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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 1: Rationale, aims, structure, methods and background

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.



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

NORTH AMERICAN
PLATE
(ATLANTIC OCEAN)

Puerto Rico trench / /

Lesser Antilles
subduction
Venezuelan Basin
(Caribbean Oceanic
Plateau)
CARIBBEAN PLATE
Southern Caribbean Foldbelt
Escarpment
. « Nicaragua Colombian
Basin (COP)
Panama Foldbelt
Venezula
Orinoco
SOUTH AMERICAN
PLATE
90w 86W 82W 78W 74W 70W 66W 62W 58W

Longitude (degrees)

Figure 1.1. A simplified map of the Caribbean region showing principal geological boundaries as sharp and dotted lines. Strike-slip belts are arrowed in the direction of
transport; subduction zones/under-thrust belts are saw-toothed. Map downloaded from GeoMapApp (Haxby et al, 2009) by C.J. Macleod and adapted by the author.
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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
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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



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

crustal units, Mesozoic to Cenozoic extension- and passive margin-related sedimentary
and minor volcanic rocks; also allochthonous mostly Mesozoic rocks of the Caribbean
Plate including Jurassic-recent island arc and Cretaceous oceanic plateau blocks. Study
of these rocks can therefore go a long way to elucidating the evolution of the Caribbean

Plate.

Four separate localities in the SE Caribbean have been selected for further study
of their allochthonous igneous and meta-igneous rocks in order to help resolve
Caribbean tectonic evolution (Fig. 1.2). They are: La Desirade Island, Guadeloupe
(Lesser Antilles); Tobago Island; the Souci Formation, Trinidad and the south-eastern
Aves Ridge in the Caribbean Sea. These locations: (a) contain mafic rocks amenable to
petrogenetic study; (b) have not been hitherto been subjected to sufficient geochemical
studies to completely resolve their origin; (c¢) formed at different times through
Caribbean tectonic history and (d) have, with the exception of the Aves Ridge,
established field relationships and petrological and structural datasets which will allow

for the rapid interpretation of the geochemical results.
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Figure 1.2. A map of the SE Caribbean showing sample locations (green), major islands and rock units
mentioned in the text. The area marked continental South America is mostly autochthonous or para-
autochthonous, with the exception of the dotted areas which are allochthonous Caribbean-related units.
With the exception of Margarita Island, the offshore rocks mostly contain mostly exposed or underlying
units of island-arc- or oceanic plateau-related material. The Grenada Basin and the thin crust of the SE
Venezuelan Basin are thought to contain oceanic crust, whereas the thick crust of the Venezuelan Basin
is considered to contain oceanic crust overlain by thick crust of oceanic plateau affinity.
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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
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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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Figure 1.3. Reconstruction of the Caribbean region at -160 Ma, simplified from Pindell & Kennan
(2009), showing the growth of the Gulf of Mexico, proto-Caribbean and Colombian Marginal seaways;
with a continuous Andean/Cordilleran subduction zone (saw-teeth) along the west coast of the Americas.

1.4.3. The Great Arc o fthe Caribbean

By the middle of the Early Cretaceous (-125-120 Ma), island arc rocks were
widespread along the boundary between the proto-Caribbean seaway and the Pacific
Ocean (Kerr et al., 2003; Pindell et al., 2005), generating what has become known as
the Great Arc ofthe Caribbean (sensu Burke, 1978; 1988), or ‘Great Arc system’ for
short. Fragments of this arc or series of island arc systems are now preserved in the
island arc rocks of Venezuela, the Dutch Antilles, Tobago, the Aves Ridge and Greater
Antilles (Fig. 1.4). The precise fate of the preceding Andean/Cordilleran system within
the Caribbean region is uncertain, and it is not clear how many separate subduction

systems made up the Great Arc or their subduction polarities (see Chapter 6 for

discussion).
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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.
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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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Figure 1.4. Map of the locations of the major components o f the Cretaceous island arc systems of the
Caribbean region (the Great Arc, for short). Figure adapted from Kerr et al. (2003).

1.4.4. Caribbean subduction zone metamorphism

The magmatic activity preserved in volcanic and plutonic rocks ofthe Great Arc
is accompanied by high pressure-low temperature (HPLT) metamorphic belts which
represent the fossilised subduction channels of the Great Arc systems (see Table 1.3
and references therein). In a subduction zone, oceanic crust and the sedimentary veneer
gets dragged into the subduction channel and can be later exhumed during terminal
collision, ongoing subduction return flow or slab roll-back (e.g. Brun & Faccenna,
2008). Those rocks undergo characteristic pressure and temperature-related changes
which can be tracked by radiometric age analysis of minerals such as jadeite, zircon,
garnet, phengite, amphiboles, titanite and micas to generate pressure-temperature-time
plots (e.g. Hodges, 1991) which may aid the reconstruction of Caribbean subduction
history. The locations of HPLT metamorphic belts in the Caribbean are on Figure 1.5

and some ofthese belts are documented in Table 1.3.
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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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Figure 1.5. Map of locations of the high-pressure/low-temperature rocks of the Caribbean, with strike-
slip and other deformational boundaries marked as dark lines. Simplified from Pindell et al. (2005).

1.4.5. The Caribbean-Colombian Oceanic Plateau (CCOP)

Large parts of the Colombian and Venezuelan Basins in the Caribbean Sea are
~10-20 km thick and clearly do not represent normal oceanic floor; as revealed by
seismic refraction studies and deductions from thermal subsidence curves (Officer et
al., 1959; Edgar et al., 1971; Houtz & Ludwig, 1977; Burke et al., 1978). Magnetic
anomalies indicate the basement to this thickened crust is approximately of Middle to
Late Jurassic age (Ghosh et al.,, 1984). The basement is overlain by —-2.5 km of
basaltic flows and sills (drilled during DSDP Leg 15) thought to be the B” seismic
reflector seen across the central Caribbean (Donnelly et al.,, 1973). Burke et al. (1978)
proposed that the Caribbean is an oceanic plateau and that the B” layer represents the
oceanic equivalent of a continental flood basalt episode. The Caribbean-Colombian
Oceanic Plateau (CCOP) thus represents a crustal volume of up to 16 million km3
(Case et al., 1990; Mauffrey & Leroy, 1997) and includes oceanic plateau-related rocks
accreted to the South American margin in Colombia and Ecuador as well as the

Caribbean (see Table 1.4 and Fig. 1.6).

Oceanic plateaus are linked to the arrival of a mantle plume head at the base of

the oceanic lithosphere and subsequent high-degree partial melting ofthe plume mantle
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(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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Figure 1.6. Map adapted from Kerr et al. (2003) showing the location of studied plume-related fragments
preserved around the Caribbean Plate or drilled/dredged from the floor of the Caribbean Sea during
Ocean Drilling Program/Deep Sea Drilling Project voyages.

1.4.6. Great Arc-CCOP collision model o f Caribbean tectonic evolution

This section deals with one model that has been developed in order to explain
the combined tectonic evolution ofthe components ofthe Caribbean Plate listed above.
In this model, summarised in Figure 1.7, it is proposed that subduction on the Great Arc
system (specifically the Greater Antilles arc) was E-dipping throughout the Early- to
Mid-Cretaceous before attempted subduction of the newly-formed CCOP forced a
subduction polarity reversal at -90-85 Ma leading to a phase of SW-dipping Great Arc
subduction (Burke, 1978; 1988; Duncan & Hargraves, 1984; Montgomery et al., 1994;
White et al., 1999; Giunta et al., 2002; Kerr et al., 2003; Vallejo et al., 2006; Liu et al.,
2008; Hastie et al., 2008, 2009, 2010a,b,c; Hastie & Kerr, 2010; van der Lelij et al.,
2010).

Young oceanic plateaus may be too thick, hot and buoyant to be entirely
subducted at collisional margins (Saunders et al., 1996). In the Solomon Islands, the
Ontong-Java plateau clogged the Solomon Islands arc trench, forcing subduction
polarity to switch to the other side of the arc system (Hughes & Turner, 1977; Cooper
& Taylor 1985; Auzende et al., 1995; Miura et al., 2004). Work on the Ontong-Java

collision suggests that collision and polarity reversal took a total ofjust 2-7 Myr (Mann
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& 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
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discussed in Section 1.5.7. However, recent geochemical and chronological work on the
Dutch Antilles has linked uplift to polarity reversal and/or inception of NW-dipping
subduction beneath the CCOP at -89 Ma (van der Lelij et al., 2010; Wright & Wyld,
2011). In the model of Wright & Wyld, subduction initiated at the NE margin of the

CCOP without the presence ofa prior subduction zone (e.g. Stem, 2004).

-95-90 Ma plateau eruption to west of arc system/ (a) -90 Ma collision results in subduction (b)
\ plateau collision with arc ~ — 1 \ polarity reversal s'—1
T proto-Caribbean
~ "\>*M exico proto-Canbbean Mexico /
bbean- Caribbean- VAN
Colombian N\
Colombian South Oceanic Plateau ? South
Oceanic Plateau America
Farallon\ ' \\ 1
motion \ A\

Figure 1.7. Simplified version of the Great Arc/CCOP collision model of the Caribbean showing: (a) the
formation of the CCOP, its arrival at the Great Arc trench and (b) the subsequent subduction polarity
reversal at around 90 Ma. Adapted from Hastie & Kerr (2010).

1.4.7. Long-lived SW-dipping Great Arc model o f Caribbean tectonic evolution

A second set of hypotheses developed to explain the tectonic evolution of the
Caribbean Plate are based on the idea that SW-dipping subduction on the Great Arc
system occurred uninterrupted from the Early Cretaceous to the Palaeocene and began
due to the westward acceleration of the Americas at -135-125 Ma, with no role for the
CCOP (summarised in Fig. 1.8). The two related hypotheses are that: (a) SW-dipping
subduction initiated to the east of an early east-dipping Andean/Cordilleran system
during a subduction polarity reversal event, or (b) initiation occurred at an intra-oceanic
transform far to the east of the Andean/Cordilleran system with the entire of the Great
Arc being generated in a SW-dipping subduction setting. Supporters of either model
include, but are not limited to: Mattson, 1979; Pindell & Barrett, 1990; Lebron & Perfit,
1993; Draper et al,, 1996; Marchesi et al., 2007; Jolly et al., 2008 and references
therein; Ldzaro & Garcia-Casco, 2009; Pindell et al., 2006 and references therein;
Maresch et al.,, 2009; Pindell & Kennan, 2009; Escuder Viruete et al., 2010 and
references therein and Pindell et al., 201 1. The two hypotheses both generally reflect an
Early Cretaceous change from E-dipping to SW-dipping Caribbean subduction, pre-
dating the formation ofthe CCOP.
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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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Figure 1.8. Simplified model of the long-lived SW-dipping Great Arc subduction zone model of
Caribbean Plate evolution, adapted from Pindell et al. (2006). Part (a) shows the splitting of the Americas
and the development of an inter-American transform fault which breaks up the Andean/Cordilleran
subduction system. Part (b) shows the subsequent initiation o f proto-Caribbean subduction at ~125 Ma as
North America pushes westward over the mantle.

1.4.8 How will studying the rocks in this thesis help resolve the tectonic evolution o fthe

Caribbean?

The Late Jurassic to Early Cretaceous basement of La Desirade Island (see
Section 2.1) pre-dates any of the accepted rocks of the Great Arc and appears to be of
back-arc origin (Section 5.2). Therefore, study of these rocks and correlation with other
‘old’ fragments preserved within the Caribbean region may help to refine the plate
tectonic configuration of the proto-Caribbean and eastern Pacific prior to inception of
the Great Arc systems. Both Tobago (Section 5.3) and the Aves Ridge (Section 5.5)
represent island arc systems which are a part of the wider Great Arc system. Study of
the type of arc magmatism involved in forming the rocks in these localities may help
indicate subduction polarity in their respective parts of the Caribbean during the
Cretaceous. Finally, the rocks ofthe San Souci Formation on Trinidad were formed to
the east of the Great Arc system (Section 5.4) so their origin can help elucidate the
proximity of the Great Arc to the South American continent and the nature of mantle

sources present in the proto-Caribbean during the Late Cretaceous.
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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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indicating a maximum eruption time of ~8 Ma for the northeast mafic complex
(timescale of Ogg et al., 2008). Zircons separated from the trondhjemite pluton have
been dated by U-Pb chemical abrasion-thermal ionisation mass spectrometry to
143.74+0.33 Ma (Mattinson et al., 2008), i.e. mid-Berriasian of the Lower Cretaceous.
The oldest radiolarian age and the U-Pb age indicate igneous activity on La D”sirade
lasted up to 10 Ma.
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Figure 2.1. Simplified geological map for La D”sirade showing the studied units. Sampled locations are
numbered; not marked are the mafic-intermediate dykes. References for ages are given in the text and the
map was prepared based on field maps from unpublished work o f Gibbs (2008).

The occurrence of pillow basalts and what was originally interpreted as pelagic
chert lead Mattinson et al. (1980, 2008) to conclude that the mafic rocks were the upper
part of an ophiolitic sequence probably formed at a mid-ocean ridge. Bouysse et al.
(1983) favoured a subduction-related setting based in part on the lack of components of
an ophiolite such as sheeted dykes, gabbros and ultramafic rocks, and a similar model

has also been proposed by Baumgartner et al. (2008) and Cordey & Corned (2009).
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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
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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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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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87 + 4.4 Ma (Wadge and Macdonald, 1985). It is likely that the K-Ar results were

affected by alteration processes.

MW 62 W
1 kilometer
San Souci
1IN-
San Souci
Pt. (sediments)
Grand
Riviere Pt. 1.2.28-1
(sediments) San Souci Formation \ 2,28
Volcaniclastks and lavas
fault
fault.
Toco Formation
Marginal and deep water sediments
Galera Fm.

Figure 2.3. Geology of the San Souci Volcanic Formation; adapted from Wadge and Macdonald (1985).
Sample locations are numbered; the exact boundary between the San Souci and Toco Formations is
uncertain due to rainforest cover.

The majority of exposures of the San Souci Formation (Fig. 2.3, 5 km2) consist
of non-vesicular submarine mafic lavas, auto-brecciated by the intrusion of further
magmas (Wadge & Macdonald, 1985). There are also intact mafic and felsic lavas and
some dolerites. Two dyke-like dolerite bodies, not exposed at the present day, extend
for 2 km in the centre ofthe San Souci Formation (Fig. 2.3), and for 100 m, 6 km to the
south-east along Basin Galap Trace in a fault-bounded sliver (Wadge & Macdonald,

1985).

One previous geochemical study of the San Souci Formation relied on major
and trace element discrimination and could not distinguish between MORB, OIB and
mantle plume origins (Wadge & Macdonald, 1985). The Formation has been
interpreted in terms ofa mid-ocean ridge-type setting (Algar & Pindell, 1993), although
Wadge & Macdonald (1985) argued that there was little evidence for rifting during the
mid-late Cretaceous on the South American margin. Therefore, there is no definite age
or tectonic setting for the San Souci Formation. Clarification of'the age ofthe volcanics
is required in order to correlate other outcrops on the Venezuelan margin and interior

(Kerr et al.,, 2009b) and with the CCOP. Wadge & Macdonald (1985) tentatively
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correlated San Souci with the CCOP but fission-track data and the structural position of
the group to the south of any accreted Caribbean island arc terranes points to a proto-
Caribbean eruption site. A mantle plume origin for these rocks would suggest that
plume activity occurred both to the east and west of the Great Arc system, implying
that the volume of material erupted around the Turonian-Coniacian boundary was
higher than currently accepted if such an age can be proven for the San Souci
Formation (e.g. Kerr & Tamey, 2005). In order to make the distinction between a
plume- or MOR-related origin of the San Souci Formation, trace element and isotope
studies of the rocks are required. The aims of this part of the study are therefore: (1) to
identify the age, tectono-magmatic setting and mantle sources of the San Souci
Formation and (2) compare the geochemistry and age of the formation with analyses
from the CCOP and other basaltic rocks from the Venezuelan Margin and interior in

order to understand its significance for Caribbean tectonic models.
2.3.2. Fieldwork, sample collection and methods employed

Samples collected by Kevin Barr in the 1960s were destroyed following a recent
fire at the Seismic Research Institute of St. Augustine, Trinidad. The samples of Wadge
& Macdonald (1985) from Lancaster University are thought to be lost (R. Macdonald,
2008 pers. comm.). San Souci is covered by dense rainforest, with few stream sections,
only two short access roads and impassable coastal cliffs. Many tracks through the
rainforest between San Souci and Grand Riviere meet small private farms and cannabis
plantations but no exposures. During March 2009, 18 samples of the least brecciated
and altered basalts, dolerites and felsic rocks were collected from cuttings in paved
tracks and coastal sections near San Souci Point and from cuttings in a dirt track to the
east of Grand Riviere. A single quartzo-feldspathic sedimentary sample was also

collected from the Toco Formation.

As the majority of the San Souci rocks are mafic, they do not contain 40+ pm-
scale zircons required for traditional U-Pb zircon dating. It was decided to use a new
technique of in-situ SIMS dating of micro-zircon and baddeleyite (ZrO,) (Schmitt et al.,
2010) using the methods outlined in Appendix 3, at the University of California, Los
Angeles. To understand the likely tectonic setting, whole rock samples were analysed

for major and trace element contents at Cardiff University using the methods outlined
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in Appendix 3. Six samples were analysed for radiogenic Nd and Hf isotope ratios at
NERC Isotope Geosciences Laboratory, Nottingham, as outlined in Appendix 3.
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2.4. SE Aves Ridge, Caribbean Sea
2.4.1. Geological Setting

The Aves Ridge lies between the Dutch-Venezuelan Antilles and the Greater
Antilles. The Aves Ridge is a broadly north-south trending arcuate structure ~500 km
in length running between its sole emergent point at Aves Island in the Caribbean Sea,
and Margarita to the north of the Venezuelan coast (Fig. 2.4). The ridge has a
topographic profile of up to 1500 m above the surrounding ocean basins and seismic
studies reveal the ridge has little sedimentary cover and a crustal thickness of ~26 km
(Christeson et al., 2008). Seismic velocities are >6.0 km/s in the mid-crust and ~7.3
km/s at the base of the crust, consistent with an interpretation as an extinct island arc of

intermediate composition (Clark et al., 1978; Christeson et al., 2008).

Glassy, brecciated basalts and andesites dredged or drilled from the northern
end of the ridge and the Saba Bank between Aves Island and the Greater Antilles (Fig.
2.4) also suggest a volcanic arc origin (Marlowe, 1968, Church & Allison, 2004) (Fig.
2.4). Dredge samples collected by Duke University’s R/V “Eastward” in 1968 are the
only samples available from the southern part of the ridge. Three dredges from the
eastern scarp of the ridge (Fig. 2.4) contained igneous rocks described and dated using
K-Ar methods by Fox et al. (1971). Dredge 11317 (12.30°N) contained 1500 kg of
granitic boulders and pebbles. Four whole-rock K-Ar ages ranged from 57 to 89 Ma.
Dredge 11318 (12.25°N) consisted of 40 kg of mostly doleritic cobbles and pebbles
with lesser amounts of porphyritic and/or metamorphosed basalt with two K-Ar ages of
57 and 60 Ma. Dredge 11319 (12.35°N) contained 2000 kg of granitoid material
seemingly identical to dredge 11317, but with four K-Ar ages ranging from 18.5 to 67
Ma. No methodology or errors were given for these K-Ar dates by Fox et al. (1971),
however the ages are unlikely to be reliable due to significant sub-solidus alteration,

and this is evidenced by the wide spread of ages obtained.
Walker et al. (1972) showed the granitoids had some quite primitive *’Sr/*¢Sr

ratios which ranged from 0.7038 to 0.7080. Nonetheless, these ratios are likely to have
been modified by interaction with Cretaceous seawater (¥’Sr/*¢Sr ~0.7075; Veizer,
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1989) and hydrothermal alteration. No mafic rocks were found in the granitic dredges

and vice versa.

Although the Aves Ridge is an extensive region of crust in the eastern
Caribbean, the geochemistry of basement samples has not been studied in any detail.
Most workers have argued that the Aves Ridge originated as a Late Cretaceous to Early
Palacocene island arc (Bouysse, 1984; Christeson et al., 2008; Pindell & Kennan,
2009). However, the age, magmatic source(s) and subduction polarity of this arc are
unclear. Given its significant spatial extent and because it is likely to represent some of
the last island arc magmatism in the south-eastern Caribbean prior to the opening ofthe
Grenada Basin; a better understanding of the origin of the Aves Ridge could help to

constrain Caribbean Plate tectonic evolution.

Venezuelan Basin Lesser
(Caribbean-Colombian Oceanic Plateau) * g Antilles
Aves Grenada 'Island
Ridge Basin Arc
R N
Thin SE Venezuelan ST-
N / Basin crust r
. S 1 ' Atlantic
Curacao Bonaire nggoil 4 e
Los Roques La Blanquilla Tobago
Margarita
Cordillera de la Costa
Trinidad
Villa de Cura
Venezuela
70 68 66 64 62 60 Degrees West Q

Figure 2.4. Map of the SE Caribbean adapted ffom a plot generated by GeoMapApp (Haxby et al., 2009)
with the sample location in the SE Aves Ridge marked along with major islands and geological features.

2.4.2. Sample collection and methods employed

The only igneous samples ffom the southern portion of the Aves Ridge remain
those obtained in 1968 by R/V “Eastward”. These samples are stored at the Lamont
Doherty Earth Observatory Deep Sea Sample Repository. For this study, the largest,
freshest blocks remaining ffom each dredge (tens of kilograms) were selected from the
repository in November 2008 (34 separate whole rock samples). As no accurate dating
has been previously undertaken, the largest felsic sample was sent to the Technical

University of Freiberg for sample disintegration by selFrag and zircon separation (see
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Appendix 3). Separated zircons were analysed by Sensitive High Resolution Ion Micro-
Probe (SHRIMP-II) at the Centre for Isotopic Research, (VSEGEI) in St. Petersburg
(Appendix 3). This sample and the rest of the rocks were analysed for major and trace
element contents at Cardiff University using the methods in Appendix 3, in order to
understand their tectonic setting and mantle and crustal inputs. Two samples were
analysed for their Nd and Hf radiogenic isotope ratios at NIGL, Nottingham (Appendix
3), so that more detailed information could be obtained on their mantle and crustal

sources and to identify if the mafic and felsic samples have a common source.
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CHAPTER THREE: GEOLOGY AND PETROGRAPHY

Further observations of the field geology, rock types and petrology of the units studied

at each locality
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3.1. Geology and petrography of La Désirade Island
3.1.1. NE mafic volcanic complex

The NE mafic volcanic complex outcrops from Baie Mahault to Anse Galets
(Figs. 2.1, 3.1a,b) where it is overlain by the NE felsic volcanic complex. The dominant
rock type is a vesicular black to grey-green, often reddened, basalt-basaltic andesite
lava, which typically forms pillows up to 1m across (Fig. 3.1b). Voluminous red cherts
(jasper) and minor limestone pinch-ups occur between the pillows (Montgomery &
Kerr, 2009), which exhibit right-way-up ‘teardrop’ structures and glassy rinds.
Individual packages of pillow lavas define a crude layering which dips at 10° or more
to the north exposing ~300 m of volcanic rocks in stratigraphic order. Additionally,
volumetrically rare massive mafic lava flows and 1-2 m thick banded hyaloclastites of
<1-3 mm grain size are also found. Some minor faulting occurs with displacements of
only a few centimetres to several metres, which may be related to emplacement of the
intermediate dyke suite; however, the entire mafic complex appears continuous with no
recognisable unconformities. The contact with the overlying northeast felsic volcanic
complex is faulted (Fig. 3.1c), but chert and basalt clasts are found within the felsic
breccias of the overlying unit indicating eruption through the pre-existing mafic

complex and an unconformity between the two complexes of unknown length.

In the lower part of the mafic complex, (Loc. 10-11; Fig. 2.1) the lavas can be
divided into two petrographic facies. The first type is fine-grained with 0.5 to 1 mm
clinopyroxene phenocrysts set in a groundmass consisting of randomly aligned acicular
plagioclase, squat clinopyroxene and Fe-Ti oxides. There are brown/green clays,
oxides/haematite patches and in some cases, abundant calcite replacing the original
textures. The second type of lava has a grain size of up to 2 mm with plagioclase
phenocrysts up to 4 mm. Interstitial plagioclase is more tabular, with clinopyroxene and
Fe-Ti oxides that have needle-like patterns. Replacement minerals in this second type

are brown/green clays, oxides/haematite, chlorite, prehnite and pumpellyite.

Overlying these rocks, some of the pillows at Locality 8 (Fig. 2.1) are quite
distinct, consisting of 1 mm grains of hopper-shaped or acicular to elongate splays of

clinopyroxene and lesser acicular plagioclase which might indicate rapid quenching of
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the lava (Fig. 3.2a). Replacement minerals are quartz, prehnite, pumpellyite and oxides.
Vesicles are in-filled by quartz and Fe-Ti oxides. The remaining samples from
Localities 8 and 9 (Fig. 2.1) are largely aphyric, ranging from 0.25 mm to 1 mm grain
sizes and consisting of acicular plagioclase, squat clinopyroxene, and Fe-Ti oxides,
sometimes comb-like or acicular. Replacement minerals include calcite patches and

veins, prehnite and oxides including haematite.

The youngest lavas in the complex (Localities 1-7 and 14-17; Fig. 2.1) vary in
grain size from <0.25 mm to 0.5 mm. Acicular plagioclase dominates the groundmass
with elongate to squat clinopyroxene present. Some samples are clinopyroxene-phyric,
often with glomeroporphyritic blebs reaching 1 mm (Fig. 3.2b) whilst others appear
glassy with abundant calcite replacement. Other replacement minerals include chlorite,
prehnite, pumpellyite, green/brown clays and oxides. The replacement minerals found
across the complex are diagnostic of a low-grade prehnite-pumpellyite facies

metamorphic assemblage.
3.1.2. Felsic volcanics and the trondhjemite pluton

The NE felsic volcanic complex outcrops around Grand Abaque and contains
orange-weathered massive rhyolitic flows, volcanic breccia and scoria (Figs. 2.1, 3.1c).
Breccias are darker in colour than the flows and are vesicular with abundant geodes
containing quartz and epidote. Other breccias look similar to basalts and cherts of the
NE mafic volcanic complex. The rhyolitic flows and breccias consist mostly of
plagioclase and quartz with minor haematite crystals and veins. Some chlorite, clays

and epidote are present replacement minerals (Fig. 3.2c).

The SW felsic complex occurs at the coast near Mourne Frégule (Fig. 2.1) and
is regarded as temporally equivalent to the NE felsic complex (Bouysse et al., 1983,
Mattinson et al., 2008), containing similar rhyolitic flows. These flows contain
plagioclase and quartz phenocrysts up to 1 mm across, with a fine groundmass
dominated by plagioclase with minor quartz and oxides. Clays, haematite and epidote

are replacement minerals (Fig. 3.2d).
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A trondhjemite pluton is exposed for 4 kilometres along the north coast of the
island (Fig. 2.1; 3.1d). There are a variety of igneous facies, with the majority
comprising plagioclase-rich trondhjemite with minor amounts of diorite and albite
granite (Fig. 3.2e), which are cut by abundant intermediate dykes. The trondhjemite is
characterised by 2-3 mm sized grains of tabular plagioclase (~60%), homblende,
quartz, Fe-Ti oxides, titanite and zircon. Alkali feldspar and biotite are absent. The

most common replacement minerals are chlorite and epidote.

Although not dated by U-Pb methods, the felsic complexes appear of similar
age to the pluton (Mattinson et al., 2008). Mattinson et al. (2008) proposed that the
pluton intruded lavas of its own volcanic carapace. These lavas are of the same

composition and age as those which formed the NE and SW felsic complexes.

3.1.3. Intermediate-felsic dykes

As shown in Figures 3.1e and 3.2f, clinopyroxene dolerite, microdiorite,
granodiorite and granophyre dykes cut the trondhjemite and NE mafic and felsic
complexes (Mattinson et al., 1980). Mattinson et al. (2008) contend that the less
evolved dykes represent the last magmatism on the island whilst the most felsic dykes
are related to the earlier felsic magmatism. The more mafic dykes are yellow-green
tinged, 2-3m thick, trend roughly NE-SW within the NE mafic volcanic complex and
show chilled margins with the surrounding pillow basalts. Minor faults within the NE
mafic complex occur at angles parallel or sub-parallel to the dykes suggesting a
structural control upon dyke emplacement. These dykes have a grain size of around
0.25 mm and contain clinopyroxene phenocrysts (~10 %) in a groundmass of elongate
plagioclase and minor clinopyroxene and quartz with alteration to chlorite and
pumpellyite (Fig. 3.2f). Epidote, albite and prehnite have also been reported (Mattinson
et al., 1980). Dykes cutting the trondhjemite pluton are dark green, up to 1 metre across
and have a grain size of 0.25 to 0.5 mm. They are dominated by a groundmass of
elongate plagioclase, clinopyroxene and Fe-Ti oxides with rare clinopyroxene

phenocrysts. Replacement of the clinopyroxenes by clays and chlorite is very common.
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Figure 3.1. Field photographs from La D£sirade. (a) Geological overview of La Dé6sirade showing
location of field photographs. Photograph supplied to Jennifer Gibbs by Luc Legendre, Minister of the
Environment, Guadeloupe, (b) Pillow basalts and chert (NE mafic complex) at Pointe Seraphine with
notebook for scale, (c) Faulted contact between pillow basalts of the NE mafic complex and rhyolites of
the NE felsic volcanic complex at Grand Abaque (notebook for scale), (d) Example of jointing in the
trondhjemite pluton at L’Emballage (author for scale), (e) Intermediate dyke cutting the NE mafic
complex at Pointe Seraphine (notebook for scale).
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Figure 3.2. Photomicrographs from the volcanic and plutonic complexes of La D6sirade. All sections in
cross-polarised light with the scale bar representing 1 mm. (a) IND/8.1, fresh pillow basalt of the NE
mafic volcanic complex dominated by a combination of clinopyroxene laths, equant clinopyroxene and
plagioclase. (b) IND/6.2, fresh pillow basalt (NE mafic volcanic complex) containing plagioclase laths
with small glomero-porphyritic patches of clinopyroxene. (¢) IND/2.1, altered plagioclase-phyric rhyolite
(NE felsic volcanic complex) with aligned plagioclase laths and larger phenocrysts; quartz, oxides,
chlorite, clays and epidote also present, (d) IND/18.1, quartz-plagioclase-phyric flow-banded rhyolite
(SW felsic volcanic complex) with oxides and clay alteration also present, (¢) IND/19.9, trondhjemite of
felsic composition with large quartz and plagioclase crystals with amphibole and smaller amalgamations
of titanite. (f) IND/19.5, intermediate dyke cross-cutting the trondhjemite pluton containing mostly
elongate plagioclase, quartz, clinopyroxene and abundant oxides and calcite replacement.
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3.2. Geology and petrography of Tobago Island
3.2.1. Introductory remark

The geology of Tobago is considerably more complex and varied than that of
the other localities. A very detailed set of field and petrographical observations have
already been published, culminating in the monograph of Snoke et al. (2001a) and the
reader should refer to this text. This section will serve only as a brief description of the

field geology and sampled rocks.
3.2.2 North Coast Schist

Parlatuvier Formation: The greenschist-facies Parlatuvier Formation makes up
around three-quarters of the NCS and covers approximately 75 km’ of coast and
rainforest (Fig. 2.2). There is little exposure save for bays and road cuttings. Most
streams are not navigable at the present day. This lack of exposure coupled with
abundant evidence of plastic deformation [Snoke et al. (2001a) report two foliations,
four fold styles, and four lineations] means that mapping of individual units within the
formation is impossible. Structurally, the polyphase deformation of the Parlatuvier

Formation occurred in an environment of dextral wrench shearing (Snoke et al., 2001a).

The entire formation is comprised of metamorphosed and deformed mafic to
intermediate volcanics and rarer flows and intrusive rocks (Figs. 3.3a,b). The protoliths
of the majority of these rocks were mafic to intermediate fine-grained tuffs and coarser
tuff breccias with clasts up to 50 cm across, most of which are homogeneous in colour
and mineralogy. In thin section, some fragments of primary plagioclase, hornblende
and clinopyroxene remain. The greenschist-facies metamorphism has resulted in
widespread growth of chlorite and actinolite, giving the rocks a grey-green to dark
green colour when fresh, and weathering to bright orange due to the high content of

ferro-magnesian minerals (Figs. 3.3c,d).

Another sampled facies in the Parlatuvier Formation is a type of porphyry
which occurs most commonly towards the eastern end of the NCS to the north of

Speyside (Fig. 2.2). This mafic-intermediate facies is a similar green colour to the tuff
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breccias and appears to be a form of this rock type. The rocks however contain
abundant relict plagioclase phenocrysts (Fig. 3.3e). This rock type was thought by Yule
(1988) to represent the protolith for the most distinctive of the amphibolite-facies
metamorphic rocks found on the boundary between the NCS and the Tobago pluton. A
final unusual sampled rock type only occurs around Anse Bateaux near Speyside (Fig.
2.2). These are mafic-intermediate tuff breccias with a fine-grained groundmass which
have conspicuous fragmental homblende crystals up to 5 cm in length (Fig. 3.3f).
Snoke et al. (2001) have interpreted the hornblendes as representing a relict phenocryst

phase, much the same as the plagioclase-phyric rocks discussed above.

Two further facies have not been sampled as they were not observed in the field.
Yule (1988) reports rare massive, dense dark grey layers with abundant amygdales
which were interpreted to be lavas inter-layered with chlorite-epidote-actinolite schist
which may be representative of mafic tuffs which took up the strain during
deformation. The meta-lavas are up to 50 cm thick and the amygdales are filled with
calcite and epidote (Yule, 1988). Sparse intrusive rocks (massive un-deformed mafic
bodies or small deformed dykes) also occur. These plutonic mafic rocks were originally
homblende-phyric gabbros which acted as rigid bodies during deformation.
Nonetheless, the original mineralogy of these rocks been partially replaced with a lower
greenschist facies assemblage including actinolite, epidote, chlorite and muscovite
(Yule, 1988).

Critically, from the point of view of geochemical analysis, there is no evidence
within the Parlatuvier Formation of metamorphism above lower greenschist facies, nor
is there any widespread evidence of calcification or influx of fluids. This observation
implies that the ‘immobile’ trace element geochemistry of the formation should be

representative of the original igneous composition of the rocks.
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Figure 3.3. Field and thin section photographs of the Parlatuvier Formation (cross-polarised light), (a) Z-
folded bedding in coarse mafic tuffs of the Parlatuvier Formation on the shore at Bloody Bay. (b)
Orange-weathered outcrop of bedded mafic tuffs above Englishman’s Bay. (c) INT/11-3/8 fine mafic
tuff with relict clinopyroxene crystals and plagioclase. (d) 3A-24 metamorphosed andesitic crystal tuff
containing relict plagioclase phenocrysts. (e) Large relict plagioclase crystal in sample INT/15-2/2,
replaced by clays, (f) DY-3D-438, fine-grained mafic tuff with large relict hornblende phenocryst bottom
right and patches of calcite replacement.

Mount Dillon Formation: The Mount Dillon Formation makes up under a
quarter of the North Coast Schist. The formation is found in two bands about 1-2 km
wide (thickening towards the SW) and several kilometres long, chiefly along a stretch
of rain forest around and to the south ofthe Main Ridge (Fig. 2.2). The Mount Dillon
Formation is almost entirely enclosed by the outcrop of the Parlatuvier Formation but
the contact between the two is invariably faulted or not exposed (Snoke et al., 2001b).
Coastal exposures of the Mount Dillon Formation are present for a kilometre near

Celery Bay and there is little exposure inland except for road cuttings around the Mount
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Dillon lookout point and isolated streams (Fig. 2.2). As with the Parlatuvier Formation,
widespread deformation and lack of exposure renders the stratigraphy of the Mount

Dillon Formation un-interpretable.

The rock types present are mostly felsic and comprise fine-grained tuffs and
chert-like beds (Fig. 3.4a). The tuff is dark grey when fresh, weathering to a very
distinctive buff colour. The quartz-rich nature of many of the tuffs makes them resistant
to erosion (Fig. 3.4a). In thin section most of these rocks almost entirely comprise very
fine-grained strained quartz with some Fe-Ti oxides (Fig. 3.4b). Many samples contain
quartz veins (often parallel to any fabric present) and are occasionally cross-cut by
calcite veins. Some of the rocks of the Mount Dillon Formation are more mafic (Fig.
3.4¢) and resemble those of the Parlatuvier Formation only with grey colouration due to
a significant argillaceous component. These contain similar mineral assemblages
(epidote, actinolite and chlorite) to the Parlatuvier Formation (Yule, 1988). Other
samples are crystal tuffs with relict phenocrysts of quartz and plagioclase up to several
mm across (Fig. 3.4d).

The widespread abundance of chert and high-silica rocks is of concemn with
regard to whole rock geochemistry. If these are simply greenschist-facies meta-igneous
rocks then the ‘immobile’ trace element geochemistry should be intact. However, influx
of foreign hydrothermal fluids may have altered the geochemistry. One particular
problem is the likely dilution effect of silica on the trace and rare earth elements, which
may result in trace and rare earth element patterns unrepresentative of the primary or
fractionated melts. Also, if these rocks are derived from felsic volcanic protoliths there
has to be a concern that accumulation or fractionation of zircon and other minerals such
as apatite will affect trace element ratios normally considered indicative of the melt

source in mafic rocks.
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Figure 3.4. Field and thin section photographs from the Mount Dillon Formation in cross polarised light,
(a) Type locality at Mount Dillon with silicified tuffs, bedded and inclined at a high angle. James Pindell
for scale, (b) INT/11-3/9 a fine-grained, quartz-dominated silicic tuff, (c¢) DY-2F-397 a relatively mafic
fine meta-tuff with calcite patches at top and a fine groundmass of quartz and chlorite, micas, epidote and
oxides, (d) DY-2F-482 a felsic metamorphosed crystal tuff with large relict quartz and plagioclase
phenocrysts in a fine-grained groundmass.

Karv: Yule (1988) mapped a suite of rocks (see Snoke et al., 2001b) as
components of the Mount Dillon Formation which did not appear to contain primary
volcanic rocks. Later, in the map of Snoke et al. (2001b), this unit was given its own
name, Karv, standing for Cretaceous argillaceous volcaniclastics. This formation is
located deep within the Tobago Forest Reserve in the hillside above Englishman’s Bay
(Fig. 2.2, 3.5a). Karv comprises -300 m-wide, 1-3 km-long bands of severely
weathered meta-argillites and inter-layered graphitic schist along with some more mafic
tuff-like rocks which were badly altered (Fig. 3.5b). Only four samples were obtained
from the University of Wyoming and none were collected ffom the field during this

study.
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Figure 3.5. (a) A typical view over the Main Ridge of Tobago, showing the lack of exposure and largely
impenetrable forest. From http:/panoramio.com. (b) DY-3D-304, a mafic tuff-like component of the
Karv unit from the Main Ridge.

Amphibolite-facies rocks: These rocks occur in discontinuous bands, often
fault-bounded, between the mafic and ultramafic rocks of the Tobago Pluton and the
North Coast Schist (Fig. 2.2). In rare locations it is reported to be possible to walk
‘down-grade’ into the greenschist-facies Parlatuvier Formation (Snoke et al., 2001 a,b).
Thus, critical to the structure and tectonic evolution of Tobago, the amphibolites are
interpreted as a dynamo-thermal aureole resulting from emplacement and later
subsidence of the pluton (Snoke et al. 2001a). The formation is marked by rocks of a
higher metamorphic grade than the rest of the North Coast Schist, ranging ffom upper
greenschist facies close to the rest of'the North Coast Schist to upper amphibolite facies

within 20 m ofthe pluton contact (Apted & Liou, 1983; Snoke et al., 2001a).

The rocks sampled are meta-basic, with a range of weak to strong ductile
deformation features (foliation, lineation, development of shear bands and mylonites).
Samples range ffom dense, grey equigranular examples to inequigranular rocks with a
fine groundmass and large, flattened plagioclase crystals up to 1cm long (Fig. 3.6a), to
mylonites (Fig. 3.6b). In thin section, at the highest metamorphic grade, the samples
contain hornblende, andesine and diopside (Snoke et al. 2001a). Prehnite-pumpellyite
grade retrogression is common close to faulted contacts (Snoke et al., 2001) and many
of'the sampled rocks are characterised by the widespread occurrence of chlorite. Rowe
(1987) records thin leucocratic segregations in the Louis D’Or River which may
indicate the beginning of partial melting of this host rock. The plagioclase-phyric
samples are those thought by Yule (1988) to be directly-related to the plagioclase-
phyric rocks of the greenschist-facies Parlatuvier Formation. Many of the rocks are

quite badly fractured and the amphibolite-facies metamorphism and deformation may
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therefore be sufficiently high to mobilise those elements considered immobile during

low-grade metamorphism (e.g. Zr, Hf, Nb, Yb).

Figure 3.6. Thin section photographs of the amphibolite facies ‘auerole’ in cross-polarised light, (a)
INT/8-3/4, amphibolite-facies plagioclase-phyric meta-tuff, (b) DY-3D-557, mafic ultramylonite from
the aureole zone containing small amphibole crystals.

3.2.3. Tobago Volcanic Group

Argyle Formation: The Argyle formation lies inland ffom Roxburgh (Fig. 2.2),
covers approximately 5 km2 and consists oftuff breccia and lapilli tuff, with some
mafic-intermediate lavas and volcanogenic sediments(Snoke et al., 200la and
references therein) (Fig. 3.7a). This unit is unique in the TVG in containing hornblende
as part ofthe phenocryst assemblage; which in decreasing order ofabundance includes:
plagioclase, hornblende and clinopyroxene (Snoke et al., 2001a). Many samples are
described as containing conspicuous tabular plagioclase (5-15 mm) with smaller
plagioclase, hornblende and clinopyroxene (1-2 mm). In this study, the rocks sampled
are a mixture of grey lavas and tuff breccias which are either aphyric or clinopyroxene-

or plagioclase-phyric (Fig. 3.8a).

Bacolet Formation: This formation outcrops in two locations, ffom
Scarborough to Bacolet (3 km2) and inland from Barbados Bay (3 km2) (Figs. 2.2,
3.7b). According to Snoke et al. (2001a), the formation consists entirely of mafic
clinopyroxene-phyric lithic volcaniclastic breccia with lesser plagioclase-phyric facies.
The samples collected for this study are uniformly clinopyroxene-phyric with
clinopyroxenes to 5 mm and lesser plagioclase reaching 2 mm (Fig. 3.8b). Most
samples have a very fine-grained groundmass of plagioclase and oxides and the
phenocrysts and groundmass are commonly partially replaced by chlorite, micas,

epidote, oxides, occasional prehnite/pumpellyite, and rare patches of calcite in the more
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altered samples. Snoke et al. (2001a) report possible chlorite, calcite and epidote
pseudomorphs which may be replacing olivine; the only volcanic rocks on Tobago to

do so.

Goldsborough Formation: The formation covers approximately 16 km’ in a 1-4
km-wide coastal strip from Pinfold Bay to Glamorgan (Fig. 2.2). The rock types present
are tuffs and tuff breccias, pillow lavas and some volcanogenic sedimentary rocks
(Snoke et al., 2001a). These rocks are commonly quite evolved with interstitial quartz
present in some specimens. The most common phenocryst phase is plagioclase (Fig.
3.8c) with lesser clinopyroxene (Fig. 3.8d) (Snoke et al., 2001a). Most rocks sampled
for this study are either plagioclase or clinopyroxene-phyric with one containing
abundant accumulated clinopyroxene. Some rocks contain amygdales invariably filled
with calcite and others contain some calcite veining. The igneous mineralogy of
plagioclase, clinopyroxene, oxides and rare quartz has been partially replaced by clays,

micas, chlorite and epidote.

Undifferentiated TVG: This unit includes the Hawk’s Bill and Merchison
Formations of Maxwell (1948). The Undifferentiated unit was defined by Snoke et al.
(2001a and references therein) because of poor exposure and the lack of obvious
boundaries between different formations. The rock types present are varied, from
pillow basalts to re-worked volcaniclastic breccias. In the Merchison Formation which
occurs to the east of the Merchison River (Maxwell, 1948) (Fig. 2.2), clinopyroxene
and plagioclase phenocryst assemblages dominate with rock types similar to those
described from the Bacolet Formation (Snoke et al., 2001a). Only one quite badly
altered, calcified sample was collected from this part of the TVG. The rocks of the
Hawk’s Bill Formation outcrop between Rocky Point and Hawk’s Bill (Maxwell,
1948), and are mostly mafic to intermediate pillow lavas which have been silicified and
now contain quartz-filled amygdales (Frost and Snoke, 1989; Snoke et al., 2001a) (Fig.
3.7d). In thin section these rocks contain both plagioclase and clinopyroxene
phenocrysts and are altered with patches of clays, micas and chlorite. Snoke et al.
(2001a) considers the Hawk’s Bill Formation to be equivalent to the Goldsborough

Formation.
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The remaining parts of the undifferentiated unit contain plagioclase and
clinopyroxene-phyric lavas (Fig. 3.8d), breccias and crystal tuffs; with associated re-
worked volcaniclastic breccias and hard-weathering crystal-rich ‘grits’ made up of
large volumes of angular clinopyroxene crystals (Fig.3.7c). In this study, the lavas,
tuffs and large breccia clasts, from which solidified magmas may be sampled, are
classed as “Undifferentiated Tobago volcanics” along with those ffom the Hawk’s Bill
and Merchison areas. The reworked samples areclassed as “Undifferentiated
volcanogenic sediments.” Some of the re-worked breccias contain slightly rounded
clasts which have been reddened, possibly by periodic exposure, together with dark,

rounded clasts in a matrix of comparatively fresh material (Fig. 3.8e).

1 metre

Figure 3.7. Field photographs from the Tobago Volcanic Group, (a) Argyle Formation in roadside at the
type locality with poorly defined bedding in volcanogenic sand and mudstones, (b) Bacolet Formation at
Granby Point composed of crumbly basaltic volcanic breccias, (¢) Undifferentiated TVG from a road
cutting on the Hillsborough River with layering in mafic volcanogenic sediments which are rich in relict
clinopyroxene crystals, (d) Undifferentiated TVG [Hawk’s Bill Formation of Maxwell (1948)]
comprising plagioclase-phyric lavas (occasionally pillowed) at Blackrock.
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Figure 3.8. Photomicrographs from the Tobago Volcanic Group, all in cross-polarised light and with
scales marked, (a) DR-128 (Argyle Formation), basaltic lava from the Louis D’Or area, with equant
clinopyroxene and squat plagioclase phenocrysts in a glassy groundmass. (b) DY-2H-282 (Bacolet
Formation), basaltic lava from the Hillsborough River, with large clinopyroxene and smaller plagioclase
phenocrysts in a fine groundmass. (¢) DY-2H-298 (Goldsborough Formation), fine-grained basaltic lava
from Studley Park, dominated by elongate plagioclase phenocrysts and rarer clinopyroxene in a fine
groundmass. (d) DY-2J-262 (Goldsborough Formation), groundmass detail from basaltic lava from
Granby Hill, dominated by rounded clinopyroxene crystals and oxides, (e¢) DR-818 (Undifferentiated
TVG) from Little Tobago Island, volcanogenic sediment consisting of a fine groundmass with relict
plagioclase crystals and pyrite growth, (f) IC-53 (Undifferentiated TVG) brecciated basaltic lava from
Stonehaven with large plagioclase phenocrysts.

3.2.4. Tobago Plutonic Suite (TPS)

Deformed mafic volcanic-plutonic complexes: These are three distinct highly
metamorphosed complexes of which two were sampled; the Anse Flamengo Complex
(1 km2) which lies between and inland from King Peter’s Bay and Celery Bay, and the
Merchison River Complex (2 km2) which lies between Speyside and the watershed on

the Speyside-King’s Bay road. The other is the Richmond River Complex (2 km?2)
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which lies in the centre of the island (Fig. 2.2). These units are interpreted as early
phases of extrusive and intrusive activity within the Tobago Volcanic Group which
have been deformed and metamorphosed by the later intrusion of the Tobago Pluton
(Snoke et al., 2001a). These complexes are very hard-weathering and have a mafic
fragmental meta-volcanic or hypabyssal origin, with textures frequently overprinted by
homblende- to pyroxene-hornfels metamorphic mineral assemblages. Deformation
takes the form of large-scale flattening of breccia clasts, but no larger-scale structural
patterns have been identified. The rocks are clearly distinct from the upper greenschist-
to upper amphibolite-facies metamorphism of tuffaceous rocks in the amphibolites of
the North Coast Schist (Snoke et al., 2001a).

The Anse Flamengo Complex (Fig. 3.9a) consists of fragmented meta-volcanics
and hypabyssal intrusive rocks which have been intruded by various components of the
TPS (clinopyroxenites, gabbros, diorites and mafic dykes) (Snoke et al., 2001a). The
single sectioned sample from the complex consists of a deformed, slightly calcified
meta-volcanic rock containing 2-3 mm relict clinopyroxene crystals with plagioclases
which have been altered to clays and micas alongside hornblende and oxides. The
Merchison River Complex is dominated by deformed plagioclase-megacrystic gabbroic
rocks and a few fragmented mafic volcanics; with the samples obtained from this unit
containing relict clinopyroxene, homblende and plagioclase with actinolite, chlorite,

clays, quartz and oxides forming replacement textures (Figs. 3.9b, 3.10a).

Ultramafic rocks: Few samples have been obtained from the ultramafic facies
of the TPS. Nevertheless they form a volumetrically important part of the TPS (10 km?)
and are found in discontinuous bands of variable thickness close to the contact between
the pluton and the North Coast Schist, with magnetic and gravity data suggesting a
considerable sub-surface mass (Wadge & Snoke, 1991) (Fig. 2.2, 3.9c). Numerous
altered peridotite xenoliths are found within the gabbro-diorite facies of the TPS (Fig.
3.9d). The two largest outcrops of the ultramafic rocks are in the Louis D’Or region of
the NE of the island, and the central area around Menna Hill. Samples were mostly
taken as blocks from the Louis D’Or River. ‘Anhydrous’ rock types include dunite,
wehrlite and olivine clinopyroxenite (Fig. 3.10b). There is also abundant evidence for a
late-stage fluid rich magmatic phase with the occurrence of plagioclase-homblende

clinopyroxenite, horblendite and abundant veins and dykelets of very distinctive
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hornblende/plagioclase pegmatites which look similar to those described by Kerr et al.
(2004) from the Bolivar ultramafic complex of the Western Cordillera of Colombia
(hydrated oceanic plateau root) and the Smartville complex of Sierra Nevada (island arc
root) (Beard & Day, 1986). The sampled ultramafic rock types are: serpentinised
dunite; wehrlite with homblende replacement textures; (olivine) clinopyroxenite (Fig.
3.10b) with homblende, chlorite and clays; and finally hornblendite, dominated by
homblendes which have been partially altered to chlorite and clays. The ultramafic
facies are considered to represent the accumulation of crystals on the floor or sidewalls
of the pluton. Interestingly, olivine appears as small anhedral inter-granular aggregates

as opposed to an obvious cumulus phase.

Gabbro-diorite: The most voluminous phase of the pluton is represented by a
broad range of gabbroic to dioritic rocks which occur across the whole island from near
Plymouth to King’s Bay (up to 100 km?) (Fig. 2.2, 3.9d). There is some evidence for
igneous layering [for example mafic and felsic banding at Washerwoman’s Bay; Snoke
et al., (2001b)] but much of this facies is massive in texture. Crystal sizes range from
coarse-grained gabbros (Fig. 3.10c) through to slightly finer grained diorites and all
rocks are characterised by varying abundances of plagioclase, homblende,
clinopyroxene and oxides. Orthopyroxene is also present in some samples (norites or
two-pyroxene gabbros). The sampled rocks show clear evidence of homblende
replacing pyroxene indicating that fluids in the magma reacted with the pre-existing
crystal assemblage late in the crystallisation history. Chlorite, clays, micas and oxides
form a typical alteration assemblage. Apatite, along with lesser zircon and titanite are
the most common accessory minerals. It is also common to find xenoliths of
hornblende-rich peridotites within the gabbro-diorites, for example at Amos Bay (Fig.
3.9d).
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Figure 3.9. Field photographs from the plutonic rocks of Tobago, (a) Boundary between the North Coast
Schist (Mount Dillon Formation) and the younger plutonic and volcanic suites marked by the Coffee
River fault and a patch of deformed mafic volcanic/plutonic rocks (Anse Flamengo Complex), at Celery
Bay. (b) Example of the deformed mafic volcanic/plutonic complexes (Merchison River Complex)
showing steeply dipping foliation (dotted), hard splintery texture (dynamothermal metamorphism) and
segregations of plagioclase and mafic minerals. Location: road cutting on hillside SW of Speyside. (c)
Massive ultramafic rocks exposed in King Peter’s Bay, intruded by a small vein of homblende-gabbro
pegmatite, (d) Exposure of the gabbro-diorite pluton with inclusions o f ultramafic rock at Amos Bay.

3.2.5. Mafic dyke swarm

Dykes cutting the NCS: The only post-metamorphic rock type present is a
distinctive grey, medium-grained non-metamorphosed diorite dyke facies with 2-3 mm
flow-aligned hornblende needles. This variety of dyke is also found cutting the VPS.
Assuming that these dykes are of a similar age to the rest of the mafic dyke swarm
(-103-92 Ma), this is confirmation that the NCS and the VPS were brought together, or
‘stitched’ at or before 103 Ma, however further dating work would be needed to verify
this hypothesis. In thin section, the dykes are characterised by the acicular hornblendes

in a matrix of plagioclase, oxides and some quartz. Calcite veining is common.
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Figure 3.10. Photomicrographs from the Tobago Plutonic Suite, all cross-polarised light with scale bar =
1 mm. (a) INT/6-3/13, altered and deformed plagioclase phenocryst in a groundmass consisting of
plagioclase and hornblende, from the deformed mafic volcanic complex at location (b) in Figure 5.5
(Speyside). (b) INT/21-2/4, olivine clinopyroxenite from the Louis D’Or River, (¢) INT/3-3/2, gabbro-
diorite with plagioclase, clinopyroxene and oxides from the trail between Amos Vale and Culloden.

Dykes cutting the VPS: The rest of the mafic dyke swarm, which cuts all units
of the VPS, is highly variable in character. It is clear that some locations within the
biotite tonalite and the gabbro-diorite have been a focus of dyke intrusion (e.g. Amos
Bay, Fig. 2.2, 3.11a) whereas other localities contain only scattered occurrences with
much less intense intrusion in the TVG than the TPS. As described above, some dykes
are fine-grained diorites with acicular, flow-aligned hornblende. These are found
around Courland, Amos Bay and Back Bay in close proximity to the biotite tonalite
unit (Fig. 2.2). Also present are hornblende and/or clinopyroxene dolerites (Fig. 3.1 lb)
and gabbros (Fig. 3.11c); some aphyric and some containing a hornblende phenocryst
phase. These mostly coarse-grained dykes have been sampled at the same localities as
the other dyke facies along with examples from the Kendal Road (Fig. 2.2). As with the
plutonic rocks, clinopyroxene is observed in some cases breaking down to form
hornblende. A few dykes are quite glassy and carry large (up to 1 cm) plagioclase
phenocrysts (Fig. 3.11d). Clays, oxides and chlorite are ubiquitous replacement

minerals.
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Figure 3.11. Field and thin section photographs of Tobago dykes. All sections in cross-polarised light
with scale bar 1 mm. (a) Multiple anastamosing mafic dykes intruding gabbro-diorite of the Tobago
pluton at Amos Bay. b) 2D-14 a mafic dyke comprising elongate plagioclase, hornblende and
clinopyroxene crystals, dated to 91.4+2.2 Ma (Sharp & Snoke, 1988). (¢) INT/25-1/4 a coarse-grained
mafic dyke cutting biotite tonalite in the Courland River, comprising a fine-grained groundmass of
hornblende, clinopyroxene, plagioclase and oxides with much larger clinopyroxene crystals, (d) INT/23-
2/5 a glassy intermediate dyke with very fine needle-like plagioclase crystals in the groundmass and large
plagioclase phenocrysts.

3.2.6. Dyke-like tonalite o fArnos Vale-Mason Hall

Tonalitic rocks are exposed as a single body approximately 500 m wide which
may be traced for 7 kilometres from the shoreline at Amos Vale along the Courland
River to Mason Hall (Fig. 2.2) with a possible continuation for 3 km in the sub-surface
to the east indicated by aeromagnetic data (Wadge & Snoke, 1991). The tonalite
sharply cross-cuts the gabbro-diorite pluton and is composed almost entirely of a
uniform medium-grained felsic rock comprising plagioclase, quartz, biotite, =+
hornblende, oxides, apatite and zircon (Figs. 3.12a,b). Much of the tonalite body is
altered, with chlorite, calcite and sericite common. Rarely, small veins of grey, fine-
grained plagioclase-phyric tonalite can be found which cross-cut the main tonalite
body, hinting at a minor second stage of intrusion. There is no evidence of gradation

from the most felsic plutonic facies (plagioclase and hornblende-bearing diorites) to
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these quartz, plagioclase and biotite-bearing tonalites so it is likely that the tonalites

represent a separate intrusive event from the VPS.

Figure 3.12. Field photograph and photomicrograph of the Amos Vale-Mason Hall tonalite. (a) Typical
exposure of biotite-tonalite in the Courland River, (b) INT/4-2/3, (cross-polarised light, scale bar 1mm)
homblende-biotite tonalite with abundant plagioclase and subordinate quartz from the Courland River.

3.2.7. Tonalitic partial melts ofthe TVG

In a bend in the Hillsborough West River (Stop 8 of Snoke et al., 2001b), small
tonalitic veins can be observed cross-cutting hardened volcanic breccias of the Tobago
Volcanic Group (Figs. 2.2, 3.13). These veins are petrologically similar to the Amos
Vale-Mason Hall tonalite (Fig. 3.12) but are not particularly extensive and only occur
within a few tens of metres of the contact with gabbroic-dioritic rocks of the Tobago
pluton. Snoke et al. (2001b) interpreted these as partial melts ofthe TVG formed during
emplacement of the Tobago Pluton. It is one of the aims of this thesis to identify if

these tonalites differ geochemically from the larger Amos Vale-Mason Hall body.

Figure 3.13. Field photograph and photomicrograph of the tonalitic partial melts of the TVG. (a)
Exposure of small tonalitic veins cross-cutting the TVG in the Hillsborough River, (b) INT/20-2/2,
(cross-polarised light) biotite tonalite with plagioclase and quartz from the Hillsborough River.
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3.2.8. Nb- and LREE-enriched mafic and felsic intrusions

These rocks have never been described before from Tobago. In the field, three
samples were collected which were presumed to be examples of the mafic dyke swarm
(INT/6-3/14 and INT/29-2/2) or the Argyle Formation (DY-3D-103), all from the land
between Speyside and the Argyll River (Fig. 2.2) and were later defined on the basis of
their geochemistry. These rocks were found to contain high concentrations (~7-28 ppm)
of Nb. These three samples all differ slightly in appearance: 29-2/2 is dark-grey/green
and aphyric with a sub-0.5 mm grain size and occasional circular patches of calcite.
3D-103 is of similar groundmass grain size but contains conspicuous ~1 mm
phenocrysts of either clinopyroxene or hornblende. No thin section was made of these
samples. 6-3/14 (Fig. 3.14c) is aphyric but slightly coarser grained than the other
samples. The thin section contains only elongate 1 mm grains of equigranular
hornblende and plagioclase with moderate alteration of the homblende to chlorite and

the plagioclase to sericite and clays.

A fourth example of these unusual intrusions, this time containing 49 ppm Nb,
was a felsic mass intruding the Argyle Formation on Kendal Road inland from
Carapuse Bay (Fig. 2.2). The mass is distinct from any other rock type found on
Tobago because it consists of medium-grained granite (Fig. 3.14a). The mineralogy is
dominated by 1-2 mm grains of optically zoned plagioclase and alkali feldspar with
interstitial quartz. The mafic component comprises ~5 % ragged subhedral grains of
hornblende (no biotite) and 1-2% anhedral Fe-Ti oxides. Accessory minerals are, in
apparent order of abundance; apatite, titanite and zircon. The only obvious alteration is

of the feldspars, which are dusty and partly replaced by sericite and clays (Fig. 3.14b).
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Figure 3.14. Field and thin section photographs of the Nb- and LREE-enriched intrusions in cross-
polarised light, (a) Granite outcrop on the Kendal Road, (b) INT/1-3/4 the same granite in thin section
showing quartz, plagioclase, alkali feldspar and hornblende, (c¢) INT/6-3/14 a Nb-enriched basalt

dominated by plagioclase, clinopyroxene and oxides.

69



Chapter 3: Geology and petrography

3.3. Geology and petrography of the San Souci Volcanic Formation

3.1.1. Geology

The strike of the volcanic rocks of the San Souci Formation is parallel to the
Caribbean coast of Trinidad and much of it is covered by dense forest. In the field, the
rocks are mostly dark with iron oxide staining and considerable alteration. The majority
are brecciated, fine-grained mafic rocks (Fig. 3.15a) although some felsic samples were
also found. There is no evidence of rounding of clasts or significant transport — hence
the term ‘autobreccias’ of Wadge & Macdonald (1985) which indicates that the rocks
were mostly formed as lavas within flows which were broken up by the successive
emplacement of later flows probably in the presence of water. Unfortunately a complete
volcanic stratigraphy is not exposed and in any case has been disrupted by the
emplacement of the San Souci Group against the South American continental margin
(Fig. 2.3). There are also coarser intrusive rocks present which have not been
brecciated. Although these intrusive mafic rocks are rarer, they have been preferentially

sampled because they are more resistant to weathering.

3.3.2. Petrography

The finer lavas and breccias are aphyric and their mineralogy consists of
elongate, randomly aligned plagioclase, stubby clinopyroxene and oxides which reach a
maximum of 1 mm in grain size (Fig. 3.15b). The plagioclases are altered to clays
whilst the clinopyroxene has been replaced with green-brown amphibole particularly at
the edges of crystals. Prehnite, pumpellyite, chlorite, clays and calcite are present in
varying quantities as replacement minerals and in veins. Olivine or olivine
pseudomorphs were not found in any of the thin sections. Some of the brecciated
samples contain occasional veins of pyrite. This observation may indicate the
development of a hydrothermal fluid-flow regime. The coarser rocks are mostly aphyric
dolerites with a primary mineralogy of elongate plagioclase, clinopyroxene which is
occasionally twinned, and oxides arranged in an interlocking randomly-aligned texture.
The grain size extends to 2-3 mm (Fig. 3.15c). A similar suite of replacement and

alteration minerals are present compared to the fine-grained mafic rocks. Occasionally,
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there are also fine-grained bands, a few millimetres wide, which contain both fine-

grained primary and replacement minerals; these may be small crush zones.

Two felsic plagioclase-phyric auto-breccias have a primary mineralogy
dominated by squat plagioclase (with occasional phenocrysts 1-3 mm across), set
against a groundmass with grain size of <0.25 mm containing elongate plagioclase,
quartz, squat altered clinopyroxene and oxides (Fig. 3.15d). There is some quartz and

calcite veining.

Figure 3.15. Field photograph and photomicrographs of the San Souci Formation (thin sections in cross-
polarised light with scale bar 0.25 mm), (a) Altered and fractured basaltic breccias at San Souci beach,
(b) INSS3d, fine-grained aphyric basalt with needles of plagioclase and groundmass clinopyroxene. (c)
INSS6.3, medium-grained aphyric dolerite with plagioclase, clinopyroxene and oxides, (d) INSS7.3,
fine-grained aphyric relatively felsic lava with needles of plagioclase and groundmass clinopyroxene.
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3.4. Geology and Petrography ofthe SE Aves Ridge

3.4.1. Dredge outcrops

In lieu of any surface geology upon which to report, Fox et al. (1971) presented
a series of cross-sections which showed the depth of the dredge hauls in relationship to
their position on the eastern scarp ofthe Aves Ridge (Fig. 2.4). The relative positions of

the three hauls on their separate portions ofthe ridge are shown in Figure 3.16.

Depth 0
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2000.
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Figure 3.16. Schematic diagram showing the location of the three Aves Ridge dredges relative to each
other in depth profile along the eastern scarp of the ridge (adapted from Fox et al., 1971).

3.4.2. Granitoidpetrography

The felsic rocks are coated in thick layers of manganese oxides, sometimes over
1 cm thick. The rocks are typically pink to pale green and slightly hydrothermally
altered. Two facies have been identified within the granitoid samples. The most
dominant facies (-75 %) is of a coarse, granitic nature and the other is fine-grained and
more intermediate in composition. The primary mineralogy of the granitic rocks
comprises plagioclase, quartz, alkali feldspar, hornblende and opaques (Fig. 3.17b).
The feldspars are sericitized and epidote is a common secondary mineral along with
clays and chlorite. Zircon and titanite are the most common accessory minerals.
Texturally, the rock has a coarse interlocking nature, with grain sizes up to 2 mm and
abundant interstitial quartz. Plagioclase is sometimes optically zoned and alkali feldspar

is perthitic. Hornblende is squat or slightly elongate.
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The intermediate facies occurs as isolated masses or clots distinct from the
surrounding granitic material (Fig. 3.17c,d). The boundary between the two facies is,
however, indistinct and gradational in thin section suggesting the darker clots may be
restitic in nature. This second facies is dioritic and has a grain size ranging from 0.5 to
1 mm. The primary mineralogy is dominated by interlocking sericitized plagioclase,
amphiboles, titanite and oxides. Only the dominant coarse granitic facies was selected
for geochemical analysis in order to avoid the generation of mixing trends from the

artificial homogenisation of the two rock types.

3.4.2. Petrography of the mafic rocks

The mafic rocks have undergone variable degrees of penetrative alteration. The
freshest specimens from the small sample set were reserved for geochemical analysis
and so little solid rock remains. From the remaining rocks it can be seen that many have
a fine grained matrix which is composed of clay minerals with a small proportion of
calcite (3.17a). Outlines of aligned tabular sericitized plagioclase feldspar can be seen
which are up 2 mm across. Patches of green epidote and oxides up to 1 mm across are
present and there are small regions of squat, altered clinopyroxene. The rocks with
obvious plagioclase crystals may be porphyritic basalts or basaltic andesites of an
extrusive or hypabyssal nature.
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Figure 3.17. Thin section photographs of rocks from the Aves Ridge, cross-polarised light and scale bar 1
mm in all cases, (a) 318f, mafic facies with relict plagioclase phenocrysts and clay groundmass. (b) 317k,
granitoid facies with quartz, plagioclase, alkali feldspar and hornblende, (c) 317k, boundaiy between the
granitoid facies and the intermediate facies, (d) 317k, intermediate facies containing mostly plagioclase,
amphibole and titanite.
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CHAPTER FOUR: GEOCHRONOLOGY AND WHOLE ROCK
GEOCHEMISTRY

Results for each locality of: U-Pb zircon analyses, whole-rock ICP-OES and ICP-MS
major and trace element geochemistry, and Nd-Hf radiogenic isotope geochemistry
where undertaken
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4.1. Introduction

In this chapter, the geochronology, major element, trace element and isotopic
data are described for each location, where analysed. For reference, the location and
descriptions of each sample are presented in Appendices 1-2. Analytical methods,
followed by error analysis for the major and trace element geochemistry are in
Appendices 3-4. The full major and trace element data are in Appendix 5 and
radiogenic isotope data are in Appendix 6.

Included with the description of the major and trace element data for each unit
is an assessment of which elements are likely to be reliable petrogenetic indicators, and
which have been mobilised by sub-solidus processes such as hydrothermal or seawater-
related alteration, calcification, silicification or weathering (e.g. Seewald & Seyfreid,
1990). These features will be investigated using petrology, loss-on-ignition (LOI)
values and plots of elemental concentrations within magmatic suites against the known

‘immobile’ element Nb (e.g. Cann, 1970).

In a magmatic suite linked by fractional crystallisation, where a given element
has not been mobilised, it should show a clear trend when plotted against Nb passing
through the origin. Conversely, where an element has been mobilised, the data will be
scattered with little discemable trend. Trends which do not pass through the origin or
deviate from the main trend may indicate multiple melt sources, magma mixing or
contamination processes. All major elements plotted against Nb are presented on an
anhydrous basin in order to negate the effects of weathering processes and calcification
which result in high LOI values (>5 wt.%). The question of whether individual units
can be combined into magmatic suites with the same source region will be addressed
here in order to guide the main discussion on the petrogenesis of each unit in Chapter 5.
Thereafter, the full results of major and trace element analyses will be presented in
order to classify the rock types. A single section for each location will contain the

radiogenic isotope results.

Traditional whole rock classification methods, such as the SiO, vs. K;O
diagram of Peccarillo & Taylor (1976) or the total alkalis vs. silica (TAS) diagram are
not suitable for use in this study due to the likely mobilisation of SiO,, K;O and NayO.
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For this reason, a new diagram was selected to classify the rocks in this study which has
already been tried and tested on Caribbean samples — the Th vs. Co plot of Hastie et al.
(2007). This diagram uses Th and Co as immobile, incompatible proxies for K,O and
Si0; and classifies lavas and dykes into their rock type based on Co concentrations
(basalt, basaltic andesite, andesite, rhyolites, or dacite) and series based on Th

concentrations (tholeiitic, calc-alkaline, shoshonitic).
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4.2. Whole rock geochemical results from La Désirade

4.2.1. Major and trace element geochemistry of the igneous complexes of La Désirade

Element mobility and geochemical trends: High loss-on-ignition values of 1-9
wt.% in the NE mafic volcanic complex (Appendix 5) are likely to be due to sub-
solidus alteration processes including some calcification. Mobilisation of many major
and trace elements such as Si, Mg, Na, K, Ba and Sr is therefore to be expected, as has
been noted for other Cretaceous Caribbean igneous rocks (e.g. Hastie et al., 2007).

The NE mafic volcanic complex can be split into three units based on their
geochemistry (see below). Unit 1 consists of the lowermost clinopyroxene and
plagioclase-phyric lavas (Localities 10 and 11) whereas Unit 2 covers Localities 1 to 9
and Unit 3 is found at Localities 14 to 17 (Fig. 3.1). Representative major and trace
element analyses from the rocks in the three units are plotted against Nb in Fig. 4.1 to
assess elemental mobility. None of the recognised units display coherent intra-
differentiation trends for the major elements (except weak trends for Al,O; and TiO,)
or large ion lithophile elements (LILE) (Ba and Sr). Conversely, immobile trace
elements (e.g. Zr, Th and Yb) display coherent intra-magmatic differentiation trends
against Nb within each unit. On this basis, Al,O;, TiO,, the Rare Earth Elements (REE,
light REE [LREE], middle REE [MREE] and heavy REE [HREE], and the high-field-
strength-elements (HFSE) along with Co, Cr, Ni, Sc, V and Y have not been
significantly mobilised and may be used in petrogenetic interpretation. Interestingly, on
the Zr vs. Nb diagram, two sub-groups can be seen which both display divergent trends
against Nb, with 8 samples from Units 1 and 2 following a lower Zr/Nb trend.

As noted above, the Th vs. Co diagram of Hastie et al. (2007) for island arc
rocks is used to classify the lavas (Fig. 4.1). The plot shows that the majority of La
Désirade lavas range from tholeiitic basalts to tholeiitic rhyolites with a few more calc-

alkaline compositions in Unit 2 of the NE mafic volcanic complex.
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Figure 4.1. Element vs. Nb (after Cann, 1970) and Th-Co plots (after Hastie et al., 2007) for the volcano-
plutonic complexes of La Dé6sirade Island.

79



Chapter 4: Geochronology and whole rock geochemistry

Unitl Unit2
N-MORB
La Ca Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu La Ce Pr Nd Sm Eu Gd To Dy Ho Er Tm Yb Lu
100
Unit3 Felsic volcanics, pluton,
mafic-intermediate dykes
N-MORB

I ) e 1 m.m - . ol
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu La Co Pr Nd Sm Eu Qd Ib Dy Ho Er Tm Yb Lu

Figure 4.2. Chondrite-normalised REE plots for the igneous complexes of La Désirade Island; Units 1-3
are from the NE mafic volcanic complex. Chondrite values are taken from McDonough & Sun (1989)
and will be used throughout.

Unit 1: The lavas contain —45-56 wt.% S10:z, 0.6-1.75 wt.% TiC», 13-18 wt.%
Al2Os and 3-6 wt.% MgO and can be classified as tholeiitic basalts (Fig. 4.1). Cr ranges
from 280-450 ppm and Ni from 40-140 ppm. Chondrite-normalised REE patterns (8-30
times chondrite) are flat to slightly light (L)REE depleted with some positive Eu
anomalies (Fig. 4.2). The N-MORB-normalised multi-element plots show a wide range
of values but the most depleted samples are depleted with respect to N-MORB (Fig.
4.3). They have very small negative Nb-Ta anomalies, relatively flat to slightly
negative Zr-Hf profiles and a slight depletion in Ti. Some samples are slightly enriched
in Th/La whilst others are depleted. Some samples show a small negative Ce anomaly

relative to La and Pr (Fig. 4.3).
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Figure 4.3. N-MORB-normalised trace element plots for Units 1 and 2 of the NE mafic complex of La
D”sirade Island. N-MORB normalising values are taken from Sun & McDonough (1995) and will be
used throughout.

Unit 2: These rocks have 43-58 wt.% SiQj, 0.4-0.8 wt.% Ti0:2, 13-16 wt.%
ALOs and 3.4-6.6 wt.% MgO and are mostly tholeiitic and calc-alkaline basaltic
andesites (Fig. 4.1). Compared to Unit 1, Unit 2 lavas are more siliceous and have
lower TiG: concentrations. They contain high abundances of Cr and Ni - 190-990 ppm
and 80-210 ppm respectively. The chondrite-normalised REE patterns for Unit 2 vary
from flat to slightly LREE enriched and are generally more depleted in the middle
(M)REE and heavy (H)REE than the rocks of Unit 1 (Fig. 4.2). Overall the HREE
concentrations are around 5-15 times chondrite with some small positive Eu anomalies.
The N-MORB-normalised multi-element plot shows that Unit 2 lavas are quite depleted
in the MREE and HREE relative to N-MORB. Unit 2 lavas also have negative Nb-Ta
anomalies (Fig. 4.3) along with both positive and negative Zr-Hf anomalies. Ti is also

depleted relative to the MREE. Th is strongly enriched over the LREE in all samples,

81



Chapter 4: Geochronology and whole rock geochemistry

compared to the depletion in Unit 1, and all samples possess negative Ce anomalies

(Fig. 4.3).
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Felsic volcanics, pluton,
mafic-intermediate dykes
8
1
CL
E
<8
01

Th Nb Ta La Ce Pr NdSm Zr Hf Eu Ti Gd Tb Dy Y Ho Er Tm Yb Lu

Figure 4.4. N-MORB-normalised trace element plots for Unit 3 of the NE mafic complex of La D&irade
Island, the felsic rocks and intermediate dykes.

Unit 3: The lavas are mostly tholeiitic basaltic andesites (Fig. 4.1). SiC» varies
from 47-61 wt.% and MgO from 1.7-3.s wt% whilst TiG: is consistently above 1 wt.%,
much higher than in Unit 2. These rocks contain much less Cr (10-130 ppm) and Ni (5-
65 ppm) compared to the other units. The chondrite-normalised REE patterns of Unit 3
are flat to slightly LREE-depleted which is similar to the rocks of Unit 1 (Fig. 4.2).
However, on the N-MORB-normalised plot (Fig. 4.4), Nb-Ta depletions are present,
unlike Unit 1. Zr and Hf are only very slightly enriched or depleted relative to the REE,
Ti is depleted relative to the REE and there are some marked Ce depletions relative to

La and Pr, similar to Unit 2 (Fig. 4.4).

82



Chapter 4: Geochronology and whole rock geochemistry

Felsic volcanic and plutonic rocks: SiO, ranges from 62-79 wt.%, Al,O; from
10-15 wt.%, MgO from 0.3-3.6 wt.% and TiO, from 0.3-0.9 wt.%. Ni and Cr are
present in considerably lower concentrations than in the NE mafic complex. The felsic
rocks have nearly identical chondrite-normalised REE patterns to each other (Fig. 4.2),
which fall completely within the range of the NE mafic complex. These patterns are flat
to very slightly LREE- and HREE- enriched with negative Eu anomalies. The N-
MORB-normalised plot (Fig. 4.4) shows that the felsic complexes all have pronounced
positive Th and Zr-Hf and negative Nb-Ta, Ce and Ti anomalies, characteristics which

are similar to Unit 2 of the NE mafic complex.

Intermediate-felsic dykes: The dykes range from basaltic andesites to rhyolites
(Fig. 4.1) and have a range of SiO; contents from 50-58 wt.%. Al,Os ranges from 13-16
wt.%, MgO from 3.2-7.5 wt.% and TiO; from 0.5-1.3 wt.%. Contents of Cr (5-145
ppm) and Ni (5-145 ppm) fall between those of the mafic and felsic complexes. These
dykes overlap almost completely with both the felsic and mafic rocks on the chondrite-
normalised plot (Fig. 4.2), with the exception that the dykes do not have negative Eu
anomalies but many of the felsic rocks do. On the N-MORB normalised plot (Fig. 4.4),
the dykes are again similar to the felsic rocks but do not have positive Zr-Hf anomalies

or such pronounced negative Ti anomalies as the felsic rocks.
4.2.2. Radiogenic isotope geochemistry of La Désirade

Mattinson et al. (1980) and Gaucaht (2004) reported Nd, Pb and Sr radiogenic
isotope ratios from all magmatic complexes. Given the level of alteration it is unlikely
that Sr and Pb isotopic values can be used to assess petrogenetic processes (e.g.
Thompson et al., 2003; Hastie, 2009), hence the non-inclusion of such work in this
project. "““Nd/'**Nd ratios are more resistant to sub-solidus alteration processes so are
likely to represent the primary lava composition (e.g. White and Patchett, 1984). The
measured '“Nd/'**Nd ratios