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ABSTRACT

The Caribbean Plate formed in the eastern Pacific; and moved between the
Americas by means of a SW-dipping Greater Antilles subduction zone, consuming
proto-Caribbean crust which had formed by the rifting of the Americas as part of the
break-up of Pangaea. The timing of inception of SW-dipping subduction remains
controversial (~135-125 Ma vs. ~90 Ma) and the tectonic implications of the origin of
many igneous rock units around the region are unknown.

At four locations in the SE Caribbean, U-Pb zircon dating, major and trace
element and radiogenic isotope whole rock analyses were used, as appropriate, on
igneous rocks to understand the age, tectonic setting, mantle sources and/or crustal
sources of magmatism. The four locations studied were: (a) the Late Jurassic-Early
Cretaceous back-arc basin rocks of La Désirade (Lesser Antilles); (b) the Early
Cretaceous island-arc rocks of Tobago Island; (c¢) the suspected Late Cretaceous plume-
related San Souci Formation, Trinidad and (d) the Late Cretaceous SE Aves Ridge
which is of island arc origin.

The results reveal that: (a) the Late Jurassic eastern Pacific region consisted of
an E-dipping Andean/Cordilleran arc-back-arc system which rifted prior to inception of
the Greater Antilles arc; (b) the end of E-dipping subduction and the initiation of the
SW-dipping Greater Antilles island arc took place at ~135-125 Ma and involved the
transform motion of suites of Andean/Cordilleran arc rocks into the N and S ends of the
Antillean arc; (c) rocks of the present-day Dutch-Venezuelan Antilles and Aves Ridge
record a different tectonic story involving a separate long-lived E-dipping Andean arc
system with a polarity reversal event related to the collision of the ~90 Ma Caribbean-
Colombian Oceanic Plateau (CCOP) and (d) at ~90 Ma, plume-related rocks were also
formed on the proto-Caribbean plate between the Americas as part of an oceanic
plateau distinct from the CCOP.
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CHAPTER ONE: INTRODUCTION

A rationale for the study, its aims, structure and methodology, followed by an
introduction to the key components of Caribbean Plate and the debate over their

tectonic evolution
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1.1. Opening remarks

This thesis is a study of four poorly-documented occurrences of Jurassic to
Cretaceous igneous and meta-igneous rocks in the SE Caribbean and Lesser Antilles
basement. Geochronological, major and trace element analyses and radiogenic isotope
data will be used to resolve the ages and detailed tectonic settings of these rocks. This
new high-resolution data will be combined with existing data from across the
Caribbean, to help discuss and improve models of the origin and tectonic evolution of

the region.

The opening chapter continues with a very brief introduction to the nature,
origin and evolution of the Caribbean Plate (Section 1.2). In this section, the problems
associated with studying the tectonic history of the plate are outlined, and the four
studied sites are introduced. Section 1.3 is a brief list of the aims of this project. This is
followed by an outline of the structure of the remaining chapters of this thesis, along
with a list of publications associated with the study. The introductory chapter concludes
with Section 1.5 which is a literature review of the key components of the Caribbean
Plate. Here, the two most prominent plate tectonic models for the evolution of the

Caribbean region will be reviewed and some of their relative merits discussed.
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1.2 Rationale

The extant Caribbean Plate (Fig. 1.1) is a region of Mesozoic oceanic crust and
Cretaceous oceanic plateau material bounded by subduction and transform margins
(Kerr et al., 2003). The plate is considered to be an allochthonous part of the Farallon
Plate that has moved into the region between North and South America from
Cretaceous to recent times (e.g. Kerr et al., 2003; Pindell et al., 2006 and references
therein). North and South America drifted apart in the Middle Jurassic with oceanic
crust forming between the Americas during the Late Jurassic in the Gulf of Mexico and
the proto-Caribbean seaway which has since been largely subducted (reviewed in
Pindell & Kennan, 2009). On the Pacific margin of the proto-Caribbean, an island arc
system initiated during the Early Cretaceous, the ‘Great Arc of the Caribbean’ (Burke
et al., 1978; Burke, 1988), which superseded Andean/Cordilleran subduction processes
at the eastern margin of the Pacific Plate. The Great Arc is composed of the Greater
Antilles [Cuba, Hispaniola, Jamaica, Puerto Rico and the Virgin Islands on Fig. 1.1],
the Aves Ridge, Lesser Antilles, Dutch-Venezuelan Antilles and arc rocks in
Venezuela, Colombia and Ecuador but the actual number of arcs involved and their
subduction polarities are uncertain (Fig. 1.1). The Farallon plate was thickened by
eruption of plume-related lavas to the west of the Great Arc system at ~94-88 Ma
(Sinton et al., 1998; Kerr et al., 2003) forming the Caribbean-Colombian Oceanic
Plateau (CCOP) (e.g. Kerr et al., 2003). After the CCOP formed, a second arc system,
the Costa Rica-Panama arc developed behind the CCOP, leading to the isolation of the
Caribbean as a separate plate (Pindell & Dewey, 1982).

To facilitate eastward motion of the Caribbean, subduction on the Greater
Antilles portion of the Andean/Cordilleran arc system had to reverse from an E-dipping
polarity to SW-dipping Greater Antilles arc subduction (Mattson, 1979). The timing
and cause of this subduction polarity reversal is arguably the most controversial aspect
of Caribbean geology. One prominent model proposes that E-dipping
Andean/Cordilleran subduction continued until ~85 Ma when the CCOP choked the
trench, forcing initiation of SW-dipping subduction (e.g. Burke, 1988; Kerr et al., 2003;
Hastie & Kerr, 2010). Another model suggests that E-dipping subduction on the
Andean/Cordilleran system ceased in the Canbbean region at ~135-125 Ma, resulting

in the initiation of SW-dipping subduction of proto-Caribbean crust and therefore the

4
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generation of much of the Great Arc in a SW-dipping subduction setting (e.g. Pindell &
Barrett, 1990; Pindell & Kennan, 2009; Stanek et al., 2009; Escuder Viruete et al.,
2010).

Magmatism largely ceased on the Caribbean Great Arc system during the
Palaeocene to Early Eocene as the Grenada Basin opened (Pindell & Barrett, 1990;
Speed & Walker, 1991; Bird et al., 1999). Roll-back of the west-dipping proto-
Caribbean subduction zone then initiated the active Lesser Antilles subduction zone
(Aitken et al., 2011). Components of the Great Arc accreted to the Caribbean margins
whilst the Lesser Antilles subduction zone continues to facilitate the eastwards

movement of the Caribbean Plate relative to the Americas.

The tectonic history of the region is more complex than this short description
suggests and will be further described in Section 1.4. The key problem hindering a
better understanding of Caribbean geology is that the ages and tectonomagmatic
settings of individual magmatic units are not known in enough detail to allow definitive
tectonic reconstructions and resolution of the subduction polarity debate. Efforts have
been hindered because much of the Caribbean is under water; outcrops are scattered,
poorly-exposed and contain altered or metamorphosed rocks which affect major, trace
element and isotopic systems. Formerly complete crustal units have been tectonically
dismembered and so their significance is difficult to ascertain. Early research relied on
imprecise laboratory techniques not suited to altered Caribbean rocks, such as K-Ar
geochronology, major element analyses and minor element discrimination diagrams.
Also there is a limited active research base within the Caribbean region and so many
studies have been undertaken by outsiders constrained by funding issues or political

problems, leaving some regions of the Caribbean relatively poorly understood.

In this thesis an attempt is made to improve knowledge of potentially important
locations using U-Pb geochronology and immobile trace element and radiogenic
isotope analyses of mostly mafic island arc and within-plate rocks. The focus is on the
SE Caribbean (Fig. 1.2), which is a complex suture zone between the Caribbean and
South American Plates, where eastward motion of the Caribbean continues at
approximately 2 cm/yr along transpressive boundaries (Weber et al., 2001). The

boundary zone contains para-autochthonous Palaeozoic and older South American

5
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1.3. Aims, Structure and Methodology

1.3.1. Aims of the project

This aims of this project are to:

= review the geological components of the Caribbean region and the
debate over their geological evolution

= introduce the four chosen localities for this study and the previous work
undertaken

= describe the geology of the four localities using field evidence, hand
specimens and thin sections

= use U-Pb zircon dating, where appropriate, to resolve the age of some
critical geological units

= use whole rock major and trace element analyses and whole rock
radiogenic isotope analyses to further characterise the studied rocks and
assess the links between different units at a given locality

* interpret the new geochemical data to help better understand the tectonic
setting and petrogenesis of each individual magmatic unit

= combine the available data with information from nearby localities of a
similar age to link each location to regional tectonic scenarios

* provide a critique of problems in Caribbean geology including an
assessment of existing Caribbean plate tectonic models and suggesting a

new model

1.3.2. Structure and methodology of the project

After this introductory chapter, Chapter 2 will introduce the geological settings
of the four chosen localities, giving details of previous studies, an outline of sample
collection methods, and the rationale for applying geochemical techniques to each
location. Chapter 3 is a review of the field geology and petrography of each unit as
studied at each locality.
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Chapter 4 contains the geochemical results from each locality in turn. For each
locality, the first topic covered in Chapter 4 is the result of any U-Pb zircon dating
undertaken. Next in Chapter 4 come the results of major and trace element geochemical
studies and radiogenic isotope analysis, with discussion on which elements have been
mobilised due to sub-solidus processes and investigation of petrogenetic links between
the units studied. Finally, the results of radiogenic isotope analysis are presented (where
undertaken) in order to further characterise the units.

Chapter S is the first part of the discussion. The chapter begins with a section on
how trace element and isotopic data is used to classify mantle sources and identify the
‘subduction component’ in mafic island arc rocks. This chapter then almost exclusively
relates to the data generated during the study and covers the necessary steps to elucidate
the petrogenesis of the various units. Each section ends with a summary of magmatic
activity at each site which may be quickly referred to when reading the subsequent

discussion chapter.

Chapter 6 is the second part of the discussion, which begins with a
consideration of the wider context of the studied units. For each locality, this
consideration normally includes the correlation of the studied units with other
formations in the wider Caribbean region, moving on to a discussion of which, if any,
of the tectonic models of the Caribbean are appropriate for the formation of the
correlated units. The concluding part of the chapter takes the form of a revised model of
Caribbean tectonic evolution based on the findings from this project. Chapter 7
summarises the key outcomes of the study, and finally lists some remaining problems

in Caribbean geology and suggestions for further research.

Aspects of this thesis have been incorporated into peer-reviewed articles,
published abstracts and public discussion as listed below. Unreferenced written work in
this thesis may be attributed solely to the author. Reprints of the underlined

publications are presented in Appendix 7.

(1) Neill, 1. 2009. Pacific Rising. Geoscientist Magazine 19(11), 12-14
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(2) Neill, I, Kerr, A.C., Snoke, AW, Hastie, A.R., Pindell, J.L., Chamberlain,
K., & Millar, I.L. 2009. Geochemistry and geochronology of Tobago Island: A
preliminary re-appraisal. AGU Fall Meeting Abstracts T51D-06

(3) Kerr, A.C,, Neill, I., Urbani, F., Spikings, R., Barry, T. & Tarney, J. 2009.
The Siquisique basalts and gabbros, Los Algodones, Venezuela: late Cretaceous
oceanic plateau formed within the proto-Caribbean plate? AGU Fall Meeting Abstracts
V41C-2193

London 168, 333-347.

Several further papers are planned or are in preparation for international
journals relating to the geology of Tobago, San Souci and the evolution of the
Caribbean Plate.
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1.4. The origin and evolution of the Caribbean Plate
1.4.1. Pacific Origin of the Caribbean Plate

Although some workers (e.g. Meschede & Frisch, 1995; Meschede, 1998; James,
2006; 2009) argue that the Caribbean Plate formed “in-situ” between the Americas,
most Caribbean geologists accept that the Caribbean Plate is an allochthonous region of
crust formed in the Pacific Ocean which has migrated eastwards, bounded by supra-
subduction and transform plate margins. The Pacific origin of the Caribbean Plate has
been established for many decades (e.g. Wilson, 1966; Pindell & Dewey, 1982; Pindell,
1985; Burke, 1988; Pindell & Barrett, 1990; Montgomery et al., 1992; Pindell, 1993;
Kerr et al., 2003; Pindell et al., 2006). The main findings in favour of a Pacific origin
for the Caribbean Plate are listed below.

Firstly, many of these authors point out E-W displacement of over 1100 km on
the Cayman Trough. Secondly, as discussed in Sections 1.4.6 and 1.4.7, Aptian or
Santonian to Eocene SW-directed subduction beneath the ‘Great Arc’ indicates
substantial relative eastward displacement of the Caribbean Plate. Plate motion vectors
for N. and S. America (e.g. Pindell & Dewey, 1982; Miiller et al., 1999) show the
Caribbean Plate could not have fitted between the Americas during the early
Cretaceous. In-situ Cretaceous sedimentary blocks (e.g. in the Bahamas, Yucatan and
northern South America) do not contain arc-related tuffs which indicates that the
Caribbean arc systems did not evolve close to the eastern parts of the proto-Caribbean
where there are found today (Pindell et al., 2006). Fossils of Pacific provenance found
in the eastern Caribbean and elsewhere (e.g. Jurassic of La Désirade, Puerto Rico and
Hispaniola) pre-date the presence of a significant seaway between the Americas and
there is no known mechanism to derive these fossils from the Atlantic (Montgomery et
al., 1992). Seismic tomography (e.g. van der Hilst, 1990; van der Meer et al., 2010)
shows subducting plates beneath the Caribbean region. The presence of passive
margins in eastern North and South America means only relative eastward motion of
the Caribbean Plate is possible given the presence of the Lesser Antilles subduction
zone [over 1500 km of subduction since ~55 Ma] (van der Hilst, 1990). The Costa
Rica-Panama arc has behaved non-compressively from the Late Cretaceous to the

present in spite of the rise of the Andes and American Cordillera indicating motion of
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the Caribbean during that time relative to the Americas (after Dewey, 1980). In other
words, the Caribbean Plate has to have moved eastwards relative to the Americas
otherwise an in-situ Caribbean would have undergone the same compressional
tectonism that the western seaboard of the Americas has suffered during the Cenozoic.
Finally, igneous rocks dredged or sampled from across the Caribbean Plate have
oceanic character and bear little relationship to the geology of continental North and
South America (e.g. Kerr et al., 2003; Kerr et al., 2009a).

The Caribbean region therefore consists of a Pacific-derived plate which has
moved eastwards during the Cretaceous and Cenozoic to over-ride the pre-existing
proto-Caribbean crust. The region is thus made up of many different crustal
components: (1) N. and S. American crust with remnants of the proto-Caribbean
seaway and former passive margins which existed before the arrival of the Caribbean
Plate; (2) island arc rocks generated by subduction processes at the eastern edge of the
Farallon (Pacific) Plate and latterly the Caribbean Plate; (3) fossil high pressure/low
temperature (HPLT) metamorphic belts which accompanied subduction processes in
the Caribbean arc system and (4) the pre-existing Pacific Ocean crust overlain by the
Caribbean-Colombian Oceanic Plateau. The nature of these components is introduced

in turn in the following sections.

1.4.2. Divergence of the Americas and the formation of the proto-Caribbean seaway

The Americas were a part of the supercontinent Pangaea from the Late
Palaeozoic to Early Mesozoic. The western seaboard of the Americas had been a site of
Farallon (Pacific) subduction since the mid-Early Triassic (Dickinson & Lawton, 2001,
Dickinson, 2004). This thesis will refer to components of east-dipping subduction in the
Central American/Caribbean region as the “Andean/Cordilleran arc system”. Rifting
of Pangea in the Atlantic and inter-American region began in the Early Jurassic (~200
Ma) and is considered to have been largely intra-cratonic until the Mid-Jurassic (~165
Ma) (Pindell & Kennan, 2009 and references therein). Around the latter time Yucatan
detached from the Americas, rotating in an anticlockwise motion, and the inter-
American rift developed into organised spreading in the Guif of Mexico, in a back-arc
position relative to the Andean/Cordilleran arc (Pindell & Kennan, 2009; Stern &

Dickinson, 2011). This was followed by the opening of a second oceanic basin to the

11
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south known as the proto-Caribbean seaway. Like the Gulf of Mexico in the Middle
Jurassic, the westernmost proto-Caribbean through the Late Jurassic was in a back-arc
position with respect to the Andean/Cordilleran system and this specific part of the
proto-Caribbean is known as the Colombian Marginal seaway (Pindell & Kennan,
2009). Both fragments of the proto-Caribbean seaway and subduction-related rocks
from this period, which may be fragments of the Andean/Cordilleran system, are rare in
the present-day Caribbean (see Table 1.1 and Fig. 1.3). The proto-Caribbean seaway
continued to open until as late as ~71 Ma (Pindell et al., 1988; Miiller et al., 1999).
After this time, plate motion calculations indicate that the Americas began to slowly
converge (Miiller et al., 1999; Pindell et al., 2006). The scarcity of proto-Caribbean and
Andean/Cordilleran arc crust is due to later island arc activity within the Caribbean
region, as a result of which much of the proto-Caribbean has been subducted or under-
thrust beneath the Americas.

12
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Table 1.1. Locations, ages and sources of selected likely proto-Caribbean oceanic rocks or pre-Great Arc
subduction-related fragments within the offshore eastern Caribbean and Venezuela.

Location Unit Age (Ma) Type/Source/Comments References
La Désirade, Volcanic- ~155-143 Mafic-felsic back-arc Mattinson et al.,
Guadeloupe Plutonic (radiolarians and  tholeiites derived froma  2008; Cordey &
complexes U-Pb zircon CA-  depleted mantle source, Comeé, 2009,
TIMS) forming in eastern Neill et al.,
Pacific or Colombian 2010; this study
Marginal Seaway
Margarita Island, La Rinconada Unknown but Long suspected to be a Stdckhert et al.,
offshore formation inc. metamorphism slice of proto-Caribbean  1995; Giunta et
Venezuela HP metabasalts  suspected to be crust but alternative al., 2002; Ostos
116-109 Ma interpretations as an & Sisson, 2005,
island arc or oceanic Maresch et al.,
plateau exist. Underwent 2009
HPLT metamorphism
during mid-Cretaceous
Puerto Rico Sierra Bermeja  Radiolarians Mixed serpentinite, Montgomery et
complex range from basalt and chert; al., 1992, 1994,
Kimmeridgian interpreted as proto- Schellekens,
through to mid- Caribbean or Pacific 1998
Cretaceous oceanic crust with some
cherts containing island
arc tuffs indicating a
proximal arc
Hispaniola Duarte Mostly Serpentinised peridotites, Montgomery et
Complex Cretaceous but basalts and interbedded al., 1994;
parts of complex  cherts, picrites and Lapierre et al.,
may be Jurassic  basalts, amphibolites. 1999
based on Jurassic basalts and
radiolarian cherts appear to have an
assemblages N-MORB chemistry
Loma la Monja  Upper Jurassic Dolerites and gabbros of  Escuder Viruete
and Loma (U-Pb zircon and the Loma la Monja etal., 2007a;
Caribe Ar-Ar overlie tectonically the Escuder Viruete
homblende) peridotites and tectonic etal., 2010
slivers of gabbro and
dolerite of the Loma
Caribe peridotite. N-
MORB
Cuba Mabujina Unit, ~133 (U-Pb Amphibolites and Kerr et al., 1999,
Las Villas zircon on gneissic granitoids of Bleinet al.,
syncline granitoids) possible island arc origin  2003; Rojas-
which, owing to their Agramonte et
structural position, may al., 2006

13
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The earliest known island arc axis rocks which many consider to be a part of the
Great Arc (sensu lato) are those of the Lower Devil’s Racecourse Formation of Jamaica
(~125-135 Ma; Hastie et al., 2009). The Great Arc system then appears to have
developed in different locations more-or-less continuously (see Table 1.2 and Figs. 1.1
and 1.4 for locations), and may have interacted with the continental margins of North
and South America, until around 75 Ma, when the Great Arc finally collided with the
Americas (Pindell & Dewey, 1982; Pindell et al., 1988; Rosenfeld, 1993; Vallejo et al.,
2006; Maresch et al., 2009; Pindell & Kennan, 2009). The central portion of the Great
Arc then expanded into the gap between the Americas, forming the Aves Ridge, and the
whole arc system has since migrated along transform boundaries towards the east
(Burke, 1988). In the southern Caribbean, the youngest recognised magmatism on the
Great Arc system occurred at ~57 Ma on Grand Roque in the Dutch Antilles (Wright &
Wyld, 2011). At this time, the inter-arc Grenada (Speed & Walker, 1991) and Yucatan
(Pindell et al., 1995) basins began to open as the Great Arc continued to enter the proto-
Caribbean region. The Lesser Antilles arc subsequently initiated at ~55 Ma during roll-
back of the proto-Caribbean plate as the Caribbean Plate entered the central portion of
the proto-Caribbean and rounded the Guajira salient of Colombia (Pindell & Kennan,
2009).

At the same time as collision of parts of the Great Arc with the Americas, the
Costa Rica-Panama island arc formed to the west behind the trailing edge of the
Caribbean-Colombian Oceanic Plateau (see Chapter 2.5) during the Campanian (~75-
80 Ma). This new subduction zone led to both the formation of the Caribbean Plate and
its anchoring in the mantle reference frame (e.g. Pindell & Barrett, 1990; Luzieux,
2007; Baumgartner et al., 2008; Pindell & Kennan, 2009) but will not be discussed
further.

15
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Table 1.2. Locations, ages and sources of selected generally accepted magmatic components of the

Cretaceous ‘Great Arc’ within Venezuela and the Caribbean.

Location Unit Age (Ma) Type/Source/Comments References
Venezuela Villa de Cura nappe Protolith age Metamorphosed interbedded Smith et al., 1999,
unknown lavas, tuff, chert, Unger ct al., 2005
volcaniclastics, graphitic
schists, breccia,
conglomerates with igncous
rocks having an island arc
chemistry

Margarita Island Guayacén gneiss, 116-106 Ma, 114 Felsic island arc plutons Maresch et al., 2009
Matasicte Ma, 85-86 Ma (U- emplaced into 8 high pressure
metatrondhjemite, EI  Pb zircon) metamorphic complex during
Salado granite the latter stages of

deformation

Tobago North Coast Schist , ~130, 112-91, (U-Pb  Mostly tuffs of the North Sharp & Snoke,
Tobago pluton, zircon TIMS, Ar-Ar  Coast Schist — mafic to felsic 1988; Frost & Snoke,
Tobago Volcanic homblende, island arc and/or back-arc 1989, Oliver, 1991
Group and Tobago ammonites, tholciites with possible mantle  unpublished data;
mafic dykes radiolarians) plume and depleted mantle Snoke et al., 2001a,

sources. Later mafic island arc Snoke & Noble,
tuffs, plutonics, dykes and 2001; this study
lavas of tholeiitic composition
from a depletod mantle source

Venczuclan Antilles Gran Roque and La 76-59 (U-Pb zircon Range of intrusive rocks from  Wright & Wyld,
Blanquilla SIMS) quartz diorite to aplite and 2011

tonalite, all arc-related, some
cutting the Caribbean Oceanic
Plateau

Dutch Antilles Aruba and Curagao 89-86 (U-Pb zircon Diorite-tonalite arc-related Wright & Wyld,
dykes SIMS) dykes and intrusions cutting 2011

the Caribbean Oceanic Platcau

Aves Ridge SE portion is theonly  75.9+0.7 (U-Pb Mafic calc-alkaline island arc Fox et al, 1971,
part sampled and zircon SHRIMP) from plume mantle source; Neill et al,, 2011;
described in detail felsic calc-alkaline granites this study

from crustal source
Virgin Islands Water Island Fm. 115-110 Mafic and lesser felsic island Donnelly et al.,
(radiolarians) at the arc tholeiites with little input 1971, Donnelly et
top of the formation from subducted sediments al., 1990

Puerto Rico 4 main vokanic 124-65 (variety of Mafic to felsic tholeiites, calc-  Frost et al., 1998;

phases methods) alkaline and shoshonitic rocks  Schellekens, 1998;
of island arc affinity with Jolly et al., 1998;
variable input from subducted 2001
scdiments

Hispaniola Total of 11 ~120 to ~50 (varicty  Boninitic and mafic to Lebron & Perfit,
subduction-related of methods, mostly intermediate and felsic mostly 1994; Kerr et al.,
blocks U-Pb zircon) tholetitic island arc rocks with  2003; Kesler et al.,

variable input from subducted  2005; Good
scdiments. Associated summarics in
volcanics, volcaniclastics, Escuder Viruete et
tonalites, felsic intrusive etc. al., 2006; 2007b;
Variably metamorphosed. 2008; 2010

Some adakites and high-Nb

basalt at ~90 Ma.

Jamaica Exposures in 6 >~136 to >~125 Ma  Devil’s Racecourse Fm. is Skelton & Masse,
scparate inliers. Key (rudists), younger best studied and consists of 1988; Kerr et al,,
is the Devil’s units not related to tholeiitic island arc rocks 2003; Hastic ct al.,
Racecourse Great Arc per se or overlain by limestones and 2009
Formation, others not  not studied in detail calc-alkaline island arc rocks.
studied in detail. May correlate to the Great Arc

or to pre-polarity reversal
Great Arc subduction

Cuba Exposures across the Oldest arc-related Boninites, tholeiites, calc- Kerr ct al., 1999,
island; Bahia Honda, unit is ~133 Ma or alkaline island arc rocks, Blein et al., 2003;
La Habana-Matanzas, greater (U-Pb mafic to felsic, arc granitoid Stanek et al., 2009
Batabano (covered), zircon), 120-75 Ma intrusions. Uncertain how may
Las Villas, (U-Pb zircon) island arc systems arc

Camagtey, Holguin,
Oriente
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Table 1.3. Locations, ages and rock types present in selected HPLT belts associated with the Cretaceous

‘Great Arc’.
Location Unit Age (Ma) Type/Source/Comments References
Venezuela Villa de Cura No ages pre- Mostly mafic island arc Smith etal.,
nappe structure  subduction; rocks suffered up to 1999; Avé
and Cordillera  protracted blueschist facies Lallemant &
de la Costa cooling history; metamorphism in a Sisson, 2005,
complexes 96-80 (Ar-Ar subduction zone (VdC) Sorensen et al.,
white mica and  and mixed continental 200S; Unger et
amphibole on and oceanic rocks hada  al., 2005
Vdo) similar history up to
eclogite facies (CdIC)
Margarita U-Pb ages give  Fragments of continental  Stéckhert et al.,
Island subduction, material and MORB 1995; Maresch et
subduction deformation amalgamated, intruded al., 2009
complexes and uplift by trondhjemites, before
ongoing from end of deformation.
116 into the Earlier rocks suffered
Oligocene metamorphism to
eclogite facies
Hispaniola Several high Many Blueschist and eclogite-  Multiple
pressure and radiometric facies metamorphism of  references. UHP
even ultra-high  ages (U-Pb, Lu- oceanic rocks and ocean = metamorphism in
pressure Hf, Ar-Ar)ona crust. Interpreted to Abbottet al.,
metamorphic variety of represent the combined 2005; summary
belts: Rio San minerals. effect of Aptian to mid- and models in
Juan, Puerto Numerical Eocene SW-dipping Krebs et al.,
Plata, Samana models show proto-Caribbean 2008
subduction subduction at
history from approximately 2
~125/120 cm/annum
Jamaica Blue Mountains no reliable ages, Greenschist, blueschist, Draper et al.,
overlain by amphibolite, serpentinite 1986
Eocene strata assumed proto-Caribbean
MORB protolith
Cuba Several high Many Slices of MORB, Multiple
pressure radiometric continental and island arc references.
metamorphic ages (U-Pb, Lu-  protoliths which have Excellent
belts: Cangre, Hf, Ar-Ar)ona beencaughtupina summary in
Pinos, variety of subduction zone and Stanek et al.,
Escambray, Las minerals. stacked in a series of 2009
Villas, La Combined nappe structures.
Suncia, geotectonic and  Greenschist, amphibolite
Holguin, La numerical and eclogite facies
Corea, Puriai, models suggest metamorphism at
Sierra del subduction different localities
Convento, ongoing from
Asuncién ~120
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Chapter 1: Rationale, aims, structure, methods and background

(Campbell & Griffiths, 1990; Campbell, 2007). Mantle plumes are considered to be
regions of upwelling mantle derived from either the core/mantle boundary or the 660
km seismic discontinuity, consisting of a 1000+ km-wide ‘head’ and a narrow ‘tail’
(Campbell & Griffiths, 1990). The former are thought to give rise to Large Igneous
Provinces [oceanic plateaus where impacting upon oceanic lithosphere] (e.g. Campbell
& Griffiths, 1990; Coffin & Eldholm, 1994; Fametani & Samuel, 2002; Fitton &
Godard, 2004).

Mantle plume heads are thought to be anomalously hot compared to ambient
upper mantle (e.g. Fametani & Richards, 1994). In the Caribbean, the CCOP is
characterised by quite widespread high-Mg picrites (e.g. the Curagao lava formation,
Kerr et al., 1996) and the only Phanerozoic occurrence of komatiite, or komatiite-like
rocks (Aitken & Etcheverria, 1984, Donnelly, 1994; Alvarado et al., 1997). Both
picrites and komatiites require high degrees of melting compared to MORB [picrites
can form in island arc settings, but the CCOP is not subduction-related] which requires
a higher mantle potential temperature compared to ‘ambient’ upper mantle in the
Phanerozoic (Kerr et al., 1996, Kerr, 2005; Herzberg & Gazel, 2009). Calculated
potential temperatures from parts of the plateau range from 1500-1620°C, up to 270°C
higher than ambient upper mantle (Herzberg & Gazel, 2009).

Furthermore, none of the rocks collected from the plateau have either
subduction-influenced or continental geochemistry rendering a tectonic origin of the
thick crust of the Venezuelan and Colombian basins highly improbable (Kerr et al.,
2003). Nd and Hf isotope ratios and Nb/Y vs. Zr/Y systematics indicate at least some
parts of the plateau have isotopically depleted, Nb-enriched mantle sources with respect
to Atlantic or Pacific MORB (Kerr et al., 2003), similar to the geochemical signature of
basalts and picrites derived from the Iceland mantle plume and those found in other
oceanic plateau settings such as the Kerguelen Plateau (e.g. Fitton et al., 1997; Ingle et
al., 2002). Finally, the majority of basalts and picrites in the CCOP were erupted
rapidly at ~95-88 Ma which is linked to the rapid melting of the plume head as it rose
to meet the lithosphere (Sinton et al., 1998; Kerr et al., 2003). For these reasons,
impingement of a mantle plume on the Caribbean lithosphere was the most likely cause

of the CCOP magmatism.
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The hotspot source of the CCOP is debated, but most likely to be the present-
day Galapagos plume (Duncan & Hargraves, 1984; Hauff et al., 2004, Herzberg &
Gazel, 2009). Hauff et al. (2004) point to the age range of accreted hotspot tracks in
Central America as a ‘bridge’ between the ‘young’ Galapagos hotspot track and the 95-
88 Ma CCOP. The study of Herzberg & Gazel (2009) including Curagao and other

examples from the Caribbean plateau and hotspot tracks, Gorgona Island (komatiites),

Camegie and Cocos Ridges and the Galapagos Islands, reveals a pattern of secular

cooling of mantle potential temperature from ~90 Ma to the present day which tightens

the link between the CCOP and Galapagos. The same isotopic domains present in

Galapagos today are recognised in the CCOP (E. Gazel, 2009, pers. comm.).

Table 1.4. Locations, ages and rock types present in selected on- and off-shore components of the
Caribbean-Colombian Oceanic Plateau.

Location Unit Age (Ma) Type/Comments References
Siquisique (Los  Fragments within Approximately Some felsic rocks, Wadge &
Algadones, allochthonous units 95-90 mostly basalts, gabbros McDonald,
Venezuela), E1  strung out between the (plagioclase and serpentinites; 1985; Kerret al.,
Copey (Araya, interior of Venezuela Ar-Ar) isotopically and 2009, this study
Venezuela) and and the North Coast of chemically distinct
San Souci Trinidad from MORB. Possible
(Trinidad) proto-Caribbean
extension of the CCOP
Dutch Antilles  Aruba Lava Turonian (94-  Mafic flows, dolerite, McDonald,
Formation 89) (ammonite volcanic sediment of 1968; White et
imprints) oceanic plateau affinity  al., 1999
Curagao Lava 889+08 Picritic to basaltic Kerr et al., 1996;
Formation (plagioclase pillow lavas of oceanic  Sinton et al.,
Ar-Ar) plateau affinity 1998
Venezuelan Gran Roque basement  Uncertain Gabbros and dolerites Giunta et al.,
Antilles of possible oceanic 2002; A.C. Kerr
plateau affinity unpublished data
Hispaniola Duarte Complex 86-87 Picrites, ankaramites Lapierre et al.,
(amphibole and amphibolites 1999
Ar-Ar) suspected to be of
oceanic plateau affinity
Dumisseau 92-89 (whole Pillowed and flow Sinton et al.,
rock Ar-Ar) basalts, picrites and 1998
sediments
Jamaica Bath-Dunrobin 92-86 Basaltic lavas of Montgomery &
Formation (radiolarians) oceanic plateau affinity Pessagno, 1999,
Hastie et al.,
2008
Caribbean Sea  Smooth B*’ seismic 94-81 (whole  Repeated basaltic flows e.g. Sinton et al.,
reflection layer rock Ar-Ar) of oceanic plateau 1998; Sinton et
affinity; the varying al., 2000; Kerr et
ages relate to long-term  al., 2003; 2009
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Chapter 1: Rationale, aims, structure, methods and background

& Taira, 2004). There is a very brief absence of volcanism of 3 Myr on the Vanuatu
block immediately to the west of the collision zone (Camey & Macfarlane, 1982). This
proven analogue in the Solomon Islands for the plateau collision model shows that
collision and reversal occurs rapidly and that little deformation need occur in the crustal
blocks associated with the reversal (Petterson et al., 1997). For instance, a 3 Myr,
diachronous unconformity could easily be missed in the Caribbean region due to the
lack of geochronological data and because most of the accreted fragments of oceanic
plateau are tectonically dismembered and difficult to reconstruct.

There are several arguments in favour of a CCOP-Great Arc collision model for
Caribbean tectonic evolution. Firstly, the youngest Pacific fauna (radiolarians) in the
Bermeja accretion complex of SW Puerto Rico are Turonian in age (Montgomery et al.,
1994) which implies that accretion of Pacific material onto the Great Arc did not finish
until ~90 Ma. This may, however, be a chance occurrence related to the age of material
accreted during later crustal shortening. There is also the occurrence of high-Mg
andesites and Nb-enriched basalts in the Tireo Formation of the Cordillera Central of
Hispaniola, which are said to record possible mid-ocean ridge subduction at ~90 Ma
(Escuder Viruete et al., 2007b), the ridge being the still-active proto-Caribbean
spreading centre. No such rocks have been recorded prior to ~90 Ma in the eastern
Caribbean implying that either there was no ridge subduction prior to this date or that
the Tireo Formation is the first to be formed following a ~90 Ma initiation of
subduction beneath the Great Arc from the NE. Another similar argument in favour of
the plateau collision model is that if there was a pre-existing SW-dipping Great Arc
subduction zone, the plateau would have to erupt close to an active island arc, possibly
through a slab-gap due to proto-Caribbean ridge subduction (Pindell & Kennan, 2009).
This situation would result in contamination of arc- with plateau-related mantle sources
and vice versa (Hastie & Kerr, 2010). There is a discussion on this point in Chapter 7.

The primary argument against the collision model is that there is a continuous
record of arc magmatism, high pressure metamorphism and subduction return flow in
subduction complexes from 125-<80 Ma in the Greater Antilles indicating that
subduction with a singular polarity was ongoing throughout the Cretaceous (Pindell &
Kennan, 2009; Pindell et al., 2011). Another argument is that there is no widespread

unconformity or metamorphic event dated to <95 Ma. These arguments will be

23



aaaaaaaaaaaaa%aaaabRa@ D 9 & !

$3%1$ B &
! % ?/*
o (# *C5 4 8 $& - D /
$ ) / D/ & ?6
N E: 1 $ 9 & F $
*53*5 4 5 %
b suU b +U
bS Z +bVsS4 * 4 % K
1
(" # R/Ibv ” ’ ( !
= b + bbbb
, & -9- "% ' $ 5 &+ ( ('#) & # &47? 4C + ('S (#) & H)(=
&t # (" #) #+ && 5 H# H#) & # &4 #& 4) $ EIF #) + 1+ * # + 1$ 4#
&5 &+ # &( $AB - $ %# $ '&(" +# L ; && E/B.BF-
#$2 1) ( 3) ! % && (
: # /* 0
6 , #
*23* 3 4 &
L (# = $ $C $ 9 /*
* : %,
& *
%, 0
/* $
& 9 4 & 5I15- # D G & 55 -
552- $& 55<- 4 $& - $& C
- 1 D O * & 5- # $& <
4 $& 5- # D A & 5- 6 @ $&
# $& $
6 , 6* /* , & M

L (#S



Chapter 1: Rationale, aims, structure, methods and background

Pindell et al. (1988) have proposed that North America began to accelerate west
over the mantle at a faster rate than South America at ~135 Ma, compressing the arcs of
the North American cordillera. In the proto-Caribbean region, it is suggested that the
westward acceleration generated an intra-oceanic transform, which then foundered at
~125 Ma to form a SW-dipping subduction zone (e.g. Pindell & Kennan, 2009 and

references therein).

The main argument in favour of both hypotheses is that there is a seemingly
continuous magmatic record in the Greater Antilles preserved from ~125 Ma to the
Palaeocene (Pindell et al., 2006; Pindell & Kennan, 2009) alongside a similar
apparently continuous record of HPLT metamorphism in adjacent belts (Pindell et al.,
2006; Pindell & Kennan, 2009). The problem with the HPLT belts is that many lie
close to major fault systems which have undergone large translations during the
Cenozoic (e.g. Pindell et al., 2005). Nevertheless, the long history of island arc
magmatism and HPLT metamorphism is at present in favour of the long-lived SW-
dipping subduction model.

In closer detail, hypothesis (a) above is problematic, because arguments for a
pre-existing E-dipping subduction zone and polarity reversal in the Greater Antilles
have recently been refuted: for example, a widespread change in subduction-related
volcanism from tholeiitic to calc-alkaline composition during the Aptian-Albian was
proposed to mark the polarity reversal (Pindell et al., 2005; 2006). However, it is now
clear from many localities in the Greater Antilles that tholeiitic arc magmatism
continues beyond the Aptian-Albian, and elsewhere calc-alkaline magmatism predates
this time (e.g. Kerr et al., 2003; Hastie et al., 2009). Changes in arc chemistry can be
easily induced by changing the nature of the fluid flux from the slab (e.g. Hastie et al.,
2009 for a Caribbean example), the degree of partial melting and the thickness of the
arc crust (e.g. Plank & Langmuir, 1988). Therefore the distinction between tholeiitic
and calc-alkaline compositions is arbitrary and not necessarily caused by a subduction
polarity reversal. A second refuted argument is that an Albian unconformity exists on
Hispaniola (Lebron & Perfit, 1993; 1994; Pindell et al., 2006) indicative of a reversal
event. Recent investigations have discovered a continuum of arc magmatism through
this period on Puerto Rico (Schellekens, 1998; Jolly et al., 2006) and the unconformity
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there is only locally developed. Therefore, a local, not regional solution for the

unconformity on Hispaniola is possible.

Recent publications have begun to favour hypothesis (b), that the site of
inception of the Great Arc lay quite far to the east of the Andean/Cordilleran system
and that the entire Great Arc was formed by a singular southwest-dipping subduction
zone from ~135-125 Ma onwards (Pindell & Kennan, 2009; Pindell et al., 2011). This
hypothesis raises questions over the origin of any fragments of subduction-related
material which pre-date the westwards acceleration of the Americas (Table 1.1).

One key point mentioned in Section 1.4.6 is that no geochemical evidence of
interaction between the mantle plume source of the CCOP and a SW-dipping Caribbean
arc system has been found which dates from the formation of the plateau. As
mentioned, the youngest magmatism linked to proto-Caribbean ridge subduction is ~90
Ma (Escuder Viruete et al., 2007) and as yet, no outcrop of the CCOP shows evidence
of contamination from subduction-related fluids (Hastie & Kerr, 2010).

Until recently the Great Arc was treated as a singular entity with a single
polarity at any given time (Kerr et al. 1996; Giunta et al., 2002; Ostos et al., 2005; Neill
et al., 2011; Wright & Wyld, 2011). It is however noticeable that recent studies arguing
for the plateau collision model have focussed on the Dutch-Venezuelan Antilles and
Jamaica (e.g. Hastie et al., 2008; 2009; 2010,; van der Lelij et al., 2010) which may
well have been at the extreme north and south of the Caribbean region at ~90 Ma,
respectively, whereas the models described above in favour of long-lived SW-dipping
subduction concentrate on the rest of the Greater Antillean islands of Cuba, Puerto Rico
and Hispaniola. This geographical bias of recent studies may be no coincidence, and
may suggest that the so-called Great Arc was made up of different subduction systems

which formed in different locations and had different polarities to one another.
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Chapter 2: Geological overview

CHAPTER TWO: GEOLOGICAL OVERVIEW

An introduction to the four studied localities; their geological setting, previous
interpretations and the work done for this study
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2.1. La Désirade Island, Guadeloupe
2.1.1. Geological Setting

La Désirade (22 km?) lies 10 km east of Grande Terre, Guadeloupe, on the
hanging wall of the active Lesser Antilles subduction zone (Fig. 2.1). The island is
capped by Neogene limestone (Baumgartner-Mora et al., 2004) and has been uplifted
on a fault scarp revealing the only confirmed suite of Mesozoic volcanic and plutonic
rocks in the Lesser Antilles. Trondhjemites and basalts similar to those found on La
Désirade have also been dredged from the Falmouth Spur between La Désirade and
Antigua and from the Désirade sea trough but have not been dated (Johnston et al.,
1971; Fink, 1972; Bouysse, 1984). The presence of Late Jurassic radiolarian
assemblages of Pacific origin on La Désirade which pre-date much of the proto-
Caribbean seaway demonstrate that La Désirade has travelled eastwards relative to the
Americas at the leading edge of the Caribbean Plate (Montgomery et al., 1992, 1994).

Approximately 10 km? of Mesozoic igneous rocks are exposed on the island,
chiefly around the coasts and particularly in the northeast from Baie Mahault to Baie du
Grand Abaque (Fig. 2.1). Recent geochronology and fieldwork (Mattinson et al., 2008)
reveal a subaqueous eruptive and intrusive sequence. The first event was eruption of
mafic pillow lavas and massive flows, inter-bedded with chert and subordinate
limestone. These are referred to here as the NE mafic volcanic complex, and are the
main focus of this study. Magmatism then evolved to felsic compositions (Mattinson et
al., 2008) forming the NE felsic volcanic complex near Grand Abaque, the central
trondhjemite pluton and the SW felsic complex which consists of dykes and flows
around Mome Frégule. Finally a suite of intermediate-felsic dykes which cuts both the
pluton and the NE complexes was emplaced (Fig. 2.1).

Radiolarians in inter-lava flow chert at Pointe Doublé (NE mafic complex) and
Pointe Frégule (SW felsic complex) are from bio-chronostratigraphic zone 4, upper
subzone 4B [mid-Upper Tithonian (~150-145 Ma)] (Montgomery et al., 1992;
Mattinson et al., 2008). Work by Cordey & Comeé (2009) on the northeast mafic
complex has revealed radiolarians dating to the Late Kimmeridgian (~153-150 Ma),
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Chapter 2: Geological overview

A recent re-investigation of the chert of the northeast mafic volcanic complex
by Montgomery & Kerr (2009) and Cordey & Comeé (2009) has shown that
radiolarites are sparse and that the chert has high levels of MgO and Fe,0s, inferring
rapid formation in a hydrothermal regime. However there were periods of quiescence
during which time pelagic chert and limestone deposition occurred. The occurrence of
pelagic limestone demonstrates deposition of material above the postulated carbonate
compensation depth of ~2700 m (Ogg et al., 1992). The subordinate limestone found
between the pillows is low in Fe;O; and high in SiO, and contain radiolarians and
planktonic foraminifera indicating a pelagic origin suggestive of a spreading centre
(Montgomery & Kerr, 2009). Because pillow lavas and pelagic sediments are
components of both subaqueous arcs and spreading centres and many ophiolites are not
analogues for mid-ocean ridges (e.g. Moores & Vine, 1971), but integral parts of supra-
subduction zone settings (Pearce et al., 1984), the outcrop geology of the island is not
un-equivocal in resolving a subduction- or mid-ocean ridge-related origin. Perhaps the
only indicator comes from the predominance of felsic volcanic rocks on La Désirade

which is much more common in island arcs than mid ocean ridges or distal back-arc

basins.
2.1.2. Fieldwork, sample collection and method employed

Samples were collected by Homer Montgomery and Jennifer Gibbs in 2007-
2008 but few samples from either collection were suitable for analysis. Fieldwork was
thus undertaken in March 2009 to collect samples using maps made by Gibbs (2008,
unpublished). The NE mafic volcanic complex was preferentially sampled (25
samples), whilst 18 samples from other units were also collected. Outcrop is excellent
in the NE of the island, including a complete coastal section through the mafic
stratigraphy. Much of the remaining area is covered by scrub, younger limestone and
inaccessible cliffs, limiting collection of most felsic volcanics and trondhjemites to a
cliff at Mourne Frégule and a single shore and river gully section near L’Emballage. As
the geochronological record of the island is well-defined (Mattinson et al., 2008;
Cordey & Comeé, 2009), further dating was deemed unnecessary. In order to determine
the tectonic setting and identify mantle and crustal inputs, only whole rock major and
trace element analysis was undertaken. Analysis of major elements and Sc was by
inductively-coupled plasma optical emission spectrometry (ICP-OES) by Ley Woolley,
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and for trace elements by inductively-coupled plasma mass spectrometry (ICP-MS) by
Iain McDonald, both at Cardiff University using solutions prepared by the author with
methodology in Appendix 3.
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2.2. Tobago Island, Trinidad and Tobago
2.2.1. Geological Setting

Tobago lies on a NE-SW trending fault scarp north of the boundary between the
South American and Caribbean Plates (Robertson & Burke, 1989) and south of the
Lesser Antilles arc (Fig. 2.2). The 400 km? island of Tobago has been described as a
partial cross-section through a Mesozoic island arc (Snoke et al., 2001a and references
therein). Available geochemistry and geochronology point to a history of magmatic
activity from the Albian-Turonian (Sharp & Snoke, 1988; Frost & Snoke, 1989) which
has led to the inclusion of Tobago as part of the ‘Great Arc’ (Snoke et al. 2001a; Kerr et
al., 2003; Pindell et al., 200S). Following early studies by Cunningham-Craig (1907)
and Maxwell (1948), detailed mapping by A.W. Snoke and University of Wyoming
colleagues led to the publication of a new map (Snoke et al. 2001b), in which the rock

units described below were defined.

The North Coast Schist (NCS) (Fig. 2.2) is a deformed lower greenschist
facies meta-volcanic suite covering the portion of the island to the N of the prominent
Main Ridge rainforest, consisting of the Parlatuvier, Karv and Mount Dillon
Formations. A thin, discontinuous amphibolite-facies belt of deformed plagioclase-
phyric volcanic rocks lies approximately between the NCS and the younger Volcano-
Plutonic Suite, and is argued to be a metamorphic aureole at the contact between the
two suites (see below) (Snoke et al., 2001b). The stratigraphic order is uncertain due to

deformation and folding.

The Parlatuvier Formation includes intermediate and mafic meta-tuff, meta-tuff
breccia and rare mafic and intermediate lavas and dykes and stocks. The Karv
Formation is exposed as a series of bands along the Main Ridge, completely within the
Parlatuvier Formation. Karv contains argillaceous graphitic rocks inter-layered with
silicic meta-tuffs. The Mount Dillon Formation contains silicic and rare more mafic

meta-tuffs, argillaceous schists, phyllites and cherts.

A homblende “°Ar-**Ar isochron of 115.9+3.2 Ma was considered unreliable as
a protolith age for the Parlatuvier Formation (Sharp & Snoke, 1988). Precambrian ages
33



Chapter 2: Geological overview

were obtained from zircons separated from andesitic breccia of the Parlatuvier
Formation in 1995 at the University of Wyoming which may represent either an
analytical relict or an analysis of an old, detrital zircon (A.-W. Snoke & KR
Chamberlain, 2008 pers. comm.). Analysis of zircons in the same sample by in-situ U-
Pb secondary ion mass spectrometry (Schmitt et al., 2010) gave an age of 89+9.5 Ma,
which is presently being interpreted, but is not considered of primary magmatic origin
(K.R. Chamberlain, 2010 pers. comm.). Finally, regional metamorphism of greenschist
grade, coupled with wrench shearing has left a series of steep, south-east-plunging
antiforms and synforms in the North Coast Schist argued to relate to deformation within
an island arc setting (Snoke et al. 2001a and references therein). Further discussion on
the deformation of the NCS and its relationship to the other rocks of the island is in
Sections 5.3.1 and 6.3.

The rest of the igneous rocks of Tobago are known as the Volcano-Plutonic
Suite (VPS) and are split into the Tobagoe Volcanic Group (TVG), the Tobago
Plutonic Suite (TPS) (Snoke et al., 2001a,b) and a suite of mafic dykes (Fig. 2.2). In
the TVG, stratigraphic formations (Fig 2.2) have been identified based on phenocryst
assemblages although contacts and volcanic stratigraphy are uncertain (Maxwell, 1948;
Snoke et al., 2001a and references therein). Maxwell (1948) defined the Hawk’s Bill
and Merchison Formations which make up part of a large area of the S and NE of the
island and consist of pillow lavas and reworked volcanogenic sediments. These
formations are now known as the TVG (undifferentiated) (Snoke et al., 2001a,b). The
Argyle Formation of the NE of the island contains mostly tuff breccias with
hormnblende-bearing phenocrysts assemblages. The Bacolet Formation of the SE of
Tobago includes clinopyroxene and plagioclase-phyric tuff breccia, lapilli tuff, scarce
lava flows and occasional volcanogenic sediments. The Goldsborough Formation of
the eastern part of Tobago contains plagioclase-phyric tuff breccias and pillow lavas

both of intermediate composition.

The TPS (Fig. 2.2) consists of three main components. Close to the boundary
with the North Coast Schist, deformed mafic volcanic and plutonic rocks are found in
three separate locations (Snoke et al., 2001b). Snoke et al. (2001a) interpreted these as
fragments of the volcanic carapace which collapsed into the TPS. A variety of
ultramafic rocks are chiefly exposed on the northem margin of the pluton.
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Approximately two-thirds of the TPS comprises a compositionally and texturally
heterogeneous gabbro-diorite.

Cutting the pluton is a 7 km-long, 500 m-wide dyke-like intrusion of biotite
tonalite running from Amos Bay to Mason Hall (Fig. 2.2) which will be dealt with
separately along with a small body of granitoid exposed on the Kendal Road (inland
from Carapuse Bay on Fig. 2.2), which will be grouped with several other Nb- and
LREE-enriched intrusions.

Radiolarians and ammonites found near Scarborough date from Early-Mid
Albian and radiolarians in chert from the Bacolet Formation have an Early-Late Albian
age (112-106 Ma) (Snoke & Noble, 2001). Homblende in tuff breccia in the TVG
(Undifferentiated) on Little Tobago yielded a “°Ar-**Ar plateau of 104.2 + 1.3 Ma
(Sharp & Snoke, 1988). A homblende gabbro pegmatite has been dated (“’Ar-**Ar
plateau) at 102.9 + 1.5 Ma (isochron = 103.6 + 1.4 Ma) whilst a hornblende-quartz
diorite yielded an isochron age of 104.7 + 1.6 Ma (Sharp & Snoke, 1988; Snoke et al.,
1990b; Sharp & Snoke, unpublished data). Zircon fission track dates from the gabbro-
diorite showed cooling through 250-200°C at ~103 Ma (Cerveny & Snoke, 1993). A
previously unreported U-Pb thermal ionisation mass spectrometry (TIMS) date of 104 +
1 Ma (G.J.H. Oliver 1990, unpublished data) was obtained from 3 whole, un-zoned,
fresh zircon crystals in the gabbro-diorite at Culloden Bay. The TPS therefore appears
to be broadly contemporaneous or slightly post-dating the volcanics.

Mafic dykes, composed of homblende micro-diorite, porphyritic gabbros and
dolerites, cut the VPS. Dykes cutting the biotite tonalite unit yielded “°Ar-**Ar
homblende ages of 102.8 + 1.2 Ma (isochron = 103.5 + 1.1 Ma) and 91.4 + 2.2 Ma
(isochron 92.7 + 1.1 Ma) (Sharp & Snoke, 1988; unpublished data). If the ~103 Ma age
is robust, then the tonalite is also contemporaneous with the VPS. The Turonian age for
the other dyke suggests a long history of dyke intrusion after the main phase of island

arc magmatism.

Geochemical study has hitherto been restricted to major, minor and some trace

elements, along with Nd and Sr isotope analyses (Frost & Snoke, 1989). Despite the
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island arc origin of the rocks, little is known about the mantle source of the magmatism,
the precise tectonic setting or any crustal inputs. Also, it is unknown if the dyke swarm
is part of the VPS or if it is a separate magmatic event. Tobago’s nearest arc-related
neighbours of a similar age are on Margarita Island offshore Venezuela (300 km to the
west) and on Bonaire in the Dutch Antilles (600 km away), so the relationship of
Tobago to the rest of Great Arc system also requires investigation (Thompson et al.,
2004; Wright & Wyld, 2011). The juxtaposition of the potentially differently-aged NCS
and TVG may prove important in relation to models of subduction polarity reversal.
Therefore, a study of the geochronology and geochemistry of the magmatic rocks of
Tobago Island is both necessary and relevant in terms of wider Caribbean tectonic

evolution, to help solve these problems.
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Chapter 2: Geological overview

2.2.2. Fieldwork, sample collection and methods employed

Samples from across the island (139 in total) were collected in January-March
2008. Much of the coastline, with the exception of the beaches and short cliff sections,
is inaccessible. Road cuttings are common and some smaller roads and tracks lead
further into the interior. The spine of the island is rainforest which is difficult to access
and lacks exposure. Many of the larger rivers contain fresh outcrops, particularly of the
plutonic facies. More samples (83 in total) were obtained from the archive collection of
the University of Wyoming in November 2009. These samples were originally
collected by Professor Arthur Snoke and colleagues during 1985-1988.

As part of this study, the protolith age of the Parlatuvier Formation of the North
Coast Schist and the ages of the Tobago tonalite and the Kendal Road granitoid body
(see above) have been determined in order to establish a complete chronology for the
island. Zircons from the Parlatuvier Formation were separated by crushing and
electromagnetic separation in 1995 by Kevin Chamberlain at the University of
Wyoming. The other two samples were disaggregated by selFrag electric pulse methods
(Rudashevsky et al., 1995) and the zircons separated by electromagnetic separation by
Klaus-Peter Stanek at the Technical University of Freiburg in 2009. U-Pb zircon dating
of these three zircon suites was carried out by Dan Condon and Nicola Atkinson by
thermal ionisation mass spectrometry (TIMS) at the NERC Isotope Geoscience
Laboratories (NIGL), Nottingham, using the methods described in Appendix 3. Whole
rock major and trace element analyses were undertaken in order to understand the
tectonic setting, mantle sources and subduction-related inputs into the magmas which
formed each unit. These were carried out at Cardiff University using the methods
described in Appendix 3. Radiogenic isotope determinations were necessary for Tobago
in order to better correlate the rocks with other island arc suites in the Caribbean region
and assess their source components and petrogenesis. Nd and Hf radiogenic isotope
analysis was carried out at the NERC Isotope Geoscience Laboratories by lan Millar using
solutions prepared by the author under the supervision of Neil Boulton and Ian Millar and by
the latter two using the methods described in Appendix 3.
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2.3. The San Souci Volcanic Formation, Trinidad

2.3.1. Geological setting

The San Souci Group (Cunningham-Craig, 1907; Barr, 1963; Wadge &
Macdonald, 1985; Algar & Pindell, 1991, 1993) lies adjacent to meta-sedimentary
rocks of the Northern Range between Toco and Grand Riviere on the north coast of
Trinidad (Fig. 2.3). The San Souci Group consists of the volcano-plutonic San Souci
Formation and a sequence of turbidites, the Toco Formation, (Wadge & Macdonald,
1985). The San Souci Formation appears to intrude or crudely overly the Toco
Formation but the contact is not exposed at the present day, so this conclusion is
equivocal (Wadge & Macdonald, 1985; Algar, 1993). The San Souci Group is isolated
from the Northern Range by the Toco-Grand Riviere fault system which is a diffuse
zone of deformation splayed from the North Coast fault zone (NCFZ). The NCFZ is
interpreted to be just offshore from the north coast of Trinidad and is considered the
effective boundary between the Caribbean and South American plates (Robertson &
Burke, 1991; Algar & Pindell, 1991). The Northem Range has undergone Oligocene to
Miocene greenschist-facies metamorphism and penetrative deformation (Frey et al.
1988; Speed & Foland, 1990; Algar, 1993) whereas the San Souci Group is not
significantly deformed and has only reached prehnite-pumpellyite facies. Therefore the
San Souci Group is allochthonous with respect to Trinidad.

The turbidites of the Toco Formation - black shales inter-digitated with channels
of coarser quartzo-feldspathic sandstone - contain micro-fossils of Barremian — Lower
Aptian age (~130-120 Ma) (Barr, 1963). Fission track ages from zircons preserved in
the Toco Formation cluster at ~108 and ~200 Ma with some Permian ages (Algar et al.,
1998). These ages indicate a separate origin for the San Souci Group from the Jurassic
protoliths of the Northern Range sediments (Pindell, 1985). Igneous rocks of a similar
age to the zircons are found in western Venezuela and Colombia (Algar et al., 1998).
Therefore, it seems likely that the San Souci Group has been transported a considerable
distance eastwards along the South American-Caribbean plate boundary. The ~108 Ma
ages may relate to a proximal Caribbean arc system (Algar et al., 1998). Basaltic lava

from the San Souci Volcanic Formation was dated using whole-rock K-Ar methods to
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