees of melting; the
Zr/Nb ratios >30 and the variable Ba/La (up to 90 in the
fresh samples) ratios evidence a MORB-like subduction
“modified” mantle source (Fig. 6). Primitive mantle nor-
malized spider diagrams show LILE enrichment and
HFSE depletion, typical patterns of island arcs (Figs. 5B
and 5 D). The same affinity is also confirmed by the
V/Ti diagram (Fig. 7). High Ba/La ratios, up to 200
(Fig. 6), and negative Ce anomalies in the layered gab-
bros (Fig. 5C) are related to alteration of the samples
(Haskin, 1984). 

There are two areas with outcropping plagiograni-
tes in the Costa Rican basaltic oceanic assemblages,
one in the Nicoya Peninsula and other in the layered
gabbros at the Santa Elena Nappe. The Rb/Y+Nb dia-
gram shows that these rocks reflect different tectonic
origins. This diagram suggests that the Nicoya Com-
plex plagiogranites have affinities to ocean-rift (or
plateau?) and the ones from Santa Elena to a volcanic
arc (Fig. 8). 

We interpret the autochthonous unit beneath the
Santa Elena Nappe as the Santa Rosa Accretionary
Complex. This interpretation takes into account the
variety of rock types that are tectonically associated.
The alkaline magmatic rocks of the Santa Rosa Accre-

tionary Complex display LREE enrichment and high
La/Yb (>20) ratios that indicate low degrees of melt-
ing. The Zr/Nb ratios (<10) and the V/Ti diagram
(Figs. 6 and 7) provide evidence for an OIB (Ocean-
Island Basalt) mantle source. Hauff et al. (2000) pro-
posed that these rocks represent an accreted seamount,
which is consistent with our understanding as an accre-
tionary complex.
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FIGURE 8 Rb/(Y+Nb) discrimination diagram (after Pearce et al.,
1984) for Nicoya and Santa Elena plagiogranites. Geochemical data
from Widberg (1984) and Arias (2004). Syn-COLG: Syn-Collisional
Granites; WPG: Within-Plate Granites; VAG: Volcanic-Arc Granites;
ORG: Ocean-Rift Granites.

FIGURE 9 Sr, Nd and Pb isotopic diagrams for Santa Elena Peninsu-
la, Nicoya Complex, Tortugal Komatiitic Suite and Cocos Island
basaltic assemblages. Data from Castillo et al. (1988), Beccaluva et
al. (1999) and Hauff et al. (2000). Galapagos array after Zinder and
Hart (1986) and Castillo et al. (1988). Mantle reservoirs after Zinder
and Hart (1986). DMM (a, b): Depleted Mantle a and b; PREMA:
Prevalent Mantle; HIMU: High U/Pb ratio mantle; BSE: Bulk Silicate
Earth; EMI and EMII: Enriched Mantle I and II.



Isotopic relations and mantle reservoirs 

The Santa Elena Nappe and Islas Murciélago sam-
ples generally have higher 87Sr/86Sr at the same value
of 143Nd/144Nd and lower 206Pb/204Pb and 207Pb/204Pb
compared to the Galapagos related assemblages repre-
sented by the Nicoya Complex, Tortugal Komatiitic
Suite and the Cocos Island (Fig. 9). The isotopic ratios
of the Santa Elena Nappe and Islas Murciélago are
more typical of island arcs magmas than of a hot spot
tectonic setting. The alkaline basalt sample from the
Santa Rosa Accretionary Complex has lower
206Pb/204Pb and 143Nd/144Nd and high 207Pb/204Pb
ratios compared to the Santa Elena Nappe, Nicoya
Complex, the Cocos Island and Tortugal Komatiitic
Suite samples. Any of the Santa Elena samples (Fig. 9)
fall in the Galapagos array from Zinder and Hart
(1986) and Castillo et al. (1988).

Based on Pb isotopes, the mantle reservoir for the
Santa Elena Nappe units is PREMA (Prevalent Man-
tle). The sample of the alkaline rocks of the Santa Rosa
Accretionary Complex is close to BSE (Bulk Silicate
Earth) and the Galapagos related assemblages samples
are close to EMII (Enriched Mantle II) with a HIMU
(high U/Pb ratio mantle) component (Fig. 9). 

CONCLUSIONS

The Santa Elena Ultramafic complex represents a
relative depleted metasomatized MORB mantle. The
mafic associations of the Santa Elena Nappe are
depleted to strongly depleted in LREE and HFSE,
enriched in LILE and show a range from primitive to
fractionate compositions. These magmas originated by
a high degree melting of a depleted, subduction modi-
fied MORB source. They were affected by low-grade
metamorphism and hydrothermal alteration. The geo-
chemical data suggest a primitive island arc tectonic
setting for these magmatic rocks.

The alkaline rocks of the Santa Rosa Accretionary
Complex are interpreted as low-degree melts of an OIB
mantle source and probably represent accreted portions of
a seamount. 

Traditionally the Santa Elena Peninsula magmatic
rocks were included in the Nicoya Complex, however we
believe that these assemblages should be considered as a
separated unit because the Santa Elena Nappe and the
Santa Rosa Accretionary Complex samples were derived
from different mantle reservoirs with distinctive Sr, Nd,
and Pb isotopic ratios, than the Nicoya Complex and other
Galapagos related rocks. 
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Emplacement of Jurassic-Lower Cretaceous radiolarites of the
Nicoya Complex (Costa Rica)

We present a new model to explain the origin, emplacement and stratigraphy of the Nicoya Complex in the NW
part of the Nicoya Peninsula (Costa Rica) based on twenty-five years of field work, accompanied with the evo-
lution of geochemical, vulcanological, petrological, sedimentological and paleontological paradigms. The
igneous-sedimentary relation, together with radiolarian biochronology of the NW-Nicoya Peninsula is re-exa-
mined. We interpret the Nicoya Complex as a cross-section of a fragment of the Late Cretaceous Caribbean
Plateau, in which the deepest levels are exposed in the NW-Nicoya Peninsula. Over 50% of the igneous rocks
are intrusive (gabbros and in less proportion plagiogranites) which have a single mantle source; the remainder
are basalts with a similar geochemical signature. Ar39/Ar40 radioisotopic whole rock and plagioclase ages range
throughout the area from 84 to 83 Ma (Santonian) for the intrusives, and from 139 to 88 Ma (Berriasian-Turo-
nian) for the basalts. In contrast, Mn-radiolarites that crop out in the area are older in age, Bajocian (Middle
Jurassic) to Albian (middle Cretaceous). These Mn-radiolaritic blocks are set in a “matrix” of multiple gabbros
and diabases intrusions. Chilled margins of magmatites, and hydrothermal baking and leaching of the radiola-
rites confirm the Ar39/Ar40 dating of igneous rocks being consistently younger than most of the radiolarian
cherts. No Jurassic magmatic basement has been identified on the Nicoya Peninsula. We interpret the Jurassic-
Cretaceous chert sediment pile to have been disrupted and detached from its original basement by multiple
magmatic events that occurred during the formation of the Caribbean Plateau. Coniacian-Santonian (Late Creta-
ceous), Fe-rich radiolarites are largely synchronous and associated with late phases of the Plateau.

Nicoya Complex. Jurassic-Cretaceous. Radiolarites. Cherts. Caribbean Plateau. Basalts. Gabbros. Pacific margin. Costa Rica.

Geologica Acta,  Vol .4 ,  Nº1-2,  2006,  203-218

Avai lable onl ine at  www.geologica-acta.com

© UB-ICTJA 203

KEYWORDS

A B S T R A C T

P. DENYER and  P.O. BAUMGARTNER

Escuela Centroamericana de Geología, Universidad de Costa Rica
P.O. Box 214-2060, San José Costa Rica. E-mail: pdenyer@geologia.ucr.ac.cr

Institut de Géologie et Paléontologie, Université de Lausanne
BFSH2-1015 Lausanne, Switzerland. E-mail: Peter.Baumgarnter@unil.ch

1 2

1

2

INTRODUCTION

The Nicoya Complex was formally described by Den-
go (1962a; 1962b); since then, this unit has been studied

by many authors with very different points of view. Most
of these studies were made in the Nicoya Peninsula (Fig.
1), but the nomenclature of Nicoya Complex was also
extended to other Costa Rican occurrences of oceanic

 



assemblages, despite of their different ages and origin.
We use the nomenclature of Nicoya Complex following
the next definition: The Nicoya Complex, a basaltic
sequence older than Lower Campanian-Santonian (>74
Ma), mainly composed of olivine tholeiites that occur as
massive and pillow flows, dikes, and hyaloclastic pillow
breccias. Subordinate igneous rocks include alkali-olivine
basalts, gabbros, diabases and plagiogranites, including
granophyres with hedenbergite and ferrodiabases with fa-
yalite (Tournon, 1984). Deep-sea radiolarian cherts were
deposited from the Middle Jurassic to the Late Cretaceous
(Baumgartner, 1984a), but their contact with the volcanic
rocks is almost always associated with intrusions of diabas-
es and gabbros, and also it is disturbed by tectonics.

This paper focuses on the Nicoya Complex occur-
rences in the Nicoya Peninsula (Fig. 2). We present a
model which integrates the nowadays known Ar39/Ar40

radioisotopic dating, together with the radiolarian
biochronologic ages, in order to understand the regional
significance and the relationships between igneous and
sedimentary rocks.

GEOLOGIC SETTING

The Middle American Trench presently separates the
Cocos and Caribbean plates, and the Panama Fracture Zone
delimits the Cocos from the Nazca plates (Fig. 1). Conver-
gence rates of nearly 10 cm/year have been measured across
the Costa Rican segment of the Middle American Trench
(DeMets et al., 1990). Costa Rica belongs to the Caribbean
Plate and it constitutes its western edge in southern Central

America. The Cocos Plate formed 26 Ma ago, from the
break-up of the Farallon Plate when the Cocos-Nazca
spreading centre opened (Hey, 1977). The boundary between
crust that originated in Pacific and Cocos-Nazca spreading
centres was assumed by Hey (1977) to be offshore the
Nicoya Peninsula, but this interpretation is questioned by
Barckhausen et al. (1998). The subduction of Cocos Plate
underneath the Caribbean Plate is hampered by the aseismic
Cocos Ridge which attempts to subduct beneath southern
Costa Rica (Fig. 1). The Cocos Ridge was generated from
the Galapagos Hotspot. Its collision against the Caribbean
Plate has caused the uplift of the Talamanca and the Fila
Consteña mountain ranges and the extinction of volcanism
during the last 5 Ma (Gräfe, 1998). Today, subduction of
seafloor roughness generates tectonic erosion and subsi-
dence of the offshore margin wedge. According to Ranero
and von Huene (2000), and von Huene et al. (1995) the tec-
tonic erosion recognized in relation to the Cocos Ridge colli-
sion in southern Costa Rica, could also be extended along
much of the Middle America convergent margin. However,
the long term geologic record indicates a mass balance of
accretion rather than erosion.

Extensive outcrops of oceanic affinity assemblages
occur along the southern Central America Pacific coast and
they are somehow related to the active Cocos-Caribbean
margin. One of the fundamental controversies is where
most of these oceanic suites were formed, and this problem
is directly related to the regional modelling involving the
formation of the Caribbean Plate. Malfait and Dinkelmann
(1972), Donnelly (1973), Donnelly et al. (1973), and later
Burke et al. (1978) hypothesized that large parts of the pre-
sent Caribbean Plate were formed in the Pacific as anom-
alously thick, buoyant crust that then became displaced
between the Americas. Duncan and Hargraves (1984)
hypothesized that the Galapagos mantle plume was respon-
sible for the thickened Caribbean crust. The Nicoya Com-
plex was then regarded by several authors (Galli-Olivier,
1979; Kuijpers, 1980) as an example of Caribbean Crust
composed of Jurassic MORB magmatics, overlain by
oceanic sediments, which are in turn overlain by magmatic
rocks attributed to the Caribbean Plateau.

In opposition to the above models of a general alloc-
thony of the Caribbean, Frisch et al. (1992) and Meschede
and Frisch (1998) proposed a fixist model of formation of
the Caribbean Plateau by the separation of North and
South America, and they concluded that the Nicoya
Peninsula genetically belongs to the Caribbean plate. In
contrast, Di Marco et al. (1995) included the Nicoya
Peninsula into the Nicoya Terrane that was about 16° of
south latitude in Late Cretaceous times. 

Geochemical data and Ar39/Ar40 dating by Sinton et al.
(1997), Alvarado et al. (1997), Hauff et al. (1997), Hauff et
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FIGURE 1 Present day plate tectonic setting of Central America and
the Caribbean.
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FIGURE 2 A) Simplified Geologic map of the Nicoya Peninsula, with the location of the study area and other localities cited in the text. Based on
Dengo (1962a), and unpublished data. B) Geologic map of the NW-Nicoya Peninsula after Denyer and Arias (1993), sample location of Middle Juras-
sic to Late Cretaceous radiolarian assemblages, and localities of Ar39/Ar40 radioisotopic ages.



al. (2000) and Hoernle et al. (2004) have largely confirmed
the view of the Nicoya Peninsula as a portion of the
Caribbean Plateau or a geochemically similar plateau of the
Eastern Pacific. The Late Cretaceous Ar39/Ar40 data are in
contradiction to previous radiolarian biochronology of the
northern Nicoya Peninsula (Baumgartner, 1984a, 1987;
Baumgartner et al. 1995) that yield Middle Jurassic to Late
Cretaceous ages.

PREVIOUS WORK

The Nicoya peninsula is dominated by the Nicoya
Complex, which was defined by Dengo (1962a) as a Cre-
taceous assemblage of different rocks with intricate strati-

graphic and structural relations deserving the term com-
plex. The lithologies included were igneous and sedimen-
tary, specifically cherts, siliceous limestones, basalts,
basalt-agglomerates, diabases, gabbros and diorites. Kui-
jpers (1980) redefined the Nicoya Complex preserving
the oceanic assemblage (basalts, gabbros, diabases and
radiolarites), and excluding the sedimentary cover.

One of the first hypotheses of emplacement of the
oceanic suite of the Nicoya Complex was proposed by
Galli-Ollivier (1979). He suggested mélange formation in
an accretionary prism to explain the outcrops of the NW
Nicoya peninsula. In contrast, Schmidt-Effing (1979,
1980a, 1980b) subdivided the Nicoya Complex into sub-
complexes (Fig. 3), based on the nature and age of “xeno-
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FIGURE 3 Compared stratigraphic columns of the Nicoya Complex by different authors. BS: Brasilito Subcomplex; JS: Junquillal Subcomplex; MS:
Murcielago Subcomplex; Go: Golfito Subcomplex; Ga: Garza Subcomplex; QS: Quepos Subcomplex. Time scale based on Channell et al., 1995; Grad-
stein et al., 1995, and Palfy et al., 2000.



liths” of sedimentary rocks included in the basalts. He
extended the term “Nicoya Complex” to other oceanic
assemblages cropping out in central and southern Pacific
of Costa Rica, despite the differences in igneous and sedi-
mentary stratigraphy and age.

Kuijpers (1980) interpreted the Nicoya Complex of
the north-western Nicoya Peninsula, as an obducted
nappe edifice formed during the beginning of subduction
along the Middle American convergent margin. He
mapped two informal units: Matapalo and Esperanza
(Fig. 3), based on detailed lithologic observations and
preliminary radiolarian dating from P.O. Baumgarnter,
which were formally published four years later (Baum-
gartner, 1984a). Kuijpers (1980) interpreted Matapalo as
the older unit, overthrusted by the younger Esperanza
unit. Azéma et al. (1984) agreed on the nappe structure,
but believed the older unit (Matapalo) overthrusted the
younger Esperanza unit. Baumgartner et al. (1984) and
Burgois et al. (1984) divided the geologic history of this
region into two episodes: (1) A pre-Campanian episode
during which the nappe edifice, comprising the Santa Ele-
na and Matapalo nappes, formed; and (2) A post early
Campanian phase of sedimentation on the stabilized, sub-
siding relief created by the first episode. Azéma et al.
(1985) (Fig. 3) followed the Kuipers stratigraphy, but, as
well as Frisch et al. (1992), considered the Matapalo
nappe as a Matapalo overthrust, placing the Matapalo unit
above the younger Esperanza unit.

Baumgarnter (1984a, 1984b, 1987) using the Kuijpers
(1980) stratigraphy, interpreted the biostratigraphic histo-
ry based on radiolarian dates (Fig. 3). Frisch et al. (1992)
composed a stratigraphic column (Fig. 3) using data from
Schmidt-Effing (1979), Tournon (1984) and Baumgartner
(1987). They combined the Gursky et al.’s (1982) stratig-
raphy with Baumgarnter’s biostratigraphy. 

In relation to petrology, Wildberg (1984) did the first
systematic analysis of igneous geochemistry on the
Nicoya Peninsula. He concluded that both MORB and
primitive island arc rocks are present in the peninsula.
Gursky (1984) mapped all shorelines of the Peninsula.
Gursky et al. (1982, 1984) designed a threefold stratigra-
phy of the Nicoya Complex: first, the Lower Nicoya
Complex, which was interpreted as Jurassic oceanic base-
ment, stratigraphically overlain by a second unit, the Pun-
ta Conchal Formation, a Late Jurassic-Early Cretaceous
radiolarite sequence, which is in turn conformably over-
lain by the oceanic basalts of the third unit, the Upper
Nicoya Complex. This view of the Nicoya Complex has
been largely accepted in the literature, despite the fact
that no stratigraphic contacts have been documented and
that the radiolarite sequences are highly disrupted and
stratigraphically incoherent (Baumgartner, 1984a, 1984b,

1987). Meschede and Frisch (1994) published one of the
major bases of geochemical analyses from various
basaltic units along the Costa Rican Pacific coast. They
found mid-ocean ridge basalts, island arc tholeiites, with-
in-plate tholeiites and alkali basalts. 

The modern analyses began with Hauff et al. (1997)
and Sinton et al. (1997) who basically worked in the
Nicoya peninsula. Sinton et al. (1997) also did the first
group Ar39/Ar40 radioisotopic dates of the Nicoya penin-
sula. Beccaluva et al. (1999) did more than 30 analyses in
Santa Elena peninsula, and Matapalo and Esperanza units
in the Nicoya peninsula. These analyses included major,
trace elements and Rare Earth Elements (REE). Hauff et
al. (2000) analyzed all the oceanic assemblages of Costa
Rica, including the Nicoya Peninsula, with additional
Ar39/Ar40 dating. Hoernle et al. (2002) included geochemi-
cal and Ar39/Ar40 radioisotopic ages of the unknown rocks
of Azuero and Soná peninsulas and Coiba Island. Finally,
Hoernle et al. (2004) found some radioisotopic ages in the
Nicoya peninsula, which are older than the Caribbean
Large Igneous Province (CLIP) age.

The authors after Frisch et al. (1992) did not put
their new data in a stratigraphic context (Fig. 3). Hauff
et al. (1997) presented a general column with thrusting
between the 90 Ma volcanic series, radiolarites thrust
over the volcanics and the intrusives under them. The
very detailed geochemical study of Hauff et al. (2000)
included some stratigraphic columns, but the authors
focused on the geochemical data and its petrological and
geotectonic significance. The apparent inconsistencies
between the Ar39/Ar40 ages and radiolarian dates were
recognized by Hauff et al. (1997) and Sinton et al.
(1997), but no explanation was given. Both groups of
authors concluded that the radiolarites ages do not ne-
cessarily represent the formation age of the igneous
neighbour rocks.

IGNEOUS SUITE

Tholeiitic basalts occur along the entire Nicoya Penin-
sula; gabbros and plagiogranites together with the major
outcrops of radiolarites are concentrated in its northwest
(Fig. 2). In the area between Tamarindo and Sardinal (Fig.
2), over 50% of the igneous rocks are intrusive, such as
holocrystalline gabbros and plagiogranites that have a sin-
gle source, common with the basalts. 

The basalts are fine grained, generally aphyric, con-
sisting of plagioclase, augite, chlorite and Fe-Ti oxides
set in an altered aphanitic matrix. In the field, massive
basalt flows dominate, they are crossed by several genera-
tions of fractures and xeolithic and siliceous veins. Well-
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preserved pillow structures are rare in the N-Nicoya
Peninsula, but common in the southwest and south of
Nicoya. 

Diabases (cm and m wide) cut both, magmatic and
radiolaritic sequences. They have the same miner-
alogical assemblage, but can be recognized in the
field, because they cross-cut massive basalts, and may
show holocrystalline texture and trace amounts of
tabular apatite. Some characteristic dikes containing
rounded centimeter-long anorthite megacrystals
(An88-83, Tournon, 1984) cut the massive basaltic
sequences. 

Gabbros and micro-gabbros belong to the Potrero
Intrusive unit (Denyer and Arias, 1983). The main body
crops out in an area up to 200 km2. Gabbros have the
same mineralogy as diabases and basalts but have larger
grain sizes, up to 1 cm. The plagiogranites have coarse
textures, with grain sizes up to 2 cm. Mineralogically,
they contain myrmekitic plagioclase, quartz, hedenber-
gite, and Fe-Ti oxides (Sinton et al., 1997; Denyer and
Arias, 1993).

Ar39/Ar40 radioisotopic summary

Thirteen Ar39/Ar40 dates (whole rock, glass and pla-
gioclase) have been done in the study area (Fig. 2). The
data show a wide range of ages. Dates of 84-83 Ma
(Santonian) were obtained for the intrusives. The
basalts yield dates of 95-88 Ma (Cenomanian-Turon-
ian) (Sinton et al., 1997; Hauff et al., 2000), 139-133
Ma (Berriasian-Hauterivian) and 119-111 Ma (Aptian-
Albian) (Hoernle et al., 2004).

From the petrological data available, the prior desig-
nation of clear magmatic units (Schmidt-Effing, 1979;
Kuijpers, 1980; Burgois et al., 1984; Gursky et al.,
1984; Wildberg, 1984; Frisch et al., 1992) in the Nicoya
Complex is untenable. The petrological and Ar39/Ar40

similarities in the data from Sinton et al. (1997) and
Hauff et al. (2000) make a clear argument to relate the
95-83 Ma (95-88 Ma of intrusives, 87.5 Ma of pla-
giogranite and 95-88 Ma of basalts) magmatic suite
genetically to the Caribbean Plateau. More specifically,
the Nicoya Complex could represent disrupted frag-
ments of the CLIP. More recently, Hoernle et al. (2004)
found older ages in basalts (139-69 Ma) that they con-
sider petrologically belonging to the CLIP, but interpret
them as remnants of the earlier history of the Galapagos
hotspot. Part of these magmatics, basically the 139-133
Ma basalts, could be the basement of part of the radio-
larites (Fig. 3). The 119-111 Ma basaltic suite must be,
at least in part, responsible for the manganese mineral-
izations, as we shall explain later.

RADIOLARITES

The only sedimentary rocks that are included here
within the Nicoya Complex are intensely deformed, rib-
bon-bedded radiolarian cherts (Figs. 2 and 3) and associ-
ated hydrothermally produced jasper and ore deposits
(Kuijpers, 1980). Other sedimentary lithologies, such as
siliceous mudstones, pelagic limestones and turbidites
belong to the unconformably overlying rock series, the
Sabana Grande, Loma Chumico, Berrugate, Puerto Car-
rillo and Curú formations. Radiolarian-rich outcrops are
concentrated in the NW Nicoya Peninsula (Fig. 2). 

The radiolarian biochronology of the study area (Fig.
4A) has been done using the biozonations of O’Dogherty
(1994) and Baumgartner et al. (1995) for the Middle
Jurassic to middle Cretaceous radiolarian occurrences.
Middle and Late Jurassic samples were compiled using
the biochronology of Baumgartner et al. (1995), using the
UAZ95 zonation. Additional information was derived
from the zonation of Sanfilippo and Riedel (1985) for
species that are not represented in the former zonations.
To obtain the age range of the Late Cretaceous samples
we used the zonations by Foreman (1975), Pessagno
(1976), Taketani (1982), Sanfilippo and Riedel (1985) and
O’Dogherty (1994).

Based on the lithology and ages, two facies can be
distinguished in the Nicoya Complex: Mn-radiolarites
and Fe-radiolarites (Kuijpers, 1980).

Mn-radiolarites 

They are Jurassic to middle Cretaceous in age (Baum-
gartner, 1984a) and form the largest outcrops between
Cabo Velas, El Encanto, Punta Salinas Cartagena and Sar-
dinal (Fig. 2). Major Mn-mineralizations and massive, red
hydrothermal jasper bodies are associated with this type
of radiolarites. These form 5 m thick and 100 m long
lenses, probably related to hydrothermal activity (Kuij-
pers and Denyer, 1979). Individual rock bodies are up to
40 m thick, show cm-ribbon bedding (Fig. 5A) of brown,
red, greenish, white or gray or black chert with usually
darker colored shale partings. Radiolarites show very
intense folding and faulting; chevron and isoclinal folds
are common. Tectonic thickening due to superimposed
folding, gives the impression of a much thicker rock
sequence (Kuijpers, 1980). In some localities manganese
nodules (Fig. 5B) of a probable sedimentary origin occur
(Halbach et al., 1992). While previous authors (Kuijpers
and Denyer, 1979; Addy and Kuijpers, 1982) considered a
hydrothermal genesis, Hallbach et al. (1992) postulated a
primary sedimentary origin of the fossil manganese nod-
ules, which were later hydrothermally remobilized,
changing the original todokorite into braunite. The Mn-
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radiolarites formed in the equatorial Pacific Ocean under
oxygenated bottom waters (Gursky, 1984) and presum-
ably with very low sedimentation rates.

Biochronology

Several Middle Jurassic radiolarian assemblages (Figs.
6 and 7) were recovered from inland outcrops of heavily
deformed ribbon-bedded NW-bearing radiolarites. In
Baumgartner (1984a, 1987) assigned these faunas to a

Bathonian-Callovian age by using Baumgartner (1984b)
zonation. More recent revisions of the ammonite
biochronology that served as calibration for the radiolarian
zones (Baumgartner et al., 1995) resulted in an older cali-
bration of the same radiolarian assemblages. The oldest
assemblages of the NW-Nicoya Peninsula now correlate
with UAZ 4-5 (Bajocian) and are illustrated (Figs. 4 and 7).

No late Middle or early Late Jurassic assemblages
could be identified in the Nicoya Complex. This suggests
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FIGURE 4 A) Synthesis of bio- and geochronologic ages determined in MW-Nicoya. Fields shaded in grey represent biochronologic age ranges of
radiolarian samples, from selected localities (Fig. 2). Oblique upper and lower ends of fields indicate age uncertainties. Connected fields (e.g. Punta
Conchal) indicate stratigraphic columns with ages of the lowest and the highest sample indicated, lightly shaded fields indicate poorly defined ages,
due to poor preservation. Igneous in black, the numbers are Ar39/Ar40 ages (Sinton et al., 1997; Hauff et al., 2000 and Hoernle et al., 2004). Time
scale as in Fig. 3. B) Siliceous sediment sequences of ODP Site 801, in the western Pacific (Bartolini and Larson, 2001), and the Geysers chert,
Marin Headlands Terrane (after Murchey, 1984).



the presence of a stratigraphic gap spanning at least the
middle Bathonian-Early Oxfordian interval (Fig. 4A). The
only clearly Late Jurassic assemblages in this data set

were recovered north of Sardinal (Fig. 2). Schmidt-Effing
(1980b) cites Eucyrtidiellum ptyctum from the Playa
Real-Punta Conchal area. This could indicate latest Juras-
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FIGURE 5 Mn-radiolarites and their magmatic-tectonic contacts. A) Ribbon-bedded Mn-radiolarites with pervasive open chevron folding. This photo-
graph was taken along road Huacas-Playa Brasilito (Fig. 2). Bed thickness 5-10 cm. B) Mn-nodules in radiolarites The nodules were digitally
enhanced, in order to distinguish in greyscale. Locality SW El Encanto (Fig. 2). The pen is 12cm long. C) Sill above main diabase intrusion in
leached radiolarie, Punta Salinas. Sill intruded along pre-existing faults and is later faulted itself. D) Pervasive contact between diabase and light
coloured (bleached) radiolarites at Punta Gorda (Fig. 2). E) Radiolarite layer enclosed in coarse grained, rather leucocrate diabases. Diabase partial-
ly destroyed radiolarian chert and penetrated along faults and bedding planes. Beds in forefront 10-20 cm thick. This photograph was taken in El
Encanto (Fig. 2). F) Diabase-radiolarite contact at Punta Gorda (Fig. 2). About 1 m of radiolarite is baked and leached. 



sic maximum ages at these localities, whereas our data
contain only early Cretaceous radiolarians.

By far most localities yield early Cretaceous assem-
blages that range in age from Late Valanginian (deter-
mined by the presence of Cecrops septemporatus) to Apt-
ian (Figs. 4A and 6). Several mid-Cretaceous
assemblages (Fig. 6) are dominated by Pantanellium spp.
The dominance of this group can even be recognized in
thin section (Fig. 8). We interpret this monophyletic abun-
dance as blooms of opportunistic species in an equatorial
upwelling zone. A similar setting has been suggested for
the related pantanelliid group Valupinae by Matsuoka
(1995). The Albian is indicated by the presence of Pseu-
dodictyounitra pseudomacrocephala and other character-
istic species (Fig 6 and 7). 

Fe-radiolarites

These Late Cretaceous (Coniacian-Santonian) radio-
larites form 3-10 m thick sequences that overlie the
igneous assemblage or are intercalated as lenses in the
basalts. Whitish/brown or red cm-thick ribbon bedding
characterizes this unit. Parts of this unit are impregnat-
ed with hematite, by a pervasive cross cutting of
hematite veinlets. Locally, original cherts are complete-
ly transformed into hematitic rock. Hematitic veins also
cross-cut the basalts, which underlie hematitic radiola-
rites, and sometimes they show an intense pyritization
(Kuijpers, 1980).

Biochronology

Small outcrops of limonite-hematite-bearing bright
red-orange thin-bedded chert are wide spread in the
southern part of the studied area. This suggests a high
position in or on top of the mid Cretaceous plateau. The
radiolarian assemblages of these outcrops are very homo-
geneous and contain all very similar assemblages (Figs. 6
and 7), which can be tentatively assigned to a Coniacian-
Santonian age. Biostratigraphically important species are:
Alievium praegallowayi Pessagno (Coniacian -Early San-
tonian), Dictyomitra formosa (Squinabol) (Coniacian-
Santonian), Pseudictyomitra nakasekoi Taketani (Turon-
ian-Coniacian), Praeconocaryomma universa Pessagno
(Coniacian-Campanian) and Theocampe urna Foreman
(Late Coniacian-Late Campanian), Pseudoaulophacus
lenticulatus White (Coniancian-Late Campanian).

Related radiolarite occurrences

The comparison of this restored radiolarite sequence
of NW-Nicoya with siliceous sediment sequences of
western Pacific (ODP Site 801) and Marin Headlands
(California) shows similar stratigraphic gaps during the

late Middle and Late Jurassic (Fig. 4). These gaps vary,
however, in duration with each site. On the other hand
the Middle Jurassic assemblages of Nicoya compare
rather well with North American assemblages from the
Marin Headlands, the Yolla Bolly or other Fransiscan
terranes, rather than with Tethyan assemblages. Ristola
turpicula Pessagno is a typical “Pacific” species in
these assemblages. 

A radiolarian assemblage similar to our Fe-radiolarite
associations was described by Meyerhoff-Hull and Pes-
sagno (Kolarsky et al., 1995) from the west coast of the
Azuero Peninsula, Panamá.

SEDIMENTARY-IGNEOUS RELATIONSHIPS 

Kuijpers (1980) believed that all contacts between
radiolarites and igneous rocks were tectonically con-
trolled. Schmith-Effing (1979), observed the existence of
magmatic contacts, and interpreted the radiolarites as
xenoliths in basalts. Azéma et al. (1984) believed that
most of the contacts were tectonic, but they also recog-
nized magmatic relationships between radiolarites of
Matapalo unit and two different diabases in the Huacas
section. Gursky and Gursky (1988) remarked on the pres-
ence of magmatic contacts between the radiolarites and
the basaltic-doleritic and gabbroic series. 

Most descriptions of the Nicoya Complex were
based on observations made in the excellent outcrops
along the shoreline and along new inland roads. Denyer
and Arias (1993) published the first detailed geologic
map (1:50,000) for this area (Fig. 2), which is the basis
of our interpretation. Large kilometer bodies of intrusive
rocks are exposed inland and they are spatially related to
the radiolarites of Jurassic to Lower Cretaceous age.
Because of a general absence of pillow structures, it is
difficult to establish structural trends in the basaltic
units. It is, therefore, impossible to establish which
basalt is structurally below or above a radiolarite body.
Moreover, the re-examination of contacts between
basalts, gabbros and radiolarian chert shows hot, intru-
sive contacts in all localities and on all sides of the
radiolarite bodies. This clearly means that the radiola-
rites are stratigraphically incoherent blocks of sediment
set in a “matrix” of multiple diabasic intrusions, and
posterior crosscutting dikes and sills (Figs. 5C to 5F).

The relationship between magmatic and radiolaritic
rocks can be well observed in outcrops at Punta Gorda
(Figs. 5D and 5F), El Encanto (Fig. 5E), just in the cliff
where a sample yielding a 88 Ma Ar39/Ar40 radioisotopic
age was taken, and also, at La Marina near the hotels of
Flamingo (Southern cliff of Potrero beach), and at Punta
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Salinas, (Fig. 5C). In the contact zones, the bedded cherts
are partially reabsorbed, metamorphosed and/or
hydrothermally bleached. Basalts and diabases show
chilled margins in contact with the sediment. Intense
hydrothermal leaching of the Mn-bearing radiolarites

resulted in Mn-mineralization and jasper bodies that are
concentrated along the magmatic/sediment contacts. 

All radiolarite bodies are affected by a pervasive, soft
sediment deformation, which causes difficulties for the
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FIGURE 6 Radiolarian occurrences in Middle Jurassic to Early Cretaceous and Late Cretaceous chert samples form the-Nicoya Peninsula. The code
in first column refers to localities shown in Fig. 2. Empty squares: present; full squares: very abundant.



Jurassic-Cretaceous radiolarites in Nicoya Peninsula, SW Caribbean PlateP. DENYER and P.O. BAUMGARTNER

213Geolog ica  Acta ,  Vo l .4 ,  Nº1-2,  2006,  203-218

FIGURE 7 Radiolarians of the Nicoya Complex. A-L) Middle Jurassic (Bajocian-early Bathonian). A to D) Sample JM1 in front Oratorio de Cartagena.
Age: UAZ95: 3-4, Bajocian. E to L) Sample JM3 (collected by E. Kuijpers in 1979). Age: UAZ95: 5, late Bajocian-early Bathonian. M to T) Late Creta-
ceous (Coniacian-Santonian) radiolarians from sample KU2, 4 km SE of Punta Gorda. A) Protunuma turbo MATSUOKA. Range: UAZ95: 4-7. B) Pro-
tunuma fusiformis YAO. C) Transshuum maxwelli PESSAGNO group. Range: UAZ95: 5-6. D) Cyrtocapsa mastoidea YAO. Range: UAZ95: 3-4. E) Guexella
nudata (KOCHER). Range: UAZ95: 5-8. F) Transshuum brevicostatum (OZVOLDOVA) group. Range: UAZ95: 3-11. G) Leugeo hexacubicus (BAUMGARTNER).
Range: UAZ95: 4-8. H) Theocapsomma sp. I) Acanthocircus suboblongus suboblongus YAO. Range: UAZ95: 3-11. J) Ristola (?) turpicula PESSAGNO and
WHALEN. Range: UAZ95: 5-6. K) Stichocapsa convexa YAO. Range: UAZ95: 1-11. L) Tricolocapsa plicarum MATSUOKA. Range: UAZ95: 4-5. M) Alievium
praegallowayi PESSAGNO. Range: Coniacian-Early Santonian. N) Alievium sp. cf A. gallowayi (WHITE). This is transitional between A. praegallowayi and
A. gallowayi. O) Alievium murphyi PESSAGNO. P) (?)Rhopalosyringium sp. Q) Hemicryptocapsa polyedra DUMITRICA. R) Dictyomitra formosa (SQUINABOL). S)
Crolanium sp. aff. C. pulchrum SQUINABOL sensu O’Dogherty (1994). T) Pseudodictyomitra nakasekoi TAKETANI. Range: Turonian – Coniacian-Santonian?



correct observation and interpretation of outcrops. In
some places (Punta Gorda, Fig. 5D, El Encanto, Fig. 5E)
disharmonic, soft-sediment deformation, which can be
related to the intrusion of sills into the sediment bodies is
observed. This deformation was described by Gursky
(1988) and interpreted as a syndiagenetic deformation
related to slumping. 

In other places more brittle fracturing of semilithified
chert beds occurred prior to the intrusion of basalt sills.
We observed chilled margins of igneous rocks that rest on
surfaces of faults affecting the sediments. Away from the
contacts, in the interior of radiolarite bodies, harmonic,
chevron folds occur. These could be related to shear with-
in the magmatic pile due to rapid cooling or due to the
subsequent emplacement of viscous intrusives into or
atop the preexisting magmatic pile. Kuijpers (1980)
explained the deformation of the radiolarites by multi-
phase, alpine-type isoclinal folding, cross-cut by faults.
However, no corresponding high temperature metamor-
phism has been observed. The radiolarite temperatures
reach thermometamorfic conditions and they were proba-
bly heated to more than 500°C in the contact with intru-
sive rocks (Gursky and Gursky, 1988). Post-magmatic,
further brittle deformation, complicate the geologic
framework. Planar shear surfaces are frequent and are lus-
trous and/or striated, or vein filled, separating both
lithologies by sharp contacts. This posterior tectonic
deformation adds another difficulty to a reliable interpre-
tation of the rocks of the Nicoya Complex.

GEOLOGIC HISTORY

This section focuses on the different events that
occurred chronologically from Middle Jurassic to Pale-

ocene and are relevant to the geologic history of the
Nicoya Peninsula. We discuss not only facts but also the
lack of consistency of certain hypothesis that have been
used to support the models for the genesis and evolution
of the Nicoya Complex. The geologic history is synthe-
sized in cartoons (Fig. 9), because the absence of more
reliable data to improve part of our model.

Previous Plateau Event (Mn-radiolarites)

Evidence (from the field and laboratory) discussed
above make clear that the Jurassic-Early Cretaceous radi-
olarites Mn-radiolarites formed on a hypothetical (so far
unknown) Early to early Middle Jurassic oceanic crust
(Fig. 9A). However no Jurassic geochronologic ages and
nor MORB geochemistry have been identified in the
Nicoya Peninsula. 

The Mn-radiolarites of the Nicoya Complex could
have had a similar oceanic basement. Such an ocean crust
must have belonged to the Fallaron Plate, and probably
formed close to the crust of Site 801 (Fig. 4B), but on the
Eastern side of the Ridge, separating the Pacific and Fal-
laron plates. We interpret the absence of late Bathonian to
early Oxfordian, or even early Kimmeridgian radiolarian
ages in the Nicoya Complex (Fig. 4A) as an original
stratigraphic gap that is comparable to those observed in
the Franciscan Geysers Chert and at ODP Site 801 (Fig.
4B). Although the start and duration of the gap varies
from site to site, it must represent a common low-latitude
Pacific feature. We are aware that this gap could be due to
incomplete sampling of the dismembered sediment pile,
but is very improbable, considering the intense collecting
campaigns we have conducted in the last twenty years.

Beginning of the Caribbean Plateau Event

Basalts first became emplaced on the ocean floor as
early as Berriasian-Valanginian (Fig. 9B), as the first
magmatic manifestations of the Caribbean Plateau Event
(Hoernle et al., 2004). At that time, dikes and sills must
have intruded the oceanic basement and the radiolarites
(Fig. 9C). This magmatism continued (Fig. 9D), probably
in irregular steps of activity thru the 92-88 Ma (Turon-
ian), that represent the major stage of the Nicoyan part of
the plateau (Sinton et al., 1997). This is confirmed by the
fact that radiolarite sedimentation rarely lasted beyond the
Aptian and definitively ceased in the Albian. 

With the emplacement of dikes through the ocean
floor and its sediment cover, a thermally driven circula-
tion started and leached sedimentary Mn and SiO2 from
the radiolarites, and this formed massive Mn-ore and
jasper deposits along sediment/igneous contacts and new-
ly formed fractures.
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FIGURE 8 Thin section photomicrograh (Playa Real) of an Early Cre-
taceous radiolarite, showing the dominance of pantanelliids in the
radiolarian assemblage. 
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The main Caribbean Plateau Event

During the Turonian-Coniacian (95.5-88 Ma, Sinton et
al., 1997) a few km thick pile of diabases and basalts
formed and covered the oceanic basement and the oceanic
sediments (Donnely, 1973; Duncan and Hargraves, 1984;
Sinton et al., 1998; Fig. 9E). Much of the interstitial water
in the radiolarian ooze was probably trapped and sealed in
by the igneous rocks. In that way radiolarites that were not
in direct contact with the igneous rocks escaped major com-
paction and metamorphism but underwent, first soft sedi-
ment deformation, then accelerated silica diagenesis and
hydrofracturing. At this time the radiolarite package became
buoyant with respect to the mafic intrusive rocks and further
intrusions at the toe of the plateau must have detached the
sediments from their crustal substrate by “magmatic float-
ing”. This means that the final emplacement of radiolaritic
rocks of Nicoya Complex was not tectonic but it was a
magmatic consequence of the Caribbean plateau event.
Intense brittle deformation and hydro-fracturing and multi-
phased intrusion of the radiolarites occurred at this time.

Late Phases of the Caribbean Plateau Event 
(Fe-radiolarites)

The Fe-radiolarites (Coniacian-Santonian) are
younger than most of the geochronologically dated

basalts and must have formed on top of the plateau
(Fig. 9E). Iron-rich hydrothermal waters must have
escaped in great quantities into the ocean water in the
CLIP area and the settling of a dilute Fe hydroxide sus-
pension must have accompanied the pelagic sedimenta-
tion of radiolarians, leading to Fe-rich siliceous
deposits (Kuijpers, 1980). Late extrusions into and over
the Fe-radiolarites (Fig. 9F) resulted in hydrothermal
leaching and precipitation of hematite, limonite and
massive jasper, as was described by Kuijpers and
Denyer (1979).

Late Santonian/Early Campanian tectonic event

Shortly after the emplacement of the Caribbean
plateau, the area underwent a compressional event
that caused profound deformation and uplift that cor-
responds to the N-Nicoya Peninsula and the Santa
Elena Peninsula. This tectonic event created the Santa
Elena overthrust (Azéma and Tournon, 1980), and the
tectonic mélanges that are found beneath that thrust.
Major nappes have been proposed also for the NW
Nicoya Peninsula (Kuijpers, 1980; Azéma et al.,
1984; Bourgois et al., 1984 . However, detailed map-
ping (Fig. 2) has not confirmed the evidence of these
thrust contacts. A thick sedimentary post-Campanian
sequence overlapped the Oceanic assemblages.

FIGURE 9 Synopsis of Middle Jurassic to Late Cretaceous events that led to the formation of the Nicoya Complex drawn in schematic cross-sec-
tions (not to scale). We infer the emplacement of a plateau belonging to the CLIP (Caribbean Large Igneous Province) on a hypothetical Early to early
Middle Jurassic oceanic crust, and “magmatic floating” of Jurassic-Cretaceous radiolarites.



CONCLUSIONS

At first glance, Ar39/Ar40 magmatic radioisotopic data
(Cretaceous) and the Mg-radiolarite ages (Jurassic-Early
Cretcaceous) in N-Nicoya result in an incoherent picture
of blocks set in a magmatic “matrix”. However, chilled
margins of the magmatites, and hydrothermal baking and
leaching of the sediments along contacts confirm the
Ar39/Ar40 dating, in that igneous rocks are consistently
younger than most of the radiolarian cherts. No Jurassic
oceanic basement has been identified so far at the outcrop
level in the Nicoya Peninsula. We solve the misunders-
tanding using a unique possible model, in which the
Jurassic-Cretaceous chert sediment pile became disrupted
and detached from its original basement, by multiple
intrusions during the formation of the “Nicoya Plateau”.
Hypothetically, the Early Jurassic magmatic basement
could be found beneath the surface, covered by the kilo-
meter thickness of the magmatic pile of the plateau event
(Fig. 9). Also, some exotic blocks of the Jurassic base-
ment originally underlying the radiolarite could be pre-
served as fragments in the Plateau magmatics; but these
could be rare in N-Nicoya.

If we reconstruct the radiolarite section from indi-
vidual blocks (Fig. 4) a late Middle Jurassic strati-
graphic gap appears. This feature is common in the
oceanic sections known from the Pacific, namely at
ODP Site 801 and in the Main Headlands Terrane of
California (Bartolini and Larson 2001; Murchey,
1984). This fact together with the typical Pacific affini-
ty of the Jurassic radiolarian faunas confirms the Pacif-
ic origin of Nicoya Complex. 

We cannot confirm or reject the existence of nappe
structures in the Nicoya Peninsula. However, soft sedi-
ment deformation in the radiolarites occurred, at least
partially, during early stages of intrusion and formation of
the Plateau. Pervasive brittle faulting and local formation
of tectonic mélanges must have occurred during later
stages of Plateau formation and/or during the late Cam-
panian collision event.
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Characterization and tectonic implications of Mesozoic-Cenozoic
oceanic assemblages of Costa Rica and Western Panama

The Pacific face of Costa Rica and western Panama has been extensively studied because of the wide occur-
rence of oceanic assemblages. In Northern Costa Rica, the Santa Elena Nappe made by ultramafic and mafic
associations overthrusts the Santa Rosa Accretionary Complex. The Nicoya Complex corresponds to a pre-
Campanian oceanic plateau association, cropping out in the Nicoya Peninsula and the outer Herradura Block.
The 89 Ma high MgO Tortugal Komatiitic Suite corresponds to 14-km long, 1.5-km wide body, with no clear
relation with to the Nicoya Complex. The Tulín Formation (Maastrichtian to Lower Eocene) forms the main
edifice of an accreted ancient oceanic island of the Herradura Block. The Quepos Block was formed by the
accretion of a late Cretaceous-Paleocene seamount. In the Osa and Burica peninsulas, Caño Island and Golfito
area, a series of Upper Cretaceous to Eocene accreted plateau and seamount blocks crop out. In western Pana-
ma, the oceanic assemblages range from Upper Cretaceous to Miocene, and their geochemical signature show
their oceanic plateau association. The Costa Rica and western Panama oceanic assemblages correspond to a
fragmentary and disrupted Jurassic to Miocene sequences with a very complicated geological and geotectonic
history. Their presence could be interpreted as a result of accretionary processes rather than tectonic erosion;
despite this last process is nowadays active in the Middle American Trench. The whole picture has not been
completed yet, but apparently, most of the igneous rocks have a geochemical signature similar to the Galapagos
mantle plume. The later has been acting in pulses, or otherwise the outcropping occurrences could be part of
several plateaus somehow diachronically formed in the Pacific basin.
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INTRODUCTION

The Pacific face of Costa Rica and western Panama is
characterized by extensive occurrences of oceanic assem-
blages (Fig. 1). Many authors have discussed their origin

and tectonic significance since the 70’s. Nowadays, geo-
logists and petrologists are applying updated methodolo-
gy to understand the geotectonic environment of forma-
tion of these rocks. However, this is a wide-open field of
research and much more needs to be done to have a clear

 



geotectonic picture. The oceanic crust outcrops are one of
the most important records for the understanding of the
origin and geotectonic history of the Middle American
convergent margin. Today, the Middle American Trench
separates the Cocos and Caribbean plates, and the
Panama Fracture Zone delimits the Cocos from the
Nazca plates. Convergence rates of nearly 10 cmy-1
have been measured across the Costa Rican segment of
the trench (DeMets et al., 1990), and several subduc-
tion processes have been proposed that range from
smooth subduction off the Nicoya Peninsula to colli-
sion, where the Cocos Ridge meets the Middle Ameri-
can Trench (Gardner et al., 1992).

Fundamental controversy exists about the geotectonic
setting related to the formation and emplacement of the
oceanic suites, which is directly related to the regional
models involved in the formation of the Caribbean Plate.
Malfait and Dinkelman (1972), Donnelly et al. (1973),
Donnelly (1973) and later Burke et al. (1978) hypothe-
sized that a large part of the present Caribbean Plate was
formed in the Pacific as anomalously thick, buoyant crust
that later was displaced northeast, between the Americas.

Duncan and Hargraves (1984) hypothesized that the Gala-
pagos mantle plume was responsible for the thickened
Caribbean crust.

In opposition to the above models of a general alloc-
thony of the Caribbean, Frisch et al. (1992) and Meschede
and Frisch (1998) proposed a fixist model for the forma-
tion of the Caribbean Plateau by the separation of North
and South America. This model was based on paleomag-
netic work by Sick (1989), who concluded the Peninsula
to belong genetically to the Caribbean plate. His interpre-
tation locates the Nicoya Peninsula in a position close to
South America from its formation in the Jurassic until the
Coniacian/Turonian Caribbean Plateau event.

In contrast, the paleomagnetic data from DeBoer
(1979), DiMarco (1994) and DiMarco et al. (1995) show
rotation and shift. DeBoer (1979) presented 87 basaltic
paleomagnetic data that he interpreted have gradual
clockwise rotation from an E-W-trending aeromagnetic
pattern in N-Nicoya Peninsula. DiMarco (1994) recon-
structed the Campanian-Maastrichtian to Paleogene mag-
neto-stratigraphy at several sites in Costa Rica and Pana-
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FIGURE 1 Present day geotectonic setting of Central America and the Caribbean, showing the oceanic assemblages of Costa Rica and western
Panamá. The different areas described in this paper are marked and they are detailed in the following figures. Ocean floor features from Ranero and
von Huene (2000).



ma, and determined the existence of four terranes:
Chorotega, Nicoya, Golfito, and Burica (Fig. 2). Follow-
ing, the conclusions of DiMarco (1994) and DiMarco et
al. (1995) are exposed. The Chorotega Terrane comprises
most of the territory of Costa Rica and Panama, inclusive
part of the Nicoya Peninsula. This terrane is characterized
by mean paleomagnetic directions approximately parallel
to present day Earth’s field that implies an origin close to
its present latitude and no significant rotation relative to
South America from the Late Cretaceous to present. The
Nicoya Terrane comprise the Santa Elena and Nicoya
pennsulas; it was positioned around 16° latitude south
respect to the Chorotega Terrane in the Late Cretaceous.
The Golfito Terrane extends from Golfito area in southern
Costa Rica to the Azuero and Soná peninsulas, Panama.
The paleomagnetic data from the Golfito Terrane indicate
Late Cretaceous equatorial latitude and a counterclock-
wise rotation of 60° respect to the Chorotega Terrane. The
Burica Terrane form the Burica Peninsula; its paleomag-
netic data locate a south equatorial origin of this terrane,
and 90° of counterclockwise rotation, which implies 15°
of northward shift from the Paleocene to Eocene.

More recent geochemical works and Ar39/Ar40 dating
by Sinton et al. (1997), Alvarado et al. (1997), Hauff et al.
(1997), Hauff et al. (2000) and Hoernle et al. (2004) have
largely confirmed the view of the Nicoya Peninsula as a
portion of the Caribbean Plateau or as a plateau geochem-
ically similar to the Eastern Pacific. 

Concerning the petrological-geochemical studies, the
comparison of the different authors is very difficult
because of the great progress and rapid changes in geo-
chemical analyses technology. It is impossible to use the
geotectonic interpretations that were made before the use
of trace elements and rare earths. However, Wildberg
(1984) did the first systematic analysis of igneous geo-
chemistry in the Nicoya Peninsula. He concluded that
both MORB and primitive island arc rocks were present
in the Peninsula. Meschede and Frisch (1994) published
one of the major data bases of geochemical analyses from
various basaltic units along the Costa Rican Pacific coast.
They found mid-ocean ridge basalts, island arc tholeiites,
within-plate tholeiites and alkali basalts. Hauff et al.
(1997), Sinton et al. (1997), Beccaluva et al. (1999),
Hauff et al. (2000), Arias (2003), and Hoernle et al.
(2004) carried out some of the modern studies. Despite
the different methodology and terminologies used, they
conclude that the majority of the complexes of the Pacific
face of southern Central America are part of the
Caribbean Large Igneous Province (CLIP), with a clear
affinity to the Galapagos hotspot. More recent geochemi-
cal work and Ar39/Ar40 dating by Sinton et al. (1997),
Alvarado et al. (1997), Hauff et al. (1997), Hauff et al.
(2000), Hoernle et al. (2002) and Hoernle et al. (2004)

has largely confirmed the view of the Nicoya Peninsula as
a portion of the Caribbean Plateau or as a plateau geo-
chemically similar to the East Pacific. In this paper, we do
not consider the K-Ar radioisotopic dating, because they
are no trusty as Ar39/Ar40 in altered samples. In general,
the oceanic assemblages cropping out along the pacific
coast of Costa Rica and western Panama were part of
aseismic ridges, seamounts, volcanoes, portions of
ancient island arcs, and mantle fragments that probably
represent old suture zones. Remarkable also is the pres-
ence of several accretion complexes and mélanges that
nowadays represents a well understood part of the very
complicated history of the Pacific active margin.

Several authors have considered an ophiolitic model,
basically, in relation to the Nicoya Complex cropping out
in the Nicoya Peninsula together with the ultramafics of
Santa Elena Peninsula (DeBoer, 1979; Kuijpers, 1980;
Berrangé and Thorpe, 1988; Beccaluva et al., 1999);
some of them use the term “Nicoya Ophiolite Complex”.
Other authors (Berrangé et al., 1989) extended the name
of Nicoya Complex to refer to other oceanic occurrences
of the Pacific face of Costa Rica, despite of their different
ages and origin. However, we consider, as is explained
further, to use the term of Nicoya Complex restricted to
the Lower Campanian-Santonian sequences described
originally by Dengo (1962), with redefinition by Kuijpers
(1980), Tournon (1984) and Baumgartner (1984).

Our work along the Pacific margin of Central America
has been focused on the understanding of subduction-
accretion processes back in time to the Jurassic. However,
we faced basic difficulties to integrate the whole informa-
tion. There are two principal issues. Firstly, the large
amount of different hypothesis that have been proposed
through the last 40 years, based on a very diverse type of

Mesozoic-Cenozoic Oceanic assemblages in the SW Caribbean plateP. DENYER et al.

221Geolog ica  Acta ,  Vo l .4 ,  Nº1-2,  2006,  219-235

FIGURE 2 Late Cretaceous-Paleogene terranes distribution of Costa
Rica and Panama, after DiMarco (1994) and DiMarco et al. (1995).



analysis and different research approach, which mean the
existence of quite contradictory theories. Secondly, the
big difference of the research detail, northern Costa Rica
has been very detailed studied in comparison to the lack
of information in southern Costa Rica and Panama. In
despite of these difficulties the objective of this paper is
to put on the table the main differences in age and source
of the occurrences of the oceanic assemblages, which are
cropping out through the Pacific margin of Costa Rica
and western Panama, emphasizing on the unsolved prob-
lems. We consider necessary to have a view of the whole
picture to begin to understand the real significance of
each particular component, which is the main purpose of
this paper. From geochemical point of view, we did a com-
parison of chondrites normalized REE from each area. We
summarize the biochronologic ages and radioisotopic
Ar39/Ar40 dating which have been done at the region. To
really solve one or more of the regional problems will
required a future integrate geochemical, structural, strati-
graphic and Ar39/Ar40 radioisotopic campaign.

SANTA ELENA PENINSULA

The Santa Elena area structurally consists of a nappe
(Fig. 3), which placed an ultramafic and mafic allochto-
nous unit above a basaltic-radiolaritic assemblage (Azé-
ma and Tournon, 1980). The vergence of folds in the
autochthonous unit indicates that emplacement of Santa
Elena Nappe occurred from north to south relative to the
autochthonous underneath unit (Azéma et al., 1985).
Frisch et al. (1992) through fabrics studies, indicate a
south to west southwest emplacement direction as well. The
rudist reef limestone growing up on top of the exhumed peri-
dotites suggest that overthrusting occurred in the pre-late

Campanian (Schmidt-Effing 1980; Seyfried and Sprech-
mann, 1985). On the other hand, the nappe was emplaced
after Cenomanian, the age of the youngest dated radiolarite
in the underlying sediments (DeWever et al., 1985).

The allochthonous sequence is composed of mafics,
ultramafics, dyke swarms and plagiogranites. The ultra-
mafic sequence consist of peridotites, mostly diopside
bearing harzburgites (Tournon, 1994). Layered gabbros
and plagiogranites are cropping out in part of southern
peninsula (Fig. 3). The layered gabbros consist of cen-
timeter to meter thick layers of gabbros, different from
one to another according to the ferromagnesian abun-
dance (Tournon, 1994). Radioisotopic Ar39/Ar40 dating
was done on a gabbro sample from this unit, and it gives
an age of 124.0 ± 4.0 Ma (Hauff et al., 2000). Pla-
giogranites are very acidic and low in potassium
(Tournon, 1984; Wildberg, 1984). The peridotites are cut
by a numerous series of mafic dikes (Desmet et al.,
1985; Tournon, 1994; Fig. 4).

The autochthonous unit is cropping out in the Potrero
Grande tectonic window and southern shoreline, and they
represent the deepest erosion levels. The igneous rocks
are alkaline pillow and massive lavas, micro-gabbros,
dolerites, lamprophyres, tuffs, and very scarce trachytes
(Tournon, 1994). Radiolarites and pelagic siliceous lime-
stones are present in the Potrero Grande tectonic window.
The radiolarian fauna were assigned to the Callovian,
Hauterivian and Cenomanian (Schmidt-Effing, 1980;
DeWever et al., 1985). The southwest cliffs outcrops,
between Playa Carrizal and Punta El Respingue (Fig. 3),
have radiolaria that ranges from late Early or early Mid-
dle Jurassic to Albian-Cenomanian (Tournon, 1984;
DeWever et al., 1985). 

We consider the relative autochthonous lower unit of
Santa Elena as an accretion complex, due it does not rep-
resent a continuous stratigraphic succession, but a tectoni-
cally complex assemblage that may be interpreted as a
pile of several heterogeneous tectonic slabs, constituting
the Santa Rosa Accretionary Complex.

The geotectonic significance of the igneous assem-
blages in the Santa Elena peninsula has been interpreted
in different ways, representing a sea mount/ocean island
complex or a tectonic mélange (Frisch et al., 1992;
Tournon, 1994). Beccaluva et al. (1999) consider the
basalts and gabbros at the Santa Rosa Accretionary Com-
plex and the Santa Elena Nappe as typical N-MORB.
Hauff et al. (2000) found two different geochemical
affinities, first as an ocean island basalt (OIB), with a
strong light rare earth elements (LREE) enrichment in the
Santa Rosa Accretionary Complex, Carrizal-Respingue
section and Potrero Grande tectonic window, and second as
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FIGURE 3 Simplified geologic map of the Mesozoic oceanic assem-
blages of the Santa Elena peninsula. Modified after Tournon (1994),
and Tournon and Alvarado (1997), and include radioisotopic dates
after Hauff et al. (2000).



island arc basalts in southeastern peninsula shoreline cliffs.
Based on the available geochemical analyses (Beccaluva et
al., 1999; Hauff et al., 2000), the layered gabbros (Fig. 3)
and the primitive island arc affinity dikes show a remark-
able depleted LREE  pattern (Fig. 5A), which is not com-
mon in the rest of the areas described in this paper.

Geochemically, the basalts forming the Islas Mur-
ciélago (Fig. 3) are very different from the autochthonous
Santa Elena peninsula igneous rocks, but similar than the
allochthonous unit (Fig. 5A), nevertheless the structural
relationship of the Islas Murciélago with the allochtho-
nous unit is not clear. The Islas Murciélago igneous rocks
form a continuous ten kilometers long archipelago, con-
sisting of columnar (Fig. 6), pillow (Fig. 7) and massive
basalts, with a general steep northward dip. Hauff et al.
(2000) presented a radioisotopic Ar39/Ar40 date of 109.0
± 2.0 Ma and related their origin to a primitive island arc.

Other peridotite occurrences

Serpentinized peridotites found in the Tonjibe drill
hole and close the Río San Juan (Fig. 1), along the Costa
Rica/Nicaragua border (Astorga, 1992; Vargas and Alfaro,
1992; Tournon et al., 1995) have not been well explained.
They have similar structures and mineral composition as
Santa Elena, and could be part of an ancient E-W suture
zone (Tournon et al., 1995). However, the suture hypothe-
sis does not explain the Siuna (northeastern Nicaragua)
peridotite ocurrences, described previously by Venable
(1994) and Rogers (2003), which are in a non-studied
association with radiolarites and basalts.

NICOYA PENINSULA

The Nicoya Peninsula is dominated by the Nicoya
Complex (Fig. 8). This unit was defined by Dengo

(1962), and was redefined by Kuijpers (1980). The
Nicoya Complex represents a basaltic sequence older than
Lower Campanian-Santonian (>74m.y.), which composed
mainly of olivine tholeiites that occur as massive and pil-
low flows, dikes, and hyaloclastic pillow breccias. Subor-
dinate rocks include gabbros, diabases and plagiogranites
(Tournon and Azéma, 1980). Deep-sea radiolarian cherts
were deposited from the Middle Jurassic to the Late Cre-
taceous (Baumgartner, 1984), but their contact with the
volcanics is almost always tectonic or disturbed by intru-
sions of diabases and gabbros. Based on available geo-
chemical analyses (Ragazzi, 1996; Sinton et al., 1997;
Beccaluva et al., 1999; Hauff et al., 2000) the igneous
Nicoya Complex shows a typical flat rare earth elements
(REE) plateau, with more fractionated patterns belonging
to plagiogranites and other intrusions (Fig. 5B).

Several emplacement hypotheses have been formulated
from the 70’s to explain the Nicoya Complex on the
Nicoya Peninsula. We consider, based on Sinton et al.
(1997), Hauff et al. (1997), Hauff et al. (2000) and Hoernle
et al. (2004), that the Nicoya Complex is a plateau, geo-
chemically similar to the Caribbean Plateau. The Nicoya
Peninsula represents an incomplete cross section of the
Nicoya Complex, where the deepest levels of the plateau
crop out in NW-Nicoya. The top of the Plateau crops out in
the southern Nicoya Peninsula. The Ar39/Ar40 magmatic
radioisotopic data (139 Ma to 83 Ma) by Sinton et al.
(1997), Hauff et al. (2000) and Hoernle et al. (2004), and
radiolarites ages in N-Nicoya. Baumgartner (1984) identify
stratigraphically incoherent Blocks within magmatic bed
rock (Fig. 9). We interpreted this whole picture as a Juras-
sic-Cretaceous chert sediment pile disrupted and detached
from its original basement by multiple magmatic intrusions
during the formation of the Caribbean Plateau.

TORTUGAL AREA

High MgO (26-29%) komatiitic-like and picritic suite
lavas have been reported in the Tortugal area (Alvarado et
al., 1997; Alvarado and Denyer, 1998). They occur as a
large, elongated (14 km long, 1.5 km wide, Fig. 10)
N60OºW striking body of 89.7 ± 1.4 Ma, based on
Ar39/Ar40 dating (Alvarado et al., 1997). These rocks con-
tain olivine megacrystals (Fo71-85), complexly zoned
clinopyroxene (augite, Wo37-45En45-53Fs7-15), orthopyrox-
ene (enstatite, En80), some with spinifex texture (Fig. 11),
spinel, and rare ilmenite and plagioclase (An56-68) phe-
nocrysts. Their chemistry and mineralogy are characteris-
tics of a primary magma with an estimate eruption tem-
perature of 1300-1400EC (Alvarado and Denyer, 1998).

This suite is intruded by centimeter and meter thick-
dykes of trachybasalts, and partially surrounded and over-
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FIGURE 4 Numerous parallel dikes cutting the peridotites in Bahía
Potrero Grande.



Mesozoic-Cenozoic Oceanic assemblages in the SW Caribbean plateP. DENYER et al.

224Geolog ica  Acta ,  Vo l .4 ,  Nº1-2,  2006,  219-235

FIGURE 5 Chondrites normalized REE comparison between the different areas described in this paper. The data source is indicated in each dia-
gram. E-MORB, N-MORB, and OIB reference patterns are included in H.
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lain by massive basalts, trachybasalts and basaltic trachy-
andesite flows and breccias. Associated subvolcanic rocks
(diabases and amphibole trachybasalts) are all geochemi-
cally similar. 

In contrast to the well-known Gorgona komatiites
(Echeverría, 1980) with macroscopic spinifex olivine
texture, the Tortugal ultramafic lavas have micro-
spinifex pyroxene and glass surrounding olivine
megacrystals. Interstitial plagioclase is also present.
Hauff et al. (2000) noted the similarities in trace ele-
ment and isotopic compositions between alkaline rocks
from Santa Elena and Tortugal, and also consider both
as part of the Chortis Block. The Tortugal komatiites
are characterized by an OIB-like source similar to the
common plume component (“C” component of Hanan
and Graham, 1996) (Fig. 5C), whereas the Gorgona
komatiites have a MORB-like source. Tortugal ultra-
mafic and mafic lavas are part of the mantle source that
created this piece of the Caribbean Plateau during the
initiation of the Galápagos hotspot circa 90 Ma
(Alvarado et al., 1997; Hanan et al., 1998).

HERRADURA BLOCK

The Herradura Block is a huge area (Fig. 12), bigger
than 1000 km2, with altitudes up to 1500 m. It has been
recently mapped by Arias (2003), whose map shows two
oceanic assemblage units, Nicoya Complex and Tulín
Formation.

Nicoya Complex

The Nicoya Complex crops out in the southeast
edge of the Herradura Block (Fig. 12), the geochemical
signature is consistent with the Caribbean Ocean

Plateau (Hauff et al., 2000; Arias, 2003), as is shown in
Fig. 5D. Two Ar39/Ar40 radioisotopic ages reported
83.2 ± 1.8 Ma (Sinton et al., 1997), and 86.0 ± 2.0 Ma
(Hauff et al., 2000). 

Tulín Formation

This unit was defined by Malavassi (1967) and
MIEM (1982) and was redefined by Arias (2003) as a
Maastrichtian to Lower Eocene basaltic sequence,
based on micropaleontological dates of interbedded
sediments (Fig. 12). Tulín overlies the Nicoya Com-
plex, and it is dominated by vesicular pillow basalts
with microdoleritic texture (Arias, 2003). Geochemi-
cally, Tulín Formation can be distinguished from the
Nicoya Complex, due its enrichment in high field
strength elements (HFS) and in LREE pattern corre-
sponding to an OIB like signature, while Nicoya Com-
plex basalts are poor in HFS elements and show a typi-
cal flat REE plateau pattern (Fig. 5D). Gabbros with
similar geochemical signatures are scarce. Olivine

FIGURE 6 Flexured Columnar structures (botton-right) and pillow
basalts (top-left) at Islas Murciélago. It is remarkable that the whole
sequence is tilted almost 90°.

FIGURE 7 Vertical pillow basalts of Islas Murciélago. Horizontal
faulting is obvious.



cumulates (Fo85) with affinity to the basalts occur as
small pockets over the entire region (Arias, 2003).

Epiclastic sediments, breccias, sandstones and tuffs are
interbeded with the basalts. They are rich in juvenile vol-
canic fragments, and also contain foraminifera and radio-
larians. In the unit also occur larger foraminifera and ru-
dists (Arias, 2003), suggesting the existence of an oceanic
shallow water zone from the Maastrichtian to the Lower
Eocene, covered during the Upper Eocene by a calcareous
platform. Tulín Formation was likely formed during the
Middle Eocene, either as a beheaded oceanic island or as a
block related to an ancient transform fault (Arias, 2003).

QUEPOS BLOCK

The Quepos Block is formed by vesicular pillow
basalts, dolerites, picrites, and rare gabbros (Fig. 13). It is
relatively younger than the Caribbean Basaltic Event. It
corresponds to a late Cretaceous-Paleocene seamount
(Azéma et al., 1978; Bolz and Calvo 2003) piled up on
the western flank of the Caribbean plate. The isotopic
ratios of the Quepos lavas evidence a similar mantle
source to the Nicoya Complex (Sinton et al., 1997). Geo-
chemically, the basalts show a LREE enrichment in com-
parison with the flat pattern of the gabbros (Fig. 5E).

Hauff et al. (2000) proposed a OIB Galápagos related
mantle source.

The volcanic stratigraphy provides evidence for the
emergence of a submarine volcanic edifice above sea
level (Baumgartner et al., 1984). The ocean island
could have been active between 59.4 ± 1.8 Ma and 65.0
± 0.4 Ma, as is shown by the Ar39/Ar40 radioisotopic
dates (Sinton et al., 1997; Hauff et al., 2000; Hoernle
et al., 2002). These dates are consistent with the age of
the intrapillow sediments (Fig. 14) paleontologically
identified by Azéma et al. (1978). Baumgartner et al.
(1984). Arias (2003) correlated these basalts to the
Tulín Formation. 
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FIGURE 8 Generalized geological map of the Nicoya Peninsula that
shows the different lithologies of the Nicoya Complex. The radioiso-
topic Ar39/Ar40 dates after Sinton et al. (1997), Hauff et al. (2000)
and Hoernle et al. (2004). Interpillow sediments dating after Azéma
et al. (1985).

FIGURE 10 Schematic geologic map of Tortugal Komatiitic-like Suite.
The radioisotopic age is from Alvarado et al. (1997).

FIGURE 9 Baked and leached radiolarite pocket in igneous assem-
blage at the southern edge of Playa Conchal. Both magmatic and tec-
tonic contacts are observed.



OSA AND BURICA PENINSULAS AND CAÑO
ISLAND

The geologic conception of this area has changed con-
siderably through time. First, it was considered as part of
the Nicoya Complex, as earlier authors (Berrangé et al.,
1989) conceptually mapped all the Osa peninsula and
Caño island as belonging to Nicoya Complex. Later,
DiMarco (1994) restricted the igneous sequence to the
very inner part of Osa peninsula, and most of this penin-
sula corresponds to the Osa-Caño Accretionary Complex
(Fig. 10).

Finally, the oceanic assemblage was divided into five
tectonic units (DiMarco, 1994; DiMarco et al., 1995;
Buchs and Stucki, 2001; Buchs and Baumgartner, 2003),
with different origins (Fig. 15). 

Golfito Terrane

The Golfito Terrane was defined by DiMarco et al.
(1995). It is characterized by oceanic basalts and
dolerites, which are overlaid by Campanian-Maas-
trichtian pelagic limestones. Based on geochemical

data from Hauff et al. (2000), it corresponds to an
accreted plateau segment, and it is characterized by a
flat REE patterns (Fig. 5F).
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FIGURE 11 Microscopic spinifex texture of the Tortugal Komatitic
Suite.

FIGURE 12 Simplified geological map of the Mesozoic-Paleogene
oceanic assemblages of the Herradura Block. Radioisotopic data from
Sinton et al. (1997) and Hauff et al. (2000). Micropaleontological
dates after Arias (2000).

FIGURE 13 Upper Cretaceous-Paleocene geological sketch of Que-
pos Block. Radioisotopic dates after Sinton et al. (1997), and Hauff et
al. (2000). Micropaleontological dates after Azéma et al. (1978),
Baumgartner et al. (1984) and Bolz and Calvo (2003). 



Burica Terrane 

The Burica Terrane forms the western edge of the Burica
peninsula (Fig. 10). It has been interpreted as an accreted
seamount (Obando, 1986). Also, Frisch et al. (1992) inter-
preted it as a structurally high piece of primitive island arc.
The available geochemical data (Hauff et al., 2000) implies a
plateau origin with its typical flat pattern (Fig. 5F).

DiMarco et al. (1995) micropaleontogically dated it as
Upper Cretaceous to Paleogene in age. One radioisotopic
Ar39/Ar40 radioisotopic age of 64.2 ± 1.1 Ma has been
recorded (Hoernle et al., 2002).

Rincón Block

The Rincón Block (Fig. 10) is an accreted igneous
sequence, formed by oceanic basalts varying in age from

the Upper Cretaceous to the Early Eocene. It has been
divided into two major units.

The first unit corresponds to a suite of accreted
seamounts, with scarce but significance alkaline subaerial
basalts. It is Early Paleocene to Early Eocene in age,
based on microfossils (Buchs and Stucki, 2001). Two dif-
ferent Ar39/Ar40 radioisotopic dates for Violines island are
54.5 ± 1.7 Ma and 62.1 ± 0.6 Ma, which correspond to
Paleocene (Hauff et al., 2000; Hoernle et al., 2002). 

The second unit matches the age of a Campanian-
Maastrichtian basaltic plateau (Buchs and Stucki, 2001;
Buchs and Baumgartner, 2003). The plateau origin of
this unit is well supported by the available geochemical
data (Hauff et al., 2000), with a remarkable flat REE
pattern (Fig. 5F).

Osa-Caño Accretionary Prism

This prism has been defined and studied by DiMarco
(1994), DiMarco et al. (1995), Buchs and Stucki (2001),
and Buchs and Baumgartner (2003). It is a mélange pre-
dominantly consisting of sedimentary rocks, cropping out
trench-ward of basaltic basement blocks, which now form
the trailing edge of the Caribbean Plate. Its exposures in
the outer Osa Peninsula (Fig. 10), less than 30 km north-
east of the Middle America Trench, have been uplifted for
the last ~3.5 Ma from a depth of 2 500 m to a maximum
altitude of 650 m in response to the subduction (Collins et
al., 1995, Kolarsky et al., 1995). This mélange has been
variously interpreted in the geological literature. More-
over, several authors confused the predominant, highly
compacted basaltic sandstones with basalts and, therefore,
called it Nicoya Complex as mentioned above. Some geo-
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FIGURE 14 Paleocene pelagic limestone lens between basalt flows
in Punta Quepos.

FIGURE 15 Map of the oceanic assemblages of Golfito, Osa and Burica peninsulas and Caño island. Radioisotopic dates after Hauff et al. (2000).
Micropaleontological dates after DiMarco et al. (1995), Buchs and Stucki (2001), and Diserens (2002).



chemical analyses (Berrangé and Thorpe, 1988; Hauff et
al., 2000) from different blocks of the mélange show a
plateau signature, and in less proportion depleted LREE
patterns, and OIB affinities (Fig. 5F). This variability is
congruent with an accretionary prism.

Sedimentary and tectonic characteristics suggest that
the Osa-Caño Accretionary Prism represents a mélange
formation. It appears that the Osa-Caño mélange is com-
posed principally of hemipelagic calcareous mudstones,
volcanic sediments and shallow water calcareous rocks
embedded in the mélange, which form 75% of the volume
of the mélange of NW Osa. Areas with abundant sedi-
ments contrast with areas containing crushed igneous
mega blocks (>10 m in diameter). The sedimentary nature
of the mélange is well shown by the constant block-in-
matrix texture and a diminutive concentration of matrix
when the size of the allochthonous resedimented elements
increases from small ashy particles up to igneous mega
blocks. A clast-in-matrix texture at different scales can be
observed, that draws a fractal image typical of a sedimen-
tary origin. This is the result of the emplacement of gravi-
ty flows and rock that fell into the trench. Arc-derived
volcanic sediments, shallow water calciturbidites (Fig.
16) and debris flows, breccias and igneous mega blocks
were emplaced at a high rate during continuous back-
ground sedimentation (hemipelagic calcareous mud-
stones). The fractal construction of the mélange reflects
the degree of catastrophism, as more energetic massflows
carried bigger clasts, forming coarser textures compared
to less energetic events (Buchs and Baumgartner, 2003).

The origin of the sediments has been resolved by a
numerical analysis of the clastic lithologies. This
approach indicates that the major part of the material con-
stituting the Osa-Caño accretionary mélange was eroded
from the forearc region which comprised an evolved vol-
canic island arc and an emerged igneous backstop (mostly

basaltic in composition). The material was gravitationally
emplaced downslope; it reworked partially lithified slope
deposits and accumulated in the trench. Both trench fill
and pieces of seamounts were sheared off by the downgo-
ing plate at shallow depths and added to the upper plate.
The reworked material includes Late Cretaceus-Paleocene
pelagic limestones and cherts and Eocene shallow water
limestones. The background sedimentation represented by
the hemipelagic calcareous mudstones (matrix of the
mélange) is pene-contemporaneous to the accretion. It has
been dated by radiolarians in NW Osa as late Paleocene
to middle Eocene. The youngest, middle Miocene, pelag-
ic sediments of the Osa-Caño Accretionary Complex are
found near Cabo Matapalo. Redeposited shallow water-
derived lithologies contain larger foraminifera of middle
to late Eocene age. Thus, the accretion must have
occurred during the Middle/Late Eocene to Middle
Miocene (Buchs and Baumgartner, 2003). 

Structural observations indicate that the prism seems
to be disorganized at a <50 m scale but shows good
arrangement of the orientations of fractures, and lithologi-
cally coherent domains consistent with off-scraping and
accretion. A good lateral continuity of the lithologies is
observed between the Caño Island and the Osa coast,
which may be related to a combination of both sedimen-
tary and accretionnary mechanisms (Buchs and Baum-
gartner, 2003).

WESTERN PANAMA

In western Panama are numerous occurrences of
oceanic assemblages (Fig. 17), which are known as the
Azuero-Soná Complex. It has been mapped using differ-
ent nomenclature as distinct units (e.g. Soná, Playa
Venado, Quebro, Tiribique, Lovaina and Tiribique; Del-
Giufice and Recchi, 1969; Tournon et al., 1989; DGRM,
1991; Kolarsky et al, 1995). They crop out in the Azuero
and Soná peninsulas, and various islands of the Chiriquí
and Montijo gulfs, (e.g. Coiba, Cébaco, Montuosa,
Ladrones, Parida, Boca Brava, Contreras). Some of
these outcrops seem to be very undisturbed tectonically,
with marked developed pillow (Fig. 18) and columnar
(Fig. 19) structures.

Comprehensive mapping of almost all areas was done
(DelGiudice and Recchi, 1969; DGRM, 1991; Kolarsky
et al., 1995). Lithologically, the Azuero-Soná Complex
consists of massive, columnar and pillow basalts with
some interbedded radiolarites. Schistose amphibolites
(Tournon et al., 1989) are exposed as slivers along the
Azuero-Soná fault zone (Kolarsky et al., 1995). Addition-
ally, metabasalts and metatuffs with a pronounced shear
foliation and tectonic mélanges were found by Tournon et
al. (1989). This metamorphic basement is covered by pil-
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FIGURE 16 Hydro-fractured Eocene calciturbidite of Agujitas is part
of the Osa-Caño Accretionary Complex.



low basalts and is cut by doleritic dykes. Tournon et al.
(1995) consider that metabasites of Azuero and Soná are
unique evidence for a regional metamorphism prior the
intra-Senonian tectonic phase that affected the rest of
Mesozoic formations cropping out along the Pacific coast
(Tournon et al., 1989). 

One Coniacian radiolarite has been reported in the
Azuero peninsula (Kolarsky et al., 1995). The Ar39/Ar40

radioisotopic dates of lava flows and pillow basalts from
Panama range from 21 Ma to 71 Ma. The 21-66 Ma
basalts of Azuero, Soná and Coiba are interpreted as
accreted pieces of the subducted Galápagos hotspot
track, while the 71.3 ± 2.1 Ma basalt of Soná peninsula
belongs to the Caribbean Igneous Province (Hoernle et
al., 2002). Geochemical data from Hoernle et al. (2002)
shows LREE enrichment and, in less abundance, flat

patterns that confirm the ocean island and plateau affini-
ties (Fig. 5G).

DISCUSSION AND CONCLUDING REMARKS

The oceanic assemblages cropping out in the Pacific
coast of Costa Rica and western Panama have been rela-
tively well studied, specially the northwest of Costa Rica,
although, they are relatively poorly understood because
the extreme complexity of the processes taking place in
an active oceanic margin. Micropaleontological, geo-
chemical and petrological techniques have been applied
to these units in the 60’s of the last century. However, the
history of oceanic assemblages of the pacific margin of
southern Central America is very incomplete. It seems to
consists of portions of the whole material already sub-
ducted during Mesozoic and Cenozoic. The presence of
huge volumes of oceanic related rocks means that the
accretion process has been very important in the emplace-
ment of these oceanic complexes. 

The serpentinized mantle peridotites of Santa Elena
Peninsula, Río San Juan, Tonjibe drill hole and Siuna are
one of the most intriguing pieces of the southern Central
America oceanic occurrences. Only the Santa Elena
Peninsula has been studied in detail. They could easily be
interpreted as suture zones, but the genetic relationships
are not clear and the trends are not known, although a E-
W suture zone have been suggested between Santa Elena
Peninsula and Río San Juan occurrences. We consider
that more research and mapping must be done in order to
understand the significance of all these occurrences in the
oceanic plateau model.

Apparently, most of the igneous Mesozoic-Cenozoic
assemblages have a geochemical signature similar to the
Galapagos mantle plume, as suggested by the last geo-
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FIGURE 17 Oceanic assemblages of western Panamá, including the
Zoná and Azuero peninsulas, Cébaco and Coiba islands, and other
small islands. Radioisotopic ages from Hoernle et al. (2002).
Micropaleontologic age included in Kolarsky et al. (1995).

FIGURE 18 Dipping pillow basalts at Parides islands. FIGURE 19 Columnar basalts of Parides islands.
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FIGURE 20 Synoptic age comparison of the Costa Rica and western Panama oceanic assemblages. Ar39/Ar40 radioisotopic ages in black, biochrono-
logic age ranges in gray, stratigraphic inferences in white. Oblique upper and lower field ends indicate age uncertainties.



chemical results (Sinton et al., 1997; Beccaluva et al.,
1999; Hauff et al., 2000; Hoernle et al., 2002, 2004). If so,
the Galapagos hotspot must have been much larger than
today during the Caribbean Basalt Event, or there were
several thermal spots occurring at the same time and dis-
tributed widely enough, to thicken the crust of the newborn
Caribbean plate. The interpretation of several pulses of this
thermal source happening during 140 Ma (Hoernle et. al.,
2002., 2004) is also difficult to imagine in the actual geot-
ectonic framework. We consider premature the presump-
tion that all oceanic assemblages came from the same
source. The geotectonic history of this area could be more
complicated, and there could be several plateaus with simi-
lar signatures piled up along the eastern side of the active
margin. 

In order to have a comprehensible terminology, less
susceptible to confusion, we think that the term “Nicoya
Complex” must be restricted to the pre-Campanian oceanic
plateau occurrences of the Nicoya Peninsula and surround-
ings. The Tortugal Komatiitic Suite is a very particular
assemblage, with no clear relationship to the Nicoya Com-
plex, but with a geochemical signature closer to basaltic
rocks of the Santa Elena Peninsula (Hauff et al., 2000).

The mechanism of emplacement of the seamounts and
the volcanic edifices is not very well understood. Tulín For-
mation and Quepos Block appear to be mega-structures
reaching today altitudes up to 1500 m above sea level.

The hypothesis of a continuous Jurassic-Cretaceous
oceanic sequence in the Santa Elena Peninsula relatively
autochthonous did not withstand detailed field analysis.
Thus, the presence of numerous thrust faults causing repe-
titions of pelagic, detrital and igneous facies and chaotic
collapse breccias favour the accretionary prism interpreta-
tion.

The outer Osa peninsula and the Caño Island have been
mapped as igneous assemblages, but actually are composed
by sedimentary mega-breccias (DiMarco et al., 1995) that
are now named the Osa-Caño Accretionary prism. The
Golfito Terrane (Upper Cretaceous) and the Burica Terrane
(Upper Cretaceous-Paleogene) represent segments of
oceanic plateau assemblages. The Rincón Block is an
Upper-Cretaceous-Eocene seamount and oceanic plateau
sequences (Hauff et al., 2000; Buchs and Baumgartner,
2003).

In western Panama, the outcrops of Soná and Azuero
peninsulas and several islands of Chiriquí gulf correspond
to a Mesozoic-Cenozoic igneous assemblage including an
amphibolitic regional metamorphic sequence. This is the
least studied of all the areas described in this article. West-
ern Panamá, Nicaraguan and Guatemala assemblages, not

described in this paper, are also fundamental pieces to
understand the whole geotectonic significance of the Cen-
tral American oceanic assemblages. 

The terranes that have been identified by DiMarco et al.
(1995) represent a first step in the study of the different
blocks or terranes that have been piled to conform the Cos-
ta Rica and Panama basement. We predict that further
research will confirm the existence of more exotic terranes.
Just looking into the stratigraphic differences in the Creta-
ceous sedimentary sequences, it is obvious that these dif-
ferences are incompatible with a single event of formation.
These tectonostratigraphic elements may have been trans-
ported, accreted and sutured together as they arrived to
their present position.

The age synthesis (Fig. 20) shows clearly that the oldest
oceanic assemblages crops out in the northern part of the
region, Santa Elena and Nicoya peninsulas. In the Nicoya
Peninsula is possible to distinguish at least three main mag-
matic pulses, the latest corresponds to the Caribbean Large
Igneous Province and it is also present in the Tortugal area
and the base of the Herradura Block. Tulín Formation
(Paleocene) of Herradura and Quepos blocks are contem-
poraneous to the Rincón Block and the initial stage of
western Panama, which extends trough the Oligocene,
showing three pulses. These different pulses could be inter-
preted as different stages of the Galapagos hot spot but this
is not totally understood because more data are needed. 

From the geochemical point of view, based on the
available data, the whole picture of the region seems to be
very variable. There are evidences of accreted seamounts
with an OIB (LREE enrichment pattern) in the Jurassic-
Cretaceous Santa Rosa Accretionary Complex, Upper Cre-
taceous-Eocene Tulín Formation in the Herradura and Que-
pos blocks, and the Upper Cretaceous- Miocene Caño-Osa
Accretionary Complex. This source is also present in the
not well-known Upper Cretaceous Tortugal Komatiitic
Suite. The plateau signature (flat REE pattern) is present in
the Jurassic-Cretaceous Nicoya Complex, cropping out in
the Nicoya Peninsula, Tortugal area and the base of the
Herradura Block. This source is also interpreted from the
Upper Cretaceous-Miocene magmatics of the Osa and
Burica peninsulas. The Upper Cretaceous-Oligocene
oceanic assemblages of western Panama show a wide
range of REE patterns, with a predominance of OIB
source, possibly representing accreted seamount tracks.
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Ophiolite-Related Ultramafic Rocks (Serpentinites) in the
Caribbean Region: A Review of their Occurrence, Composition,

Origin, Emplacement and Ni-Laterite Soil Formation

Ultramafic rocks, mainly serpentinized peridotites of mantle origin, are mostly associated with the ophiolites of
Mesozoic age that occur in belts along three of the margins of the Caribbean plate. The most extensive expo-
sures are in Cuba. The ultramafic-mafic association (ophiolites) were formed and emplaced in several different
tectonic environments. Mineralogical studies of the ultramafic rocks and the chemistry of the associated mafic
rocks indicate that most of the ultramafic-mafic associations in both the northern and southern margins of the
plate were formed in arc-related environments. There is little mantle peridotite exposed in the ophiolitic associa-
tions of the west coast of Central America, in the south Caribbean in Curacao and in the Andean belts in Colom-
bia. In these occurrences the chemistry and age of the mafic rocks indicates that this association is mainly part
of the 89 Ma Caribbean plateau province. The age of the mantle peridotites and associated ophiolites is proba-
bly mainly late Jurassic or Early Cretaceous. Emplacement of the ophiolites possibly began in the Early Creta-
ceous in Hispaniola and Puerto Rico, but most emplacement took place in the Late Cretaceous to Eocene (e.g.
Cuba). Along the northern South America plate margin, in the Caribbean mountain belt, emplacement was by
major thrusting and probably was not completed until the Oligocene or even the early Miocene. Caribbean man-
tle peridotites, before serpentinization, were mainly harzburgites, but dunites and lherzolites are also present. In
detail, the mineralogical and chemical composition varies even within one ultramafic body, reflecting melting
processes and peridotite/melt interaction in the upper mantle. At least for the northern Caribbean, uplift (post-
emplacement tectonics) exposed the ultramafic massifs as a land surface to effective laterization in the begin-
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INTRODUCTION

Ophiolite-related ultramafic rocks, mainly serpen-
tinites, crop out along three of the margins to the
Caribbean Plate (Fig. 1). They are most abundant along
the northern plate margin, and constitute about 7 per cent
(7500 km2) of the land surface of Cuba.  Most of these
ultramafic rocks were originally peridotites, formed in the

upper mantle, and were then altered to serpentinites, com-
pletely or partly, by crustal fluids during their passage to
their present tectonic position. When uplifted and exposed
to weathering, these partially to completely serpentinized
peridotites were altered to form a soil that has a composi-
tion determined, not only by the composition of the ultra-
mafic rocks, but by many other factors, the main one of
which is climate.
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FIGURE 1 Distribution of ophiolite-related ultramafic rocks around the margins of the Caribbean Plate: 1: Sierra de Santa Cruz; 2: Baja Verapaz Unit;
3 Juan de Paz; 4: El Tambor Group (South Motagua and North Motagua); 5: Cajálbana; 6: Habana-Matanza; 7: Villa Clara; 8: Escambray; 9: Cam-
agüey; 10: Holguín; 11: Mayarí-Cristal;  12: Alto de La Corea; 13: Moa-Baracoa;  14: Sierra del Convento; 15: Arntully; 16: North Coast Belt; 17:
Loma Caribe; 18: Monte del Estado; 19: Río Guanajibo; 20: Bermeja; 21: La Franja Costera; 22: Loma de Hiero; 23: Villa de Cura; 24: Guajira Penin-
sula (serpentinites of Cabo de la Vela); 25: “Dunita de Medellín” (Aburrá ophiolite); 26: Santa Elena; 27: Rio San Juan; 28: Siuna. Main localities are
numbered in italics.

Peridotite. Serpentinite. Ni-Laterite. Ophiolite. CaribbeanKEYWORDS

ning of the Miocene. Tectonic factors, determining the uplift, exposing the peridotites to weathering varied. In
the northern Caribbean, in Guatemala, Jamaica, and Hispaniola, uplift occurred as a result of transpresional
movement along pre-existing major faults. In Cuba, uplift occurred on a regional scale, determined by isostatic
adjustment. In the south Caribbean, uplift of the Cordillera de la Costa and Serrania del Interior exposing the
peridotites, also appears to be related to strike-slip movement along the El Pilar fault system. In the Caribbean,
Ni-laterite deposits are currently being mined in the central Dominican Republic, eastern Cuba, northern
Venezuela and northwest Colombia. Although apparently formed over ultramafic rocks of similar composition
and under similar climatic conditions, the composition of the lateritic soils varies. Factors that probably deter-
mined these differences in laterite composition are geomorphology, topography, drainage and tectonics. Accor-
ding to the mineralogy of principal ore-bearing phases, Dominican Ni-laterite deposits are classified as the
hydrous silicate-type. The main Ni-bearing minerals are hydrated Mg-Ni silicates (serpentine and “garnierite”)
occurring deeper in the profile (saprolite horizon). In contrast, in the deposits of eastern Cuba, the Ni and Co
occurs mainly in the limonite zone composed of Fe hydroxides and oxides as the dominant mineralogy in the
upper part of the profile, and are classified as the oxide-type.



In the Caribbean, as a result of its tropical climate,
thick, nickel-rich laterite soils are developed over the
exposures of peridotites and serpentinites. The soils
developed are characterized by variable contents of mag-
nesium and iron, with relatively high contents of nickel,
chromium and cobalt. Concentrations of nutrient ele-
ments calcium, potassium and phosphorus are low. These
Ni-laterites are currently being mined in the central
Dominican Republic (Loma Caribe), eastern Cuba
(Mayari, Nicaro, Moa Bay, Punta Gorda), northern
Venezuela (Loma de Níquel) and northwest Colombia
(Cerro Matoso). Only the Dominican and eastern Cuban
deposits are reviewed in this report. 

A characteristic flora is developed on these lateritic
soils. Brooks (1987) stated that the Cuban serpentinite
flora is the third richest (in number of species) in the
world. A wide variety of flora are developed over differ-
ent areas of serpentinized peridotite in the Caribbean but
little has been done to understand the relation between the
flora and the composition of the laterite soils.

In this brief report we summarize the present knowl-
edge of the distribution of ultramafic rocks (mainly ser-
pentinites and serpentinized peridotites) the Caribbean,
their geological associations, the processes by which
they were formed, tectonically emplaced, uplifted and
exposed to weathering. Emphasis is placed on the
processes of laterite soil formation from the ultramafic
rocks. Some geological factors are known better than
others, but it is hoped that this review will give a better
appreciation of our present knowledge of the processes
involved. This is the first overall review of Caribbean
serpentinites since those of Dengo (1972) and Wadge et
al. (1984).

NATURE AND ORIGIN OF CARIBBEAN OPHIOLITE-
RELATED ULTRAMAFIC ROCKS: A SUMMARY 

Most of the ultramafic rocks in the Caribbean occur in
the Mesozoic orogenic belts along the margins of the
Caribbean Plate and are alpine-type peridotites (mantle-
tectonites), partly or completely altered to serpentinite. In
many of the occurrences, the alpine-type peridotites are
closely associated with layered and massive gabbros,
basalts, mafic dykes, minor plagiogranites, chromitites
and sedimentary rocks, which form the ophiolite associa-
tion. An idealized cross section of the Moa-Baracoa ophi-
olite, one of the few more complete ophiolites in the
northen Caribbean, is shown in Fig. 2. However, general-
ly, the ophiolites are highly dismembered; not all of the
members of the ophiolite suite are present, nor is the
ophiolite sequence as defined by the 1972 Penrose Con-
ference (Anonymous, 1972). Although this problem is

common in many ophiolitic occurrences in the world, it
has led to considerable controversy and misunderstanding
of the use of the term ophiolite, and this applies very
much to the Caribbean.

Detailed field, petrological and geochemical studies in
the past 25 years, on rocks of the ophiolitic associations in
many areas, have shown that ophiolites form in a variety of
tectonic environments, involving different types of oceanic
crust and underlying mantle.  Dilek (2003) has developed a
classification of ophiolites based more on the tectonic rela-
tions, and this classification has been adopted for this review.
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Based on the field occurrence, the ultramafic rocks of
the alpine-type in the Caribbean occupy two important
associations that can be matched with similar occurrences
in other parts of the world. The first is the occurrence of a
tectonised melange of which the essential components are
high pressure metamorphic rocks characteristic of sub-
duction zones. These associations form a significant com-
ponent of the accreting orogenic belts of the Pacific rim
and are the San Francisco ophiolites of Dilek (2003). In
the Caribbean, examples of this ophiolite type occur in
the Motagua Fault Zone, Guatemala, in central Cuba (Vil-
la Clara), the northern Hispaniola coast belt and in the
Cordillera de la Costa in Venezuela (Table 1).

The second important type are the more complete, and
somewhat less dismembered ophiolites, exposed as sub-
horizontal sheets, such as those in eastern Cuba. The
mantle tectonites are mainly harzburgite and dunite with
signicant bodies of chromitite in the upper part of the
mantle sequence. High pressure xenoliths or tectonic
blocks are absent. These occurrences can be equated with
the Mediterranean-type ophiolite of Dilek (2003).

In the Caribbean, the term ophiolite has commonly
been applied, in a general way, to include associations of
mafic rocks that often do not consist of any ultramafic
rocks (or only very little). These associations are often
considered to be part of the 89 Ma Caribbean Large
Igneous Plateau province (CLIP, Hauff et al., 2000a; Kerr
et al., 1997b). Examples are the eastern margin of Central
America in Costa Rica, Curacao, western Colombia and
the southern Peninsula of Hispaniola in Haiti.  Dilek
(2003) has considered this type of occurrence to be a par-
ticular type of ophiolite association, which he has termed
the Caribbean-type ophiolite.

Because of the similarity of ophiolite components with
those of the ocean floor, it has long been considered that
ophiolites originated at mid-ocean ridges. However, it is
now considered more likely that many ophiolites were
formed at convergent plate boundaries as part of the island
arc structure (see discussion in Shervais, 2001; Robertson,
2002; Dilek 2003; Pearce, 2003). The term supra-subduc-
tion zone (SSZ) ophiolites is often used for these ophiolites
and they may originate, within the fore-arc, the arc proper,
or back-arc spreading area. Based on the composition of
the associated basalts and gabbros, and the mineral compo-
sitions of both the peridotites and associated chromite
deposits, at least some of the Caribbean ophiolites have
interpreted as the SSZ type (Beccaluva et al., 1996; Kerr et
al., 1999; Proenza et al., 1999a, b, c; Giunta et al., 2002a;
Marchesi et al., 2003, 2006; García-Casco et al., 2003).

The composition of the mafic rocks in the ophiolite
complexes, including the CLIP complexes, has been fairly

extensively studied, in recent years, in order to determine
their petro-tectonic affinity. Beccaluva et al. (1995) con-
cluded that mid-ocean ridge (MOR) magmatism is the
most widespread represented in the ophiolitic units along
the three margins where these occur. They concluded that
the oceanic crust was initially generated from multiple
spreading centers (LREE depleted MORB compositions
in Venezuela, Costa Rica, Guatemala and Hispaniola) and
thickened oceanic plateau-related basalts (flat REE
MORB), often associated with picrites in Costa Rica, the
Southern Peninsula of Haiti, and the Dutch and Venezue-
lan islands along the southern margin. Island arc magma-
tism (island arc tholeiites, IAT) have been recognized in
several ophiolite complexes in Guatemala, Cuba and
Venezuela (Kerr et al., 1999; Giunta et al., 2002a, b;
Marchesi et al., 2005).  Detailed studies recently made of
the chemistry of basaltic (extrusive) rocks from Costa
Rica, Colombia and Curaçao as well as ODSP sites from
the Caribbean basins (Hauff et al., 2000a) show that these
rocks have a strikingly uniform major and trace element
and isotopic composition. All these rocks are considered
to belong to the Caribbean Plateau or CLIP and have a
common mantle-plume source  (Sinton et al., 1998).
Reliable 40Ar/39Ar ages suggest that the main pulse of
magmatism forming the CLIP occurred mainly between
92 and 88Ma, but continued to ~74 Ma (Sinton et al.,
1998). Some geophysical evidence suggests the plateau
could be as old as 115 Ma (Mauffret and Leroy, 1997)
and has been built in several phases.

It should be pointed out that a few of the ultramafic bo-
dies in the Caribbean are not ophiolite-related, have origi-
nated in a different way, and belong to a different associa-
tion. These are peridotites formed by crystallization in a
crustal magma chamber and usually exhibit layering as a
result of crystal accumulation processes. Those in which the
main rock type is websterite and that exhibit zoned struc-
tures, are termed zoned ultramafic plutons of the Alaskan-
type (e.g. ultramafic rocks of Tobago; Snoke et al., 2001;
Scott et al., 1999). The emplacement of these peridotites
into the upper crust does not present a difficult problem.

Serpentinized peridotites of mantle origin, along with
mafic rocks, have commonly been dredged from subma-
rine scarps on the floor of the Caribbean Sea. Interesting
occurrences include the plagioclase-bearing peridotites
from the Cayman Trough spreading center (Perfit and
Heezen, 1978; Dick and Bullen, 1984) and from the Puer-
to Rico Trench (Bowin et al., 1966; Perfit et al., 1980).
These occurrences indicate that mantle peridotites lie
immediately below the oceanic crustal rocks that form
most of the Caribbean basin. On the reasonable assump-
tion that the allocthonous ophiolitic bodies of Mesozoic
age now found around the Caribbean margins originated
as oceanic lithosphere from the area that is now the
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Caribbean basin it is important to examine its composi-
tion which can be deduced from geophysical studies,
dredging and drilling. As reviewed by Mauffret and Leroy
(1997) the Caribbean basin is composed of several thick
volcanic plateaus (e.g. Beata Ridge) separated by deep
basins with thin crust (e.g. Venezuela basin composed of
oceanic crust < 5 km thick).

The eastern lower Nicaragua Rise, Beata Ridge and
Colombia basin are composed of thickened crust (15-20
km). The upper part of layer 2V is probably mainly basalt
sills interlayered with sediment that overlies about 3 km
of oceanic crust. The upper part of Layer 3V consists of
about 6 km of gabbro that outcrops along scarps on the
Beata ridge. The lower part of layer 3V is interpreted to
be composed of 10 km of picrite and mafic cumulates
rather than a type of modified mantle. The rock types,
which are interpreted as cumulates, not alpine-type peri-
dotites, can be matched with the picrite types on Curaçao
and Gorgona Islands. Mauffret and Leroy (1997) consider
that these crustal features correspond to the Kerguelen
and Ontong Java plateaus (Mahoney and Coffin, 1997).
Determination of the nature and composition of Layer 3V
is important in interpreting the obducted ultramafic rocks
around the Caribbean margin and determining how the
plateau was formed. Mauffret and Leroy (1997) suggested
that the thickening of the Caribbean crust is due largely to
underplating.

The question of emplacement of the ophiolitic rocks
in the Caribbean, into the upper part of the crust, is a con-
tinuing problem, as in other parts of the world. The
emplacement of the “Franciscan-type” ophiolites is prob-
ably the easiest to comprehend. During subduction, fault
bounded slices of ocean crust and some of the underlying
mantle, are removed from the descending oceanic lithos-
phere and are incorporated into the overlying subduction
complex that develops at the interface of the descending
and over-riding plates, forming serpentinite matrix
mélanges (Gerya et al., 2002). The subduction complexes
may be developed to considerable depth (at least 30 km),
and consequently the part of the ocean crust associated
with the peridotites will recrystallize to form high pres-
sure metamorphic rocks such as blueschists and eclogites.
Subduction-related, high pressure/low temperature blocks
(mainly garnet-bearing amphibolite, eclogites and
blueschists) are common in the Caribbean’s “Franciscan-
type” ophiolite associations (Perfit et al., 1982; Draper
and Nagle, 1991; García-Casco et al., 2002, this volume).

Although not yet well investigated, the blocks in the
mélanges are probably mainly mid-ocean ridge basalts or
gabbro (MORB), from the descending plate. However, in
the mélanges of the Rio San Juan complex, in northern
Hispaniola, blocks of metabasalt of both MORB and calc-

alkaline (?SSZ) affinities are  present (Anam, 1994) in
addition to rarer blocks of metagranitoids.

The ultimate emplacement or exhumation of these
high-pressure “Franciscan-type” ophiolites occurs when a
continent-facing arc collides, either directly or obliquely,
with a continental margin (Moores, 1982, 1998) or other
buoyant crustal mass, island arc, or even an oceanic
plateau. Arc-continent collisions of this type seem to be
responsible for the final emplacement of the “Franciscan-
type” ophiolites in both the northern and southern
Caribbean (Pindell and Barrett, 1990; Pindell et al., this
volume; García Casco et al., this volume).

The emplacement of coherent “Mediterranian-type”
(SSZ or MORB) ophiolites is more problematic. The low-
er boundary of such ophiolites is thrust faults and like
“Franciscan” ophiolites their emplacement must be relat-
ed to some crustal shortening event. This shortening can
be related to collision (as in eastern Cuba), but also to
other tectonic events, such as subduction polarity reversal
(as in central Hispaniola; Draper et al., 1996). The geo-
metry of the situation, however, has to be one where the
ophiolite does not enter a subduction zone, but is thrust
onto arc or continental crust at shallow levels.

As the Caribbean has been tectonically active since
the early Cretaceous (the last 140 million years), there
have been several events at different places, and at differ-
ent times, that have resulted in the emplacement of alpine
peridotites and associated ophiolitic rocks of either the
Franciscan or Mediterranean type. 

The earliest orogenic event involving ophiolitic rocks
seems to have been in mid-Cretaceous times (about 110-
120 million years ago) when ophiolitic bodies were
emplaced onto the arc crust of Central Hispaniola and
western Puerto Rico, perhaps associated with subduction
polarity reversal (Mattson, 1973; Mattson and Pessagno,
1979; Draper et al., 1996). In Cuba, also, the earliest
event of ophiolite emplacement may have been Aptian-
Albian (Kerr et al., 1999; García-Casco et al., 2002),
although the details are unclear.

The oceanic plateau that occupies the present central
region of the Caribbean sea was formed in the Late Creta-
ceous about 89 million years ago (Kerr et al., 1997a, b;
Sinton et al., 1998) or earlier, somewhere to the west of
its present position with respect to the middle America
region (Pindell and Barrett, 1990).  The eastern, leading
edge of this plateau was marked by an island arc system
that allowed convergence between the plateau and the
American continents. As the Americas moved westward
in the Late Cretaceous, parts of the plateau were subduct-
ed, but other fragments, along with various Pacific ter-
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OPHIOLITE UNIT NUMBER IN ULTRAMAFIC CHROMITITES TECTONIC PERIOD OF Ni LATERITE SELECTED
FIGURE 1 ROCKS SETTING EMPLACEMENT DEPOSIT REFERENCES

GUATEMALA Sierra de 1 Harzburgite SSZ Late Cretaceous- Yes Beccaluva et al.
Santa Cruz (1995), Giunta et al.

(2002b, c), Valls 
(2003, 2004)

Baja Verapaz Unit 2 Harzburgite Yes SSZ Late Cretaceous- Beccaluva et al.
Paleogene (1995), Wadge et al.

(1982), Giunta
et al. (2002b, c)

Juan de Paz 3 Harzburgite SSZ Late Cretaceous- Beccaluva et al.
Paleogene (1995), Wadge et al.

(1982), Giunta et al.
(2002b, c)

El Tambor Group 4 Peridotite MOR (proto- Late Cretaceous- Beccaluva et al.
“ South Caribbean) Paleogene (1995), Wadge et al.
“ Motagua (1982), Giunta et al.
“ North (2002a, b)
“ Motagua

CUBA Cajálbana 5 Harzburgite, Yes (Cr-rich) SSZ Paleocene-Early Yes Fonseca et al. (1985),
dunite, lherzolite, Middle Eocene Murashko and 
pyroxenite (earliest event Lavandero (1989),

may be Late Iturralde-Vinent
Campanian?) (1996, 1998),

Cobiella-Reguera
(2002, 2005)

Habana-Matanza 6 Harzburgite, Yes SSZ and Paleocene-Early Fonseca et al.
Plagioclase- (Al- and Cr-rich) oceanic Middle Eocene (1985), Iturralde-
bearing perido- plateau? Vinent (1996),
tites, dunite Llanes et al. (2001)

Villa Clara 7 Harzburgite Yes SSZ Late Paleocene- Iturralde-Vinent 
and MOR Middle Eocene (1996, 1998),

(earliest event García-Casco  et al.
may be Aptian- (2002), Cobiella-
Albian?) Reguera (2002,2005)

Escambray 8 Serpentinite MOR Late Cretaceous Somin et al. (1992),
(Farallón Millán-Trujillo,
oceanic (1996), Auzende et al.
crust) (2002), Scheneider

et al. (2004), García-
Casco et al. (this 
volume)

Camagüey 9 Harzburgite, Yes (Al-rich) SSZ Paleocene-Upper Yes Fonseca et al. (1985)
dunite, (back arc) Eocene Iturralde-Vinent (1996
websterite 1998, 2001) Cobiella-
websterite Reguera (2002, 2005)

Holguín 10 Harzburgite, Yes SSZ Maastrichtian – Kozary (1968),
dunite (fore arc) Early Middle  Iturralde-Vinent 

and MOR Eocene (earliest  (1996, 1998), Andó
event maybe et al. (1996),
Aptian-Albian?) García-Casco et al.

(2002), Cobiella-
Reguera (2002, 2005)

Mayarí-Cristal 11 Harzburgite Yes SSZ Maastrichtian- Yes Iturralde-Vinent,
(Cr- and Al-rich) (fore arc) Danian? (1996), Proenza et

al. (1999a, b, 2003),
Marchesi et al. (2003,
in press), Cobiella-
Reguera (2002,2005)

Alto de La Corea 12 Serpentinite MOR? ? Somin et al. (1992),
Millán-Trujillo,
(1996), García-
Casco et al.
(this volume)

TABLE 1 Main characteristics of ophiolite-related ultramafic rocks in Caribbean region: SSZ = Supra subduction zone ophiolite;  MOR = Mid-oceanic ridge.
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OPHIOLITE UNIT NUMBER IN ULTRAMAFIC CHROMITITES TECTONIC PERIOD OF Ni LATERITE SELECTED
FIGURE 1 ROCKS SETTING EMPLACEMENT DEPOSIT REFERENCES

Moa-Baracoa 13 Harzburgite Yes (Al-rich) SSZ Maastrichtian- Yes Iturralde-Vinent, (1996)
(back arc) Danian? Proenza et al. (1999a,

b, 2003), Marchesi et
al. (2003, in press)
Cobiella-Reguera 
(2002, 2005)

Sierra 14 Serpentinite MOR Late Cretaceous Somin et al. (1992),
del Convento Millán-Trujillo,

(1996), García-
Casco et al.
(this volume) 

JAMAICA Arntully 15 Dunite, MOR Maestrichtian- Wadge et al. (1982),
harzburgite, Paleocene Scott et al. (1999),
lherzolite Abbott et al. (1999)

HISPANIOLA North Coast Belt 16 Harzburgite, MOR Paleocene Draper and Nagle
dunite and SSZ? (1991), Anam (1994)

Loma Caribe 17 Harzburgite, Yes (Cr-rich) SSZ and/ Late Albian Yes Lewis (1981), Lewis
lherzolite, or mantle and Draper (1990),
dunite plume Draper et al. (1996),

Lewis et al. (2003)

PUERTO RICO Monte del Estado 18 Lherzolite, SSZ? ? Evans et al (1997),
harzburgite, Jolly et al. (1998a, b)
dunite

Río Guanajibo 19 Lherzolite, MOR? ? Jolly et al. (1998b)
harzburgite,
dunite

Bermeja 20 Serpentinite  MOR? Albian? Mattson (1974),
Mattson and
Pessagno (1979),
Jolly et al. (1998a, b)

VENEZUELA La Franja Costera 21 Peridotites Yes MOR? Late Cretaceous?. Donovan (1994),
Final thrust em- Giunta et al. (2002a,
placement during c), Ave Lallement
Eocene-Oligocene (1997)

Loma de Hiero 22 Peridotites, MOR Late Cretaceous?. Yes Donovan (1994),
plagioclase- (proto- Final thrust Giunta et al. (2002a,
bearing dunite Caribean) emplacement c), Ave Lallement

during Eocene- (1997)
Oligocen

Villa de Cura 23 Harzburgites SSZ Late Cretaceous. Donovan (1994),
Final thrust empla- Giunta et al. (2002a,
cement during c), Ave Lallement 
Eocene-Oligocene (1997)

Guajira Peninsula 24 Serpentinte MOR (proto- ? Case and Macdonald
(serpentinites of Caribbean) (1973), Donovan
Cabo de la Vela) (1994), Sepúlveda et

al. (2003)

COLOMBIA Cordillera Central 25 Dunita, Yes (Al-rich) SSZ Permic-Triasic Álvarez (1987),
“Dunita de Medellín” harzburgita (back arc) Restrepo (2003),
(Aburrá ophiolite) Correa and Nilson

(2003)

COSTA RICA Santa Elena 26 Harzburgite, Yes MOR in a Late Tertiary Frisch et al. (1992),
clinopyroxene- mantle Beccaluva et al
poor lherzolite, plume (1999
dunite region and Gazel et al.

/or SSZ (this volume)

COSTA RICA - Río San Juan 27 Serpentinite, MOR? ? Astorga (1992),
NICARAGUA lherzolite Tournon et al. (1995)

NICARAGUA Siuna 28 Serpentinized, MOR? ? Baumgartner
peridotite et al. (2004)

TABLE 1 Continued.



ranes were involved in collisions with the western parts of
the North and South American continents (Montgomery
et al., 1994; Kerr et al., 2003). 

In the southern Caribbean boundary, oblique conver-
gence also resulted in the final thrust emplacement of
peridotites with Cretaceous high-pressure associations,
but in this case the emplacement may have occurred pro-
gressively from Eocene times (about 50-55 million years
ago) and was not completed until Oligocene or even early
Miocene time (15-30 million years ago; Stockhert et al.,
1995; Ave-Lallement, 1997). 

DISTRIBUTION OF OPHIOLITE-RELATED 
ULTRAMAFIC ROCKS IN THE CARIBBEAN

The distribution of ophiolite-related ultramafic rocks
around the margins of the Caribbean Plate is shown in
Fig. 1. The more significant features concerning these
rocks are included in Table 1.

Northern Caribbean margin 

Guatemala

Ophiolitic rocks exposed along the Motagua Fault
Zone in Guatemala include some large bodies of harzbur-
gite such as the Sierra de Santa Cruz and La Gloria mas-
sifs (Donnelly et al., 1990). Recently Beccaluva et al.
(1995) and Giunta et al. (2002b, c) have recognized four
main ophiolite units containing peridotites (Table 1): (1)
Sierra de Santa Cruz, (2) Baja Verapaz, (3) Juan de Paz,
and (4) El Tambor group (South Motagua and North
Motagua).

Sierra de Santa Cruz, Baja Verapaz and Juan de Paz
units mainly consist of serpentinized mantle harzbur-
gites, and have been interpreted as SSZ-type ophiolites.
In contrast, South Motagua and North Motagua units,
which also include serpentinized mantle peridotites,
represent remnants of a proto-Caribbean oceanic crust
(Beccaluva et al., 1995; Giunta et al., 2002b, c).

It is generally considered that most of these rocks,
including the Santa Cruz body, were obducted (over-
thrust) onto the Maya continental block to the north
whereas the South Motagua serpentinites were thrust to
the south over the Chortis block. Uplift of these tecto-
nic blocks resulted from sinistral transpressive move-
ment between the Maya and Chortis blocks. The
harzburgites contain inclusions of rocks such as jadeite
and glaucophane-bearing schists and eclogites, which
were formed under high pressure conditions at depths
of about 30 kilometers. The harzburgites were probably

first exposed to weathering in the Late Eocene at the
time of the strike-slip faulting. The larger massifs of
Sierra de Santa Cruz have well-developed Ni-laterite
soils with a potential for mining (Giunta et al., 2002b;
Valls, 2003, 2004).

Cuba

In Cuba, the largest bodies of ophiolite-related ultra-
mafic-rocks (serpentinized peridotites and serpentinites)
crop out to the north of the island, along the so-called
“northern ophiolite belt” (Iturralde-Vinent, 1994, 1996,
1998). The ophiolites of northern Cuba occur as seven
separate “massifs” (ophiolite blocks) or suites exposed
along the entire length of the island, from west to east:
Cajálbana, Habana-Matanza, Villa Clara, Camagüey, Hol-
guín, Mayarí-Cristal, Moa-Baracoa. All ophiolite massifs
contain massive chromitite bodies, a characteristic feature
of SSZ ophiolites. The larger serpentinized peridotite
massifs that crop out with these ophiolites are identified
in Table 1 and Fig. 1.

The available data (Iturralde-Vinent, 1996; 1998; Kerr
et al., 1999; Proenza et al., 1999a, 2001; Cobiella-
Reguera, 2002, 2005; García-Casco et al., 2002, 2003)
suggests that at least two Jurassic-Cretaceous mantle sec-
tions exist within the northern ophiolite belt, which
underwent two major events: mid-oceanic accretion, and
subduction. The northern belt includes both MOR and
SSZ-type peridotites. In addition, ultramafic rocks occur
as tectonic slabs of serpentinite (commonly associated
with high-pressure rocks) embedded in a metasedimenta-
ry and/or metabasite matrix in the terranes of Guaniguani-
co and Escambray, and in the metamorphic complexes of
Siera del Convento and La Corea (Somin et al., 1992; Itu-
ralde-Vinent, 1994, 1996; Millán-Trujillo, 1996; Auzende
et al., 2002; Schneider et al., 2004; Garcia-Casco et al.,
this volume).

Ultramafic rocks in western Cuba (the “Bahia Honda
ultramafic complex” of Fonseca et al., 1985; Fig. 1, Table
1) are strongly dismembered. Except for the Cajálbana
massif, the serpentinite bodies in western Cuba are all
small and most have tectonic boundaries against adjacent
rock units. In Cajálbana, the ultramafic rocks consist of
mainly harzburgite with subordinate dunite, lherzolite,
and pyroxenite (Fonseca et al., 1985; Murashko and
Lavandero, 1989). These serpentinized peridotites have
developed Ni-laterite soils (Ségalen et al., 1980). Accord-
ing to García-Casco et al. (2003), the protoliths of the
metabasites from Cajálbana have an island-arc tholeiitic
signature (SSZ ophiolite). These authors suggested that
Cajálbana ophiolites represent a fragment of the Proto-
Caribbean plate incorporated to the Caribbean plate dur-
ing Aptian-Albian time. Also, in western Cuba, in the
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Cordillera de Guaniguanico, blocks of serpentinite with
associated eclogitic rocks, occur as olistoliths in the Low-
er Eocene olistostrome of Manacas Fm (Millán-Trujillo,
1996 and references therein).

In the Habana-Matanza area (Fig. 1), the ultramafic
rocks consist of serpentinized harzburgites, minor plagio-
clase-bearing peridotites, dunite and lherzolite (Fonseca
et al., 1985; Llanes et al., 2001). Volcanic rocks, tectoni-
cally embedded in deformed serpentinites from the
Habana area, have been described as boninites (Fonseca
et al., 1989; Kerr et al., 1999). In contrast, basalts from
the volcanic-sedimentary sequence of the Margot Fm,
that also occur within serpentinite in the Matanza area,
have been shown to have an oceanic intraplate affinity
(Kerr et al., 1999). 

Large bodies of serpentinite and serpentinized peri-
dotites, forming a serpentinized harzburgite mélange
(Fonseca et al., 1985), characterize the ophiolitic rocks in
the Villa Clara massif (Fig. 1). The ophiolite mélange, as
a mass lies over the Bahamas continental margin, and
itself is covered tectonically by Cretaceous arc rocks
(Iturralde-Vinent, 1996). High-pressure metamorphic
rocks are found included within the serpentinite mélange
(Millán-Trujillo, 1996; Garcia-Casco et al., 2002). Meta-
basites from Villa Clara region (Iguará-Perea Complex)
have a calc-alkaline magmatic signature, and have been
interpreted as formed in a suprasubduction environment
during the Late Cretaceous (García-Casco et al., 2003). 

Small bodies of serpentinite occur as tectonic slices
within the Escambray metamorphic complex to the south
of Villa Clara, particularly along its eastern margin (Fig.
1; Somin et al., 1992; Millán-Trujillo, 1996; Auzende et
al., 2002; Schneider et al., 2004). Serpentinites form len-
ses associated with eclogitic metabasites, and are embed-
ded in a metasedimentary matrix. The association of high-
pressure rocks in this complex indicates a relatively deep
origin for the rocks of the complex including the serpen-
tinized peridotites. According to Schneider et al. (2004),
eclogite occurring as exotic blocks within the Escambray
serpentinites, originated from a N-MORB type protolith
(Farallon oceanic crust). Emplacement of the Escambray
complex and the relationship with the ophiolite rocks of
the Villa Clara area to the north is one of the most contro-
versial issues of Cuban geology (Iturralde-Vinent, 1994;
Millán-Trujillo, 1996; Grafe et al., 2001; Schneider et al.,
2004). 

The Camagüey massif (Fig. 1) mainly consists of ser-
pentinized harzburgite, dunite, websterite and lherzolite
(Fonseca et al., 1985; Iturralde-Vinent, 1989, 1996,
2001). Laterite soils are well-developed and preserved
over the San Felipe serpentinite meseta, an erosional rem-

nant near Camagüey city, but in the areas of lower relief
the soils over the serpentinite have been washed away
into adjacent sedimentary basins. For example, the Maga-
ntilla basin contains deposits of sedimentary magnesite
and conglomerates with serpentinite pebbles interbedded
with shales, often reddish in color. This implies that the
serpentinites in the Camagüey area have been continu-
ously uplifted to different levels and exposed to weathe-
ring and erosion since the Miocene (Iturralde-Vinent,
pers. com., 2001). According to Gleeson et al. (2003)
the nickel resource of Meseta de San Felipe is 2-3 Mt
with 1.3% Ni.

In the Holguín massif (Fig. 1), the ultramafic rocks
form part of a serpentinite mélange. The tectonic mixing
and shearing of serpentinite in the Holguín block is high-
er than in other areas of Cuba (Fonseca et al., 1985). Peri-
dotites consist of mainly harzburgite, with minor dunite
(Andó et al., 1996).

The largest area of exposed serpentinized peridotites
in Cuba, and in the whole Caribbean, occurs in northeast
Cuba in the Mayarí-Cristal and Moa-Baracoa massifs
(Fig. 1; Mayarí-Baracoa Ophiolite Belt: MBOB). Recent
field and structural data indicate that the western part of
Mayarí-Cristal massif (Mayarí zone) is essentially made
up of mantle tectonites (>5 km thick) with subordinate
gabbro-diabase dikes (Proenza et al., 2003b; Marchesi et
al., 2003, in press). Two main domains have been differ-
entiated in this massif: (1) the lower domain, which is
composed mainly of porphyroclastic harzburgite tec-
tonites contains pyroxenite veins. Dunites occur as irregu-
lar patches and sub-concordand dunite layers (<1 m) in
harzburgites and as the wall-rock of chromitite pods; (2)
the upper domain is composed of porphyroclastic
harzburgite tectonites that are cut by a network of diabase
and microgabbro dikes.

The easternmost part of the Mayarí-Cristal massif
(Sagua de Tánamo area) includes serpentinized mantle
tectonites, volcanic rocks of the Téneme Fm, and ultra-
mafic breccias and chaotic rocks of the Picota Fm.
(mélange zone). These ultramafic rocks are mainly com-
posed of harzburgite and minor dunite, and overlie the
volcanic and mélange units. Téneme Fm includes rocks
ranging from tholeiite with boninitic affinities to typical
oceanic island arc tholeiites (Proenza et al., this volume).

In the southeastern part of Mayarí-Cristal massif (Alto
de la Corea area; Fig. 1) serpentinite bodies are associated
with high-pressure metamorphic rocks. Garnet amphibo-
lites, greenschists, quartzite, and albite-quartz-muscovite
pegmatoid veins are abundant in this area (Somin and
Millán, 1981; Somin et al., 1992; Millán-Trujillo, 1996;
García-Casco et al., this volume). 
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On the other hand, the Moa-Baracoa massif is com-
prised of mantle tectonites (>2.2 km thick) topped by a
thin crustal section made up of lower gabbros (ca. 300 m
thick) and discordant basaltic rocks of the Morel Fm with
possible back arc basin affinity (Iturralde-Vinent, this vol-
ume; Proenza et al., this volume). Isotropic gabbros and a
diabase sheeted dike complex are lacking. In this massif,
the Moho Transition Zone (MTZ) is made up of residual
harzburgites, minor dunites, and “impregnated peri-
dotites” with plagioclase and clinopyroxene. Concordant
and sub-concordant bodies of dunite, sills of gabbro and
chromitite bodies with a dunite envelope also occur in
this transition zone. The MTZ peridotites are cut by
dikes of gabbro, pegmatite gabbro, olivine norite and
pyroxenite (Proenza et al., 1999a, b, 2003b; Marchesi et
al., 2003, in press).

The MBOB is a SSZ-type ophiolite, that has been
interpreted to result from an initial stage of rifting and
formation of a “Protocaribbean” oceanic lithosphere
followed by the development of a juvenile island-arc in
a ?Late Cretaceous SSZ setting and later a back-arc
basin (Proenza et al., 1999b, 2001; Marchesi et al.,
2003, in press).

The structural/stratigraphic features of the Mayarí-
Baracoa ophiolite  allocthon  are probably the best docu-
mented of any in the Caribbean.  Ideas as to the mode of
emplacement of the ophiolite (Cobiella, 1978) have recent-
ly been summarized by Iturralde-Vinent (2003) and
Cobiella-Reguera (2005). As in western Cuba the source of
the oceanic crust (ophiolite) was from the south but the
timing and mechanism of emplacement was apparently dif-
ferent in eastern Cuba.  In both areas there was apparently
an early thrust event at the end of the Cretaceous.  In cen-
tral Cuba an element of oceanic crust and mantle was
emplaced directly over the Bahamian continental border-
land and later over segments of the volcanic arc rocks.

In eastern Cuba, the earliest emplacement of oceanic
crust over the continental crust is represented by the
Guira de Jauco amphibolites. Cretaceous volcano-sedi-
mentary rocks of the Santo Domingo Fm and metavol-
canic rocks of the Purial were emplaced over the amphi-
bolites and are interpreted to directly overlie the
Bahamian continental platform to the north. The emplace-
ment of the ophiolite was from the south and took place
in the Maastrichtian to early Danian with the olis-
tostromes advancing in front of the ophiolite mass and
filling the Sagua de Tánamo basin with clastic rocks.

The volume of nickel laterite developed over the
Mayarí-Cristal and Moa-Baracoa massifs makes this area
the largest known resource of nickel laterite in the world.
The Moa-Baracoa laterites were developed over a broad

erosion surface, or surfaces, that today vary in height
from about 550 m to 1,000 m above sea level.  In the low-
er elevations the serpentinies are covered by sedimentary
rocks of Miocene age indicating that the ultramafic rocks
were exposed at this time.

The smaller serpentinite massif of the Sierra del Con-
vento, located in the southwest part of the Sierra del Pur-
ial, is separate from the Moa-Baracoa massif to the north
(Fig. 1). A characteristic feature of the Sierra del Conven-
to serpentinite is that it contains an abundant variety of
blocks of high-pressure metamorphic rocks including gar-
net amphibolites, blueschists, metatrondhjemites and peg-
matites suggesting a different origin, probably an uplifted
subduction zone (Somin et al., 1992; Millán-Trujillo,
1996; García-Casco et al., this volume.).

Jamaica

A small faulted block of serpentinized peridotite
(~0.25 km2 in area) known as the Arntully sepentinite
is located in the southern edge of the Blue Mountains
along the Plantain Garden Fault in eastern Jamaica
(Wadge et al., 1982; Robinson, 1994; Scott et al., 1992,
1999; Abbott et al., 1999). This body is considered to
be related to the Bath Dunrobin complex of basalts and
gabbros which would make this an ophiolite associa-
tion (Wadge et al., 1982, 1984). The Arntully body is
composed mainly of serpentinite with a core of partly
serpentinized harzburgite, lherzolite, dunite and abun-
dant blocks of rodingite.

Hispaniola

Serpentinized peridotites of apparent ophiolitic affini-
ty occur in two belts across Hispaniola, namely the North
Coast belt and the Median Belt in the Cordillera Central
(Bowin, 1975; Lewis, 1981; Lewis and Draper, 1990). In
both belts there is evidence that these originated separate-
ly as parts of ophiolite associations that are now highly
dismembered and most of the original features have been
destroyed. In the North Coast belt, the serpentinites in the
Rio San Juan complex and the two small bodies in the
Samana Peninsula are associated with high pressure/low
temperature metamorphic rocks (Nagle, 1974; Draper and
Nagle, 1991; Joyce, 1991; Abbott et al., 2004). The Rio
San Juan complex is interpreted as an uplifted subduction
zone complex. The north coast serpentinites are small
(only the Punta Gorda body exceeds 5 km across) and
there is little soil developed on these.

The main serpentinite belt, the Loma Caribe peri-
dotite, in central Hispaniola in the Median Belt (Bowin,
1966) is about 4-5 km wide and extends for 95 km from
La Vega to Cerro Prieta north of Santo Domingo, but the
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southeastern part of the peridotite is exposed as thin fault
slices only. The body extends at depth to the coast where
it has been intersected by drilling east of Santo Domingo,
Most of the body is serpentinized harzburgite, but dunites,
lherzolites and pyroxenites also occur (Lewis et al.,
2003). The relationship of the associated basaltic rocks
with the peridotite is not clear since all the contacts are
faulted, leading to considerable controvery. Draper et al.
(1996) have suggested that the Loma Caribe peridotite
was emplaced first as early as the late Albian. Ni-laterite
is well-developed over the Loma Caribe serpentinized
harzburgites. Nickel resources are estimated at 1-2Mt at a
grade of 1.2%Ni (Falconbridge Dominicana annual
reports).

In addition to the two belts of the ophiolitic associa-
tion described above, intrusive (magmatic) bodies of ser-
pentinized peridotites also occur in several places along
the Cordillera Central of the Dominican Republic and
Massif du Nord of Haiti (Lewis, 1980; Lewis and Draper,
1990). These intrusions are composed of massive and lay-
ered peridotites and pyroxenites with norites and gabbros
of cumulate origin. These ultramafic-mafic complexes are
closely associated with the large tonalite intrusive bodies
of late Cretaceous age and the metamorphosed mafic
rocks of the Duarte Complex (Draper and Lewis, 1989).

Puerto Rico

In southwestern Puerto Rico there are three rela-
tively small serpentinized peridotite bodies, namely
Monte del Estado, Rio Guanajibo and the Bermeja in
the south. Tectonic relations are not clear but the
Bermeja serpentinized peridotite appears to be related
to an ophiolite association (Mattson and Pessagno,
1979). Detailed studies show that there is considerable
variation in the chemistry and petrography of these
bodies (Jolly et al., 1998b). Dunites, harzburgites and
lherzolites are all present even over a small area.
Whether or not they are all part of the one peridotite
mass that has been dismembered is not understood
(Schellekens et al., 1989; Schellekens, 1998). 

These serpentinized peridotites have features similar
to abyssal peridotites (mid-oceanic accretion setting) and
were the subject of extensive investigations by Hess and
others (Burk, 1964). The Bermeja peridotites and associ-
ated amphibolites and metabasalts represent pre-arc
oceanic crust and Matson and Pessagno (1979) proposed
that the peridotites and crustal rocks were emplaced as a
nappe. Jolly and Lidiak (pers. com., 2002) suggest all the
peridotite masses appear to be emplaced into the upper
crust as diapiric bodies. Jolly et al. (1998a) concluded
that the Monte del Estado peridotite was in geochemical
equilibrium with sub-arc magma.

Although there is a signicant saprolite zone developed
over the Puerto Rico serpentinites, it is unlikely to be
become an economic resource for nicked.

Southern Caribbean margin and northern
Colombian Andes 

Relatively small bodies of serpentinized ultramafic
rocks are found along the Caribbean mountain system on
the northern coastal region of South America (Fig. 1,
Table 1). This mountain system extends discontinuously
from the Sierra Nevada de Santa Marta and Guajira
Peninsula in Colombia, eastward to the islands of Mar-
garita and Tobago and the Northern Range of Trinidad.
Small bodies of serpentinites that occur in the Sierra
Nevada de Santa Marta are associated with mafic gneisses
and schists of late Paleozoic age (Bellizia and Dengo,
1990). In the Guajira Peninsula, the serpentinites are
associated with metagabbros, mafic and pelitic schists,
phyllites, metavolcanics and marbles of late Mesozoic to
early Tertiary age (Sepúlveda et al., 2003). Some of these
serpentinites were considered to be of detrital origin
(Lockwood, 1971). In addition, peridotites and associated
gabbros occur in the Paraguaná Peninsula, east of Mara-
caibo (Martin-Bellizia and Arozena, 1972).

The ultramafic-mafic complexes in the Caribbean
mountains in cental North Venezuela occur in at least five
structural units, or belts, separated by major thrusts.
These represent the imbrication of both continental and
oceanic crustal units along with slices of mantle rock
(Maresch, 1974; Stephan et al., 1980; Avé-Lallement,
1997; Avé-Lallement and Sisson, 2005). The main occur-
rences of serpentinized peridotites and associated rocks
are shown in Fig. 1 and Table 1. Recently Giunta et al.
(2002a, c; Table 1) have examined the chemistry of the
major complexes and summarized the tectonomagmatic
setting of the main ophiolite units. Relationships among
rock types are complex and it is apparent that not all of
the occurrences are ophiolites.

For example, detailed studies of the Tinaquillo spinel
lherzolite, located in the Caucagua-El Tinaco nappe struc-
ture in the western part of the Serrania del Interior, have
led to the interpretation that it is a piece of continental
lithospheric mantle emplaced at the base of, or within,
high grade felsic gneisses during the late Cretaceous
(Seyler and Mattson 1989, 1993; Seyler et al., 1998). It is
one of the few examples of the so-called “orogenic lher-
zolite” massifs (Menzies and Dupuy, 1991). Ostos et al.,
2005 have interpreted the Tinaquillo peridotite complex
to be a fragment of Jurassic rift zone.

Small bodies of serpentinized peridotite along the
Cordillera de la Costa occur within the ophiolite mélange
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of the Franja Costera Unit (Fig. 1, Table 1). In this unit,
basalt and gabbros show geochemical characteristics with
MORB affinity (Giunta et al., 2002a, c).

Serpentinite is found within the complex of high-pres-
sure metamorphic rocks of the island of Margarita north
of Venezuela (Stockhert et al., 1995). Giunta et al.
(2002a) have suggested that these peridotites bodies
(mainly lherzolites) may represent an ultramafic complex
equivalent of Tinaquillo.

Serpentinized peridotites (including plagioclase-bear-
ing dunite) along with cumulate gabbros of late Jurassic
age occur as part of the Loma de Hierro Unit (Table 1,
Fig. 1) within the Serrania del Interior. This is described
as an ophiolite association consisting of mainly basaltic
rocks and siliceous-carbonate sequences in addition to the
gabbros and serpentinized peridotites. The Loma Hierro
Unit has been interpreted as a MOR type ophiolite (Giun-
ta et al., 2002a, c).  Ni-laterite has been mined from this
area since 2000 but there is no published information on
this deposit.

Serpentinized mantle peridotites, interpreted as part of
subarc mantle and subduction complex, occur in the Villa
Cura Group (Giunta et al. 2002a; Fig. 1, Table 1).
Although a recent detailed study of the geochemistry of
the Villa Cura Goup showed that all the metavolcanic
rocks are arc-related (Stiles et al., 1999; Unger et al.,
2005), Kerr et al. (2003) considered that at least some of
the Villa de Cura volcanic rocks have an oceanic plateau
origin similar to the basalts and picrites of Curacao and
Aruba.

At least three of the peridotite massifs in the Cari-
bbean mountain range do not belong to the ophiolite asso-
ciation. The ultramafic rocks on the island of Tobago are
in the form of a layered intrusion and are interpreted to
form the basal part of an island arc complex (Frost and
Snoke, 1989; Scott et al., 1999). According to these
authors, ultramafic rocks in Tobago are part of a single
fractionated plutonic body made up largely of gabbro and
diorite with minor tonalite. Snoke et al., (2001) have
interpreted the complex as a zoned ultramafic intrusion of
the Alaskan-type. Murray (1972) interpreted two of the
peridotite intrusions in the Caribbean mountains in
Venezuela as zoned ultramafic complexes of the Alaskan
type. The largest of these intrusions, about 8 km long by 6
km wide, intrudes the southwestern part of the Villa de
Cura Group.

Mafic and ultramafic rock associations of Cretaceous
age form north-south trending belts in Colombia. These
belts occur in the Cordillera Central, the main belt, the
Cordillera Occidental and the Serranía de Baudó along

the Pacific Coast discussed below. Many of the ultramafic
bodies are thin slices elongated along faults. An example
is the Itanguo serpentinite which is 40 km long and only
4000 m wide. In recent years, there has been much con-
troversy on the tectonics and petrogenesis of these mafic-
ultramafic associations.  Only the northernmost bodies
are discussed here.

Álvarez (1983) documented twenty-eight occurrences
of ultramafic-mafic rock bodies in the Cordillera Central
and Cordillera Occidental in the Colombian Andes. He
and others (see Bourgois et al., 1987 review) considered
that most of these ultramafic-mafic associations in the
Colombian Andes showed ophiolitic affinities. Based on
their composition of basaltic lavas around Cali McCourt
et al. (1984) and Aspden et al. (1987) advocated a sub-
duction related origin for the basalts. Analyses and age
determinations on a larger number of the basaltic rocks
led Kerr et al. (1997a, b) to conclude that the basaltic ter-
ranes were formed as an oceanic plateau and are most
probably part of the mid-Cretaceous Caribbean plateau.
Reynaud et al. (1999) have shown that the belt of oceanic
plateau basalts, along with Cretaceous arc rocks, extends
southward into southern Ecuador. The presence and
extent of the Cretacous oceanic plateau in the northern
Andes of South America was also based on the domi-
nance of basaltic rocks, the absence of sheeted dike
sequences and the occurrence of dunite rather than
harzburgite. However, harzburgite is part of many of the
mafic-ultramafic complexes and the presence of podiform
chromite in some dunites is typical of ophiolite sequences
(e.g. the so-called Dunitas de Medellín; Alvarez, 1987;
Correa and Nilson, 2003; Restrepo, 2003) exposed in the
northernmost part of the Cordillera Central. Most of the
bodies are serpentinites and serpentinized dunites, but
serpentinized harzburgites also occur. These ultramafic
rocks have tectonic contact with orthoamphibolites, and
both units are included in the Aburrá Ophiolitic Complex.

Ni-laterite soils are developed on several of the rela-
tively small bodies of serpentinized ultramafics located
in the north of Medellin. The largest of these is the Ce-
rro Matoso which is 2 x 1.7 km in area and has a relief
of 300 m. The thickness of the laterite varies from a few
m to 100 m. The Ni content of the saprolite zone ave-
rages 2.5%. A study of the mineralogy and geochemistry
of the Cerro Matoso deposit has recently been made by
Gleeson et al. (2004).

Western Central America and northwestern
Colombia

It is generally considered that the mafic-ultramafic
complexes exposed along the west coast of Central Amer-
ica are part of the western most margin of the Caribbean
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Plate. These include the well-studied segments of the
Nicoya and Santa Elena Peninsulas and Quepos in Costa
Rica and the Azuero massif in northwest Panama.

There has been considerable debate as to the origin,
age and mode of emplacement of the oceanic crustal seg-
ment along the Pacific Coast of Costa Rica and Panama
(see Hauff et al., 2000b; Hoernle and Hauff, submitted,
for recent reviews). In the past the complexes have been
termed ophiolites (Frisch et al., 1992; Beccaluva et al.,
1999) but most of the important elements of a typical
ophiolite are missing, and peridotite is found only in the
north in the Santa Elena exposure (Fig. 1, Table 1). Here,
the peridotite bodies consist of harzburgite, dunite and
clinopyroxene-poor lherzolite (Frisch et al., 1992; Becca-
luva et al., 1999).   The 124-109Ma tholeiitic portions of
the Santa Elena complex formed in a primitive island arc
setting believed to be part of the Chortis subduction zone
(Hauff et al., 2000b). 

Nicoya complex consists mainly of tholeiitic pillow
lavas and sheet flows with gabbroic and plagiogranitic
intrusions, and fault bounded sequences of sedimentary
rocks. These units are overlain unconformably by a Cam-
panian to Tertiary sedimentary sequence. The Nicoya,
Herradura, Golfito, and Burica complexes have been
interpreted as part of the Caribbean oceanic plateau and
generated as a mantle plume (Sinton et al., 1996; Hauff et
al., 1997), or at an oceanic spreading center in a mantle
plume region, analogous to the present Galapagos
ridge/hot spot system (Beccaluva et al., 1999). Ar/Ar dat-
ing has shown that at least part of the Nicoya Complex is
the age equivalent (89 Ma) of other magmatic plume
basalt centers in the Caribbean-Colombian oceanic basalt
plateau (Sinton et al., 1998). However, radiolarian cherts
suggest that the lower part of the Nicoya complex might
be late Jurassic or earlier in age (Galli-Olivier, 1979;
Escalante, 1990). Denyer and Baumgartner (2005) con-
sider that the Jurassic-Cretaceous cherts are sediment
blocks disrupted from the original basement by multiple
injections of magma. The Quepos segment, composed of
tholeiitic pillow lavas overlain by highly vesicular hyalo-
clastites, breccias and conglomerates, is interpreted as a
seamount (Hauff et al., 1997) or ocean island (Hauff et
al., 2000b), whereas the Osa segment is considered an
oceanic ridge. The structural, textural, and geochemical
characteristics of the mafic rocks of Azuero and Sonia
Peninsulas in south Panama are typical of CLIP and con-
sistent with an origin from the Galapagos hotspot (Hoern-
le and Hauff, submitted).

Peridotites and serpentinites are reported from the
Serranía de Baudó mafic complex in northwest Colom-
bia (Case et al., 1971; Etayo et al., 1983).  Little is
known of this complex and that of the Darien area in

southeastern Panama, but from limited studies of the
mafic rocks both are interpreted as part of the
Caribbean-Colombian oceanic basalt plateau (Kerr et
al., 1997a; Hoernle and Hauff, submitted).

Small exposures of serpentinized peridotite of appar-
ent mantle origin crop out near the Rio San Juan along
the border between Nicaragua and Costa Rica (Vargas
and Alfaro, 1992). These rocks were considered by
Tournon et al. (1995) to be the remnants of an east-west
trending suture zone. Serpentinized peridotites, mafic
rocks and radiolarites, which together appear to form part
of an ophiolitic association, have been reported from the
Siuna area in northeast Nicaragua (Baumgartner et al.,
2004). This occurrence is puzzling since it lies within the
Chortis block composed of essentially Paleozoic rocks. 

FORMATION OF NORTHERN CARIBBEAN Ni-LATERITE
DEPOSITS: EASTERN CUBA AND CENTRAL DOMI-
NICAN REPUBLIC

Once exposed to the surface, the serpentinized peri-
dotites and serpentinites readily weather to give laterite
soils in which Ni and other elements are distributed and
concentrated into vertical zones within the soil (Golightly,
1979, 1981; Brand et al., 1998; Elias, 2002; Gleeson et
al., 2003). Lateritization involves the dissolution of the
original minerals in the rock and mobilization and preci-
pitation of new chemical species from solution. This
process depends largely on the movement of water
through the rock and soil, the composition of the water
and on the mineral solubilities. The solubility of minerals
is known to be affected by lichens and microorganisms
such as bacteria. It is probable that bacteria play a signifi-
cant role in the weathering of rock, the formation of lat-
erites and the migration of ions through the laterite soil
(Barker et al., 1997). Lichens, lichen acids and organic
acids, particularly oxalic acid, are also considered to be
important in the weathering process (Jones, 1988; Drever,
1994; Easton, 1994). However the details of these
processes are not yet well understood.

With more complex minerals, such as serpentine min-
erals, clays, “garnierite” and chlorite, ion exchange reac-
tions occur. It should be mentioned that ”garnierite” is not
a recognized specific mineral species by the Commission
on New Minerals and Mineral Names, but is a term for
mixed structure of hydrous Ni-Mg silicates of low crys-
tallinity with affinities to serpentinie, talc and chlorite
(Elias, 2002). The most important ion exchange reaction
relevant to the weathering of ultramafic rocks is the
exchange of Ni for Mg between soil, water and serpenti-
nite. The major overall factor determining the soil profile
and element redistribution as a result of weathering is cli-



mate and this depends on the altitude at which the rock is
weathering. On a large scale the redistribution of the ele-
ments by the soil waters is accomplished by the leaching
and downward percolation of the elements in solution.
The rate and direction of flow of water through the soil
and rock substrate depends on the rainfall, the seasonal
variation and the location of the water table. Locally the
soil profile will be determined by the local drainage con-
ditions which in turn will be determined by the degree of
fracturing of the rock. All of these factors are seen in the
Ni-laterite profiles in eastern Cuba and central Dominican
Republic.The Caribbean has 7% of the world’s Ni-laterite
resources (distribution by contained nickel) (Dalvi et al.,
2004). Most of this resource is in eastern Cuba and
Dominican Republic (Loma Caribe).

Composition of protolith

The detailed composition of the ultramafic rocks
(alpine-type peridotites) making up eastern Cuba and

Dominican Republic will be discussed in a future paper
but some representative examples are given here. The
compositions of the primary minerals olivine, orthopyrox-
ene, clinopyroxene are very similar in the different rock
types and the significance of this with respect to weather-
ing and the composition of the laterites is discussed later.
In detail there are small but significant differences in
composition within and among the peridotites.

In all peridotite samples analyzed from Mayarí-
Baracoa peridotite (eastern Cuba) and Loma Caribe
peridotite (Dominican Republic), the olivine in dunite
has similar Ni contents but higher Fo number than
olivine in harzburgite (Fig. 3). Olivine in lherzolite
from Loma Caribe has distinctly lower average Fo-
number and similar Ni contents than olivine in dunite
and harzburgite (Fig. 3). On the other hand, the Ni con-
tent of orthopyroxene and clinopyroxene is very low
(NiO < 0.1 wt.%), usually below the detection limit of
the electron microprobe. 

The chemical and mineral data suggest that the prima-
ry source of the Ni-rich laterite is the olivine contained in
harzburgite and dunite. These data also exclude orthopy-
roxene and clinopyroxene as a major source of the Ni
contained in the Ni-rich laterite ore.

The Cr# (Cr/Cr+Al) of accessory chromite from
harzburgites varies from 0.45 to 0.65 in Moa-Baracoa,
whereas in Mayarí-Cristal ranges between 0.56 and 0.69.
The Cr# of accessory chromite from dunite varies from
0.44-0.58 in Moa-Baracoa, and between 0.56 and 0.70 in
Mayarí-Cristal (Proenza et al., 1999a, b, 2001). Accord-
ing to these authors, peridotites from Mayarí-Baracoa belt
are subduction-related. 

On the other hand, the Cr# in Cr-spinel from Loma
Caribe peridotites vary from 0.30 to 0.88. These large
compositional variations indicate the occurrence of peri-
dotites with very different melting histories (Lewis et al.,
2003). Relatively fertile peridotites as found in Loma
Caribe (e.g. Cr# ~ 0.3) have not been reported in eastern
Cuba ophiolites, where they exhibit mostly Cr# > 0.5.

Serpentinization

All the ultramafic rocks around the Caribbean have
been serpentinized to at least some degree. Serpen-
tinization is a hydrothermal process that takes place,
generally, at crustal levels, and probably at tempera-
tures between 200-500ºC (Moody, 1976; O’Hanley,
1995). The serpentine minerals and the serpentiniza-
tion process have been little investigated in the
Caribbean ultramafic rocks, but it is clear that all three
of the main serpentine minerals (antigorite, lizardite
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and chrysotile) can be found in different localities in the
Caribbean. 

Serpentinite samples from the Dominican Republic,
Guatemala, Costa Rica and Puerto Rico were included in
the “classic” isotopic studies on serpentinisation of Wenner
and Taylor (1971, 1973, 1974). Most of the Central America
and Caribbean serpentinite included in the isotopic studies
of Wenner and Taylor (1974) consisted predominantly of
lizardite-chrysotile, with the only occurrence of antigorite
from Guatemala. According to Wenner and Taylor (1974)
the isotopic composition of lizardite and chrysotile serpenti-
nite from Dominican Republic and Puerto Rico ranged from
d18O = +6.7‰ to +8.7‰ and dD = -71‰ to -59‰. Serpen-
tine from Central America (Guatemala and Costa Rica) has
d18O = +3.3‰ to +8.3‰ and dD = -97 to -78‰.

Serpentinites from Dominican Republic plot within
of the eastern Cuba serpentine field (Proenza et al.,

2003a), and very close to the suprasubduction domain
defined by Sakai et al. (1990). In contrast, isotopic
composition of serpentine from Guatemala shows con-
siderable variations in dD, and Costa Rica serpentine
shows strong variations in d18O values, as well as rela-
tively low and narrow range in dD (-94‰ to -91‰)
(Fig. 4). 

Based on d18O and dD (Fig. 4) values on the serpen-
tine (mainly lizardite) from serpentinized chromitites
and dunite from the Mayarí-Baracoa Ophiolitic Belt,
eastern Cuba, Proenza et al. (2003a) concluded that ser-
pentinization process took place in the subocean floor
scenario at moderate temperatures, and that the Mayarí-
Baracoa serpentines represent an example of serpentine
formed during interaction with seawater. These authors
consider that the serpentinization of the mantle
sequence in the Mayarí-Baracoa ophiolite occured pre-
obduction, and probably took place in a suprasubduc-

Ophiolite-related serpentinites in the Caribbean regionJ.F. LEWIS et al.

251Geolog ica  Acta ,  Vo l .4 ,  Nº1-2,  2006,  237-263

-4 0 4 8

-200

-160

-120

-80

-40

0

Izu-Ogasawara-Mariana
forearc seamounts

Ophiolitic
Serpentines

Eastern Cuba
Serpentines

Continental Lizardite
Chrysotile

d
D

(S
M

O
W

)

d O
18 (SMOW)

Costa Rica

Guatemala

Dominican Republic

Puerto Rico
Puerto Rican Trench

Venezuela

Oceanic
Serpentines

FIGURE 4 a, dD versus d1188O plot of Caribbean serpentine. The isotopic values of serpentine from Venezuela, Costa Rica, Guatemala, Dominican
Republic, Puerto Rico and Puerto Rican Trench are taken from Wenner and Taylor (1973, 1974). The isotopic domains are from: “oceanic serpen-
tine” and “ophiolite serpentine” (Wenner and Taylor, 1973), “continental serpentine” (Wenner and Taylor, 1974), Izu-Ogasawara-Mariana forearc
serpentines (Sakai et al., 1990), eastern Cuba serpentine (Proenza et al., 2003a). 



tion setting (forearc environment or spreading axis of a
back arc basin).

The laterite profile in central Domincan Republic

The description of the Dominican laterites in Fig. 5 is
based on the criteria used by Falconbridge Dominicana in
their mining operations (Haldemann et al., 1979). Two
main zones (horizons) can be defined: the limonite zone
and the saprolite zone. These are further divided into sub-
zones labeled Zones A to F (Fig. 5). It should be noted
that the profiles vary laterally (Fig. 6) as well as vertical-
ly, and no outcrop profile is identical to another. However,
the basic features can be identified and matched through-
out the area.

The upper zone (the limonite or laterite zone) is divid-
ed into Zone A and Zone B (Fig. 5). Zone A is a choco-
late brown limonite which is readily distinguished by its
colour and earthy friable texture. The upper part may con-
tain concretions or pisolites of hematite up to 1 cm in
diameter but the main constituent is goethite with irregu-
lar pockets of gibbsite. A thin zone of ferricrete is often
found near the surface. Zone B is ochre-brown limonite
and is usually much thicker than Zone A. It is composed

of soft clayey material which varies in color from reddish
to yellowish brown. It often forms tongues penetrating
into the underlying soft or hard serpentinite of Zone C. Its
chemical composition is similar to Zone A, but it has less
iron and a higher silica content reflecting less goethite
and a higher clay content. The saprolite Zone consists of
somewhat variably altered bedrock in which most of the
original structure and textures in the original bed rock
(substrate) is preserved. In the upper part (Zone C of Fig.
5), the material is soft and somewhat clayey  and has a
wide color range from yellow to brown to reddish-brown
with pockets of bright green garnierite. Serpentine is the
major crystalline phase occurring with highly variable
amounts of goethite and quartz. With increasing propor-
tion of hard serpentine blocks, it grades downward into
Zone D of Fig 5. Zone D consists of predominantly hard
fragments of serpentinite from 5-25 cm in diameter set in
a matrix of soft serpentine minerals. The fragments are a
pale yellow ochre or dark grey color and often show
concentric alteration zones. The outer skins of the frag-
ments contain up to 3% or more of Ni and there is a
gradual decrease in Ni toward the center of the frag-
ment. The iron concentration can increase to about 8
percent with a decrease in the Ni/Fe ratio. This seems to
involve leaching of the Ni3Si2O5(OH)4 component of
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the serpentine and formation of more goethite (Golight-
ly, 1981).

In places where the saprolite is developed on unser-
pentinized peridotite, a different mineralogy and che-
mistry is found compared with that developed on com-
pletely serpentinized peridotites (Golightly, 1981). Here
the blocks of peridotite have a thin crust or skin about 4
cm thick that grades rapidly into saprolite. Olivine
decomposes first into amorphous ferrisilicate hydrates
or a mixture of smectite and goethite. The saprolite,
often penetrated by tongues of limonite, has a coarse
blocky appearance. Joints are filled by veins of gar-
nierite and quartz.

Figure 7 gives the concentrations of the key elements
for the various zones or horizons through a soil profile on
the Loma Caribe peridotite of the Dominican Republic.
Iron oxide and MgO are inversely proportional. MgO and
SiO2 remain high through the saprolite and then decrease
slowly through the limonite zone. Ni concentrates in the
serpentine minerals (lizardite-nepouite) and garnierite,
and may show considerable concentration in parts of the
saprolitic zone.  Concentrations of Ni in the bedrock are
consistent at about 0.25%. In some thick saprolitic zones,
the concentration of Ni is as high as 3%. Co and Ni con-
centrate independently. Co does not concentrate into the
garnierite mineral structures along with Ni, but migrates
and concentrates in Mn oxides (asbolanes) along with Mn
at the base of the limonite zone.

There is a certain amount of concentration of Ni in the
asbolane zone, but much less than Co. The Ni concentra-
tion in the limonite zone varies from about 0.5 to 1.5%.

Note that Ni also varies independently from Mg in the
weathering zone in contrast to its behaviour in high tem-
perature mafic igneous rocks.

The laterite profile in eastern Cuba

A large province of Ni-laterites, that includes exam-
ples of world-class deposits, is formed over the serpen-
tinized peridotites of eastern Cuba. From west to east the
mining districts are: Pinares de Mayarí, Nicaro, Moa and
Punta Gorda (Linchenat and Shirokova, 1964; Lavaut,
1998). These are mature laterites estimated to be 10-30
million years old, and the minimum reserves have been
estimated at 1200 Mt of 1.3 % Ni.

The average thickness of the lateritic crust formed
over the peridotite bedrock is 10 m although it can reach
50 m (Lavaut, 1998). The laterite profile of the eastern
Cuban deposits has been divided into various zones and
subzones. The classification most widely used in the
Cuban laterite is that proposed by Lavaut (1998). In gen-
eral terms one can recognize, in eastern Cuba, the same
horizons that have been described in other Ni-laterite
deposits of the world (Brand et al., 1998; Gleeson et al.,
2003, 2004). The laterite profile is composed of 4 princi-
pal horizons. From bottom to top these are: (1) serpen-
tinized peridotite, (2) saprolite, (3) limonite, (4) ferricrete.
The lowest part of the profile is represented by tectonized
serpentinized peridotite that represents the first stages of
weathering. The saprolite zone is characterized by the
preservation of the primary fabric, marked reduction in
the quantity of primary minerals and the exclusive fm of
alteration minerals in the most fractured zones. The
boundary between the saprolitic zone and the peridotitic
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substrate (weathering front) is extremely irregular. The
saprolitic zone passes upwards in the section through a
leaching zone to a limonite zone (Fig. 8). The limonite
zone is defined by its dominant mineralogic composition
(goethite and hematite), and two subzones can be
defined: lower limonite and upper limonite. Finally, all
the zones of the profile can be “protected” from erosion
by a ferruginous level of predominantly ferricrete (resid-
ual limonite).

Serpentinized peridotite constitutes the major sub-
strate over which the laterites are developed. The princi-
pal source of Ni is from olivine (up to 0.4 wt%, Proenza
et al., 2003c).

The laterites developed over the Moa-Baracoa peri-
dotites that have associated bodies of gabbro give a differ-
ent soil profile. These bodies correspond with the pres-
ence of abundant dikes and sills of gabbro in the
peridotites and are transformed to bauxite. In these soil
zones, the content of Ni diminishes abruptly and they are
considered “sterile intercalations” that can generate pro-
blems in the metallurgical process.

In some of the Ni-laterite deposits (e.g. Punta Gorda
district) typical structures characteristic of redeposited
laterite are observed (Formell, 1979; Formell and Oro,
1980). The laterites formed on slopes were periodically
transported to more depressed zones covering previously
formed laterites. Later, lateritic processes modified the

layering of the re-deposited laterite and obliterated the
primary zoning of the laterite profile.

The principal minerals that contain Ni in the saprolite
zone of the Cuban deposits are lizardite-nepouite
[(Mg,Ni)3Si2O5(OH)4], along with lesser amounts of
clinochlore-nimite [(Mg,Ni,Al)6(Si,Al)4O10(OH)8]. In the
limonite zone, the Ni is associated principally with
goethite and a minor quantity with spinel and oxides and
hydroxides of Mn (Rojas-Puron and Orozco, 1994;
Oliveira et al., 2001; Rodriguez-Pacheco et al., 2003),
whereas Co is associated with Mn minerals (Oliveira et
al., 2001).

The Ni-Co laterite deposits of eastern Cuba, in agree-
ment with the classification of Brand et al. (1998) are the
oxide type. This classification is based on the mineralogy
of the principal Ni-bearing phases. According to Gleeson
et al. (2003) the best known example of Ni-laterite
deposits of oxide-type are those of Moa (Moa Bay in the
English literature).

Comparison of the laterite profiles in eastern
Cuba and Central Dominican Republic

Although more units are recognized in the eastern
Cuban laterite profiles and the nomenclature used differs
(Lavaut, 1998), in general, the main features of the east-
ern Cuba laterites are very similar to those in the Domini-
can Republic.
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In eastern Cuba, a significant fraction of the nickel is
associated with Fe hydroxides and oxides in the upper
part of the profile (limonite zone); these deposits are
classified as oxide-type (Glesson et al., 2003). In con-
trast, in the Domincan laterites most of the nickel is
found in the saprolite zone and these deposits are classi-
fied as the silicate-type deposits (highest-grade Ni lat-
erite deposits). The main ore consists of hydrated Mg-Ni
silicates (serpentine and “garnierite”) occurring deeper
in the profile (zone C to D). These zones account for
40% of the total ore reserves, while zone B (limonite
ore) is 25% of the reserve.

The main difference seems to be that Zones C and
D, i.e. the saprolitic horizons are less developed in
eastern Cuba whereas the limonite horizons are better
developed, at least in the Moa Bay area. The reason
for this feature has not been properly investigated but
could likely be related to the fact that the Moa Bay
laterites (oxide type) are developed over a broad
plateau with a gentle slope to the coast. Under these
topographical conditions, which are unusual accor-
ding to Golightly (1981), laterite can develop com-
pletely down to the water table. Given sufficient time
and no rejuvenation a limonite zone will develop
without significant saprolite. In contrast, Dominican
laterites, as well as other silicate-type laterite, can be
formed where there is slow continuos tectonic uplift
and the water table is kept low in the profile. In this
situation, weathering over long periods can result in
development of a thick saprolite horizon (Golightly,
1981; Elias, 2002).

One of the factors that must have influenced the devel-
opment of soils is the contrast in the tectonic evolution
between Cuba and Hispaniola during the Neogene (Lewis
and Draper, 1990; Mann et al., 1991). In the Dominican
Republic upward movement of the serpentinized peri-
dotites occurred in the late Oligocene and it is generally
agreed that the serpentinites along with other older units
were exposed to weathering and erosion in the early
Miocene. Lateritization began at this time. This Miocene
land surface was subsequently broken into blocks by verti-
cal movements associated with transpressional movement
along major faults. At least four physiographic cycles can be
recognized corresponding to different surface levels (Halde-
mann et al., 1979). Lateritization still continues today.

In Cuba, the situation is different. The fact that marine
sediments of late Eocene and Miocene age overlie the ser-
pentinites unconformably as seen along the northeast
coast indicates that the serpentinites were exposed at the
surface by this time. The extensive east-west strike-slip
faulting that affected most of Hispaniola throughout the
Neogene was not developed in Cuba. Hence, although
gradual regional uplift occurred which would have aided
the lateritization process the peridotite massifs were not
broken into smaller blocks that would have undergone
differential uplift as a result of strike-slip movement.

CONCLUSIONS

This review shows that major progress has been made
in the last 25 years in our understanding as to the role of
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ophiolite-related ultramafic rocks in the evolution of the
Caribbean.  However many problems remain. The follow-
ing comments relate to ultramafic rocks and their signifi-
cance in the ophiolite concept as applied to the
Caribbean. 

1) It is important to retain the ophiolite concept in the
studies concerning Caribbean ophiolites and consider the
rocks (peridotites, gabbros, basalts, sedimentary rocks)
not as isolated units, but as an association. For example,
in considering melting processes and magma types, the
composition of the rocks in the crust-mantle transition
zone (mantle peridotites and the intruding dike rocks and
chromitites) must be examined together with crustal
basalts and gabbros from the same complex. Although the
differences are small much can be learned about the com-
positions of the peridotites through detailed mineralogical
and geochemical studies (Proenza et al., 1999b; Lewis et
al., 2003; Marchesi et al., in press) and by interpretation
of the nature of the mantle at the time of melting and the
magma compositions.

2) Although SSZ ophiolites have been identified in a
number of localities in the Caribbean, based on the miner-
alogy of the peridotites or on basalt chemistry, no exam-
ple has yet been shown to be linked to the development of
the axial part of an oceanic arc (Shervais, 2001). With fur-
ther studies of mélange rock fragments, it should be pos-
sible to better determine different types of subduction
zones and the polarity of subduction. However, these bod-
ies are often highly dismembered and metamorphosed so
there should be caution in the use of these data. Random
collections can be misleading.

3) Caribbean ophiolites show many of the features
seen in orogenic belts in other parts of the world but the
recognition in the Caribbean basin itself of  plateaus of
thickened basaltic crust formed by major eruptions of
basalt over a short period of time is a particularly interest-
ing feature. Parts of the oceanic plateau in western
Colombia, western  Central America, Southern Peninsula
of Haiti and possibly central Hispaniola (Duarte Com-
plex) have been found accreted to the Caribbean margins
as expected for buoyant plateau crust, as opposed to nor-
mal oceanic crust which should be subducted (Kerr et al.,
2003). Dilek (2003) has termed these as ophiolites of the
Caribbean-type even though ultramafic rocks are general-
ly absent in these oceanic plateau complexes. This term as
used by Dilek maybe confusing to readers not familiar
with the area since these plateau (CLIP) rocks are not ty-
pical of the major ophiolite bodies in the northern
Caribbean such as those of Cuba. The reason for the
absence of oceanic plateau crust in Cuba and elsewhere,
particularly where mantle peridotites are dominant, may
be due to factors of crustal buoyancy, stress geometry or

simply other oceanic crust in the area at the time of colli-
sion and accretion, but this question should be pursued
more vigorously.

4) The Caribbean has the largest resources of Ni-Co
laterite in the world formed by the weathering of serpen-
tinized peridotites under special conditions of climate and
tectonics of the Caribbean in the Tertiary. Unfortunately,
these deposits have been studied in a rudimentary way
only and many questions need to be answered. The rela-
tion between laterite composition and composition of the
serpentinite/peridotite protoliths is not known. There has
been no recent study of the mineralogy and geochemistry
of the deposits in order to determine and compare quanti-
tatively the variation in chemistry through the soil profiles
of different deposits. Such studies are important not only
to evaluate the deposits economically, but to investigate
how the deposits were formed. In addition a unique flora
is found on the Caribbean Ni-laterite soils (Brooks,
1987), but the nature and formation of this flora and its
relation to the composition of the soils has been little
studied. Such studies should be multi-disciplinary.
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Caribbean Plate margin evolution: constraints 
and current problems

Oceanic crust was generated at multiple spreading centres during the Jurassic and Early Cretaceous, forming a
“proto-Caribbean” oceanic domain. During the Cretaceous, part of that crustal domain thickened into an ocean-
ic plateau, of petrologic Mid-Ocean Ridge (MOR) to Ocean Island Basalt (OIB) affinity. Simultaneously, the
South and North American continental plates developed rifting and tholeiitic magmatism in the Middle America
region (Venezuela and Cuba). The rifting created space for the proto-Caribbean oceanic domain. Petrological
and regional correlations suggest that, beginning in the Cretaceous, the proto-Caribbean domain was involved
into two main stages of subduction, referred to as first and second “eo-Caribbean” phases. Each phase is charac-
terized by oblique convergence. The older (mid-Cretaceous) stage, involved in subduction (probably eastward
dipping) of thin proto-Caribbean lithosphere, with generation of Island Arc Tholeiitic (IAT) and Calc-Alkaline
(CA) magmatism, accompanied by high pressure - low temperature (HP - LT) metamorphic effects, and forma-
tion of arc units and ophiolitic melanges (Guatemala, Cuba, Hispaniola and Puerto Rico, in the northern margin;
Venezuela in the southern). The Late Cretaceous second stage consisted of westward dipping intra-oceanic sub-
duction; it is recorded by tonalitic arc magmatism related to the onset of the Aves - Lesser Antilles arc system.
Since the Late Cretaceous, the inner undeformed portions of the Caribbean oceanic plateau (i.e. the Colombian
and Venezuelan Basins) were trapped east of the Pacific subduction of the Chortis, Chorotega and Choco
blocks, ultimately building the Central American Isthmus. From Tertiary to Present, continuous eastward move-
ment of the Caribbean Plate with respect to the Americas, gave rise to transpression along both the northern and
southern margins, marked by scattered and dismembered ophiolitic terranes.
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INTRODUCTION

The Caribbean Plate consists of a nearly undeformed
central portion (Colombia and Venezuela Basins) bounded

by active margins (Fig. 1). The active northern (from
Guatemala to Greater Antilles) and southern (northern
Venezuela) margins mainly consist of shear zones within
Jurassic/Cretaceous deformed terranes, bounded by east-

 



west trending sinistral and dextral strike-slip faults
respectively. The western and eastern margins are repre-
sented by convergent systems and related magmatic arcs
(Central American Isthmus and Lesser Antilles).
Deformed and dismembered Jurassic/Cretaceous ophi-
olitic terranes crop out along suture zones and strike-slip
faults at the northern, southern and western edges of the
Caribbean Plate; they represent fundamental tectono-
stratigraphic elements related to the origin and evolution
of the Caribbean Plate. 

Systematic structural and petrological investigations
carried out in the last decade by an Italian-Caribbean
research group, within the framework of the IGCP Pro-
jects 364 and 433, are reviewed in this paper, with the aim
of integrating the acquired results with the available data,
and pointing out how the new information bears upon
current problems. 

The knowledge of the complex structural setting of
the peri-Caribbean terranes (Beccaluva et al., 1996, 1999;
Giunta et al., 1997, 2002a, b, c, d, 2003a,b) allows a bet-
ter definition of the tectonic processes which involved
some first-order geotectonic elements, originated in dif-
ferent paleo-domains. These geotectonic elements and

related units (Fig. 2) are the following: (1) continental
margins of North and South America, and minor blocks
(Maya and Chortis in Central America, Escambray in
Cuba, Cordillera de la Costa in Venezuela); (2) rifted con-
tinental margins related to the main continental plates
(Escambray in Cuba, Caucagua-El Tinaco and Tinaquillo
in Venezuela) with Jurassic-Early Cretaceous Within Plate
Tholeiitic (WPT) magmatism; (3) Jurassic-Cretaceous
oceanic domain (proto-Caribbean) evolving to a thick-
ened plateau structure with Mid Ocean Ridge (MOR)
(Santa Elena in Costa Rica, North and South Motagua in
Guatemala, Northern Ophiolite in Cuba, Northern
Cordillera and Loma Caribe in Hispaniola, Loma de Hier-
ro and Franja Costera in Venezuela) and to Ocean Island
Basalts (OIB) magmatic affinities (Matapalo and Esper-
anza in Costa Rica, Central Cordillera and Massif de la
Hotte in Hispaniola, Dutch-Venezuelan Islands). These
rock assemblages record the so-called proto-Caribbean
process of oceanic crust generation; (4) mid-Cretaceous
intra-oceanic subduction zones (and HP-LT subduction
complexes) and related volcanic arcs, with Island Arc
Tholeiitic (IAT) and Calc- Alkaline (CA) affinities ( Sie-
rra Santa Cruz and Juan de Paz in Guatemala, Mabujina
and Cretaceous Arc in Cuba, Villa de Cura and Dos Her-
manas in Venezuela); (5) mid-Cretaceous sub-continental
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FIGURE 1 Structural sketch map of the Caribbean area (modified from Beccaluva et al., 1996). Arrows show the drifting directions of the main
plates.



subductions with formation of HP-LT metamorphosed
ophiolitic melanges, including mafic blocks with MORB
affinity (Northern Ophiolite in Cuba, Northern Cordillera
in Hispaniola, Franja Costera in Venezuela); Both (4) and
(5) are proposed to be related to the eo-Caribbean first
stage of subduction; (6) Late Cretaceous intra-oceanic
subduction zones characterized by Tonalitic Arc magma-
tism (intruding: South Motagua in Guatemala, Mabujna
and Arc Cretaceousin Cuba, Cordillera Central in Hispan-
iola, Dutch-Venezuelan Islands and part of Caucagua-El
Tinaco in Venezuela), related to the so called 2nd eo-
Caribbean stage of subduction; and (7) foredeep basins
developed onto both the North America (NOAM) and
South America (SOAM) continental margins since the lat-
est Cretaceous.

The spatial-temporal distribution and regional correla-
tion of the tectono-magmatic and structural characters of
the main studied units are reported in Fig. 3. The timeline
of the major Caribbean events is characterized by differ-
ent tectonic regimes (Giunta et al., 2003a), including 1)
the proto-Caribbean stage of oceanization; 2) the first and
second eo-Caribbean stages of subduction (either intra-
oceanic or sub-continental); and 3) the collisional stage
leading to the present Caribbean Plate (Fig. 4).

The geodynamic evolution of the Caribbean Plate is
discussed from the perspective of our new results, and a
general model is proposed that incorporates important

constraints recognized in the last years, as well as those
of the previous reconstructions of the Caribbean Plate
(Pindell and Barrett, 1990; Pindell, 1994, Beccaluva et
al., 1996, 1999; Meschede and Frisch, 1998; Giunta et al.,
2002a, b, c, d; 2003a, b). The crucial points in our paleo-
geographic restorations are: 1) the original “near mid-
America” location of the Mid Jurassic-Early Cretaceous
oceanization (proto-Caribbean), probably located at the
westernmost corners of the American Plates); 2) the
polarity of the two Cretaceous subduction zones; 3) the
paleogeography, as well as the number of magmatic arcs,
connected with the first and the second eo-Caribbean sub-
duction stages respectively; and 4) the possibility of a
subduction polarity reversal: eastward in the first stage
(mid-Cretaceous), westward in the second stage (Late
Cretaceous).

PROTO-CARIBBEAN OCEANIZATION

During the Jurassic, extension related to the central
Atlantic opening and induced by the separation of North
and South American Plates, led to the formation of the
proto-Caribbean oceanic crust between the two Americas
(Fig. 5A). The early creation of this oceanic crust was
probably related to multiple spreading centres generating
basaltic and gabbroic sequences, with MORB affinity
(Beccaluva et al., 1999; Giunta et al., 2002a, b, c). These
sequences are observed in: Santa Elena (SE) and Matapa-
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FIGURE 2 Location map of the studied peri-Caribbean tectonic units. Northern margin units: SSC: Sierra Santa Cruz; JPZ: Juan de Paz; NM: North
Motagua; SM: South Motagua (Guatemala); NO: Northern Ophiolite; AC: Arc Cretaceous; MU: Mabujna; ET: Escambray; CO: Cuba Oriental; SRM: Sierra
Maestra (Cuba); BH: Bahamas (NOAM); NC: Northern Cordillera; LC : Loma Caribe; CC: Central Cordillera; HA: Dumisseau and Massif de la Hotte (His-
paniola). Southern margin units: VI: Dutch and Venezuela Islands; FC: Franja Costera; TT: Caucagua-El Tinaco; LH: Loma de Hierro; VC: Villa de Cura;
DH: Dos Hermanas; PI: Piemontine (Venezuela). Western margin units: SE: Santa Elena; ME: Metapalo; ES: Esperanza ( Costa Rica). Minor blocks:
MAY: Maya; CHR: Chortis; CHT: Chorotega, CHC: Choco.



lo (ME) complexes in Costa Rica, South Motagua (SM)
and the lower North Motagua (NM) units in Guatemala,
Northern Ophiolites (NO) in Cuba, Loma de Hierro (LH)
and Franja Costera (FC) in Venezuela, Northern
Cordillera (NC), Loma Caribe (LC) and the oldest por-
tions of the Duarte Complex, Central Cordillera (CC) in
Dominican Republic (Fig. 2). This tholeiitic magmatism
is characterized by flat or slightly light rare earth ele-
ments (LREE)-enriched to LREE-depleted patterns, sug-
gesting that it was mostly generated by high-degree par-
tial melting of undepleted to slightly depleted MORB
mantle sources (Beccaluva et al., 1999; Giunta et al.,
2002b, and references therein). The unusual abundance of
Fe-Ti-enriched basaltic and gabbroic differentiates, recog-
nized in the ophiolites of northern Costa Rica and Duarte
complex in Dominican Republic is strongly comparable
to those of the propagating spreading centers (e.g. Galá-
pagos; Christie and Sinton, 1981); this suggests that

crustal generation at spreading ridges may have been
accompanied by overthickening due to excess eruptions
of Fe-basaltic magmas, as proposed by Saunders et al.
(1996) for the Icelandic-type oceanic plateaus.

The proto-Caribbean oceanic crust thickened at its
westernmost end during the Cretaceous (91-88 Ma; Sin-
ton et al., 1998), becoming structurally and petrologically
comparable to typical oceanic plateaus (Burke, 1988;
Case et al., 1990; Storey et al., 1991; Mahoney et al.,
1993; Hill, 1993; Kerr et al., 1996; Beccaluva et al., 1999;
Giunta et al., 2002a, b, c). The resulting rocks are tholei-
itic basalts with flat REE patterns, sometimes associated
with picrites, such as those recorded at Curaçao (Kerr et
al., 1996; Giunta et al., 2002a), Aruba (White et al.,
1999), Los Roques (Giunta et al., 1997, 2002a), the Tortu-
gal komatiitic suite in Costa Rica (Alvarado et al., 1997),
Central Cordillera of Dominican Republic (Lapierre et
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FIGURE 3 Tectono-magmatic grid of the main peri-Caribbean igneous units (modified from Giunta et al., 2002b). SE=Santa Elena; ME=Metapalo;
ES=Esperanza; SSC=Sierra Santa Cruz; JPZ=Juan de Paz; NM=North Motagua; SM=South Motagua; BH=Bahamas; ET=Escambry; NO=Northem Ophio-
lites; AC=Cretaceous Arc; MU=Mabujina: CO=Cuba oriental; NC Northern Cordillera; LC=Loma caribe; CC=Central Cordillera; Ha=Haiti; VI=Venezue-
lan Islands; FC=Franja Costera; TT=Caucagua-El Tinaco; LH=Loma de Hierro: VC=Villa de Cura; DH=Dos; ¹=Peridoitite; MORB=Mid Ocean Ridge
Basalt; OIB=Ocean Islands Basalt; IAT=Island Arc Tholeiite; CA=Island Arc Calcalkaline; GR=Tonatitic arc magmatism (Gabbroid to Granitoid);
WPTh=Within Plate Tholeiite.



al., 2000; Lewis et al., 2002; Giunta et al., 2002a, b), and
the western Colombian ophiolites (Spadea et al., 1989;
Kerr et al., 1997). Crustal accretion by vertical overthick-
ening (both intrusive and extrusive) was probably pre-
dominant at this stage, with the production of large
amounts of basaltic magmas and picrites. This process
suggests high degree of partial melting of compositionally
analogous (MORB), but comparatively hotter and deeper
mantle sources, which underwent adiabatic upwelling
(McKenzie and Bickle, 1988; Kerr et al., 1996).
Upwelling and melting could have resulted from the rise
of a hot plume-head in the upper mantle plume region,
near or at previous spreading centers (Sen et al., 1988;
White and McKenzie, 1989; Kent et al., 1992). 

Some basaltic lava units of the Duarte and Tireo
complexes in Santo Domingo (Giunta et al., 2002b, c),
the Curaçao dikes (Giunta et al., 2002a), and Site 151 in
the Beata Ridge (DSDP - Leg 15, Sinton et al., 1998),
are comparable with the lavas of ocean islands (OIB),
and Iceland- and Galapagos-type central volcanoes
(Christie and Sinton, 1981; Furman et al., 1992; Geist et
al., 1995). Their LREE-enriched and positively fraction-
ated heavy rare earth element (HREE) patterns indicate
that they were generated from mantle sources enriched
in incompatible elements with respect to MORB
sources, similar to those related to a magmatism in a
plume region. These basaltic rocks generally occurring
as seamounts, further contributed to the thickening of
the Caribbean oceanic crust. 

Geological evidences and petrologic characteristics
of the Jurassic-Cretaceous rocks from the tectonic units
of Guatemala, Cuba, Hispaniola, and Venezuela, strong-
ly suggest that a spatial continuity existed with the
Bahamas, Maya and Chortis continental margins to the
north, and the Guayana shield to the south. Portions of
these continental margins were affected by Late Juras-
sic- Early Cretaceous rifting with production of within
plate tholeiitic (WPT) magmatism, well documented
both in the northern (Cuba) and in the southern
(Venezuela) peri-Caribbean belts (Giunta et al., 1997,
2002a, b; Seyler et al., 1998; Kerr et al., 1999). This
WPT magmatism may suggest a physical continuity
between the oceanic crust and the continental margins,
supporting the near mid-American original location of
the proto-Caribbean oceanic domain, already proposed
by several authors (Giunta, 1993; Beccaluva et al., 1996,
1999; Meschede and Frisch, 1998; Giunta et al., 2002a,
b, c, 2003; Iturralde-Vinent, 2003; James, 2003). This
model is therefore favoured with respect to the classic
hypothesis of the Caribbean Plate as a “Pacific promon-
tory” between the two Americas (Duncan and Har-
graves, 1984; Burke, 1988; Pindell and Barrett, 1990;
Pindell, 2003).

SUBDUCTION EVENTS

Two main stages of intra-oceanic subduction, marked
by formation of supra-subduction igneous and metamor-
phic complexes, have been recognized in several Creta-
ceous ophiolitic units of the peri-Caribbean deformed ter-
ranes; some HP-LT metamorphosed ophiolitic melanges
are also considered as related to sub-continental subduc-
tion zones. The main stages of intra-oceanic convergence,
referred to as first and second eo-Caribbean phases
(Giunta, 1993), are represented by: (1) volcano-plutonic
sequences (mid-to-Late Cretaceous) with IAT or CA
affinities, in places affected by HP-LT metamorphism,
and (2) unmetamorphosed tonalitic arc magmatism (Late
Cretaceous), ranging from gabbroid to granitoid intru-
sives. The overall petrological and structural features of
all these complexes, according to Beccaluva et al. (2004),
are typical of “Cordilleran” ophiolites, being character-
ized by dismembered volcano-plutonic arc sections with
tholeiitic to calc-alkaline magmatic affinity and acidic
differentiates, commonly associated with metamorphic
subduction complexes within polygenetic terranes. 

1° eo-Caribbean phase of subduction 

During the mid-Cretaceous intra-oceanic and subcon-
tinental subduction processes took place with associated
tholeiitic and calc-alkaline arc magmatism, as well as HP-
LT metamorphic effects recorded in several units of the
Caribbean deformed margins. The onset of the compres-
sional conditions were induced by the South Atlantic
opening with westward and north-westward motion of the
American plates (Figs. 5B and 6). Remnants of magmatic
arcs and subduction complexes are represented by mantle
rocks, intrusives, and volcanic sequences (Giunta et al.,
2002a, b, c, d) of: (1) the Sierra Santa Cruz (SSC), Juan
de Paz (JPZ), and Baja Verapaz units (Guatemala), the
Cretaceous Arc (AC) and Mabujina (MU) units (Cuba), as
well as in Jamaica, to the north; (2) the Villa de Cura
(VC), Dos Hermanas (DH), and Franja Costera (FC) units
(Venezuela), to the south. Moreover, portions of the
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FIGURE 4 Timeline of major Caribbean events. Abbreviations as in Fig. 3.
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FIGURE 5 Tentative paleogeografic reconstruction and kinematic evolution of the Caribbean Plate, from Late Jurassic to Tertiary (modified from
Giunta et al., 2002b). 
Numbers in legend: 1: Oceanic crust of the Farallon Plate. 2: Proto-Caribbean-Atlantic oceanic crust (Loma de Hierro unit, blocks in Franja Costera
unit, in Venezuela; North Motagua unit,  South Motagua unit, in Guatemala; Northern Ophiolites unit, in Cuba; Northern Cordillera units, Loma Caribe
unit, in Hispaniola). 3: Proto-Caribbean oceanic area undergoing crustal thickening (Santa Elena units, Metapalo unit, Esperanza unit, in Costa Rica;
Duarte-Tireo units, in Hispaniola; Dutch Antilles and Venezuelan Is. units, in Venezuela). 4: North American, South American and African continental
plates. 5: Minor continental blocks. 6: Continental margins (Bahamas (NOAM) and Cordillera de la Costa (Venezuela) units). 7: Rifted continental
margins (Escambray Terranes, Cuba, and Caucagua el Tinaco units, in Venezuela). 8: Volcano-plutonic arc sequences (Mabujina unit, in Cuba, Villa
de Cura units, in Venezuela). 9: Ophiolitic melanges (Franja Costera unit, in Venezuela, and Pacific margins). 10: Cretaceous arc volcanism of the
Caribbean area (Arc Cretaceous units, in Cuba; Dos Hermanas unit, in Venezuela; Sierra Santa Cruz units, Juan de Paz unit, in Guatemala, and Pacif-
ic margins). 11: Tonalitic magmatism (gabbroid to granitoid) and volcanic arcs. 12: Oceanic spreading centers. 13: Subductions of the Farallon-
Pacific oceanic lithosphere. 14: Intra-oceanic subductions in the Caribbean area. 15: Main overthrust fronts. 16: Deformed and thrust belts, includ-
ing suture zones, accretionary prisms, melanges and olistostromes. 17: Triple-junctions.
Abbreviations: FL: Farallon; NOAM: North America; SOAM: South America; AF: Africa; NATL: Northern Atlantic; SATL: South Atlantic; OAX: Oaxaca;
MAY: Maya; CHR: Chortis; CHT: Chorotega; CHC: Choco; SJO: Costa Rica; GUA: Guatemala; SDQ: Hispaniola; HAB: Cuba; VNZ: Venezuela; CLVNB:
Colombia and Venezuela Basins; CLBB: Colombia Basin; VNZB: Venezuela Basin.
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previously rifted continental margins were also
involved in the subduction zones (e.g., La Rinconada
Formation of the Caucagua-El Tinaco (TT) unit in
Venezuela; Escambray in Cuba), sometimes reaching
the amphibolite-eclogite facies. As reported by Giunta
et al. (2003b, and references therein), the age of the 1o

eo-Caribbean phase should correspond to the peak of
HP-LT metamorphism in the arc unit of Villa de Cura
(Venezuela), dated at 96.3±0.4 Ma. This is consistent
with the oldest age range (79.8±0.4 - 84.5±0.2 Ma) of
retrograde metamorphic conditions, whereas the HP-
LT metamorphism of La Rinconada continental unit
(Venezuela) is younger than 114-105 Ma (probable age
range of magmatism). Hence, at least a mid-Cretaceous
age for the early convergence in the Caribbean realm is
suggested.

To reconstruct the eo-Caribbean phase of subduc-
tion, several important points have to be considered
(Giunta et al., 2003), including: 1) The location and
polarity of the subduction, either intra-oceanic or sub-
continental. The intra-oceanic convergence of the 1o

subduction is supposed to have affected the eastern
sector of the proto-Caribbean domain, where the older,
thinner and denser portions of this oceanic lithosphere
was in the more favourable condition to be subducted;
at the same time, the western sector of the oceanic
domain was undergoing progressive crustal thickening.
This view, suggesting the location of trench zones in
the eastern sector of the proto-Caribbean realm close to
the American plates, is significantly different from the
model proposed by Pindell and Barrett (1990) and Pin-
dell (1994, 2003). They proposed that during Barremi-
an-Albian time a continuous subduction zone was
located along the present Central American Isthmus. 2)
The ocean floor or back-arc origin of the MOR-type
ophiolitic units (e.g. South and North Motagua (SM,
NM) units in Guatemala, blocks in the Nortern Ophio-
lite (NO) in Cuba, Loma Caribe (LC) in Hispaniola,
Loma de Hierro (LH) unit and blocks in the Franja
Costera (FC) unit in Venezuela). 3) The atypical evolu-
tion of some of the volcanic arc units, which were
involved at least in part (e.g. Juan de Paz (JPZ) in
Guatemala, Villa de Cura (VC) in Venezuela) in sub-
duction processes. In fact, the HP-LT metamorphism
affecting those units raises the problem of how arc
complexes, generally floating in the upper plate could
have been deeply involved in subduction processes;
this may be explained by tectonic erosion during the
last steps of the first phase of oceanic convergence, in
the mid-Cretaceous. 4) The coexistence of both arc
complexes and continental crust sections involved in
subduction (intra-oceanic or sub-continental) processes
(e.g. Juan de Paz (JPZ) unit in Guatemala, Mabujna
(MU) and Escambray units in Cuba, Villa de Cura

(VC), Dos Hermanas (DH) and Caucagua-El Tinaco
(TT) units in Venezuela). 5) The HP-LT metamorphism
recorded in continental margin units (e.g. Caucagua-El
Tinaco in Venezuela) requires subduction mechanisms
more complex than those commonly considered for the
sinking of the denser oceanic lithosphere, such as tec-
tonic erosion, or underthrusting of thinned continental
crust or flakes during continental collision.

The cartoon model of Fig. 5B is not intended to
resolve the controversial points reported above, but to
propose several possible models (Fig. 7), each of which
needs kinematic free-boundaries (strike-slip faults). The
models of Fig. 7, proposed in particular for the evolution
of the southern Caribbean plate margin (Giunta et al.,
2003b), imply an oblique convergence regime. 

In the first model (Fig. 7A), an east-west trending
strike-slip system separating two simultaneous opposite
dipping subduction zones, is located inside the oceanic
domain, in addition to the presence of micro-continents.
The second model (Fig. 7B), where the oceanic domain is
located between the main free-boundaries, requires the
occurrence of both a west- dipping subduction and a com-
plicated continental margin morphology (e.g. continental
promontories). In the third model (Fig. 7C), the occur-
rence of a single east-dipping convergence boundary
allows the contemporaneous existence of intra-oceanic
and sub-continental subduction zones. 

On the whole, the available data confirm that the first
eo-Caribbean phase ended in the Late Cretaceous, when
the thickened oceanic plateau was about to be involved in
the subduction. However, because of buoyancy forces this
process was interrupted and a new subduction took place
below the plateau. This implies a flip of the intra-oceanic
subduction direction with reverse westward lithospheric
sinking (White et al., 1999), north of the Venezuelan mar-
gin, as shown in Fig. 7C.

FIGURE 6 Generalized cross-section across the intra-oceanic sub-
duction zones of the 1° eo-Caribbean phase (mid-Cretaceous).



2° eo-Caribbean phase of subduction 

In the Late Cretaceous, the Caribbean oceanic plateau
(Colombia and Venezuela Basins) continued eastward
movement relative to the Americas. Westward dipping

subduction of the proto-Caribbean-Atlantic oceanic
lithosphere below the plateau generated the Aves-Lesser
Antilles magmatic arc system (Fig. 5C) moving eastward.
At the same time, along both the northern and southern
plate margins oblique subduction processes of the oceanic

Caribbean Plate margin evolutionG. GIUNTA et al.

272Geolog ica  Acta ,  Vo l .4 ,  Nº1-2,  2006,  265-277

FIGURE 7 Possible evolutionary models of the southern Caribbean plate margin (Venezuela), during the first (mid-Cretaceous) eo-Caribbean phase
(modified from Giunta et al., 2003b).  SOAM: South America Plate; JG and CC: continental margin of the Juan Griego and Cordillera de la Costa
groups; RI and TT: sub-continental mantle and crust of rifted margins of La Rinconada and Caucagua-El Tinaco units characterized by WPT magma-
tism; FC and LH: MORB oceanic lithosphere of the Franja Costera group and Loma de Hierro unit; VC and DH: island arc showing IAT magmatism of
the Villa de Cura and Dos Hermanas units; OP: thickening oceanic lithosphere (future Caribbean plateau). See text for details and more explanations
of models A, B, and C.



lithosphere took place beneath the plateau and/or the pre-
vious magmatic arcs, giving rise to: (1) the widespread
predominantly tonalitic (gabbroid to granitoid) arc mag-
matism of the northern and southern Caribbean plate mar-
gins (in Guatemala, Cuba, Hispaniola, Puerto Rico, Dutch
Antilles, Venezuelan Islands, and Venezuela); and (2) the
amphibolite/HP-LT metamorphism in some ophiolitic
units of the northern Caribbean margin, as in Cuba, His-
paniola and Puerto Rico (Iturralde-Vinent, 1998; White et
al., 1999; Giunta et al., 2002a, b, c , d; Lewis et al., 2002;
Kerr et al., 2003).

In the cartoon model of Fig. 8 the kinematics of the
Caribbean Plate is supposed to be related to triple-junc-
tions located in both the northern and southern (Giunta et
al., 2003a) margins. The progressive shift eastward of
these triple-junctions gave rise to a transpressional tecton-
ic regime, which allowed lateral dismembering and dis-
persion of the older subduction and supra-subduction
complexes (originated in the mid-Cretaceous subduction
phase), as well as progressive bending of the Aves-Lesser
Antilles arcs. 

In this scenario significant differences between the
two margins can be pointed out. Along the northern mar-
gin, from the Late Cretaceous the tonalitic arc magma-
tism generally intruded (Fig. 9) both the deformed older
arc complexes and the new eastward migrating accre-
tionary wedge, which started to collide against the
NOAM from the west (Motagua Suture Zone of
Guatemala) to the east. The Paleocene-Eocene volcanic
arc of the Sierra Maestra in eastern Cuba (Iturralde-
Vinent, 1998; Kerr et al., 1999) may be related with a sec-
ond-order triple-point (Giunta et al., 2003a) shifting

south-eastward, while the Late Cretaceous magmatic
arc–accretionary wedge couple (western and central
Cuba) collided against the NOAM becoming progressive-
ly inactive (Fig. 8). 

Along the southern margin the tonalitic magmatism
intruded (85-82 Ma at Aruba; White et al., 1999) both the
undeformed oceanic plateau (Dutch Antilles) and its
deformed portions (Venezuela Islands), as well as some
metamorphic complexes related to the northernmost rifted
continental margin (e.g. Caucagua-El Tinaco unit in Mar-
garita Island). By contrast, no younger tonalitic magma-
tism is recorded in the deformed units related to the first
eo-Caribbean subduction phase (e.g. Franja Costera,
southernmost Caucagua-El Tinaco, Loma de Hierro, Villa
de Cura, Dos Hermanas units in Venezuela) (Fig. 8). This
implies that this older portion of the deformed belt, was
geodynamically disconnected from the Late Cretaceous
active subduction (second eo-Caribbean phase). Later on
(latest Cretaceous-to-Paleocene), both the previous decou-
pled portions of the deformed belt were juxtaposed as inde-
pendent terranes along the west-east southern margin of the
Caribbean plate (Giunta et al., 2002a, 2003a, b).

Some constraints support the proposed tectonic evolu-
tion of the peri-Caribbean terranes (Giunta et al., 2003b,
and references therein), as the apparent contrasts in the
decompressional evolution recorded in several HP-LT
metamorphic units, which indicate that the converging
zones, since the Late Cretaceous, were subdivided into
sectors characterized by different tectonic settings. In
fact, various deformation phases developed under P-T ret-
rograde conditions during exhumation. The beginning of
exhumation, referable to a second tectono-metamorphic
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FIGURE 8 Tentative evolutionary models for the northern and southern Caribbean Plate Margins since the Late Cretaceous, related to the eastward
shifting of two triple-junctions (modified from Giunta et al., 2003a). The cartoons show the supposed evolution of both northern (upper part of the fig-
ure) and  southern (lower part of the figure) margins, from Late Cretaceous (A) to Paleogene (B). The numbers indicate the volcanic arcs connected
with the subduction (progressively active from 1 to 3), both related to triple-junctions (circles).



event, is characterized by a well-developed axial-plane
foliation showing mineral and stretching lineations. The
east-west trending L2 lineations suggest that displace-
ment during the early stage of exhumation was nearly
perpendicular to the subduction direction, which in turn is
characterized by north-south trending L1 lineations,
roughly parallel to the plate boundaries. These structural fea-
tures demonstrate that strike-slip tectonics have largely ruled
the geodynamics of the Caribbean margins, controlling their
tectonic evolution since at least the beginning of exhumation
of the HP-LT units in the mid- Late Cretaceous.

The end of the second eo-Caribbean accretionary
phase is marked by the Late Cretaceous-Paleogene colli-
sion and/or obduction of the proto- and eo-Caribbean
complexes against or onto the NOAM and SOAM conti-
nental margins, with formation of suture zones through
the development of flakes and wedges in the deformed
units, controlled by east-west strike-slip tectonic regime.
In the meantime the Caribbean oceanic plateau was
trapped to the west by the intervening of the Chortis,
Chorotega and Choco blocks (Beccaluva et al., 1999;
Giunta et al., 2002b), which progressively rotate allowing
the construction of the western plate margin (Central
American Isthmus; Fig 5C).

COLLISIONAL EVENT

From Late Cretaceous to Present, the Caribbean Plate
eastward drift was enhanced, resulting in the collision of
its margins against the NOAM and SOAM (Figs. 5D and
10). Meanwhile, it was trapped westward by the interve-
ning Pacific subduction (building the Central American
Isthmus), and eastward by the Aves-Lesser Antilles arc-
back arc systems. As a result, both the northern and
southern boundaries of the Caribbean correspond to two
wide shear zones, where, since the Late Cretaceous, the
large-scale tear faulting favoured eastward dispersion and
uplifting of the tectonic units, juxtaposing them within
deformed terranes (Giunta et al., 2003a, b). 

During this collisional event, fore- or back-arc and pig-
gyback basins laying on the deforming plate borders, were
filled by clastic sediments and volcanoclastics. In particular,
on the NOAM and SOAM continental margins, foredeep
systems (Sepur Basin in Mexico-Guatemala; Foreland Basin
in Cuba; Piemontine Basin in Venezuela) developed at the
thrust belt front (Giunta et al., 2002d, 2003b). 

Since the Tertiary, continuous westward drifting of the
two Americas resulted in further encroachment on the
Caribbean Plate, enhancing either the bending of the
Lesser Antilles arc or the collisional processes through
transpressional tectonics at the northern and southern
margins. This led to a geometry of the plate borders sub-
stantially similar to the present configuration, where
sinistral or dextral shear zones respectively, allowed a
gradual dismembering and scattering of the eo-Caribbean
terranes along regional faults (e.g. Motagua-Polochic
fault system in Guatemala, Cayman Ridge system,
Bartlett fault, and Oca, Bocono, S. Sebastian, La Victoria,
El Pilar fault zones in Colombia and Venezuela). Along
the western border of the plate, the northwest-southeast
compressional stress field affecting the deformed borders
of the Mid-American Trench produced adjustments and
different rotations (Beccaluva et al., 1999; Giunta et al.,
2002b, c) of the Chorotega and Choco blocks through
strike-slip fault zones (e.g. the Hess Escarpment and
Panamá Canal). 

The continuous convergence between the two Ameri-
cas generated new accretionary prism systems along the
internal side of the Caribbean plate borders, which pro-
gressively involved crustal portions of the Colombian and
Venezuelan Basins (Los Muertos in Hispaniola,
Venezuela-Colombia and Panama accretionary prisms).
The Dumisseau Formation (HA) of the Massif de la Hotte
in Haiti may represent the northeastern portion of the
oceanic plateau, inserted between the Beata Ridge and the
Hess Escarpment, and deformed against the Hispaniola
thrust-belt and Los Muertos accretionary prism, in rela-
tion to the anticlockwise rotation of the Nicaragua Rise
and Colombia Basin (Giunta et al., 2003a). At the same
time, the plate continued to migrate slowly (1-2 cm/yr or
less) eastward, overriding the Atlantic lithosphere, devel-
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FIGURE 9 Generalized cross-section across the northern Caribbean
accretionary system during the 2° eo-Caribbean phase (Late Creta-
ceous).

FIGURE 10 Generalized cross-section of the peri-Caribbean colli-
sional belts (Late Cretaceous-Paleogene).



oping the Lesser Antilles arc-backarc system and related
Barbados accretionary prism.

CONCLUDING REMARKS

Researches carried out on the main tectonic units of
the Caribbean margins, based on structural, magmatic,
and metamorphic characteristics and their regional corre-
lations, have provided important contributions for the
geodynamic evolution of the Caribbean plate margins.
Among these are: the origin and evolution of the proto-
Caribbean oceanic crust, the beginning of the conver-
gence during the Early-mid-Cretaceous, the two-stage arc
magmatism (mid- and Late Cretaceous), the different sub-
duction settings (intra-oceanic and sub-continental), the
HP-LT assemblages in both oceanic and continental
lithospheres, the atypical evolution of the supra-subduc-
tion system during the mid-Cretaceous, the different dis-
tribution of the second arc magmatism (Late Cretaceous),
the differences in retrograde evolutions and the exhuma-
tion histories of the HP-LT units, the role of the strike-slip
tectonics since the mid-Cretaceous. An evolutionary mod-
el has been proposed pointing out some important aspects
of the Caribbean Plate geodynamic history.

The hypothesis that the Late Jurassic-Early Cretaceous
proto-Caribbean oceanic plate formed near mid-America
and evolved during Cretaceous into a plateau, has been
gradually gaining ground although it is still under debate
(Duncan and Hargraves, 1984; Pindell and Barrett, 1990;
Giunta, 1993; Beccaluva et al., 1996, 1999; Meschede and
Frisch, 1998; Giunta et al., 2002a, b, c, 2003a, b; Iturralde-
Vinent, 1998, 2003; Kerr et al., 2003; James, 2003; Pindell,
2003). Major uncertainties concern the Jurassic-Early Cre-
taceous paleogeography of the continental margins of the
NOAM, SOAM and minor blocks and their paleo-tectonic
relationships with the oceanic realm. 

Some unsolved problems concern the mid-Creta-
ceous geodynamics, with respect to location and polarity
of the intra-oceanic and sub-continental subductions, as
well as the involvement of island arc and continental
crust fragments in the subduction. This difficulty arises
from both insufficient geological data and the extensive
obliteration of the structural and tectonic features by the
subsequent deformational events. At least three models
would fit the data, depending on the location of free-
boundaries (e.g. strike-slip paleo-tectonic faults) that
create different tectonic settings during the eo-
Caribbean phase of subduction. 

On the contrary, a general agreement exists that the
Late Cretaceous-Present geodynamic evolution of the
Caribbean plate have mainly been driven by the eastward

movement of the Caribbean plateau (Colombia and
Venezuela basins) with respect to the NOAM and SOAM
plates along two wide east-west shear zones. These, in the
proposed model, are supposed to be produced by the
shifting of two opposite main triple-junctions. 

In particular, similarities between the northern and
southern Caribbean plate margins are: 1) the strike-slip
fault systems that are active both in the north (e.g.,
Motagua-Polochic fault system in Guatemala), and in the
south (El Pilar fault system in Venezuela); 2) in the pre-
sent-day tectonic setting both margins are composed by
terranes, bordered and displaced by strike-slip faults; 3)
within northern and southern terranes, the tectonic units
are often the result of the deformation of similar geotec-
tonic elements, represented by rocks with the same
tectono-magmatic features, as oceanic or back-arc, sub-
duction, supra-subduction, magmatic arc, continental
margin, foredeep, etc; and 4) the tectonic units within the
deformed belts commonly overthrust, in a flower-like
structure, the foredeep basins of the NOAM and SOAM
continental margins, minor continental blocks (e.g., Chor-
tis), as well as the deformed portions of the oceanic
plateau (e.g., Los Muertos, southward of Hispaniola, and
Colombia-Venezuela accretionary prisms). 

Significant differences in the evolution of the northern
and southern Caribbean margins are also recognized, as for
instance, the non-uniform distribution of Late Cretaceous
magmatism. In the northern marginal belt, from Guatemala
to Puerto Rico, Late Cretaceous tonalitic arc magmatism
intruded active accretionary complexes, composed by
deformed and metamorphosed units of oceanic, island arc
and continental origin (e.g., in Guatemala, Cuba, Hispaniola,
and Puerto Rico). By contrast, in the southern margin the
deformed belt (Venezuela) was decoupled (perhaps due to a
strong clockwise rotation of the mid-Cretaceous accretionary
complexes toward the south), and subsequently the Late Cre-
taceous tonalitic magmatism is recorded only in the Dutch-
Venezuelan Island oceanic plateau and subordinately in the
Caucagua-El Tinaco units of the Margarita Island. This dis-
tribution of the magmatism indicates that, during the Late
Cretaceous, the previous subduction and accretionary com-
plexes were variably located with respect to the active north-
ern and southern Caribbean margins, in relation to the west-
dipping subduction zones which produced the tonalitic arc
magmatism.

The evolutionary model proposed in this paper lacks
unequivocal interpretation. Acquisition of more detailed
multidisciplinary data and their careful integration on a
regional scale are therefore needed to achieve major
advances in the reconstruction of the Caribbean Plate
geodynamics, from its early generation to subduction and
collisional processes.

Caribbean Plate margin evolutionG. GIUNTA et al.

275Geolog ica  Acta ,  Vo l .4 ,  Nº1-2,  2006,  265-277



ACKNOWLEDGEMENTS

The authors are very grateful to Thomas H. Anderson and
Peter H. Mattson for their constructive criticism improving the
manuscript, M. Coltorti, the IGCP 433 colleagues and the lead-
ers (M. Iturralde-Vinent and E. G. Lidiak) for discussions and
continuous scientific exchanges. This paper is a contribution to
the IGCP Project 433.

REFERENCES

Alvarado, G.E., Denyer, P., Sinton, C.W., 1997. The 89 Ma Tor-
tugal komatiitic suite, Costa Rica: implications for a com-
mon geological origin of the Caribbean and Eastern Pacific
region from a mantle plume. Geology, 25, 439-442.

Beccaluva, L., Bellia, S., Coltorti, M., Dengo, G., Giunta, G.,
Mendez, J., Romero, J., Rotolo, S., Siena, F., 1996. The
North western border of the Caribbean Plate in Guatemala:
new geological and petrological data on the Motagua ophi-
olitic belt. Ofioliti, 20(1), 1-15. 

Beccaluva, L., Coltorti, M., Giunta, G., Iturralde-Vinent, M.,
Navarro, E., Siena, F., Urbani, F., 1996. Cross sections
through the ophiolitic units of the Southern and Northern
Margins of the Caribbean Plate, in Venezuela (Northern
Cordilleras) and Central Cuba. Ofioliti, 21(2), 85-103.

Beccaluva, L., Coltorti, M., Giunta, G., Siena, F., 2004. Tethyan vs
Cordilleran Ophiolites: a reappraisal of distinctive tectono-
magmatic features of supra-subduction complexes in relation to
the subduction mode. Tectonophysics, 393, 163-174.

Beccaluva, L., Chinchilla Chaves, A.L., Coltorti, M., Giunta, G.,
Siena, F., Vaccaro, C., 1999. The St. Helena-Nicoya Ophi-
olitic Complex in Costa Rica and its geodynamic implica-
tions for the Caribbean Plate Evolution. European Journal of
Mineralogy, 11, 1091-1107.

Burke, K., 1988. Tectonic evolution of the Caribbean. Annual
Rev. Earth and Planetary Science Letters, 16, 201-230.

Case, J.E., MacDonald, W.D., Fox, P.J., 1990. Caribbean crustal
provinces; seismic and gravity evidence. In: Dengo, G.,
Case, J.E. (eds.). The Caribbean Region. The Geology of
North America, Boulder, Colorado. Geological Society of
America, vol. H, 15-36.

Christie, D.M., Sinton, J.M., 1981. Evolution of abyssal lavas
along propagating segments of the Galapagos spreading
centre. Earth and Planetary Sciences Letters, 56, 321-335.

Duncan, R.A., Hargraves, R.B., 1984. Plate tectonic evolution of
the Caribbean region in the mantle reference frame. In:
Bonini, W.E., Hargraves, R.B., Shagam, R. (eds.). The
Caribbean-South America plate boundary and regional tec-
tonics: Geological Society of America Memories, Boulder,
Colorado, 162, 81-93.

Furman, T., Frey, F.A., Meyer, P.S., 1992. Petrogenesis of
evolved basalts and rhyolites at Austurhorn, Southeastern
Iceland: the role of fractional crystallization. Journal of
Petrology, 33, 1405-1445.

Geist, D., Howard, K., Larson, P., 1995. The generation of
oceanic rhyolites by crystal fractionation: the Basalt-Rhyo-
lite association at Volcan Alcedo, Galapagos Archipelago.
Journal of Petrology, 36, 965-982.

Giunta, G., 1993. Los margenes mesozoicos de la Placa Caribe:
Problematicas sobre nucleacion y evolucion. 6° Congreso
Colombiano de Geologia, Memoria III, 729-747.

Giunta, G., Beccaluva, L., Coltorti, M., Siena, F., 1997. Ophi-
olitic units of the southern margin of Caribbean plate in
Venezuela: a reappraisal of their petrogenesis and original
tectonic setting. Memorias del VIII Congreso Geologico
Venezolano, Porlamar, Novembre 1997, tomo 1, 331-337.

Giunta, G., Beccaluva, L., Coltorti, M., Siena, F., Vaccaro, C.,
2002a. The southern margin of the Caribbean Plate in
Venezuela: tectono-magmatic setting of the ophiolitic units
and kinematic evolution. Lithos, 63, 19-40.

Giunta, G., Beccaluva, L., Coltorti, M., Mortellaro, D., Siena,
F., Cutrupia, D., 2002b. The peri-Caribbean ohiolites: struc-
ture, tectono-magmatic significance and geodynamic impli-
cations. Caribbean Journal of Earth Science, 36, 1-20.

Giunta, G., Beccaluva, L., Coltorti, M., Siena, F., 2002c.
Tectono-magmatic significance of the peri-Caribbean ophi-
olitic units and geodynamic implications. Proceeding of 15th

CGC, IGCP Project 364. In: Jackson, T.A. (ed.). Caribbean
Geology into the third millennium. Jamaica. University of
the West Indies Press, 15-34.

Giunta, G., Beccaluva, L., Coltorti, M., Cutrupia, D., Dengo, C.,
Harlow, G.F., Mota, B., Padoa, E., Rosenfeld, J., Siena, F.,
2002d. The Motagua suture zone in Guatemala. Field-trip
guide book of the IGCP. 433 Workshop and 2nd Italian-Latin
American Geological Meeting “In memory of Gabriel Den-
go”, Ofioliti, 27(1), 47-72.

Giunta, G., Beccaluva, L., Coltorti, M., Siena, F., 2003a. The
Peri-Caribbean Ophiolites and Implications for the
Caribbean Plate Evolution. American Association Petroleum
Geologist, International Conference, Barcelona, 1-6 pp. 

Giunta, G., Marroni, M., Padoa, E., Pandolfi, L., 2003b. Geolo-
gical constraints for the Geodynamic evolution of the south-
ern margin of the Caribbean Plate. In: Bartolini, C., Buffler,
R.T., Blickwede, J. (eds.). The Circum-Gulf of Mexico and
the Caribbean: hydrocarbon habitats, basin formation, and
plate tectonics. American Association Petroleum Geology,
Tulsa OK, Memoire, 79, 104-125.

Hill, R.I., 1993. Mantle plumes and continental tectonics.
Lithos, 30, 193-206.

Iturralde-Vinent, M., 1998. Sinopsis de la constitución geológi-
ca de Cuba. Acta Geologica Hispanica, 33(1-4), 9-56.

Iturralde-Vinent, M., 2003. The Conflicting Paleontologic Versus
Stratigraphic Record of the Formation of the Caribbean Sea-
way. In: Bartolini, C., Buffler, R.T., Blickwede, J. (eds.). The
Circum-Gulf of Mexico and the Caribbean: hydrocarbon
habitats, basin formation, and plate tectonics. American Asso-
ciation Petroleum Geology, Tulsa OK, Memoire 79, 75-88. 

James, K.H., 2003. Caribbean Plate Origin: Discussion of Argu-
ments Claiming to Support a Pacific Origin; Arguments for

Caribbean Plate margin evolutionG. GIUNTA et al.

276Geolog ica  Acta ,  Vo l .4 ,  Nº1-2,  2006,  265-277



Caribbean Plate margin evolutionG. GIUNTA et al.

277Geolog ica  Acta ,  Vo l .4 ,  Nº1-2,  2006,  265-277

an In-Situ Origin. American Association Petroleum Geolo-
gist, International. Conference, Barcelona, 8-9.

Kent, R.W., Storey, M., Saunders, A.D., 1992. Large igneous
provinces: sites of plume impact or plume incubation? Geo-
logy, 20, 891-894.

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., White, R.V., Thompson, P.M.E., Tarney, J., Saunders,
A.D., 2003. No Oceanic Plateau - No Caribbean Plate? The
Seminal Role of an Oceanic Plateau in Caribbean Plate Evolu-
tion. In: Bartolini, C., Buffler, R.T., Blickwede, J. (eds.). The
Circum-Gulf of Mexico and the Caribbean: hydrocarbon habi-
tats, basin formation, and plate tectonics. American Association
Petroleum Geology, Tulsa OK, Memoire, 79, 126-168.

Kerr, A.C., Tarney, J., Marriner, G.F., Klaver, G.T., Saunders,
A.D., Thirwall, M.F., 1996. The geochemistry and petrogen-
esis of the late-Cretaceous picrites and basalts of Curaçao,
Netherlands Antilles: a renmant of an oceanic plateau. Con-
tribution Mineralogy and Petrology, 124, 29-43.

Kerr, A.C., Marriner, G.F., Tarney, J., Nivia, A., Saunders, A.D.,
Thirwall, M.F., Sinton, C.W., 1997. Cretaceous basaltic ter-
ranes in Western Colombia: elemental, chronological and
Sr-Nd isotopic constraints on petrogenesis. Journal of
Petrology, 38, 677-702.

Lapierre, H., Bosh, D., Dupuis, V., Polvé, M., Maury, R.C., Her-
nandez, J., Monie, P., Yeghicheyan, D., Jallard, E., Tardy,
M., De Lepinay, B.N., Mamberti M., Desmet A., Keller F.,
Senebier F., 2000. Multiple plume events in the genesis of
the peri-Caribbean Cretaceous oceanic plateau province.
Journal of Geophysical Research, 105, 8403-8421.

Lewis, J.F., Escuder-Viruete, J., Hernaiz-Huerta, P.P., Gutierrez,
G., Draper, G., Pérez-Estaún, A., 2002. Geochemical subdi-
vision of the Circum-Carribean Island Arc, Dominican
Cordillera Central: implications for crustal formation, accre-
tion and growth within an intra-oceanic setting. Acta Geo-
logica Hispanica, 37, 81-122.

Mahoney, J.J., Storey, M., Duncan, R.A., Spencer, K.J., Pringle,
M., 1993. Geochemistry and geochronology of Leg 130
basement lavas: nature and origin of the Ontong Java
Plateau. In: Berger, W.H., Kroenke, L.W., Mayer, L.A.
(eds.). Proceedings of the Ocean Drilling Program. Scientif-
ic Results, 130, 3-22.

McKenzie, D.P., Bickle, M.J., 1988. The volume and composi-
tion of melt generated by extension of the lithosphere. Jour-
nal of Petrology, 29, 625-679.

Meschede, M., Frisch, W., 1998. A plate tectonic model for
the Mesozoic and Early Cenozoic history of the
Caribbean plate. Tectonophysics, 296, 269-291.

Pindell, J.L., 1994. Evolution of the Gulf of Mexico and the
Caribbean. In: Donovan, S.K., Jackson, T.A. (eds.).
Caribbean Geology: An Introduction. University of the
West Indies, Kingston, Jamaica, 13-39.

Pindell, J.L., 2003. Pacific Origin of Caribbean Oceanic
Lithosphere and Circum-Caribbean Hydrocarbon Sys-
tems. American Association Petroleum Geologist, Inter-
national Conference, Barcelona, 11-12.

Pindell, J.L., Barrett, S.F., 1990. Geological evolution of the
Caribbean region: a plate-tectonic perspective. In: Dengo,
G., Case, J.E. (eds.). The Caribbean Region. Boulder,
Colorado, Geological Society of America. The Geology
of North America, vol. H, 339-374.

Saunders, A.D., Tarney, J., Kerr, A.C., Kent, R.W., 1996. The
formation and fate of large oceanic igneous provinces.
Lithos, 37, 81-95.

Sen, G., Hickey-Vargas, R., Waggoner, D.G., Maurrasse, F.,
1988. Geochemistry of basalts from the Dumisseau Forma-
tion, southern Haiti: implications for the origin of the
Caribbean Sea crust. Earth Planetary Science Letters, 87,
423-437.

Seyler, M., Paquette, J.L., Ceuleneer, G., Chienast, J.R., Lou-
bet, M., 1998. Magmatic underplating, metamorphic evo-
lution and ductile shearing in a Mesozoic lower crustal-
upper mantle unit (Tinaquillo, Venezuela) of the
Caribbean belt. Journal of Geology, 106, 35-58.

Sinton, C.W., Duncan, R.A., Storey, M., Lewis, J., Estrada,
J.J., 1998. An oceanic flood basalt province within the
Caribbean plate. Earth and Planetary Sciences Letters,
155, 221-235.

Spadea, P., Espinosa, A., Orrego, A., 1989. High-Mg extrusive
rocks from the Romeral Zone Ophiolites in the Southwestern
Colombian Andes. Chemical Geology, 77, 303-321.

Storey, M., Mahoney, J.J., Kroenke, L.W., Saunders A.D.,
1991. Are oceanic plateaus the site of komatitite forma-
tion? Geology, 19, 376-379.

White, R., McKenzie, D.P., 1989. Magmatism at rift zones:
the generation of volcanic continental margins and flood
basalts. Journal of Geophysical Research, 94, 7685-
7729.

White, R.V., Tarney, J., Kerr, A.C., Saunders, A.D., Kemp-
ton, P.D., Pringle, M.S., Klaver, G.T., 1999. Modifica-
tion of an oceanic plateau, Aruba, Dutch Caribbean:
implication for the generation of continental crust.
Lithos, 46, 43-68.

Manuscript received December 2004;
revision accepted September 2005.



Arguments for and against the Pacific origin of the Caribbean
Plate: discussion, finding for an inter-American origin

Arguments in support of the Pacific origin for the Caribbean Plate are discussed along with others that point to
an inter-American origin. Entry of a Pacific-derived plate would have involved unlikely, geometrically complex
and highly diachronous events. They would have included changes in direction of subduction, changes in direc-
tion of plate migration, major (1000s of km) plate migration, major rotation of large parts of a volcanic arc,
major rotations of the Maya and Chortis blocks and diachronous development of flysch/wildflysch deposits as
the entering plate interacted with neighbouring elements. The internal structural conformity of the Caribbean
Plate and of the Maya and Chortis blocks with regional geology of Middle America shows that no major migra-
tions or rotations have occurred. Coeval, regional deposits of Albian shallow water limestones, Paleocene– Mid-
dle Eocene flysch/wildflysch deposits, Middle Eocene limestones, and a regional Late Eocene hiatus show an
inter-American location, not a changing Pacific-Caribbean location. Neogene displacement of the Caribbean
relative to North and South America amounts to no more than 300 km.

Caribbean Plate. Pacific vs. inter-American arguments. Inter-American origin.
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INTRODUCTION

Literature favours a Pacific origin for the Caribbean Plate;
few papers argue for an inter-American origin. This
paper, focused on the Caribbean plate region (Fig. 1),
examines arguments published in support of the Pacific
model and then considers others that point to the plate’s
inter-American origin.

Pacific Model summary

Pacific models (Fig. 2A) begin with palaeogeographic
reconstructions showing the Maya (Yucatán) Block (Fig.
1) lying along the northern coast of South America,

between North and South America, and the Chortis Block
on the west side of Mexico (Ross and Scotese, 1988; Pin-
dell et al., 2000). The “proto-Caribbean” oceanic
province and the Gulf of Mexico formed in the Jurassic-
Early Cretaceous as North America drifted away from
Pangea and the Maya Block rotated 50° or more counter-
clockwise (Pindell et al., 2000; Pindell and Kennan,
2003). An east-facing island arc (“proto Antilles” or
Caribbean Great Arc) trended northwest-southeast (Pin-
dell et al., 1988; Tardy et al., 1994) or northeast-south-
west (Rogers et al., submittedc) across the western end of
the proto-Caribbean and alongside Mexico and northwest
South America. The future Caribbean Plate lay southwest
(Pindell and Barrett, 1990) or northwest (Rogers et al.,

 



submittedc) of the arc with a further, west-facing, island
arc (in early papers, a “proto Costa Rica-Panamá arc”) on
its west flank. During the Cretaceous the plate thickened
into a Large Igneous Province/Ocean Plateau. This
occurred either as it migrated northeastward across the
Galapagos Hotspot (early papers, e.g. Duncan and Har-
graves, 1984; Bouysse, 1988), or above a rapidly melting
mantle plume head (or both) (Hall et al., 1995; Kerr et al.,
1997), or two plumes (Sala y Gómez and Galapagos) and
then again by decompression melting (Révillon et al.,
2000). At the time of writing the latest model (Kerr and
Tarney, 2005) suggests that a Caribbean plateau formed
near the Galapagos Hotspot while a Gorgona Plateau
formed possibly at the Sala y Gómez hotspot.

The Caribbean Plate entered the gap between North
and South America, overriding “proto-Caribbean”
oceanic crust, after a reversal of subduction direction
below the leading edge Caribbean Great Arc (Fig. 2A).
The Chortis Block (Fig. 1), a complex of continental
and arc origin (Rogers et al., submitteda, b) moved
southeastward into its Central American location at the
same time (Fig. 2A) and accreted (? – the mechanism is
never explained) to the trailing edge of the Caribbean
Plate (Rogers et al., submittedc). Arc activity along the
northern and southern segments of the Great Arc ceased
after collision with North and South America in the
Paleocene-Middle Eocene (the collision is also known
as the “Laramide Orogeny”; Antoine et al., 1974). This
is seen as an early episode in the continuous, diachro-
nous interaction of the Caribbean Plate with North and
South America as it migrated from the Pacific. The
Yucatán Basin opened as a Maastrichtian-Middle
Eocene intra-arc or back-arc basin behind Cuba (Pin-
dell, 2001) via slab rollback (in two different direc-
tions). Cuba collided with the Florida-Bahamas plat-
form and accreted to the North American Plate along
with the Yucatán Basin. The Caribbean – North Ameri-
can plate boundary jumped from north of Cuba to the
Oriente–Swan Faults of the Cayman Trough. The
Caribbean Plate then assumed an eastward migration
direction between North and South America. Sinistral
offset of 1100 to 1300 km occurred along the northern
plate boundary since Cayman Trough opening began in
the Eocene. Therefore dextral movement of similar
magnitude occurred along the southern Caribbean plate
boundary. The defunct northern and southern segments
of the Great Arc became extended in an E-W direction,
forming the Greater and Netherlands-Venezuelan
Antilles. Remnant north-south trending segments of the
arc formed the northern Lesser Antilles and the Aves
Ridge. The latter arc segment jumped eastward in the
Eocene to the southern Lesser Antilles, when the back-
arc or inter-arc Grenada Basin formed (Bouysse, 1988;
Pindell and Barrett, 1990; Bird et al., 1999). Volcanic-

arc activity linked the continental Maya and Chortis
blocks to South America via Costa Rica and Panamá.

Inter american model summary

The inter-American model (Fig. 2B) begins with a
Pangean reconstruction (James, 2002b, 2003, fig. 5) that
does not later involve large-scale rotations of elements such
as the Maya and Chortis blocks (Fig. 1). It evolves via
sinistral transtension between North and South America
(Fig. 2B; James, 2002b, 2003a). The early Caribbean
formed along with the Gulf of Mexico, the Yucatán Basin
and the Cayman Trough when North America drifted
northwest from Gondwana in the Jurassic-Early Creta-
ceous. Extended continental or transitional crust developed
in the Bahamas Platform, Gulf of Mexico margins, distal
parts of the Cayman Trough and the Nicaragua Rise. The
sinistral, Caribbean–North American boundary was located
along the early Cayman Trough and between the large con-
tinental fragments of Maya and Chortis. Thickening of
ocean crust in areas of the present-day Venezuelan, Yucatán
and Colombian basins occurred as a result of decompres-
sion melting, perhaps associated with triple junctions
heralding spreading jumps to the Atlantic and Pacific, in
the Aptian (James, 2002b, 2003a, 2005). Atlantic and
Pacific spreading convergence with the Caribbean area
resulted in outward facing island-arcs on the east and west
of the Caribbean area, resulting in isolation of the
Caribbean Plate. Divergence of spreading trajectories
(North-South America) both in the Atlantic and the Pacific
resulted in Caribbean Plate extension and further decom-
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FIGURE 1 Middle America, geographic elements referred to in text.
AB: Aruba-Blanquilla; AR: Aves Ridge; B: Bahamas; BR: Beata Ridge;
C: Cuba; CR: Cayman Ridge; CT: Cayman Trough; GA: Greater Antilles;
GB: Grenada Basin; HE: Hess Escarpment; LA: Lesser Antilles; NR:
Nicaragua Rise (Upper, Lower); YB: Yucatán Basin. Numbers indicate
pull-apart depressions along the southern and northern boundaries of
the Caribbean Plate (1: Lower Magdalena; 2: Maracaibo; 3: Guaru-
men; 4: El Hatillo; 5: Gulf of Paria; 6: east Cayman Trough; 7: North
Haiti; 8: Mona Passage; 9: Anegada Passage).



pression-related extrusion, mainly at 90-88 Ma but con-
tinuing to 75 Ma. Continued westward movement of the
North American Plate relative to the South American
Plate (and the Caribbean) resulted in continued subduc-
tion in the Lesser Antilles. In the Paleogene flysch/wild-
flysch deposits, including very large olistoliths of Meso-
zoic continental margin sedimentary rocks, island-arc
rocks, serpentinites and ophiolites formed along the plate
margins. The event culminated violently in the Middle
Eocene with development of a regional unconformity
overlain by regional shallow-marine carbonates, record-
ing regional uplift to wavebase and the photic zone. Sub-
sequently, the plate remained stationary relative to the
westward moving North and South American plates.
Oligocene–Recent strike-slip along the northern and
southern plate boundaries resulted in eastward-migrating
pull-apart extension, thrusting and complementary fore-
land basin subsidence. Volcanic-arc activity along the
western and eastern plate boundaries records continuing
convergence between the Caribbean Plate and neighbour-
ing oceanic plates.

ARGUMENTS IN SUPPORT OF A PACIFIC ORIGIN
FOR THE CARIBBEAN

Pindell (1991, 1993, 2003) and Pindell and Barrett
(1990) listed arguments supporting the Pacific model,
concluding that the evidence was “overwhelmingly in
favour” of a Pacific provenance. I paraphrase or directly
quote these arguments in italics and follow with my dis-
cussion in plain text. Some arguments have been modified
or abandoned and new arguments have evolved (Pindell,
2001; Pindell, 2003). For completeness I consider both
old and new and attempt to show evolution of thought.
Later, I present arguments for the inter-American origin
of the Caribbean Plate. 

Pindell and Barret (1990) and Pindell (1991,
1993) arguments: a discussion.

A1. The Aves Ridge and the Lesser Antilles together
present an upper Cretaceous-Recent (ca. 90 Ma) record
of subduction of the Atlantic Plate beneath the eastern
Caribbean. Minimum relative plate migration has been
ca. 1000 km.

Most papers (Freeland and Dietz, 1972; Meyerhoff
and Meyerhoff, 1971; Bouysse, 1984, 1988; Maury et
al., 1990; Bouysse et al., 1990; Pindell, 1991, 1993;
Bird et al., 1999; Iturralde-Vinent and MacPhee, 1999)
discuss the Aves Ridge (Fig. 1) in terms of a Late Creta-
ceous volcanic arc that became abandoned in the
Eocene, either as subduction jumped to the southern
Lesser Antilles or when the “back-arc” Grenada Basin

formed. Pindell (1993) surmised that the Aves “arc” was
east facing because of its convex-eastward shape and
absence of an accretionary prism along its west flank.
There is no evidence of an accretionary prism to the
east, either, and there is no indication that the Grenada
Basin deepened towards a subduction trench next to the
Aves Ridge.

The Aves Ridge crosses the eastern Caribbean north-
ward from the Venezuelan shelf margin towards the Vir-
gin Islands. It originates in the south as a narrow, north-
east trending ridge. Its eastern flank continues this trend
to around 14°N whence it runs north, parallel to its
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FIGURE 2 Pacific (A) and inter-American (B) concepts for the origin of
the Caribbean Plate, shown against a modern map of the area. 1A illus-
trates migration of the Caribbean Plate leading-edge volcanic arc from
the Pacific. The mechanism whereby the arc changes from a linear to a
highly curved feature is never explained and is difficult to imagine.
Arrows indicate published plate direction. They show an unlikely varia-
tion of plate migration. 1B shows formation of oceanic areas (Gulf of
Mexico, Yucatán, Cayman Trough, Caribbean) between WNW, sinistrally
diverging North and South America in the Jurassic-Early Cretaceous.
The Caribbean Plate was rimmed by volcanic arcs of the Greater-Less-
er-Aruba-Blanquilla Antilles and Central America. Ellipses indicate pri-
mary (drift) and secondary strain (see also Fig. 7).
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remarkably linear western flank. The eastern and western
flanks seem to be fault controlled (Holcombe et al., 1990,
fig. 12). North and east of 15° the topographic high
broadens into a volcaniclastic fan, with northeast-south-
west structural and magnetic grain (Bird et al., 1999),
derived from the northern Lesser Antilles.

There is no proof that the Aves Ridge is a subduction
arc. It has been directly sampled only by dredging and
two DSDP holes (Fox et al, 1971; Nagle, 1972; Bouysse
et al., 1985). The latter penetrated only Plio-Pleistocene
sediments. Fox et al. (1971) described dredge samples of
diabase, basalt and meta-basalt that gave dates of 60 Ma.
Granodiorite also occurred amongst these samples, with
K/Ar ages of lower Senonian, upper Senonian, and upper
Paleocene. Fox et al. (1971) considered that this material
possibly indicated the northern margin of South America.
They noted that granodiorite compressional wave velocity
was similar to obtained seismic refraction data. They pro-
posed that the ridge was underlain by granitic rocks of
late Mesozoic age and bore pedestals of volcanic origin
(basaltic dredge samples).

The Ridge is separated from the Lesser Antilles arc by
the so-called “inter-arc” or “back arc” Grenada Basin
(Fig. 1). There are at least five models for the origin of
this basin (Bird et al., 1999). They all invoke spreading
ridges. Depending on which model, these range in orien-
tation from east-west to north-south. In fact, there is no
evidence for either spreading or ridges. Bouysse (1988)
pointed out that magnetic anomalies in the basin are low
in amplitude and have no clear pattern. The age of the
basin is not known, it is estimated to be Paleogene on the
bases of heat-flow measurements and depth to basement
(Bouysse et al., 1990).

Bouysse (1988) remarked that the Grenada Basin
formed through extensional tectonics that also structured
the Aves Swell, which has a step-like eastern flank. He
concluded that the southern basin was oceanic, while the
northern area was probably rifted arc. He went on to say
that all data suggest the existence during the late Meso-
zoic of a single arc system (the Mesozoic Caribbean Arc)
that included the Greater, Lesser and the Netherlands-
Venezuelan Antilles, as well as the Aves Ridge. He pro-
posed that the Ridge became separated from the Lesser
Antilles by the northward propagating back-arc, Grenada
Basin. However, such a basin should narrow northwards
and the Grenada Basin is symmetrical.

Fox et al. (1971) observed that the Aves Ridge
appeared to be a thickened part of the 2-3 km thick 6.3
km/s layer of the Venezuela Basin. Bouysse (1988)
recalled that Venezuelan and Colombian basin crust is
three-layered, with the following velocity structure: 3.2-

5.0 km/s, 6.0-6.3 km/s and 7.0-7.3 km/s. Grenada basin
crust is also three layered, with velocities of: 5.3, 6.2 and
7.4 km/s. The similar patterns indicate similar origins for
the crust east and west of the ridge.

In summary, the Aves Ridge and Grenada Basin both
have undefined origins. They do not necessarily record
subduction, arc jump or back-arc basin activity. In no way
do they provide evidence of a Pacific origin of the
Caribbean Plate.

A2. The Cayman Trough oceanic component and
reassembly of (extended) Cuba, Hispaniola, Puerto Rico
and the Aves Ridge indicate at least 1000 km of sinistral
movement between the Caribbean and North and South
America (and hence the Atlantic Plate).

For some, the Cayman Trough (Fig. 1) has assumed
a pivotal position in discussions of Caribbean Plate his-
tory. Pindell and Barrett (1990) stated “A large amount
of offset along the Cayman Trough (more than 800 km)
is especially important in constraining models for the
evolution of the Caribbean. The concept of the
Caribbean Plate originating within the Pacific realm and
entering the North-South American gap prior to the
Eocene depends on this interpretation. If smaller esti-
mates of offset are assumed, an inter-American forma-
tion of the Caribbean Plate (between North and South
America) is required.” They further argued that since lit-
tle relative movement has occurred between North and
South America since the Eocene, Cayman sinistral dis-
placement along the northern Caribbean boundary
implied a similar amount of dextral offset along the
southern boundary.

The Cayman Trough is generally seen as a pull-apart
within the sinistral north Caribbean plate boundary. Esti-
mates of displacement related to the Trough range from
150 to 1400 Km (Hess and Maxwell, 1953; Kesler, 1971;
White and Burke, 1980; Pindell and Dewey, 1982; Sykes
et al., 1982; Wadge and Burke, 1983; Pindell and Barrett,
1990). Pindell and Barrett (1990) noted that 980 km of
the Trough are characterized by depths typical of oceanic
crust. They estimated an additional 70-100 km of exten-
sion related to block faulted zones (arc or continental
material) at the western and eastern ends of the Trough.
Possible correlation of Jurassic rift faults on the Maya
and Chortis blocks indicates around 900 km of sinistral
offset (James, 2002b, 2003a).

Bowin (1968) and Dillon and Vedder (1973) thought
that the eastern part of the Trough began to form during
Late Cretaceous or Paleocene time. Later papers empha-
size Eocene opening. Rosencrantz et al. (1988) proposed
that trough opening provided quantitative measures of rel-
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ative plate motion along the northern Caribbean plate
boundary zone and provided constraints on the relative
movement of the Caribbean Plate as a whole with respect
to surrounding plates. Estimates of the beginning age of
trough opening (Eocene) were based upon depth-to-base-
ment and heat flow studies. However, Rosencrantz et al.
(1988) noted that ages from heat flow measurements were
inconclusive and stated: “We suggest that the question of
Cayman Trough heat flow be shelved until new and better
measurements are obtained”. Rosencrantz (1993) later sug-
gested that Cayman Trough opening recorded local rather
than regional plate movements and could not be used to
track Caribbean-North American relative plate motion. The
modification is entirely overlooked by literature that con-
tinually quotes the Rosencrantz et al. (1988) paper and
quotes the Eocene age as if it were firmly established.

The only identified spreading ridge in the Caribbean
area lies in the centre of the Trough. Rosencrantz (1993)
and Leroy et al. (2000) recognized two main sets of mag-
netic anomalies in the trough. A younger set is associated
with the spreading centre. It fits present-day plate move-
ments and records these back to anomaly 6 (Early
Miocene). An older, outboard set of anomalies does not fit
current plate movements. Rosencrantz (1993) assigned the
older set to the interval Early Oligocene-Middle Eocene.
However, the older anomalies vary greatly in shape and
amplitudes are low, prompting Leroy et al. (2000) to write:
“Thus the characteristic magnetic anomaly shapes are hard-
ly recognizable here, which makes the recognition of cer-
tain anomalies questionable”. Stated simply, Cayman mag-
netic anomalies do not reveal when opening began.

The western continuation of Cayman sinistral offset
crosses the Central American Isthmus. Here, the Maya
and Chortis blocks are joined along the Acapulco-
Guatemala or Malpaso, Motagua-Polochic Megashear
(Fig. 1): a system of faults in Honduras, Guatemala and
adjacent Mexico (Anderson and Schmidt, 1983; Guzmán-
Speziale, 1989). Gordon and Ave Lallement (1995) used
published fault offsets and estimations from fault zone
widths to summarize offsets of 130 km on the Polochic
Fault, up to 500 km along the Motagua Fault, 70 km
along the Guayape Fault and 25 km along the Jocotán-
Chamelecón Fault. The total 725 km of sinistral displace-
ment does not account for the estimated 1100 km of Cay-
man offset. They proposed that distributed movement on
cryptic strike-slip faults across the entire the Chortís
block accounts for the remaining offset. They noted that
faults are more commonly exposed in Cretaceous and
older rocks than the Tertiary volcanic rocks, suggesting
that most slip occurred before 30 Ma.

Sinistral movement along the Central American faults
occurred from the Jurassic onwards, migrating south-

wards (Santa Cruz Fault, Jurassic, Malpaso Fault Late
Cretaceous, Viniegra, 1971; Motagua Fault, mid Tertiary;
Burkart, 1983). Burkart et al. (1987) restored Laramide
structures sinistrally offset by 130 Km along the Polochic
Fault of Guatemala (displacement began around 10 Ma).
Iturralde-Vinent and MacPhee (1999) determined that 230
km of offset has occurred along the Oriente Fault of
southern Cuba since the Miocene. The observations show
that most of Cayman sinistral offset occurred prior to
“Laramide” folding. In fact, most of the E-W relative dis-
placement between North and South America (and the
Caribbean Plate) developed during the Jurassic-Early Cre-
taceous along the northern Caribbean Plate boundary
(Cayman Trough–Motagua–Polochic Fault system)
(James, 2002b, 2003a).

Plutonic rocks that intrude the Jurassic-Cretaceous Xola-
pa complex in Mexico record crustal growth between 35 and
27 Ma (Oligocene), with decreasing age from west to east
(Meschede and Frisch, 1998). This is a second phase of
sinistral offset along the north Caribbean plate boundary,
coeval with dextral offset along the southern boundary.

Three points follow from the above. First, the commonly
quoted Eocene age of trough opening is not calibrated; it is
only modelled. Second, most Cayman offset occurred during
the Jurassic – Early Cretaceous (a second phase of sinistral
movement -some 300 km only- began in the Oligocene, sec-
tion B 13). Third, Cayman offset does not imply 1000 km of
Cenozoic offset along the southern Caribbean Plate bound-
ary (subduction below the Lesser Antilles since the Albian
resulted from westward movement of North America relative
to South America and the Caribbean, not eastward move-
ment of the Caribbean Plate).

A final point concerns the nature of the Cayman Ridge
and the walls of the Cayman Trough. They lie south of the
Cuban segment of the Cretaceous island arc. According to
Pacific models they followed the arc in from an oceanic
setting. However, Dillon and Vedder (1973) observed that
the acoustic basement of the Ridge consists of continental
rocks. The western Cayman Ridge has crustal thicknesses
of near-continental proportions and a low magnetic suscep-
tibility, similar to the rift blocks of the margin of British
Honduras. Perfit and Heezen (1978) developed a stratigra-
phy for the walls of the Cayman Trough. Clastic rocks
include volcanic breccias, conglomerates, sandstone and
argillites, red bed material, greywacke and arkose. The
presence of continental material in the Cayman Ridge, the
Nicaragua Rise and along the walls of the Cayman Trough
rules out the Pacific origin of this area.

A3. Seismicity and seismic tomography show a dis-
tinct west dipping Atlantic Benioff zone extending at least
1200 km beneath the eastern Caribbean.
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McCann and Pennington (1990) summarized seis-
micity studies in the Caribbean region. Intermediate-
depth seismicity indicates penetration of American
lithosphere to at least 200 km below the Lesser
Antilles. Van der Hilst (1990) summarized that his
tomographic studies imaged the Lesser Antilles sub-
duction zone well below the seismic zones to a depth
of 600 km. However, while discussing his methodolo-
gy, results and interpretations he made several caution-
ary notes. Available seismic data in the area are highly
heterogeneous. Most stations coincide with narrow
zones along plate boundaries. Van der Hilst (1990)
stated “… the results necessarily have a preliminary
character and discussions and conclusions should be
considered tentative.” He described his interpretation
“of inclined, slab-like velocity anomalies as transec-
tions through the blurred image of the Atlantic lithos-
phere subducted below the eastern Caribbean” as “a
working hypothesis”. Papers referring to Hilst’s seis-
mic tomography never acknowledge these cautions. 

A4. The Cretaceous stratigraphy of the Caribbean
area is divisible into a Proto-Caribbean suite, comprising
pre-Mesozoic basement with Jurassic rift sediments, Cre-
taceous shelf sediments and foredeep clastics (no vol-
canics) and a volcanic Caribbean suite. The two are
presently juxtaposed across circum-Caribbean ophiolite
belts but they must have formed in spatially separate
locations.

Continental and oceanic provinces invariably form in
different locations. This does not require that the oceanic
one formed in the Pacific.

A5. As the Caribbean Plate moved into place diachro-
nous flysch basins formed (Guatemala, Campanian;
northern Cuba, Latest Cretaceous-Eocene; Maracaibo
area, Eocene; Eastern Venezuela, Miocene).

As long ago as 1938, Hess observed “Many geologists
... have a tendency ... to place a great deformation at the
end of the Cretaceous. The great deformation came within
the Tertiary, below the widespread Upper Eocene deposits
and after certain Lower and Middle Eocene deposits”.

I have emphasized that coeval flysch/wildflysch
deposits formed across the northern margin of South
America during the Paleocene-Middle Eocene history
of the Caribbean (James, 1997). An expanded version
of that paper (James, 2002a, table 1, fig. 1) records
widespread occurrences of similar deposits in the
Caribbean and neighbouring areas. They record a
regional, coeval event and are not related to diachro-
nous passage of a migrating Caribbean Plate (see also
B7, below). Diachronous interaction between the plate

and its northern and southern boundaries occurred only
from the Oligocene-Recent (section B12). Pindell and
Kennan (2002a) and Pindell (2003) (i.e., later models)
attribute Paleogene flysch/wildflysch in Eastern
Venezuela/Trinidad to subduction of Proto-Caribbean
lithosphere beneath northeastern South America, prior
to the arrival of the Caribbean Plate. They state that
this caused “minor basement-involved deformation”. In
fact, the flysch/wildflysch regional event was extreme-
ly energetic (Stainforth, 1969).

A6. The pre-Albian space between N. and S. America
was too small to have housed a (probably) Jurassic
Caribbean Plate.

This observation is premised by two assumptions.
First, that the Jurassic Caribbean area had the same
dimensions as the present plate and second, that recon-
struction of the pre-Albian area is correct. Diebold et al.
(1999) presented seismic evidence that the Venezuela
Basin comprises extensionally thinned oceanic crust,
thickened by two phases of volcanic extrusion, the latest
producing the smooth floor Horizon B”. Bowland and
Rosencrantz (1988) presented similar data from the
Colombian Basin where a western plateau, locally capped
by volcanic knolls, has a smooth character. The later of
these thickening phases (Horizon B”) has been sampled
and dated at the latest Turonian (88-90 Ma; DSDP Leg 15
Sites). While the original Caribbean formed during the
Jurassic, extension may have continued until the Late
Cretaceous (James, 2005).

My reconstructions of plate movements indicate that
the present day Caribbean Plate could have been accom-
modated sometime between the end of the Jurassic and
the Late Cretaceous (James 2003a).

A7. Truncated structural trends and a truncated Pale-
ogene arc (Sierra Madre Occidental) of southwest Mexico
(Oaxaca) are continued, across sinistral offset, in the
Chortis Block of Central America. The latter rotated into
a position south of, and sutured, to the Maya Block along
with the Caribbean Plate in the Cenozoic.

Donnelly et al. (1990) discussed the Maya
(Yucatán) and Chortis blocks of northern Central
America. They emphasized that most models of this
region do not admit the small amount of data avail-
able to constrain possibilities. Pacific models show
the Chortis Block originating in the central Gulf of
Mexico, against the Yucatán Peninsula in the Gulf of
Honduras, in its present position, along the southwest
coast of Mexico, off the northwest coast of South
America or in the Pacific Ocean. For Donnelly et al.
(1990), the southwest Mexican model had most credi-
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bility because the basement and Mesozoic stratigra-
phy shows affinities between Chortis and Oaxaca.
Work by Harlow et al. (2004) and Rogers et al. (sub-
mittedc) support geological affinities with southern
Mexico but invoke complex history of rifting, spread-
ing from and then accretion to Mexico, followed by
southeast migration and 50° of counterclockwise
block rotation before suturing to Maya. Rotation is
negated by parallelism of Jurassic faults on Chortis
with coeval faults in southeast North America and
northern South America.

While Pindell and Dewey (1982) placed the Maya
Block in the Gulf of Mexico and Pindell et al. (2000)
showed the block lying along the north coast of South
America, Donnelly et al. (1990.) noted that an Early Per-
mian unconformity and Pennsylvanian-Permian volcanic
rocks have no clear counterpart in either North or South
America. As with Chortis, there are fault trends on Maya
that negate block rotation (Fig. 2A). Richter (pers.
comm., 2003) wrote “I believe that Cenomanian rocks of
the northern part of the Chortis block (northeastern Hon-
duras) have a facies relationship to the southern Mayan
rocks and I believe it is unlikely that they came from the
far northwest while the Mayan came from the protoGulf.”
There has merely been sinistral offset between the blocks,
which are large continental remnants of extended Middle
America (James, 2002b, 2003a).

Finally, Pacific models show the Caribbean Plate
migrating northeastward into the Caribbean at same
time (late Cretaceous) as the Chortis was migrating
into place. It is geometrically impossible for the Chor-
tis Block to have migrated southeastward and then
eastward to enter the Central America region at the
same time. 

A8. Shelfal faunal provinces in the Mexican-
Caribbean region were separate until the Campanian
when they merged as a result of tectonic juxtaposition,
presumably during relative eastward migration of the
Caribbean Plate between the Americas (a bottleneck
between Colombia and Yucatán).

The concept here is that the Great Arc formed a topo-
graphic link between continental Central and South
America as it entered the Caribbean region. 

Bowland and Rosencrantz (1988) noted that horizon-
tal shortening of the Nicoya Complex (Costa Rica)
occurred in the late Santonian or Early Campanian as a
result of east-west oriented regional stress. Lundberg
(1983) discussed the Campanian sedimentary complex
above the complex. Radiolarian-rich mudstones are fol-
lowed by foraminifer-rich calcareous mudstones, suggest-

ing a rise through the CCD. Donnelly et al. (1990) noted
that ophiolite obduction occurred regionally in the latest
Campanian or Maastrichtian. Echevarría-Rodríguez et al.
(1991) concluded that NNE directed shortening occurred
from at least the Campanian in Cuba. Iturralde-Vinent et
al. (1996) presented K/Ar data showing a Campanian-
Maastrichtian peak of ages in Cuban terranes indicating
regional collision of the arc with North America. Khudo-
ley and Meyerhoff (1971) noted an angular unconformity
between the Cenomanian or Turonian and the overlying
Campanian or Maastrichtian throughout the Greater
Antilles. Beets et al. (1984) concluded that collision of
the Aruba-Blanquilla arc with South America occurred in
the Coniacian-Campanian.

Clearly, uplift, shallowing, collision and accretion
occurred on a regional scale, not just at the western end of
the Caribbean where the leading edge Mesozoic arc is
supposed to have been entering the area. Furthermore,
“the Great Arc” could not bridge the Mexico-Colombia
gap and collide with North (Cuba) and South (Venezuela)
America at the same time.

A9. Montgomery et al. (1994) identified cold water Late
Jurassic radiolaria that can only have come from the Pacific.

Montgomery et al. (1994) noted that the radiolarian
genera Praeparvicingula and Parvicingula signify mini-
mum paleolatitudes of 22-30° north or south of the equa-
tor. Their presence in two Jurassic Caribbean fragments
(basement complex; La Désirade, now 16.5°N; Bermeja
Complex, Puerto Rico, now 18°N) was evidence of sig-
nificant translation of these components. A third Jurassic
fragment (Duarte Complex, Hispaniola, now 19°N) had
an equatorial origin, shared also by the Bermeja Com-
plex. The oldest material (Pliensbachian) occurs on Puer-
to Rico. It is stated to have formed in open-ocean environ-
ment before oceanic crust existed between North and
South America. Montgomery et al. (1994) concluded that
radiolarian palæogeography is totally incompatible with
any fixist Caribbean model. 

All these radiolaria occur on islands on the northeast-
ern margin of the Caribbean, adjacent to Central Atlantic
Jurassic crust. Second, older oceanic crust in the Gulf of
Mexico - Yucatán Basin - Cayman Trough - Caribbean
never has been sampled in place and remains undated; its
age is only modelled. Davison et al. (2003) emphasized
that the oldest oceanic crust in the Atlantic is Triassic-
Jurassic. It now lies along the eastern seaboard of North
America. Bajocian (Crawford et al., 1985) or Triassic-
Liassic (Davison et al., 2003) salt occurs in the Takutu
Graben, Guayana, Triassic palynomorphs have been
found in Gulf of Mexico salt and salt occurs below Trias-
sic shales in Chiapas (Morris et al., 1995).
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Stainforth (1969) noted that deep (3000 to 8000
m) early Mesozoic trenches existed in Venezuela and
postulated Triassic to early Cretaceous separation of
North and South America. According to Viniegra
(1971) the Mexican and Gulf of Mexico salt basins
probably came into existence during the Triassic. Sal-
vador (1987) suggested that the thickest Louann Salt
accumulated in a major graben trending E-northeast
across the Gulf, on trend with the Late Triassic-early
Jurassic grabens of South Carolina, Georgia and the
Florida Panhandle. Its initiation would mark the
beginning of the formation of the Gulf of Mexico
Basin. Bartolini and Larson (2001) estimated that the
oldest Central Atlantic oceanic crust is not much
younger than 200 ± 4 Ma and that supercontinent sep-
aration began in the Pliensbachian-Toarcian (190-180
Ma). Iturralde-Vinent (2001, 2002) noted that similar-
ities among several groups of Jurassic animals in
western Tethys and the southwestern Pacific suggest
marine connection since the Sinemurian. Ager (1986)
noted that the bivalve Weyla must have passed
through Central America on the way to Europe (Dam-
borenea and Manceñido, 1979) by the Pliensbachian.

These discussions show that significant separation had
occurred between the Americas by the early Jurassic
when there was a marine connection between the Atlantic
and Pacific oceans. Oceanic crust could have begun form-
ing between the Americas as long ago as the Triassic. The
material studied by Montgomery et al. (1994) could indi-
cate that oceanic crust existed between the Americas in
the early Jurassic. Their data are compatible with the
inter-American Caribbean model. 

Pindell (2000, 2001, 2002, 2003) arguments:

Meetings in Rio de Janeiro and Stuttgart (2000),
Havana and Leicester (2001) and Guatemala (2002)
discussed the Caribbean Plate origin debate. Sum-
maries on Internet Web pages provide updates on argu-
ments supporting the Pacific model. Pindell et al.
(2002, 2003) also provide an update. Again, the argu-
ments are summarized or directly quoted in italics and
discussed in plain text.

A10. Models deriving the Caribbean from the Pacific
explain regional Caribbean geology far better than mod-
els deriving the Caribbean Plate from between the Ameri-
cas. “Circumstantial evidence overwhelmingly favours a
Pacific origin for Caribbean oceanic lithosphere ….”.

There are two primary lines of evidence:
A10.1. The Greater Antilles Arc (Great Arc) is older

than the Central American Arc, which is predicted by
Pacific but not by Intra-American models; 

A10.2. Caribbean tectonic interaction and con-
trol of stratigraphic development in northern Colombia
and southern Yucatán began in the Campanian, which
requires a more southwestward (Pacific) position of the
Caribbean Plate until that time. 

The Greater Antilles Arc is not older than the Central
American Arc. Calvo and Bolz (1994) concluded that
subduction occurred in the Central American arc since at
least the Albian (the Loma Chumico volcanic arc sedi-
mentary section, Upper Nicoya Complex, contains radio-
larites, radiolarian claystone). Holcombe et al. (1990) not-
ed that earliest arc activity occurred in the Late Jurassic in
Honduras. 

The Stuttgart meeting summary (www.ig.utexas.edu/
CaribPlate/CaribPlate.html) records a debate on this sub-
ject, noting that geochemical and geological investiga-
tions by Hoernle and Astorga in the Nicoya Complex did
not confirm the Calvo and Bolz findings. This does not
mean that Calvo and Bolz were wrong. Calvo and Bolz
emphasize (pers. comm., 2003) that the oldest pyroclastic
deposits in northwestern Costa Rica are intercalated with
hemipelagic sediments containing the late Albian
ammonite Neokentroceras sp. (Azema et al., 1979). In
southwestern Nicaragua, the oldest hemipelagic sedi-
ments containing tephra deposits carry the late Albian-
Cenomanian planktonic foraminifer Rotalipora appen-
ninica (RENZ) (Calvo and Bolz, 1994).

Further record of Aptian/Albian arc activity in Central
America is provided by Lew (1985) while DeWever et al.
(1985) record Liassic-Dogger radiolaria in volcano-sedi-
mentary formations on the Santa Elena Peninsula.

Frisch et al. (1992) reported palaeomagnetic data from
the Loma Chumico Formation indicating an equatorial
latitude of formation, consistent with and inter-American
(Central American) location, and suggested that subduc-
tion might have begun already in the Jurassic.

A11. The latest models claim to have refined earlier
Pacific-derived Caribbean evolutionary models to new
levels of kinematic and palinspastic precision and con-
clude:

A11.1.The Galapagos Hotspot has nothing to do
with Caribbean evolution;

A11.2. The Panamá-Costa Rica arc formed at
Equatorial paleolatitudes.

These two points concede to data and arguments pre-
sented by Frisch et al. (1992), Meschede (1998a, b) and
Meschede and Frisch (1998) showing that Caribbean
crustal thickening occurred in a near-American position
rather than at the Galápagos hot spot (see A10). The

Origin of the Caribbean PlateK.H. JAMES

286Geolog ica  Acta ,  Vo l .4 ,  Nº1-2,  2006,  279-302



Stuttgart meting summary noted two fundamental posi-
tions regarding the role of the Galápagos hotspot in the
geology of the Caribbean. One holds that it had nothing
to do with proto-Caribbean crust or the Caribbean Plate
(Meschede, 1998; Pindell, 2001), because it was always
positioned to the west. The Caribbean Plate arrived from
the south (from the north according to Rogers et al., sub-
mittedc), travelling up the west coast of South America
inboard of the “Hotspot”.

The other interpretation holds that the Galápagos hotspot
produced the Caribbean plateau basalts (Hoernle et al.,
2002). Thickening of the Caribbean Plate first occurred at
130 – 120 Ma (Diebold et al., 1999) but Galápagos hotspot
activity is known only as far back as the Oligocene (Lons-
dale and Klitgord, 1978; Christie et al., 1992).

Finally, it is difficult to accept that the Caribbean
Plateau, Cocos, Malpelo, Coiba and Carnegie Ridges all
formed above the Galapagos area, yet this idea persists
(Hoernle et al., 2002).

A11.3. High-P/low-T metamorphic assemblages
in the Caribbean pertain to Aptian-Early Albian onset of
W-dipping subduction beneath Great Caribbean Arc after
Aptian arc polarity reversal, which then allowed the crust
of the Caribbean Plate to enter the Proto-Caribbean
realm during Upper Cretaceous-Cenozoic; 

A11.4. The central Cuban Arc comprises mainly
forearc elements of the Great Arc, and Sierra Maestra is
more representative of the Great Arc itself; 

A11.5. Campanian cessation of magmatism in
central Cuba pertains to shallowing of subduction angle
as Great Arc approached southern Yucatán, and central
Cuban forearc remained ahead of the magmatic axis as
the Yucatán intra-arc basin opened in the Maastrichtian-
early Paleogene;

A11.6. The Yucatán intra-arc basin formed in
two phases. Maastrichtian and Paleocene northwest-
southeast extension was driven by slab rollback of Juras-
sic Proto-Caribbean lithosphere along eastern Yucatán,
and Early and Middle Eocene NNE migration of central
Cuba was driven by rollback of Proto-Caribbean crust
toward the Bahamas, facilitated by N-ward propagation
of a NNE-trending east-Yucatán tear fault, during which
western and northern Cuban terranes were accreted to
the front of the central Cuban forearc; 

A11.7. Middle Eocene collision of all Cuban ter-
ranes with the Bahamas, and rapid uplift of the orogen as
the Proto-Caribbean slab detached from the south-dip-
ping Benioff Zone.

These points (direct quotes from the Caribbean Web
page report on the Leicester meeting) attempt to explain
reported geology via increasingly complex modelling.

There is no evidence of “slab rollback” of proto-
Caribbean lithosphere to the northwest and northeast dur-
ing the opening of the Yucatán Basin. At least six models
for the development of this basin appear in the literature
(Lara, 1993). Rosencrantz (1990) concluded that the old-
est crust in the eastern Yucatán Basin is at least Late Cre-
taceous and could be Aptian-Albian or even Late Jurassic
in age. Lewis (1990) observed that similar continental
deposits indicate proximity of Cuba (Guaniguanico, west-
ern Cuba) to Guatamala and Yucatán in the early Jurassic
but by Oxfordian time little continental material was
arriving in the Cuban area (spreading was underway, pro-
ducing separation of these areas). The Yucatán Basin
probably formed during Jurassic separation of North and
South America (James, 2002b, 2003, 2005b), along with
the Gulf of Mexico and the Cayman Trough and may
have expanded in the late Cretaceous-early Paleogene.

A11.8. Eocene onset of Cayman Trough pull-
apart allowed for the well-known subsequent migration of
Caribbean Plate to its present position relative to the
Americas, and the late? Oligocene onset of separation of
Hispaniolan arc assemblages from Oriente, Cuba.

As discussed in section A2, Cayman Trough open-
ing is not calibrated to the Eocene. Only heat-flow and
depth-to-basement models indicate this age. To state
that something is “well-known” when it is only mod-
elled is misleading. More importantly, most of the
sinistral offset of the Trough probably developed much
earlier (James, 2002b, 2003). Oligocene separation of
Hispaniola and Cuba is part of the ongoing eastward
movement of the Caribbean Plate relative to the Ameri-
cas. Oligocene to recent fill of pull-apart basins along
both the north and southern boundaries of the
Caribbean Plate record its age (Lewis and Draper,
1990; section B13).

A12. Pacific models imply strong Cretaceous interac-
tion of the Caribbean Plate with the northern Andes.
Intra-American models do not explain dramatic contrasts
between the northern Andes (Ecuador, Colombia) and
central Andes (central Peru to Bolivia) in Cretaceous oro-
genesis and magmatism. (Kennan and Pindell, 2003).

The inter-American Caribbean model does not have to
account for the geology of western South America.

Variations in Andean geology result from differences
in rate and angle of Pacific/South America convergence,
age and density of subducting crust and the influence of
long-lived continental structures (Gansser, 1973; Jordan
et al., 1983; Corvalan, 1989). A pronounced change in
Andean strike occurs at the 5°S Huancabamba Deflection
(an east-west transverse structure associated with the
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Carnegie Ridge-Galápagos Islands in the west and the
Amazon River trend in the east). To the north, oblique
convergence between the Pacific and South America is
partitioned into dextral strike-slip and Benioff slip. It
resulted in accretion of flysch, chert and ophiolites in the
late Jurassic or early Cretaceous and in the late Creta-
ceous – early Paleocene (McCourt et al., 1984; Dalziel
and Forsythe, 1985; Aspden and McCourt, 1986; Jaillard
et al., 1990; Aspden and Litherland, 1992; Litherland and
Aspden, 1992). South of the deflection, in the Central
Andes, orthogonal convergence results in the classic
Andean margin (trench, magmatic arc, great uplift, fore-
land fold and thrust belt) without terrane accretion (Jor-
dan and Gardeweg, 1989). South of the Bariloche Trans-
versal (40°S, where the Chile Rise impacts South
America) in southern Chile/Argentina, oblique conver-
gence again resulted in ophiolite accretion in the Southern
Andes (Corvalan, 1989). This mirrors the Northern
Andes. Clearly, the Caribbean Plate had nothing to do
with this area. It had nothing to do with developments in
the northern Andes either.

ARGUMENTS AGAINST THE PACIFIC MODEL

B1. Geometric impossibility of entry of the Mesozoic
island arc into the Caribbean area.

According to the Pacific model, the Greater, the Less-
er Antilles and/or Aves Ridge and the Netherlands-
Venezuelan Antilles are the remains of an approximately
northwest or northeast trending, linear Mesozoic island-
arc that entered the Caribbean (undergoing a subduction
polarity reversal in the process, Fig. 2A; Pindell, 1993,
2001; Rogers et al., submittedc) in the late Cretaceous.
Summation of the present day components of this arc
(islands and submarine extensions; intervening pull-apart
removed) amounts to around 3000 km. This is about the
distance from the northwest coast of Colombia to the
Texas coast in the Gulf of Mexico. The Netherlands-
Venezuelan Antilles used to be the western continuation
of the Villa de Cura-Margarita-Testigos-Lesser Antilles
(see section B13), making the original total length around
4000 km. The Colombia-Yucatán gap through which the
arc is supposed to have passed measures about 1400 km.

Once in the Caribbean area the northern and southern
arms of the arc are supposed to have rotated 90°, anticlock-
wise and clockwise (Fig. 2A), respectively, to become the
E-W trending Greater and Netherlands-Venezuelan
Antilles, leaving only 850 km of north-trending arc in the
Lesser Antilles. How this happened is never is explained.

Such rotation is geometrically impossible. The rotating
arc sections would either have to be decoupled from and

slipped back over a narrowing Caribbean Plate or the plate
would have show intense internal folding. The former
would require plate-ward facing subduction below the rota-
ting arc (Pacific model illustrations of this episode show the
arc facing outwards; Pindell et al., 1988; Ross and Scotese,
1988). In addition the fate of the subducted crust as it con-
tinued to move east is difficult to imagine. The latter is not
evident; on the contrary, the plate is highly extended
(Diebold et al., 1999; Driscoll and Diebold, 1999).

B2. Geometric impossibility of entry of the Caribbean
Plate between the Americas.

Diagrams illustrating the entry of the Caribbean Plate
between the Americas show northeast movement in the
late Cretaceous- Palaeocene, followed by eastward move-
ment (Pindell and Dewey, 1982) and strong northwest-
southeast convergence with South America since the
Eocene (Fig. 2A; Pindell and Barrett, 1990; Pindell,
1993). Pindell et al. (1998, fig. 11) showed the pole of
Caribbean rotation moving south-southeast from 0.5°N,
78.5°W (Middle Eocene), to 20°S, 76°W (Late Oligo-
cene) to 68°S, 54° E (Late Middle Miocene). Figures 11
and 12 of the same paper show E45°S convergence (450
km north-south) between the Caribbean and northeastern
South America between 59 and 10 Ma, followed by a fur-
ther, 57° change of relative plate migration direction to
azimuth E12°N.

The postulated migrations imply a 90° change in direc-
tion of plate movement (Fig. 2A). In detail, diagrams show
the 3 000 km long plate progressively taking up the change
of direction upon entry into the inter-American location. The
trailing edge of the plate retains its northwest trend and
northeast migration while the leading edge is moving east.
This is not possible without major internal plate deformation
(northwest trending extension followed by compression?). I
show later (see section B14) that the plate is characterized by
extension along northeast trending faults.

B3. Geometric impossibility of Chortis rotation.

Diagrams illustrating the entry of the Caribbean Plate
between the Americas show the Chortis Block migrating
southeastwards at the same time as the trailing edge of the
plate is migrating northeastwards (Pindell, 1993; Rogers
et al., submittedc). This is not possible. 

Moreover, a Jurassic rift crosses Honduras (see sec-
tion B14) (Mills et al., 1967; Gordon, 1993; Rogers et al.,
submitteda). It parallels regional Jurassic extensional
strain between North and South America (James, 2002b,
2003a, 2005b) and argues against rotation of the block.
When the faulted eastern margin of the Maya Block is
lined up with the San Andreas Lineament east of Chortis,
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Jurassic grabens on the blocks also line up, indicating
around 900 km of sinistral offset (early Cayman offset,
section A2). Regional considerations (James, 2002b,
2003) show that this resulted from westward motion of
North America (Maya included), not eastward movement
of Chortis. Chortis has always been at the western end of
the Caribbean region.

B4. Continental margin sequences of Cuba show that
the island was in the Caribbean during the Jurassic and
end Cretaceous units show proximity of volcanic arc and
continental margin.

Cobiella-Reguera (2000) emphasized the similarity of
stratigraphy and magmatism in the upper part of Jurassic
continental margin sequences on Cuba (the Guaniguanico
mountains, the Maisí area of eastern Cuba and the South-
ern Metamorphic Belt -Isle of Youth and Escambray- in
the south, and the evaporite-bearing section of north-cen-
tral Cuba). The two sections show a simple Jurassic pale-
ogeography deepening southwards from the Bahamian
shelf. The latest Maastrichtian Via Blanca Formation con-
tains fragments of arc igneous rocks (Takayama et al.,
2000). Cretaceous megaturbidites (Cacarajícara, Amaro
and Peñalver Fms.) indicate that the volcanic arc (terrane)
was close to the North American continental margin at the
end of the Cretaceous (Cobiella-Reguera, 2000), long
before the postulated arrival of Pacific crust.

B5. Coeval continental margin sequences and ophiolites
of western Cuba suggest original proximity of these rocks.

Radiolarian cherts of Cuba occur in both deep-water,
continental-margin rocks and in ophiolites (Aiello et al.,
2004). In the continental margin sequence of Rosario
(Guaniguanico Terrane, western Cuba), the radiolarian
cherts of the Santa Teresa Fm overlie Lower Cretaceous
basinal limestones (Artemisa Fm) or sandstones (Polier
Fm). Radiolaria indicate deposition between the Aptian and
the Cenomanian (Pszczolkowski, 1999). The ophiolite
nappe of western Cuba also contains radiolarian cherts.
Radiolarian ages range between the Albian and the Ceno-
manian (Iturralde-Vinent, 1994, 1998). The ophiolite cherts
are almost coeval with the continental margin cherts of the
Santa Teresa Formation. The sections clearly are related.

B6. Albian shallow-water limestones above an uncon-
formity characterize both Caribbean and neighbouring
continental areas (Fig. 3), indicating a shared history.

Mattson (1984) noted a regional Albian unconformity
in the Caribbean. It is recorded in Cuba, Hispaniola and
Puerto Rico as a time of metamorphism, deformation and
intrusion. A coeval break exists along the southern plate
boundary in the Caribbean Mountains, Santa Marta Mas-

sif and on the Colombia-Caribbean coast. Lebron and
Perfit (1993) noted that in central Puerto Rico and eastern
Hispaniola lower, Primitive Island Arc rocks are separated
from upper calc-alkaline rocks by an unconformity. The
unconformity is overlain by shallow-water, Aptian-Albian
limestone indicating that uplift had occurred.

Donnelly (1989) summarized that early Cretaceous
section around the Caribbean consists mostly of thin units
of diverse lithologies, dominated by carbonates. The low-
er limit in most areas is Albian, characterized by thick
limestones. Donnelly (1989) discussed Albian-Campan-
ian platform limestones on the Maya Block (Cobán/Ixcoy,
Campur Formations).

Tardy et al. (1994) described the rocks of the Guerrero
suspect terrane of western Mexico and discussed these in
relation to Caribbean rocks. Whatever the basement,
oceanic or continental, on which the arc rocks were built,
they are capped by ubiquitous Albian limestones with reef
faunas similar to those on the North American craton.
Meyerhoff and Hatten (1974) reported that the Andros-1
well (Bahamas) bottomed in Albian backreef carbonates.
Shallow water Albian limestones occur in Cuba both in
the North American passive margin section of north Cuba
(Palenque and Guajaibon Fms.) and in the volcanic arc
terrane in the south (Guaos Fm.) (Iturralde-Vinent 1998).
Albian limestones occur across northern South America:
in Venezuela the Cogollo Group in the west and the El
Cantil Fm in the east (James, 2000). Lewis (2002) dis-
cussed Albian unconformities in the Dominican Republic
(overlain by Hatillo Fm. limestone), Cuba (overlain by
Provincial limestone) and Puerto Rico (overlain by Bar-
rancas and Río Matón limestones).
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FIGURE 3 Regional distribution of Albian shallow-water limestones
in the Caribbean region. They occur above a regional unconformity
and indicate a shared geologic history between continental and
island-arc elements and indicate that the Caribbean Plate was inter-
American at this time.



The unconformity/shallow-water limestone couplet
formed at a time when transgression was beginning (Villamil
et al., 1999). It records tectonic uplift and erosion followed
by carbonate formation. It affected the Caribbean and adja-
cent continental areas and shows a shared history.

B7. Paleocene – Middle Eocene flysch/wildflysch
deposits are regionally developed in the Caribbean area
(Figs. 4 and 5).

Flysch and wildflysch deposits occur in south Central
America (Rivas, Las Palmas and Brito Fms); between the
Maya and Chortis blocks (Sepur Fm) in the Guaniguanico
Cordillera (Manacas Fm) and in north central Cuba
(Vegas and Vega Alta Fms (Iturralde-Vinent, 1998), on
Jamaica (Richmond Fm, Wagwater) and Puerto Rico (San
German Fm), in northwest Colombia (Luruaco Fm; Maco
Conglomerate, Aleman, 1997, pers. comm.), in western
and central Venezuela (Matatere, Río Guache, Guárico,
Paracotos Fms, in Trinidad (Pointe-a-Pierre, Chaudiere
and Lizard Springs Fms), offshore Venezuela on Bonaire
(Rincón Fm) and Margarita (Punta Mosquito/Carnero
Fms) and in Golfo Triste wells, on Grenada (Tufton Hall
Fm) and on Barbados (Scotland Group; James, 1997,
2002a, 2005a).

They also occur in Peru (Talara Formation; Dorreen,
1951), Ecuador (Clay Pebble Bed, Marchant, 1956; San
Eduardo Formation, Daly, 1989), southeast Mexico (Oco-
zocuautla Formation, Dengo, 1968), in the Parras and Chicon-
tepec basins of north-northeast Mexico (Tardy et al., 1974).

The circum-Caribbean deposits include Cretaceous
and older continental rocks, along with volcanic-arc and
ophiolitic material derived from the Caribbean Plate.
They show regional and coeval interaction between the
Caribbean Plate and adjacent areas of North and South
America (James, 2002a, 2003, 2005a). Wildflysch depo-
sits contain blocks many kilometres in dimension and are
associated with very large nappes that sourced the material
(for review, see James, 2002, 2005a). They record a violent
event that is clearly distinct from the later (Oligocene –
Recent), diachronous transpression along the northern and
southern Caribbean Plate boundaries. Pacific models persis-
tently fail to distinguish these two separate histories (A5).

B8. Lithologic continuity between autochthonous deep
Caribbean and Venezuelan allochthonous units show that
the Caribbean Plate was in place during the Paleocene-
Middle Eocene event.

At Site 146/149 aphanitic limestones and claystones
of Campanian age are followed by siliceous limestones
and black cherts with Maastrichtian claystones followed
and then Paleocene laminated claystones interbedded

with siliceous limestones. The same sequence occurs in
the Río Chávez Formation, a klippe, and in the Mucaria
Formation of the Piemontine Nappe in northern
Venezuela (Vivas and Macsotay, 2002). The abyssal sedi-
ments remained in their original position, while the
Mucaria and Río Chávez formations were imbricated and
thrust above the South American passive margin. This
occurred during the Paleocene-Middle Eocene event not-
ed in the preceding paragraph.

B9. Middle Eocene limestones occur around the
Caribbean (Fig. 6), recording coeval uplift.

Following the flysch/wildflysch deposits (B7) Mid-
dle Eocene, shallow-water limestones are widespread in
the Caribbean area. In Central America they are known
from Costa Rica at five localities (Bolz and Calvo,
2002): Parritilla (southern Valle Central), Damas (Parri-
ta), Punta Catedral (Quepos promontory), Penón de Arío
(Nicoya Peninsula), and Quebrada Piedra Azul (Burica
Peninsula). In Panamá they occur in the Chiriquí (David
Limestone) basins (Escalante, 1990). Escalante (1990)
described widespread limestone at the top of the tur-
biditic Brito Fm in the Nicoya Complex. It traces
through the Nicoya Peninsula (Junquillal and Punta
Cuevas Limestones), the Central Pacific provinces
(Damas Limestone) and the Térraba Basin (El Cajón and
Fila de Cal Limestones) to the Chiriquí (David Lime-

Origin of the Caribbean PlateK.H. JAMES

290Geolog ica  Acta ,  Vo l .4 ,  Nº1-2,  2006,  279-302

FIGURE 4 Regional distribution of Palaeocene-Middle Eocene fly-
sch/wildflysch deposits. They record energetic (even violent) regional
interaction of the Caribbean Plate with neighbouring elements. The
future Aruba-Blanquilla island chain was emplaced onto northern S
America along with the Villa de Cura nappe (see Fig. 5A). Quartz
sands of the Scotland Group (Barbados) were abruptly deposited, on
the Atlantic Plate, more than 300 km offshore northern South Ameri-
ca. Their progress was halted by the Tiburón Rise. The Group contains
clasts derived from northeast South America. The latter two points
show that these sands accumulated in their present location, not fur-
ther west as posited by Pacific models. The Peñalver and Amaro For-
mations of Cuba are thought to be K/T impact megabreccias.
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stone) and Tuira-Chucunaque (Corcona Limestone)
basins of Panamá. Middle Eocene reef limestone (Río
Tonosí Formation) overlies upper Cretaceous basalt in
southwest Panamá (Kolarsky et al., 1995).

In the Greater Antilles Middle Eocene limestones
occur on Jamaica (White Limestone, Robinson, 1967;
James and Mitchell, 2002), Cuba (Boiteau et al., 1972;
Iturralde-Vinent, 1994, 1998), Haiti (Pubellier et al.,
2000), St. Barts (St. Bartholomew Fm, Christman, 1953;
Tomblin, 1975), Tortola and Virgin Gorda (Tortola and
Necker Formations include several limestones, Lewis and
Draper, 1990).

In the Lesser Antilles, the northeastern branch of low-
lying Lesser Antillean islands is called the Limestone
Caribees because of extensive middle Eocene-Pleistocene
calcareous cover (Maury et al., 1990). Tomblin (1970)
noted the presence of siliceous limestones with Middle –
Early Eocene foraminifera on Mayreau and of upper
Eocene, reefal limestones on Carriacou. 

Hunter (1995) described a line of late Middle Eocene
algal/foraminiferal limestones from the Central American
Isthmus, Colombia (Cienega de Oro or Tolu) to Venezuela
(Tinajitas), capping highly deformed flysch and other
deep-water sediments. They are best developed on the
frontal thrusts. They occur on Aruba (Helmers and Beets,
1977), Curaçao (Beets, 1977) and in the Cariaco Basin
(exploration drilling). 

Middle Eocene limestone also occurs within the
Caribbean Plate on the Aves Ridge (Fox et al., 1971; Nagle,
1972; Bouysse et al., 1990), Saba Bank (Pinet et al., 1985),
the Beata Ridge (Fox et al., 1971) and the Nicaragua Rise
(Alivia et al., 1984; Rogers et al., submitteda).

The limestones record the culmination of Paleocene-
Middle Eocene convergence when uplifts reached the
photic zone (Kugler, 1953; Hunter, 1995; Escalante,
1990; Sageman and Speed, 2003). Such a chronologically
well-defined event throughout the Caribbean area shows
regional interaction with adjacent plates of North and
South America.

Several authors have referred to this synchronous tec-
tonic event in northern South America. Bell (1972) recog-
nized a Middle Eocene orogeny, involving crustal short-
ening, overthrusting, uplift and strike-slip faulting in
Venezuela and Trinidad. Guedez (1985) noted late Middle
Eocene uplift of the Monay-Carora area. Chigne and
Hernández (1990) stated that Andean uplift in Venezuela
began in the Middle Eocene. Audemard (1991, 1993)
reported seismic evidence of uplift of the Perijá in the
Eocene. Maresch et al. (1993) and Kluge et al. (1995)

reported (K/Ar) radiometric data indicating uplift of Mar-
garita Island at 50 – 55 Ma. Apatite fission track data indi-
cate Middle Eocene deformation in the Serranía del Interior
of eastern Venezuela (Aleman, 2001, pers. comm.).

B10. A regional Late Eocene hiatus characterizes
many circum-Caribbean sections.

Bandy and Casey (1973) noted that a hiatus covers
most of the Late Eocene-Early Oligocene interval in east-
ern Panamá, with deep-water sedimentation occurring
again in the Middle Oligocene. Barbosa et al. (1997)
described how broad continental areas formed in the arc
in the Middle-Late Eocene in Costa Rica. Calais and
Mercier de Lepinay (1995) noted tectonic unconformities
on land and at sea in the Late Eocene of Cuba and His-
paniola. Ave Lallement and Gordon (1999) reported iso-
topic data indicating exhumation of metamorphic rocks
on Roatan Island, Honduras, in the Late Eocene – Early

FIGURE 5 A) Detail of the Middle Eocene flysch/wildflysch deposits
emplaced onto northern South America in the Middle Eocene. The
Aruba-Blanquilla complex is shown as the western extension of the
Villa de Cura-Margarita-Lesser Antilles volcanic-arc. B) shows the
same area after northeast translation of the Bolivar-Bonaire blocks,
driven by the converging Pacific Nazca Plate. The Bonaire Block has
transgressed the dextral Caribbean-South America plate boundary. It
became internally deformed by pull-apart extension since the
Oligocene. Summation of this extension indicates 300 km of dextral
plate movement. G: Guárico Basin; M: Maturín Basin; GP: Gulf of
Paria; CB: Columbus Basin are foreland basins that progressively
developed from west to east, from the Oligocene to Recent.



Oligocene. Hunter (1974) noted that in northern South
America only the Cerro Mision Formation of Falcón and
the San Fernando Formation of Trinidad yield conclusive
evidence of Late Eocene age. As with sections B 7 and 9,
regional history indicates that the Caribbean Plate was in
place at this time.

B11. The Scotland Group of Barbados; not a far-
traveled deposit.

The Barbados accretionary prism includes the Middle
Eocene Scotland Group (Fig. 4; James, 2002b, 2003,
2005a). This almost pure quartzite, containing blue
quartz, correlates with the Lower – Middle Eocene Mirador
and Misoa Fms of Colombia and Venezuela.

Early Pacific Caribbean models showed the migrating
plate picking up the Scotland sands from a site north of
the Maracaibo Basin (Dickey, 1980; Beck et al, 1990;
Pindell, 1993). Pindell et al. (1998) changed this model,
showing the sands accumulating in the Lesser Antilles
trench when it lay north of the Araya Peninsula during the
Oligocene. However, the sands are interbedded with
hemipelagic units containing Middle and Late Eocene
radiolaria (Cuevas and Maurasse, 1995). DSDP Site 672,
on the Atlantic Plate to the east, encountered correlative
Middle and Upper Eocene sands (Mascle et al., 1986).
Deposition occurred in the Middle Eocene, at the same
time as regional flysch/wildflysch deposition (B7).

Peter and Westbrook, (1976) and Westbrook et al.
(1984) noted that basement ridges in the Atlantic cause
ponding of Orinoco fan sediments. The Barbados Ridge
dies out at the Tiburón Rise (Dolan et al., 1990). Dolan et

al. (1990) reported the presence of Middle Eocene-
Oligocene (Middle Eocene peak) “coarse” (very fine silt
to medium and-rare-coarse sand) sediment on top of the
Tiburón Rise (ODP Leg 110). Mineralogy suggests a
South American source. Such sediments are absent from
Site 543, just 19 km to the north, confirming that the
material arrived from the south and that sediment flow
was blocked to north by the Rise. 

Exotic rocks on Barbados indicate that the Scotland
Group came from the eastern part of northern South.
America. Kugler (1953) and Tomblin (1970) identified
rocks like the Naparima Hill (the unit occurs in Trinidad
and areas to the east), while Meyerhoff and Meyerhoff
(1971) mentioned the presence of large exotic blocks of
Albian limestone bearing faunas identical to those of
Trinidad and eastern Venezuela (Vaughan and Wells,
1945; Douglass, 1961). Senn (1944) described the sands
as sharp and angular, angular to edge-rounded, rarely well
rounded. They clearly arrived at such a distant location
via very rapid transport (see Section B7).

The relationship between the Scotland sands and the
Tiburón Rise, on the Atlantic Plate, and the presence of
rocks derived from northeast South America show that
they accumulated in place.

B12. Seismic data show that the Lesser Antilles is a
long-lived arc.

Middle Eocene sands encountered on the Tiburón Rise
at DSDP 672, on top of the Tiburón Rise correlate with
reflections on a proprietary seismic line over the eastern
slope of the Lesser Antilles. Distinctive Middle Eocene
reflections tie back to middle Eocene section in the well
Caracolito-1x on the Venezuelan continental margin. The
Middle Eocene-Jurassic ocean basement section pinches
out against the flank of the Lesser Antilles and shows that
the arc is long-lived.

B13. Dextral displacement of only 300 km has
occurred between the Caribbean and South America
since the Oligocene (Figs. 5A and 5B).

Edgar et al. (1971) reported that the Netherlands West
Indies are underlain by a 5.4 km/s layer and surrounded
by thick, high-velocity sediments. The islands do not
form a continuous ridge but are individual, aligned highs
of 5.4 km/s material separated by thick sedimentary fill.
The islands’ structural periodicity is identical to that of
the Internal Ranges of Venezuela and records their com-
mon tectonic heritage (James, 2000).

Beets et al. (1984) and Donnelly et al. (1990) noted
the similarity in chemistry of the Bonaire and Curaçao

Origin of the Caribbean PlateK.H. JAMES

292Geolog ica  Acta ,  Vo l .4 ,  Nº1-2,  2006,  279-302

FIGURE 6 Regional distribution of Middle Eocene shallow-water
limestones in the Caribbean region. They indicate regional geological
uplift at the culmination of Paleocene-Middle Eocene convergence.
Like the deposits of Fig. 4, they indicate an inter-American location of
the Caribbean Plate at the time of deposition. 



volcanics and the Villa de Cura Group. Igneous rocks of the
Netherlands Antilles consist of 3-5 km thick, Middle Albian
to Coniacian arc lavas and a Santonian tonalite-gabbro
batholith. The Villa de Cura group is a 4-5 km thick
sequence of “Caribbean Plateau basalts”, island-arc vol-
canic and volcaniclastic rocks. Both sets of rocks are associ-
ated with flysch/wildflysch (B7). Figure 5A shows that the
island chain originally was the westward continuation of the
Villa de Cura nappe, emplaced along northern Venezuela
during Paleocene-Middle Eocene convergence (James,
2003, 2005a). The eastern continuation is the Tobago Ter-
rane (Snoke, 1990), which links the Villa de Cura nappe, via
Margarita and Los Testigos, with the Lesser Antilles.

Following the regional Paleocene-Middle Eocene con-
vergence event northwestern South America (the Bolivar
Block, James, 2000, 2005b) moved northeast along faults
that parallel Colombia’s Eastern Cordillera and
Venezuela’s Mérida Andes. The northern part of the
Block (the Maracaibo-Bonaire Block, James, 2000)
delaminated and crossed the Caribbean-South American
plate boundary (literature commonly and incorrectly
refers to this overthrusting as subduction of the Caribbean
below northwest South America, but the Caribbean Plate
is moving east, not south). From the Oligocene onwards,
E-W dextral relative motion characterized the plate
boundary. As a result, major pull-apart basins bounded by
northwest-southeast oblique slip, tensional faults formed
in the Maracaibo-Bonaire Block. They characterize the
Falcón Basin, (now inverted), the Gulf of Venezuela, the
Urumaco Trough, La Vela Bay, Golfo Triste and the
depressions that separate the Netherlands and Venezuela
Antilles. Lake Maracaibo is a young pull-apart in the
same system.

Drilling adjacent to Aruba penetrated an Oligocene –
Recent record of rapid subsidence of weathered Creta-
ceous basement (Curet, 1992). The Cayosal-1x well in the
Golfo Triste encountered Oligocene coarse-grained silici-
clastic rocks above Eocene shelf deposits. The Falcón
Basin suffered Oligocene extension prior to Miocene
inversion. Moderate to very deep marine shales of the
Pecaya Formation lie unconformably on lightly metamor-
phosed Eocene. Extensional alkaline basaltic intrusion in
the Falcón Basin occurred in the Oligocene – Miocene
(Muessig, 1978). La Vela Bay is an offshore extension of
the Falcón Basin. The Urumaco Trough subsided in the
Oligocene. Oligocene Carbonera sandstones overlie Mid-
dle Eocene section in the Maracaibo Basin. The data
show that pull-apart extension began in the Oligocene
(35-30 my ago).

Removal of extension between the Aruba-Blanquilla
islands restores Blanquilla approximately 300 km west-
ward to the present location of Las Aves. Here, it lay

along the strike of the Boconó Fault, the pathway of its
northeast translation. The reconstruction shows that from
the Oligocene to Present, only 300 km or so of dextral
displacement has occurred between the Caribbean and
northern South America (average rate around 1 cm/y)
(Stainforth, 1969, estimated 300 km offset along the El
Pilar Fault).

B14. Middle America shows a regional pattern of
northeast trending extensional faults formed during
regional, Jurassic-Cretaceous sinistral offset between
North and South America. They show that the Caribbean
Plate was in place when they developed.

Figure 7 is a compilation of northeast trending exten-
sional faults (sources: IFP Caribbean Geological Map,
Exxon map of the World, many other references in bibliog-
raphy) between North and South America. The faults occur
in Southern North America, in the northwestern Gulf of
Mexico, in the Yucatán Basin, along the southeast margin
of the Nicaragua Rise, on the Maya and Chortis Blocks, in
the Venezuelan Basin (Case and Holcombe, 1980; Diebold
et al., 1999) and along northern South America. They show
a regional structural coherence indicating a shared tectonic
history between the Caribbean and its neighbours. Note,
here that there is no indication of a regional Caribbean
radial pattern that would be expected from doming (Glen
and Ponce, 2002) above a mantle plume (championed by
Kerr, 1995 and Kerr et al., 1996).

Extension in the Venezuelan Basin occurred prior to
formation of smooth Horizon B’’ (i.e., pre-Senonian
extension) (Diebold et al., 1999). Holcombe et al. (1990)
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FIGURE 7 Northeast trending extensional strain in Middle America
includes Triassic-Jurassic rifts in the southern United States and in
northern S America, extended continental crust in the Gulf of Mexico,
eastern offshore N America, eastern Yucatán, the Nicaragua Rise and
western Venezuelan Basin/Beata Ridge. Parallelism of Jurassic rifts
on Yucatán and in Honduras with the regional Middle America strain
show that the Maya and Chortis Blocks have not rotated.



noted the undisturbed nature of upper Cretaceous-Recent
sediments next to the Hess Escarpment, indicating that
the latter is at least as old as late Cretaceous. Driscoll and
Diebold (1997) remarked that the character of reflections
in the Venezuelan crust resembles wedges elsewhere in
the world that are associated with the cessation of conti-
nental rifting and the onset of seafloor spreading
(Rosendahl et al., 1992). The extensional faults in the
southeast of North America and along northern South
America formed during Triassic-Jurassic rifting.

The regional extension relates to regional sinistral stress
(strain ellipses of Fig. 2B) resulting from N60°W offset of
North America relative to South America (oceanic fractures
along eastern seaboard of North America, trend of the Cen-
tral America Trench; Fig. 7; James, 2002b, 2005b). It indi-
cates an inter-American origin for the Caribbean Plate.

B15. The Chortis block has always been at the west-
ern end of the Caribbean area – there was no space for a
Caribbean sized plate to enter from the Pacific.

Major (50° or more) anticlockwise rotation of the
Chortis Block (Dengo, 1985; Ross and Scotese, 1988)

postulated by Pacific models is required if space were
to have existed for entry of the Caribbean Plate.

Marked thickness changes of Jurassic strata (Gordon,
1993, pers. com., 2004) occur over the N35°E trending
Guayape fault of Honduras. Rogers et al. (submitteda) show
its Jurassic origins and Rogers (pers. com., 2004) reflects on
its (Jurassic) rift origins. The N35°E trending Rio Hondo Fault
that crosses the Maya Block separates thin or absent Jurassic
to the northwest from thicker Jurassic to the southeast (López-
Ramos, 1975).

The Guayape and Río Hondo faults parallel Jurassic
rifts in southeast North America and in northern South
America and N35°E trending Triassic-Jurassic megas-
hears in Mexico (Rueda-Gaxiola, 2003; Fig. 7). Neither
Maya nor Chortis has rotated. 

B16. Palaeomagnetic data from western Cuba and
Central America negate major differential movement of
the Caribbean relative to South America.

Alva-Valdivia et al. (2000, 2003) studied palaeomag-
netism in rocks of the Guaniguanico Terrane, western
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FIGURE 8 The Caribbean, Scotia and Banda seas are similar in size,
shape and tectonic setting between major continental blocks. Scotia
and Banda are both known to have formed in place by back-arc spread-
ing. Analogy between Caribbean and Scotia plates suggests that the
Beata and Aves Ridges are both spreading ridges (equivalent to the
West and East Scotia Ridges) and that continental blocks underpin His-
paniola-Puerto Rico-Virgin Islands (equivalent to continental blocks of
the North Scotia Ridge).
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Cuba, and found a palaeopole that did not significant-
ly differ from North American Jurassic-Cretaceous
poles. It suggests that no major latitudinal displace-
ments have occurred since the Jurassic.

Frisch et al. (1992) reported that palaeomagnetic
data from the ophiolite complexes of the Pacific coast
of Costa Rica and western Panamá formed in an equa-
torial position and moved approximately 10° north-
ward since. This conforms to the movement of South
America. Di Marco et al. (1995) determined that the
Chorotega Block, which forms most of southern Cen-
tral America and was the western edge of the
Caribbean Plate during the Late Cretaceous-Pale-
ocene, originated close to its present latitude and has
not rotated relative to South America since the late
Cretaceous. Southern Central America, like Chortis
(B 15), has always been at the western end of the
Caribbean area

B17. Comparison of the Caribbean, Scotia and
Banda areas indicate similar origins.

The Caribbean, Scotia and Banda plates are strik-
ingly similar in form and dimension (Fig. 8), around
3 000 km long E-W and 700-800 km wide north-
south. They share similar, extensional tectonic set-
tings between large continental masses. The similari-
ty suggests that the three plates had a common
origin. The Scotia and Banda plates are both shown
by magnetic anomalies and drilling to have formed
by spreading in place (Hamilton, 1979; Honthaas et
al., 1998; Cunningham et al., 1998; Barker, 2001).
The analogy between the Caribbean and Scotia
plates has important implications for understanding
of the Caribbean Beata and Aves ridges and for the
distribution of continental fragments in the area
(James, 2002b, 2003, 2005b).

B18. An inter-American origin of the Caribbean
Plate offers a simple account of regional geology.

The inter-American origin of the Caribbean Plate
accommodates regional geology in simple terms
(James, 2002b, 2003, 2005b). It shows a shared histo-
ry of Jurassic rifting, Jurassic-Late Cretaceous sinis-
tral offset and extension, Paleogene plate-margin
shortening and Oligocene-Recent strike-slip with its
continental and oceanic neighbours. It requires no
changes of subduction polarity, no hot spot or plume,
no major rotations of island-arcs or continental
blocks, no major plate migration and no major
changes in migration direction. It contrasts sharply
(Occam’s Razor-sharp) with the geometrically
improbable and needlessly complex Pacific models.

CONCLUSIONS

Arguments proposed to support a Pacific origin for the
Caribbean Plate do not hold up to close scrutiny. Entry of
a Pacific-derived plate would have involved unlikely, geo-
metrically complex and highly diachronous events. These
would have included changes in direction of subduction,
changes in direction of plate migration, major (1000s of
km) plate migration, major rotation of large parts of an
island arc, major rotations of the Maya and Chortis blocks
and diachronous development of flysch/wildflysch
deposits as the entering plate interacted with neighbour-
ing elements. The internal structural conformity of the
Caribbean Plate and of the Maya and Chortis blocks with
regional geology of Middle America shows that no major
rotations have occurred. Coeval, regionally developed
deposits of Albian shallow water limestones, Paleocene-
Middle Eocene flysch/wildflysch deposits, Middle
Eocene limestones, and a regional Late Eocene hiatus
developed in an inter-American location, not a changing
Pacific-Caribbean location. Neogene displacement of the
Caribbean relative to North and South America amounts
to no more than 300 km. The Pacific model is complex
and improbable and is not supported by geological data.
The inter-American model is simple and feasible; it
accounts for geological data.
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Foundations of Gulf of Mexico and Caribbean evolution: 
eight controversies resolved

Eight points of recurring controversy regarding the primary foundations of models of Gulf of Mexico and Caribbean tecton-
ic evolution are identified and examined. The eight points are controversial mainly because of the disconnect between differ-
ent scales of thinking by different workers, a common but unfortunate problem in the geological profession. Large-scale
thinkers often are unaware of local geological detail, and local-scale workers fail to appreciate the level of evolutionary pre-
cision and constraint provided by regional tectonics and plate kinematics. The eight controversies are: (1) the degree of free-
dom in the Gulf-Caribbean kinematic framework that is allowed by Atlantic opening parameters; (2) the existence of a
South Bahamas-Guyana Transform, and the role of this structure in Cuban, Bahamian, Trinidadian, and Guyanese evolu-
tion; (3) the anticlockwise rotation of the Yucatán Block during the opening of the Gulf of Mexico; (4) the Pacific origin of
the Caribbean oceanic crust; (5) the Aptian age and plate boundary geometry of the onset of west-dipping subduction of
Proto-Caribbean beneath Caribbean lithospheres; (6) the origin and causal mechanism of the Caribbean Large Igneous
Province…not Galapagos!; (7) the number and origin of magmatic arcs in the northern Caribbean; and (8) the origin of
Paleogene “flysch” deposits along northern South America: the Proto-Caribbean subduction zone. Here we show that there
are viable marriages between the larger and finer scale data sets that define working and testable elements of the region’s
evolution. In our opinion, these marriages are geologically accurate and suggest that they should form discrete elements that
can and be integrated into regional models of Gulf and Caribbean evolution. We also call upon different facets of the geolog-
ical community to collaborate and integrate diverse data sets more openly, in the hopes of improving general understanding
and limiting the publication of unnecessary papers which only serve to spread geological uncertainty.

Gulf of Mexico. Caribbean. Tectonic evolution. Proto-Caribbean. Pacific origin.

Geologica Acta,  Vol .4 ,  Nº1-2,  2006,  303-341

Avai lable onl ine at  www.geologica-acta.com

© UB-ICTJA 303

KEYWORDS

A B S T R A C T

J. PINDELL         L. KENNAN      K.P. STANEK       W.V. MARESCH      and G. DRAPER     

Tectonic Analysis Ltd.
Chestnut House, Duncton, West Sussex, GU28 0LH, England.  E-mail: jim@tectonicanalysis.com

Department of Earth Science, Rice University
6100 Main Street, Houston, TX 77005-1892 USA

German Institut für Geologie, TU Bergakademie Freiberg
Bernhard-von-Cotta-Strasse 2, D-09596, Freiberg, Germany

Institut für Geologie, Mineralogie und Geophysik, Ruhr-Universität Bochum
D-44780, Bochum, Germany

Department of Earth Sciences, Florida International University
SW 8th Street, Miami, Florida 33199 USA

1,2 1 3 4 5

1

2

3

4

5



Foundations of Gulf of Mexico and Caribbean evolutionJ. PINDELL et al.

304Geolog ica  Acta ,  Vo l .4 ,  Nº1-2,  2006,  303-341

INTRODUCTION

In recent years, the geological community has seen
the re-emergence of some former controversies regarding
the evolution of the Gulf of Mexico-Caribbean region. In
part this reflects a change in academic research emphasis,
with a reduction in the recognition of the importance of
robust regional plate tectonic reconstructions and the
degree of accuracy that these reconstructions have, and
thus the constraints they can place on evolutionary mod-
els at the sub-regional and local scales in the Caribbean.
From the 1970s to the early 1990s many of these contro-
versial issues had been largely sorted out. The situation
may also partly reflect the involvement of new or younger
workers who were not actively involved in much of the
older work, for whom there is a tendency to “start again”
with regional models rather than to acknowledge and
assimilate the vast wealth of historical progress. In this
paper, we identify eight of these controversies, outline
local data and regional analyses to show that viable mar-
riages of the two scales can in fact be made, and suggest
that the integrated solutions to the controversies comprise
essential elements of any regional evolutionary synthesis
of the Caribbean region.

CONTROVERSY 1, PRECISION LEVELS OF 
ATLANTIC RECONSTRUCTIONS AND THE GULF/
CARIBBEAN FRAMEWORK 

Marine magnetic anomalies (shiptrack data) and frac-
ture zone traces (Seasat and Geosat altimetry data), have
now been mapped in the Central, Equatorial, and South
Atlantic oceans to a level of detail that allows reconstruc-
tion of the relative paleopositions of the circum-Atlantic
continents to accuracies of better than 50 km error for
most anomalies (Klitgord and Schouten, 1986; Pindell et
al., 1988; Müller et al., 1997, 1999). This, combined with
ever-improving accuracies of the ages of the magnetic
anomalies (Gradstein and Ogg, 1996; Gradstein et al.,
2005), allows very little freedom for proposing changes to
the geometric framework that the Atlantic opening history
provides on Gulf of Mexico and Caribbean evolution.
Figure 1 shows an updated relative motion history for
North and South America derived from finite difference
solutions of the three-plate circuit North America-Africa-
South America (Ladd, 1976; Pindell et al., 1988) , along
with estimated error bars (ellipses) for Triassic to Present.

For anomalies 34 and younger, the errors are small
and due mainly to the 20 km or so width of fracture
zones, within which we do not exactly know where the
paleo-transform faults lie. Estimated error ellipses are
somewhat larger for the pre-Aptian portion of the flow-
path, because for pre-Aptian time the flowpath is depen-

dent upon the less accurate Aptian and older continental
reconstruction employed for the Equatorial Atlantic.
However, recent satellite altimetry (and resulting gravity
anomaly maps) data provide sufficiently accurate defini-
tion of Equatorial Atlantic fracture zones and their inter-
sections with the South American and African margins
that we can now reconstruct the syn-rift configuration of
that oceanic tract with greater accuracy (~50 km freedom)
than we could previously. Figure 2 shows two stages of
this reconstruction which: (1) bring opposing continental
crusts together along the flow lines indicated by fracture
zones, (2) require the independent rotation of the Sao
Luis block to close the Marajó Basin and to avoid conti-
nental overlap along the middle portion of the reconstruc-
tion (following Pindell, 1985a); (3) realign the Guinea
and Demerara plateaux which together had formed the
southeastern part of the Middle Jurassic-Aptian Central
Atlantic continental margin prior to Equatorial Atlantic
break-up; and (4) accord with the Early Aptian as the time
of initial Equatorial Atlantic rifting as confidently indicat-
ed by the fills of the Equatorial Atlantic rift basins and
margins (Ojeda, 1982; Marqués de Almeida et al., 1996;
Mascle et al., 1995). The pre-rift Equatorial Atlantic
reconstruction of Fig. 2B and others like it (Pindell,
1985a) are far tighter than the classic reconstruction of
Bullard et al. (1965), thereby requiring the existence of
two or more plates in Early Cretaceous Africa (Dewey
and Burke, 1974; Pindell and Dewey, 1982).

Regarding the Gulf of Mexico/Caribbean region, Fig.
2B defines an assembly of northern Africa and northern
South America that in turn can be progressively recon-
structed with North America by closing Early Creta-
ceous–Jurassic portions of the Central Atlantic spreading
fabric. This is how we must define the pre-Aptian relative
positions of North and South America (Ladd, 1976); in
order to do this we are forced to accept the assumption
that no significant motions occurred along the recon-
structed Equatorial Atlantic rifted margins prior to the
time represented by our Fig. 2B reconstruction. But how
valid is this assumption, and what error limits can be
placed on it?

Pre-Aptian ages on basalts from the Equatorial
Atlantic margins have been reported from K-Ar age dat-
ing efforts (Mizusaki et al., 2002; Ojeda, 1982), suggest-
ing the possibility of some “creaking and groaning”, par-
ticularly in and south of the “Amazon Rift”, prior to
eventual Aptian breakup. Judging from reconstructions of
Pangea that adhere kinematically to Atlantic closure flow-
lines (Pindell and Kennan, 2001a), such early motions
(which we presume if they happened at all would have
been extensional along both the future Equatorial rift and
transform trends) would affect the initial relationship
between North and South America mainly in an ENE-



WSW direction. To our knowledge there is no record of
pre-Aptian marine deposition along the Equatorial
Atlantic margins south of the reconstructed composite
Demerara-Guinea Plateau, indicating to us that such pos-
sible early motions were relatively minor. If pre-Aptian
extensional movement between these two margins was as
much as, say, 30 km, then the total effect on the Pangean
reconstruction in the Gulf of Mexico area after closure
would be to shift northern South America about 50 km to
the ENE relative to North America. This potential adjust-
ment is far too small to allow for any significant differ-

ence in the initial relationships between crustal blocks in
the Gulf of Mexico/Yucatán/Bahamas area, but it might
lead to slightly different local structural models for cer-
tain rift zones and to small adjustments in the amount of
syn-rift stretching or block rotation. If this degree of
minor intra-plate deformation did occur in the Equatorial
Atlantic, there is no way other than to date every extru-
sive basalt along the margin to ascertain if the 30-50 km
shift in the reconstruction occurred throughout Late
Jurassic-Neocomian time, or if it occurred as a more dis-
crete episode at some point within that timespan, such as
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FIGURE 1 Relative motion history for North and South America from initial opening of the Central Atlantic Ocean through to the present. The lower
map shows an enlargement for Late Cretaceous to the present. Sources include Pindell et al. (1988), Müller et al. (1999) and minor revisions (Tec-
tonic Analysis Ltd., unpublished calculations) to the Aptian-Albian fit between Africa and South America. Estimated error ellipses are semi-schematic
and show the general range of variation between various plate-kinematic models published over the last 20 years. Error ellipses for the Late Creta-
ceous through recent schematically represent the error ranges calculated by Müller et al. (1999). The error ellipse for Late Albian time (100 Ma) is
larger and skewed to the northeast, reflecting uncertainties in the early opening history of the Equatorial Atlantic. This figure and others below were
prepared with the aid of the Generic Mapping Tools package (Wessel and Smith, 1991).
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FIGURE 2 A) 83.5 Ma Campanian reconstruction has restored Africa relative to a fixed South America, using flowlines and magnetic anomalies in
the Equatorial Atlantic. No older magnetic anomalies are identified in the region, indicating that initial opening occurred at or after earliest Aptian
time. B) A ca. 120 Ma Aptian reconstruction closes the Equatorial Atlantic, initially following flowlines defined by pre-Campanian fracture zones,and
finally matching South American continental edges between Demerara and Potiguar and African continental edges between Guinea and the Niger
Delta. Geologic evidence points to a diachronous opening history after the time represented on this map, with rifting and separation starting in the
south in the early Aptian propagating northward and reaching the Demerara-Guinea area by about middle Albian time. The rotation pole parameters
for the Equatorial Atlantic fit are Longitude: 325.22, Latitude: 51.79, Age: 120.4 Ma, Angle: 51.68.



just prior to Aptian breakup. Hence, we are forced to
accept a 50 km or so error limit in the pre-Aptian relative
paleopositions of North and South America (Fig. 1).

Concerning the age of initial significant rifting in the
Equatorial Atlantic margins, the stratigraphy of the mar-
ginal basins suggests Early Aptian rifting (red beds) fol-
lowed by Late Aptian marine inundation. However, if rift-
ing was either greatly protracted or essentially
instantaneous, then this estimate may be in error by a few
million years, leaving a possible range from Barremian to
“middle” Aptian. This age range does not affect pre-Bar-
remian circum-Atlantic reconstructions, nor does it affect
the flowpaths of North and South America. However, it
could affect the amount of separation between South
America and northern Africa along those flow lines for
the Barremian-Santonian period, by perhaps a few tens of
km. Again, this degree of freedom is far too small to
allow for significantly different viewpoints in the origin
of large blocks and plates in the overall Gulf of
Mexico/Caribbean system.

A related, and more significant, aspect of Equatorial
Atlantic opening history is the rate at which it opened
during the Mid-Cretaceous Quiet Period (time between
anomalies M0-34; 119-84 Ma). Although we can define
the flow path (azimuth) very well between these two con-
tinents for this interval, the rate of opening during the
interval may have been (1) linear (Pindell et al., 1988),
(2) slower early on and faster later on, (3) faster early on
and slower later on, or (4) more variable throughout, with
pulses and lulls. A slower rate of Equatorial Atlantic
opening early on would have created a larger marine gap
within the Proto-Caribbean Seaway earlier, as the slower
Equatorial rate would have to be accompanied by a faster
opening rate in the Proto-Caribbean. This option was
employed to a maximum by Pindell (1993), in which the
Late Albian North-South America reconstruction is nearly
the same as the anomaly 34 reconstruction in order to
maximize the Proto-Caribbean gap prior to the relative
eastward migration of the Caribbean Plate from the Pacif-
ic. Similarly, a more rapid initial rate of Equatorial
Atlantic opening, but with a later time of onset of opening
(suggested by data from ODP Leg 207, Erbacher et al.,
2004) has the same result. However, the maximum
employment of this option (Pindell, 1993) is probably
incorrect, because models of Late Cretaceous tectonic
interactions between the Great Caribbean Arc and North
America and South America, respectively, are most com-
pelling within a framework of continued divergence
between the Americas until the Early Campanian (Pindell
and Kennan, 2001; Controversy 5, below). Given that we
must adhere to Atlantic flow lines defined by fracture
zone trends, the Late Albian (~100 Ma) position between
North and South America could have been about 300 km

different (allowing in turn a Proto-Caribbean that is 300
km wider in the NW-SE direction) than a Late Albian
reconstruction that assumes (1) linear spreading rates in
the Equatorial and Central Atlantic during the Cretaceous
Quiet Period, and (2) an Early Aptian onset of spreading
in the Equatorial Atlantic. If continents take time to accel-
erate during rifting (on the order of 10 m.y.?), then such a
kinematic model for the Equatorial Atlantic (and thus the
Proto-Caribbean) is perhaps warranted.

In summary, the freedom for each magnetic anomaly’s
reconstruction, even those during the Cretaceous Quiet
Period, is sufficiently small that significant changes to the
regional kinematic framework (flowpath shown in Fig. 1)
cannot be made without violating mapped oceanic
spreading fabrics or currently accepted models of Equato-
rial Atlantic continental break-up.

CONTROVERSY 2, THE SOUTH BAHAMAS-GUYANA
TRANSFORM MARGINAL OFFSET: TEMPLATE FOR
ASPECTS OF TRINIDADIAN AND CUBAN EVOLUTION

An important derivative of the Atlantic opening histo-
ry is that the southwestern limit of thinned continental
crust beneath the Grand Banks portion of the Bahamas
(Ladd and Sheridan, 1987), but not the southeastern
Bahamas (Uchhupi et al., 1971), must form the conjugate
[transform] marginal offset to the northeast limit of the
continental crust along the Guyana margin, and vice-ver-
sa (Fig. 3). Further, Fig. 3 indicates that this marginal off-
set limiting the Bahamian continental crust should be sit-
uated now beneath the allochthonous arc-related rocks of
Cuba, approximately along central Cuba’s southwestern
offshore shelf. Such a position is supported by sharp grav-
ity and bathymetric gradients, which may pertain to more
than just the boundary between the Yucatán [intra-arc]
Basin (Rosencrantz, 1990) and the Cuban allochthonous
terranes. The allochthonous terranes were emplaced in the
Paleogene, and comprise the parallochthonous belts of the
Remedios and Camajuani zones, the accretionary Placetas
Zone, and the allochthonous northern ophiolites (suture
zone) and the obducted arc and subduction zone-related
complexes (i.e., Escambray, Mabujina, Cretaceous arc
volcanics) of central Cuba between Havana and the Cauto
Basin. In the Jurassic, the Bahamian continental crust
including that now beneath Cuba filled the space to the
northeast of the Guyana Escarpment and to the northwest
of the reconstructed Guinea-Demerara Plateau of the
Equatorial Atlantic (Pindell, 1985a). The position of the
boundary between rifted continental crust and oceanic
volcanic crust at the foot of the Guyana Escarpment is
well-constrained (unpublished oil industry seismic and
gravity data; Boettcher et al., 2003), and hence we can
use the Atlantic kinematics to infer the approximate posi-
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tion of the Bahamian marginal offset, within the error
limits of Fig. 1, even though it is now hidden beneath the
Cuban thrust belt. Concerning the southeastern Bahamas
(i.e., Caicos, Inagua and eastwards), gravity, seismic
reflection, and seismic refraction data suggest that the
basement is of probable oceanic or hot-spot origin,
formed in relation to Atlantic seafloor spreading, such
that this crust need not fit into Jurassic continental recon-
structions. We suspect that the Oriente Province of Cuba,
southeast of Cauto Basin, does not have Bahamian conti-
nental crust beneath it, and possesses a more typical arc-
type crust. However, the metamorphosed carbonates
beneath the Purial volcanic complex of Oriente (Iturralde-
Vinent, 1994, this volume) may suggest that at least atolls
or other shallow carbonate banks existed in the Proto-
Caribbean Seaway as the Cuban arc approached the
Bahamas.

Two important points can be drawn from Fig. 3. The
first is that the allochthonous Cuban forearc/prism thrust
imbricates have been obducted onto the southern edge of
the Great Bahamas Bank by 150-200 km. This overthrust-
ing is only the last increment (Eocene age) of a much
larger demonstrable shortening in excess of 450 km
(Hempton and Barros, 1993). The second point is that the
Darien Ridge in the Trinidadian eastern offshore, which
bears Cretaceous-Middle Miocene shelf strata in the sub-
surface (Boettcher et al., 2003), must have migrated east-

ward across the NW projection of the Guyana Escarp-
ment marginal offset during Late Miocene and younger
dextral strike-slip motion along the Point Radix-Darien
and Central Range fault trends (Pindell and Kennan,
2001b). This Late Miocene-Recent eastward migration
must closely match the amount and timing of E-W exten-
sion in the Gulf of Paria low-angle detachment basin to
the west, and exceeds 80 km. This type of “lateral obduc-
tion” of a terrane from one basement to another along
strike has only rarely been recognized in thrust belts of
the world, because only rarely is the strike-slip compo-
nent of motion measurable in thrust belts.

Figure 3 has further implications for the Yucatán-
South America reconstruction. The existence of a
“Trinidad re-entrant” along the northern South American
margin of the Proto-Caribbean Seaway has been consid-
ered for some time (Pindell and Erikson, 1994; Pindell et
al., 1998). Such a re-entrant should have a corresponding
salient or promontory of thinned continental crust on the
northwestern side of the Proto-Caribbean Seaway, and
more specifically along the northeastern flank of the
Yucatán Block. The Isle of Youth sits in precisely that
position in our reconstruction; although comprised at the
surface of metamorphosed material belonging to the
allochthonous Cuban thrustbelt, the Isle of Youth surface
material may have been thrust in the Paleocene-Eocene
onto a salient of thinned Yucatán continental basement
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FIGURE 3 Reconstruction of North America, South America and Africa at approximately the time of last salt deposition in the Gulf of Mexico Basin
(“salt fit”). This map rotates the gravity data for all three continents, and demonstrates the tight fit between the Western Bahamas and the Guyana
Margin, the absence of the not-yet-formed Eastern Bahamas (avoids overlap with Demerara-Guinea) and the striking conjugate fit between an “Isle of
Youth Promontory” and the “North Trinidad Embayment”. The map also shows a clockwise rotation of Yucatán which is addressed further below.



that is the counterpart to Trinidad’s re-entrant. Figure 3
explicitly matches the gravity maps of North America and
South America to demonstrate this possibility, namely that
a deep continental salient supports the Isle of Youth’s high
structural position, and that this salient filled the Trinidad
re-entrant during Middle Jurassic and earlier time.

CONTROVERSY 3, ANTI-CLOCKWISE ROTATION OF
YUCATÁN DURING THE OPENING OF THE GULF
OF MEXICO

Accepting the Atlantic closure assemblies (Figs. 2 and
3), the only viable origin for the Yucatán Block relative to
North America in the reconstruction of western Pangea is
in the position of the northern Gulf of Mexico, and rotat-
ed clockwise relative to the present by some 40° to 50°.
This initial position places a first-order constraint on the
evolution of the Gulf of Mexico, namely that anti-clock-
wise rotation was involved as Yucatán Block rotated away
from the US Gulf Coast to its present position. That
migration occurred in two stages; the first was Late Trias-
sic-Oxfordian syn-rift continental extension during which
about 10-15° of Yucatán’s total rotation occurred about a
pole east of North and South Carolina, followed by the
Late Jurassic-Valanginian drift stage of oceanic spreading
in the deep central Gulf about a southeastwardly migrating
pole along the Florida Straits during which the remaining
30-35° of Yucatán’s rotation occurred (Pindell and Dewey,
1982; Pindell, 1985a; Pindell and Kennan, 2001a).

In addition, the anti-clockwise rotation of Yucatán is
also indicated by five further arguments:

1. Paleomagnetic studies in the Maya Mountains (Stei-
ner et al., 2005) and the Chiapas Massif (Molina-Garza et
al., 1992) portions of the Yucatán Block suggest anti-
clockwise rotation of basement rocks on the order of 30°
to 40° since the Triassic.

2. An Oxfordian reconstruction of North America and
Yucatán at the end of continental stretching and the onset
of seafloor spreading nicely realigns the rift fabric of the
Georgia Embayment with gravity and magnetic trends that
we interpret as basement rift structures in the northeastern
Campeche Platform subsurface (Figs. 4A and 4B). These
two sets of features are not parallel unless Yucatán is rota-
ted by 30° to 40°. The rift structure shown onshore Yucatán
Peninsula by the Exxon Tectonic Map of the World (1985),
and which is claimed by James (2004) to align with the
Georgia Embayment rifts and therefore to disprove Yucatán
rotation, lies at a significant angle to what we believe is the
true rift orientation beneath the Campeche Platform which
lay closer to Florida than did onshore Yucatán Peninsula.
Further, the onshore Yucatán rift structure of the Exxon

map lies parallel to the rift fabric of onshore central
Venezuela (Ostos et al., 2005) to which it lies closest, only
when Yucatán has been rotated by some 30° (Fig. 4B). We
consider that these latter two rifts relate more to the Proto-
Caribbean rift zone than to the Gulf of Mexico rift zone.

3. The basement fabric in the deep, eastern, oceanic
part of the Gulf of Mexico comprises a high-density
extensional fault pattern (faults trending NW-SE, with
SW-NE extensional direction) crossed sub-orthogonally
by arcuate volcanic highs and troughs (Peel et al., 2001;
Stephens, 2001). We have little doubt that this fabric is a
typical seafloor spreading fabric, recording NE-SW rota-
tional divergence between Yucatán and North America,
with leaky transforms (the volcanic ridges) lying roughly
concentrically around Yucatán’s pole of rotation to the
southeast (Fig. 4A). In addition, a central NW-SE trend-
ing trough with small lateral offsets exists within this fab-
ric, which may in fact be the trace of the extinct spreading
ridge, or “axial valley”. A present-day analogue for this
type of strongly rotational spreading (with a proximal
pole of rotation) lies offshore southern Mexico, in the
area referred to as the “Carolina Plate” (Klitgord and
Mammerickx, 1982; Mammerickx and Klitgord, 1982)
and renamed “Rivera Plate” (Bird, 2003).

4. It is becoming increasingly clear as gravity, mag-
netic, and seismic data improve and are progressively
released (Fig. 5) that the very narrow, post-salt, Late
Jurassic (as opposed to Middle Jurassic) eastern Mexican
margin (Tuxpan-Veracruz margin) is a fracture zone mar-
gin along which Yucatán/Chiapas Massif and the central
Gulf of Mexico spreading center migrated southwards
(Pindell, 1985a; Martön and Buffler, 1994; Pindell and
Kennan, 2001a; Miranda et al., 2003). This margin is a
“Stage 2” structure of Pindell and Kennan (2001a) that
developed within the earlier stretched crust (NW-SE
directed low angle detachment faulting of “Stage 1”)
between Yucatán and Northern Mexico.

5. Accepting the eastern Mexican margin (Tuxpan-
Veracruz) as roughly parallel to the azimuth of Yucatán-
North America paleo-motion, regional cross sections
(Miranda et al., 2003) show that a greater total amount of
total N-S displacement has occurred in the western Gulf
(~1100 km) than in the eastern Gulf (600 km), which is
explained and required by the rotation of the Yucatán
Block relative to North America.

The above five arguments support and collectively
require the anti-clockwise rotation of Yucatán during the
rotational opening of the Gulf of Mexico. Models for the
Gulf that do not rotate Yucatán conflict with all six of
these arguments while providing a unique explanation for
none that we are aware of.
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CONTROVERSY 4, PACIFIC ORIGIN OF CARIBEAN
OCEANIC CRUST

Pindell (1985b), Burke (1988), and Pindell and Barrett
(1990) showed that the vast majority of Caribbean geolo-
gy and basin histories can be explained by large relative
displacement between the Americas and a single, long-
lived west-dipping subduction zone anchored in the man-
tle with the Great Caribbean Arc behind it, calling on
changes in arc style through time such as flattening of
slabs, opening of backarc basins, axis-parallel extension,
etc. to explain Caribbean geology at the sub-regional
scale. Other models employ multiple and transient sub-
duction zones and arcs, collisions, terminations of sub-
duction, etc. to explain geology at the sub-regional level
(Kerr et al., 1999), while still other models are highly fix-
ist (James, 2004), both of which we believe are unrealistic
and fraught with violations of basic geology and/or plate
kinematic history.

Pindell’s (1990, 1993) original six arguments for a
Pacific origin of the Caribbean oceanic crust still stand
firm. These are:

1. The Cayman Trough indicates at least 1100 km of
east-west Caribbean-American displacement since the
Eocene.

2. The apparently continuous Albian-Eocene period of
Great Caribbean Arc magmatism, prior to the opening of
Cayman Trough, indicates additional westward dipping
subduction and therefore relative motion with the Americ-
as back to the Albian, such that the total displacement is
far greater than the 1100 km shown by the Cayman
Trough.

3. The geometric impossibility of a pre-Aptian
Caribbean Plate fitting between the Americas in Aptian
time due to lack of space in the Atlantic opening history.

4. Lack of tuffs in the Cretaceous autochthonous sec-
tions of Yucatán, the Bahamas, and northern South Amer-
ica, requiring significant spatial separation between the
Caribbean Cretaceous active arcs and the Proto-Caribbean
passive margins during Cretaceous time. 

5. The Paleocene-Eocene magmatic arcs of western
Mexico (in Cordillera Occidental) and the Chortís block
are offset by more than 1000 km, and the inception of the
younger arc of southern Mexico has migrated eastward
since the Oligocene, in keeping with the migration of the
Chortís block as part of the Caribbean Plate along the
southern boundary of the North American Plate for Ceno-
zoic time.

6. The Late Cretaceous merging of Caribbean (Pacif-
ic) and Proto-Caribbean (Tethyan) faunal provinces as a
function of the insertion of the Caribbean Plate between
the Americas.

We may now augment these original arguments by
additional arguments as a result of new data sets and bet-
ter levels of regional geological understanding.

The first additional argument is provided by van der
Hilst’s (1990) seismic tomographic data (Fig. 6). In all
the E-W tomographic profiles across the Lesser Antilles
Subduction Zone, the Atlantic slab is clearly visible dip-
ping west beneath the Caribbean lithosphere from the
trench to at least, and possibly farther than, the Beata
Ridge, representing a minimum of 1500 km of subduction
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FIGURE 5 Line drawing of an-E-W seismic line across the eastern Mexican (Tampico) margin (after Miranda et al., 2003). Note the narrow width of
the margin, and how rapidly basement steps eastward down to oceanic basement in the Gulf. Heavy black lines are inferred positions of transform
faults which became fracture zones once the central Gulf spreading center had passed by this portion of the margin. Our modeling suggests that the
westernmost fracture zone is where most dextral transcurrent displacement took place. Most subsidence occurred after passage of the ridge (during
the fracture zone stage), thus there is no strong disruption of beds above the basement fault zone. The oldest known marine sediment along this mar-
gin appears to be Oxfordian, in keeping with this margin being a “Stage 2” structure (oceanic spreading stage) of Pindell and Kennan (2001a).
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of Atlantic crust beneath the Caribbean Plate, and hence
of east-west Caribbean-American displacement. The
imaged subducted Atlantic slab could only have arrived in
this position beneath the Caribbean Plate by westward
(relative to the Caribbean) subduction at the Lesser
Antilles Trench; it could not have arrived there by an
alternative movement from north or south, because the
surrounding continents were ever-present, as is well-doc-
umented from the Atlantic kinematic history (Fig. 1). The
seismic tomography cannot be explained by any means
other than by at least 1500 km of roughly west-east rela-
tive motion between the Caribbean and Atlantic lithos-
pheres. This period of subduction is recorded largely by
the Eocene to Recent volcanism of the Lesser Antilles
Arc. Furthermore, roughly 1100 km of east-west relative
motion is recorded by the Cenozoic Cayman Trough pull-
apart basin (Pindell and Dewey, 1982; Mann and Burke,
1984; Rosencrantz et al., 1988), providing an alternative
yardstick for much, but not all, of the motion indicated by
the seismic tomography. This suggests that the very deep-
est levels of the slab seen in the tomography (400 km or
more) were subducted before the Cayman Trough began
to open, probably in the early Paleogene. We see no rea-
son to suspect any break in Caribbean-American relative
motion in the Eocene, as was once suggested by Pindell
and Dewey (1982); in contrast, motion has probably been
continuous with perhaps small variations in rate since the
Aptian-Albian.

In addition, van der Hilst’s tomography also demon-
strates the existence of a large area of subducted
Caribbean slab beneath Colombia (van der Hilst and
Mann, 1994; also, the northeast edge of this slab is visible
in line B of Fig. 6). This subducted slab underlies Colom-
bia far too deeply to have arrived there by subduction
from the north, because there has not been enough con-
vergence between North and South American to account
for this much subduction lithosphere (Fig. 1). Thus the
slab must derive from the west, in which case the amount
of Caribbean subduction beneath Colombia that is visible
in tomography approaches 1000 km. This is yet another
direct measurement of a minimum of 1000 km of east-
west Caribbean-American displacement; the reason that
this slab has only been subducted by 1000 km or so is that
the subduction zone along western Colombia was only
initiated in the Maastrichtian (Pindell, 1993).

A second new argument pertains to the dynamic
behaviour of arc systems. Dewey (1980) classified arcs as
compressional, neutral, or extensional depending on their
tectonic style at any given time. Subduction rate has little
effect on arc/hanging wall tectonic style; more important
is the motion of the hanging wall relative to the trench
position, which usually has a tendency to “roll back”
away from the arc at very slow rates due to slab subsi-

dence and negative buoyancy forces (typically <10
mm/yr). Disregarding arc-parallel strains in the following
discussion, neutral arcs are those where the forearc hang-
ing wall moves trenchward at approximately the roll back
velocity (not the subduction velocity) of the downgoing
plate, and thus there is no driver for extension or com-
pression in the arc itself. Arc morphology and topographic
development remains moderate, volcanism is fairly con-
tinuous and of intermediate chemistry, and intra- or back-
arc extension and compression are minimal. In contrast,
extensional arcs are those whose forearcs do not keep
pace with trench roll back velocity, and the arc collapses
gravitationally in order for the forearc to “maintain con-
tact” with the downgoing slab, as in the Marianas system.
This is achieved by extension in the intra-arc position,
which when extreme becomes a back-arc position as
extension leads to seafloor spreading between the active
and remnant arcs. Morphology and topographic develop-
ment is subdued and often submarine, and magmatic
chemistry is often mafic. Compressional arcs are those
whose forearcs migrate toward the trench and downgoing
plate faster than the roll back velocity, such that the fore-
arc is telescoped onto the upper part of the downgoing
plate, thereby producing a flat slab subduction geometry,
which in turn drives compression in and behind the arc
(back-arc thrusting). These arcs often have explosive
magmatic chemistries, high topography, large seismicity,
basement rocks exposed at surface, back-arc thrust belts,
strongly coupled Benioff Zones, and often flat subducting
slabs, as in much of the Andean and North American
Cordilleras. The reason that the Andean and North Ameri-
can Cordilleras have been compressional since at least the
Aptian-Albian is that the American plates have been dri-
ven westward across the mantle reference frame faster
than roll back of the Pacific and Nazca plates has been
able to accommodate. This westward velocity is directly
related to, but not uniquely caused by, seafloor spreading
in the Atlantic: Africa moves much more slowly in the
mantle reference frame than do the Americas; thus, as the
Atlantic grows, the American arc systems behave com-
pressionally.

Concerning the Caribbean, by all accounts the Lesser
Antilles Arc has been essentially neutral since the Eocene
opening of the Grenada intra-arc basin. As for the Costa
Rican Arc, minor (<10 km) Quaternary intra-arc exten-
sion has occurred in the Lagos de Managua y Nicaragua
Basin, and some backthrusting has developed locally at
Limón Basin where the buoyant Cocos Ridge enters the
trench, but on the whole this arc appears to have been
more or less neutral back into Cretaceous time. The
essential neutrality of these two arcs is important for
assessing relative migration history of the Caribbean
Plate: if the Caribbean crust were of intra-American
(local) rather than of Pacific origin, and thus had not
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moved far relative to the Americas, then it, like the Amer-
icas, would have migrated westward across the mantle
since the Cretaceous at nearly the same rate as the Ameri-
cas. Thus, the Costa Rica Arc, like the North American
and Andean cordilleras, would have behaved compres-
sionally over this entire time. However, the fact that the

Costa Rica Arc looks nothing like the Andes, and has
not, in fact, behaved compressionally, indicates clearly
that the Caribbean Plate has not moved westward over
the mantle with the Americas. Because this arc has
been neutral, large Caribbean-American displacement
must have occurred. Seafloor spreading in the Atlantic
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FIGURE 6 Location map and tomographic sections A, B, C, D, E (from van der Hilst, 1990, unpublished Ph.D thesis), and total post-72 Ma NA-SA
convergence (blue v black in map; Pindell et al., 1988). Greater than 1500 km of Proto-Caribbean (Atlantic) crust has been consumed at Lesser
Antilles trench (line A), Most NA-SA convergence was taken up at S-dipping Proto-Caribbean trench where Proto-Caribbean crust underthrust SA (see
tomography), which was underway as the Caribbean Plate migrated from the west into each tomographic section. In addition, a westward-widening
tear has developed in the subducted Proto-Caribbean slab (lines C, B), such that the slab beneath central and western Venezuela is no longer con-
nected to the slab beneath the bulk of the Caribbean Plate.
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has been roughly matched by subduction at the Lesser
Antilles, the proof of which is visible in the seismic
tomography (Fig. 6, line A). Atlantic spreading rates have
averaged about 2-3 cm/yr during the Cenozoic. If that is
matched by Lesser Antillean subduction so that the Costa
Rica Arc has remained essentially neutral, then
Caribbean-American relative motion rate must also have
been 2-3 cm/yr on average. This agrees well with Cayman
Trough opening models (1100 km of opening since ~50
Ma). The Caribbean Plate thus sits roughly in the mantle
reference frame as the Americas drift by to the west, as
also shown independently by Müller et al. (1999). If this
were not the case, then Costa Rica would look more like
the basement-involved Andes thrust belt than the primari-
ly volcanic chain that it is.

The third new argument for the Caribbean’s Pacific ori-
gin is also a key argument for the Aptian onset of west-dip-
ping subduction of Proto-Caribbean lithosphere beneath the
Caribbean lithosphere (next section). The argument stems
from age dating of high-pressure, low temperature (HP-LT)
metamorphic suites and arc magmatic rocks in the
Caribbean (Table 1 of Pindell et al., 2005, for a full review),
and the spatial relationship of the HP-LT suites with their
associated magmatic arc complexes. Several circum-
Caribbean HP-LT metamorphic complexes occur on the
outer, or eastern flank of the Great Caribbean Arc magmatic
axis which began to form in the Aptian (125-113 Ma),
requiring that west-dipping subduction dates back to Aptian.
However, because the Aptian Atlantic reconstruction (Figs.
1, 7B, 11A) leaves no room for the Caribbean arcs to have
formed with westward dipping subduction within the Proto-
Caribbean realm, then the Great Caribbean Arc, as well as
the entire Caribbean Plate behind (west of) it, must have lain
west of Colombia and south of Yucatán/Chortís at 120 Ma.
However, just how far out into the Pacific the arc lay at the
onset of west-dipping subduction remains unconstrained.
There was probably about 18 million years worth of west-
dipping subduction prior to the onset of arc-continent inte-
ractions with southern Yucatán and the northern Andes (see
earlier), during which perhaps some 350 to 700 km of
subduction and relative motion are feasible depending on
subduction rate. Such early subduction is well recorded by
the widespread Albian to mid-Cretaceous plutons and vol-
canics low down in the Albian-Eocene “Antillean Cycle” of
the Great Caribbean Arc.

CONTROVERSY 5, APTIAN AGE AND PLATE BOUN-
DARY GEOMETRY FOR THE ONSET OF WEST -
DIPPING SUBDUCTION OF PROTO-CARIBBEAN
BENEATH CARIBBEAN LITHOSPHERES

Pindell et al. (2005) outlined seven aspects of
Caribbean geology that point to an Aptian (125-112 Ma)

age for the onset of westward-dipping subduction beneath
the Great Caribbean Arc, which may have involved arc
polarity reversal. These are: 1) onset of HP-LT metamor-
phism in the Great Arc’s forearc; 2) Aptian-Lower Albian
hiatus in volcano-sedimentary history in the Great Arc; 3)
development of a limestone platform upon parts of the
Aptian-Lower Albian hiatus in the Great Arc; 4) shift in
the positions of magmatic axes in parts of the Great Arc;
5) change in the magmatic chemistry from Primitive
Island Arc (PIA) to calc-alkaline in the Great Arc; 6)
emplacement of nappes in Hispaniola as a function of the
arc polarity reversal that initiated the Great Arc; and 7)
geometric simplicity of an Aptian as opposed to a Cam-
panian arc polarity reversal of the Great Arc. 

Although some of these arguments are not as compre-
hensively definitive as one would like, by all accounts the
transformation of the west-facing Intra-American Arc
(above an east-dipping subduction zone) to the east-fac-
ing Great Caribbean Arc (above a west-dipping subduc-
tion zone) was an Aptian event which therefore involved
some form of arc polarity reversal. However, the mecha-
nisms by which the reversal was achieved are unclear and
very likely involved a several-million year intermediate
phase of sinistral transcurrent motion along the arc. This
transcurrent phase probably involved very strong arc-par-
allel stretching and intrusion of basaltic magmas in exten-
sional settings along the arc, which is perhaps why the
pre-Albian parts of the Great Arc are not continuous
along the arc (Fig. 8). Also, the oceanic crust to the north-
east of the arc in Aptian time would have satisfied the
geochemical criteria for back-arc spreading, as this was
the area of continued seafloor spreading in the Proto-
Caribbean Seaway which lay on the hanging wall side of
the Inter-American arc prior to its ultimate polarity
reversal. By the time of the actual establishment of
west-dipping subduction, the arc may have comprised a
set of Early Cretaceous primitive island arc complexes
separated by extensional “pull-aparts” and strung out
between parallel sinistral transforms. That along the
north side of the arc may effectively have been a Proto-
Caribbean spreading transform, while that to the south
of the arc may have been the former Inter-American
trench whose relative motion had become transcurrent,
much like the Puerto Rico and westernmost Aleutian
trenches of today.

Refining the understanding of the Aptian arc polarity
reversal is obviously an area deserving much more work.
But it is clear that, apart from local events, at no other
time in the Cretaceous was there such a profound collec-
tive change in depositional, magmatic, structural, and
geochemical conditions along the entire arc’s length. Fur-
ther, the similarity of the observed Aptian-Albian changes
in many of today’s Great Arc fragments suggests that the
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FIGURE 7 Two contrasting popular models for the 92-88 Ma extrusion of the Caribbean Large Igneous Province (CLIP) onto pre-existing crust: A)
Model (1) CLIP was extruded at Galapagos Hot Spot while Farallon Plate was in the Pacific and moving NE; CLIP then choked and reversed the
Cordilleran Trench in the Campanian, such that the CLIP plateau then moved into the region between the Americas as part of the Caribbean Plate. In
favour of Model 1: CLIP basalts show little sign of supra-subduction zone geochemical traits. Against Model 1: There is little evidence in Caribbean
terranes for a Campanian orogenic episode that might be tied to arc reversal; magmatism is continuous through the Campanian in many arc frag-
ments, and nearly all Caribbean HP-LT mineral suites on the north or east side of the arc are older than Campanian, such that they could not have
formed if the west-dipping trench were only Campanian and younger. B) Model (2) CLIP was extruded onto Farallon crust after an Aptian reversal,
such that extrusion occurred above the Great Arc Benioff Zone as the Caribbean Plate moved into the region between the Americas. It is important to
note that seafloor spreading continued between the Americas (in the Proto-Caribbean Seaway) until about magnetic anomaly 34 (Campanian). There-
fore, the active Proto-Caribbean spreading ridge must have been subducted beneath the Great Arc during the 120-84 Ma period. This period closely
matches the age range of basalts associated with the CLIP, although most of them are about 92-88 Ma. In favour of Model 2: Polarity reversal of the
Great Arc was probably as old as Aptian, based on (1) HP-LT mineral ages from northern, eastern and southern Caribbean forearc terranes ahead of
the Great Arc’s magmatic axis, (2) all Great Arc fragments record Aptian deformations or onset of metamorphism, and (3) the record of “Antillean
Magmatism” in most of the arc’s fragments begins in the Albian (establishment of W-dipping subduction) and shows little interruption in the Campan-
ian. Against Model 2: Plateau basalts must have been extruded onto Caribbean Plate while west-dipping subduction beneath the plate was occurring,
thereby potentially contradicting the geochemical traits for non-supra-subduction extrusion. 



fragments once lay much closer together and thus were
susceptible to a common Aptian history. In the Aptian, the
distance between the Americas was about 1000 km less
than during the Late Cretaceous (Fig. 1), greatly facilitat-
ing this common history. The Great Arc’s collective geo-
logic record shows no similarly profound collective
change in the Campanian, as might be expected had the
onset of west-dipping subduction (subduction polarity
reversal) been delayed until after the eruption of the
Caribbean Large Igneous Province, as some authors have
believed.

Insight into the geometry of the Aptian-Albian plate
boundaries where the Proto-Caribbean Seaway met the
Pacific may be gleaned from circum-Caribbean HP-LT
metamorphic suites and their relationship with adjacent
arc magmatic axes. According to structural and
geochronological data, most of the broader Caribbean
region’s HP-LT metamorphic suites, which denote former
Benioff Zones or deep parts of forearc settings, began
acquiring their HP-LT metamorphic overprint in the Early
Cretaceous (Pindell et al., 2005). This includes the com-
plexes which clearly lie on the eastern flank of the former

Foundations of Gulf of Mexico and Caribbean evolutionJ. PINDELL et al.

316Geolog ica  Acta ,  Vo l .4 ,  Nº1-2,  2006,  303-341

FIGURE 8 Depictions of possible paleogeography of the early Caribbean arc complexes, based on the framework provided by Pindell and Kennan
(2001), some suggested local tectonic complexities in the early history of Great Arc. A) Pre-subduction-polarity-reversal time. We infer the existence
of an Aleutian-like arc and show schematically several axis-parallel extension centers which enable arc-lengthening to match NA-SA drift. These
separate “pods” of pre-existing Neocomian arc and may be partly-filled supra-subduction mafic magmatic rocks. Note that the primary shape of the
northern and eastern margins or the Caribbean Plate is already established, requiring no little further plate-scale deformation. B) Post-subduction-
polarity-reversal time. Extension centers (gray) have been lengthened, subduction polarity has been reversed, and the Great Arc’s HP-LT forearc has
been initiated. The Eastern Caribbean transcurrently migrates northward along the western edge of northern South America. The two sets of HP-LT
and other subduction-related complexes (west- and east-facing) are schematically shown. The Costa-Rica-Panama Arc is not considered or shown
here, although that subduction zone was probably active by Late Albian. Note: this model implies Caribbean-North America azimuth began to change
from ESE (Aptian) to ENE by the Albian. This, in turn, was related to onset of Equatorial Atlantic opening, and to the acceleration of spreading in the
Central and Southern Atlantic. One prediction of this model is that the deep, western flank of Aves Ridge was once an east-dipping subduction zone.
Seismic records recently collected by the BOLIVAR program north of La Blanquilla (Clark et al., 2004) suggest that a deep, south- or east-dipping
paleo-subduction zone is entirely possible. Abbreviations for subduction complexes: 1: Escambray, Cuba; 2: Cajalbana-Holguin, Cuba; 3: Purial,
Cuba; 4: Río San Juan, Dom Republic; 5: Margarita; 6: Villa de Cura; A: Baja California; B: Motagua “south”; C: Blue Mts. Jamaica; D: Bermeja, P.
Rico; E: Amaime/Jambalo, Colombia; F: Raspas, Ecuador. C) Relationships of the Aptian (Kesler et al., 2005) Maimon and Los Ranchos Formations of
the Dominican Republic. Were they metamorphosed by imbrication of NE arc-flank strata as W-dipping subduction began, then exhumed by axis-par-
allel extension, and finally onlapped unconformably by Mid-Albian Hatillo shallow water limestone? D) Along the Motagua Fault Zone older (south)
and younger (north) HP-LT rocks are juxtaposed. On the south side, a tail of originally west-facing HP rocks (larger, open circles) could have been
sheared out and then emplaced on the southern Yucatán margin without an arc either ahead of or behind it. These rocks may then have been back-
thrust onto Chortis much later in the Tertiary as Chortis passed from west to east by transpressional movement along the Motagua Fault and so they
need not be related to subduction on the north flank of the Chortis Block itself. E) Similarly, the Blue Mountains HP-LT terrane of Jamaica may have
been juxtaposed with Late Cretaceous arc plutons (compare with Draper, 1986) to its west during cross-arc transpression? This suggests that the
Jamaican HP-LT terrane may be the only such terrane in the northern Caribbean region associated with the pre reversal subduction zone otherwise
preserved in Guatemala, Colombia and Ecuador.



Great Caribbean Arc and which are allochthonous with
respect to the continental footwalls which they overthrust,
as well as those within the western North and South
American Cordillera (e.g., those along the Romeral Fault
of Colombia and in Baja California and Guatemala). Con-
cerning the complexes on the east flank of the Great Arc,
the Cuban forearc HP-LT examples lie north of the prima-
ry Cayman Ridge arc axis (see later), the two being sepa-
rated by the Paleocene intra-arc Yucatán Basin; the Río
San Juan, Puerto Plata, and Samaná HP-LT complexes lie
northeast of Hispaniola’s Central Cordilleran arc; and the
Margarita-Villa de Cura forearc HP-LT trend lies south-
east of the Leeward Antilles/Aves Ridge part of the Great
Arc. HP-LT metamorphism requires active subduction (at
least 15-20 km/Ma, Maresch and Gerya, 2003) as does
the generation of the associated arcs. The period of mag-
matic activity in each of these portions of the Great
Caribbean Arc dates back to at least the Albian, thus over-
lapping with the initiation of HP-LT metamorphism in
their respective forearcs, and continues into the Paleo-
gene, a period of some 60 my. This indicates that today’s
pieces of the Great Caribbean Arc, however they are
reconstructed in detail back through time, underwent
large relative displacements (subduction) with respect to
their downgoing plate, amounting to 1000 or more km of
west-dipping subduction for the Albian-Eocene period. If
we look at Early Cretaceous paleopositions of the Ameri-
cas for possible locations of the original trench settings
where the HP-LT suites could have formed (e.g., 120 Ma
reconstruction of Fig. 7B when the Bahamas, Yucatán,
and northern South America were all passive margins
along a very narrow Proto-Caribbean Sea), we see that the
Early Cretaceous trench(es) must have lain along or out-
board of the Cordilleran margin of the Americas.

This setting along the western flank of the Americas
was obviously the site of the original Inter-American
(Cordilleran) subduction zone which dipped eastward
beneath the western flank of Pangea during the early Meso-
zoic and which, despite various terrane accretions/displace-
ments and back-arc openings/closures, survives today
along much of western North America and most of western
South America. But, as pointed out above, the west-dipping
Great Arc subduction zone must also have been initiated in
this area as well. This second subduction zone has been
responsible for the large scale Caribbean-American plate
displacements because, being west-dipping, the Proto-
Caribbean lithosphere between the Americas has been sub-
ducted into it, and it survives today as the Lesser Antilles
subduction zone. This is how the concept of Aptian arc-
polarity reversal of the Inter-American Arc was conceived
(Pindell and Dewey, 1982); now, with our understanding of
HP-LT metamorphism from the region, we may refine the
geometries of the plate boundaries during and after the
polarity reversal to better explain the regional geology.

Pindell and Tabbutt (1995) demonstrated an Aptian
onset of compressive arc conditions from the western
USA to northern Peru. They related the onset of backarc
thrusting (Sevier Belt, Sierra Madre Oriental, and the
closure of the Peruvian backarc) and an eastward shift in
the magmatic axis in the Cordillera of continental North
and South America to flattening of the Farallon/Kula
slab. This was in turn attributed to an acceleration of
Atlantic spreading and a westward acceleration of the
Americas across the mantle, thereby throwing the hang-
ing walls of the arc systems into compression. Where
the Inter-American Arc was intra-oceanic across the
Proto-Caribbean gap, they proposed that the backarc
thrusting evolved more drastically into arc polarity
reversal.

The HP-LT suites that formed at the west-dipping sub-
duction zone should date back to within a few million
years of the time of the polarity reversal and not older. We
observe that the ages of the HP-LT suites that clearly lie
along the east flank of the Great Caribbean Arc axis go
back to but are not older than the Aptian. These include
the Escambray, Cangre and Northern Serpentinite
mélange complexes of Cuba (119–106 Ma; García-Casco
et al., 2001, this volume; Maresch et al., 2003; Stanek et
al., this volume), the Río San Juan Complex of Hispanio-
la (104–88 Ma; Lapierre et al., 1999; Krebs et al., 2003,
2005), La Rinconada unit of Margarita (110–86 Ma;
Stöckhert et al., 1995), and the Villa de Cura Complex
(96–80 Ma; Smith et al., 1999) and the Cordillera de la
Costa (96 Ma, by analogy with Margarita; Avé Lallemant
and Sisson, 1993; Smith et al., 1999) of Venezuela’s
Caribbean Mountains. Where it is possible to relate
geochronologic data to metamorphic textures it appears
that peak metamorphism was reached certainly in the
Albian and possibly in the Aptian, with very substantial
unroofing and cooling having already occurred before
intrusion by plutonic magmas of Late Cenomanian to
Santonian age (93-85 MA). Our interpretation of these
data is that west-dipping subduction at the Great
Caribbean Arc’s trench began in the Aptian, and not
before, and continued thereafter.

However, slightly older HP-LT ages, some of which
are pre-Aptian, also occur within the “greater Caribbean”
region. Such ages are found in the El Oro Terrane of
Ecuador (132 Ma; Aspden et al., 1995) and the Amaime
Terrane/Romeral Fault Zone of Colombia (113-126 Ma;
Bourgois et al., 1982, 1987; McCourt et al., 1984). These
we associate with the original west-facing forearc of the
Inter-American Arc. Likewise, the Berméja Complex
(ophiolite) of southwest Puerto Rico, with its Early Juras-
sic, Pacific derived red radiolarian ribbon cherts, may rep-
resent a shallower structural level of this Inter-American
Arc’s subduction zone that lies, as it would, along the
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southwestern flank of the Great Arc’s magmatic axis.
Blueschist metamorphism in Baja California is also asso-
ciated with the east-dipping, west-facing Mexican portion
of the Inter-American arc. The 115-95 Ma age of meta-
morphism (Baldwin and Harrison, 1989, 1992) may indi-
cate enhanced rates of burial and exhumation coinciding
with the increase in the rate of westward motion of the
Americas across the mantle.

The cooling ages from many of the HP-LT suites (par-
ticularly as documented in the Escambray complex of
Cuba, and on Margarita Island, Venezuela) generally indi-
cate prolonged, progressive cooling and unroofing histories
from the Aptian to at least 60 Ma, without evidence of Late
Cretaceous reburial events, which would be expected by
models of Late Cretaceous subduction polarity reversal or
onset of west-dipping subduction (Burke, 1988; Hoernle et
al., 2002; Kerr et al., 2003). In addition, the precise pres-
sure-temperature-time paths obtained for blocks of high-
pressure metamorphic rocks in subduction-zone mélanges
of the Río San Juan Complex of the Dominican Republic
(Krebs et al., 2003, 2005) document an active and continu-
ous subduction-zone system in at least that part of the
Great Arc from about 110 Ma to about 60 Ma.

Figure 8 shows stages of a model for the Aptian
polarity reversal that incorporates transcurrent stretching
of the arc as North America migrated westward due to
Proto-Caribbean seafloor spreading in the Barremian-
Early Aptian, leading eventually to ?Late Aptian reversal
as both of the American plates accelerated westward at
even greater rates. We propose two speculative features
within this broader model. First, there must have been,
both in the northwest and in the southeast, sinistral and
dextral cross-arc transfer faults, respectively, that con-
nected the former Inter-American Benioff Zone with the
nascent Great Caribbean Arc Benioff Zone. If these
were oblique, as shown, it is possible that the Great Arc
had “tails” of Inter-American trench material at both
ends which extended beyond the limits of the Great
Caribbean Arc. We consider it possible that both the
Romeral and the older Guatemalan (113-125 Ma; Har-
low et al., 2004) HP-LT complexes are remnants of such
tails, as neither has any Great Arc magmatic rocks ahead
of or behind them. Such a model for the southern
Motagua complex requires Cenozoic backthrusting of
the complex onto the Chortis Block during sinistral
shear along Motagua Fault. Likewise, the Blue Moun-
tain (Jamaica) HP-LT complex may also be of Inter-
American Benioff Zone origin, i.e., a piece of the Inter-
American forearc that was sheared left-laterally into
adjacency with the Great Caribbean Arc axis of central
Jamaica. Unfortunately, the age of initial metamorphism
is too poorly known to discern clearly the origin of this
terrane.

Second, Kesler et al. (2005) report Aptian ages (111-
114 or 118 Ma) for the PIA lavas of the Los Ranchos For-
mation of Dominican Republic. This unit must subse-
quently have been buried to greenschist metamorphic
depths, and then exhumed back to the surface by late
Lower Albian when the Hatillo limestone was deposited
unconformably on it (Lebron and Perfit, 1993; Myczynski
and Iturralde-Vinent, 2005). We consider it possible that
this very rapid burial mechanism for the Los Ranchos was
the onset of west-dipping subduction itself, or perhaps
thrust faults associated with that onset, such that the Los
Ranchos was taken down as part of a footwall to green-
schist depths and then transferred to the hanging wall and
exhumed to the surface, perhaps by axis parallel exten-
sion and/or strike slip faulting within the arc. If this sug-
gestion is correct, it places a maximum age limit on the
onset of west-dipping subduction in this location; the old-
est age for peak HP-LT conditions (i.e., essentially the
maximum burial stage) of 104 Ma from Río San Juan
(Krebs et al., 2003, 2005) provides a minimum age in a
nearby location.

CONTROVERSY 6, ORIGIN AND CAUSAL MECHA-
NISMS OF THE CARIBBEAN LARGE IGNEOUS
PROVINCE… NOT GALAPAGOS

While few now doubt an eastern Pacific origin for the
Caribbean oceanic crust, controversy continues about the
age and cause of inception of west-dipping subduction
beneath the Great Caribbean Arc, and thus the onset of
eastward Caribbean migration relative to the Americas.
Concerning the age of inception, workers seem to be
divided between the Aptian (e.g., this paper, Pindell,
1993; Pindell and Kennan, 2001a; Snoke et al., 2001) and
the Campanian (Duncan and Hargraves, 1984; Burke,
1988; Kerr et al., 1998; Kerr and Tarney, 2005; Thompson
et al., 2003). Because of this division in tectonic models,
the accompanying models for the extrusion of the ? Apt-
ian-Santonian Caribbean Large Igneous Province are nec-
essarily entirely different as well.

Probably because the Campanian-inception models
are older and more entrenched, there is a continuing pre-
sumption in the literature that the mid-Cretaceous
Caribbean Large Igneous Province (CLIP) was extruded
onto Pacific-derived Late Jurassic-Early Cretaceous
Caribbean lithosphere as it passed over the Galapagos hot
spot, and that this thickened crust then choked and
reversed the polarity of a west-facing Intra-American Arc
in the Campanian, after which the Caribbean lithosphere
continued to migrate to its present position between the
Americas (Fig. 7A). Further, the “Galapagos Plateau”
concept appears to be perceived by some workers as an
integral part of the general Pacific origin model for the
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Caribbean (Kerr et al., 2003), such that if one does not
accept this story, then the Pacific origin concept is doubt-
ed as well. But an important test for this model concerns
the onset of west-dipping subduction; if the CLIP, the
most common ages for which are 88-92 Ma, choked and
drove the arc-polarity reversal from east- to west-dipping
subduction, then the reversal must be younger than 88 Ma
(hence, Campanian).

However, the age of circum-Caribbean HP-LT meta-
morphism discussed earlier, as well as several additional
arguments reviewed in the next section, an Aptian age is
far more likely for the inception of west-dipping subduc-
tion (Fig. 7B). In addition, the following points shed addi-
tional doubt on the “Galapagos Plateau” model.

First, the existence of the Galapagos hot spot as a dis-
tinct physical feature can only be dated by magnetic
anomalies and ODP drilling back to the Early Miocene
(Christie et al., 1992; Werner et al., 1999), requiring a
leap of faith about whether it existed any earlier than this
time. Cretaceous and early Tertiary rocks with geochemical
similarities to those of the Galapagos islands are known
from Costa Rica and Colombia (Hoernle et al., 2002,
2004), but there are few ages to demonstrate continuity of
Galapagos volcanism during the interval 50-24 Ma.

Second, the stratigraphies of southern Yucatán and the
northern Andes (northern Ecuador and Colombia) indi-
cate Early Cretaceous non-volcanic, passive margin con-
ditions, with more pronounced tectonic control on stratig-
raphy, but no magmatism, beginning in the Turonian. In
northern Guatemala, foredeep drowning of a forebulge
unconformity on the mid-Cretaceous (Cobán) shelf sec-
tion began in the Turonian-Coniacian (~90 Ma, Campur
Formation), following which an allochthonous forearc
sliver was thrust northwards over the foredeep basin in
the Maastrichtian (Rosenfeld, 1993). Along the western
flank of the Central Cordillera of the northern Andes,
allochthonous fragments of oceanic and magmatic arc
complexes of the Cauca Valley and Western Cordillera
were accreted diachronously northwards throughout the
Late Cretaceous (Pindell et al., 2005). In parts of the
southern and central Eastern Cordillera of Colombia, but
not in Venezuela, the Turonian Villeta Formation contains
thin bands of volcanic ash indicating proximity to an
active volcanic arc (i.e., to the west of but not north of
Colombia; Villamil and Pindell, 1998). Because there is
no indication of Cretaceous magmatic intrusion in the
autochthonous continental parts of either Colombia’s
Central Cordillera (the Antioquia Terrane has likely
migrated north by several hundred km along the Palesti-
na-Otú fault zone and is thus allochthonous) or in Mexi-
co-northern Guatemala, then the arc responsible for these
tectonic interactions was allochthonous with respect to

the Americas, and was most likely the Great Caribbean
Arc as required by Pacific origin Caribbean models. A
Turonian onset of Caribbean-American interactions is
entirely consistent with an Aptian onset of west-dipping
subduction beneath the Great Caribbean Arc, which pro-
gressively brought the Americas closer to the Caribbean
lithosphere thereafter. More importantly for the argument
here is that if these tectonic interactions with the Americ-
as were in fact Caribbean driven, as we firmly believe,
then the paleoposition of Galapagos hot spot (assuming a
hot spot reference frame) was some 1000 km west of the
Caribbean lithosphere at the time the CLIP was extruded
(~90 Ma) onto the Caribbean Plate (Fig. 9). Thus, a Gala-
pagos origin for the CLIP is only possible if Galapagos
hotspot has migrated some 1000 km in the mantle refer-
ence frame. Such large migration of hotspots is strongly
doubted (Steinberger and O’Connell, 2000). Finally,
unlike “Galapagos Plateau” models which require the
Caribbean lithosphere at Galapagos at 90 Ma, a Pacific ori-
gin for the Caribbean that is 1000 km closer to the Americ-
as in the mid-Cretaceous satisfies the Costa Rican paleo-
magnetic constraints of Meschede and Frisch (1998).

Third, it is not clear how a point-source like Galapa-
gos hot spot might have affected an area as large as the
CLIP, which is at least on the order of 1200 km by 2200
km and probably much greater if we include the subduct-
ed Caribbean lithosphere beneath northern South America
(van der Hilst and Mann, 1994). However, at about the
same time (Aptian through Cenomanian), the Ontong-
Java Plateau was erupted over an area broadly similar to
that of the Caribbean (ODP Leg 192, Mahoney et al.,
2001), suggesting that numerous plumes may have collec-
tively affected a large area of the Cretaceous Pacific
Ocean. Thus, in the Caribbean case, it is conceivable that
similar multiple vents produced the CLIP, but the bulk of
the extrusion would have to have occurred more than
1000 km to the east of the eventual position of the hotspot
as it later became concentrated to a point source. Paleo-
magnetic data only constrain the Caribbean Plateau to
having formed at near Equatorial latitudes (Roperch et al.,
1987; Acton et al., 2000), which cannot readily differenti-
ate between the two models (Fig. 7). Some rocks once
thought to have been part of the Caribbean Plateau, such
as Gorgona in Colombia, have geochemical (Thompson et
al., 2003; Kerr and Tarney, 2005) and paleomagnetic
(Estrada, 1995; MacDonald et al., 1997) evidence indicat-
ing an origin farther south than shown in Fig. 7B.

Fourth, clastic erosional products of intermediate (arc)
magmatism in the Costa Rica Arc are present in a deep
borehole down to at least Cenomanian (97-93 Ma) levels
in material considered as “Loma Chumico Formation” by
Erlich et al. (1996). Calvo and Bolz (1994) and Calvo
(2003) had assumed that because the Loma Chumico Fm
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is known to reach the Albian, then the sandstones were
that old as well. However, Flores et al. (2005) showed that
the sandstones are not actually in the Loma Chumico but
rather in the Berrugate Fm for which sandstone is charac-
teristic and the oldest faunal zonation known thusfar from
field study is Turonian. We consider that Erlich’s et al.
(1996) Cenomanian sand-bearing level may also be from
this formation. Accordingly, this implies an Albian age
for the onset of subduction at the Costa Rica-Panamá
Arc, as several million years of subduction are required
for arc magmas to be generated. If so, then in order for
the Galapagos hot spot to have driven basaltic volcanism
on the interior of the Caribbean Plate at about 90 Ma,
the hot spot would subsequently have had to migrate
westward across the trace of the Costa Rican subduction
zone/plate boundary to get to its present position west of
the Caribbean Plate (Fig. 10), which we find highly
unlikely. 

Fifth, Thompson et al. (2003) build a case to sug-
gest isotopic correlations between Caribbean Plateau
basalts with those of the Galapagos islands. Their
data and graphs do show overlap between Galapagos
and Caribbean rocks on Hf/Nd cross-plots, but there
is also a substantial overlap with generalized OIB
(ocean island basalt) compositions, and both Galapa-
gos and Caribbean rocks could lie on mixing lines
between East Pacific Rise (EPR) MORB (depleted)
and a more generalized Eastern Pacific mantle
(enriched) end member. There is also wide variation
within the Galapagos islands suggesting that more
than one magma source may have contributed even to
that small area. There is significant unexplained

divergence in Sr isotope composition and also overlap
with EPR Pb isotope composition. Although a diffe-
rence from Iceland basalt composition is noted, we
wonder how apparent the difference would be were
Caribbean basalts compared to other Pacific plateau
basalts, and if it is not more likely that both Galapa-
gos and Caribbean volcanics draw on source regions
deep below the same general area of the Eastern
Pacific, and therefore possibly share broadly similar
geochemical characteristics. We also wonder how
great is the similarity to or difference from intra-
oceanic and other possibly hotspot-related Cretaceous
basalts in nearby areas of Mexico (Freydier et al.,
2000; Ortiz-Hernández et al., 2003), the perimeter of
the Gulf of Mexico (Byerly, 1991) and even Ecuador
(Barragán et al., 1997; Barragán and Baby, 1999), all
of which appear to have been in the hanging wall of
subduction zones on the western side of the Americas,
and therefore must have been very distant from the
Galapagos hotspot at their time of eruption. There-
fore, at present we see no necessarily unique associa-
tion between Caribbean and Galapagos basalts.

For the above 5 reasons, we conclude that (1) the
Caribbean lithosphere is highly unlikely to have been si-
tuated above the Galapagos hot spot, if the latter existed
at all in the mid-Cretaceous; and (2) the Caribbean
lithosphere had western (Costa Rica Arc) and eastern
(Great Caribbean Arc) plate boundaries since the Albian,
and therefore formed a “plate” in its own right when the
Mid-Cretaceous CLIP was extruded. This in turn implies
that parts of the rim of the Caribbean Plate lay above
subduction zones when the CLIP was extruded, which is
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FIGURE 9 Comparison of the position of the Caribbean Plate at ca. 90 Ma (time of eruption of the Caribbean LIP) and the Galapagos Hotspot (four
different plate motion models), both drawn in a fixed North America reference frame. At this time, the leading edge of the Caribbean Plate was
already starting to interact with North and South America indicating that it lay at least 1000 km farther east than the Galapagos Hotspot at that time.
Note that the fact that the Caribbean Plate appears to overlie the present position of the hotspot has lead to substantial confusion because some
workers have not accounted for both inter-plate motions and plate motions with respect to hotspots.
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not commonly indicated in the geochemistry of CLIP
samples. Therefore, we seek an alternative mechanism
to the Galapagos hot spot for the origin of the CLIP
basalts. Further, the mechanism must be able to account
for the lack of evidence for supra-subduction basaltic
extrusion.

In order to define guidelines for a new CLIP model,
we review the mid-Cretaceous regional setting:

1) Seafloor spreading in the Proto-Caribbean began
in the Late Jurassic, continued through the mid-Creta-
ceous, and had slowed dramatically by the Early Cam-
panian (about 84 Ma). The extension direction was
NW-SE. 2) The majority of CLIP basalts by both vo-
lume and regional extent appear to be about 88-92 Ma
old, but the basalts range from the Albian to the Early
Campanian (Donnelly et al., 1990). 3) Westward-dip-
ping subduction beneath the Great Caribbean Arc and
the Caribbean Plate behind it began in the Aptian. 4)
Eastward-dipping subduction beneath the Costa Rica-
Panamá Arc probably began in the Albian (about 100–110
Ma). 5) Early Cretaceous to Turonian passive margin con-
ditions in southern Mexico and Yucatán Block suggest that
the southwest end of the Proto-Caribbean spreading center
was probably subducted at the Great Caribbean Arc during
the mid-Cretaceous rather than being connected to the
Cordilleran Trench along long sinistral transforms through
those passive margin areas (Pindell and Dewey, 1982; Pin-
dell and Barrett, 1990).

Perhaps the most significant aspect of this mid-
Cretaceous Caribbean setting is that Proto-Caribbean
seafloor spreading overlapped in time with the sub-
duction of Proto-Caribbean seafloor at the Great
Caribbean Arc from the Albian to the Early Campa-
nian, which is precisely the age range of the CLIP
basalts. Therefore, Pindell (2004) proposed: (1) that a
slab window formed in the west-dipping, downgoing
Proto-Caribbean lithosphere as the Proto-Caribbean
spreading ridge was subducted beneath the Great Arc
as the Caribbean lithosphere migrated into the wide-
ning inter-American gap in mid-Cretaceous time (Fig.
11); and (2) that the Proto-Caribbean (Atlantic) man-
tle spreading cell likely reached the base of Caribbean
lithosphere through this slab gap, thereby providing a
logical and perhaps testable cause for excess volca-
nism and crustal extension (NW-SE extension direc-
tion) in the Caribbean Plate as the CLIP was formed.
Figure 12 integrates Cretaceous Caribbean-American
interactions, the formation of HP-LT metamorphic
suites, the Albian onset of the “Antillean Phase” of
the Great Caribbean Arc’s magmatic activity, and the
development of the slab window whose areal size, if
we consider slab rollback from the original slab win-

dow, could have reached the known extent of the
CLIP by 90 Ma, which is the most common age of
CLIP basalts. Thus, the vast majority of the CLIP
basalts would not show supra-subduction geochemical
characteristics.

Lapilli tuffs in CLIP exposures in southern His-
paniola and Aruba indicate at least local subaerial
exposure during basaltic extrusion (Pindell, 1981;
Wright and Wyld, 2005), as do fluvially-rounded
clasts in Turonian strata on Aruba (Wright and Wyld,
2005). Mapped mid-Cretaceous Caribbean crustal
extension (grabens) and CLIP volcanism (Diebold et
al., 1999; Driscoll and Diebold, 1999) are reminiscent
of the geology above other slab windows (e.g., Pata-
gonia), but here that geology developed in oceanic
crust. The mapped graben features in the Caribbean
crust may be repositories for conglomeratic material
like that on Aruba. Further, the slab window model
(Pindell, 2004) may explain why certain batholiths
(e.g., Aruba Batholith) are difficult to categorize as
“arc” or “non-arc” related (White et al., 1999; Wright
and Wyld, 2005), because slab windows can provide
settings for both types of intrusion. Finally, the fact
that the mapped extensional structures in the
Caribbean crust (Diebold and Driscoll, 1999) are per-
pendicular to the mid-Cretaceous Proto-Caribbean
separation direction suggests that the Proto-Caribbean
spreading cell may have driven the Caribbean exten-
sion, and, if so, that the Caribbean Plate has not rota-
ted very much since 90 Ma.
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FIGURE 10 Cartoon showing how the Galapagos Hotspot would have
to cross an active subduction zone if 1) the Costa Rica arc had
become active by Albian time and 2) the same plume or hotspot was
responsible for both the Caribbean LIP and the Miocene trace of the
Galapagos Hotspot west of that arc.
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over Galapagos
at 100-80 Ma
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Albian
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Galapagos at 100-80 Ma
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CONTROVERSY 7, DEVELOPMENT OF THE CUBAN
SECTOR OF THE GREAT CARIBBEAN ARC 

Subduction zones are among the largest geological
structures on Earth. As such, they should not appear and
disappear in evolutionary models in ad-hoc fashion to
explain 2nd- or 3rd-order geological details for which

other simpler mechanisms within a single arc system may
exist. “Cross-sectional analysis” of tectonic development
is particularly naïve, given that a single oblique strike slip
fault across an arc or orogenic belt may produce a map
pattern that gives the appearance of excessively complex
(or simple) evolution in cross section. Palinspastic and,
therefore, paleogeographic analysis must be conducted in
three dimensions, i.e., in map view as well as in cross sec-
tion, and evolutionary interpretation must entertain a wide
range of possible mechanisms to explain a given set of
geological observations.

The Cuban sub-region is a part of the Caribbean
where the number of arcs and plate boundaries has been
particularly controversial. Central Cuba comprises three
primary elements: (1) the parautochthonous Bahamas
Platform and northern Cuban flexural foreland along most
of the northern coast (Meyerhoff and Hatten, 1968; Pardo,
1975; Pindell, 1985a), (2) the more allochthonous Cuban
Southwestern terranes comprising thrust sheets of eastern
or southern Yucatán margin shelf and slope strata (Pin-
dell, 1985a; Iturralde-Vinent, 1994, 1998; Hutson et al.,
1998), and (3) the highly allochthonous, Cretaceous arc-
related rocks and the Cuban ophiolitic mélanges, which
overlie the subthrust Bahamian terrane (Wassal, 1956;
Somin and Millán, 1981). It is also necessary to distin-
guish the arc-related rocks of central Cuba from those of
eastern Cuba (Oriente), which are separated by the Cauto
Depression and which have quite different arc geologies
and histories (Nagy et al., 1983; Cobiella et al., 1984;
Iturralde-Vinent, 1996). Indeed, Oriente has a Paleocene
to Eocene arc history (Nagy et al., 1983; Cobiella, 1988;
Iturralde-Vinent, 1994, 1996), which is not present in
central Cuba and may partly post-date the Great Arc’s
collision with the Bahamas; we will return to this possi-
bly distinct arc further below.
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FIGURE 11 Simple conceptual model showing the geometry of slab-
gap development as a pre-existing oceanic spreading center (in this
case, within the Proto-Caribbean Seaway) is subducted. Plate separa-
tion continues beneath the arc but no new slab can form, so a window
develops in the subducting slab which could allow the Atlantic convec-
tion cell to reach the base of and intrude the Caribbean lithosphere,
despite the latter being surrounded by inward-dipping subduction
zones. We would expect the resulting lavas to have the “oceanic
plateau” geochemical signature observed. The size of the growing slab
gap in the subducting plate depends on a) spreading rate at the sub-
ducted ridge; b) subduction rate at the trench and c) lateral motion of
the spreading ridge along the trench. Rollback (white curved arrows) of
the subducted slab flanks serves to enlarge the slab gap. There is
always a narrow gap in the magmatic arc where there is no underlying
subducting plate and basalts intruded into this gap and farther into the
back-arc region where the slab gap is wider, may not show any supra-
subduction geochemical characteristics. The Careen Hill Intrusive Suite
northeast-trending sheeted dyke complexes (Rankin, 2002) and the
Late Aptian–Early Albian Water Island Formation (Jolly and Lidiak,
2005; Lidiak and Jolly, 2005), both of the Virgin Islands, may fit such a
setting and thus we have drawn the Proto-Caribbean Ridge subducting
at that point along the Great Arc. For the velocity triangle, A =
Caribbean Crust, B = North America and C = South America.
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One key point we wish to make about the Cuban sec-
tor of the Great Caribbean Arc is that the arc-related rocks
west of the Cauto Tertiary Depression, including the
intermediate arc magmatic rocks, the ophiolitic forearc
rocks, the mélanges of the trench environment, and meta-
morphic rocks with arc affinities (Escambray, Isle of
Youth) form a belt only about 100 km across strike that
cannot be regarded as a complete “arc complex”. This
arc-related belt and its overlying Paleogene sediments are
known as the Zaza Zone (Ducloz and Vuagnat, 1962; Hat-
ten et al., 1988); the Zaza Zone comprises only the frontal
half of the Great Caribbean Arc (Pindell and Barrett,
1990). The Zaza Zone occurs in thin (<10 km) sheets
emplaced onto the southern flank of the Bahamas Plat-
form crust in the Paleocene-early Upper Eocene (Itur-
ralde-Vinent, 1998). The HP-LT rocks of the Escambray
Mountains occur near the south coast of Cuba, south of
and structurally beneath the Zaza Zone, but all of these
rocks lie within only tens of kms from the northern ophi-
olitic mélange belt (Cuban Suture), and thus fit within the
scale of a typical forearc setting, into and onto which
some of the Great Arc’s magmas were intruded and
extruded. Escambray represents a tectonically-unroofed,
deep level of the Great Arc’s forearc, where passive mar-
gin strata had been subducted and subcreted in the Apt-
ian-Albian judging from the age of HP-LT metamorphism
(Stanek et al., this volume; García Casco et al., this vol-
ume). We interpret the last portion of Escambray’s uplift
history (Late Maastrichtian-Middle Eocene; Somin and
Millán, 1981; Stanek, 2000) to pertain to isostatic
rebound during the opening of the Yucatán [intra-arc]
Basin (Fig. 15; Gealey, 1980; Pindell and Dewey, 1982;
Rosencrantz, 1990), in which Cuba’s southern margin
served as the footwall to primary south-southeast-directed
detachment faults (Pindell et al., 2005). The Cayman
Ridge to the south of Yucatán Basin has a much thicker
and more typical arc-like crustal architecture (Case et al.,
1984; Rosencrantz, 1990) than the allochthonous arc

rocks of Central Cuba, and has yielded mainly Paleocene
intrusive ages on arc magmatic rocks collected by dredg-
ing (Perfit and Heezen, 1978; Lewis et al., 2005) and
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FIGURE 12 Three maps (note fixed North American reference frame)
illustrating the application of the slab gap concept to the Caribbean
region, showing the extent of the slab gap at A) 120 Ma, B) approxi-
mately 100 Ma and C) 84 Ma, after which little or no Proto-Caribbean
ocean crust formation occurred, and after which no slab gap growth
would happen. Westward dipping subduction had begun by about 120
Ma and the Caribbean started to migrate east with respect to the
Americas. At the same time, subduction of the Atlantic (Proto-
Caribbean) Ridge produced a slab gap in the downgoing plate. Even-
tually, the Atlantic (or Proto-Caribbean) convection cell was able to
reach the base of the Caribbean Plate, leading to basaltic magmatism
and extension therein. Rollback of the subducted flanks of the Proto-
Caribbean lithosphere at depth could help enlarge the area of the slab
gap, such that the gap approached the size of the Caribbean Plate
itself by ca. 90 Ma. If this model is correct, then Mid-Cretaceous
extension direction in the Caribbean Plate should roughly match the
spreading direction between North America and South America, since
the driving mechanism is the same. This appears to be the case, and
thus it could be argued that the Caribbean Plate has not been rotated
significantly since Mid-Cretaceous time. These three maps are modi-
fied from Pindell and Kennan (2001a) and Pindell et al. (2005).



drilling (Sigurdsson et al., 1997). The two parts of the
original arc were separated by latest Maastrichtian-Pale-
ocene extension (as indicated by zircon fission track cool-
ing ages; Stanek, 2000) and local seafloor spreading
which probably continued into the Middle Eocene in the
Yucatán Basin, prior to which they formed part of the
western, magmatically active end of the Great Caribbean
Arc. Extension in the Yucatán Basin, which tipped out
into the coeval Cauto Basin (Pindell and Dewey, 1982),
was NNW-directed with respect to the Cayman Ridge and
Oriente, Cuba (Rosencrantz, 1990) but NNE-directed
with respect to the Proto-Caribbean (Pindell and Barrett,
1990). The extension was probably driven by rapid roll-
back of the Jurassic Proto-Caribbean lithosphere ahead of
the Cuban forearc (Fig. 15B; Pindell et al., 2005). Given
the narrowness of the Zaza Zone after Yucatán Basin rift-
ing, the Campanian cessation of volcanism in onshore
central Cuba (Stanek and Cabrera, 1992; Rojas et al.,
1995; Iturralde-Vinent, 1994, 1996) does not mean that
subduction was terminated beneath the Zaza Zone at that
time; it simply means that any Maastrichtian-Lower
Eocene subduction-related volcanism associated with the
last few hundred kilometers of the Zaza Zone’s migration
toward the Bahamas either did not occur (subduction too
slow?) or occurred over a typical arc-trench gap of 150
km, which would have placed it south of central onshore
Cuba as suggested by Pindell and Barrett (1990). In con-
trast, arc magmatism was not shut off in the Maastrichtian
in the Oriente Province of Cuba, which was situated to
the south and east of the Yucatán-Cauto intra-arc basin
and hence remained part of the Great Caribbean Arc into
the Paleogene (discussed later).

Now we will show how the geology of Cuba, the
Yucatán Basin, and the Cayman Ridge relates to the
Pacific-derived, Great Caribbean Arc story. Our first con-
cern is the degree of allochthoneity of the Central Cuban
forearc terrane (i.e., “Cretaceous volcano-plutonic com-
plex” of some authors). Northward of the ophiolitic suture
belt, Cuba consists of four belts of thrust-bounded “struc-
tural facies zones” (Pardo, 1975; Ducloz and Vuagnat,
1962; Meyerhoff and Hatten, 1968; Hatten et al., 1988).
Current terminology for these are the Cayo Coco zone,
the Remedios zone (both of the Bahamas platform edge),
the Camajuani zone (southern Bahamas continental slope
and rise), and the Placetas zone (deep water Proto-
Caribbean facies). Hempton and Barros (1993), citing an
unpublished internal oil company report by Hempton
(1991), argued for a minimum of 450 km of shortening
across these zones. The Cayo Coco, Remedios and Cama-
juani zones are parautochthonous to the Bahamas Plat-
form, but the presence of detrital glaucophane and other
forearc-derived minerals in the Turonian sediments within
the Placetas and Camajuaní belts (Linares and
Smagoulov, 1987) suggests that the Placetas Belt was

already associated with, or proximal to, the trench ahead
of the Cuban forearc at that time (Psczólkowski and
Myczynski, 2003, for a different view). Thus, it is more
than possible that the Placetas Belt, and especially its
upper levels, is not a parautochthonous belt, but is instead
more related to the arc and perhaps a remnant of the
Cuban accretionary complex that is very far traveled.

The earliest parameter with which we can locate the
Great Arc concerns the onset of southwest-dipping sub-
duction. As outlined earlier, recent isotopic age determi-
nations on HP-LT minerals in the Cuban and other parts
of the Great Arc’s forearc (see Pindell et al., 2005, for a
summary and references) date the onset of southwest-dip-
ping subduction as Aptian, when the position of this early
arc must have been south of Yucatán and west of Colom-
bia, and probably south of the Chortis Block as well
(Figs. 7 and 8). Thus, the western end of the Great Arc
would interact, from south to north, with the Jurassic and
younger, essentially continuous and correlative, continen-
tal margin sections of Chortis, southern Yucatán, eastern
Yucatán, and eventually the Bahamas (Fig. 13). Somin
and Millán (1981), Iturralde-Vinent (1998), and Pszc-
zolkowski (1999) have highlighted certain similarities in
the sedimentary protoliths of parts of the Escambray, Isle
of Youth, and Guaniguanico terranes of Cuba. Pindell
(1985a) and Hutson et al. (1998) suggested a more
southerly, eastern Yucatán origin for Guaniguanico. The
metamorphic rocks at the surface on the Isle of Youth
likely comprise a higher nappe than the Guaniguanico ter-
rane, and thus are probably farther traveled. Escambray’s
correlative protoliths likely derive from eastern Chortis or
Nicaragua Rise, because the initiation of HP-LT meta-
morphism there dates to a time when the arc was situated
along Chortis (Fig. 13; Pindell et al., 2005).

The next parameters in time that constrain the position
of the Great Arc relative to North America are: (1) the
Turonian-Santonian unconformity in northern Guatemala
(beneath the northward-onlapping Campur-Sepur Forma-
tion foredeep flysch) which we interpret as the passage of
the Great Arc’s peripheral bulge, and (2) the Campanian-
Maastrichtian obduction of a forearc complex onto the
southern margin of Yucatán which we interpret as the
westward continuation of the Cuban forearc, possibly the
original forearc north of Jamaica (Rosenfeld, 1993; Pin-
dell and Dewey, 1982). We relate this forearc obduction
to the Great Caribbean Arc because there is absolutely no
evidence for Caribbean arc terranes lying farther north or
east than this at that time. For example, the stratigraphies
of Trinidad, Venezuela, northern Colombia, the Bahamas,
and eastern Yucatán lack arc-related tuffs or volcaniclastic
sands until well after the Campanian, even though the
Caribbean islands were highly volcanic throughout the
Upper Cretaceous: significant spatial separation is

Foundations of Gulf of Mexico and Caribbean evolutionJ. PINDELL et al.

324Geolog ica  Acta ,  Vo l .4 ,  Nº1-2,  2006,  303-341



required. The appearance of tuffs and volcaniclastic sands
in the Proto-Caribbean margins is a phenomenon that
youngs eastward in accord with Caribbean-American
migration (there are none in Trinidad, for example, until
the Oligocene).

If the Placetas Belt was associated with the Cuban
trench as early as the Turonian as indicated above, and if
the arc arrived at southern Yucatán in the Campanian,
then the depositional position of the Placetas Belt must
have been south of Yucatán, some 1500 km SSW of its
position today along the Bahamas. This gives a measure
of the large, often under-appreciated degree of Cuban Arc
allochthoneity, suggesting that the Cuban accretionary
record has significant gaps in it because of structural
effects and erosion.

From the above, the Cuban “arc” appears to have been
situated near the Chortis Block at the mouth of the Proto-
Caribbean Seaway in the Aptian, south of the Yucatán
Block in the Turonian, adjacent to southern Yucatán in the
Campanian-Maastrichtian (Rosenfeld, 1993), and along
the Bahamas by the Middle Eocene. This represents a
slow migration relative to North America of about 20-30
mm/yr, and suggests that many of central and western
Cuba’s geological relationships pertain to tectonic inter-
actions between the arc and the margins of Chortís and

Yucatán, rather than with just the Bahamas (Fig. 13). We
consider that the Campanian “termination” of magmatism
in central Cuba had nothing to do with the Bahamas as
has commonly been perceived, and was instead closely
tied to the opening of the Yucatán Basin; it was not so
much a strict termination as a southward shift of the mag-
matic axis into the juvenile Yucatán [intra-arc] Basin and
Cayman Ridge, with only an apparent termination in
onshore Cuba. Granitoids of 62-66 Ma age have been
dredged from the Cayman Ridge (Perfit and Heezen,
1978; Lewis et al., 2005), with probably a more complete
arc assemblage (?Albian-Paleocene) at deeper levels. Fig-
ure 13 shows the migration history of the western Great
Arc from a Pacific origin, highlighting where and how
different varieties (mineralogies) and ages of flysch may
have been incorporated into Cuba’s geology.

Our second concern addresses the way in which meta-
morphic and geochemical data are interpreted in terms of
arc history. Both these data sets are commonly cited as
supporting relatively complex models involving multiple
arcs and transient subduction zones. However, when con-
sidered within the paleogeographic framework for the
evolution of the Proto-Caribbean Seaway and origin of
the Caribbean Plate and its migration (Fig. 7), these data
fit very well within the context of a single long-lived
“Great Arc of the Caribbean”. For example, it has been
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FIGURE 13 Flysch belts of Cuba appear to show a systematic trend from arc and subduction zone source (glaucophane and other minerals) during
the Turonian, through a Yucatán source and then a Bahamas source as the trench at the leading edge of the Caribbean Plate migrated along the
Yucatán margin before docking with the Bahamas during the Paleogene.



noted that although geochronologic data indicate that HP-
LT rocks in ophiolitic mélanges in Cuba formed approxi-
mately during the Aptian or early Albian, there are sub-
stantial differences in the details of their P-T-t history
(García Casco et al., this volume). None of these data
imply that they did not evolve in the same subduction
zone, nor even in widely spatially separated parts of the
same subduction zone. The complexities may in part
depend on the precise nature of what was subducted at a
given time and place, and also on the geologic accident of
which part of the accretionary complex was exhumed.
Recent computer models (Gerya et al., 2002) clearly
show that it is possible to have very different P-T-t paths,
including both clockwise and anticlockwise paths, in the
same subduction zone.

Models like Fig. 7B have been criticized because they
are thought not to adequately explain the wide variety of
geochemistry found in lavas in Cuba and elsewhere in the
Caribbean. In particular, Cuban volcanics show geochem-
ical variations suggesting oceanic island arc through
supra-subduction (sometimes referred to as “back-arc”)
origins (Kerr et al., 1999), in addition to rift, intra-oceanic
and Bonin-type arc settings. Again, the published inter-
pretations of these data illustrate the weakness of the two-
dimensional, “cross-sectional” interpretation method
because they do not take account of possible along-strike
variations in the Great Arc, and too often they also ignore
the very poor age constraints. In the case of Cuba, we
note that some of the rocks interpreted as primitive-
island-arc and back-arc pre-date our proposed onset of
westward-dipping subduction (Kerr, et al., 1999). As
such, we would expect PIA type rocks because “Pacific”
plates were subducting eastward beneath the Inter-Ameri-
can Arc and causing melting of fertile mantle. That back-
arc affinities are found in these pre-reversal rocks is also
no surprise; effectively the Proto-Caribbean Seaway lay
in a back-arc basin position east of the Inter-American
subduction zone, albeit one in which the spreading center
probably lay at a high angle to the trench. Also, given the
subduction of at least 1000 km of Proto-Caribbean Sea-
way prior to docking of the Great Arc with the Bahamas
in the early Paleogene, it should be no surprise that the
ophiolitic mélanges at the northeastern edge of the Cuban
allochthons also contain dismembered remains of intra-
oceanic basalts representing Proto-Caribbean Seaway
crust, but northeast of the influence of the pre-reversal,
east-dipping subduction zone. Further, boninites in Cuba
have been used to propose an entirely new arc, above a
west-dipping subduction zone, and separated by a sub-
stantial back-arc basin from the Inter-American Arc (Kerr
et al., 1999). However, this interpretation is based solely
on blocks and boulders within the ophiolitic mélange, and
has no age constraints. Boninites are thought to form at
“hotter-than normal” subduction zones, possibly where

ridge subduction occurs or where subduction initiates on
pre-existing fracture zones. Both these possibilities are
likely during the early stages of west-dipping subduction
(Fig. 7B; see also Pindell et al., 2005 for more detail), so
the presence of boninite remnants might be expected in
the single arc model. Finally, the calc-alkaline arc rocks
in western and central Cuba are, as integrated into the
model (Fig. 7B), largely confined to the post-reversal arc
(Albian–Campanian). Thus, it seems clear to us that the
relatively simple subduction configuration shown in Fig.
7B can provide more than enough variation in initial con-
ditions to explain the observed variations in both meta-
morphic and volcanic assemblages. Indeed, it is hard to
imagine how the same initial conditions could exist along
strike over distances of a thousand kilometers or more, a
distance over which subsequent and significant variations
exist today.

The next concern we address is the origin of the Paleo-
gene arc magmatics of Oriente, Cuba (Lewis and Straczek,
1955; Cobiella, 1988; Iturralde-Vinent, 1994, 1996, 1998)
which do not occur in central Cuba for the reasons stated
above. The arc magmatics here comprise mainly Eocene
volcanics and plutons of 46-60 Ma age (Cazañas et al.,
1998; Rojas-Agramonte et al., 2004; Lewis et al., 2005).
On the basis of differing age and geochemistry, Lewis et al.
(2005) distinguish these from the dredged arc rocks of the
Cayman Ridge (62-66 Ma) to the west, which had been
thought by some to be the continuation of Oriente (Perfit
and Heezen, 1978). Oriente Cuba’s arc rocks have been
associated with (1) the final stage of magmatism from
southwest-dipping subduction during the Great Arc-
Bahamas collision (Pindell and Barrett, 1990), or (2) a
short-lived northward-dipping subduction zone, either in
the Cayman Trough (Perfit and Heezen, 1978; Cobiella,
1988), or along the Peralta-Ocoa belt of Hispaniola (Sykes
et al., 1982; Pindell and Draper, 1991; Iturralde-Vinent
1996, 1998). Pursuing the north-dipping option further, a
satisfactory Eocene-Oligocene reconstruction of the Paleo-
gene arc axes and flanking basins of Hispaniola’s Central
Cordillera and Oriente, Cuba can be made by retracting
about 350 km of offset along the Oriente Fault/northern
Hispaniolan faults (Pindell, 1985b; Pindell and Barrett,
1990; Erikson et al., 1990; Iturralde-Vinent and MacPhee,
1999). If Oriente’s Paleogene arc magmatics are due to
north-dipping subduction, then Hispaniola’s Paleogene arc
magmatics could be as well (Cobiella, 1988; Iturralde-
Vinent, 1996, 1998). In Hispaniola, the Palma Picada lavas
along the south flank of Cordillera Septentrional, the Loma
Caballero and Los Banitos units, and unnamed ?Eocene
dioritic stocks cutting the Maimon and Peralvillo forma-
tions all lie north of the Upper Cretaceous arc axis, and
flank the Cibao Basin (Bowin, 1960). If these volcanics are
the southeastward continuation of the Oriente arc volcanics
(“Oriente-Cibao arc”), then the trench must have lain along
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the site of the San Juan Basin to the south of Hispaniola’s
Central Cordillera, and not along the Cayman Trench or
Oriente Fault.

Figure 14 shows the approximate Eocene plate bound-
ary configuration in relation to the reconstructed “Ori-
ente-Cibao arc”, highlighting the north-dipping thrustbelt
and potential trench along the southern flank of the Cen-
tral Cordillera (Sykes et al., 1982; “San Juan Restraining
Bend” of Pindell and Barrett, 1990; Peralta Belt of Dolan
et al., 1991; Peralta-Oca Belt of Iturralde-Vinent, 1996,
1998). We note that in order to induce arc magmatism
under this restraining bend configuration, the Caribbean
azimuth of motion must have been ENE relative to the
intermittent arc axis by Paleocene time.

In the Cretaceous before this fault zone became active,
Oriente’s arc magmatic rocks can be fit nicely into the
Albian-Maastrichtian “Great Arc” model. As for the Pale-
ogene, the north-dipping subduction option (Fig. 14) is
strengthened by seismological work that shows the exis-
tence of two interfering subducted slabs beneath Hispan-
iola (McCann et al., 1990). The significance of this model
(Fig. 14) is that the Oriente-Hispaniolan portion of the
Great Arc could have collided with the Bahamas some-
what earlier (Maastrichtian-Early Paleocene) than would
be required if the Oriente-Cibao magmatism pertained to

south-dipping subduction from the north (Eocene). Thus,
the idea of the Cuba-Bahamas collision being eastwardly
diachronous (Mann et al., 1995) would be invalid, and the
Cuban collision may actually have been diachronous
westward, where suturing was Middle to early Late
Eocene. Further, the strong imbrication of the Purial ophi-
olites, the Cretaceous arc rocks, and the underlying meta-
morphosed carbonate strata of easternmost Cuba
(Pushcharovsky et al., 1988; Inturralde-Vinent, 1994, this
volume; García Casco et al., this volume) may be due to
the Bahamian collision being particularly intense here,
driven by true convergent plate motions rather than mere-
ly by subduction zone rollback as it was to the west of the
Cauto Depression (see below). In this light, the San Juan
Basin transpression can be viewed as backthrusting relat-
ed to the Bahamian collision.

Our last point regarding the Cuban region addresses
the concurrent Yucatán Basin intra-arc spreading and
forearc collision with the Bahamas (Fig. 15). The feasibil-
ity of this process, where coupled large-scale extension
and compression occur simultaneously, and which is also
seen in the Appenines-Tyrrhenian Sea area and elsewhere
(Rosenbaum et al., 2002; Mantovani et al., 2002), is not
immediately apparent because it gives the appearance that
compressive thrusting builds a positive topographic head
ahead of a negative, actively extensional oceanic basin.
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However, this is only the appearance today. In reality,
however, most of the uplift that forms the positive orogen
relates the isostatic rebound of the thrustbelt and foredeep
basin as the formerly subducting oceanic part of the slab
drops off into the mantle as the continent chokes the
Benioff Zone beneath the arc. In the case of Cuba, the
subsidence history of the Bahamas (Paulus, 1972) shows
accelerated creation of accommodation space in the Pale-
ocene, marking the arrival of the allochthonous Cuban arc
and thrustbelt (north-directed foredeep loading), followed
by a strong Eocene erosional unconformity which match-
es the age of the post-orogenic unconformity onshore
Cuba (Angstadt et al., 1985; Pardo, 1975). Because the
Early Eocene flysch of the Cuban orogen is of deep water
nature (Bralower and Iturralde-Vinent, 1997), the Paleo-
gene structural shortening in the Cuban thrustbelt was
largely a submarine process. Hence, intra-arc extension in
the Yucatán Basin did not drive the emergence of the
Cuban orogen, but was instead a passive response to Pro-
to-Caribbean lithospheric rollback ahead of the slowly
migrating arc terrane (Fig. 15B; Pindell et al., 2005). As
the Bahamas approached the trench, they were loaded in
the Paleocene but they ultimately choked the Benioff
Zone by the Middle to Late Eocene. The strong and rapid
Late Eocene uplift (Iturralde-Vinent and MacPhee, 1999)
was then generated by isostatic rebound of the entire
thrust belt and flanks of adjacent basins as the negative
load of the subducted Proto-Caribbean slab was detached
from the lithosphere beneath the Bahamas (Fig. 15C).

CONTROVERSY 8, ORIGIN OF PALEOGENE “FLYSCH”
DEPOSITS ALONG NORTHERN SOUTH AMERICA:
THE PROTO-CARIBBEAN SUBDUCTION ZONE

Several Paleogene units in Central and Eastern
Venezuela and Trinidad comprise turbiditic sand, shale,
and conglomerate which have long been considered as
“flysch” or “wildflysch” in the sense of being indicative
of orogenesis (Kugler, 1953). These include the Maas-
trichtian Galera Formation of the eastern Northern Range,
Trinidad; the Paleocene-Lower Eocene Guarico Forma-
tion in central Venezuela (Beck, 1977); the Paleocene-
Lower Eocene northwestern but not the southern Vidoño
Formation of the Eastern Serranía (Hedberg, 1950); the
probably Oligocene “Lecheria” (informal) beds north of
Barcelona, Venezuela (either Los Jabillos or Naricual
equivalent; Tectonic Analysis, unpublished data) the
Maastrichtian-Lower Eocene Chaudiere and Pointe-a-
Pierre Formations of the Central Range of Trinidad
(Kugler, 1953); the Late Eocene/Early Oligocene Plai-
sance “Member” of the San Fernando Formation in the
Central Range of Trinidad (Kugler, 1953); the Lower
Oligocene Angostura Trend reservoir offshore eastern
Trinidad (Taylor, 2005); and the Eocene (Speed, 1994) or

Oligocene-Early Miocene (Baldwin et al., 1986) Scotland
Formation of Barbados. Most of these units are turbiditic
and carry conspicuous detrital mica, and the Plaisance,
Angostura, Scotland and Lecheria units comprise olis-
tostromal conglomerate and intra-formational slumps
within them. These units generally lie north of time
equivalent shallower-water shelf strata such as the Lizard
Springs and Navet Formations of southern Trinidad and
the southern Vidono and Caratas Formations of the south-
ern Serranía which lack signs of “orogenesis”. This obser-
vation was central to the hypothesis (Kugler, 1953) of
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FIGURE 15 Paleogene mechanics of the Cuban portion of the Great
Caribbean Arc. A) Rollback of Proto-Caribbean lithosphere drove intra-
arc extension in Yucatán Basin (shown in B) until the Bahamas entered
the trench and choked the Benioff Zone. During the subduction stage,
negative buoyancy of the subducting slab drives rollback such that the
forearc complex is sucked toward retreating trench line. As thicker
crust of the Bahamas approaches the trench, the negative buoyancy
and the load of the arc terrane generates accommodation space and
hence the foredeep basin. Eventually, the buoyant material chokes
trench, causing “collision”. B) Paleocene intra-arc extension in
Yucatán basin, after Pindell et al. (2005). Cuban forearc terrane sepa-
rates from Cayman Ridge remnant arc due to extensional stresses
caused by Proto-Caribbean rollback ahead of Cuba. Escambray, Can-
gre, and Isle of Youth terranes are normal fault footwalls tectonically
elevated by structural unroofing in Late Maastrichtian-Paleocene time
(modified after Pindell et al., 2005). C) Slab break away mechanism
for the creation of the Middle Eocene post-orogenic unconformity
across Cuba and southern Bahamas, as a result of trench choking. As
the Bahamas Platform resists subduction due to its positive buoyancy,
the subducted slab undergoes extensional failure and drops off into the
mantle. The removal of this negative buoyancy force allows isostatic
rebound to occur, producing the “post-orogenic unconformity” over an
area extending some 200-300 km in each direction from the trace of
the suture zone.



orogenesis to the north of the present day onshore. Fur-
thermore, early workers looked to the Northern Range
and Araya-Paria Peninsula metamorphic rocks as evi-
dence for the Late Cretaceous orogeny responsible for
provenance of these units.

The reason that this issue is now a point of Caribbean
controversy is that the Caribbean-South America dextral
oblique collision model (Pindell et al., 1988) cannot
account for orogeny in these areas prior to the Oligocene,
but the occurrence of “flysch” has been taken by some to
indicate an in-situ origin for the Caribbean Plate. Thus,

we need to examine the nature of these supposed “syn-
orogenic” deposits and other regional relations to see if
the presence of the Caribbean Plate is required. First of
all, primary D1 deformation and metamorphism in the
Northern Range, the Paria Peninsula, and probably the
footwall of the allochthonous Cretaceous thrust sheets of
the Araya Peninsula were probably Eocene-Middle
Oligocene events (Pindell et al., 1991; Foland et al., 1992;
Algar and Pindell, 1993), not Late Cretaceous as had been
thought by earlier workers. Thus, the existence of a nor-
thern orogenic belt, especially one shedding mica, during
deposition of most of the “flyschoid” units is suspect.
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Second, deposits with very similar sedimentology to
the aforementioned units have been well-accepted in pas-
sive margin settings at times of lowstand deposition when
orogenesis was entirely lacking. Further, the mineralogies
of the sands in the noted formations are generally void of
volcanics, tuffs, basaltic or metamorphic rock fragments,
or any other types of grains indicating the presence or
collision of the Caribbean Plate in the area. Only the
Scotland Formation of Barbados carries grains that are
commonly associated with subduction or plate collision
(very rare glaucophane), but whether or not this is perti-
nent to the present discussion depends on one’s model for
the origin of the Scotland Formation in the first place. If
the Scotland was accreted to the Caribbean forearc early
as part of a far traveled Caribbean accretionary prism, or
if the age of the Scotand is Oligocene-Early Miocene
rather than Eocene in a more in-situ depositional model
with relatively late accretion to the Caribbean, then a
Caribbean trench origin for the glaucophane is entirely
consistent with a far-traveled (Pacific origin) Caribbean
Plate. Concerning the mica in most of these formations,
we have observed mica in cores from the sands of the
Gautier, Navet and San Fernando units of southern
Trinidad, which are almost certainly south-derived from
the shield, and thus we do not believe there is any specific
need to invoke a northerly or westerly source for the mica
in the flyschoid units. Finally, we have been able to
expand the mapped area of Late Eocene/earliest
Oligocene erosional unconformity across much of south-
ern Trinidad and the southern Serranía del Interior of Late
Eocene age, thereby documenting a very proximal,
southerly source (fluvially-bypassed correlative unconfor-
mity) for many of the noted (lowstand) units.

In summary, we know of no data whatsoever requiring
spatial proximity of the Caribbean Plate with eastern
Venezuela or Trinidad prior to the Middle Oligocene;
from the geology of that region, the Pacific origin model
with a Caribbean-South America displacement rate of
about 20 mm/yr is entirely compatible if not required.
Furthermore, the weakness of the “orogenesis” is well
summarised by Hedberg (1950): “the time from the Late
Cretaceous to Late Eocene was one of widespread emer-
gence accompanied by tectonic movements and pro-
nounced changes in paleogeography…[however], in the
Serranía del Interior [Oriental] there was at no time suf-
ficient disturbance to create any strong angular relation
between any of the several formations or sufficient ero-
sion to break the normal sequence of formational units or
even very markedly reduce individual formation thick-
nesses”.

From the above, what did occur in this region in the
Late Cretaceous-Paleogene? Our own extensive field and
lab studies (Tectonic Analysis, 1990-2005 unpublished

data) document widespread Paleogene erosion (unconfor-
mity) as well as widespread redeposition of clastic mater-
ial (low stand wedges) in Eastern Venezuela and Trinidad.
But the most severe aspect concerning “orogeny” we can
yet point to is the presence of rounded Albian clasts up to
50 cm in size in the Late Eocene-?earliest Oligocene Plai-
sance unit of the Central Range of Trinidad, which, on the
basis of lithology and fauna, we believe originated from
Eastern Venezuela. We are still assessing if these clasts
were necessarily eroded in a subaerial environment
(Serranía del Interior) in the Late Eocene; if so, then
the degree of epeiric (non-contractional) uplift must
have exceeded 1000-1500 m in order to cut down to
the Albian. But if we can satisfactorily accept a subma-
rine mechanism for the rounding, then perhaps a
canyon origin is feasible (outer shelf or slope slump-
ing) that requires far less epeiric uplift. At present we
prefer the former interpretation, suggesting fairly sig-
nificant uplift.

Pindell et al. (1991) and Algar and Pindell (1993)
explored two different drivers for Paleogene orogenesis in
Eastern Venezuela and Trinidad. Pindell et al. (1991)
employed the seismic tomography of van der Hilst (1990)
to propose south-dipping subduction of Proto-Caribbean
crust, which also accounted for the several hundred km of
N-S convergence between North and South America since
the Maastrichtian which had been documented from
Atlantic kinematics by Pindell et al. (1988) and which has
been reaffirmed by Müller et al. (1999; Fig. 1). Algar and
Pindell’s (1993) discussion of the origin of the Northern
Range considered that “Proto-Caribbean subduction”
model, but developed an alternative model of N-ward
downslope gravitational contraction into the Caribbean
foredeep as a means of driving Northern Range deforma-
tion. The deposition of the Paleogene clastic units could
be fit into either model.

However, recent magnetic anomaly and fracture zone
picking of the Atlantic basin (Müller et al., 1999) has cor-
roborated the results of Pindell et al. (1988), i.e., that sub-
stantial convergence has occurred between North America
and South America since the Maastrichtian (Fig. 1B). We
continue to believe the effect of this convergence is visi-
ble in the seismic tomography (Figures 6D and 6E),
namely the subduction of Proto-Caribbean lithosphere
beneath northern South America prior to the arrival of the
Caribbean Plate from the west. Müller’s et al. (1999) cor-
roboration, in conjunction with our field programs in
Venezuela and Trinidad, has increased our confidence that
a Proto-Caribbean subduction zone has existed along
northern South America since the Late Maastrichtian.
Further, we believe that the eastern continuation of this
Proto-Caribbean trench can be seen in both gravity and
basement structure contours where it emerges from the
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Barbados accretionary prism at about 14.5°N (Fig. 16),
east of the Caribbean Plate.

We can use the seismic tomography to roughly define
the existence and position of the Proto-Caribbean slab, as
well as the South American hanging wall to this Proto-
Caribbean trench which is now largely located beneath

the more recently arrived Caribbean Plate. The Maas-
trichtian geometry of the Proto-Caribbean Seaway can
then be restored by connecting at the surface the subduct-
ed elements of these lithospheres. We find that such a
geometry, whereby the Americas are 400-500 km farther
apart than at present, matches well the Maastrichtian rela-
tive position of the Americas as defined by Atlantic mag-
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netics and fracture zones. Thus, it appears that the north-
south contraction between the Americas has been taken
up by slow, southward dipping, amagmatic subduction of
Proto-Caribbean lithosphere beneath northern South
America ahead of the Caribbean Plate.

As outlined earlier, the significance of Trinidad’s Plai-
sance conglomerate seems to be that uplift of the eastern-
most Eastern Serranía was great enough (1500? m) by Late
Eocene for the Albian level to have reached the erosional
surface, after some 70 km of north-south contraction had
occurred at the Proto-Caribbean trench (Pindell and Ken-
nan, unpublished data). The disposition of litho-units on
the geological map of the northeastern Serranía allows for
such an unconformity, but does not require it because the
mid-Miocene to Present erosion level is deeper than that in
the Eocene. Figure 17A shows the history of trench-trench
collision between the Caribbean and northern South Amer-
ica; Fig. 17B shows the instantaneous plate boundary con-
figuration during trench-trench collision; and Figs. 17C and
17D, respectively, provide an eastwardly diachronous
mechanism for strong (kilometric) hanging wall uplift/ero-
sion (Late Eocene unconformity) followed by strong fore-
deep subsidence (Los Jabillos-Areo-Carapita in Venezuela,
Lower Cipero-Nariva-Upper Cipero/Herrera in Trinidad)
within that trench-trench collisional history (Pindell, 2004).
If we were to examine Fig. 17A in more detail, we would
see that a primary structural difference in the Venezuelan
margin to the east and west of the Urica Fault is likely that
the South American hanging wall has wedged into the
Caribbean Plate to the west of the fault, whereas to the east
it has not (Fig. 18; Vandecar et al., 2003). This mechanism
can account for the obduction of the Villa de Cura Belt
(Caribbean forearc) onto South American basement in
Central Venezuela.

In Eastern Venezuela and Trinidad, this Proto-Caribbean
subduction zone stage of development pre-dated the
younger collision with the Caribbean Plate in that area. The
Cenozoic evolution of northern South America must be
viewed as a diachronous trench-trench collision model
rather than as an arc-continent collision model. The merits
of the trench-trench collision model are several: (1) it
explains the clearly imaged Proto-Caribbean slab subducted
beneath northern South America in the seismic tomography
(Fig. 6); (2) it accounts for the 250-400 km (increasing from
east to west) of Maastrichtian-Present convergence between
North and South America (Fig. 1); (3) it provides a Paleo-
gene template for epeiric uplift in which northern South
America was the hanging wall to the Proto-Caribbean sub-
duction zone far ahead of the Caribbean Plate, in which tec-
tonically-driven Paleogene unconformities and flyschoid
regressive depositional units can be placed (Fig. 17C), (4) it
provides an ideal setting for pre-25 Ma, north-vergent
deformation and metamorphism in the Araya-Paria Peninsu-

la-Northern Range Terrane, which probably continues into
the deep (Paleogene accretion) levels of parts of the Barba-
dos Ridge east of the Northern Range, and which we
believe represent the Proto-Caribbean accretionary prism;
and (5) it provides a crustal template for understanding the
structural difference to the east and west of the Urica Fault
Zone (Fig. 18). Although no magmatic arc products are
known to have formed during Proto-Caribbean subduction,
probably because the amount and rate of Proto-Caribbean
subduction was so small (about 400 km in the west and 250
km in the east over some 67 m.y.), the Caribbean-South
America collision is better considered as a trench-trench
collision than as an arc-continent collision.

DISCUSSION AND CONCLUSIONS

The Gulf of Mexico-Caribbean literature represents
many decades of collective effort by hundreds of wor-
kers, and working models of Caribbean evolution repre-
sent the synthesis of all that effort with well-constrained
regional plate kinematic history. We should take care to
understand and embrace the merits of what has come
before, trying to build upon that knowledge base and
incorporating the results of new work into long-esta-
blished concepts, rather than trying to make radical
changes for the sake of impact. The literature is simply
too mature for the proposal of ad-hoc regional or sub-
regional models based on small, limited, or local data
sets to mean anything significant. Concerning publica-
tions, the peer-review process needs to be tightened up:
several recent attempts to build “new” Caribbean models
violate so much basic geology, ignore so much geophy-
sical and geochemical data, and/or show a lack of under-
standing of tectonic synthesis, that they cannot be taken
seriously. Workers with expertise in certain fields of the
geosciences need to team up with others from other
fields in order to broaden their collective understanding
of geology. Cross-pollenation and sharing of ideas, prin-
ciples, respect for error limits, and the understanding of
geologic processes is a wonderful way to make new
progress while at the same time ensuring a firmer foun-
dation beneath that progress.

While numerous unresolved aspects of Gulf or Mexi-
co and Caribbean evolution remain that we have not gone
into here, we hope the discussions herein help to put our
eight identified points of recurrent, and in our opinion
unfounded, controversy to rest. We summarise:

1. The known spreading fabrics of the Atlantic Oceans
do place tight constraints on regional kinematics and
models of Caribbean evolution, with errors often much
smaller (< 50 km) than local uncertainties about displace-
ments on particular faults.
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2. The southern edge of the Grand Banks (Bahamas)
block, which was overthrust by the Cuban forearc ter-
rane in the Eocene, is the north side of the Guyana
Escarpment transtensional fault zone, and there was a
tight fit between the Grand Bank/Cuban autochthonous
basement and northeast South America prior to the Late
Jurassic.

3. The Yucatán Block did rotate anti-clockwise away
from Florida and Texas as the Gulf opened, creating a
tract of oceanic crust that is significantly wider in the
western Gulf than in the east, leaving a fracture zone
type margin along eastern Mexico, and separating into
two parts what was a single Louann-Campeche salt
basin prior to the Oxfordian.

4. The oceanic crust of the Caribbean Plate certainly
is of Pacific origin, and that crust was situated relatively
close to but west of Colombia by Aptian time.

5. The Caribbean large igneous province was not
caused by the plate passing over the Galapagos hotspot,
and we offer a model for the origin of much of the
Caribbean LIP for the Caribbean community to consider
that we believe is consistent with far more data than other
models.

6. Southwest-dipping subduction was established in
the Aptian (125-112 Ma) beneath the Great Arc of the
Caribbean, but the details of this development remain
sketchy; since then Caribbean-American displacement
has been due mainly to the westward drift of the Ameri-
cas past a Caribbean Plate that is nearly fixed in the
mantle reference frame.

7. A single Great Caribbean Arc in which local
events and tectonic processes occur within it, such as
changes in slab dip, intra-arc spreading, and arc-parallel
extension, can explain most of what we know about the
Caribbean arc fragments and the history of the
Caribbean Plate, although development of a transient
Eastern Cuba-Hispaniola Arc to the northeast of the
adjacent San Juan Restraining Bend during or following
the Great Arc-Bahamas collision is proposed here for
consideration.

8. A Paleogene, south-dipping Proto-Caribbean sub-
duction zone did develop along northern South America
prior to the progressive oblique collision of the
Caribbean Plate along northern South America, and this
subduction zone is largely responsible for the occur-
rence of tectonically-driven low-stand wedge (not strict-
ly flysch) deposits in Eastern Venezuela, Trinidad, and
possibly Barbados prior to the arrival of the Caribbean
Plate in that area.
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