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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 D6sirade (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 o f  Caribbean Plate and the debate over their

tectonic evolution

1



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

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 o f the plate are outlined, and the four 

studied sites are introduced. Section 1.3 is a brief list of the aims of this project. This is 

followed by an outline of the structure of the remaining chapters of this thesis, along 

with a list of publications associated with the study. The introductory chapter concludes 

with Section 1.5 which is a literature review of the key components of the Caribbean 

Plate. Here, the two most prominent plate tectonic models for the evolution of the 

Caribbean region will be reviewed and some of their relative merits discussed.
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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 o f 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 o f Mexico and 

the proto-Caribbean seaway which has since been largely subducted (reviewed in 

Pindell & Kerman, 2009). On the Pacific margin of the proto-Caribbean, an island arc 

system initiated during the Early Cretaceous, the ‘Great Arc o f 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 o f 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 o f 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 

o f Caribbean geology. One prominent model proposes that E-dipping 

Andean/Cordilleran subduction continued until -85  Ma when the CCOP choked the 

trench, forcing initiation o f 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 Caribbean region at -135-125 Ma, resulting 

in the initiation o f 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 o f the west-dipping proto- 

Caribbean subduction zone then initiated the active Lesser Antilles subduction zone 

(Aitken et al., 2011). Components o f 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 o f 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 o f Caribbean geology is that the ages and tectonomagmatic 

settings o f 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 o f 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
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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 o f 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 o f  Margarita Island, the offshore rocks mostly contain mostly exposed or underlying 
units o f island-arc- or oceanic plateau-related material. The Grenada Basin and the thin crust o f the SE 
Venezuelan Basin are thought to contain oceanic crust, whereas the thick crust o f the Venezuelan Basin 
is considered to contain oceanic crust overlain by thick crust of oceanic plateau affinity.
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13 . Aims, Structure and Methodology

1.3.1. Aims o f 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 o f 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 o f 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 o f  the project

After this introductory chapter, Chapter 2 will introduce the geological settings 

o f 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 o f 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 o f 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 5 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 o f 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, 

o f 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 o f the underlined 

publications are presented in Appendix 7.

(1) Neill. 1. 2009. Pacific Rising. GeoscientistMasazine 19(11). 12-14
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(2) Neill, I., Kerr, A.C., Snoke, A.W., 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. & Tamey, J. 2009. 

The Siquisique basalts and gabbros, Los Algodones, Venezuela: late Cretaceous 

oceanic plateau formed within the proto-Caribbean plate? AG U  Fall Meeting Abstracts 

V41C-2193

(41 Neill. I.. Gibbs. J.A.. Hastie. A.R. & Kerr. A.C. 2010. Origin of the volcanic 

complexes of La Ddsirade. Lesser Antilles: implications for tectonic reconstruction of 

the Late Jurassic-Cretaceous Pacific -  proto-Caribbean margin. Lithos 120. 407-420

(51 Neill. I.. Kerr. A.C.. Hastie. A.R.. Stanek. K.-P & Millar. I.L. 2011. Origin 

o f the Aves Rictee and Dutch-Venezuelan Antilles: interaction of the Cretaceous ‘Great 

Arc’ and Caribbean-Colombian Oceanic Plateau? Journal o f  the Geological Society o f  

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 o f  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 o f 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 o f the Caribbean Plate. Plate motion vectors 

for N. and S. America (e.g. Pindell & Dewey, 1982; Muller 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 o f 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 Desirade, 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 o f 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 o f 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 o f  the Americas and the formation o f  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 

o f 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 Gulf of Mexico, in a back-arc 

position relative to the Andean/Cordilleran arc (Pindell & Kennan, 2009; Stem & 

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; Mailer et al., 1999). 

After this time, plate motion calculations indicate that the Americas began to slowly 

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

Location Unit Age (Ma) Type/Source/Comment* References
La D6sirade, Volcanic- -155-143 Mafic-felsic back-arc Mattinson et al.,
Guadeloupe Plutonic (radiolarians and tholeiites derived from a 2008; Cordey &

complexes U-Pb zircon CA- depleted mantle source, Corned, 2009;
TIMS) forming in eastern 

Pacific or Colombian 
Marginal Seaway

Neill et al., 
2010; this study

Margarita Island, La Rinconada Unknown but Long suspected to be a StOckhert 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 
island arc or oceanic 
plateau exist. Underwent 
HPLT metamorphism 
during mid-Cretaceous

& Sisson, 2005; 
Maresch et al., 
2009

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

hornblende) peridotites and tectonic 
slivers of gabbro and 
dolerite of the Loma 
Caribe peridotite. N- 
MORB

et al., 2010

Cuba Mabujina Unit, -133 (U-Pb Amphibolites and Kerr etal., 1999;
Las Villas zircon on gneissic granitoids of Blein et al.,
syncline granitoids) possible island arc origin 

which, owing to their 
structural position, may 
predate the Greater 
Antilles arc. Exact origin 
uncertain

2003; Rojas- 
Agramonte et 
al., 2006
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Figure 1.3. Reconstruction o f the Caribbean region at -1 6 0  Ma, simplified from Pindell & Kennan 
(2009), showing the growth o f  the Gulf o f  Mexico, proto-Caribbean and Colombian Marginal seaways; 
with a continuous Andean/Cordilleran subduction zone (saw-teeth) along the west coast o f  the Americas.

1.4.3. The Great Arc o f  the 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 o f  the Caribbean (sensu Burke, 1978; 1988), or ‘Great Arc system’ for 

short. Fragments o f this arc or series o f island arc systems are now preserved in the 

island arc rocks o f Venezuela, the Dutch Antilles, Tobago, the Aves Ridge and Greater 

Antilles (Fig. 1.4). The precise fate o f 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 o f 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 -5 5  Ma during roll­

back o f the proto-Caribbean plate as the Caribbean Plate entered the central portion of 

the proto-Caribbean and rounded the Guajira salient o f Colombia (Pindell & Kennan, 

2009).

At the same time as collision of parts o f 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 (Ma) Ty pc/Source/Com men ts References
Venezuela Villa de Cura nappe

Margarita Island

Tobago

Venezuelan Antilles

Dutch Antilles

Aves Ridge

Virgin Islands

Puerto Rico

Hispaniola

Jamaica

Cuba

Guayacin gneiss, 
Matasiete
metatrondhjemite, El 
Salado granite

North Coast Schist, 
Tobago pluton, 
Tobago Volcanic 
Group and Tobago 
mafic dykes

Gran Roque and La 
Blanquilla

Aruba and Curasao 
dykes

SE portion is the only 
part sampled and 
described in detail

Water Island Fm.

4 main volcanic 
phases

Total of 11 
subduction-re la ted 
blocks

Exposures in 6 
separate inliers. Key 
is the Devil’s 
Racecourse 
Formation, others not 
studied in detail.

Exposures across the 
island; Bahia Honda, 
La Habana-Matanzas, 
Batabano (covered), 
Las Villas, 
CamagOey, Holguin, 
Oriente

Protolith age 
unknown

116-106 Ma, 114 
Ma, 83-86 Ma (U- 
Pb zircon)

-130,112-91, (U-Pb 
zircon TIMS, Ar-Ar 
hornblende, 
ammonites, 
radiolarians)

76-39 (U-Pb zircon 
SIMS)

89-86 (U-Pb zircon 
SIMS)

75.9±0.7 (U-Pb 
zircon SHRIMP)

115-110
(radiolarians) at the 
top of the formation 
124-65 (variety of 
methods)

-120 to -50 (variety 
of methods, mostly 
U-Pb zircon)

>-136 to >-125 Ma 
(rudists), younger 
units not related to 
Great Arc per se or 
not studied in detail

Oldest arc-related 
unit is -133 Ma or 
greater (U-Pb 
zircon), 120-75 Ma 
(U-Pb zircon)

Metamorphosed interbeddod 
lavas, tuff, chert, 
volcaniclastics, graphitic 
schists, breccia, 
conglomerates with igneous 
rocks having an island arc 
chemistry
Felsic island arc phitons 
emplaced into a high pressure 
metamorphic complex during 
the latter stages of 
deformation
Mostly tuffs of the North 
Coast Schist -  mafic to felsic 
island arc and/or back-arc 
tholeiites with possible mantle 
plume and depleted mantle 
sources. Later mafic island arc 
tuffs, plutonics, dykes and 
lavas of tholeiitic composition 
from a depleted mantle source 
Range of intrusive rocks from 
quartz diorite to aplite and 
tonalite, all arc-related, some 
cutting the Caribbean Oceanic 
Plateau
Dio rite-tonalite arc-related 
dykes and intrusions cutting 
the Caribbean Oceanic Plateau 
Mafic calc-alkaline island arc 
from plume mantle source; 
felsic calc-alkaline granites 
from crustal source 
Mafic and lesser felsic island 
arc tholeiites with little input 
from subducted sediments 
Mafic to felsic tholeiites, calc- 
alkaline and shoshonitic rocks 
of island arc affinity with 
variable input from subducted 
sediments
Boninitic and mafic to 
intermediate and felsic mostly 
tholeiitic island arc rocks with 
variable input from subducted 
sediments. Associated 
volcanics, volcaniclastics, 
tonalites, felsic intrusive etc. 
Variably metamorphosed. 
Some adakites and high-Nb 
basalt at -90 Ma.
Devil’s Racecourse Fm. is 
best studied and consists of 
tholeiitic island arc rocks 
overlain by limestones and 
calc-alkaline island arc rocks. 
May correlate to die Great Arc 
or to pre-polarity reversal 
Great Arc subduction 
Boninites, tholeiites, calc- 
alkaline island arc rocks, 
mafic to felsic, arc granitoid 
intrusions. Uncertain how may 
island arc systems are 
preserved

Smith et al., 1999; 
Unger et al.. 200S

Maresch et al., 2009

Sharp A  Snoke,
1988; Frost A Snoke, 
1989; Oliver, 1991 
unpublished data; 
Snoke etal., 2001a, 
Snoke A Noble, 
2001; this study

Wright A Wyld, 
2011

Wright A Wyld, 
2011

Fox et aL, 1971; 
Neill e ta l, 2011; 
this study

Donnelly et al., 
1971; Donnelly et 
al., 1990
Frost et al., 1998; 
Schellekens, 1998; 
Jolly et al., 1998; 
2001

Lebron A Perfit, 
1994; Kerr et al., 
2003; Kesler et al., 
2005; Good 
summaries in 
Escuder Viruete et 
al., 2006; 2007b; 
2008; 2010

Skelton A Masse, 
1988; Kerr et al., 
2003; Hastie et aL, 
2009

Kerr et al., 1999; 
Blein et al., 2003; 
Stanek et al., 2009
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Figure 1.4. Map o f  the locations o f the major components o f  the Cretaceous island arc systems o f  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 o f the 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 o f 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 o f Caribbean subduction 

history. The locations of HPLT metamorphic belts in the Caribbean are on Figure 1.5 

and some of these 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
Villa de Cura No ages pre- Mostly mafic island arc Smith et al.,
nappe structure subduction; rocks suffered up to 1999; AvA
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 2005; Unger et
amphibole on and oceanic rocks had a al., 2005
VdC) similar history up to

eclogite facies (CdlC)
Margarita U-Pb ages give Fragments of continental StOckhert 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
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) on a crust. Interpreted to Abbott et 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

Blue Mountains no reliable ages, Greenschist, blueschist, Draper et al.,
overlain by amphibolite, serpentinite 1986
Eocene strata assumed proto-Caribbean

MORB protolith
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) on a been caught up in a 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, Purial, models suggest metamorphism at
Sierra del subduction different localities
Convento, ongoing from
Asuncidn -120

Venezuela

Hispaniola

Jamaica

Cuba
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Figure 1.5. Map o f locations o f  the high-pressure/low-temperature rocks o f  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 —1-2.5 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 of the plume mantle
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(Campbell & Griffiths, 1990; Campbell, 2007). Mantle plumes are considered to be 

regions o f upwelling mantle derived from either the core/mantle boundary or the 660 

km seismic discontinuity, consisting o f 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 Curasao 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 o f 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 o f 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 o f the 

thick crust o f the Venezuelan and Colombian basins highly improbable (Kerr et al., 

2003). Nd and H f isotope ratios and Nb/Y vs. Zr/Y systematics indicate at least some 

parts o f 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 o f 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 o f a mantle plume on the Caribbean lithosphere was the most likely cause 

o f 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 o f 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 Curasao and other 

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

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

cooling o f mantle potential temperature from -9 0  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), El strung out between the (plagioclase and serpentinites; 1985; Kerr etal.,
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 Turanian (94- Mafic flows, dolerite, McDonald,

Formation 89) (ammonite volcanic sediment of 1968; White et
imprints) oceanic plateau affinity al., 1999

Curafao Lava 88.9 ± 0.8 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 

plateau affinity
2002; A.C. Ken- 
unpublished data

Hispaniola Duarte Complex 86-87 Picrites, ankaramites Lapiene 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 
sediments

1998

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 

affinity; the varying 
ages relate to long-term

1998; Sinton et 
al., 2000; Ken et 
al., 2003; 2009

supply of plume 
magmas during later 
extensional tectonism

21



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

500 km

Dumisseau Fm
Cuba Duarte Fm. Atlantic Ocean

-2 0
Jamaica

C D

Venezuelan
Basin1“  OPD/DSDP 

■ 151 srtes 146
Aruba and Curacao 

lava formations
Caribbean Sea

150

Colombian Basin

a  San Souci
- 1 0

Fragments El Copey 
within Villa de Cura 

nappe
Venezuela

Panama ColombiaNicoya

-60-80 Degrees West

Figure 1.6. Map adapted from Kerr et al. (2003) showing the location o f  studied plume-related fragments 
preserved around the Caribbean Plate or drilled/dredged from the floor o f  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 of the components of the 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 of just 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 (Carney & 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 o f oceanic 

plateau are tectonically dismembered and difficult to reconstruct.

There are several arguments in favour o f 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 -9 0  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 o f the Cordillera Central of 

Hispaniola, which are said to record possible mid-ocean ridge subduction at -9 0  Ma 

(Escuder Viruete et al., 2007b), the ridge being the still-active proto-Caribbean 

spreading centre. No such rocks have been recorded prior to -9 0  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 -9 0  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 o f 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 of a prior subduction zone (e.g. Stem, 2004).

-95-90 Ma plateau eruption to west of arc system/ (a) 
\  plateau collision with arc ^ — 1

-90 Ma collision results in subduction (b) 
\  polarity reversal s'— 1

\ ^ ~ ' \ >̂ M e x i c o  proto-Canbbean

fl^JI\ C aribbean- v V v V t  /

\  Colom bian \ \  /  South  
^  \  O cean ic  P la teau  \ V  >  A m erica
Farallon \  ' \ \  1 
motion \  \ \  \

T proto-Caribbean 
Mexico /

\  C aribbean- \ \  \ \  /
\  C olom bian \  / /
\  O cean ic  P la teau  ?  South

Figure 1.7. Simplified version o f  the Great Arc/CCOP collision model o f  the Caribbean showing: (a) the 
formation o f  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 of the 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 o f island arc 

magmatism and HPLT metamorphism is at present in favour o f 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 o f 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 o f 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 o f the CCOP and a SW-dipping Caribbean 

arc system has been found which dates from the formation o f 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 

o f 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; 2010a,b,c; 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 o f the Greater Antillean islands of Cuba, Puerto Rico 

and Hispaniola. This geographical bias o f 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 o f 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 o f the Americas 
and the development o f 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 f the 

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 of the 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 D6sirade Island, Guadeloupe

2.1.1. Geological Setting

La Ddsirade (22 km2) lies 10 km east of Grande Terre, Guadeloupe, on the 

hanging wall o f 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 

Ddsirade have also been dredged from the Falmouth Spur between La D£sirade and 

Antigua and from the Ddsirade sea trough but have not been dated (Johnston et al., 

1971; Fink, 1972; Bouysse, 1984). The presence o f Late Jurassic radiolarian 

assemblages of Pacific origin on La D6sirade which pre-date much of the proto- 

Caribbean seaway demonstrate that La Ddsirade has travelled eastwards relative to the 

Americas at the leading edge o f the Caribbean Plate (Montgomery et al., 1992, 1994).

'y
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 o f 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 o f dykes and flows 

around Mome Fr^gule. 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 Double (NE mafic complex) and 

Pointe Frdgule (SW felsic complex) are from bio-chronostratigraphic zone 4, upper 

subzone 4p [mid-Upper Tithonian (-150-145 Ma)] (Montgomery et al., 1992; 

Mattinson et al., 2008). Work by Cordey & Corned (2009) on the northeast mafic 

complex has revealed radiolarians dating to the Late Kimmeridgian (-153-150 Ma),

29



_______________________________________________Chapter 2: Geological overview

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 o f the Lower Cretaceous. 

The oldest radiolarian age and the U-Pb age indicate igneous activity on La D^sirade 

lasted up to 10 Ma.

500
2 kilom etres

Cuba Rico

NE Mate volcanic complex
Baie du Grand Abaque 
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America

Tobago

South America
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SW felsic .17
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SW +NE felsic v com plexes ( -1 5 3 -1 4 5  Ma - radioiana)
faulting and minor unconformity

NE mafic volcanic com plex ( -1 5 3 -1 4 5  Ma - radioiana)

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 o f the chert o f the northeast mafic volcanic complex 

by Montgomery & Kerr (2009) and Cordey & Corned (2009) has shown that 

radiolarites are sparse and that the chert has high levels o f MgO and Fe2 C>3 , inferring 

rapid formation in a hydrothermal regime. However there were periods o f quiescence 

during which time pelagic chert and limestone deposition occurred. The occurrence of 

pelagic limestone demonstrates deposition o f material above the postulated carbonate 

compensation depth of ~2700 m (Ogg et al., 1992). The subordinate limestone found 

between the pillows is low in F e ^  and high in SiC>2 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 o f 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 o f 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 D^sirade 

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 Moume Fr^gule and a single shore and river gully section near L ’Emballage. As 

the geochronological record o f the island is well-defined (Mattinson et al., 2008; 

Cordey & Corned, 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 

lain McDonald, both at Cardiff University using solutions prepared by the author with 

methodology in Appendix 3.
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22. 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 km2 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., 2005). 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 o f the island to the N of the prominent 

Main Ridge rainforest, consisting o f the Parlatuvier, Karv and Mount DiUon 

Formations. A thin, discontinuous amphibolite-facies belt o f 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 hornblende 40Ar-39Ar 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 & K.R. 

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 o f 89±9.5 Ma, 

which is presently being interpreted, but is not considered o f 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 o f the igneous rocks of Tobago are known as the Volcano-Plutonic 

Suite (VPS) and are split into the Tobago Volcanic Group (TVG), the Tobago 

Plutonic Suite (TPS) (Snoke et al., 2001 a,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 o f 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 

hornblende-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 o f Tobago contains plagioclase-phyric tuff breccias and pillow lavas 

both o f 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 pluton ic rocks are found in 

three separate locations (Snoke et al., 2001b). Snoke et al. (2001a) interpreted these as 

fragments o f the volcanic carapace which collapsed into the TPS. A variety of 

ultramqfic rocks are chiefly exposed on the northern 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). Hornblende in tuff breccia in the TVG 

(Undifferentiated) on Little Tobago yielded a 40Ar-39Ar plateau of 104.2 ± 1.3 Ma 

(Sharp & Snoke, 1988). A hornblende gabbro pegmatite has been dated (^A r-^A r 

plateau) at 102.9 ± 1 . 5  Ma (isochron = 103.6 ± 1 . 4  Ma) whilst a homblende-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 M a (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 hornblende micro-diorite, porphyritic gabbros and 

dolerites, cut the VPS. Dykes cutting the biotite tonalite unit yielded 40Ar-39Ar 

hornblende 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 o f 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 o f 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 o f 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 o f Great Arc system also requires investigation (Thompson et al., 

2004; Wright & Wyld, 2011). The juxtaposition o f 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 necessaiy 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 o f 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 o f Wyoming in November 2009. These samples were originally 

collected by Professor Arthur Snoke and colleagues during 1985-1988.

As part o f 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 

o f 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 H f radiogenic isotope 

analysis was carried out at the NERC Isotope Geoscience Laboratories by Ian 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 o f 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 Northern 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 o f 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 o f 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.
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Marginal and deep water sediments

Galera Fm.

Figure 2.3. Geology o f  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 

o f 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 of the 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 of a 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 of the 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 o f 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 o f 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 o f 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 o f 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 (Z1O 2 ) (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 H f 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 o f up to 1500 m above the surrounding ocean basins and seismic 

studies reveal the ridge has little sedimentary cover and a crustal thickness of -2 6  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 o f 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 o f porphyritic and/or metamorphosed basalt with two K-Ar ages of 

57 and 60 Ma. Dredge 11319 (12.35°N) contained 2000 kg o f 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 o f ages obtained.

Walker et al. (1972) showed the granitoids had some quite primitive 87Sr/86Sr 

ratios which ranged from 0.7038 to 0.7080. Nonetheless, these ratios are likely to have 

been modified by interaction with Cretaceous seawater (87Sr/86Sr -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 

Palaeocene 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 of the 

Grenada Basin; a better understanding of the origin of the Aves Ridge could help to 

constrain Caribbean Plate tectonic evolution.
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Figure 2.4. Map o f 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

44



Chapter 2: Geological overview

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 H f 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.

45



Chapter 3: Geology and petrography

CHAPTER THREE: GEOLOGY AND PETROGRAPHY

Further observations o f  the fie ld  geology, rock types and petrology o f  the units studied

at each locality
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3.1. Geology and petrography of La D£sirade 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 lm  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 o f 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 o f 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 o f 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 Moume Frdgule (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).

48



Chapter 3: Geology and petrography

A trondhjemite pluton is exposed for 4 kilometres along the north coast of the 

island (Fig. 2.1; 3. Id). There are a variety of igneous facies, with the majority 

comprising plagioclase-rich trondhjemite with minor amounts o f diorite and albite 

granite (Fig. 3.2e), which are cut by abundant intermediate dykes. The trondhjemite is 

characterised by 2-3 mm sized grains o f tabular plagioclase (-60%), hornblende, 

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 

phenociysts. 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 o f La D6sirade showing 
location o f  field photographs. Photograph supplied to Jennifer Gibbs by Luc Legendre, Minister o f  the 
Environment, Guadeloupe, (b) Pillow basalts and chert (NE mafic complex) at Pointe Seraphine with 
notebook for scale, (c) Faulted contact between pillow basalts o f  the NE mafic complex and rhyolites o f  
the NE felsic volcanic complex at Grand Abaque (notebook for scale), (d) Example o f  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 o f La D6sirade. All sections in 
cross-polarised light with the scale bar representing 1 mm. (a) IND/8.1, fresh pillow basalt o f  the NE 
mafic volcanic complex dominated by a combination o f  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 o f  clinopyroxene. (c) 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, (e) IND/19.9, trondhjemite of 
felsic composition with large quartz and plagioclase crystals with amphibole and smaller amalgamations 
o f  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 km2 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 o f exposure coupled with 

abundant evidence o f plastic deformation [Snoke et al. (2001a) report two foliations, 

four fold styles, and four lineations] means that mapping o f 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 

o f 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 primaiy 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 o f the NCS to the north of 

Spey side (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 hornblende 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 o f 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 o f the original igneous composition o f the rocks.
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" Z

Figure 3.3. Field and thin section photographs o f the Parlatuvier Formation (cross-polarised light), (a) Z- 
folded bedding in coarse mafic tuffs o f  the Parlatuvier Formation on the shore at Bloody Bay. (b) 
Orange-weathered outcrop o f  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 o f  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 of the 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 o f 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. 

3.4c) and resemble those o f 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 o f quartz and plagioclase up to several 

mm across (Fig. 3.4d).

The widespread abundance of chert and high-silica rocks is of concern 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 

o f 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 o f 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 o f  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 o f  Tobago, showing the lack o f  exposure and largely 
impenetrable forest. From http://panoramio.com. (b) DY-3D-304, a mafic tuff-like component o f 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 of the 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 1 cm 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 o f  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 of tuff breccia and lapilli tuff, with some

mafic-intermediate lavas and volcanogenic sediments (Snoke et al., 2001a and

references therein) (Fig. 3.7a). This unit is unique in the TVG in containing hornblende 

as part of the phenocryst assemblage; which in decreasing order of abundance 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 km2 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 o f Maxwell (1948). The Undifferentiated unit was defined by Snoke et al. 

(2001a and references therein) because o f poor exposure and the lack o f 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 o f 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 o f the TVG. The rocks o f 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 o f 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 are classed 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 o f  crumbly basaltic volcanic breccias, (c) 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 o f  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. (c) 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 o f  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 km2)
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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 

hornblende- to pyroxene-homfels 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, diontes 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, hornblende 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 

o f the TPS. Nevertheless they form a volumetrically important part o f the TPS (10 km2) 

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, homblendite and abundant veins and dykelets of very distinctive
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homblende/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 hornblende replacement textures; (olivine) clinopyroxenite (Fig. 

3.10b) with hornblende, chlorite and clays; and finally homblendite, dominated by 

hornblendes 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 

o f 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 km2) (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, hornblende, 

clinopyroxene and oxides. Orthopyroxene is also present in some samples (norites or 

two-pyroxene gabbros). The sampled rocks show clear evidence of hornblende 

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 o f 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 o f deformed mafic volcanic/plutonic rocks (Anse Flamengo Complex), at Celery 
Bay. (b) Example o f the deformed mafic volcanic/plutonic complexes (Merchison River Complex) 
showing steeply dipping foliation (dotted), hard splintery texture (dynamothermal metamorphism) and 
segregations o f plagioclase and mafic minerals. Location: road cutting on hillside SW o f Speyside. (c) 
Massive ultramafic rocks exposed in King Peter’s Bay, intruded by a small vein o f homblende-gabbro 
pegmatite, (d) Exposure o f 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 o f  
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, (c) 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. 3.1 Id). Clays, oxides and chlorite are ubiquitous replacement 

minerals.
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Figure 3.11. Field and thin section photographs o f Tobago dykes. All sections in cross-polarised light 
with scale bar 1 mm. (a) Multiple anastamosing mafic dykes intruding gabbro-diorite o f 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). (c) 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 f Arnos 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 o f  the Amos Vale-Mason Hall tonalite. (a) Typical 
exposure o f 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 o f the 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 of the 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 o f the tonalitic partial melts o f  the TVG. (a) 
Exposure o f  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 o f 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) 

o f 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 o f calcite. 

3D-103 is o f similar groundmass grain size but contains conspicuous -1 mm 

phenocrysts o f either clinopyroxene or hornblende. No thin section was made o f 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 o f equigranular 

hornblende and plagioclase with moderate alteration o f the hornblende to chlorite and 

the plagioclase to sericite and clays.

A fourth example o f 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 o f medium-grained granite (Fig. 3.14a). The mineralogy is 

dominated by 1-2 mm grains o f 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 o f abundance; apatite, titanite and zircon. The only obvious alteration is 

o f 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 o f 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.
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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 ’ o f 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 o f 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 o f 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 o f 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 o f plagioclase and groundmass clinopyroxene.
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3.4. Geology and Petrography of the 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 of the Aves Ridge (Fig. 2.4). The relative positions of 

the three hauls on their separate portions of the ridge are shown in Figure 3.16.
Depth 0 
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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. Granitoid petrography

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 o f 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 o f 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-H f 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 o f 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 o f 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 SiC>2 vs. K2 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 o f SiC>2 , K2 O and NazO.
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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 K2 O and 

SiC>2 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 Dlsirade

4.2.1. Major and trace element geochemistry o f the igneous complexes o f La D6sirade

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 AI2 O3  and TiC>2 ) 

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, A I 2 O 3 ,  Ti0 2 , 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 

Desirade 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 o f  La D6sirade Island.
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Figure 4.2. Chondrite-normalised REE plots for the igneous complexes o f La D6sirade 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.% S1O2 , 0.6-1.75 wt.% TiC>2 , 13-18 wt.% 

AI2O3 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 o f the NE mafic complex o f 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.% T1O2 , 13-16 wt.% 

AI2O3 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 TiC>2 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,
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compared to the depletion in Unit 1, and all samples possess negative Ce anomalies 

(Fig. 4.3).
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Figure 4.4. N-MORB-normalised trace element plots for Unit 3 o f  the NE mafic complex o f La D&irade 
Island, the felsic rocks and intermediate dykes.

Unit 3: The lavas are mostly tholeiitic basaltic andesites (Fig. 4.1). SiC>2 varies 

from 47-61 wt.% and MgO from 1.7-3. 8  wt% whilst TiC>2 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).
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Felsic volcanic and plutonic rocks: SiC>2 ranges from 62-79 wt.%, AI2 O3 from 

10-15 wt.%, MgO from 0.3-3.6 wt.% and T 1O2  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 o f the NE mafic complex.

Intermediate-felsic dykes: The dykes range from basaltic andesites to rhyolites 

(Fig. 4.1) and have a range o f SiCh contents from 50-58 wt.%. A I 2 O 3  ranges from 13-16 

wt.%, MgO from 3.2-7.5 wt.% and Ti02 from 0.5-1.3 wt.%. Contents of Cr (5-145 

ppm) and Ni (5-145 ppm) fall between those o f 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 o f 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 o f La Desirade

Mattinson et al. (1980) and Gaucaht (2004) reported Nd, Pb and Sr radiogenic 

isotope ratios from all magmatic complexes. Given the level o f 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 o f such work in this 

project. 144Nd/143Nd 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 144Nd/143Nd ratios o f Gauchat (2004) are depleted relative to bulk earth, 

spanning a narrow range from 0.512786 to 0.512914. Insufficient data are available to 

calculate initial ratios or compare values with trace element ratios. However, these 

ratios overlap between the different complexes, suggesting that the mantle source 

region and/or crustal input for all the igneous complexes was relatively uniform whilst
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the depleted values indicate that old continental material was not involved in the 

petrogenesis o f these rocks.
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4.3. Geochronology and whole rock geochemical results from Tobago

4.3.1. New geochronological results from Tobago Island

For full details o f the separation and analysis methods, see Appendix 3. For all 

chemical abrasion-isotope dilution-thermal ionisation mass spectrometry (CA-ID- 

TIMS) analyses, procedural blanks were very low, at mostly <1 pg o f Pb, enabling 

analysis o f zircons containing particularly low concentrations o f radiogenic Pb, as 

appears to be the case for Tobago (Table 4.1). All errors are quoted at the 2a (95 % 

confidence) level.

Sample 3A-24 from  the Parlatuvier Formation, North Coast Schist: Four 

single grains from basaltic andesite sample 3A-24 were analysed, providing 206Pb/238U 

ages ranging from 128.66±0.23 to 135.03±1.46 Ma (Table 4.1, Fig. 4.5). A 

conventional concordia plot for this data gives an unacceptable scatter (not shown) so, 

according to the preferred method o f the NERC Isotope Geoscience Laboratories who 

analysed the sample, the data was regressed using a Tera-Wasserberg plot without 

correction for common Pb (Fig. 4.5). This method reveals an acceptable concordant 

model age of 130.4 ± 4.5 Ma for the 4 grains (mean square weighted deviation 

[MSWD] = 8). We take this to represent the crystallisation and/or eruption age o f the 

mafic-intermediate tuffs o f the Parlatuvier Formation. The other formations remain 

undated.

As stated in the introduction (Section 2.2.1), there is a hornblende Ar-Ar 

isochron generated from the same unit o f 115.9 ± 3.2 Ma (Sharp & Snoke, 1988) and a 

suspect in-situ U-Pb zircon secondary ion mass spectrometry (SIMS) age from the 

sample analysed for this project (3A-24) o f 89.9 ± 9.5 Ma obtained from micro-zircons 

o f <10 pm diameter (Schmitt et al., 2010; K.R. Chamberlain, pers. comm., 2010). The 

former age is considered inaccurate due to: (a) the emplacement o f the Tobago plutonic 

suite approximately 500 m from the sample site, which might partially reset the Ar-Ar 

system and (b) the evidence for dynamic lower greenschist-facies metamorphism of the 

North Coast Schist which might also affect the ability o f the hornblende crystal lattices 

to retain their magmatic Ar concentrations. The second age has a large error of 10.6 % 

and there is clear field evidence for a thermal aureole generated by emplacement o f the
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Tobago plutonic suite (Snoke et al., 2001a,b) which indicates that the North Coast 

Schist as a whole must be older than the Albian Volcano-Plutonic Suite. The meaning 

of this young age remains the subject of discussion with K.R. Chamberlain and A.W. 

Snoke, but it is unlikely to represent a true protolith age. It is possible to both grow new 

zircon and alter pre-existing zircons at relatively low temperatures in the greenschist 

facies so the apparent age generated by the SIMS analysis may be somewhat 

misleading (Hay & Dempster, 2009).
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Figure 4.5. Tera-Wasserberg plot for sample 3A-24 (basaltic andesite), Parlatuvier Formation, North 
Coast Schist, Tobago.

Sample 2D-50 from  the Arnos Vale-Mason Hall tonalite: In this sample, the 

zircon with the lowest radiogenic to common Pb ratio gave a slightly discordant age 

(Table 4.1; see the concordia plot - Fig. 4.6) which was rejected on the grounds of 

possible Pb loss. Therefore an age was calculated using four remaining analysed 

zircons which were concordant (Fig. 4.6), giving a weighted mean of 2 0 6Pb/238U age 

models of 105.83 ± 0.17 Ma (MSWD = 2.0).

No other geochronological data is available for the tonalite body. However, 

there are ages for the gabbro-diorite pluton which the tonalite cross-cuts (Section 2.2.1; 

Sharp & Snoke, 1988; G.J.H. Oliver, 1990, unpublished data). The previously-obtained 

zircon U-Pb age for the pluton is 104 ± 1 Ma (G.J.H. Oliver, 1990, unpublished data) 

and the hornblende Ar-Ar ages are 102.9 ± 1.5 Ma and 104.7 ± 1.6 Ma (Sharp & 

Snoke, 1988), all slightly younger than the new age for the tonalite. As: (a) there is a
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clear cross-cutting relationship demonstrated for the tonalite against the Tobago 

Plutonic Suite; (b) the new CA-ID-TIMS date uses the most up-to date methodology; 

(c) previous Ar-Ar dating may be subject to Ar loss and protracted cooling of the pluton 

and (d) the previous U-Pb age is based on an older methodology which was likely to 

have contained different calibrations; the newly obtained age of 105.83 ±0.17 Ma for 

the tonalite is accepted as the most reliable age of crystallisation. The tonalite is 

therefore roughly contemporaneous with, but should slightly post-date, the 

emplacement of the Tobago Plutonic Suite and eruption of the Tobago Volcanic Group. 

Early to Mid-Albian ages (-112 to -106 Ma; Ogg et al., 2008), based on ammonites 

and radiolarians from the TVG (Snoke & Noble, 2001), are consistent with the -106 

Ma age for the tonalite.
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Figure 4.6. U-Pb concordia diagram for sample 2D-50 (Amos Vale-Mason Hall tonalite body).

Sample INT/1-3/4 from  the high-Nb granite body o f  Kendal Road: Two zircon 

grains gave 2 0 6Pb/238U model ages of approximately 620 Ma (Table 4.1). These were 

rejected as possible inherited grains, for which the geological significance is uncertain. 

Alternatively these grains are the result of laboratory contamination, either from the 

selFrag electronic disaggregation or electromagnetic separation in Freiberg, or the CA- 

ID-TIMS dating process at NIGL (Appendix 3). The remaining three analysed grains 

were concordant and gave a weighted mean of 206Pb/238U age models of 106.24 ±0.16 

Ma with MSWD = 1.7 (Table 4.1, Fig. 4.7).
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Figure 4.7. U-Pb concordia diagram for sample INT/1-3/4 (high-Nb granite, Kendal Road, Tobago).

As with the tonalite sample, this rock apparently pre-dates the pre-existing ages 

for the Tobago pluton which the granite cross-cuts. For the same reasons as given 

above for the tonalite, the age provided here is accepted as accurate and indicative of 

the crystallisation age of the high-Nb granite.

New geochronological column fo r Tobago Island: On the basis of these new 

results, an updated geochronological column for Tobago is presented in Figure 4.8 

which may be referred to in later discussions.
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Gabbro-diorite
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TOBAGO VOLCANIC GROUP TOBAGO PLUTONIC SUITE
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STRATIGRAPHIC ORDER UNCERTAIN. PROBABLY ALL -125 Ma

Figure 4.8. A new geochronological column for Tobago Island based on the new U-Pb ages provided by 
this study and the previous results outlined in Section 2.2.1 and references therein. There is uncertainty 
over the age o f  the amphibolite facies rocks as some o f these rocks have an N-MORB-like chemical 
signature. The map o f Snoke et al. (2001b) suggests these are the youngest rocks o f the North Coast 
Schist, but the MORB-like chemistry would be more consistent with them pre-dating the more arc-like 
Parlatuvier and Mount Dillon Formations. See Section 5.3 for a discussion o f the geochemical features o f  
the North Coast Schist.
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Table 4.1. CA-ID-TIMS U-Pb results for 3 zircon fractions from the NCS (3A-24), Amos Vale-Mason Hall tonalite (2D-50) and high-Nb granite (INT/1-3/4), Tobago.

Compositional Parameters__________  Radiogenic Isotope Ratios__________________ Isotopic Age
Wt. Hi 2°6pb * mol % Pb* Pbc ^ b 208Pb 207Pb 207Pb 206pb corr. 206Pb

Sample mg u xlO'13 mol 2°6pb * Pbc (Pg) ^Pb 2°6pb 2°6pb % err 2 3 ^ % err a8U % err coef. 238u ±
(a) (b) (C) (d) (d) (d) (d) (e) (f) (f) (g) (0 (g) (0 (g) (h) (g)

3A-24
zl 0.100 0.510 0.0226 79.26% i 0.49 89 0.160 0.047787 14.160 0.136045 14.341 0.020648 0.456 0.409 131.84 0.59

z2 0100 0.493 0.0214 74.19% i 0.61 72 0.173 0.053980 17.199 0.154119 17.386 0.020707 0561 0.347 132.21 0.73

z3 0.100 0.562 0.0658 95.26% 6 0.27 390 0.179 0 048533 1.563 0.134803 1.659 0.020144 0.179 0.578 128.66 0.23

z5 0.100 0.950 0.0490 57.02% 0 3.04 43 0.317 0.051126 7.220 0.149136 7.362 0.021156 1.090 0.203 135.03 1.46

2D-50
zl 0.100 0.579 0.0727 93.97% 5 0.38 307 0.181 0.047122 2.060 0.107445 2.153 0.016537 0.225 0.458 105 82 0.24

z2 0.100 0.443 0.1727 93.03% 4 1.06 266 0.139 0.047254 1.000 0.107299 1.082 0.016469 0189 0.505 105.39 0.20

z3 0.100 0.431 0.2296 97.57% 12 0.47 763 0.137 0.047796 0.806 0.109137 0.881 0.016561 0.138 0.599 105.97 0.14

z4 0.100 0.484 0.2256 98.69% 23 0.25 1415 0.154 0.048079 0.389 0.109543 0.445 0.016525 0.121 0.570 105.74 0.13

z5 0.100 0.280 0.0737 96.08% 7 0.25 472 0.090 0.048384 1.071 0.110309 1.149 0.016535 0.163 0.534 105.82 0.17

INT/1-3/4
zl 0.100 1.096 1.1755 99.69% 112 0.30 5882 0.341 0.060316 0.113 0.833799 0.202 0.100261 0.111 0.898 616.00 0.65

z2 0.100 2.282 0.5265 99.07% 47 0.41 1981 0.729 0.048145 0 220 0.110346 0.284 0.016623 0.093 0.776 106.30 0.10

z3 0.100 2.082 1.0019 99.64% 120 0.30 5152 0.666 0.048223 0.168 0.110385 0.229 0.016602 0.092 0.774 106.18 0.10

z4 0100 2.177 0.9070 99.56% 99 0.33 4208 0.696 0.048175 0.192 0.110339 0.249 0.016612 0.097 0.713 106.23 0.10

z5 0100 0.889 0.5569 99.36% 52 0.30 2874 0.278 0.061082 0.196 0.855980 0.268 0.101637 0.126 0.728 624.06 0.75

(a) z l, z2 etc. are labels for fractions composed of single zircon grains or fragments; all fractions annealed and chemically abraded after Mattinson (2005).
(b) Nominal fraction weights estimated from photomicrographic grain dimensions, adjusted for partial dissolution during chemical abrasion.
(c) Model Th/U ratio calculated from radiogenic 208Pb/206Pb ratio and 207Pb/235U age.
(d) Pb* and Pbc represent radiogenic and common Pb, respectively; mol % 206Pb* with respect to radiogenic, blank and initial common Pb.
(e) Measured ratio corrected for spike and fractionation only. Daly analyses, based on analysis of NBS-981 and NBS-982.
(f) Corrected for fractionation, spike, and common Pb; up to 1 pg of common Pb was assumed to be procedural blank: 206Pb/204Pb = 18.60 ± 0.80%; 207Pb/204Pb = 15.69 ± 0.32%; 

208Pb/204Pb = 38.51 ± 0.74% (all uncertainties 1-sigma). Excess over blank was assigned to initial common Pb.
(g) Errors are 2-sigma, propagated using die algorithms of Schmitz & Schoene (2007) and Crowley et al. (2007).
(h) Calculations are based on the decay constants of Jaffey et al. (1971). 206Pb/238U and 207Pb/206Pb ages corrected for initial disequilibrium in 230Th/238U using Th/U [magma] = 3.
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4.3.2. Major and trace element geochemistry o f the North Coast Schist

Element mobility and geochemical trends: Samples from the Parlatuvier, 

Amphibolite and Karv units have LOI values of between 1 and 6 wt.% implying that 

there has been some alteration of these rocks, possibly involving slight calcification 

(Appendix 5). The very quartz-rich Mount Dillon Formation has LOI values of <1 

wt.% showing that although these rocks may have been silicified, they do not contain 

significant proportions of clay or calcite.

A variety of elements from each formation are plotted against Nb to test 

elemental mobility in the same manner as the mafic volcanic complex on La D^sirade 

(Fig. 4.9). All units show significant scatter for Si02, MgO, CaO, Na20, K2 O, Sr and 

Ba vs. Nb, implying that these elements have been mobilised to varying degrees. Sc, 

Ti02 and AI2 O3  show reasonably coherent trends within individual formations, with 

different formations showing different trends. This observation points to limited 

mobility of Sc, Ti and Al. The REE, Th and Zr have different gradients of positive 

slope against Nb for the different units. The trends for the Mount Dillon and Karv 

formations are similar to each other but distinct from the trends shown for the 

Parlatuvier Formation and most o f the amphibolites. One sample from the amphibolite- 

facies rocks plots consistently within the field of the Mount Dillon and Karv formations 

on the REE and Th plots. This may indicate that some of the amphibolites have a 

different source compared to the other units as well as a higher grade of metamorphism, 

whereas others are similar geochemically to the North Coast Schist. The fact that there 

are largely formation-dependent trends shown for the REE, Th and Zr indicates 

immobility of the elements in question and also that there may be different magmatic 

sources for some of these units. The possible exceptions are shown on the Yb and Zr 

vs. Nb plots (Fig. 9) where there is no obvious trend for the Parlatuvier Formation. 

Given the coherent trends shown for the subduction-mobile LREE and MREE (La and 

Sm), the lack of a trend against Nb for Zr and Yb may be related to variations in source 

chemistry. The incompatible trace element trends are very similar for Karv and the 

Mount Dillon Formation which lends weight to the observations of Yule (1988) that the 

two may be genetically related but have been structurally separated.
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Figure 4.10. Chondrite-normalised REE plots for the North Coast Schist, Tobago.

Mount Dillon Formation: The 8  samples from the Mount Dillon Formation 

plot as tholeiitic rhyolites on the Th-Co diagram (Fig. 4.9) and range from 74-88 wt.% 

SiC>2 consistent with the quartz-dominated lithology. The samples are low in AI2O3 , 

TiC>2 , MgO and CaO and contain 3-7 wt.% total alkalis. Trace element concentrations 

are low with Cr, Co and Ni in most cases close to, or below the detection limit. On the 

chondrite-normalised plot (Fig. 4.10) the REE concentrations of the Mount Dillon 

samples mostly range from 10-40 times chondrite with flat REE patterns and significant 

negative Eu anomalies which indicate the removal of plagioclase. One sample has a 

particularly low concentration of the middle REE, which may be related to apatite 

fractionation, as this sample contains P2O5 concentrations below the detection limit 

(Appendix 5.2). The N-MORB-normalised plot (Fig. 4.11) shows that the formation 

contains a wide range of incompatible trace element concentrations coupled with 

significant negative Nb-Ta, Ce and Ti anomalies and slight enrichment of Th over La. 

Very large Ti anomalies may indicate fractionation of Fe-Ti oxides.
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Figure 4.11. N-MORB-normalised trace element plots for the Mount Dillon and Parlatuvier Formations, 
North Coast Schist, Tobago.

Parlatuvier Formation: Nineteen samples were analysed from the Parlatuvier 

Formation and they range from tholeiitic basalts to tholeiitic basaltic andesites on the 

Th-Co diagram (Fig. 4.9). Major element concentrations are variable, with SiC>2 = 44- 

69 wt.%, AI2O3 = 13-19 wt.%, TiC>2 = 0.6-1.4 wt.%, 1-10 wt.% MgO and 3-6 wt.% 

total alkalis. These results are indicative of the degree of major element alteration 

suggested by the element vs. Nb plots (Fig. 4.9). Trace element concentrations are also 

quite variable with 13-446 ppm Cr, 12-222 ppm Ni, 0-900 ppm Ba and 100-500 ppm 

Sr. The Parlatuvier Formation shows a very uniform chondrite-normalised pattern 

which lies at 10-30 times chondrite with no Eu anomalies (Fig. 4.10). Although several 

samples are slightly depleted in the LREE, most have slightly LREE-enriched patterns. 

The N-MORB normalised plot (Fig. 4.11) also displays the slight LREE-enrichment for
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most samples from the Parlatuvier Formation. All the samples have slight negative Nb- 

Ta, Zr-Hf, Ce and Ti anomalies. Th is slightly enriched over La.
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Figure 4.12. N-MORB-normalised trace element plots for the amphibolite unit and the Karv Formation, 
North Coast Schist, Tobago.

Karv: The rocks of the Karv unit are defined as “argillite with interlayered

silicic metatuff. [and] includes rock types... similar to the Mount Dillon

Formation” (Snoke et al., 1995). Four samples were analysed, two of which (DY-3D- 

304 and 305) appear to be metamorphosed plagioclase-phyric lavas, whereas the other 

two (DY-3D-693 and 448) are dark, slaty or crenulated pyrite-rich rocks which are 

more like metamorphosed argillites. According to the Th-Co diagram the two meta­

lavas are tholeiitic basalts (Fig. 4.9). The argillaceous rocks plot as tholeiitic basaltic 

andesites, indicating their relatively mafic character, but will not be considered further.
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Compared to the Mount Dillon Formation, the collected lavas are quite mafic and no 

silicic meta-tuff was analysed. The mafic lavas have major element concentrations as 

follows: SiC>2 = 46-52 wt.%, TiC>2 = 0.8-0.9 wt.%, AI2 O3 = 16-20 wt.%, MgO = 7-8 

wt.%, CaO = 4-9 wt.% and Na2<3 + K2 O = 3-6 wt.%. In terms of trace elements, the 

meta-lavas contain 206-492 ppm Cr and 171-190 ppm Ni. Sr = 80-170 ppm, Ba = 700- 

900 ppm and Zr = 58-62 ppm. On a chondrite-normalised REE plot (Fig. 4.10), the 

meta-lavas have almost flat patterns with veiy slight LREE-depletion at -13-19 times 

chondrite, similar to the Mount Dillon Formation. There are no Eu anomalies. These 

samples have LREE concentrations slightly higher than N-MORB (Fig. 4.12) and show 

slight positive Th anomalies (Th/LaNMN >1) along with small negative Zr-Hf and Ti 

anomalies and very marked negative Nb-Ta anomalies (Nb/LaN M N  = 0.2). Therefore, 

these two mafic lavas are quite similar in trace element character to the Mount Dillon 

Formation. The major element differences and differing Eu and Ti anomalies between 

the Karv and Mount Dillon rocks could possibly be explained by fractionation of 

plagioclase and Fe-Ti oxides from the mafic Karv rocks and subsequent silicification of 

the Mount Dillon Formation samples.

Amphibolite facies rocks: Because these rocks have been metamorphosed to a 

high grade (epidote-amphibolite to amphibolite facies, Snoke et al., 2001a) it is possible 

that their original major and trace element character will not reflect the composition of 

their protolith(s). Nevertheless, these samples plot as tholeiitic basalts with one 

exception, a calc-alkaline basaltic andesite on Figure 4.9. It has already been noted that 

this calc-alkaline sample has different concentrations of trace elements compared to the 

other samples. The tholeiites contain relatively consistent concentrations of major 

elements: SiC>2 = 48-52 wt.%, Ti( > 2  = 0.9-2.1 wt.%, A I 2 O 3  = 16-20 wt.%, MgO = 4-6 

wt.%, CaO = 9-13 wt.%, Na20 + K2 O = 2-5 wt.%. These amphibolites have 66-138 

ppm Ni and 43-322 ppm Cr, as high as the Parlatuvier and Karv formations. The 

samples also have mostly low concentrations of Ba (30-410 ppm) and Sr (60-370 ppm) 

and variable amounts o f Zr (51-174 ppm). On a chondrite-normalised plot (Fig. 4.10), 

the meta-basaltic samples have flat to very slightly LREE-depleted patterns at 10-30 

times chondrite; the more calc-alkaline rock has a sloping REE pattern with LREE 

enrichment which looks unlike any other rock from the North Coast Schist with the 

possible exception of the mafic lavas from the Karv formation. The N-MORB- 

normalised plot (Fig. 4.12) shows that, with the exception of the more calc-alkaline
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rock the samples have flat patterns with compositions similar to N-MORB, no 

significant anomalies, and very slight depletion in Th, Nb-Ta and La compared to the 

other elements. The calc-alkaline sample has a very large negative Nb-Ta anomaly, 

enrichment in Th/La and slight negative Zr-Hf and Ti anomalies on the N-MORB- 

normalised plot (Fig. 4.12). Texturally, the one calc-alkaline sample is still an 

amphibolite with large (relict) plagioclase crystals like some of the other amphibolites, 

despite its very different chemistry. This finding may be significant; because it suggests 

that the thermal aureole, between the greenschist-facies country rocks of the NCS and 

the ultramafic pluton of the Tobago Plutonic Suite, overprinted at least two different 

types of protolith. Firstly, some of the amphibolites may be tholeiitic MORB-like 

basalts and secondly, some may be calc-alkaline rocks with a similar trace element 

geochemistry to the Mount Dillon or Karv formations. Sampling of further localities 

might have yielded amphibolites of a similar bulk composition to the Parlatuvier 

Formation but this is not apparent in the analysed rocks.

4.3.3. Major and trace element geochemistry o f the Tobago Volcanic Group

Elemental mobility and geochemical trends: All 5 formations overlap 

compositionally on each element vs. Nb plot and where trends are seen, the formations 

all define the same trend (Fig. 4.13). Some of the major elements, for example CaO, 

K2 O and Na20 have very scattered patterns when plotted against Nb which indicate that 

those elements are likely to have mobilised during alteration. Some broad trends can be 

distinguished within the major elements, for example a tendency to decreasing CaO, 

AI2 O3  and MgO with increasing Nb, most likely relating to fractional crystallisation of 

such phases as clinopyroxene and plagioclase. Of the trace elements, Ba and Sr both 

define positive slopes against Nb which are scattered, indicating some mobility of those 

elements. The HFSE such as Th and Zr have tightly clustered positive correlations 

against Nb which pass through the origin, as do the REE (e.g. La, Sm and Yb). Sc has a 

very steep, well-defined negative slope when plotted against Nb.

The compositional overlap between the samples from different formations along 

similar element vs. Nb trends supports the hypothesis that all the formations in the 

Tobago Volcanic Group formed by magmatic differentiation of a consistent parental 

magma source composition. The incompatible element vs. Nb trends (e.g. La vs. Nb,
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Fig. 4.13) all pass through the origin, and no other trends are obvious for any given 

element, so contamination of the TVG magmas with other magma types is unlikely to 

have occurred. The samples may therefore all be representative of a constantly 

replenished source with within-formation trends linked by fractional crystallisation 

processes. The falling A I 2 O 3 ,  MgO, CaO and Sc vs. Nb trends probably relate to 

fractional crystallisation of clinopyroxene and plagioclase. The samples which contain 

very low concentrations of A I 2 O 3  and Nb and very high concentrations of MgO (as high 

as 21 wt.%) appear to be those carrying plagioclase-free clinopyroxene cumulate loads. 

Therefore, this study has confirmed the initial suggestion of Frost & Snoke (1989) that 

the TVG represents a suite of rocks formed by the fractional crystallisation of 

plagioclase and clinopyroxene. As there is little evidence in any basaltic TVG samples 

for the presence of olivine, none of these rocks are likely to represent primary magmas.

Argyle Formation: The lavas of the Argyle Formation (5 samples) plot mostly 

as tholeiitic basaltic andesites on the Th-Co diagram (Fig. 4.13). Most of the samples 

contain 51-59 wt.% SiC>2 , 0.6-0.9 wt.% Ti02, 15-19 wt.% AI2 O3 , 3-6 wt.% MgO, 8-10 

wt.% CaO and 4-5 wt.% Na20 + K2 O. They have 18-800 ppm Ni, 12-120 ppm Cr, 58- 

71 ppm Zr, 300-800 ppm Ba and 350-400 ppm Sr. On a chondrite-normalised plot (Fig. 

4.14) most rocks of the Argyle Formation have gently sloping, LREE-enriched patterns 

at 10-30 times chondrite, with a slightly concave HREE pattern ( H o /L u c n  <1) and no 

Eu anomalies. The N-MORB-normalised plot (Fig. 4.15) shows that these samples are 

quite enriched in Th (Th/LaNMN >1) and have negative Nb-Ta, Ce, Zr-Hf and Ti 

anomalies, with the Nb-Ta anomalies particularly pronounced (Nb/LaNMN = 0.1-0.2).

One other sample is part of the Argyle Formation, but is very different 

compositionally. INT/8-3/7 has a very similar pattern on the normalised plots to the 

other samples, but is extremely depleted (1-2 times chondrite on Fig. 4.14) and has 

large Nb-Ta and Zr-Hf anomalies on the N-MORB-normalised plot (Fig. 4.15). It 

contains much less Ti02 (0.1 wt.%), AI2 O3 (1 wt.%) and total alkalis compared to the 

other samples, with Si02 (50 wt.%) similar to the other samples. However, INT/8-3/7 

also contains 21 wt.% MgO, 19 wt.% CaO, 2334 ppm Cr (at just 260 ppm Ni) and very 

low concentrations of other trace elements including Ba and Sr. The sample has not 

been thin sectioned, but the geochemical analysis and the hand specimen appears to be 

consistent with an origin as a clinopyroxene cumulate.
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Figure 4.14. Chondrite-normalised REE plots for the Tobago Volcanic Group.

Bacolet Formation: The lavas of the Bacolet Formation (8 samples) plot mostly as 

tholeiitic basalts on the Th-Co diagram (Fig. 4.13). They contain 46-53 wt.% SiC>2, 0.6- 

1.3 wt.% Ti02, 14-19 wt.% A120 3, 4-9 wt.% MgO, 8-13 wt.% CaO and 2-4 wt.% Na20  

+ K20 . They have 20-320 ppm Ni, 31-371 ppm Cr, 25-66 ppm Zr, 270-620 ppm Ba and 

250-460 ppm Sr. On a chondrite-normalised plot (Fig. 4.14) the rocks of the Bacolet 

Formation have very slightly LREE-enriched patterns at 9-30 times chondrite,
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and no Eu anomalies. The N-MORB-normalised plot (Fig. 4.15) shows that these 

samples have flat REE patterns and are slightly more depleted than the Argyle 

Formation. The samples are still enriched in Th (T h/L aN M N  >1) and have negative Nb- 

Ta, Ce, Zr-Hf and Ti anomalies, with the Nb-Ta anomalies particularly pronounced 

(N b /L a NMN = 0.1-0.2) and the Zr-Hf anomalies slightly larger than for the Argyle 

Formation.

Goldsborough Formation: Twelve samples were analysed from this formation. 

These rocks are quite differentiated, ranging from tholeiitic basalts to more rhyolitic 

and calc-alkaline rocks on the Th-Co diagram, and completely encompassing 

compositions of the other formations of the TVG (Fig. 4.13). The lavas contain 49-60
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wt.% S i02, 0.5-0.9 wt.% T i02, 7-18 wt.% A12 0 3, 1-14 wt.% MgO, 3-18 wt.% CaO and 

1-7 wt.% Na20  + K2 0 . They have 7-255 ppm Ni, 4-891 ppm Cr, 21-148 ppm Zr, 10- 

1000 ppm Ba and 60-1000 ppm Sr. Like the Argyle Formation, there are examples of 

rocks that contain very high proportions of MgO, and these may represent 

clinopyroxene cumulates, which tallies with the petrological observation that many of 

these samples are either plagioclase or clinopyroxene-phyric. Some samples (e.g. 

INT/8-3/1 and INT/4-3/1 -  see Appendices 2 and 5) are very low in MgO but are also 

Fe2 0 3-, CaO- and Sr-rich so it is possible that these have been calcified. On a 

chondrite-normalised plot (Fig. 4.14) the rocks of the Goldsborough Formation have 

REE concentrations covering the range of the other formations, with flat to slightly 

LREE-enriched patterns at 6-104 times chondrite, and very slight negative or positive 

Eu anomalies. The N-MORB-normalised plot (Fig. 4.15) shows that these samples have 

flat to very slightly LREE-enriched patterns and are about as depleted as the Bacolet 

Formation. The samples are enriched in Th and have negative Nb-Ta, Ce, Zr-Hf and Ti 

anomalies, with the Nb-Ta anomalies quite pronounced (Nb/LaNMN = 0.1-0.5).

U ndifferentiated volcanic rocks: These 22 samples represent lavas from the 

parts of the TVG that have not been assigned a formation by Snoke et al (2001a,b). 

Many of these samples are tholeiitic basaltic andesites with some calc-alkaline and 

more rhyolitic lavas also present (Fig. 4.13). Like the Goldsborough Formation, the 

undifferentiated rocks contain some samples that are very rich in clinopyroxene, 

leading to high MgO concentrations. Others have low MgO but high CaO, suggesting 

some degree of calcification. Nonetheless, the major element concentrations are as 

follows: 46-66 wt.% S i02, 0.7-1.3 wt.% T i02, 9-20 wt.% A12 0 3, 2-17 wt.% MgO, 4-13 

wt.% CaO and 2-7 wt.% Na20  + K2 0 . They also contain 14-440 ppm Ni, 6-963 ppm 

Cr, 25-224 ppm Zr, 60-1750 ppm Ba and 90-610 ppm Sr. On a chondrite-normalised 

plot (Fig. 4.14) the undifferentiated rocks have flat to very slightly LREE-enriched or 

depleted patterns at 11-50 times chondrite, and only very slight negative or positive Eu 

anomalies. Four samples, which were quite felsic in character, have more LREE- 

enriched patterns with La at 80-100 times chondrite. The N-MORB-normalised plot 

(Fig. 4.16) shows that most samples have flat to very slightly LREE-enriched patterns 

and have a similar level of depletion to the Bacolet and Goldsborough Formations. The 

four samples that are more LREE-enriched have small positive Zr-Hf anomalies. The 

majority of the Undifferentiated samples are enriched in Th and have negative Nb-Ta,
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Ce, Zr-Hf and Ti anomalies, with the Nb-Ta anomalies particularly pronounced 

(Nb/LaNMN = 0.1-0.2).

Volcaniclastic sediments: The volcaniclastic rocks which form part of the 

undifferentiated part of the TVG include 11 samples mostly consisting of volcaniclastic 

breccias. Despite the features indicative of sedimentary re-working described in Section

3.2, many have relatively low LOI values (<5 wt.%) and coherent immobile trace 

element geochemical signatures (e.g. REE patterns, Fig. 4.14) despite obvious 

oxidation and weathering. These samples contain 42-50 wt.% Si0 2 , 0.7-1.3 wt.% Ti0 2 , 

17-20 wt.% AI2 O3 , 1 0 - 1 1  wt.% Fe2 0 3 (t), 5-8 wt.% MgO, 8 - 1 2  wt.% CaO and 3-5 wt.% 

Na2 0  + K2 O. They have 10-85 ppm Ni, 15-200 ppm Cr, 24-60 ppm Zr, 70-570 ppm Ba 

and 160-580 ppm Sr. The volcanogenic rocks have REE patterns that are mostly flat or 

veiy slightly LREE-enriched at 11-24 times chondrite (Fig. 4.14). On the N-MORB- 

normalised plot (Fig. 4.6) the volcaniclastic sediments show enrichment in Th and 

negative Nb-Ta, Ce, Zr-Hf and Ti anomalies like the other formations. The negative 

Nb-Ta anomalies in the volcaniclastic sediments are also very similar to the other 

formations (Nb/LaNMN = 0 . 1 -0 .2 ).

4.3.4. Major and trace element geochemistry o f  the Tobago Pluton

Elem ental m obility and geochem ical trends: Relatively few samples were 

analysed from the plutonic rocks as existing field and geochemical evidence indicates 

fractional crystallisation processes dominate the magmatic history of the pluton. This 

becomes a problem for understanding petrogenetic processes as, unlike in the TVG, 

many samples are cumulates of olivine or pyroxene so it was difficult to collect 

representative samples in the field. Also, as can be seen from the analytical error 

(Appendix 4) and results tables (Appendix 5), the ultramafic and mafic cumulate rocks 

are particularly depleted in some trace elements such as the REE and HFSE. Many 

elements are present in concentrations which approach or fall below the limit of 

detection rendering petrogenetic interpretation of the plutonic rocks difficult. 

Nevertheless, a representative suite of major and trace elements are plotted against Nb 

in order to discern the degree of sub-solidus element mobilisation and the possible 

nature of magmatic differentiation processes in the plutonic rocks. In this case, Ni and 

Cr are also plotted to assess potential trends relating in particular to olivine and
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clinopyroxene differentiation in the ultramafic rocks. The Th-Co diagram was not 

designed with for plutonic rocks, so is omitted (Hastie et al., 2007).

On Figure 4.17 it can be seen that the ultramafic rocks contain generally lower 

concentrations of Nb than the gabbro-diorite, and the deformed mafic volcanic-plutonic 

complexes contain similar compatible and incompatible element concentrations to the 

gabbro-diorite. The ultramafic rocks have low concentrations of AI2 O3 and Sr and high 

MgO, Sc, Ni and Cr which form trends with a similar slope to the least-differentiated 

gabbro-diorites and deformed mafic rocks. In accordance with the petrological 

information (Snoke et al., 2001a and references therein) it is therefore considered that 

the ultramafic rocks are related to the gabbro-diorites by accumulation of clinopyroxene 

and olivine (particularly high MgO, Sc, Ni and Cr) and the removal of plagioclase (low 

A I 2 O 3  and Sr). There is a single trend for Zr, Th and the REE (Fig. 4.17) with slight 

overlap for the ultramafic rocks, gabbro-diorites and deformed mafic rocks indicating 

that all three rock suites may be derived from a similar source.

It was noted in Chapter 3.2 that the Amos Vale-Mason Hall tonalite body had 

sharp contacts with the surrounding gabbro-diorite and did not appear to contain any 

gabbroic enclaves or transitional facies of an intermediate composition between diorite 

and tonalite. This feature was interpreted as meaning that the tonalite was not 

necessarily genetically related to the rest of the pluton. Tonalite analyses are also added 

to Figure 4.17. If the tonalite formed by differentiation of the gabbro-diorites, the 

diorite might be expected to continue fractionating hornblende and clinopyroxene, 

leaving quartz, plagioclase, biotite and hornblende to make up the tonalite. The element 

vs. Nb plots show that the tonalites have no trends which link with the gabbro-diorites. 

Incompatible REE, Th and Zr trends for the gabbro-diorite and the tonalite have 

different slopes indicative of different magmatic sources. Therefore, the tonalite was 

not formed from the gabbro-diorite by fractional crystallisation and the two rock types 

do not appear to have a common source.
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Deformed m afic volcanic-plutonic complexes: These complexes show a similar 

trace element pattern to the other rocks o f the pluton (see below). Seven analyses show 

the samples are tholeiitic basaltic andesites with SiC>2 = 46-52 wt.%, A I 2 O 3  = 14-19 

wt.%, TiC>2 = 0.7-19 wt.%, MgO = 5-11 wt.%, CaO = 10-14 wt.% and total alkalis = 2- 

6  wt.%. Trace elements, Cr (33-788) and Ni (21-112 ppm) are high although present in 

variable concentrations. On the chondrite-normalised plot (Fig. 4.18), the deformed 

complexes have REE concentrations of around 10-40 times chondrite with flat to 

slightly LREE-enriched patterns. The N-MORB normalised plot (Fig. 4.19) shows that 

the samples are rather depleted and have pronounced negative Nb-Ta, Zr-Hf, Ce and Ti 

anomalies. Th is either depleted (4 samples) or enriched (3 samples) with respect to La, 

a feature common to the gabbroic-dioritic rocks.

Ultramafic rocks: The six ultramafic samples are mostly wehrlites and olivine 

clinopyroxenites, although there is one dunite (INT/21-2/3, Appendices 2 and 5) which 

contains almost exclusively olivine and is not discussed here, with only significant 

concentrations o f SiC>2 , Fe2 C>3 (t) and MgO out of the major elements along with 1274 

ppm Cr and 6 6 6  pm Ni. The other rocks are tholeiitic and range from 46-49 wt.% Si0 2 , 

5-12 wt.% AI2 O3 , 0.2-0.6 wt.% T i02, 16-24 wt.% MgO, 8-10 wt.% Fe2 0 3, 10-18 wt.% 

CaO and 1-2 wt.% total alkalis. They also contain 377-1794 ppm Cr and 74-370 ppm 

Ni. The analysed ultramafic rocks have very low concentrations of REE on the 

chondrite-normalised plot (Fig. 4.18), with flat patterns between 1 and 10 times 

chondrite. On the N-MORB-normalised plot (Fig. 4.19) these samples have slightly 

enriched Th/La and significant negative Nb-Ta, Zr-Hf and Ce anomalies, similar to the 

TVG.

Gabbro-diorites: Fourteen gabbros and diorites were analysed. They range from 

43-57 wt.% S i02, 13-27 wt.% A12 0 3, 0.3-1.3 wt.% T i02, 4-13 wt.% Fe2 0 3  (t), 3-9 wt.% 

MgO, 7-14 wt.% CaO and 2-6 wt.% total alkalis. Mantle-derived trace elements are 

relatively low, reflecting the lack o f olivine in the gabbro-diorites, at 0.8-291 ppm Cr 

and 12-61 ppm Ni. The chondrite-normalised REE plot (Fig. 4.18) shows that the 

gabbro-diorites are slightly more LREE-enriched than the other parts o f the TPS with 

REE concentrations between 6-30 times chondrite. Three samples have significant 

positive Eu anomalies which may be due to the accumulation o f plagioclase. The N- 

MORB-normalised plot for these rocks (Fig. 4.19) is almost identical to the deformed
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complexes and to the Goldsborough Formation of the TVG, with negative Nb-Ta, Zr- 

Hf and Ce anomalies and five samples with depleted Th/La and the rest with enriched 

Th/La.

100
Deformed mafic volcano-plutonic complexes
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Figure 4.18. Chondrite-normalised REE plots for the Tobago Plutonic Suite. The Goldsborough 
Formation o f the TVG is underlain on the gabbro-diorite field to demonstrate the similarity between the 
two relatively evolved units.
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Goldsborough Formation is for comparison.
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4.3.5. Major and trace element geochemistry o f  the mafic dyke swarm

Elem ental m obility and geochemical trends: Most of the samples from the 

mafic dykes swarm have, in hand specimen and thin section, similar levels of alteration 

compared to the TPS and NCS (see Section 3.2), and furthermore have quite low LOI 

values of -0.5-3 wt.% (Appendix 5). Therefore, the dykes should share the same 

pattern of major and trace element mobilisation compared to the other units. 

Interestingly, the plots of elements vs. Nb (Fig. 4.20) show that almost none of the 

elements, compatible or incompatible, typically mobile or immobile, display a singular 

trend. The dykes have been split up on the basis of the formation that they cross-cut and 

this designation is used in the descriptions below. However, as Sharp and Snoke (1988) 

showed that the dated dykes had ages ranging from -103 to -91 Ma, it is unlikely that 

there was a single parental magma source from which the dykes evolved, and magma 

mixing and/or different degrees of partial melting might occur over such a timescale, 

regardless of which rock unit the dykes intrude. The REE, Th and Zr do however show 

broad trends for the dykes which fan out from the origin (Fig. 4.20). In detail, the 

majority of the dykes which cut the VPS fall on a single trend at reasonably high 

concentrations of an element for a given Nb concentration, similar to the TVG. Those 

dykes cross-cutting the NCS have slightly lower concentrations of REEs, Th and Zr for 

a given Nb concentration and four dykes which cut the TPS have still lower REE, Th 

and Zr concentrations relative to Nb. Therefore, it seems that the majority of the dykes 

have a similar petrogenetic story to the TVG (and may indeed represent feeders for 

now-eroded lavas higher up the volcanic pile) but there are some dykes which contain 

relatively higher concentrations of Nb compared to the TVG. These may bear some 

relationship to the Nb-enriched mafic dykes which are introduced below.

Dykes cutting the NCS: These dykes range from calc-alkaline basaltic andesites 

to ihyolites on the Th-Co plot (Fig. 4.20). Major element concentrations for those dykes 

cutting the NCS are 54-64 wt.% SiC>2 , 12-16 wt.% AI2 O3 , 0.7-1 . 1  wt.% TiC>2 , 2 - 6  wt.% 

MgO, 4-5 wt.% Na2 0  (higher than the other dykes) and 4-8 wt.% CaO (lower than the 

other dykes). The concentrations o f mantle-derived trace elements are lower than the 

other dykes with 40-349 ppm Cr and 39-123 ppm Ni. Ba (100-200 ppm) and Sr (100- 

400 ppm) are also lower than the other dykes. Despite these differences the dykes that
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cut the NCS show almost identical REE (Fig. 4.21) and trace element profiles (Fig. 

4.22) to the other dykes on the normalised plots, with Th, Nb-Ta and Ti anomalies.

Dykes cutting the VPS: These tholeiitic-calc-alkaline dykes display a wide 

range of compositions, from basalts to basaltic andesites to dacites (Fig. 4.20). Major 

element concentrations for these dykes are: 48-55 wt.% SiC>2 , 13-18 wt.% AI2 O3 , 0.7- 

1.7 wt.% Ti(>2 , 4-15 wt.% MgO. The dykes contain similar levels of alkalis to the TVG. 

Trace element concentrations for these dykes include 0-1349 ppm Cr, 10-328 ppm Ni, 

100-1100 ppm Ba and 200-600 ppm Sr. On the chondrite-normalised REE plots (Fig. 

4.21), the dykes cutting the TPS and TVG have patterns ranging from slightly LREE- 

enriched to LREE-depleted at 10-60 times chondrite. The N-MORB-normalised trace 

element plot (Fig. 4.22) shows that the dykes have slight Th/La enrichment, large 

negative Nb-Ta and Ti anomalies and mostly negative Zr-Hf anomalies with some 

positive anomalies. The HREE patterns are flat and there is a range of LREE 

concentrations from LREE-enriched to flat patterns.

4.3.6. Major and trace element geochemistry o f  the dyke-like tonalite o f  Arnos Vale- 

Mason Hall

The 105.83 ± 0.17 Ma tonalite body is distinct from the other plutonic units in 

having a wholly siliceous character (Section 3.2, Appendices 2 and 5). Plots of major 

and trace elements against Nb show scatter for Na20 and K20  and to a lesser extent for 

SiC>2 , Sr and Ba (Fig. 4.17). This indicates that these elements may have been mobilised 

during sub-solidus alteration and/or weathering. Nevertheless, clear trends for MgO, the 

REE, Zr, Th and Y on Figure 4.17, along with LOI values of <2 wt.% indicate that 

these rocks are not badly altered and that the elements commonly considered to be 

immobile, (along with Si02, MgO, AI2 O3 , Ba and Sr which do not show badly scattered 

trends on Fig. 4.17), may be used to assess the petrogenesis of the tonalite. 

Furthermore, the consistent trends vs. Nb which pass through the origin indicate that 

the rocks of the tonalite are representative of a single magmatic suite and may be linked 

by differentiation processes (Fig. 4.17 above). There is no clear evidence for magma 

mixing or contamination from other sources either geochemically or in the field. As 

discussed above, the tonalite does not have the same slope of incompatible trace
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Figure 4.21. Chondrite-normalised REE plots for the Tobago mafic dyke swarm.

element concentrations as the rocks of the TVG or the NCS and is therefore a distinct 

unit with a different magmatic source region which cannot be linked to the other units 

on Tobago by fractional crystallisation.

The tonalite contains 62-71 wt.% Si0 2 , 16-20 wt.% AI2O3 , low TiC>2 (0.2-0.4), 

Fe2C>3(t) (1.1-3.0 wt.%), MgO (0.8-1.7 wt.%) and CaO (2.2-4.8 wt.%), and higher K2O 

(0.7-1.5 wt.%) and Na2 0  (5.5-11.2 wt.%) than the other plutonic rocks. Mg# ranges 

from 54-63. P2O5 = 0.16-0.26 wt.%. The tonalite also contains low levels of Cr (8-39 

ppm) and Ni (1-35 ppm), quite close to the limit of detection for these elements 

(Appendix 4), compared to even the most evolved rocks of the pluton. Ba (300-1000 

ppm) and Sr (300-800 ppm) are present in similar concentrations to the pluton. 

Concentrations of Y (3.4-4.5 ppm) and the HREE (Yb = 0.28-0.44) are low, even 

adakitic (Drummond & Defant, 1990). Zr = 58-104 ppm, Sr/Y ranges from 70-220 and 

La/Yb from 5-30. On a chondrite-normalised plot (Fig. 4.23), the tonalites

Dykes cutting the TVG

Dykes cutting the TPS
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Figure 4.22. N-MORB-normalised trace element plots for the Tobago mafic dyke swarm. The 
Goldsborough Formation (TVG) is added for comparison.

show marked LREE/HREE fractionation, low HREE contents around 2-3 times 

chondrite and a slight concave-up profile with Lu/Hocn >1 and slight positive Eu 

anomalies. On the N-MORB-normalised plot (Fig. 4.23), there is a slight enrichment in 

Th over the LREE and conspicuous negative Nb-Ta and positive Zr-Hf anomalies.
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Figure 4.23. Top: chondrite-normalised REE plot for the Amos Vale-Mason Hall biotite tonalite body. 
Bottom: N-MORB-normalised REE plot with the intermediate Goldsborough Formation o f  the TVG for 
comparison to highlight the positive Zr-Hf anomalies and HREE depletion o f the tonalite body.

4.3.7. Major and trace element geochemistry o f  the tonalitic partial melts within the 

TVG

These are tonalite veins thought to be generated by partial melting of the 

Tobago Volcanic Group at its contact with the gabbro-diorite unit on the Hillsborough 

West River (Snoke et al., 2001 a,b). The two samples from here are slightly different in 

major element contents to the dyke-like tonalite body of the main pluton, the main 

difference being that the sampled vein contains more K2 0  (2 . 0  wt.%) and less AI2O3 

(15.2-15.7 wt.%). The tonalite veins also contain 68-70 wt.% Si02, 0.28-0.32 wt.%
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TiC>2 , 1.1-1.3 wt.% MgO, 2.8-3.5 wt.% CaO, 6-7 wt.% total alkalis and 0.1 wt.% P2 O5 . 

In terms of trace elements, the veins contain considerably more Cr (23-50 ppm) and Ni 

(109-135 ppm) than the dyke-like body and also more Ba (900-1200 ppm), Y (8-10 

ppm), Yb (1 ppm) and Zr (93-132 ppm) and less Sr (300-400 ppm). LREE and MREE 

concentrations are similar to the larger tonalite body, but HREE concentrations are 

higher than in the Amos Vale-Mason Hall tonalite. Nb-Ta, Zr-Hf and Ti anomalies are 

the same as the Amos Vale-Mason Hall tonalite on the N-MORB-normalised plot, but 

there is a clear U-shaped, concave-up REE pattern for the tonalitic veins compared to 

the flat HREE profiles of the Amos Vale-Mason Hall tonalite.

These dykelets are clearly compositionally distinct from the Amos Vale-Mason 

Hall tonalite body. The moderate K20  concentrations, U-shaped REE patterns and large 

Zr-Hf anomalies of the small dykelets are veiy different from the HREE-depleted 

Amos Vale-Mason Hall body. Briefly, two key differences between the dykelets and 

the Amos Vale-Mason Hall body are discussed here. Firstly, high residual plagioclase 

contents in the source of the dykelets (the TVG?) could buffer melt concentrations of Sr 

and Al, leaving lower concentrations of these elements in the dykelets compared to the 

Amos Vale-Mason Hall tonalite. Secondly, the prominent U-shaped REE patterns in 

the dyke-lets (Fig. 4.24) may be the result of shallow partial melting of a garnet-free 

protolith with residual amphibole, which is capable of fractionating the HREE and Zr- 

H f from the MREE (Klein et al. 1997). In contrast, HREE depletion such as that seen in 

the Amos Vale-Mason Hall tonalite is a ubiquitous sign of garnet in the residual or 

fractionating mineral assemblage. In summary the Amos Vale-Mason Hall tonalite and 

the dykelets are petrogenetically unrelated, and the latter are argued to represent a 

minor local melting event of little significance for the geological evolution of Tobago 

(Snoke et al., 2001a). A more extensive discussion on the origin of the Amos Vale- 

Mason Hall tonalite is in Section 5.3.5.
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Figure 4.24. N-MORB-normalised trace element plot comparing the geochemistry o f the partial melts o f  
the TVG from the Hillsborough West River with the biotite tonalite o f  Amos Vale-Mason Hall.

4.3.8. Major and trace element geochemistry o f the Nb- and LREE-enriched mafic and 

felsic intrusions

Four minor intrusions sampled from the TVG between the Kendal Road and 

Merchison contained unusual levels of incompatible trace elements compared to the 

mafic dyke swarm. One felsic sample, the granitoid intruding gabbro-diorite on the 

Kendal Road, consisted of 62 wt.% Si0 2 , 19 wt.% AI2O3, 0.8 wt.% MgO and high 

levels of Na2 0  (5.2 wt.%) and K2O (3.8 wt.%). The felsic intrusion also had 260 ppm 

Zr, 49 ppm Nb and 4 ppm Th, and these levels are considerably higher than other rocks 

on the island. This felsic sample shall be referred to as high-Nb granite.

The three mafic samples contained 47-50 wt.% Si0 2 , 14-18 wt.% A I 2 O 3 ,  6-11 

wt.% MgO, 2.0-3 . 8  wt.% NaO and 0.3-3.4 wt.% K20 . These rocks plot as either 

tholeiitic or calc-alkaline basalts on the Th-Co diagram (Fig. 4.25). The mafic dykes 

also contained high levels o f Cr and Ni similar to the rest of the mafic dykes, along 

with 59-130 ppm Zr, 7-28 ppm Nb (much higher than the mafic dyke swarm) and 0.2- 

1.9 ppm Th. These samples with 7-28 ppm Nb are referred to as Nb-enriched basalts, 

in line with the definitions o f Nb-enriched basalt (-9-30 ppm Nb) and high-Nb basalt 

(>~30 ppm Nb) for lavas from Baja California (Castillo, 2008). On a chondrite- 

normalised plot (Fig. 4.26), all four samples show LREE/HREE enrichment greater 

than the trend for the mafic dyke swarm, and also have relatively flat HREE patterns
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which are not particularly depleted. The difference between these intrusions and the 

mafic dyke swarm is clearest on the N-MORB-normalised plot (Fig. 4.26) which shows 

the LREE/HREE enrichment and positive Nb-Ta anomalies of the intrusions compared 

to the negative Nb-Ta anomalies relative to the REE in the mafic dyke swarm. The 

high-Nb granite and most Nb-rich of the basalts both have positive Th anomalies and 

negative Ti anomalies on the N-MORB-normalised plot, the latter of which may be due 

to Fe-Ti oxide fractionation. It is interesting to note, although not especially clear, on 

Figure 4.25, that there are a few examples of the mafic dyke swarm which define a 

small ‘kink’ on the mafic dyke field. These dykes contain around 3-5 ppm Nb and were 

those that defined a separate high Nb trend for a given element vs. Nb on Figure 4.20.
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Figure 4.25. Element vs. Nb plots and Th-Co diagram for the LREE- and Nb-enriched intrusions. The 
Amos Vale-Mason Hall tonalite is plotted for comparison. Also, the mafic dyke swarm is plotted as some 
mafic dykes trend towards higher Nb concentrations for a given incompatible element concentration; 
mirroring the trend o f  the LREE- and Nb-enriched intrusions.

118



Chapter 4: Geochronology and whole rock geochemistry

1000

Granitoid<D
■E 100 ■o c  o

K

Mafic rocks

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

100
Tobago 

High-Nb granite

Baja California 
High-Nb basalts Nb-enriched basalts

Tobago  
Nb-enriched basalts

Tobago  
Mafic dyke swarm

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

Figure 4.26. Chondrite-normalised REE plot (top) for the LREE- and Nb-enriched rocks o f Tobago. The 
N-MORB-normalised trace element plot (bottom) is comparing Nb-enriched rocks with the mafic dykes 
with an island arc signature (negative Nb-Ta anomalies, grey field). Also for comparison are fields for 
high-Nb basalt (green) and Nb-enriched basalt (blue) from Baja California (Castillo, 2008).

4.3.9. Radiogenic isotope geochemistry o f the rocks o f Tobago

North Coast Schist: Seven samples from the North Coast Schist were selected, 

2 from the Mount Dillon Formation 3 from the Parlatuvier and 2 from the amphibolites; 

the results tables and analytical details are presented in Appendices 3 and 6 . Measured 

Nd isotope ratios from the Mount Dillon Formation are 143Nd/144Nd = 0.513002-

0.513109 and Hf isotope ratios are both 176Hf7!//Hf = 0.283184. There is some 

uncertainty over the age of the Mount Dillon Formation as it has not been directly

/177ur.p _
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dated; however, based on the new U-Pb age for the Parlatuvier Formation, these ratios 

have been age-corrected to initial values at 130 Ma and expressed in epsilon units 

giving eNdi = +7.4-9.3 and eHf; = +14.5-15.1. Measured Nd isotope ratios from the 

Parlatuvier Formation are 143Nd/144Nd = 0.513054-0.513119 and H f isotope ratios are 

176Hf/l77H f = 0.283229-0.283300. The Parlatuvier Formation results are corrected to 

130 Ma giving eNdi = +8.6-9.0 and eHfj = +16.8-18.8. The two samples of the 

amphibolites which do not contain negative Nb-Ta anomalies (Fig. 4.12) have 

measured 143Nd/144Nd = 0.513138-0.513139 and 176Hf/177H f = 0.283237-0.283249. At 

130 Ma, eNdi = +9.6-9.7 and eHfj = +17.3-17.3 (Fig. 4.27).

As the geochemical results in Section 4.3.2 demonstrated, there appear to be 

different source compositions for the different formations of the North Coast Schist. It 

is now apparent that the North Coast Schist samples are isotopically distinct from the 

younger rocks of Tobago. The former contain more-depleted Nd isotope ratios and 

considerably more radiogenic Hf. Indeed (the Amos Vale-Mason Hall tonalite 

excepting), the Parlatuvier Formation and amphibolites lie above the mantle reference 

line of Vervoort & Blichert-Toft (1999) within the field of Indian Ocean MORB at 

higher eHfi for a given eNdi value than any rocks found in the allochthonous Caribbean 

arc or oceanic plateau sequences (Fig. 4.27). In Indian Ocean rocks (Chauvel & 

Blichert-Toft, 2001; Ingle et al., 2002; Kempton et al., 2002) this feature is linked to 

high 87Sr/86Sr, 207Pb/204Pb, 208Pb/204Pb and low 143Nd/144Nd ratios in relation to 

2°6pb/2°4pb compared with Pacific and Atlantic basalts (Hart, 1984). Hart (1984) called 

this feature the Dupal Anomaly. Suggestions for the origin of the anomaly have ranged 

from incorporation of recycled oceanic pelagic sediments and crust, to delaminated 

sub-continental mantle lithosphere (SCLM), to a depleted mantle wedge composition 

affected by multiple ancient subduction-related melting events (see Ingle et al., 2002). 

This issue will be discussed further in Section 5.2. Finally, it is interesting to note that 

the isotopic composition of the amphibolites lies close to that of the Parlatuvier 

Formation; and that the Mount Dillon Formation does not appear to contain a 

significant Dupal anomaly.

Tobago Volcanic Group and Pluton: Five samples from the TVG were 

selected, one from each identified formation (Argyle, Bacolet, Goldsborough) and two
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from undifferentiated lavas at opposite sides of the island; the results are presented in 

Appendix 6 and on Figure 4.27. Measured Nd isotope ratios span a very narrow range 

from 143Nd/144Nd = 0.512957-0.513022 and H f isotope ratios from 176Hf/177Hf = 

0.283139-0.283221. These ratios have been age-corrected to initial values at 110 Ma, 

(faunal ages; Snoke & Noble, 2001) and expressed in epsilon units giving eNdi = +6.8- 

7.6 and eHfj = +14.0-16.5. On the eHfj vs. eNdi diagram (Fig. 4.27), the samples from 

the TVG are quite depleted, with lower eNdi values with respect to the North Coast 

Schist. The TVG rocks plot on or slightly above the mantle reference line. Just one 

sample lies within the field of Indian Ocean MORB. Otherwise, the rocks of the TVG 

have less radiogenic H f isotopes than much of the NCS; however, these four TVG 

samples with low eHfj are isotopically identical to one sample from the Mount Dillon 

Formation. Two samples of gabbro-diorite were analysed for comparison with the 

TVG. The measured Nd isotope ratios range from 143Nd/144Nd = 0.512967-0.513009 

and H f isotope ratios range from 176Hf/177H f = 0.283125-0.283155. The age-corrected 

ratios, corrected to 106 Ma in light of the U-Pb results from the cross-cutting tonalite 

and Nb-enriched rocks, are eNdi = +6.9-8.0 and eHfj = +13.9-14.4. These values are 

almost identical to the range of the TVG on Figure 4.27.

The TVG and the Tobago pluton are very similar isotopically to the -96  Ma 

Washikemba Formation of Bonaire (Thompson et al., 2004) and contain only slightly 

lower eNdi values compared to the Lower Cretaceous Devils Racecourse Formation, 

Jamaica (Hastie et al., 2009) (Fig. 4.27). Unfortunately, despite extensive studies using 

Nd-Sr-Pb isotope systems, other Middle to Lower Cretaceous Caribbean island arc 

localities have not been analysed for H f isotopes. Given the susceptibility of the Sr and 

Pb isotope systems to weathering and sub-solidus alteration processes, this omission is 

a major failing in our understanding the geochemical evolution of the Caribbean.

M afic dyke swarm: One sample of the mafic dyke swarm (2D-14) was analysed 

for its radiogenic isotope signatures. This sample was a depleted island-arc-like dyke 

cutting the Amos Vale-Mason Hall tonalite, dated by Sharp & Snoke (1988) to -91.4 

Ma (see Chapter 2.1). Measured isotope ratios of 143Nd/144Nd = 0.513124 and 

176Hf/177H f = 0.283123 equate to age-corrected epsilon values of: eNdi = +9.4 and eHfj 

= +12.9. This sample has relatively low Th/Yb, Th/La and Ce/Ce* indicating that it
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contains little evidence for involvement of fluid flux derived from subducted sediments 

(see Chapter 5.3). On the eHfj vs. eNdi diagram (Fig. 4.27) this sample has a more 

depleted Nd isotope signature compared to the TVG and a much less radiogenic Hf 

isotopic signature, placing it below the mantle array in the field of Atlantic/Pacific 

MORBs.

Arnos Vale-Mason H all tonalite: One radiogenic isotope analysis from the 

Amos Vale-Mason Hall tonalite shows that the body has measured 143Nd/144Nd of 

0.513007 and 176H£/177H f of 0.283292, translating to eNdi = +8.27 and eHfi = +20.45 at 

106 Ma. The Nd isotope result is similar to the NCS, but the eHfj value is the most 

radiogenic sample found, reflecting a significant decoupling of Nd and H f isotope 

systems in excess of that observed in the Parlatuvier Formation. It can now be seen on 

Figure 4.27 that there are crude trends running from the TVG and TPS, and the 

Parlatuvier Formation and amphibolites towards extremely high H f isotopic ratios 

including the tonalite. This observation may indicate mixing or derivation of some of 

the Tobago magmas with material derived from a source that has been allowed to 

develop a radiogenic H f isotope signature through time. Alternatively, as there have 

been very few analyses undertaken, these may be false trends with no geological 

meaning.

Partial melts o f the TVG: One isotope analysis of a dykelet suspected to be a 

partial melt of the TVG, collected from the Hillsborough River (Snoke et al., 2001a,b) 

has a 143Nd/144Nd ratio of 0.513047, slightly higher than the 5 analyses from the TVG, 

and a 176Hf/177H f ratio of 0.283167, similar to the TVG. Corrected to 106 Ma, the 

epsilon values for this sample are eNdi = +9.04 and eHfj = +15.63. As the TVG at the 

site of partial melting was not analysed, it is difficult to ascertain whether the more 

depleted eNdi value for the tonalite is reflective of a local difference in composition of 

the TVG or a non-TVG source for these tonalite dykelets. On Figure 4.27, the dykelet 

plots on the mantle array between the most depleted member of the Mount Dillon 

Formation and the Parlatuvier Formation. Realistically, these small veins (5-10 cm 

across) could not have travelled a significant difference from their partially molten 

source but this isotopic evidence supports an origin by partial melting, not of the host 

TVG, but perhaps the NCS at depth.
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Nb- and LREE-enriched intrusions: Two of these samples were analysed for 

their radiogenic isotope ratios. INT/29-2/2 (high-Nb basalt) has measured 143Nd/,44Nd 

= 0.512997 and l76Hf/l77Hf= 0.283041. The high-Nb granite has measured l43Nd/l44Nd 

= 0.512953 and 176Hf/l77Hf = 0.283154. The age-corrected isotopic ratios for 106 Ma 

are: eNdi = +7.67 (basalt) and +7.34 (granite) and eHfj = +10.80 (basalt) and +14.93 

(granite). Clearly there is a significant difference in isotopic ratios between the samples. 

The granitic rock contains the more radiogenic Hf, a signature identical to the rocks of 

the TVG and Tobago pluton (Fig. 4.27). The high-Nb basalt is the most isotopically 

enriched of all the analysed Tobago samples, and falls within the East Pacific Rise 

MORB field on the eHfj vs. sNdj diagram (Fig. 4.27).
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Figure 4.27. Hf-Nd isotope results for Tobago. All the fields are from Thompson et al. (2003,2004) apart 
from the Devils Racecourse Formation and Lesser Antilles (Hastie et al., 2009 and references therein), 
and Indian MORB (Chauvel & Blichert-Toft, 2001 and references therein). The mantle reference line is 
from Vervoort & Blichert-Toft (1999). The field for present-day Pacific and Indian MORB has not been 
age-corrected as Thompson et al. (2003) demonstrated that present-day and Jurassic Pacific MORB were 
isotopically very similar and predicted that the Hf isotope composition within a uniform chondritic 
reservoir would change by <0.5 epsilon units in 90 Ma. This finding applies to all subsequent isotope 
diagrams.
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4.4. Geochronology and whole rock geochemical results from San Souci

4.4.1. Age o f  the San Souci Volcanic Formation

It was anticipated that a U-Pb zircon secondary ion mass spectrometry age 

would be available from the San Souci Formation well in advance of the submission of 

this thesis. However, due to illness and lab availability, the dating was not carried out at 

the University of California, Los Angeles in time. Given the constraints of the youngest 

detrital zircon age from the Toco Formation of -108 Ma (Algar et al., 1998) and the 

whole-rock K-Ar age of approximately 87 Ma (Wadge & Macdonald, 1985), it has 

been assumed that the San Souci Formation dates from between 87 and 108 Ma. 

Measured isotopic ratios for the Sans Souci rocks were therefore age corrected to an 

estimated age of 90 Ma, consistent with Ar-Ar ages from the CCOP and similar rocks 

in Venezuela (Kerr et al., 2003; Kerr et al., 2009b).

4.4.2. Major and trace element geochemistry o f  the San Souci Volcanic Formation

Elem ental m obility and magmatic processes: There are few clear trends for 

SiC>2 , AI2 O3 , CaO, K20  or Sr against Nb for the mafic rocks on Figure 4.28. This 

observation demonstrates the relative mobility of these elements in relation to the REE 

and HFSE which show good correlations. Sc does not show a trend against Nb possibly 

due to its relatively low concentration in these rocks. Positive and negative trends for 

TiC>2 and MgO, respectively, may indicate incompatible behaviour of Ti and 

fractionation of MgO-rich phases. Most of the mafic rocks have positive correlations 

which pass through the origin for Zr, Th and the REE which indicates that they have 

not been affected by contamination and mixing of different magma types. Therefore, it 

appears that the mafic rocks belong to a single magmatic suite. One sample appears to 

have an anomalously high Nb concentration which is more clearly shown in Figure 

4.29, the N-MORB-normalised plot.

Given the patterns described above, the major elements will not be used to study 

the origin and evolution of the San Souci formation as they appear to have been 

mobilised during sub-solidus alteration processes. Instead, the HFSE and REE will be 

utilised.
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Figure 4.29. Chondrite-normalised REE plot (top) and an N-MORB-normalised trace element plot 
(bottom) for the San Souci Volcanic Formation. An example of the turbiditic sandstones that are 
common at San Souci is presented for comparison along with a field for the plume-related Aruba Lava 
Formation (White et al., 1999).

Geochemistry o f  the mafic rocks: The Th-Co diagram (Fig. 4.28) shows that 

the bulk of mafic rocks are tholeiitic basalts/basaltic andesites, with some samples 

having more calc-alkaline compositions. These rocks contain around 50 wt.% SiC>2 . 

TiC>2 is relatively high at 1-2 wt.%, as is CaO (6-10 wt.%), Na20  (3-5 wt.%) and Fe2C>3 

(6-12 wt.%). The moderate level of MgO (4-8 wt.%) and Sc (30-40 ppm) shows that 

these rocks are not primary magmas. AI2O3 is also low at 14 wt.%, whilst K2O is low at 

0.03-0.39 wt.% but generally less than 0.2 wt.%. Of the trace elements, Ni (50 to 100 

ppm) and Cr (100 to 350) ppm are quite high. Y ranges from 20 to 46 ppm and Zr from 

75 to 156 ppm. The chondrite-normalised REE plot for the mafic rocks shows that they
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have flat patterns at around 10-30 times chondrite (Fig. 4.29), with little or no 

LREE/HREE enrichment (La/YbcN = 0.9 to 2.3). There are slight positive and negative 

Eu anomalies. The N-MORB-normalised trace element patterns (Fig. 4.29) are enriched 

between 1-3 times over N-MORB with very flat REE patterns. On this plot, there are no 

or very slight negative Ti anomalies compared to the MREE and HREE. O f the HFSE, 

Nb and Ta show positive anomalies over the LREE whilst Th is slightly enriched with 

respect to the LREE (Th/La = 0.08). Zr and H f have flat patterns compared to the 

MREE. Although somewhat more evolved, with a higher incompatible trace element 

composition, these rocks have a similar shape of trace element pattern to the plume- 

related Aruba Lava Formation of the Caribbean Oceanic Plateau, which also contain 

positive Nb anomalies (Fig. 4.29) (White et al., 1999).

Felsic rocks: The two more felsic samples plot as a calc-alkaline basaltic 

andesite (towards the felsic, shoshonitic end of the spectrum) and a shoshonitic dacite 

(Fig. 4.28). These two felsic samples are strongly alkaline and contain around 65 wt.% 

silica, with much lower levels of Fe2 0 3  (4 to 6  wt.%), Ti0 2  (0.5 to 0.6 wt.%), MgO (2.0 

to 2.4 wt.%) and CaO (2.54 wt.%); higher AI2 O3 (15 to 17 wt.%), and considerably 

higher Na2 0  (6.4 to 7.5 wt.%) compared to the mafic rocks. The trace element content 

also differs significantly from the mafic rocks as the felsic rocks contain very high 

quantities of Th ( 6  to 10 ppm), Nb (53 to 92 ppm) and Zr (340 to 476 ppm) and much 

lower Cr and Ni compared to the mafic samples. On the chondrite-normalised REE plot 

(Fig. 4.29), the felsic samples are markedly enriched in the LREE/MREE but have 

nearly flat MREE and HREE patterns identical to the mafic samples. La/YbcN ranges 

from 10-13, with LREE of 160-230 times chondrite. On the N-MORB-normalised trace 

element plot (Fig. 4.29), the felsic rocks have negative Ti anomalies and, in contrast to 

the mafic rocks, they also have very strong positive Zr-Hf and Nb-Ta anomalies. Th is 

slightly enriched over the LREE, but there is not a particularly high Th/La signature in 

these felsic rocks as their Th/La ratios are <0.2 (Plank, 2005).

Sandstone: The single analysis of a sedimentary rock from Grand Riviere (Toco 

Formation) was undertaken in order to compare the local crustal geochemistry with that 

of the San Souci Formation. The analysis shows that the quartzo-feldspathic sandstone 

is very siliceous, with around 80 wt.% SiC>2 , and contains low concentrations of other 

major elements. Concentrations of Cr and Ni are similar to the felsic volcanic rocks.
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However, the sandstone has high Th (12 ppm), moderate Nb (15 ppm) and extremely 

high Zr (660 ppm). On the chondrite and N-MORB-normalised trace element plots 

(Fig. 4.29) the sandstone has enriched LREE/MREE and HREE, a negative Ti anomaly 

and strongly positive Zr-Hf anomalies, similar to the felsic volcanic rocks. However, 

the sandstone has enriched Th/La of 0.39 (c.f. <0.2 in the felsic volcanics) consistent 

with its terrigenous origin, and also conspicuous negative Nb-Ta anomalies which are 

not present in the mafic or felsic volcanics.

4.4.3. Radiogenic isotope geochemistry o f  the San Souci Volcanic Formation

Three mafic rocks and the two felsic rocks from San Souci were analysed for 

radiogenic isotopes. The mafic rocks span a very narrow range of measured isotopic 

compositions with l43Nd/144Nd = 0.513065-0.513089 and l76Hf/‘77H f = 0.283139- 

0.283156. These figures translate to initial values at 90 Ma of eNdi = 8.5-9.0 and eHfj = 

13.3-14.1. On Figure 4.30, the rocks of San Souci plot within the field of the Galapagos 

hotspot at more depleted Nd isotope ratios than the TVG of Tobago or the CCOP- 

related Curasao and Aruba Lava Formations. The two felsic rocks have distinct, 

enriched isotopic compositions compared to the mafic rocks. These have measured 

143Nd/144Nd = 0.512856-0.512876 and 176Hf/177H f = 0.282956-0.283013, with 

calculated initial values (90 Ma) of eNdi = 5.40-5.72 and eHfi = 8.02-9.92. These 

samples are on the fringes of the enriched end of the Galapagos the field of Figure 4.30, 

and also close to the most enriched values obtained for the Iceland plume.

On Figure 4.30, the Toco Formation sandstone would plot at eNdi = -15 and 

eHfj = -23. As the sandstone contains conspicuous negative Nb-Ta anomalies (Fig. 

4.29) it is unlikely that contamination of the mafic rocks by the local crust could 

generate the felsic volcanics of San Souci with their large positive Nb-Ta anomalies 

(Fig. 4.29). The isotope results back up this conclusion as any significant contamination 

from the extremely isotopically enriched upper crust would cause the felsic volcanics to 

have significantly more enriched isotopic signatures than they do. Nonetheless, the two 

sets of values for the mafic and felsic rocks are very different and it is concluded that 

the two suites are not derived from the same mantle source region. The felsic rocks are 

probably derived from the partial melting of an isotopically enriched mantle source
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whereas the San Souci mafic rocks were probably formed by partial melting of more 

depleted mantle. The San Souci mafic rocks are isotopically similar to mafic rocks 

sampled from allochthonous units in Venezuela; at El Copey on the Araya peninsula 

and Siquisique in the Los Algadones region (see Section 5.4) (Kerr et al., 2009b).

■  Mafic rocks 
2 0 - 0  Felsic rocks

□  Toco Fm. Sandstone 
-  Plots at eNd(i) = -14.99, eHf(i) = -22.6 Indian

MORB

-  □  El Copey mafic rocks 
■  Siquisique basalts

-  ■  Siquisique gabbro
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Figure 4.30. Hf-Nd isotope results for San Souci. The fields are from Thompson et al. (2003, 2004), apart 
from the Devils Racecourse Formation and Lesser Antilles (Hastie et al., 2009 and references therein), 
Indian MORB (Chauvel & Blichert-Toft, 2001 and references therein), and the TVG (this study). The 
mantle reference line is from Vervoort & Blichert-Toft (1999). Analyses from Siquisique and El Copey 
are from Kerr et al. (2009b).

129



Chapter 4: Geochronology and whole rock geochemistry

4.5. Geochronological and whole-rock geochemical results from the Aves Ridge

4.5.1. Geochronology o f granitoid EA68-11317UPb

This was the sole sample selected for dating by SHRIMP-II in St. Petersburg on 

zircons separated by selFrag in Freiberg (Appendix 3). The zircons which were imaged 

by cathodoluminescence from this sample (Fig. 4.31) are generally clear, with 

magmatic zoning throughout, and lack rounded (inherited) cores. Many are prismatic, 

euhedral crystals. 12 spots were selected for analysis from both the cores and rims of 

the zircons.

Figure 4.31. Cathodoluminesence images o f the zircons selected for analysis from sample 317UPb.

All 12 SHRIMP analyses from 8 zircon grains yield a concordant age with no 

sign of discordance or inheritance on the 207Pb/206Pb vs. 238U/206Pb inverse concordia 

plot (Fig. 4.32). Assuming 206Pb/238U-207Pb/235U age-concordance, the weighted mean 

of 206Pb/238U ages (Table 4.2) is 75.9 ± 0.7 Ma (MSWD = 0.73), which is thus 

interpreted as the crystallisation age of the granitoid.
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Figure 4.32. Inverse concordia plot for sample 317UPb showing that all 12 zircon analyses match a 
single concordia.

Table 4.2. U-Pb SHRIMP-II zircon results for sample EA68 11317UPb with a calculated weighted mean
2°6pb /238u a g e  o f  75 9 ±  0 7

Spot •2**Pb
(%)

U
ppm

Th
ppm

“ ^Th/^U t"*Pb
ppm

Total
“ • U /^ b ±% Total

^ P b / ^ b
±
% Age (Ma)

EA6811317UPb.l.l 3.86 64 21 0.33 0.724 76 4 0.093 8.3 79.4 ± 3.2
EA6811317UPb.2.1 15.63 84 30 0.37 0.877 82.5 3.2 0.0568 5.9 76.8 ±2.5
EA6811317UPb.4.1 5.96 106 35 0.35 1.11 82.1 3.1 0.085 13 74.4 ± 2.6
EA6811317UPb.4.2 13.71 73 27 0.38 0.794 78.9 3.3 0.1026 5 75.6 ± 2.5
EA6811317UPb.3.1 7.37 119 47 0.41 1.23 83.2 3.7 0.0692 7.5 74.9 ± 2.8
EA6811317UPb.5.1 6.99 123 47 0.40 1.3 81.4 3.1 0.0667 5.3 76.8 ± 2.4
EA6811317UPb.5.2 2.81 427 287 0.69 4.28 85.6 2.8 0.0595 3 73.8 ±2.1
EA6811317UPb.7.1 14.03 79 29 0.38 0.79 85.4 3.3 0.0721 9 72.7 ± 2.5
EA6811317UPb.7.2 29.44 56 15 0.27 0.629 76.5 3.4 0.102 11 77.9 ± 2.9
EA6811317UPb.6.1 20.28 200 120 0.62 2.05 83.8 2.9 0.0659 4.1 74.7 ± 2.2
EA6811317UPb.8.1 15.69 94 40 0.44 1 80.1 3.2 0.0835 6 76.4 ±2.5
EA6811317UPb.8.2 10.71 197 80 0.42 2.13 79.5 2.9 0.0578 4.3 79.5 ± 2.3

Errors in the age calculation are at la
Error in standard calibration was 0.90 % (not included in above errors but required when comparing data from different mounts) 
* -  Common proportion; f  -  Radiogenic proportion; J  - Common Pb corrected assuming 206Pb/23*U-207Pb/23iU age-concordance

4.5.2. Major and trace element geochemistry o f  the Aves Ridge

Alteration and elem ental m obility: To test element mobility, as with the 

previous units studied, elements are plotted against Nb (Fig. 4.33). For the Aves Ridge 

samples the high-field-strength-elements (HFSE) and the rare-earth-elements (REE) in 

the mafic rocks display good correlations with Nb. The correlations indicate that: (a) 

these elements have been relatively immobile during sub-solidus alteration, despite LOI 

values of —3-15 % (Appendix 5), so may be used to investigate the origin of the mafic 

rocks and (b) the mafic rocks are part of a single co-genetic suite. As the granitoids are
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evolved and fairly uniform in composition they do not show liquid lines of descent on 

Figure 4.33. Nevertheless, the granitoids can be investigated using the immobile HFSE 

and REE since, despite some epidotisation, the rocks are relatively fresh and are not 

silicified or calcified, with LOI values of ~1 %. The Mn-oxide coating on many 

granitoid samples may have acted as a protective layer.

Granitoid major and trace element geochemistry: SiC>2 spans a narrow range 

from 67 to 72 wt.%. The granitoids have low abundances o f TiC>2 (0.4 wt.%), Fe2 C>3 

(3.5 wt.%) and MgO (<1.5 wt.%). These rocks have elevated Ba (up to 1095 ppm) and 

Sr (up to 444 ppm) contents and low Cr (<24 ppm), Co (<7.5 ppm) and Ni (<46 ppm). 

Compared to the mafic rocks, the granitoids have lower contents of Sm and Sc and 

higher abundances of Sr and Zr (Fig. 4.33). There is no clear magmatic differentiation 

trend between the most evolved mafic rocks and the least evolved felsic rocks for any 

immobile elements shown. Both granitic dredges show identical, slightly concave-up, 

chondrite-normalised REE patterns (Fig. 4.34). The samples are LREE-enriched with 

an average La/YbcN of 4.5 consistent with a calc-alkaline affinity and there is slight 

HREE/MREE enrichment. On an N-MORB-normalised plot (Fig. 4.34) the granitoids 

are LREE/HREE enriched and have positive Zr-Hf and Th anomalies along with 

negative Nb-Ta and Ti anomalies.

Mafic rock major and trace element geochemistry: Si02 ranges from 34 to 57 

wt.%, MgO from 1 to 6 wt.%, AI2 O3  from 11 to 22 wt.% and Na20 + K20  from 3 to 11 

wt.%. Ti0 2  has a much narrower range of concentrations than other major elements, 

from 0.5 to 0.8 wt.%. When plotted against Nb, MgO and AI2 O3 show a weak positive 

correlation (Fig. 4.33). As these samples are altered, the Th-Co plot of Hastie et al. 

(2007) is used again to classify the mafic rocks (Fig. 4.33). Figure 4.33 shows that the 

rocks mostly classify as basaltic andesites of calc-alkaline affinity, although two 

samples plot in the tholeiite field.
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Figure 4.34. Chondrite-normalised REE plots (top) for the Aves Ridge samples; N-MORB-normalised 
trace element plots (bottom).

The mafic samples have LREE-enriched chondrite-normalised REE patterns 

(Fig. 4.34). Nine samples have La/YbcN ratios of ~5 (calc-alkaline), whilst two are less 

LREE-enriched and have La/YbCN ~2 (tholeiitic), in line with the Th-Co diagram (Fig.
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4.34). The most enriched calc-alkaline rocks show a positive Eu anomaly which is 

consistent with accumulation of plagioclase and the plagioclase-phyric nature of some 

of the thin sections (Section 3.4.3). The HREE and MREE in these mafic rocks are both 

slightly depleted relative to N-MORB (Fig. 4.34). Negative Ce anomalies are also 

present in some of the mafic samples, which do not correlate with LOI values and are 

therefore unlikely to be related to sub-solidus alteration processes. On the N-MORB- 

normalised trace element plot (Fig. 4.34), all samples show significant Th enrichment 

and Nb-Ta and Ti depletions, e.g. Nb/LaNMN = 0.20-0.33. In contrast to the granitoid 

rocks, the mafic samples have negative Zr-Hf anomalies.

4.5.3 Radiogenic isotope geochemistry o f  the Aves Ridge

Radiogenic Nd and H f isotope data for granitoid and basaltic andesite samples 

are shown Figure 4.35. The results have been age-corrected to 76 Ma and are markedly 

distinct from one another. The granitoid sample has a relatively depleted signature 

(eNdi = +7.68 and eHfi = +15.19), while the basaltic andesite is less depleted with eNdi 

= +4.65 and eHfi = +11.76. The granitoid plots within the main CCOP field (Hastie et 

al., 2009) on the eHfi vs. eNdi diagram, but the basaltic andesite has a more enriched 

isotopic signature similar to the present-day Lesser Antilles arc (White & Patchett, 

1984; Hastie et al., 2009). Both samples have higher eHfi than Pacific MORB.
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CHAPTER FIVE: DISCUSSION PART I -  PETROGENETIC FEATURES OF

THE STUDIED UNITS

An overview o f techniques used to identify island arc rocks, mantle source regions, and 

subduction-r elated components, followed by a discussion o f the petrogenesis o f the

magmatic units studied
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5.1. Introduction

In this chapter, the geochemistry of the studied units is investigated in more 

detail using the trace element and radiogenic isotope results from Chapter 4. Although 

the points covered for each individual rock unit will differ, some common themes will 

be explored as many of the rocks studied are mafic subduction-related rocks. Features 

such as the tectonic setting, mantle and/or crustal sources and subduction-related 

signature of each unit will be identified. This first section of the chapter will deal with 

how to identify subduction-related rocks, their mantle sources and slab-fluid-related 

components using geochemical data. In the remaining sections (5.2-5.5), the 

petrogenesis of each location is discussed in turn.

5.1.1. Identification o f  rocks from island arcs

Ancient subduction zone settings and processes leave field evidence of their 

past occurrence; for example, the geophysical character of the crust, the presence of 

tectonic melanges and high-pressure/low-temperature metamorphic belts in older 

terranes, and the occurrence of a variety of intrusive or extrusive igneous rocks. The 

intrusive and extrusive igneous rocks formed in island arc settings also have distinctive 

geochemical signatures which can be used to identify their supra-subduction zone 

origin and, more specifically, the type of mantle source and the slab-related component 

involved in their petrogenesis. However, in tectonically deconstructed regions such as 

the Caribbean where geophysical or geological data may be limited, or unable to 

provide definitive conclusions as to the precise origin of a given terrane, the 

identification of geochemical signatures is crucial in elucidating subduction-related 

processes and their tectonic significance.

Island arc rocks found either in the oceanic realm, or now accreted to the 

continental margins, are widely considered to be formed from partial melting of a 

supra-subduction zone mantle wedge fluxed by fluids dewatering from the down-going 

oceanic slab, with possible contributions in certain environments from the melting of 

subducted sediments and/or the slab itself (e.g. Plank & Langmuir, 1988; Hawkesworth 

et al., 1993; Pearce et al., 1999; Woodhead et al., 2001). Island arc rocks are 

compositionally diverse. They can range from basaltic through to ihyolitic
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compositions and may comprise volcanic, sub-volcanic or plutonic rocks. The key 

magmatic processes that occur in island arcs include partial melting of compositionally 

variable mantle sources, fluid or melt metasomatism of the mantle source, fractional 

crystallisation, and magma mixing (e.g. Wilson, 1989; Stem, 2002). In order to negate 

the effect of fractional crystallisation on parental melts, it is mafic rocks which are most 

commonly studied for their petrogenetic signatures. These rocks typically have flat to 

LREE-enriched normalised trace element patterns which have significant positive Th 

and negative Nb-Ta, Ce, Zr-Hf and Ti anomalies in relation to the surrounding REE 

(e.g. Pearce & Peate, 1995). Th and Ce anomalies may relate to the variable 

contribution of fluids to the mantle wedge derived from terrigenous and oxidised 

pelagic sediments (Hole et al., 1984; McCulloch & Gamble, 1991; Plank, 2005). Nb-Ta 

and Zr-Hf, which show negative anomalies on normalised plots, are largely retained in 

stable mineral phases in the slab and sedimentary veneer (‘conservative’ behaviour) and 

so their concentrations are mostly reflective of the mantle wedge composition (e.g. 

Pearce & Peate, 1995).

A good diagram to distinguish subduction-related rocks from those generated at 

mid-ocean ridges and from mantle plumes is the Th/Yb vs. Ta/Yb plot (Fig. 5.1a), 

where the slab-derived excess Th concentration in arc rocks can be plotted (Th/Yb) 

against the enrichment of the mantle source (Ta/Yb) (Pearce, 1983). This will be the 

first diagram considered for each location discussed, along with the normalised trace 

element plots.

It is widely recognised that where the slab and its sedimentary veneer do not 

partially melt, Nb, Ta, Zr, Hf, Ti and HREE are largely retained in subducting plate, so 

their concentrations in arc rocks are related to the variable mantle wedge source 

composition and subsequent melting processes. In contrast, Th, the LREE and the 

MREE are variably released from the slab and their concentrations reflect the nature 

and volume of slab-fluid release during subduction (e.g. McCulloch & Gamble, 1991; 

Pearce & Parkinson, 1993; Pearce & Peate, 1995; Elliott, 2003; Plank, 2005). Ratio- 

ratio plots such as Zr/Yb vs. Nb/Yb (Fig. 5.1b), can be used to demonstrate if a 

typically ‘conservative’ element (in this case Zr) has stayed in the down-going slab, or 

behaved ‘non-conservatively’ and been transported from the slab via a melt phase to the 

mantle wedge (Pearce & Peate, 1995). Therefore, in this thesis, the second diagram
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discussed will be the Zr/Yb vs. Nb/Yb plot, which will be used to validate the 

conservative behaviour of Zr so that the mantle source can subsequently be investigated 

using ratios of Zr, Nb and the HREE (see below). In mafic rocks, when Zr has been 

retained in the subducting plate, the related island arc rocks will usually plot within the 

array of conservative Zr behaviour, which also serves as a MORE array (Pearce & 

Peate, 1995) (Fig. 5.1b).

5.1.2. Identification o f  the mantle wedge component

As described above, the HREE, Zr-Hf and Nb-Ta in many cases behave 

conservatively during island arc magma-genesis. Furthermore, the ratios between these 

elements are little affected by fractional crystallisation of olivine, Fe-Ti oxides, 

clinopyroxene and plagioclase in mafic lavas. The concentrations of these elements in 

arc magmas are therefore largely a reflection of the degree of partial melting and the 

initial composition of the mantle source (e.g. Thirlwall et al., 1994). In this thesis, the 

important distinction is between depleted sources similar to depleted MORB mantle 

(DMM) (Workman & Hart, 2005) and incompatible trace element-enriched sources 

(possibly plume-related). This information can help to understand the time at which 

plume-related sources enter the Caribbean island arc system. This distinction can also 

be applied to non-subduction settings, such as the rocks of San Souci, where 

conservative behaviour of the elements noted above can be assumed (Section 5.4).

The first method used in this thesis to distinguish plume and depleted sources 

is the Nb/Y vs. Zr/Y diagram originally developed by Fitton et al. (1997) for Icelandic 

basalts (Fig. 5.1c). A set of tramlines defines an ‘Iceland array ’ which encompasses the 

higher Nb/Y ratios of plume-related Icelandic basaltic rocks compared to those derived 

from depleted mantle sources. The arc rocks in this study can also be plotted on this 

diagram if conservative behaviour of Nb and Zr can be demonstrated (e.g. Hastie et al., 

2009, 2010c). Because the tramlines were defined for Icelandic basalts, the diagram 

may not be applicable to other localities, but can nevertheless give a good indication of 

source composition, particularly in the Caribbean region (e.g. Thompson et al., 2003; 

Kerr et al., 2009a).
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Another test to investigate source depletion or enrichment is the absolute 

Zr/Nb ratio which varies as a function of the source composition. In the mantle, Zr is 

slightly more compatible with peridotite than Nb (Salters et al., 2002) and so very low 

degrees of partial melting (<5 %) can result in low Zr/Nb ratios. However, MORB, 

oceanic plateaus (e.g. Ontong Java and the Caribbean Oceanic Plateau) and tholeiitic- 

calc-alkaline arc rocks are the result of reasonably high degrees of partial melting (-10- 

30 %) (e.g. Pearce & Parkinson, 1993; Pearce & Peate, 1995; Kerr et al., 1996; 

Kushiro, 2001; Herzberg, 2004; Pearce & Stem, 2006). Low Zr/Nb ratios therefore 

relate directly to the source, not the melting process. In island arc rocks and in back- 

arcs, the Zr/Nb ratio varies systematically depending on whether or not the mantle 

source was plume-related or more MORB-like (Wendt et al., 1997; Hastie et al., 2010c; 

Neill et al., 2010, 2011). A study of the Tongan arc system by Wendt et al. (1997) 

showed that, where MORB-like sources are present, Zr/Nb ranges from 40-120 

depending upon the degree of non-conservative Zr behaviour, however, where plume 

sources are present Zr/Nb ratios are less than 40 (Wendt et al. 1997). In this study, a 

value of Zr/Nb = 32 for average N-MORB (Sun & McDonough, 1995) is used as a 

boundary between MORB-like and plume-like sources. Mafic rocks with Zr/Nb 

consistently <32 are considered to be derived from plume-related mantle, assuming, (a) 

these rocks also have high Nb/Y on the diagram of Fitton et al. (1997) and (b) Zr has 

behaved conservatively. Those rocks with Zr/Nb consistently >32, with no high Nb/Y 

component and conservative Zr behaviour, may be derived from depleted mantle.

5.1.3. Identification o f  the slab-fluid component

LILE, LREE, and the HFSE Th in a subducting basaltic slab and its sedimentary 

veneer behave non-conservatively and are mobilised into the slab-flux thus 

contaminating the overlying mantle wedge (e.g. McCulloch & Gamble, 1991; Pearce & 

Parkinson, 1993; Pearce & Peate, 1995; Elliott, 2003; Plank, 2005). In the studied 

Caribbean rocks, some LILE such as Ba and Sr have been mobilised during sub-solidus 

hydrothermal and metamorphic alteration, leaving the immobile LREE (La, Ce, Pr, etc) 

and Th as the most suitable elements to use for assessment of the subduction 

component in the Caribbean samples, (e.g. Hastie, 2009). In this study, the sedimentary 

portion of the subduction component is investigated using Th and the LREE -  be that 

either subducted terrigenous or (oxidised) pelagic sediments or a combination of the
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two. The results may give qualitative clues as to whether or not the arc system in 

question was young or mature, situated in the open ocean or close to a continental 

landmass.

In modem arcs the Th/La ratio of arc basalts mirrors the Th/La ratio of the 

subducting fore-arc sediment (Plank, 2005). Th and La are significantly enriched in 

sediments derived from terrigenous sources (Th/La >0.3) relative to N-MORB (Th/La 

<0.1) (Plank, 2005). Some arcs therefore trend from low absolute Th/La ratios (<0.1) to 

high Th/La (>0.1), indicating input, at least in part, from fluid released by subducting 

terrigenous sediment (Plank, 2005).

Negative Ce anomalies on N-MORB-normalised plots of mafic island arc rocks 

are thought to be derived from mantle wedge fluids related to the subduction of 

oxidised pelagic sediment (Hole et al., 1984; McCulloch & Gamble, 1991). Pelagic 

sedimentation in oxidising environments can result in large negative Ce anomalies in 

phosphate-rich phases. In the subduction zone, oxidised Ce4+ is less soluble in the fluid 

phase than La3+, so resulting in a deficiency of Ce in the resultant island arc magma 

(Hole et al., 1984; Toyoda et al., 1990; McCulloch & Gamble, 1991). The Ce anomaly 

in this thesis and in the work of Hastie et al. (2009) is expressed as a ratio of the N- 

MORB-normalised observed Ce concentration (Ccnmn) to the expected Ce 

concentration given by the average of La and Pr concentrations ( C c*nm n), thus: Ce/Ce* 

= CeNMN/((LaNMN-PrNMN)/2)+PrNMM. Ce/Ce* consistently <1 confirms that the slab-flux 

may, at least in part, be derived from an oxidised pelagic sedimentary source.

In this project, the Th/La vs. Ce/Ce* plot, first used by Hastie et al. (2009), is 

updated to compare sedimentary slab-fluid sources for different units (Fig. 5. Id). In the 

sections that follow, samples are compared with mafic arc rocks from the Lesser 

Antilles and from the Marianas Arc which represent end-member compositions. Data is 

taken from the GEOROC database (2009, http://georoc.mpch-mainz.gwdg.de/georoc). 

In the case of the Lesser Antilles, the bulk of the sediment-related fluid component is 

derived from subducted terrigenous sediments originating from the Orinoco River 

system. On Fig. 5.1, these arc rocks have high Th/La ratios ranging from 0.1-0.6 (e.g. 

Fig. 5. Id) at Ce/Ce* ratios of -0.9-1.0. The Marianas Arc is isolated from continental 

sedimentary sources and receives mostly pelagic sedimentary input. In contrast to the
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Lesser Antilles, these rocks have low Th/La ratios (<0.2) but extend to Ce/Ce* ratios of 

0.75 on Figure 5.Id. The worldwide distribution of oxidised pelagic sedimentary 

material with Ce anomalies is variable (Toyoda et al., 1990), but nonetheless, the Th/La 

vs. Ce/Ce* plot is an effective method of showing contributions in arc volcanic rocks 

from the addition of fluids related to the subduction of different sediment types.
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5.2. Petrogenesis of La D6sirade Island

5.2.1. Subduction-related origin o f the La Desirade complexes

The new geochemical data demonstrates that many of the volcanic and plutonic 

rocks contain variable enrichments in Th relative to the HFSEs and negative Ce, Nb-Ta 

and Ti anomalies on N-MORB-normalised multi-element plots (Figs. 4.3, 4.4). These 

features are characteristic of supra-subduction zone settings and not mid-ocean 

spreading centres (e.g. Pearce & Peate, 1995; Pearce & Stem, 2006). Nevertheless, 

negative Nb-Ta anomalies could be formed by: (1) crustal contamination as the La 

Desirade magmas ascended and/or (2) slab-related fluids which enrich a mantle wedge 

in LILEs and LREEs and not Nb and Ta, the latter remaining in rutile in the subducting 

oceanic slab (e.g. Saunders et al., 1980; Pearce & Peate, 1995; Elliot, 2003). Fieldwork 

and Nd isotope data suggest that the basement below La Desirade is not composed of 

continental crust (Gauchat, 2004). Also, zircons separated for U-Pb dating show no 

evidence of inheritance from older continental basement (Mattinson et al., 2008). As a 

consequence, the geochemical character of the La Desirade lavas (e.g. negative Nb-Ta 

anomalies) is related to subduction zone processes and not continental contamination.

The Th/Yb vs. Ta/Yb diagram of Pearce (1983) (Fig. 5.1a) shows that Units 1 

and 3, which do not have strong Nb-Ta anomalies (Fig. 4.3), plot in or close to the 

MORB array similar to some MORB-like back arc basin lavas (e.g. Pearce & Peate, 

1995; Pearce & Stem, 2006). Unit 2 lavas, which have marked negative Nb-Ta and Ti 

anomalies, have much higher Th/Yb ratios (0.08 to 0.95) than Units 1 and 3. The Unit 2 

lavas also plot above the MORB array on Figure 5.1a, similar to other Caribbean arc 

lavas, such as those found on Jamaica (Hastie et al., 2009, 2010b).

The felsic volcanic and plutonic rocks and intermediate-felsic dykes also plot 

within the tholeiitic island arc field on Fig. 5.1a. This diagram therefore shows that 

many of the rocks on the island have compositions compatible with a supra-subduction 

zone origin, but there are also N-MORB-like compositions present in Unit 1 of the NE 

mafic complex.
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complexes o f La Desirade. N-MORB from Fitton et al., 1997, CCOP from Hastie et al., 2008. (d) Th/La 
vs. Ce/Ce* diagram (Hastie et al., 2009; Neill et al., 2010, 2011) showing that the subducted sediment in 
the mantle beneath La Desirade was largely pelagic. CC = continental crust plots above this line. OB = 
oceanic basalts plot below this line. OPS = arc rocks involved with oxidised pelagic sediments plot to the 
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5.2.2. Nature o f the mantle wedge

The presence of mafic rocks with high concentrations of Cr and Ni is consistent 

with derivation from a mantle source (e.g. Perfit et al., 1980). Flat HREE patterns for 

the mafic samples on N-MORB-normalised plots also suggest that the source was 

shallow and garnet-free. Low MgO contents (mostly <6 wt.%) indicate that the mafic 

rocks have undergone substantial fractional crystallisation. Therefore, to study the
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composition of the mantle source region, incompatible immobile trace element ratios 

are used which are not modified by moderate fractionation processes in mafic rocks.

Where slab or sedimentary melting has occurred, the resultant island arc lavas 

lie above the mantle array on a Zr/Yb vs. Nb/Yb plot (Fig. 5.1b) (Pearce & Peate, 

1995). The accumulation of zircon may also occur in felsic rocks so that when they are 

plotted on Figure 5.1b, they also fall above the MORB array. Many of the La Ddsirade 

mafic rocks plot within the MORB array on Figure 5.1b, demonstrating the 

conservative behaviour of the HFSE and HREE. Natural scatter is inevitable on the 

Zr/Yb vs. Nb/Yb diagram; however, the mafic rocks from Unit 2 that have positive Zr- 

Hf anomalies on N-MORB normalised plots (Fig. 4.3) plot above the MORB array. 

These rocks also plot on the high Zr/Nb trend on the variation diagram (Fig. 4.1). These 

anomalies may indicate some non-conservative behaviour of the HFSE which implies 

that the highest values of Zr on other trace element ratio-ratio plots should be viewed 

with caution and the only lowest values considered representative of the mantle 

composition. The intermediate-felsic dykes plot within the MORB array on the Zr/Yb 

vs. Nb/Yb diagram indicating conservative behaviour of the HFSE and HREE, so these 

may be used alongside the majority of the mafic rocks to study the mantle source. Some 

felsic volcanic and plutonic rocks do plot above the MORB array on the Zr/Yb vs. 

Nb/Yb plot, consistent with their marked positive Zr-Hf anomalies on the N-MORB 

normalised diagram (Fig. 4.4).

As described in Section 5.1, the nature of the mantle wedge composition (where 

there has been conservative behaviour of Zr) can now be investigated using the Nb/Y 

vs. Zr/Y diagram of Fitton et al. (1997) and the absolute Zr/Nb ratio of the rocks in 

question from La Desirade. On the Nb/Y vs. Zr/Y plot on Fig. 5.1c, the conservative 

values for the La Ddsirade rocks plot beneath the tramlines close to the N-MORB field, 

and are similar to Jamaican arc rocks derived from N-MORB-like sources (Hastie et al., 

2009) but are unlike arc-like rocks derived from plume-like sources such as the Blue 

Mountains Inlier, Jamaica (Hastie et al., 2010c).

Ignoring the samples with positive Zr-Hf anomalies on normalised plots (Fig. 

4.3), the La Ddsirade mafic rocks have Zr/Nb ratios of 30 to 85 (mean = 52). The low 

Zr/Nb trend on Fig. 4.1 has a Zr/Nb ratio -41, whereas the high trend has a Zr/Nb ratio
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-60. The latter may relate to non-conservative behaviour of Zr. Nevertheless, both the 

trends on the differentiation plot (Fig. 4.1) and the absolute Zr/Nb ratios of the mafic 

lavas are consistent with a largely non-plume-related, depleted mantle wedge source 

similar to DMM.

5.2.3. Nature o f the subducted component

The mafic rocks of Unit 1 and 3 have Ce/Ce* ratios from 1-0.85 and Th/La 

<0.07, portrayed on the Th/La vs. Ce/Ce* plot (Fig. 5. Id) suggesting a limited oxidised 

pelagic sediment fluid input, with little evidence of fluid related to subducted 

terrigenous sediment in the mantle wedge. As has already been shown (Figs. 4.3, 5.1a), 

Unit 2, has the most marked island arc signature of the three units and has a trend from 

Ce/Ce* -1-0.75 at relatively high Th/La (0.07-0.22). These data point to a significant 

slab-fluid flux, related to the input of both subducted terrigenous and pelagic sediments 

into the source of Unit 2 compared to Units 1 and 3. Units 1 and 3 ‘trend back’ to 

Th/La ratios similar to those found in depleted MORB mantle. The felsic volcanic and 

plutonic rocks and intermediate dykes have also been plotted on Figure 5.Id as Ce/Ce* 

ratios are unlikely to have been affected by crystal fractionation. The felsic volcanic 

and plutonic rocks define a trend from Ce/Ce* -1-0.75 at moderately high Th/La (0.07- 

0.1) which is a similar trend to some of the rocks of Unit 2, indicating a significant 

involvement of fluid related to subducted oxidised pelagic sediment. The dykes plot 

relatively close to Ce/Ce* = 1 with Th/La -0.1 indicating the presence of some 

subducted terrigenous sediment.

5.2.4. Tectonic setting

Although the geochemical results indicate the presence of an intra-oceanic 

subduction zone, the subduction-related input into the mantle wedge source of the rocks 

of La Ddsirade varied considerably. In particular, the very weak supra-subduction zone 

signature of Units 1 and 3 of the NE mafic complex is not easily explained in an arc- 

axis setting. Variable or low slab-fluid input is however to be expected in a back-arc 

supra-subduction zone setting (Pearce & Stem, 2006). A back-arc setting incorporates 

aspects of both the proposed ocean ridge settings (pillow lavas, slow eruption rate, 

pelagic sedimentation) (Mattinson et al., 2008; Montgomery & Kerr, 2009) and
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subduction-related chemistry. Furthermore, because (1) the faulted contact between the 

NE mafic and felsic complexes is a geologically minor feature since fragments of the 

mafic complex can be found within the felsic complex and (2) the felsic rocks also 

share a subduction-related chemistry broadly similar to Units 2 and 3, the entire 

Mesozoic suite is likely to have been erupted in a back-arc setting in a period of -10 

Ma (Late Kimmeridgian to Mid Berriasian).

The argument for a single tectonic setting for all the complexes can be explored 

geochemically because the evolution of the mantle source and subducted sediment- 

related fluid fluxes of the complexes can be identified in stratigraphic order (Fig. 5.2). 

Although the felsic complexes and intermediate-felsic dykes are more evolved than the 

mafic complex, Fig. 5.2 shows, using LaATbNMN ratios, that the samples in all the 

complexes on the island are mostly tholeiitic in character. Where Nb has behaved 

conservatively and represents the contribution from the mantle alone, Nb/YbNMN (-0.6- 

1) (Fig. 5.2) varies with no obvious trends towards increasing depletion or enrichment 

in the incompatible element composition of the mantle source through time. Th/La 

values (Fig. 5.2) show that mafic Unit 2, the felsic rocks, and dykes, all contain varying 

degrees of input from slab-fluids related to terrigenous sediments. Ce/Ce* ratios (Fig. 

5.2) show that the pelagic sediment-related flux mostly mirrors that from terrigenous 

sediments in mafic Units 1 and 2, but that this association does not hold true for mafic 

Unit 3, the felsic rocks or the dykes. Therefore at various times throughout the eruptive 

and intrusive sequence, different types of sediment had been subducted and contributed 

to the mantle source, but again there is no identifiable stratigraphic pattern. The fact 

that the mantle source composition and sedimentary components show few trends is, in 

part, due to the relatively rapid formation (-10 Ma) of the suite of complexes in a stable 

tectonic setting.
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Figure 5.2. Chemostratigraphic column for the back-arc basin rocks of La Desirade Island. 

5.2.5. Summary o f investigation o f La Desirade

La Desirade hosts the only Mesozoic rocks exposed in the Lesser Antilles. The 

entire suite was erupted in around -10  Ma in the latest Jurassic to Early Cretaceous. 

Detailed investigation of the trace element content of the rocks of the NE mafic 

volcanic complex reveals that they originated in a back-arc supra-subduction setting by 

partial melting within a depleted mantle wedge. The mantle wedge was fluxed by fluids 

derived partly from variable quantities of subducted pelagic and terrigenous sediments 

along with a possible slab or subducted crust-related melt component which helped to 

modify immobile trace element ratios (Zr/Yb, Nb/Yb) in the NE mafic volcanic 

complex.
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S3. Petrogenesis of the rocks of Tobago

5.3.1. Petrogenesis o f the North Coast Schist

Subduction-related origin o f the North Coast Schist: In the Parlatuvier 

Formation, the presence of mafic rocks with relatively high levels of Cr and Ni clearly 

indicate a mantle source. Flat REE patterns and depleted isotope signatures suggest an 

intra-oceanic origin well away from the influence of continental crust. The Nb-Ta, Th, 

Ce and Ti anomalies on the N-MORB-normalised plots are quite small (Fig. 4.11), and 

on a Th/Yb vs. Ta/Yb diagram (Fig. 5.3a), the Parlatuvier Formation lies between 

tholeiitic arc compositions and the upper MORB tramline at relatively high Ta/Yb. 

These diagrams suggest that there is only a weak subduction zone influence on the 

chemistry of the Parlatuvier Formation. The high Ta/Yb, which shall be explored 

further below, suggests an incompatible trace-element enriched mantle source (e.g. 

Hastie et al., 2010c). Other rocks which plot between arc and MORB compositions on 

the Th/Yb vs. Ta/Yb diagram are of back-arc basin origin or relate to sediment-poor 

subduction systems (Pearce & Peate, 1995; Pearce & Stem, 2006). The presence of 

thick deposits of mafic and intermediate tuffs, tuff breccias and occasional lava flows 

indicates voluminous proximal explosive mafic volcanic activity, probably in relatively 

shallow water.

Moderate concentrations of Cr (up to 58 ppm) and Ni (up to 114 ppm) also 

indicate a mantle source for the felsic Mount Dillon Formation despite its more felsic 

character. Flat REE patterns (Fig. 4.10) and depleted isotopic signatures (Fig. 4.27) 

again point to an intra-oceanic origin. The Nb-Ta, Th, Ce and Ti anomalies on the N- 

MORB-normalised plots (Fig. 4.11) are very marked in the Mount Dillon Formation 

which clearly indicates a subduction-zone affinity. On the Th/Yb vs. Ta/Yb diagram 

(Fig. 5.3a) the Mount Dillon Formation has higher Th/Yb and slightly lower Ta/Yb 

than the Parlatuvier Formation, which may be related to the subduction of a greater 

proportion of crustal material and a more depleted mantle source. Inter-bedded meta- 

cherts in the Mount Dillon Formation (Snoke et al., 2001) along with the tuffaceous 

nature of the rocks suggest deposition occurred around or beneath sea level and not in 

the deep ocean where pillow basalts might be expected to form.
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In 100 metre-long river section close to the Cameron Canal Fault in the centre 

of the island (Fig. 2.2), there are significant differences in the composition of the 

highly-deformed ‘amphibolites’ of Snoke et al. (2001a,b), from island-arc-like rocks to 

those with no obvious subduction component. This feature has already been partly 

described in Section 4.3.2. Most amphibolite samples lack negative Nb-Ta and Ti 

anomalies and have depleted Th in relation to the LREE on normalised plots (Figs 

4.12). These MORB-like rocks plot within or slightly below the MORB array on the 

Th/Yb vs. Ta/Yb diagram (Fig. 5.3a). The one amphibolite sample which does have an 

island-arc-like signature (Fig. 4.12) plots within the calc-alkaline island arc field on the 

Th/Yb vs. Ta/Yb diagram, similar to the Mount Dillon Formation. One potential source 

of the low Th concentrations in these rocks is Th mobilisation due to the high grade of 

metamorphism these rocks have experienced. However, all amphibolites bar the calc- 

alkaline example have consistently low Th concentrations and LREE depletion on 

normalised plots (Fig. 4.12), coupled with reasonably straight trends for Th and La 

against Nb (Fig. 4.9). This consistency suggests that these elements have not mobilised 

and that the MORB-like character of much of the unit is primary.

The two lavas from the Karv Formation contain high quantities of Ni (171-190 

ppm) and Cr (206-492 ppm) and also have flat REE patterns. These rocks also clearly 

have an intra-oceanic origin. The slight Ce, Zr-Hf and Ti anomalies and large Nb-Ta 

anomalies once more indicate a subduction-zone affinity (Fig. 4.12). These samples 

have intermediate Th/Yb ratios and low Ta/Yb, falling in the tholeiitic island arc field 

on Figure 5.3a, which is a similar pattern to the Mount Dillon Formation. Indeed on the 

element vs. Nb plots (Fig. 4.9), the scattered field of the Karv rocks is within the range 

of the rocks of the Mount Dillon Formation. These observations suggest that the meta- 

sedimentary and meta-igneous rocks of the Karv formation are probably not a separate 

part of the North Coast Schist, but merely a distinctive, sediment-rich facies of the 

Mount Dillon Formation.
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Figure 5.3. Block o f four ratio-ratio plots to define the mantle and crustal sources o f North Coast Schist 
magmatism. References as before, (a) Th/Yb vs. Ta/Yb diagram showing MORB-like characteristics of 
many o f the amphibolites, arc-like character o f  the other formations and an enriched mantle source for 
the Parlatuvier Formation, (b) Zr/Yb vs. Nb/Yb diagram indicating conservative behaviour o f Zr for all 
formations, (c) Nb/Y vs. Zr/Y diagram indicating a potential Nb-enriched (plume?) mantle source for the 
Parlatuvier Formation, (d) Th/La vs. Ce/Ce* diagram showing little terrigenous sediment involvement in 
any unit, and a clear MORB-like character for most o f the amphibolites.

Nature o f  the mantle sources involved in the formation o f the NCS: On the 

Zr/Yb vs. NbYb diagram (Fig. 5.3b) all samples from the North Coast Schist fall 

within the MORB array, with the Parlatuvier Formation extending into the field of 

enriched sources. This indicates that there has been conservative behaviour of the 

HFSE and HREE and so they not been introduced to the mantle source in a melt phase. 

By extension the HFSE and REE may be used to show the affinity of the mantle source 

region.

The Parlatuvier Formation overlaps both N-MORB and the Iceland field on the 

N bY  vs. ZrY  diagram (Fig. 5.3c) suggesting that the formation may contain a HFSE- 

enriched (plume?) component. However, studies have shown that rocks derived from
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N-MORB sources can overlap the Iceland array (e.g. Kempton et al., 2000; Kerr et al., 

2009a). Nevertheless, the possible HFSE-enriched component is also reflected in Zr/Nb 

ratios, which average 32 (range 18-57) for the Parlatuvier Formation. As has been noted 

(Section 5.1) most arc rocks range from Zr/Nb = 40-120 so the values for the 

Parlatuvier Formation are quite low especially given that depleted MORB mantle has 

Zr/Nb of 34 (Workman & Hart, 2005). Furthermore, on the N-MORB-normalised plot, 

Nb concentrations are higher than the HREE. This excess of Nb is not in the Mount 

Dillon Formation, the VPS, or many other basaltic island arc tholeiites derived from 

depleted mantle sources in the Caribbean region, e.g. on Bonaire, Jamaica, Hispaniola 

and Puerto Rico (see Kerr et al., 2003). Anomalously high Nb, at least for some of the 

samples, coupled with high Ta/Yb ratios may indicate that the Parlatuvier Formation is 

derived at least in part from HFSE-enriched mantle, with a subduction-related 

overprint. The origin of this mantle component will be discussed along with the 

isotopic characteristics of the North Coast Schist, below.

On Figure 5.3b, the samples from the Mount Dillon Formation lie within the 

array which defines conservative behaviour of Zr. These rocks plot below the Iceland 

array, close to the N-MORB field on the Nb/Y vs. Zr/Y diagram, similar to La 

Desirade, the Tobago Volcanic Group and other Caribbean island arc rocks (Fig. 5.3c). 

Furthermore, Zr/Nb ratios average 69 for the Mount Dillon Formation. These results 

are very different from the high Nb/Y and low Zr/Nb ratios in the Parlatuvier 

Formation and clearly indicate that the Mount Dillon Formation has a DMM-type 

depleted mantle source.

The amphibolite-facies samples which do not contain a subduction-related 

component are assumed to show conservative Zr behaviour -  this is the case on Fig. 

5.3b. The subduction-related amphibolite also shows conservative Zr behaviour. On the 

Nb/Y vs. Zr/Y plot (Fig. 5.3c) the amphibolites all fall below the lower plume-related 

tramline indicating a depleted mantle source. This conclusion is backed up by the 

Zr/Nb ratios of these rocks which are 35-47 for the MORB-like rocks and 53 for the 

subduction-related rock. The two meta-igneous samples from the Karv Formation also 

fall beneath the Iceland array within the N-MORB field on Figure 5.3c, and Zr/Nb 

ratios are -102 which clearly indicate a depleted island arc mantle wedge source.
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Nature o f the subduction-related components in the NCS: The presence in the 

Parlatuvier Formation of slight Th, Nb-Ta, Ce and Ti anomalies and LREE enrichment 

on the N-MORB-normalised plots suggests a slab-related fluid was present although 

perhaps not in large quantities (Fig. 4.11). The Th/La vs. Ce/Ce* plot (Fig. 5.3d), shows 

that the Parlatuvier Formation has Ce/Ce* ratios between 0.9 and 1.0 and Th/La 

generally <0.1. This mantle-like Ce/Ce* and relatively low Th/La indicates that little 

subducted oxidised pelagic sediment or terrigenous sediment contributed to the slab 

fluid. This observation is consistent with the low Th/Yb ratios in the formation (Fig. 

5.3a). Either of three possibilities might explain the lack of a strong subduction 

component in the Parlatuvier Formation. One possibility is that there was a low 

sediment input to the subduction zone and so the de-watering crust did not contribute 

high Th/La or anomalously low Ce concentrations to the mantle wedge. Alternatively, 

as the subduction-related component diminishes with distance from the arc axis (Pearce 

& Stem, 2006), the Parlatuvier Formation may have been empted in the back-arc region 

of an intra-oceanic arc system; much of the sediment-related slab flux having 

contributed to arc axis magmatism. A third possibility is that the apparent subduction 

signature of the Parlatuvier Formation does not relate to slab-fluid addition to the 

mantle, but perhaps to a form of crustal contamination. This idea is untenable as the Nd 

isotope ratios of the Parlatuvier Formation are very depleted (Section 4.3.9) which 

precludes the significant involvement of continental crust in its origin. A final 

suggestion is that the Parlatuvier Formation is at least in part derived from subduction- 

modified lithospheric mantle and was not directly affected by the slab fluid-flux which 

was apparently present during the petrogenesis of the Mount Dillon Formation (see 

below).

There is no correlation in the Mount Dillon Formation between Nb 

concentration, as a proxy for magmatic differentiation, and Ce/Ce* ratios. Therefore, 

despite the silicification of the formation, Ce/Ce* ratios can be used to investigate any 

sediment-related signatures present. The Mount Dillon Formation is displaced to low 

Ce/Ce* (<0.8) at moderate Th/La (0.05-0.14) on Figure 5.3d, indicating that there was 

likely to have been an oxidised pelagic sediment-related fluid flux to the mantle wedge 

and perhaps minor involvement of terrigenous sediments. These low Ce/Ce* ratios, 

coupled with the large Nb-Ta anomalies in the Mount Dillon Formation, indicate that 

the formation is probably related to an intra-oceanic subduction zone which was distant
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from the continental margins and with subducted sediment that was mostly of pelagic 

origin.

Karv has an intermediate geochemical signature between the Parlatuvier and 

Mount Dillon formations on Figure 5.3d. It has Ce/Ce* o f -0.9 at Th/La of 0.07 which 

suggests only a small involvement of subducted oxidised pelagic sediments and 

terrigenous sediments in its origin. However, only two samples were analysed and Karv 

overlaps both the other formations so it is difficult to accurately judge the nature of the 

subducted sedimentary component. Predictably, given their lack of subduction-related 

geochemical signatures, the majority of the MORB-like amphibolites have Ce/Ce* of 

-1.0-1.1 and Th/La of 0.01 indicating no contribution from terrigenous or oxidised 

pelagic sedimentary material (Fig. 5.3d). The island-arc-like amphibolite plots in a 

similar location to the Karv and Mount Dillon formations (Fig. 5.3d).

Source o f the isotopic signatures in the North Coast Schist: As introduced 

(Section 4.3.9), the isotopic signatures present within the North Coast Schist vary as a 

function of the different formations similar to the trace element geochemical results 

discussed above. Both the depleted MORB-like amphibolites and the enriched back- 

arc-like Parlatuvier Formation have more radiogenic Hf isotope ratios than the Mount 

Dillon Formation (Fig. 4.27) and the amphibolite and Parlatuvier Formation isotope 

data overlap. The different mantle trace element compositions of the amphibolite and 

Parlatuvier Formation require that, although isotopically similar, the mantle sources of 

these units were distinct. In contrast, the Mount Dillon Formation is isotopically 

variable and distinct from the other two units (Fig. 4.27) and does not appear to contain 

decoupled Hf-Nd isotope ratios. However, similar to the amphibolites, the Mount 

Dillon Formation appears to have a HFSE-depleted mantle source. Therefore it seems 

that at least three chemically or isotopically distinct mantle sources are required to 

generate the rocks of the North Coast Schist.

Of particular interest is the Parlatuvier Formation, which with the exception of 

the Amos Vale-Mason Hall tonalite, contains the highest sHfj yet analysed in the 

offshore Caribbean region (Section 4.3.9). There are several different tectonic settings 

in which high, radiogenic Hf isotope ratios may be generated and transferred to a 

subsequent melt. Mantle sources such as plumes entraining small proportions of
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subducted pelagic sediments which have high H f isotope ratios may be a candidate 

setting (e.g. Ingle et al., 2002). Potentially then, the H f isotope signature of the 

Parlatuvier Formation was generated during plume activity, leaving a HFSE-enriched, 

high sHfj residual mantle source which then partially melting due to fluid flux from a 

later subduction event. Another location in which high, decoupled H f isotope ratios are 

found is in the sub-continental lithospheric mantle (e.g. Schmidberger et al., 2002; Choi 

et al., 2007). Therefore, it is also possible that the Parlatuvier Formation is related to 

partial melting of HFSE-enriched lithospheric mantle, perhaps during a back-arc 

extension event close to the arc with which the Mount Dillon Formation was related.

What does the North Coast Schist represent geologically, and when did 

deformation occur? Structural data from the studies of Snoke et al. (2001a,b and 

references therein) indicate that the North Coast Schist was deformed and 

metamorphosed at lower greenschist facies in an environment o f largely dextral wrench 

shearing, causing the formation of several generations of folds, foliations, and 

lineations. Most studies assume that the North Coast Schist was a single island-arc- 

related unit deformed during intra-arc tectonic activity (Frost & Snoke, 1989; Snoke et 

al., 2001a). However, the occurrence of MORB-like, island-arc-like and back-arc like 

rocks, with isotopically and elementally different mantle sources, in an uncertain 

structural-stratigraphic order, is not easily explained by an origin in a single location 

within an intra-oceanic island arc. It appears that fragments of the North Coast Schist 

have been amalgamated from separate magmatic sources and brought together during 

deformation in fault-bounded slivers. Such a geodynamic history points towards a 

tectonic evolution either (a) within an accretionary complex above a subduction zone, 

or (b) within a large transform fault system, perhaps at the termination of a subduction 

zone, where fragments of arc, back-arc and MORB-like material may be scraped from 

their respective positions into a single unit (see Pindell et al., 2011, for a Caribbean 

example).

Some further discussion of the boundary between the NCS and the VPS is 

necessary to confirm the timing of deformation. Firstly, an upper age limit on 

deformation is placed by the new U-Pb zircon age of 130.4±4.5 Ma from the 

Parlatuvier Formation. If the amphibolite-facies rocks are indeed a metamorphic 

aureole developed in the NCS in response to the emplacement of mafic and ultramafrc
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magmas of the TPS, then the latest age at which the NCS could have been deformed 

prior to intrusion is -112 Ma, the oldest faunal age from the TVG (Snoke & Noble, 

2001). However, if the amphibolite-facies rocks were somehow metamorphosed 

elsewhere during a different tectonic event, and are fortuitously structurally juxtaposed 

against the VPS today, it is possible that the NCS is allochthonous with respect to the 

VPS (e.g. Stephan et al., 1980 -  these authors assumed that the boundary between the 

NCS and VPS was only a shear zone, not a contact aureole associated with dynamic 

emplacement of the VPS). This alternative hypothesis, if proven, would mean that there 

is essentially no lower limit on the timing of NCS deformation because the age of 

suturing of the two rock suites would be unknown. In such circumstances the 

deformation o f the NCS cannot be definitively related to models of subduction polarity 

reversal (see Section 6.3.2). However, is there any evidence for suturing of the NCS 

and VPS after the two units had formed? Several factors suggest that this hypothesis is 

incorrect. Firstly to repeat, the metamorphic grade of the amphibolites decreases with 

distance from the contact with the VPS. Secondly, there is little evidence for 

deformation of the VPS at angles sub-parallel to the contact between the two suites, 

such as might be expected if  they were brought together during later strike-slip faulting. 

Thirdly, zircon fission track dating of the TPS indicates cooling through 250-200°C at 

103 Ma (Cerveny & Snoke). High strain features, such as my Ionites, which are 

documented both in the amphibolite facies rocks and in the ultramafic rocks of the TPS, 

are unlikely to have formed at shallow crustal depths during a later suturing event, and 

are therefore most likely to have formed prior to 103 Ma during ductile deformation 

related to magmatic emplacement (Snoke et al., 2001a). Finally, Snoke et al. (2001a) 

and this study report the finding of mafic dykes with distinctive acicular hornblendes in 

both die NCS and the TPS, which, if  part of the mafic dyke swarm, are likely to be 

-  103-91 Ma and therefore indicators that the NCS and VPS were together at this time. 

Therefore, the NCS is argued to have been ‘in-situ’ during VPS magmatism, and its 

deformation is most likely to have occurred between -130 and -112 Ma. A 

consideration of a possible location of this complex, and where the different elemental 

and isotopic mantle components may be derived from, is outlined in Section 6.3.
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5.3.2. Petrogenesis o f the Tobago Volcanic Group

Tectonic setting and mantle source o f the TVG: The clear Th, Nb-Ta, Ce and 

Ti anomalies, coupled with largely tholeiitic-calc-alkaline compositions and depleted 

isotopic signatures indicate that the Tobago Volcanic Group is related to an intra- 

oceanic subduction zone. On a Th/Yb vs. Ta/Yb plot (Fig. 5.4a) most of the samples 

from each formation lie within the tholeiitic and calc-alkaline island arc fields well 

above the MORB array similar to many intra-oceanic island arcs. There are some 

samples which form a trend towards low Ta/Yb ratios outside of the normal island arc 

trend (Fig. 5.4a). There is no correlation between Ta/Yb ratios and Si02 or MgO 

content in the TVG indicating that Ta/Yb ratios are not due to fractionation of the main 

mafic mineral phases such as clinopyroxene. The most likely explanation for the low 

Ta/Yb ratios of some of the rocks from the TVG is that they are derived from a 

particularly depleted mantle source from which significant volumes of melt had been 

extracted.

The Zr/Yb vs. Nb/Yb diagram for the TVG (Fig. 5.4b), unlike the rocks of the 

North Coast Schist, also appears to show a trend running from low Zr/Yb and Nb/Yb, 

below the conservative Zr behaviour tramlines, to higher values of both ratios. One 

sample of undifferentiated, clinopyroxene-rich volcanogenic sediment lies alone at very 

low Zr/Yb. The sweep of Zr/Yb and Nb/Yb values is unusual and may again be a 

product of a particularly depleted mantle source (low Nb/Yb ratios) and the occasional 

introduction of Zr-rich fluids, perhaps from a sediment-related partial melt phase (high 

Zr/Yb ratios). It should be stressed that the bulk of analyses fall within the Zr 

conservative behaviour tramlines so the HFSE and REE have mostly behaved 

conservatively and can thus be used to study the nature of the mantle source region.

On the Nb/Y vs. Zr/Y diagram (Fig. 5.4c) almost all the samples from the TVG 

plot beneath the lower tramline indicating a depleted, non-plume-related source region 

similar to DMM. Zr/Nb ratios range from 40-114, within the range of island arcs 

derived from N-MORB-like mantle sources (Wendt et al., 1997).
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Figure 5.4. Block o f four ratio-ratio plots to define the mantle and crustal sources o f the Tobago Volcanic 
Group, (a) Th/Yb vs. Ta/Yb diagram showing that all formations fall into the tholeiitic-calc-alkaline 
island arc categories, (b) Zr/Yb vs. Nb/Yb diagram indicating largely conservative behaviour o f Zr. (c) 
Nb/Y vs. Zr/Y diagram indicating a depleted MORB-like source for all formations o f  the TVG. (d) Th/La 
vs. Ce/Ce* diagram showing that all formations have been influenced by subducted terrigenous and 
oxidised pelagic sediments. References as per previous diagrams.

Nature o f  the subduction-related component: The Th/La vs. Ce/Ce* diagram is 

again employed to investigate the oxidised pelagic and terrigenous sedimentary input to 

the mantle wedge that formed the TVG (Fig. 5.4d). The studied formations almost 

completely overlap, which indicates that they are all derived from a mantle wedge into 

which similar compositions of slab flux were added. The trend shown is from relatively 

low Th/La (0.1) at quite high Ce/Ce* ratios (0.95) to higher Th/La (0.2) and lower 

Ce/Ce* (0.8) ratios, respectively, indicating a variation of sediment-related slab flux, 

but always with a contribution from high Th/La terrigenous sediments and low Ce/Ce* 

oxidised pelagic sediments. There is no correlation between Th/La and Ce/Ce* ratios 

against Nb concentrations indicating that fractional crystallisation is not responsible for 

the trends shown on Figure 5.4d. Therefore it is concluded that the Tobago Volcanic 

Group was formed at ~112-106 Ma from a depleted mantle wedge source, the partial
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melting of which was fluxed by small proportions of both terrigenous and oxidised 

pelagic sediments. This finding contrasts with the variable mantle sources and slab fluid 

components found in the North Coast Schist.

5.3.3. Petrogenesis o f the Tobago Pluton

As noted in Section 4.3.4, the geochemistry of the plutonic rocks on Tobago is 

likely to be strongly influenced by fractional crystallisation processes, sub-solidus 

alteration and the effect of sampling small quantities of heterogeneous, coarse-grained 

rocks. A further complication is the widespread occurrence of amphibole-bearing 

phases within the pluton; amphibole being one of the few major rock-forming minerals 

present in mafic rocks with the ability to fractionate the HFSE and REE, thus 

potentially affecting immobile trace element ratios (e.g. Klein et al., 1997). For those 

reasons, such tasks as identifying the mantle source and subduction component are not 

undertaken on this arc plutonic suite. Instead, a more general comparison will be made 

between the plutonic rocks and the TVG and there will be a discussion on the origin of 

the ‘deformed volcanic plutonic complexes’ of Snoke et al. (2001b).

Affinity o f the TPS with the Tobago Volcanic Group: Previous chronological 

studies (e.g. Sharp & Snoke, 1988) have shown that the TVG and Tobago Plutonic 

Suite were essentially contemporaneous, with field studies indicating that the TPS 

intruded the lower reaches of the TVG shortly after the formation of the latter (Snoke et 

al., 2001a). The rocks of the TPS are plotted for comparison on the four diagrams used 

to define the mantle and crustal sources of the TVG (Fig. 5.5). On all four diagrams, the 

rocks of the pluton encompass the compositions of the TVG, but have a far wider 

spread of values, mostly towards much lower Th (e.g. Th/Yb vs. Ta/Yb diagram, Fig. 

5.5a) or Zr concentrations (Figs 5.5b, c, d), with a few samples plotting at higher Th or 

Zr abundances. This feature appears to be most prevalent for the gabbro-diorite pluton 

and is interpreted as the result of accumulation or fractionation of HFSE-compatible 

phases such as zircon. In terms of H f and Nd isotope ratios, the two analysed samples 

from the gabbro-diorite component of the TPS are identical to the composition of the 

TVG (Fig. 4.27). In summary it appears that the TPS and TVG are contemporaneous 

and derived from similar mantle sources.
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Origin of the deformed mafic volcanic-plutonic complexes: The key features 

of the Anse Flamengo, Richmond River and Merchison River complexes are described 

in Sections 3.2.4 and 4.2.3. Snoke et al. (2001a) speculated that these complexes 

formed by dynamo-thermal metamorphism of pre-existing gabbroic and volcanic 

material during the intrusion of the ultramafic cumulate bodies, with metamorphism 

reaching pyroxene-homfels facies in places. In terms of REE and HFSE concentrations 

(Figs. 4.18, 4.19) and the ratio-ratio plots (Fig. 5.5) there is significant overlap between 

the deformed complexes and the mafic and ultramafic components of the TPS. All have 

tholeiitic arc-like compositions with MORB-like mantle sources and slight inputs from 

fluid derived from terrigenous and oxidised pelagic sediments. Therefore the deformed 

complexes are almost certainly genetically related to the TPS and furthermore do not 

appear to bear any relationship to the amphibolites in the North Coast Schist.

Isotopic evidence for the origin of the TVG and pluton: On Figure 4.27, the 

rocks of the TVG and pluton fall on the mantle array in an almost identical location to 

the depleted island arc rocks of Bonaire, Dutch Antilles (Thompson et al., 2004). One 

sample in particular has high eHfi, defining a short trend towards the radiogenic 

components of the Parlatuvier Formation and the Amos Vale-Mason Hall tonalite. It is 

possible that these rocks have been derived from an eastern Pacific mantle source 

similar to Bonaire but that there has been some contamination by assimilation of high 

eHfj rocks of the lower arc crust such as those in the Parlatuvier Formation.
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Figure 5.5. Block o f four ratio-ratio plots to compare the Tobago Volcanic Group to the ultramafic- 
intermediate TPS. (a) The Th/Yb vs. Ta/Yb diagram shows that the pluton has quite a depleted island arc 
source but covers a wider range o f compositions than the TVG. (b) Zr/Yb vs. Nb/Yb diagram indicating 
conservative behaviour o f Zr, but values lower than the MORB array (tramlines) which may be due to 
the cumulate textures in these rocks and the collection o f zircon-undersaturated samples, (c) Nb/Y vs. 
Zr/Y diagram indicating a similar problem to (b), a MORB-like source but with anomalously low Zr 
concentrations, (d) Th/La vs. Ce/Ce* diagram showing a wide spread o f values similar to (a). The 
deformed complexes fall in the same areas as the ultramafic and some gabbroic components of the 
pluton, unlike the MORB-like amphibolites of the NCS. References as per previous diagrams.

5.3.4. Petrogenesis o f the mafic dyke swarm

The results of dating (Section 2.2) and the major and trace element and isotopic 

analyses (Section 4.2) indicate that the mafic dyke swarm is variable in age, petrology 

and composition. The geochemical trends on Figure 5.6 indicate that there were 

probably subtle changes in mantle sources and the subduction component during their 

emplacement (up to 10-15 Ma from the time of formation of the TVG). Unfortunately it 

is difficult to quantify these changes because the age of all bar two dykes is unknown 

(Sharp & Snoke, 1988). Nevertheless, as with the other units on Tobago, this section 

represents an attempt to clarify the mantle sources and slab components in these rocks.
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Tectonic setting and mantle sources: The dyke swarm consists of mafic 

tholeiites and calc-alkaline rocks with flat to slightly LREE-enriched normalised trace 

element patterns (Fig. 4.21). These dykes all have negative Nb-Ta, Zr-Hf and Ti 

anomalies with variable enrichment in Th/La (Fig. 4.22) and the one dyke, for which 

there is isotopic data available, has depleted Nd isotope ratios that preclude 

contamination with any continental crust. Therefore like the older VPS, the dykes must 

be related to partial melting of the supra-subduction zone mantle wedge in an oceanic 

arc setting.

The Th/Yb vs. Ta/Yb diagram for the dyke swarm (Fig. 5.6a) clearly indicates 

the presence of both tholeiitic and calc-alkaline arc compositions which are mostly as 

depleted in the HFSE as the TVG (low Ta/Yb ratios) but with some dykes somewhat 

more enriched in the HFSE. These dykes with higher Ta/Yb ratios include three of 

those cross-cutting the NCS and four which cross-cut the Tobago pluton at various 

localities. These are the dykes with anomalous high Nb concentrations reported in 

Section 4.3.5. Unlike the TPS, almost all of the mafic dykes plot in the conservative Zr 

field on the Zr/Yb vs. Nb/Yb diagram (Fig. 5.6b) which indicates that the HFSE and 

HREE can be used to study the petrogenesis of these rocks. The seven anomalous dykes 

on Figure 5.6a plot at systematically higher Nb/Yb ratios than the other mafic dykes on 

Figure 5.6b.

The Nb/Y vs. Zr/Y plot (Fig. 5.6c) shows that most of the samples plot close to 

or slightly below the lower tramline of the Iceland array, with the anomalous high Nb- 

Ta samples lying between the tramlines in the Iceland array. This implies that the 

mantle source of the majority of the dyke swarm was depleted, and similar to that 

which fed the Tobago Volcanic Group, which is consistent with the relatively low 

HREE abundances on the N-MORB-normalised plots (Fig. 4.22). Zr/Nb ratios from the 

dyke swarm are variable, ranging from 8-62. However, excluding the 7 samples with 

anomalous Nb-Ta concentrations, the range is 30-68. This indicates that the majority of 

the mafic dyke swarm is indeed derived from a depleted (DMM?) mantle. The dykes 

with the lowest Zr/Nb are not the lowest in MgO, nor are they high in LREE 

concentrations compared to the other members of the swarm. Therefore, their relatively 

high Nb concentrations (~4 ppm, the highest in the swarm) are not likely to be the
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product of low degrees of partial melting and are instead a product of the mantle source 

composition.

The two dated (fykes have ages of 103 and 91 Ma (Sharp & Snoke, 1988) and 

both are derived from depleted mantle sources. During this time, there was unlikely to 

have been plume-related mantle in the Caribbean region, because the bulk of the CCOP 

was generated rapidly at -95-90 Ma (Kerr et al., 2003) and hitherto no clearly 

identified older fragments of oceanic plateau have been found in the region. 

Furthermore, if the dykes do represent a spread of intrusion ages between -103 and 91 

Ma, and the bulk of analyses suggest a MORB-like or more depleted mantle source, it 

is unlikely that the dykes containing unusually high Nb-Ta concentrations formed from 

a plume-related mantle. One suggestion is that these rocks formed by the hybridisation 

of tholeiitic island arc basalts (depleted mantle source) with a small amount of high-Nb 

basaltic melt (enriched mantle component), and thus overlap with a class of rock type 

known as Nb-enriched basalts (Reagan & Gill, 1989; Castillo et al., 2007; Castillo, 

2008). Some dykes on Tobago have indeed been described separately (Section 4.3.8) as 

Nb-enriched basalts and the origin of these anomalous members of the mafic dyke 

swarm will be discussed in Section 5.3.6.

Nature o f the subduction-related component: The subduction-related 

component of the dykes derived from depleted mantle is now investigated using Th/La 

and Ce/Ce* ratios. On the Th/La vs. Ce/Ce* diagram (Fig. 5.6d) the mafic dyke swarm 

falls in a single field which ranges from Ce/Ce* = 0.7-1.0 with a slope towards high 

Th/La from 0.05-0.15. Therefore, the mafic dykes are likely to have been influenced by 

the addition of fluid from both terrigenous and oxidised pelagic sediments. The field of 

the mafic dyke swarm covers the compositions of both the TVG and the Parlatuvier 

Formation, indicating that the dyke swarm records a range from high to low volumes of 

fluid related to subducting sediments. The -103 Ma dyke dated by Sharp & Snoke 

(1988) has Th/La = 0.11 and Ce/Ce* = 0.92; the -91 Ma dyke 2D-14 has Th/La = 0.06 

and Ce/Ce* = 1.02, demonstrating that for the dated rocks, there may be a reduction in 

the subduction component derived from subducted sediments with time.
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Group, (a) The Th/Yb vs. Ta/Yb diagram shows a range o f dyke compositions from almost MORB-like 
tholeiites to calc-alkaline island arc rocks, (b) Zr/Yb vs. Nb/Yb diagram indicating mostly conservative 
behaviour o f Zr. Some values lower than the MORB array (tramlines) which may be due to elementally 
depleted samples. Note that these and some of the dykes cutting the NCS have relatively high Nb/Yb 
ratios suggesting an ultimately more enriched source than that for the TVG. (c) Nb/Y vs. Zr/Y diagram 
indicating that most dykes have an N-MORB-like source but some may come from sources with higher 
Nb concentrations (plume, or mixing with high-Nb basalts?), (d) Th/La vs. Ce/Ce* diagram that the 
dykes range from little input from subducted sediments to moderate input o f both terrigenous and 
oxidised pelagic sediments. CC = continental crust plots above this line. OB = oceanic basalts plot below 
this line. OPS = arc rocks involved with oxidised pelagic sediments plot to the left o f this line. 
References as per previous diagrams.

If this relationship holds true for the whole of the mafic dyke swarm, then a 

reduction in the sediment-related slab flux indicates a trend towards more mantle- 

dominated partial melting and mantle depletion. To this end, a plot of La/Sm vs. Nb/Yb 

is used as a proxy for the degree of slab-fluid input versus depletion of the mantle 

source (Fig. 5.7).
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Figure 5.7. A La/Sm vs. Nb/Yb diagram for the mafic dykes of Tobago to show the apparent correlation 
between the slab-fluid component and source enrichment.

The diagram shows a positive correlation (R2 = 0.5) for the mafic dyke swarm 

indicating that an increased slab-related component correlates with a progressively 

more enriched mantle wedge. If this trend relates to changes in the dyke chemistry 

through time, then it could be argued that the mantle source becomes progressively 

more depleted as melting continues and also that progressively less sediment-related 

fluid is available in the mantle source.

A plate tectonic explanation for the apparent depletion of the Tobago mantle 

source and reduction in the sediment-related component is more elusive. It is possible 

that subduction, and thus the sediment-flux, stalled and that some degree of inter-arc 

extension occurred along the arc axis allowing continued magmatism, albeit from an 

increasingly depleted mantle source. Isotopically, the analysed sample of the Tobago 

dyke swarm has a similar composition to EPR MORB and therefore contains a more 

depleted Nd isotope signature compared to the TVG (Fig. 4.27). However, many more 

analyses and dates would be needed to judge if the mafic dyke swarm is genuinely 

isotopically distinct from the other rocks of Tobago or if there are any time-integrated 

trends in isotopic composition.

5.3.5. Petrogenesis o f  the Arnos Vale-Mason Hall tonalite

Comparison with adakites: It has already been noted (Section 4.3.1) that the 

tonalite was emplaced only shortly after the TVG and TPS. Because of the geochemical
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differences compared to the plutonic suite, and a lack of evidence for fractionation of 

the gabbro-diorite of the TPS (Section 4.3.4), the tonalite must have originated from a 

separate process and/or protolith within the same intra-oceanic subduction system 

compared to the rest of the Albian rocks. There appear to be geochemical similarities 

between the tonalite and high-silica adakites (Table 5.1) (e.g. Defant et al., 1992; 

Martin et al., 2005), which are considered to be formed by partial melting of an 

amphibolitic or eclogitic mafic protolith (e.g. Drummond & Defant, 1990; Rapp et al., 

2003; Martin et al., 2005; Moyen, 2009). It should be noted that occurrences of 

Phanerozoic ‘adakitic’ plutons are relatively rare, and adakites are usually found as 

volcanic rocks (Drummond & Defant, 1990; Moyen, 2009). Because of these reasons, 

the Amos Vale-Mason Hall tonalite will not be called an adakite.

Table 5.1. Comparison between Cenozoic adakites and the Amos Vale-Mason Hall tonalite body.

Feature Adakite (Drummond & Defant, 1990) Arnos Vale tonalite (this study)
SiC>2 >56 wt.% 62-71 wt.%

ai2o 3 >15 wt.% 16-20 wt.%
MgO <3 wt.% <2 wt.%

Sr (ppm) >300 ppm (plagioclase-free source) 300-800 ppm
Sr/Y >40 (plag-free source, residual garnet) 73-225

La/Yb >20 (residual garnet) 5-30
Yb <1.9 ppm (residual garnet) <0.4 ppm
Y <18 ppm (residual garnet) <5 ppm

Nb <10 ppm <5 ppm

Whole rock geochemical constraints on the tonalite source: The SiC>2 content 

of 62-71 wt.% in the tonalite is too low to indicate melting of a quartz-bearing felsic 

protolith so it is most likely that the tonalite was formed by the partial melting of a 

metabasic protolith. High Na20/K20 ratios of 6-10 indicate that the protolith was 

tholeiitic. Sr concentrations of 300-800 ppm and A120 3 of 16-20 wt.% are both quite 

high, which, coupled with positive Eu anomalies on the chondrite-normalised plot (Fig.

4.23), demonstrate a largely plagioclase-free source and possibly the accumulation of 

plagioclase during crystallisation. High normalised Ce/Y, La/Yb and Gd/Yb ratios and 

low absolute Yb and Y contents indicate residual garnet in the source (Martin, 1999; 

Martin et al., 2005). Positive Zr-Hf anomalies on an N-MORB-normalised plot (Fig.

4.23) and slightly concave REE patterns (Fig. 4.23) can be ascribed to residual 

amphibole because amphibole is more compatible with the MREE compared to Zr, Hf 

and the HREE (Klein et al., 1997; Hastie et al., 2010a,b). A further constraint is 

provided by the low concentrations of T i02 in the tonalite which do not vary as a 

function of magmatic differentiation (Fig. 4.17). T i02 hosted in residual rutile during
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partial melting would act as a buffer to TiC>2 concentrations in the tonalite magma. 

These constraints collectively demonstrate that the source of the tonalite was most 

likely to be a plagioclase-free, tholeiitic garnet-rutile amphibolite.

Depth and location o f partial melting: Plagioclase stability is strongly 

temperature-and depth-dependent in high pressure metamorphic systems and may 

provide a clue to the depth of partial melting. The transition from blueschist to eclogite 

facies, defined by the breakdown of albite (plagioclase), occurs at around 50 km, so 

partial melting probably occurred at 50 km depth or greater where plagioclase is no 

longer a residual phase (Martin et al., 2005; Clemens et al., 2006). Also, rutile is stable 

at depths of -50-80 km in the subduction zone again precluding a partial melting depth 

of <50 km (Xiong et al., 2005; Xiong, 2006). However, melting at significantly deeper 

than 50 km is also unlikely, because fluid-present conditions are necessary for the 

presence of residual amphibole, yet the formation of omphacite at the expense of 

glaucophane (amphibole) also occurs at around 50 km (Martin, 1999; Clemens et al., 

2006). Therefore, it is suggested that the partial melting of the Amos Vale-Mason Hall 

tonalite protolith occurred at -50  km at the amphibolite-eclogite transition.

It should be noted that the depth of island arc crust rarely exceeds 50 km in the 

oldest most stable examples (Keary et al., 2009), so these mineralogical constraints 

strongly indicate that partial melting took place within the subducting slab.

Alternative models: One alternative to the slab-melting model is that island arc 

magmas generated in the same mantle wedge that formed the TVG underwent a very 

different crystallisation history, involving the high-pressure fractional crystallisation of 

garnet, and later amphibole to generate a tonalitic melt (e.g. Macpherson et al., 2006). 

However, the clearly different isotope signatures of the tonalite and the TVG/TPS 

preclude this model. As has already been discussed above, and in Sections 4.3.1, 4.3.6 

and 4.3.9, the Amos Vale-Mason Hall tonalite differs in REE and trace element 

patterns, incompatible trace element ratios (e.g. Nb/Yb), and H f isotope ratios from the 

VPS. Therefore, low pressure fractional crystallisation, or re-melting of the VPS is also 

discounted as a model for tonalite genesis.
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The problem of the mantle signature in the tonalite: In the absence of a mantle 

or a local crustal source for the tonalite, the melting of the down-going oceanic slab or 

crust delaminated from the arc will be considered as potential petrogenetic models. The 

tonalite was emplaced shortly after the TVG and is cut by island arc-related dykes, so 

partial melts were generated when there was already a partially molten metasomatised 

mantle wedge beneath the arc. A ‘pristine’ slab-derived partial melt should assimilate 

mantle peridotite within the wedge, producing a hybridised melt with >2.0 wt.% MgO, 

>40 ppm Ni and >50 ppm Cr despite the effects of fractional crystallisation (Rapp et 

al., 1999; Prouteau et al., 2001; Xu et al., 2002; Smithies et al., 2009). Although 

fractionation of mafic minerals and oxides might deplete some parts of the Amos Vales 

tonalite in MgO, Ni and Cr, the concentrations of these elements within the 10 analysed 

samples (as low as 62.5 wt.% Si02> are always <1.7 wt.%, <35 ppm and <39 ppm, 

respectively. Because of the evidence that mantle wedge melting formed the TVG and 

mafic dyke swarm, any slab- or delamination-derived tonalite would therefore have to 

reach surface without assimilating significant volumes of mantle wedge peridotite.

Isotopic constraints on tonalite genesis: The strongly decoupled Hf-Nd 

isotopic signature of the tonalite body is more extreme even than that displayed by the 

MORB-like amphibolites and the Parlatuvier Formation of the North Coast Schist (Fig. 

4.27). At -106 Ma, the mantle sources of the TVG and TPS were not isotopically 

decoupled and logically the bulk island arc crust would have similar isotope ratios to 

the TVG and TPS. Therefore isotopically distinct subducting oceanic crust appears to 

be the most likely source of the tonalite. It is possible that the amphibolites, which do 

show a slightly decoupled Hf-Nd isotope signature, are representative of such oceanic 

crust, but they would have to be significantly more isotopically variable than the two 

analysed samples. It remains possible that partial melting of that crust could generate 

the tonalite body.
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5.3.6. Petrogenesis o f  the Nb- and LREE-enriched mafic and felsic intrusions

In one common model applied to the Philippines island arc system, high-Nb 

basalts and Nb-enriched basalts are argued to be the indirect product of slab melting in 

an island arc system (Sajona et al., 1993, 1994, 1996; Aguill6n-Robles et al., 2001). 

These authors suggest that partial melting of the down-going oceanic slab results in the 

formation of adakite magmas which metasomatise the mantle wedge, with melting of 

that enriched metasomatised mantle generating high-Nb basalts. High-Nb basalts may 

mix with tholeiitic arc magmas to generate Nb-enriched basalts (Castillo, 2008). 

However, it was later proposed (Castillo et al., 2002, 2007; Macpherson et al., 2006) 

that in the Philippines arc system, there was no slab melting event. These authors 

showed that the adakite magmas were isotopically similar to the erupted arc basalts and 

were geochemically unrelated to the subducting slab. The high-Nb basalts were also 

isotopically distinct from the adakites. Therefore, the high-Nb basalts were likely to be 

derived from a heterogeneous mantle containing pockets of HFSE-enriched material 

related to intra-plate magmatism (Castillo et al., 2007). The adakites were found to be 

related to high-pressure fractionation of island arc basalts (Macpherson et al., 2006). 

These studies have shown that the petrogenesis of high-Nb or Nb-enriched basalts does 

not fit a standard model and therefore any given occurrence requires careful 

geochemical and isotopic examination.

On Tobago, the Nb-enriched basalt has a lower eHf than the contemporaneous 

~106 Ma Amos Vale-Mason Hall tonalite (Fig. 4.27), and so these two rocks cannot be 

directly or indirectly related to each other. Therefore the genetic link between adakites 

and higjh-Nb basalts/Nb-enriched basalts proposed by Sajona et al. (1993, 1994, 1996) 

seems unlikely in this case. Likewise, the Nb-enriched basalt cannot be related directly 

to the island arc magmatism which formed the TVG as again it has a significantly lower 

H f isotope ratio compared to the TVG (Fig. 4.27). Therefore the Nb-enriched basalt is 

likely to be derived from an isotopically distinct, HFSE-enriched mantle source, as 

appears to be the case in the Philippines (Castillo et al., 2007). It is clear that a much 

larger number of major, trace element and isotope analyses of the Amos Vale-Mason 

Hall tonalite and the Nb-enriched mafic rocks are necessary to come to a definitive 

conclusion.
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If slab melting occurred at ~106 Ma to form the Amos Vale-Mason Hall 

tonalite, then it is possible that the slab melting led to the ingress of distinct, 

isotopically enriched, HFSE-enriched mantle which could partially melt to form high- 

Nb or Nb-enriched basalts. Ingress of isotopically distinct mantle could occur in many 

circumstances, for example subduction of a slab edge (e.g. Yogodzinski et al., 2001), or 

the subduction of a spreading ridge or ridge transform to form a slab window (e.g. 

Thorkelson & Breitsprecher, 2005). These are settings in which partial melting of the 

leading edge of the down-going oceanic slab might also occur, leading to the formation 

of isotopically distinct slab melts and high-Nb basalts. Some further suggestions for the 

formation of the VPS, mafic dyke swarm, tonalite and Nb-enriched rocks are given in 

Section 6.

The origin of the high-Nb granite body is difficult to explain because, although 

the plots of elements versus Nb for the granite and Nb-enriched basalts (Fig. 4.25) 

show an apparent geochemical trend linking the two rock types, the granite cannot be 

generated by fractional crystallisation of the Nb-enriched basalts. This is because the 

granite is isotopically distinct from the basalts (Fig. 4.27), having an isotopic 

composition almost identical to the TVG and TPS. Although the granite body is classed 

here alongside the Nb-enriched intrusions, the isotopic evidence suggests it has an 

entirely different petrogenesis. HFSE and LREE-enriched mantle melts could not be 

contaminated with TVG-like island arc rocks to form this granite body because the 

granite would develop negative Nb-Ta anomalies, which is not the case on the N- 

MORB-normalised plot (Fig. 4.26). One possible petrogenetic model permitted by the 

isotopic data, and in line with the ideas of Aguill6n-Robles et al. (2001), relates to the 

continued emplacement of mafic material at the base of the arc following formation of 

the island arc pluton. Snoke et al. (2001a,b) record mafic pegmatites towards the NE of 

the pluton, including substantial quantities of homblendite. If homblendite bodies were 

present at depth beneath the current exposure level, their heating by the arrival of new 

mafic magmas (e.g. the mafic dyke swarm) might trigger partial melting and the 

formation of HFSE and LREE-enriched magma, due to the ability of amphiboles to 

retain the MREE and the HREE compared to the HFSE (Klein et al., 1997). It should 

however be noted that the granitoid body in question is volumetrically very small
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(exposed outcrop of -20  m2) compared to the rest of the island so its origin does not 

necessarily affect the overall tectonic model for Tobago.
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5.3.7. Summary o f magmatic activity on Tobago

A summary of the magmatic and metamorphic history of the igneous rocks 

studied on Tobago is outlined in Table 5.2.

Table 5.2. Summary of the rock units found on Tobago Island, Trinidad and Tobago. References in the 
text.

Rock Unit _Age_ Description Likely origin

Mafic dyke swarm

Amos Vale-Mason Hall 
tonalite

Nb-enriched intrusions

Tobago Plutonic Suite (TPS)

Tobago Volcanic Group 
(TVG)

-103-91 Ma (Ar-Ar) (The 
range of ages within the mafic 

dyke swarm is not widely 
known)

105.83±0.17 Ma (U-Pb 
TIMS)

—106 Ma (A felsic intrusion is 
dated to 106.24±0.16 Ma -  U- 

Pb TIMS)

>106 Ma

112-106 (ammonites, 
radiolarians)

Mafic island arc dykes of 
varying Th/Yb, Th/La ratios; 
many chemically depleted. 
Quite depleted Nd isotope 

ratios similar to Atlantic and 
EPR MORB; unlike the more 

enriched Nd and more 
radiogenic Hf isotope ratios 

of the other units.

Major and trace element 
geochemistry consistent with 
Cenozoic adakitic volcanics; 

strongly radiogenic Hf isotope 
signature

Four mafic dykes with 
enrichment in HFSE and 

LREE; isotopically depleted. 
One felsic dyke with similar 
trace element characteristics 

to the mafic rocks but 
isotopically similar to the 

TVG
Ultramafic cumulates, 

gabbro-diorites; similar 
isotopically to the TVG 

Mafic to intermediate tuffs, 
tuff breccias and lavas; 

depleted island arc source 
with slightly radiogenic Hf 

isotope ratios

Many of the dykes may have 
been a continuation of arc 
magmatism in the form of 
feeders for later volcanism 

above the TVG. The 
remainder reflect the end of a 
sediment-related subduction 

component and the melting of 
a progressively more depleted 

mantle source 
Partial melting of the down- 
going oceanic slab. May be a 

link between the high Hf 
isotope ratios of this body and 
the high Hf isotope ratios of 
the Parlatuvier Formation (?)

Uncertain; the mafic rocks 
probably relate to the ingress 

of a HFSE-enriched, 
isotopically distinct mantle 
source, peihaps during slab 

tearing at -106 Ma; the felsic 
rock is probably a low-degree 
partial melt of homblendites 

at the base of the arc

Cross-section of a island arc 
pluton

Part of a depleted island arc 
sequence with a depleted 

mantle source

Green schist-facies metamorphism and deformation of the NCS, dynamothermal metamorphism of the NCS by intruding
______  island arc magmas

Karv, Mount Dillon 
Formations, island-arc-like 
amphibolites, North Coast 

Schist (NCS)

Uncertain, presumed -112- 
130 Ma

Parlatuvier Formation, NCS 130.4±4.5 Ma (U-Pb TIMS)

MORB-like amphibolites, 
NCS

Uncertain, presumed at least 
as old as the Parlatuvier 

Formation

Mostly felsic tuffs with some 
more mafic compositions; 

lower greenschist to 
amphibolite-facies 

metamorphism; depleted 
island arc source 

Mafic to intermediate tuffs, 
tuff breccias and lavas; lower 

greenschist-facies 
metamorphism; island arc or 
back-arc rocks but chemically 

enriched in die HFSE, with 
radiogenic Hf isotope ratios

Mafic plagioclase-phyric 
lavas with amphibolite-facies 

metamorphic overprint; 
chemically similar to N- 

MORB

Part of an intra-oceanic island 
arc with a depleted mantle 

source

Possibly a back-arc basin. The 
HFSE enrichment and 

radiogenic Hf isotopes may 
relate to a South American 

continental lithospheric 
mantle component

Pre-existing oceanic crust 
upon which later arc 
sequences built; later 

thermally metamorphosed by 
nearby emplacement of die 

TPS
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5.4. Petrogenesis of the San Souci Volcanic Formation

5.4.1. Tectonic setting

Field evidence and the detrital zircon signature from the Toco Formation (Algar 

et al., 1997), indicate the San Souci Formation was erupted through a passive margin 

sedimentary sequence during the early Late Cretaceous, probably to the SE of the 

postulated Greater Antilles arc and NW of the South American continent. The host 

turbidites may have received their clastic component from both continental and arc 

sources (Algar et al., 1997). On multi-element normalised plots, neither systematic 

depletion of the HFSE, such as Nb and Ta, nor depletion of Ti and enrichment in Th 

and the LREE are seen (Fig. 4.29). A Th/Yb vs. Ta/Yb plot (Pearce, 1983) (Fig. 5.8a) 

shows all mafic samples fall just slightly above the MORB array and extend towards 

enriched MORB compositions. The moderately depleted Nd-Hf isotopic composition of 

the mafic rocks (eNdi = +8.4-9.0, sHfi = +13.4-14.2) indicates little or no input from 

old continental crust. Therefore the mafic rocks of the San Souci Formation formed in a 

non-collisional oceanic setting and were not contaminated with a South American 

crustal component, nor were they contaminated by any material with a decoupled Nd- 

H f isotope signature (c.f. Parlatuvier Formation, Tobago). The mafic rocks are thus 

likely to be of an enriched MORB or within-plate composition.

The two analysed felsic rocks are an integral part of the San Souci Formation as 

far as can be seen in the field, but as shown in Section 4.4.2, they have very different 

major and trace element characteristics to the mafic rocks. The felsic rocks contain 

more enriched isotopic signatures (eNdi = +5.4-5.7, eHfi = +8.0), LREE enrichment, 

high Th/La (0.17-0.19), slight negative Nb-Ta and positive Zr-Hf anomalies (Fig. 4.29) 

compared to the mafic rocks which could not have originated by fractional 

crystallisation of these mafic mantle-derived melts. Because the mafic rocks do not 

have any sign of subduction zone contamination, it is highly improbable that the felsic 

rocks formed in a subduction setting.
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Non-cô ^—.—

M

0.1 10 1001

0.1

0.01
0.4

Nb/Yb

(d)
L A n tilles^^

CC

OB
4

i

N-MORB

Marianas

OPS

i

0.6 0.8
Ce/Ce*

1.2

Figure 5.8. Block o f four ratio-ratio plots to investigate the mantle source(s) o f the San Souci Formation..
(a) The Th/Yb vs. Ta/Yb diagram shows that the tholeiitic mafic volcanics have a relatively enriched 
composition lying on the MORB array. The calc-alkaline to shoshonitic felsic volcanics plot towards the 
much enriched end o f the MORB array. There is no evidence of a subduction zone input into these rocks.
(b) Zr/Yb vs. Nb/Yb diagram indicates conservative behaviour o f Zr for the mafic rocks, but not the 
felsic rocks, suggesting accumulation of zircon or very low degrees o f  partial melting, (c) Nb/Y vs. Zr/Y 
diagram indicating that the mafic rocks have slightly higher Nb/Y ratios than N-MORB (plume-related 
source?), (d) Th/La vs. Ce/Ce* diagram shows that the mafic volcanics have no input from either 
terrigenous or oxidised pelagic sediments. The felsic rocks may have some minor input from both. CC = 
continental crust plots above this line. OB = oceanic basalts plot below this line. OPS = arc rocks 
involved with oxidised pelagic sediments plot to the left o f this line. References as per previous 
diagrams.

5.4.2. Mantle source o f the mafic components o f the San Souci Formation

The mafic rocks, with their moderate to high levels of MgO (up to 8.2 wt.%), Ni 

(up to 100 ppm) and Cr (up to 350 ppm), are clearly derived from a mantle source. The 

flat HREE patterns (Fig. 4.29) and moderate levels of Y and Yb indicate that partial 

melting occurred at shallow depths in the mantle where spinel, not garnet, was stable. 

Incompatible trace element ratios are now used to investigate the nature of this mantle 

source. As there is no evidence of a subduction zone or continental crust contribution,
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all HFSE and REE are assumed to be conservative, which is confirmed by the Zr/Yb vs. 

Nb/Yb diagram (Fig. 5.8b).

The Nb/Y vs. Zr/Y plot (Fig. 5.8c) shows that the mafic rocks of San Souci plot 

in a field between N-MORB and plume-related compositions from Iceland. As 

mentioned previously, this diagram was designed for Icelandic lavas and may not be 

applicable to other geological localities (e.g. Kerr et al., 2009a). However, these rocks 

do appear to be enriched in Nb and Zr compared to N-MORB which may indicate a 

plume-related component. Small positive Nb anomalies which are present on the N- 

MORB-normalised plot (Fig. 4.29) are often associated with plume-derived lavas 

(Weaver, 1991; Kerr et al., 2009a). The mafic rocks of San Souci have Zr/Nb ratios of 

<26 [average = 21.5±5.6 (la)]. The Zr/Nb ratio of depleted MORB mantle (DMM) 

(Workman & Hart, 2005) is 34 and it is 12 for a typical oceanic plateau source (Fitton 

& Godard, 2004; Wendt et al., 1997). This figure compares favourably with parts of the 

Caribbean Oceanic Plateau, for example Curasao and the Aruba Lava Formations (Kerr 

et al., 1996; White et al., 1999). The flat REE patterns and moderate MgO contents of 

the mafic rocks at San Souci (Section 4.4.2) do not indicate a low degree of partial 

melting which might generate low Zr/Nb ratios. Furthermore the analysed local 

sedimentary rock has a Zr/Nb ratio of 44, so assimilation of any proportion of such 

sediment cannot generate the low Zr/Nb ratios of the mafic rocks, therefore low Zr/Nb 

is a feature of the mantle source of the San Souci mafic rocks. These rocks are therefore 

dissimilar to N-MORB and are, at least in part, derived from partial melting of a mantle 

plume.

Isotopically, the mafic rocks are quite similar to both N-MORB and plume- 

related rocks from the Caribbean region and nearby. On a sHfi vs. sNdi plot (Fig. 4.27) 

they plot within the very wide field of plume-related rocks from the Galapagos Islands, 

the CCOP, and N-MORB from the East Pacific Rise. This diagram does not separate 

plume and MORB sources particularly well. On a related note, a very small amount of 

crustal contamination could also hide a depleted plume component. It is therefore 

difficult to judge whether or not the mafic rocks of the San Souci Formation were 

derived from an N-MORB-like or plume-related mantle source region using Nd and Hf 

isotopes.
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5.4.3. Modelling mafic magmatism

There is no evidence for either subduction-related or crustal contamination in 

the mafic rocks of San Souci so there is an opportunity to model trace element 

behaviour during partial melting. Modelling may show if  the studied rocks can be 

reproduced from an appropriate starting material. Firstly, it is clear that these rocks, 

which contain -4-8 wt.% MgO and no olivine, do not represent primary magmas. Kerr 

et al. (1996) and Hastie et al. (2007) showed that some 25-30 % fractional 

crystallisation of olivine and Cr-spinel occurred in similar rocks (-8 wt.% MgO) of the 

Curasao Lava Formation in the Dutch Antilles and the Bath-Dunrobin Formation in 

Jamaica. Here, an attempt is made to model primary melt compositions and adjust them 

for those same fractional crystallisation effects to produce the compositions of the least 

evolved mafic rocks of San Souci.

In order to keep the model relatively simple, non-modal batch (equilibrium) 

partial melting is used (models and equations from Shaw, 2006). This model assumes 

that mantle mineralogy and the melt mode differ and partial melts pond in contact with 

the residuum until extraction from the mantle at the end of the partial melting episode. 

Modelling is undertaken for relevant immobile trace elements (Zr, Nb and the REE) for 

which partition coefficients are well known. The governing equation is...

C l ~  m i - ? ) ]

...where cl represents the concentration of a given element in the liquid phase, Co is the 

concentration of that element in the starting material, Do is the bulk distribution 

coefficient of that element in the starting material, F is the degree of partial melting and 

P is the bulk distribution coefficient of that element in the melt. Table 5.3 shows the list 

of mineral proportions, melt modes, partition coefficients, starting materials used, and 

results of modelling of different degrees of partial melting.

Fractional crystallisation effects were then modelled on these results using only 

olivine and spinel fractional crystallisation governed by the equation...
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Co

...with the definitions as used above except that F is the fraction of residual liquid. 

Table 5.3 shows the list of minerals, partition coefficients and results partial melt 

modelling.

The results of modelling are presented on Figure 5.9, where the N-MORB- 

normalised compositions of the mafic volcanic rocks are plotted along with the results 

of modelling using two end member starting materials. The first starting material 

considered is the hypothetical source of the Ontong Java oceanic plateau (after Fitton & 

Godard, 2004) which is more enriched in HFSE and LREE compared to DMM, and 

represents an attempt at characterising the trace element composition of a plateau 

source. In the case of San Souci, only a high degree of partial melting was modelled 

(25%), and the effects of 30% fractional crystallisation were then modelled using the 

resulting element concentrations (Fig. 5.9). This modelling reproduces the positive Zr 

anomalies and HREE patterns of the San Souci volcanics almost exactly, but also 

slightly more LREE enrichment and larger positive Nb anomalies than many of the 

mafic lavas. This model does however replicate a trace element pattern running exactly 

parallel to the single sample with the largest positive Nb anomaly of the San Souci 

volcanics.

The second starting material considered was depleted MORB mantle (DMM) 

after Workman & Hart (2005). In this case, two melting models were considered. 

Firstly a high degree of partial melting was modelled (25%), and the results used as the 

starting compositions upon which to model 30% fractional crystallisation (Fig. 5.9). 

The resulting melt is depleted, with negative Nb and Zr anomalies and LREE depletion. 

Therefore high-degree melting of DMM is not a suitable source of the San Souci 

magmatism. A low-degree partial melt was also modelled (5% melting), which, without 

the effects of further crystallisation, reproduced quite reasonably the composition of the 

most depleted of the mafic San Souci lavas, albeit with a slightly negative Nb anomaly 

and no evidence of a positive Zr anomaly. Therefore, although low degrees of partial 

melting of a DMM source mirror the REE patterns of the San Souci volcanics, they 

cannot explain the positive Nb and Zr anomalies of some of the lavas.
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This modelling suggests that neither starting material is able to model exactly 

the trace element patterns present at San Souci. The positive Nb and Zr anomalies of 

the San Souci volcanics appear to require a plume-related source, however modelling of 

the partial melting of such a source results in excessive LREE enrichment and Nb 

anomalies in the resulting melt. The range of Zr/Nb ratios at San Souci (6-27, average 

21) is also not reproduced entirely by the modelling. A DMM source generates Zr/Nb = 

23-33 in the range 5 to 25% partial melting whereas the plume source generates Zr/Nb 

= 11-12 at 25% partial melting. The most likely option for the origin of the San Souci 

mafic volcanics is therefore that they formed by the partial melting of a slightly more 

depleted plume source than that suggested by Fitton & Godard (2004) for the Ontong 

Java Plateau.
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Table 5.3. Parameters and results for the partial melt modelling o f  the San Souci mafic volcanics. Page et 
al. (2009) was used as the source for partition coefficients as it was one o f the few studies to contain the 
entire suite o f required trace elements. Fractional crystallisation modelling results used the same partition 
coefficients for olivine and spinel as for the partial melting modelling.

Mineral proportions " Melt modes**
Olivine

Orthopyroxene
Clinopyroxene

Spinel

0.55
0.15
0.25
0.05

0.10
0.20
0.68
0.02

•Johnson et al. (1990) 
••Revillon et al. (2000)

Source compositions (ppm) "Fitton & Godard (2004); * "Workman & Hart (2005)
Nb

Plateau* 1 
DMM** 0.1485

La
0.65

0.192

Ce
1.7

0.55

Nd
1.2

0.581

Sm Zr 
0.4 12 

0.239 5.082

Eu
0.143
0.096

Gd
0.513
0.358

Dy
0.645
0.505

Er
0.42

0.348

Yb
0.45

0.365

Distribution coefficients from Page et aL (2009) for the Thetford Mines ophiolite
Nb

Olivine o.oou?
La

0.000237
Ce

0.000491
Nd

0.001836
Sm Zr

0.005074 0.013898
Eu

0.007419
Gd

0.011012
Dy

0.021738
Er

0.036771
Yb

0.053899
Opx 0.012 0.001929 0.003365 0.009216 0.020023 0.01514 0.016109 0.036139 0.060631 0.090376 0.120758
Cpx 0.009805 0.084237 0.127118 0.245971 0.370564 0.132709 0.42717 0.466742 0.526621 0.536847 0.514037
Spinel 0.0148 0.002445 0.002569 0.002735 0.00278 0.0503 0.00278 0.002742 0.002639 0.002503 0.002364

Bulk distribution coefficients "bulk in starting material; ""bulk in melt phase
Nb

D 0* 0.005692
La

0.015824
Ce

0.024044
Nd

0.047643
Sm Zr

0.074554 0.036323
Eu

0.085054
Gd

0.099160
Dy

0.121958
Er

0.139501
Yb

0.152408
P** 0.009478 0.057740 0.087214 0.169342 0.256551 0.095666 0.294495 0.325768 0.372455 0.386858 0.379134

Non-modal batch partial melting: oceanic plateau source "F = degree of partial melting "*ppm
F* Nb** La Ce Nd Sm Zr Eu Gd Dy Er Yb

0.01 64.12 25.75 51.25 21.45 4.88 264.52 1.55 4.84 5.03 2.88 2.84
0.05 18.11 10.33 24.40 13.46 3.58 147.17 1.19 3.86 4.21 2.47 2.45
0.10 9.55 5.91 14.74 9.18 2.69 94.67 0.92 3.08 3.49 2.09 2.10
0.15 6.48 4.14 10.56 6.97 2.15 69.78 0.75 2.56 2.98 1.81 1.83
0.20 4.91 3.18 8.23 5.61 1.79 55.25 0.63 2.19 2.61 1.60 1.63
0.25 3.95 2.59 6.74 4.70 1.54 45.73 0.55 1.92 2.31 1.43 1.46
0.30 3.30 2.18 5.71 4.04 1.34 39.01 0.48 1.70 2.08 1.30 1.33

Non-modal batch partial imelting: DMM source
F Nb La Ce Nd Sm Zr Eu Gd Dy Er Yb
0.01 9.52 7.60 16.58 10.38 2.92 112.02 1.04 3.38 3.94 2.39 2.30
0.05 2.69 3.05 7.89 6.52 2.14 62.33 0.80 2.69 3.29 2.05 1.99
0.10 1.42 1.74 4.77 4.44 1.61 40.09 0.62 2.15 2.73 1.73 1.70
0.15 0.96 1.22 3.42 3.37 1.28 29.55 0.50 1.79 2.34 1.50 1.49
0.20 0.73 0.94 2.66 2.72 1.07 23.40 0.42 1.53 2.04 1.33 1.32
0.25 0.59 0.76 2.18 2.28 0.92 19.37 0.37 1.34 1.81 1.19 1.19
0.30 0.49 0.64 1.85 1.96 0.80 16.52 0.32 1.19 1.63 1.08 1.08

Zr/Nb ratios for different degrees of partial melting of plateau and DMM sources
F 0.01 0.05 0.10 0.15 0.20 0.25 0.30

Plateau source 4.13 8.13 9.92 10.76 11.26 11.58 11.81
DMM source 11.77 23.18 28.28 30.70 31.11 33.04 33.69
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Figure 5.9. Plot o f selected, N-MORB-normalised, trace element compositions from the mafic 
component o f the San Souci Volcanic Formation. Non-modal batch partial melts are marked. High 
degrees o f partial melting o f a DMM source do not yield LREE, Nb or Zr enrichment over the HREE. 
Low degrees o f partial melting o f a DMM source (5%) do yield slight LREE enrichment and slight 
positive Zr anomalies. High degrees o f partial melting o f a theoretical oceanic plateau source do yield 
positive Nb and Zr anomalies along with LREE enrichment. See Table 5.3 for references.

5.4.4. Origin o f the felsic magmatism

It has already been explained above that the felsic rocks cannot be modelled by 

the addition of an upper crustal component to the magma that fed the mafic volcanics of 

San Souci, because continental crustal contamination would cause a negative Nb-Ta 

anomaly in the felsic rocks, which is not the case.

Only one other rock sample from the Southern Caribbean is geochemically 

similar to the felsic rocks, the granitoid (INT/1-3/4) from Tobago which is classified 

with the high-Nb and Nb-enriched mafic intrusions on Tobago (Section 4.3.8). 

However, the felsic rocks of San Souci are more enriched isotopically than that felsic 

intrusion. It is unlikely that the two outcrops are linked, especially as the Tobago rocks 

formed in an island arc setting while the San Souci rocks formed in an open 

oceanic/passive margin setting. The felsic rocks of San Souci are quite dissimilar to 

OIBs, which do not usually have normalised positive Nb and Zr anomalies or flat 

HREE patterns (White, 2010). One interesting point is that if the melting models as

San Souci

Trend for DMM source with only 5% partial melting, no crystallisation modelled 
Trend for Nd-Yb mirrors that for OJ source +30% crystallisation 

with the exception of no positive Zr anomaly

mafic rocks

DMM source 30% crystallisation 
DMM source 25% partial melting 
Ontong Java source +30% crystallisation 
Ontong Java source 25% partial melting
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reported above for the mafic rocks are run with just 1-5% partial melting, then a trace 

element pattern can be produced with a similar slope to the San Souci felsic rocks (Fig. 

5.10). However, the exact product (mafic or felsic rock) of melting or likely setting in 

which such low-degree partial melting of an isotopically enriched mantle could occur is 

unconstrained. One more realistic model in which the San Souci felsic volcanic rocks 

could be generated would be by small degrees of partial melting of pre-existing 

hydrated mafic crust at relatively shallow depths during intrusion of basaltic magmas,

akin to the model proposed for the high-Nb granite body of Tobago in Section 5.3.6. 
100 t ---------------------------------------------------------------------------------------

San Souci felsic volcanic rocks

X

"X .

1

Ontong Java source 5% partial melting 
Ontong Java source 1 % partial melting 
DMM source 5% partial melting 
DMM source 1% partial melting

0.1
Nb La Ce Nd Sm Zr Eu Gd Dy Er Yb

Figure 5.10. Summary o f partial melt modelling to reproduce the felsic volcanic rocks o f  San Souci using 
the parameters outlined in Table 5.3. This model shows that ~5 % partial melting o f a hypothetical 
plateau source, or ~1 % partial melting o f a hypothetical DMM source, or a combination o f the two, 
might yield similar trace element patterns to the felsic volcanics (subject to fractional crystallisation).
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5.4.5. Summary o f San Souci magmatism

A summary of the magmatic activity at San Souci is presented in Table 5.4.

Table 5.4. Summary o f the rock units found at San Souci, Trinidad.

Rock Unit Age Description Likely origin

Mafic volcanics of the San 
Souci Formation 108-87 Ma

Felsic volcanics of the San 
Souci Formation 408-87 Ma

Turbiditic sandstone of the 
Toco Formation

Barremian-Albian (Barr, 
1963; Algar et al., 1997)

Tholeiitic basalts and basaltic 
andesites with flat chondrite- 

and N-MORB-normalised 
rare earth element patterns, 
slight positive Nb and Zr 

anomalies, depleted Nd-Hf 
radiogenic isotope signature

Calc-alkaline to shoshonitic 
rhyolites genetically unrelated 

to mafic rocks. Extreme 
LREE -enrichment, high 

concentrations of Nb-Ta and 
Zr-Hf. Slightly more enriched 

Nd-Hf isotope signatures 
compared to the mafic rocks

Similar trace element 
composition to the felsic 

volcanics with the exception 
of low Nb-Ta concentrations 

and negative Eu anomaly.
Some very enriched 

radiogenic isotope signatures 
(Nd, Hf) and moderately 

enriched Pb isotope signatures

Oceanic setting with no 
obvious continental input No 
subduction signature indicates 
MORB or within-plate origin. 

Lack of evidence for active 
rifting, trace element 

modelling and low Zr/Nb 
ratios suggests a within-plate 

setting
No evidence of contamination 

of a mafic mantle-derived 
parental magma by local 

upper crust. May be derived 
by low-degree partial melting 

and fractionation of an 
isotopically enriched source, 
perhaps hydrated mafic crust 

through which the mafic 
magmas travelled

Continental margin turbidites 
derived from Colombian 

margin or the Caribbean arc 
system (Algar et al., 1997)
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5.5. Petrogenesis of the SE Aves Ridge

5.5.1. Are the granitoids and mafic rocks cogenetic?

The variation diagrams (Fig. 4.33) show that the mafic rocks define, in the case 

of the immobile and incompatible elements, clear intra-magmatic differentiation trends 

which may be related to crystal fractionation. The granitoid rocks plot in a distinct field 

at lower incompatible element concentrations than the most evolved mafic rocks (with 

the exception of Zr) and display no coherent liquid line of descent compatible with the 

mafic rocks. This shows that the mafic and felsic rocks are not related to each other by 

fractional crystallisation processes. The negative Zr-Hf anomalies on the multi-element 

plot for the mafic rocks (Fig. 4.34), indicated by Zr/SmNMN <1, are likely to be related 

to subduction-related REE enrichment (Thirlwall et al., 1994). On the other hand, the 

positive Zr-Hf anomalies for the granitoids (Fig. 4.34) may indicate that these rocks 

have accumulated zircon, or that their source contained residual amphibole, because 

amphibole is more compatible with the MREE than Zr or Hf (Klein et al., 1997). These 

different Zr-Hf anomalies again point to distinct origins for the mafic and granitoid 

rocks. Most importantly, crystal fractionation cannot explain the different sNd; and eHf; 

isotopic ratios in Fig. 4.35, so although only two analyses are available it is concluded 

that the mafic and granitoid rocks of the Aves Ridge are not derived from the same 

source region. However, without field relationships, or drilling, with which to test the 

relative age of the mafic and felsic samples and without dateable mafic material, the 

age of the mafic rocks in this study remains uncertain.

5.5.2. Island arc origin o f  the SE Aves Ridge

The presence of negative Nb-Ta anomalies on N-MORB normalised plots (Fig. 

4.34) is usually regarded as indicative of subduction zone processes as Nb and Ta are 

preferentially held in rutile in the down-going slab during aqueous fluid release (e.g. 

Saunders et al., 1980; Thirlwall et al., 1994). Furthermore, the Th/Yb vs. Ta/Yb 

diagram of Pearce (1983) (Fig. 5.1 la) shows that the mafic rocks plot above the MORB 

array, which suggest they have a subduction zone affinity. The radiogenic isotope ratios 

of the mafic and granitoid rocks (Fig. 4.35) and zircons without rounded, inherited 

cores from the granitoids do not indicate contamination from old continental crustal

184



Chapter 5: Petrogenesis

material. Therefore, geochemical evidence, confirmed by existing geophysical and 

geodynamic models shows the Aves Ridge represents the eroded products of an extinct 

subduction zone.
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Figure 5.11. Block of four ratio-ratio plots to investigate the source(s) o f the Aves Ridge rocks, (a) The 
Th/Yb vs. Ta/Yb diagram shows that both mafic and felsic rocks are calc-alkaline. Both rock suites are 
reasonably enriched, (b) Zr/Yb vs. Nb/Yb diagram indicates conservative behaviour o f  Zr for the mafic 
rocks, but not the felsic rocks, suggesting accumulation of zircon. The mafic rocks have particularly low 
Zr/Yb ratios, (c) Nb/Y vs. Zr/Y diagram indicates that the mafic rocks have higher Nb/Y ratios than N- 
MORB which points towards a plume-related source. Some caution should be applied as the low Zr/Yb 
ratios of the mafic rocks may have pushed the mafic rocks to the left in the Nb/Y vs. Zr/Y diagram, (d) 
Th/La vs. Ce/Ce* diagram shows that the mafic volcanics have considerable input from oxidised pelagic 
sediments but little from terrigenous sediments. The felsic rocks may have some input from terrigenous 
sediments. CC = continental crust plots above this line. OB = oceanic basalts plot below this line. OPS = 
arc rocks involved with oxidised pelagic sediments plot to the left o f this line.

5.5.3. Source o f the granitoid rocks

As the granitoid samples were sampled from only two outcrops, their lack of 

geochemical variation may be indicative of a sampling bias rather than a distinct 

petrogenetic feature. However, some petrological and geochemical constraints can be 

used to discuss their source region.
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One possibility is partial melting of a subducting oceanic slab, which would 

generate an acidic melt (e.g. Drummond & Defant, 1990). Such a melt could interact 

with the mantle wedge beneath the Aves Ridge arc, and generate higher MgO, Ni and 

Cr concentrations and lower Si02 contents in a subsequent melt (high-Mg andesite) 

(e.g. Rapp et al., 1999). However, as noted, the granitoids have very low concentrations 

of mantle-derived elements and are siliceous (Si02 -70 wt.%). Also, slab fusion during 

subduction is thought to occur only in anomalously hot subduction zones and largely at 

depths where residual garnet would cause HREE-depletion in the resulting felsic melts, 

a feature also not seen in the granitoids (Drummond & Defant, 1990; Peacock et al., 

1994; Drummond et al., 1996; Rapp et al., 2003). Therefore it is unlikely that the Aves 

Ridge granitoids formed by partial melting of a subducting slab.

An alternative suggestion is that the granitoids were formed by fractional 

crystallisation from a mafic, mantle-derived melt. The earlier conclusion that the mafic 

and granitoid rocks are not co-genetic means that this scenario is unlikely.

A final suggestion is that the granitoids are of crustal origin. The fine-grained 

hornblende-rich intermediate facies present within the granitoids may be I-type restite. 

If so this suggests that the granitoids are derived from a mafic crustal source (cf. 

Chappell et al., 1987; Drummond et al., 1996; Stephens, 2001). Additionally, SiC>2 

concentrations of 67 - 72 wt.% and a reasonably sodic character (Na20/K20  = 1.65) are 

compatible with re-melting of a tholeiitic mafic source at moderate (10-20 %) degrees 

of partial melting (Rapp & Watson, 1995). The positive Zr-Hf anomalies (Fig. 4.34) 

and moderate Sr concentrations (up to 440 ppm) suggest that amphibole and 

plagioclase may have remained in the source residue of the granitoids. Moderate levels 

of Y (>16 ppm) and the HREE (Yb >1.7 ppm) and low La/Yb (~6.6) rule out residual 

garnet and constrain partial melting to <30 km depth (cf. Drummond & Defant, 1990; 

Rapp & Watson, 1995). If the granitoids are derived from a mafic protolith, their 

negative Nb-Ta anomalies (Fig. 4.34) might be attributed to re-melting of the lower 

Aves Ridge arc crust by advection due to the under-plating of hot basaltic arc magma 

(Petford et al., 2000; Petford & Gallagher, 2001).
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5.5.4. Source o f the mafic rocks

M antle wedge component: Unlike the granitoids, the mafic rocks have high 

concentrations of Mg, Ni and Cr indicating derivation from a peridotite mantle source 

beneath the Aves Ridge. As the MREE and HREE are not depleted on the normalised 

plots (Fig. 4.34), garnet was not present in the source or completely melted out during 

partial melting. In the former case, the depth of partial melting is constrained to above 

the approximate spinel-garnet transition at <85 km within the mantle (Robinson & 

Wood, 1998).

To re-iterate, the HFSE and HREE are normally used to investigate the 

composition of the mantle wedge, but these elements can be mobilised from the slab if 

it partially melts (Pearce & Peate, 1995). Figure 5.11b (Zr/Yb vs. Nb/Yb) shows that 

the mafic samples plot below the Zr conservative behaviour array, suggesting that Zr 

has not been mobilised from the slab to the wedge, but that either Zr has been depleted 

or Nb enriched by some unknown process. Variations in the HFSEs and HREEs will 

nevertheless be investigated in terms of the composition of the mantle wedge alone, as 

with the rocks from La Desirade and Tobago.

The Nb/Y vs. Zr/Y plot (Fig. 5.11c) shows that the Aves Ridge rocks plot 

within and around the ‘Iceland array’, along with the plume-influenced Lau Basin 

lavas, suggesting that the mantle wedge beneath the Aves Ridge may have been of 

mantle plume composition. In terms of absolute Zr/Nb ratios, the Aves Ridge rocks 

have Zr/Nb = 9-38 (mean = 17.7), close to the values for the plume-influenced -72 Ma 

Blue Mountains back-arc lavas in Jamaica (Hastie et al. 2010c) and northern Tonga 

(Wendt et al. 1997). It is therefore likely that the low Zr/Nb ratios of the Aves Ridge 

mafic rocks have been derived from partial melting of a mantle wedge composed of 

mantle plume material.

Slab-flux component: The Th/La vs. Ce/Ce* diagram (Fig. 5.lid )  shows that 

the mafic rocks from the Aves Ridge have a clear trend from mantle-like Ce/Ce* values 

o f -1.0 to 0.58, indicating a significant involvement of pelagic sediment in the source 

region. The mafic rocks of the Aves Ridge therefore most likely formed in an intra-

187



Chapter 5: Petrogenesis

oceanic setting away from terrigenous proto-Caribbean passive margin sedimentary 

sequences or continental masses.

5.5.6. Summary o f magmatic activity on the Aves Ridge

A summary table is presented below (Table 5.5). Three dredge hauls originally 

collected from the SW comer of the Aves Ridge in the Caribbean Sea have been re­

studied. Two hauls consist of calc-alkaline LREE-enriched granitoids with an apparent 

SHRIMP U-Pb zircon emplacement age of 75.9 ± 0.7 Ma. The third haul is genetically 

unrelated to the others and contains calk-alkaline island arc basaltic andesites of 

uncertain age. Petrological, trace element and isotopic constraints indicate that the 

granitoids have an oceanic crustal source which was itself formed in the recent 

geological past -  possibly lower arc, oceanic or oceanic plateau material. The mafic 

rocks were formed by partial melting of an incompatible trace element-enriched mantle 

wedge above a subduction zone. The mantle wedge was probably plume-related and the 

subducted material consisted of hydrated oceanic crust and moderate quantities of 

pelagic sedimentary material. A geochemical signature derived from terrigenous 

sediment was not recognised.

Table 5.5. Summary of the rock units found at the Aves Ridge dredge sites, SE Caribbean Sea.

________ Rock Unit_____________________ Age_____________________Description_________________ Likely origin_______
Island arc setting. Presence of

Hauls EA68 11317 and 9
(granitoids)

SHRIMP II -  U-Pb zircon on 
single sample of haul 11317 -  

75.9 ± 0.7 Ma

Calc-alkaline restite-bearing 
granitoids with enriched 
LREE, Nb-Ta anomalies, 

depleted Nd-Hf radiogenic 
isotope signature 

restite and lack of a genetic 
link to the mafic rocks 

indicates probably formation 
during partial melting of the 

lower oceanic or plateau
crust, perhaps during ingress 

o f the mafic rocks (see below)

Undated -  assumed to overlap 
in age with the granitoids or 

slightly pre-date (?)

Mostly calc-alkaline basalts Island arc. Formed by partial
or basaltic andesites with flat melting of supra-subduction

to slightly LREE-enriched zone mantle which was of 
trace element patterns, low mantle plume origin.

Haul EA68 11318 (mafic 
rocks)

Zr/Nb, high Nb/Y, slight Contribution of fluids (not
normalised Ce anomalies, low melt) from the subducted slab 

Th/La, Nb-Ta anomalies, related to the slab and a
depleted Nd-Hf radiogenic pelagic sedimentary veneer, 

isotope signature but distinct No evidence of continental or
from the granitoids terrigenous sedimentary input
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CHAPTER SIX: DISCUSSION PART II -  IMPLICATIONS OF THIS STUDY 

FOR THE TECTONIC EVOLUTION OF THE CARIBBEAN PLATE

The correlation o f  studied units to other nearby rocks o f  a similar age, the generation 

o f tectonic models for their formation, and the implications o f  their collective origins 

for the tectonic evolution o f the Caribbean Plate
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6.1. Introduction

The purpose of this chapter is to generate a plate-tectonic framework for the 

origin of the four locations studied in this thesis. The first task will be to review the 

petrogenesis and tectonic setting of similar rocks from across the wider Caribbean 

region, and to identify models for their origin, evolution and preservation. For 

reference, Figure 6.1 shows a geographical map of the Caribbean region identifying the 

different locations mentioned throughout this chapter. The second task will be to 

evaluate which tectonic model of Caribbean Plate evolution, plateau collision vs. —135- 

125 Ma subduction initiation, is most likely to have given rise to the studied rocks in 

each case. Palaeo-tectonic maps covering the Late Jurassic to Late Cretaceous will be 

presented, based on the preferred model of Caribbean tectonic evolution, showing 

where the studied locations might fit. The final section in this chapter is a short 

summary of the revised model of Caribbean tectono-magmatic evolution.
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6.2. Origin of La Desirade

6.2.1. Palaeo-latitudinal position of La Desirade

The Mid-Late Jurassic separation of the Americas left a complex region of 

intra-arc spreading, transverse motions and continued east-dipping subduction at the 

proto-Caribbean/Pacific boundary (e.g. Fig. 7 of Pindell & Kennan, 2009). The western 

proto-Caribbean has been called the Colombian Marginal Seaway by Pindell & Kennan 

(2009) (Fig. 6.2) and was in a back-arc position with respect to the Andean-Cordilleran 

subduction zone. This Colombian Marginal Seaway is a logical position in which La 

Desirade could have initially formed. Terrigenous input to the subduction system could 

be derived from the mature Andean/Cord illeran arc and the source of magmatism 

would be the moderately depleted back-arc mantle. La Desirade therefore formed in the 

proto-Caribbean realm, but would become an integral part of the Caribbean Plate 

during the inception of SW-dipping Greater Antilles subduction.

1 Late Jur- 
Early Cret

NORTH AMERICA Extinct G ulf o f 
M exico sp re a d in g

Mexican
back-arc

P ro to -C a r ib b e a n
spreading

North
American,
cordilleran

fore-arc

Y u c a tan ?

C o lo m b ian
M arginal
s e a w a ySeamounts

Back-arc to inter- ^  
American portion 

of Andean/Cordilleran 
subduction zone

Colombian-
Ecuadorian

back-arc SOUTH AMERICA

Andean
fore-arc

Farallon 
plate motion 

relative to N. America 1000 km

Figure 6.2. Possible positions o f formation o f La Desirade during the Late Jurassic, adapted from the 
map of Pindell et al. (2011). Andean fore-arc or Colombian back-arc locations are impossible due to 
relative Farallon plate motion. Back-arc-like chemistiy probably precludes a North American fore-arc 
origin. As most arc-transform motion occurs within the fore-arc and arc, a Mexican back-arc basin origin 
is also unlikely. The most likely position for La Desirade is the back-arc to the rifted inter-American 
portion o f the Andean/Cordilleran subduction system, i.e. the Colombian Marginal seaway o f Pindell & 
Kennan (2009) (marked X). 1 = fragments o f pre-existing Andean/Cordilleran island arc rocks (e.g. 
Devils Racecourse, Jamaica). 2 = Guatemalan fore-arc, Siuna high-pressure low temperature rocks.
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Alternative locations of origin for La Desirade are set out in Figure 6.2. A 

Mexican back-arc basin did not open until the Early Cretaceous (Pindell & Kennan, 

2009) and was supposedly closed by -120 Ma along the Motagua-Polochic suture by 

W-dipping subduction (Harlow et al., 2004; Geldmacher et al., 2008) perhaps linked to 

the Caribbean Great Arc to the south (Tardy et al., 1994; Dickinson & Lawton, 2001; 

Umhoefer, 2003). Because of this rapid Cretaceous basin opening and closure, the 

Jurassic rocks of La Desirade could not form in such a position. Nevertheless, is a more 

northerly location of origin than the Colombian Marginal seaway suitable for La 

Desirade?

Of the models which use the mantle reference frame, Duncan & Hargraves 

(1984) focus proto-Caribbean spreading on the palaeo-equator whilst Pindell & Kennan 

(2009) show the western edge of the Colombian Marginal Seaway centred on 10° N in 

the Late Jurassic. However, both Montgomery et al. (1994) and Mattinson et al. (2008) 

argue that Upper Jurassic radiolarian assemblages found on La Desirade, Puerto Rico, 

Hispaniola and Cuba all belong to the Northern or Southern Tethyan province of 

Pessagno et al. (1993). This implies an origin between 22 and 30° N or S of the equator. 

Jurassic radiolarian-bearing strata from the Blake Bahama Basin (Baumgartner, 1984) 

are assigned to the Central Tethyan Province (Pessagno et al., 1993) and should have 

been deposited at lower latitudes than the Caribbean occurrences.

The latitudinal findings contradict a near-equator origin for La Desirade and 

suggest that the radiolarian assemblages on La Desirade, Puerto Rico, Hispaniola and 

Cuba (Montgomery et al. 1994; Mattinson et al., 2008) could indeed have been derived 

from anything from -1000-3000 km north of the Colombian Marginal Seaway. 

However, these outcrops would therefore have to migrate SE with respect to North 

America to be later incorporated in the Caribbean Plate. Studies of oblique convergence 

in modem and ancient arc systems and recent sandbox experiments show that the 

strike-slip component is largely taken up in the fore-arc and the arc, not the back-arc 

(e.g. Beck, 1983; ten Brink et al., 2009). Applied to the Andean/Cordilleran system, it 

would be difficult for the back-arc basin rocks of La Desirade to migrate SE 

significantly with respect to North America. Therefore, it is proposed that the original 

palaeo-latitudinal findings should be re-considered; a view shared by Pindell & Kennan
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(2009), as they also place La Desirade close to the equator in the Colombian Marginal 

Seaway (Fig. 6.2).

6.2.2. Pre-Aptian subduction-related rocks preserved in the Caribbean and Central 

America

Although many pre-Aptian rocks are found at various locations around the 

Caribbean and in Central America, the focus here is on the fragments that formed 

during Andean/Cordilleran subduction which may be related to La D&irade. 

Baumgartner et al. (2008) have argued that such fragments exist in western Central 

America and on Cuba, Jamaica and Puerto Rico. This section uses their possible 

locations within the Andean/Cordilleran system to propose the regional ‘pre-polarity 

reversal’ plate tectonic reconstruction for the Late Jurassic shown in Fig. 6.2.

Central America: Rocks found in melanges in Mexico, Nicaragua and Costa 

Rica belong the proposed Mesquito Composite Oceanic Terrane, the components of 

which were accreted to Central America as part of the Andean/Cordilleran arc system 

and lie north of the CCOP (Baumgartner et al., 2008) (Fig. 6.1). Tectonised gabbros 

and volcanic rocks, some with island arc chemistry, have been dredged from the fore- 

arc basement of Guatemala and Mexico. These -180 to 100 Ma rocks record a long 

history of east-dipping Farallon Plate subduction (Geldmacher et al., 2008). At Santa 

Elena in Costa Rica (Fig. 6.1), three mafic volcanic island arc-related units have been 

identified with radiolarians in intercalated sediments ranging from 124-109 Ma (Hauff 

et al., 2000; Hoemle & Hauff, 2004). Beneath Santa Elena lies the Santa Rosa 

accretionary complex which has a more within-plate character (Hauff et al., 2000), but 

radiolarian ages from 190-93 Ma, which show that at least part of the complex was 

formed at a similar time to La Ddsirade (Baumgartner & Denyer, 2006). The Santa 

Elena and Santa Rosa complexes are possible equivalents to the Guatemalan forearc 

(Geldmacher et al., 2008). Finally, the Siuna complex in Nicaragua (Fig. 6.1) is a 

melange of serpentinites, gabbros and metamorphosed sedimentary and mafic igneous 

rocks including Middle to Upper Jurassic radiolarian cherts (Baumgartner et al., 2008). 

A phengite 40Ar-39Ar cooling age of 139.2±0.4 Ma from the high-pressure parts of the 

Siuna melange indicates Farallon east-dipping subduction-exhumation processes 

operating shortly after the formation of La Ddsirade (Flores et al., 2007).
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Cuba: Cuba (Fig. 6.1) is built partly of allochthonous suites of Mesozoic 

subduction-accretion complexes thrust together during collision with die Bahama 

Platform in the early Tertiary (Stanek et al., 2009). At the base of the Las Villas 

Syncline in west-central Cuba (Stanek et al., 2009) the Mabujina complex (Somin & 

Millan, 1981), which pre-dates the other subduction-related units of Cuba, consists of 

amphibolites and gneissic granitoids of island arc origin (Kerr et al., 1999; Blein et al., 

2003. The gneiss has been dated using U-Pb zircon methods to 133 Ma (Rojas- 

Agramonte et al., 2006). It is therefore possible that the amphibolites of the Mabujina 

complex formed at the same time as La Desirade and indeed the North Coast Schist of 

Tobago however the chronology is far from certain.

Jamaica: The Devils (sic) Racecourse Formation of the Benbow inlier (Fig. 

6.1) (Burke et al., 1969) consists of a lower bimodal island arc tholeiite sequence and 

an upper suite of calc-alkaline basalt-basaltic andesite island arc rocks (Hastie et al., 

2009). The Lower and Upper parts of the formation are separated by a sedimentary 

succession containing Hauterivian fossil assemblages at its base (Skelton & Masse, 

1998). The >136 Ma Lower Devils Racecourse Formation arguably contains the oldest 

lavas convincingly formed at an island arc axis in the Caribbean. Although Hastie et al. 

(2009) and Pindell & Kennan (2009) argue the Lower and Upper sequences were 

erupted in one single tectonic setting, this is far from certain given: (1) 2600 m of 

sedimentary rocks, (2) faulting between the two Formations (Burke et al., 1969) and (3) 

the need for detailed mapping of the Benbow Inlier (Hastie et al., 2009). Nevertheless, 

Hastie et al. (2009) propose that the entire Devils Racecourse Formation was formed 

above an E-dipping Andean/Cordilleran subduction zone.

Puerto Rico: Much of Puerto Rico (Fig. 6.1) is made up of middle to Late 

Cretaceous island arc assemblages argued to relate to SW-dipping subduction of the 

proto-Caribbean crust (Jolly et al., 2001); however, to the southwest of these 

assemblages lies the Bermeja complex (Mattson, 1960) which consists of a tectonic 

melange of oceanic serpentinite, amphibolite, basalt and chert (Schellekens, 1998). The 

cherts have yielded a -90 Ma history from the Early Jurassic to the Cretaceous 

including Kimmeridgian-Tithonian radiolarian- and Pantannelid-bearing tuffaceous 

cherts which overlap in age with La Desirade (Montgomery et al., 1992, 1994;
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Schellekens et al., 1998). The tuffaceous nature of the chert may indicate deposition 

close to an island arc source, whilst the gabbros and greenstones apparently have a 

supra-subduction zone origin (Montgomery et al., 1994; Schellekens, 1998). Accretion 

of the Bermeja complex occurred during the Early Cretaceous before the deposition of 

Cenomanian sedimentary rocks (Schellekens, 1998). It is unlikely that the Bermeja 

complex was formed close to a SW-dipping subduction zone because of its age range 

and south-westerly position relative to the younger Greater Antilles arc assemblages. 

Hence, Bermeja may also represent part of the Andean/Cordilleran system

6.2.3. Plate tectonic reconstruction o f Middle America during the Late Jurassic

Figure 6.2 shows a model proposing that the arc rocks discussed above were 

related to the east-dipping Andean/Cordilleran subduction system. Some subduction- 

related rocks such as those found in Jamaica and Puerto Rico may have been close to, 

or part of, the original E-dipping arc axis from within the inter-American region. La 

Ddsirade formed as part of the back-arc of this inter-American portion of the arc. 

Further north, Late Jurassic to Early Cretaceous E-dipping subduction formed the 

island arc rocks of the Guatemalan fore-arc (Geldmacher et al., 2008) and the 

subduction of the Siuna high-pressure rocks (Flores et al., 2007; Baumgartner et al., 

2008), which were later accreted to the Greater Antilles arc before final collision with 

North America (Pindell et al., 2011). Within-plate rocks also dredged from the 

Guatemalan fore-arc were erupted on the Pacific Plate and later accreted to the 

subduction mdlange (Geldmacher et al., 2008). Any Cretaceous polarity reversal event 

analogous to the Caribbean models did not affect the western margin of Central 

America, so eastwards subduction and accretion of the fore-arc and seamounts 

continued through the Cretaceous (Fig. 6.2).

6.2.4. Which model o f  subduction polarity reversal is favouredfor the preservation o f  

La Desirade?

La Ddsirade formed at -150-143 Ma in the back-arc of the Andean/Cordilleran 

system (Neill et al., 2010). It is assumed that, in the plateau-collision model (Chapter 

1), La Desirade would remain in the back-arc region until ~90 Ma when collision of the 

CCOP with the inter-American portion of the Andean/Cordilleran arc system would
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force a polarity reversal, with La Desirade accreting to the new NE-facing Greater 

Antilles arc. The implications of the ~ 135-125 Ma SW-dipping subduction initiation 

model of Pindell & Kennan (2009) and Pindell et al. (2006, 2011 and references 

therein) are similar to the plateau-collision model with the exception that La Ddsirade 

would be accreted to the Caribbean Plate during a much earlier polarity reversal at 

~135-125 Ma. In both cases the new SW-dipping subduction zone would be located to 

the E of La Desirade. Likewise, the other suites of rocks which formed at a similar time 

to La Ddsirade, and are preserved today in the Caribbean (e.g. the Bermeja, Puerto 

Rico), would be part of the Andean/Cordilleran system until polarity reversal.
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6 J . Origin of Tobago Island

6.3.1. Relationship o f  the North Coast Schist to other subduction-r elated rocks in the 

Caribbean

The new U-Pb zircon age for the North Coast Schist of 130.4±4.5 Ma 

(Hauterivian-Barremian) means that it is younger than the subduction-related rocks of 

La Desirade Island by approximately 10-20 Ma. Of the rock units described in Section 

6.2.2., the two most similar in age to the North Coast Schist are the -133 Ma granitoids 

of the granitoid- and amphibolite-bearing Mabujina complex of Cuba, and the 

-Hauterivian-Aptian (-136-125 Ma) tholeiitic and calc-alkaline island arc rocks of the 

Devils Racecourse Formation, Jamaica (Fig. 6.1). In all three cases, these suites 

represent the oldest island arc rocks to be found on their respective islands. Of the 

remaining island arc rocks in the Greater Antilles, many are -125 Ma or younger (Jolly 

et al., 2001; Escuder Viruete et al., 2006; Stanek et al., 2009). To date, the North Coast 

Schist is the oldest confirmed island-arc related unit in the offshore southern Caribbean.

6.3.2. Origin o f  the North Coast Schist in the context o f  the subduction polarity reversal 

models

Plateau collision model: In the plateau collision model for Caribbean tectonic 

evolution, the ages of the North Coast Schist and younger Tobago rocks (-130-91 Ma) 

indicate that Tobago formed entirely within an E-dipping island arc system The NCS 

protoliths would form in the fore-arc of the Andean/Cordilleran subduction system and 

then were deformed in an environment of dextral wrench shearing. Following this 

deformation, island arc magmatism continued with the formation of the Volcano- 

Plutonic Suite.

It is pertinent to mention here that a model for plateau collision and subduction 

polarity reversal has been proposed for the Dutch Antilles island chain (van der Lelij et 

al., 2010). Van der Lelij et al. (2010) used zircon and apatite fission-track dating on 

Bonaire and Aruba (Fig. 6.1) to show that uplift of -3  km or more of the Dutch Antilles 

at -90-85 Ma was associated with plateau collision. In contrast, thermo-chronological 

work on the TPS of Tobago (Cerveny & Snoke, 1993) shows that Tobago cooled
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through zircon closure (250-200°C) at -103 Ma with no evidence for subsequent burial 

or uplift until cooling through the apatite annealing zone at -45 Ma, the latter date 

concurrent with accretion of the Tobago terrane to northern South America (Speed & 

Smith-Horowitz, 1998). Therefore, the plateau-collision model is not substantiated by 

any thermo-chronological data from Tobago although more detailed work may be 

necessary. Furthermore, deformation of the NCS occurred between the formation of the 

130.4±4.5 Ma Parlatuvier Formation and the first eruptions of the Tobago Volcanic 

Group (-112-106 Ma; Snoke & Noble, 2001) so collision of the 95-90 Ma CCOP 

cannot have played any role in deformation. Therefore an original explanation for that 

event must be sought; possibly that NCS deformation occurred during the oblique 

rifting of the E-dipping subduction system as proto-Caribbean spreading continued.

- 135-125 Ma SW -dipping subduction initiation model: Figure 6.3, similar to 

that proposed by Pindell et al. (2011), shows that during the hypothesised -135-125 Ma 

subduction initiation/polarity reversal event, fragments of the pre-existing 

Andean/Cordilleran arc system would be dragged along transform faults into the new 

Greater Antilles island arc axis. The structural observations of the NCS by Snoke et al. 

(2001) show that there was dextral wrench shear deformation of these greenschist- 

facies rocks. As Figure 6.3 shows, Pindell et al. (2011) propose that a series of 

transform systems should form at the interface between the old Andean/Cordilleran arc 

and the new SW-dipping Greater Antilles arc system during polarity reversal. 

Transform faulting would be dextral in nature at the southern end of the new 

subduction zone. Unfortunately, the relative ages of the Parlatuvier, Mount Dillon, 

Karv and MORB-like amphibolite units are unknown, so any model for the origin and 

deformation of the NCS is necessarily hypothetical. The geochemical results discussed 

in Section 5.3 showed that many of the amphibolites of the thermal aureole with the 

TPS were MORB-like and the other formations were subduction-related; with the 

Parlatuvier Formation derived from a HFSE-enriched mantle, and the other rocks 

derived from more a more depleted mantle source. Although it is possible to walk 

down-grade in continuous section from amphibolite-facies rocks of unknown chemistry 

to the Parlatuvier Formation of the NCS (Snoke et al., 2001b), all of the chemical 

boundaries between units may well be fault-bounded. The deformational environment 

of dextral wrench shear described above may be a convenient means of amalgamating
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chemically-different parts of the NCS from slightly different parts of the Andean arc 

system.

As an aside; the DUPAL anomaly described from the Nd-Hf radiogenic isotope 

results for the Parlatuvier Formation and amphibolites in Chapter 5 might be explained 

by the mantle or mantle wedge source containing both South American sub-continental 

lithospheric mantle (SCLM) and more chemically depleted (isotopically enriched) 

components. This scenario is only possible with E-dipping subduction. In summary, 

unless an alternative explanation to the subduction polarity reversal is found for the 

-130-112 Ma deformation and metamorphism of the NCS of Tobago, the work 

undertaken in this thesis supports the -135-125 Ma SW-dipping subduction initiation

model of the Caribbean.

NORTH AMERICA Atlantic
Ocean

Gulf of 
Mexico

Cordilleran
Arc

Sinistral ^  
transform zones

New inter-American 
Greater Antilles Arc

Old inter-American 
Andean/Cordilleran arc 
(Jamaica) and back-arc 

(La Desirade)

Dextral /  
transform zones

-130 Ma in the 
SW-dipping 
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Figure 6.3. Diagram adapted and modified from Pindell et al. (2011) showing the model for -135-125 
Ma SW-dipping subduction initiation. In this model, La Desirade (point 1) and any fragments o f the 
older NE-dipping Andean/Cordilleran arc, e.g. Jamaica, Puerto Rico (point 2) would lie in various 
positions with respect to the new Greater Antilles arc. Siuna would be trapped at the southern end o f the 
Cordilleran arc system (point 3). The North Coast Schist protoliths o f Tobago (point 4) would have 
formed in the E-dipping Andean fore-arc before dextral wrench-shear translation to the new Greater 
Antillean island arc axis. SW-dipping subduction o f the proto-Caribbean crust would result in the 
formation o f the TVG, TPS and younger tonalite, dykes and Nb-enriched rocks.
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6.3.3. Correlation o f the Volcano-Plutonic Suite with other Caribbean island arc rocks

Table 1.2 showed a selection of the island-arc fragments across the Caribbean 

region, the most pertinent of which are discussed here in relation to the -112-106 Ma 

magmatism on Tobago. Unfortunately, Hf isotope ratios have not been calculated for 

any of these rocks with the exception of the Washikemba Group, Bonaire (Thompson et 

al., 2004).

Cuba: On the island of Cuba, island-arc rocks dating from -125 Ma to -75 Ma 

are preserved (summarised by Stanek et al., 2009). Geochemically relatively little is 

known about these rocks. A detailed study by Marchesi et al. (2007) on the Albian- 

Coniacian (Iturralde-Vinent et al., 2006) igneous suites of Oriente, eastern Cuba, 

showed that these were arc rocks with depleted mantle sources. Marchesi et al. (2007) 

argued that the slab-related component was derived from both Cretaceous Atlantic 

marine sediments and North American continental material (i.e. SW-dipping 

subduction polarity). Their data showed Th/La ratios ranging from 0.05-0.3, compared 

to 0.1-0.2 for the majority of the TVG. Whole-rock Nd isotope ratios ranged from eNdi 

= +5.0-11.0, again within the range of the VPS.

Hispaniola (Dominican Republic): There are major and trace element and Nd- 

Sr isotope studies for arc rocks of the Dominican Republic ranging in age from -125- 

90 Ma (U-Pb zircon and Ar-Ar plagioclase dating) (Escuder Viruete et al., 2006, 2007b, 

2008, 2010). The authors show that the majority of these rocks are of back-arc basin to 

island-arc tholeiite and calc-alkaline island-arc affinity and were formed by the partial 

melting of a depleted mantle source (sNdi ranging from +7.5-10.5), similar to the 

Tobago Volcanic Group. The >116 Ma (U-Pb zircon age) Los Ranchos Formation 

consists of boninites and LREE-depleted island arc tholeiites overlain by ‘normal’ 

island arc tholeiites, the mafic varieties of the lattermost with similar trace element 

patterns and Th/La ratios to the Tobago Volcanic Group (Escuder Viruete et al., 2006). 

One other unusual suite of rocks is the -90 Ma Tireo Formation of Escuder Viruete et 

al. (2007b), dated by zircon U-Pb and hornblende Ar-Ar methods. Here, the Tireo 

Formation overlies island arc tholeiites, and consists of adakites, magnesian andesites
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and Nb-enriched basalts. Escuder Viruete et al. (2007b) interpret these rocks to be the 

magmatic product of subduction of the proto-Caribbean spreading ridge and the partial 

melting of the resultant slab-window edges (e.g. Thorkelson & Breitsprecher, 2005). 

Hitherto this is the only location in the Cretaceous Caribbean arc system where this 

supposed genetically-related rock association has been recorded. Unfortunately, there is 

no isotopic data for these unusual rock types, a serious concern because: (a) the lack of 

isotope data precludes meaningful comparison with the Amos Vale-Mason hall tonalite 

and Nb-enriched dykes of Tobago and (b) isotopic data is vital in proving a genetic link 

between slab melting and Nb-enriched basalt formation (e.g. Section 5.3.6; McPherson 

et al., 2006; Castillo, 2008).

Puerto Rico and the U.S Virgin Islands: Puerto Rico contains Lower to Upper 

Cretaceous island arc assemblages which Jolly et al. (2001) separated into 5 volcanic 

phases, with phases I-III forming in the Late Aptian to Coniacian (-120-97 Ma), similar 

to the rocks of Tobago. Phase I comprises mafic to intermediate island arc tholeiites, 

with Th/La ratios of -0.07-0.16 and sNdi values of +7.2-8.5. Phase II is more calc- 

alkaline in composition, with Th/La ratios within the range of the phase I rocks (-0.10- 

0.14) and eNdi values of +6.5-8.1. These results are comparable to Tobago and indicate 

a relatively depleted mantle wedge source with little contribution from subducted 

terrigenous sediments. The phase III rocks have Th/La ratios ranging from -0.12 to 

0.40, much higher than for Tobago. Jolly et al. (2001) interpreted the high Th/La as the 

product of fractional crystallisation processes (zircon accumulation?) because of the 

preponderance of more felsic rocks (up to 75 wt.% SiCh) and a positive correlation 

between Th/La ratios and fractionation indices in phase III. Finally, Nb-Y 

concentrations at 8 wt.% MgO (Pearce & Parkinson, 1993) were used by Jolly et al. 

(2001) to show that mantle fertility increased throughout the growth of die arc system

Jolly et al. (2001) interpreted the geochemistry of the mafic rocks as recording 

the build-up of an island arc system in the open ocean away from terrigenous sediment 

sources, with melt extraction in the back-arc basin reducing temporally to give a 

progressively more fertile mantle wedge. Jolly et al. (2008) later argued that the 

subduction of Adantic biogenic clay and carbonates, and a smaller proportion of 

turbidites, was responsible for geochemical variations in the Puerto Rican lavas, as
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opposed to Pacific pelagic chert; and that phases I to III were therefore formed above a 

SW-dipping Greater Antilles subduction zone. A more detailed study of the field 

relationships, isotope and trace element geochemistry of the arc rocks of Puerto may be 

required to prove SW-dipping or NE-dipping subduction through the Early to Late 

Cretaceous.

Finally, the Water Island Formation of the U.S. Virgin Islands consists of a 

bimodal suite of island arc basalts and dacites/ihyolites which have been loosely dated 

by radiolarian assemblages to -115 Ma (Rankin, 2002). A major and trace element 

study by Jolly & Lidiak (2006) showed that the mafic rocks had flat to LREE-depleted 

normalised REE patterns, and negative Nb and Ce anomalies, the latter consistent with 

the subduction of oxidised pelagic sediments. However, the study also showed that the 

samples had relatively low analysed abundances of Th (<0.5 ppm), close to the limit of 

detection, so a clear assessment of the slab component related to subducted terrigenous 

sediment is impossible.

Bonaire, Dutch Antilles: The only Aptian-Albian island arc rocks of the 

southern Caribbean not to have not experienced HPLT metamorphism, are found on the 

Dutch Antilles island of Bonaire (Fig. 6.1). U-Pb and Ar-Ar dating has revealed that the 

Washikemba Group, consisting of felsic volcaniclastics intruded by felsic to 

intermediate dykes and sills, is -98-94 Ma (Thompson et al., 2004; Wright & Wyld, 

2011). The Matijs Group consists of argillites, cherts and conglomerates, with the 

argillites cut by doleritic stocks. A U-Pb baddeleyite age obtained from the dolerite was 

111.6±5.1 Ma was reported by Wright & Wyld (2011). Chemically the igneous rocks of 

the island are of island arc origin, derived from a depleted mantle source with coupled 

Nd-Hf isotope ratios which overlap on Figure 4.27 with the VPS of Tobago (Thompson 

et al., 2004). The exact origin of the Bonaire island arc block is uncertain. Thompson et 

al. (2004) and van der Lelij et al. (2010) argue it formed in an E-dipping subduction 

setting (Andean arc?) whereas Wright & Wyld (2011) propose it formed at the southern 

end of the Greater Antilles arc and was dragged SW along a subduction-transform- 

edge-propagator fault (Govers & Wortel, 2005) between the SW-dipping Greater 

Antilles and E-dipping Andean trenches to its present location. To re-iterate, thermo- 

chronological data indicate >3 km of uplift on Bonaire at -90-85 Ma which suggests 

the Bonaire arc block was part of an E-dipping subduction system with which the
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CCOP collided (van der Lelij et al., 2010). Whatever the origin of Bonaire, it is 

important to understand that this arc-related fragment was probably located within an 

E-dipping Andean arc system by -90 Ma. For a suggestion of the palaeo-locations of 

the Greater Antilles arc fragments, Tobago and Bonaire, see Figure 6.3 below.

Subduction-related rock units in Venezuela: Two rock units in Venezuela may 

have geological histories which can be correlated to the island arc activity on Tobago. 

The first of these is Margarita Island, offshore Venezuela (Fig. 6.1), which is part of the 

wider geological region of the Caribbean coast of Venezuela called the Cordillera de la 

Costa, consisting of fragments of oceanic, passive margin and continental rocks (Sisson 

et al., 1997). Margarita Island consists of a basement suite of HPLT rocks. Maresch 

(1971) defined continental rocks -  dominated by metasedimentary schists and gneisses 

-  as the Juan Griego Group, and oceanic rocks -  mostly metabasalts -  as the La 

Rinconada Group. Little geochemical work has been done on these rocks but structural 

investigations suggest these two units were amalgamated prior to peak subduction zone 

metamorphism (StOckhert et al., 1995; Maresch et al., 2009). These authors conducted 

U-Pb dating of zircons from the two units and produced ages ranging from -116-106 

Ma to 85 Ma. The 85 Ma age comes from a post peak-metamorphic tonalite body. The 

significance of these results is difficult to assess because (a) it is not known for certain 

whether the older zircon ages are from the protoliths or if they represent metamorphic 

growth; (b) the origin of the igneous protoliths, particularly of the La Rinconada Group 

have not been assessed in detail geochemically and (c) there is a large error of -10  Ma 

on the older U-Pb age which makes it difficult to interpret geologically. Nevertheless, 

Margarita was undergoing HPLT metamorphism in a subduction zone at the same time 

as the island arc rocks of Tobago were forming. Maresch et al. (2009, their Fig. 17) 

have argued that the opening of a back-arc basin between the Andean arc and South 

America during the Jurassic formed the La Rinconada Group; and that its W-directed 

closure during the Aptian-Late Cretaceous (coupled with a SW-dipping Greater 

Antilles arc), resulted in the subduction of fragments of South American continental 

margin (Juan Griego Group), as well as the La Rinconada Group.

The second Venezuelan unit of interest is the Villa de Cura, long reported as a 

large nappe-scale structure, and more recently sub-divided into four mafic volcanic and 

sedimentary formations metamorphosed in the pumpellyite-actinolite to barroisite
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zones (blueschist facies) (Shagam, 1960; Smith et al., 1999; Unger et al., 2005). 

Limited major and trace element analyses of the volcanics indicate that the Villa de 

Cura was part of a tholeiitic island arc (Ostos & Sisson, 2005; Unger et al., 2005). The 

high-grade, more silicic barroisite sub-belt reached peak metamorphism at -96  Ma (Ar- 

Ar dating of barrosite amphiboles), with the other belts experiencing peak 

metamorphism at -80 Ma (Smith et al., 1999). Smith et al. (1999) and Unger et al.

(2005) argued that these rocks formed in an E-dipping island arc setting and were 

deformed in a W-dipping subduction zone following polarity reversal. During the 

inception of W-dipping subduction the higher-grade rocks were argued to have been 

subducted earlier, and deeper, compared to the lower-grade rocks (Smith et al., 1999; 

Unger et al., 2005).

An untested alternative hypothesis was proposed by Ostos et al. (2005) - that the 

rocks of the Villa de Cura formed due to Cretaceous SE-sipping subduction beneath the 

rifted continental margin of NW South America. However, the correlation of this SE- 

dipping subduction zone to either Bonaire or the Greater Antilles arc has not been 

achieved. Both hypotheses for the origin of the Villa de Cura remain to be fully tested, 

particularly because of its unknown protolith age and lack of detailed geochemical 

information. Nevertheless, Mid-Cretaceous HPLT metamorphism took place in 

Venezuela at a similar time to the island arc rocks of Tobago.

6.3.4. Origin o f  the Volcano-Plutonic Suite in the southern portion o f  the Greater 

Antilles island arc

The comparison in Section 6.3.3 shows that the -112-106 Ma VPS of Tobago is 

of a similar age to, and shares geochemical characteristics with, island arc rocks 

preserved in Eastern Cuba, Hispaniola, Puerto Rico, the U.S. Virgin Islands and 

potentially the Matjis Group of Bonaire. Reconstruction of the Caribbean region prior 

to the opening of the Grenada Basin at -55 Ma would place Tobago close to the 

central-northern portion of the Aves Ridge arc (Pindell & Kennan, 2009). This palaeo- 

location and geochronological and chemical comparison strongly indicates that the 

rocks of the VPS formed above the same subduction zone as the rocks of the Greater 

Antilles and probably towards the southern end of the island arc system.
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In the plateau collision model of the Caribbean, most of the locations listed in 

Section 6.3.3 would have formed above a NE-dipping subduction zone. In the -135- 

125 Ma SW-dipping subduction initiation model, most of the formations would have 

been generated by partial melting above a SW-dipping subduction zone, with the 

possible exception of the rocks of Bonaire, discussed in Section 6.3.3. This model is set 

out in Figure 6.4. Aside from the contentions of Jolly et al. (2001), Jolly & Lidiak

(2006) and Marchesi et al., (2007), based on the calculated composition of subducted 

sediments, there is little conclusive evidence taken from these rocks alone that favours 

either subduction polarity. However, as discussed in Section 6.3.2, the deformational 

history of the older NCS of Tobago implies that the VPS formed above a SW-dipping 

subduction zone following polarity reversal (Figs. 6.3, 6.4).

The relationship of the rocks of the Greater Antilles to those found on Margarita 

Island (Cordillera de la Costa) and in the Villa de Cura of Venezuela is, as noted in 

Section 6.3.3, extremely difficult to ascertain and will not be further discussed here.

Figure 6.4. Possible origin o f  the VPS o f  Tobago in a SW-dipping subduction scenario, adapted from 
Pindell et al. (2011) and Wright & Wyld (2011). Tobago forms at the southern end o f the Greater 
Antilles arc, while the island arc rocks o f  Bonaire form above the north end o f the Andean subduction 
zone. The origin o f  Margarita, the Cordillera de la Costa and the Villa de Cura is uncertain.
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6.3.5. Plate tectonic context fo r  the dyke swarm, tonalite, and Nb-enriched mafic rocks

At the end of the main phase of volcanism on Tobago, at -106 Ma, the VPS was 

intruded by the Amos Vale-Mason Hall tonalite, followed by rare Nb-enriched mafic 

rocks. Contemporaneous with the final stages of formation of the VPS, and for -15 Ma 

thereafter, a swarm of mafic dykes was emplaced with a waning subducted sediment- 

related component and increasingly depleted mantle signature, indicated by decreasing 

time-integrated Th/La, La/Sm and Nb/Yb ratios. Earlier in this thesis it was suggested 

that the tonalite was formed by partial melting of the subducting oceanic slab and that 

the Nb-enriched mafic rocks were probably formed by the partial melting of a HFSE- 

and isotopically-enriched source which was distinct from both the subducting oceanic 

crust and mantle source o f the VPS.

In the plateau-collision model of the Caribbean, some local slab-melting and 

enriched mantle infiltration into the NE-dipping island arc system would have to occur 

to form these Nb-enriched and tonalitic rocks but a precise model is elusive. 

Alternatively, in the -135-125 Ma SW-dipping subduction initiation model, Tobago 

would be situated near to the southern end of the Greater Antilles arc at -106 Ma (Fig. 

6.4). Here, the VPS could overlie the tom edge of the subducting proto-Caribbean slab 

where it met the dextral strike-slip system linking with the E-dipping Andean arc 

further to the SW (Figs. 6.3, 6.4). This would be an ideal location for the edge of the 

proto-Caribbean slab to partially melt in contact with hot, dry mantle. This slab-edge 

location would also be a site at which isotopically distinct sources could form the Nb- 

enriched dykes. This is a scenario similar to the northern termination of the Kamchatka 

arc (a slab-edge setting) where Nb-enriched basalts are erupted that are HFSE-enriched 

compared to, and isotopically more enriched than, the more southerly arc rocks 

(Portnyagin et al., 2005; 2007). On Tobago, any subsequent rifting of the island arc 

system after the formation of the Nb-enriched rocks and the tonalite could lead to upper 

crustal extension and the emplacement of the mafic dyke swarm, derived from a 

depleted, subduction-influenced mantle.
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6.4. Origin of the malic rocks of San Souci

6.4.1. Palaeo-location and correlations

The zircon fission track data discussed in Section 2.3.1 show peaks at -108 Ma, 

-200 Ma, -245 Ma, -336 Ma and -435 Ma (Algar et al., 1998). The older ages are 

consistent with suitable protoliths found in the northern Andes (Barrett, 1986; Algar et 

al., 1998). The small cluster of -108 Ma ages has been argued to tally with the San 

Souci Formation (Algar et al., 1998) which cannot be tested as there is, as yet, no 

reliable radiometric age from the San Souci Formation itself. It is almost certain that 

during the Middle to Late Cretaceous, the San Souci Formation was formed within a 

sedimentary basin that lay to the NW of continental South America and probably to the 

south and/or east of any island-arc-related units of the leading edge of the Caribbean 

Plate. There have also been several unpublished studies looking at outcrops of mafic 

rocks found in the Araya-Paria peninsula (Cordillera de la Costa) and the Los 

Algadones region south of the Falcon Basin, in Venezuela (McMahon, 2000; Kerr et 

al., 2009b; A.C. Kerr, unpublished data) (Fig. 6.1). These rocks, listed below, have 

been found to contain oceanic plateau geochemical signatures similar to those found at 

San Souci.

Cordillera de la Costa, Venezuela: The Cordillera de la Costa is a highly 

deformed belt running along the coastal regions of northern Venezuela (Fig. 6.1), 

consisting of ‘oceanic and passive continental-margin rocks intermixed with Palaeozoic 

granites and granitic gneisses’ (Sisson et al., 1997). The mixture of rocks, some of 

which have been metamorphosed to eclogite facies, have been interpreted as fragments 

of oceanic and continental material which were partly subducted near to the NW comer 

of South America before being transported eastwards with the Caribbean Plate (similar 

to Margarita Island and the Villa de Cura) (e.g. Sisson et al., 1997; Ellero et al., 2007). 

The Cordillera de la Costa strikes E-W discontinuously for over 600 km. Within the 

easternmost of the blocks on the Araya-Paria peninsula lies the poorly-studied El 

Copey Formation (Maxwell & Dengo, 1951) (Fig. 6.1). Little information is available, 

but A.C. Kerr has collected schistose tuffs and talc-schists (meta-serpentimtes) and 

basaltic schist (Kerr et al., 2009b) and C. McMahon of Notre Dame University 

collected a suite of basalts (McMahon, 2000). The schistose tuffs and the basaltic schist

208



Chapter 6: Correlations and implications

have flat normalised REE patterns with no Nb-Ta anomalies (Kerr et al., 2009b), 

similar to the basalts of McMahon (2000). Therefore, these rocks are not subduction- 

related. Zr/Nb ratios range from 8-23 (plume-like) (McMahon, 2000; Kerr et al., 

2009b). Plotted on an Nb/Y vs. Zr/Y diagram (Fitton et al., 1997), the majority of the 

collected samples fall within the Iceland array close to the lower tramline (McMahon, 

2000; Kerr et al., 2009b), again suggestive of a plume-related source (Fig. 6.5). Nd and 

H f radiogenic isotope signatures, corrected to 90 Ma, are presented on Figure 6.5 (and 

Fig. 4.30) and are: eNdj = +8.5-9.0 and eHfi = +13.0 (Kerr et al., 2009b). These rocks 

are isotopically identical to the rocks of San Souci on the eHfi vs. eNdi plot.

Los Algadones, Venezuela: Siquisique (Fig. 6.1), in Los Algadones, Venezuela, 

lies to the NW of the Cordillera de la Costa belt and contains basalts and gabbros which 

are associated with, but not obviously intercalated between, Jurassic ammonite-bearing 

marine sedimentary rocks (Bartok, 1985; Kerr et al., 2009b). Because of the ammonite 

ages, it was assumed that the mafic rocks were the product of spreading between the 

Americas to form the proto-Caribbean Seaway (Bartok, 1985). However the basalts and 

gabbros may intrude the older sedimentaiy rocks or be in faulted contact. Gabbros and 

basalts were collected from Siquisique in 2004, and Ar-Ar dating of fresh plagioclases 

within these rocks indicates a likely intrusion age of 95-90 Ma (Kerr et al., 2009b). 

These rocks have flat REE patterns and have, like the rocks of San Souci and El Copey, 

no Nb-Ta or Ti anomalies (Kerr et al., 2009b). The Siquisique rocks have Zr/Nb ratios 

of 26-34 in the gabbros and 20-30 in the basalts, compared to the average Zr/Nb of San 

Souci of 21, and plot around the lower tramline of the Iceland array on the Zr/Y vs. 

Nb/Y diagram (Figure 6.5). Isotopically, the basalts are similar to El Copey and 

Siquisique, with eNdi = +9.2 and sHfi = +14.0. A single gabbro analysis was slightly 

more depleted with eNdi = +10.1 and eHfi = +15.5, similar to East Pacific Rise MORB 

and consistent with the more MORB-like Zr/Nb ratios of the gabbros (Figs. 6.5 and 

4.30). Therefore, the basalts at least appear to be geochemically identical to the mafic 

rocks of El Copey and San Souci.

With the exception of the Siquisique gabbros, all of these units appear to be 

related to San Souci in that they are geochemically distinct from MORB, have plume­

like trace element characteristics and isotopically are very similar to each other.
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Figure 6.5. Left: Nb/Y vs. Zr/Y diagram. See Chapter 5 for an explanation. Sample references: San Souci 
-  this study; El Copey mafic rocks -  McMahon (2000), Kerr et al. (2009b); Siquisique basalts and 
gabbros -  Kerr et al. (2009b). Right: Hf-Nd isotope diagram. San Souci -  this study; El Copey and 
Siquisique -  Kerr et al. (2009b).

6.4.2. Source o f magmatism and location with respect to the Greater Antilles arc

There is no evidence for active rifting on the continental margin of NW South 

America at -90 Ma (Wadge & Macdonald, 1985). All the units discussed above formed 

by moderate degrees of partial melting of a plume-like mantle source (Kerr et al., 

2009b). Therefore it is concluded that these formations were derived from the partial 

melting of either: (a) a distinct proto-Caribbean plume source, or (b) part of the 

Galapagos plume head which formed the CCOP. There are 3 reasons which indicate 

that hypothesis (b) is unlikely to be correct. Firstly, the ages of the mafic rocks of San 

Souci and El Copey are unknown and could potentially pre-date the CCOP. The age of 

the Siquisique rocks is constrained only by Ar-Ar analyses and not by potentially more 

accurate U-Pb zircon dating (Kerr et al., 2009b). Secondly, if the Galapagos Plume 

head were to be responsible for this proto-Caribbean magmatism then plume activity at 

-95-90 Ma would have to jump from the east to the west side of the Greater Antilles 

subduction system (either NE- or SW-dipping) almost certainly contaminating the 

mantle wedge source of the Caribbean arc system (see Hastie & Kerr, 2010). Thirdly, 

the Nb/Y vs. Zr/Y and Hf-Nd isotope plots presented in Figure 6.5 show no convincing 

evidence that the rocks of San Souci, Siquisique or El Copey were derived from a 

mantle source chemically and isotopically similar to the Galapagos Islands and the 

CCOP. Given the lack of chemical or geodynamic support for a Galapagos plume head 

origin, it is concluded that these rocks were formed by the partial melting of a distinct,
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previously unidentified plume head which lay beneath the proto-Caribbean seaway 

(Fig. 6.6).

The origin of the rocks of San Souci does bear some relationship to the debate 

over the polarity reversal models of the Caribbean. Hastie & Kerr (2010) argued against 

the SW-dipping subduction scenario during CCOP formation because of the lack of 

subduction-related geochemistry in the analysed sections of the CCOP. Subduction- 

related fluid influence (see Section 5.1) might be expected in the rocks of San Souci, 

since the plateau-collision model predicts that the crust between the NW Andes and the 

Greater Antilles would have been in the back-arc region with respect to the Antillean 

arc. A pre-existing E-dipping subduction zone could potentially contaminate the mantle 

source of San Souci and the Venezuelan localities with a slab-related component unless 

it lay at a significant distance from the arc. A global study of back-arcs by Pearce & 

Stem (2006) showed that the size of the slab-fluid signature (traced by Ba/Nb ratios) in 

the back-arc was related to the distance between the back-arc spreading centre and the 

island arc. However, Pearce & Stem (2006) argue that the distance from the arc at 

which the slab-fluid signature is absent from back-arc rocks varies considerably 

between systems (usually over an order of 100’s of km), and that complex tectonic 

histories or mantle flow patterns can affect the slab-signature/distance relationship. 

Therefore, although the lack of a subduction-related geochemical signature in the 

plateau rocks of this study implies no E-dipping subduction zone beneath the proto- 

Caribbean at -100-90 Ma, the chemistry of these rocks is not definitive evidence 

against the plateau-collision model of Caribbean tectonic evolution.

211



Chapter 6: Correlations and implications
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Figure 6.6. Hypothetical palaeo-tectonic scenario with the Galapagos plume head and CCOP lying to the 
SW o f the Greater Antilles and W o f the Andean arc system. San Souci, El Copey and Siquisique formed 
within the proto-Caribbean plate from a separate mantle plume head.
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6.5. Origin of the SE Aves Ridge

6.5.1. Correlation with the Dutch-Venezuelan Antilles

The age and origin of the recently studied rocks of the Dutch-Venezuelan 

Antilles are summarised in Table 6.1 and their locations are shown on Figure 6.1. In the 

Venezuelan Antilles, La Blanquilla contains the closest exposure of igneous rocks to 

the Aves Ridge - granodiorites and tonalites dated at -76  and -59  Ma respectively 

(Wright & Wyld, 2011). The granodiorite is geochemically comparable to the Aves 

Ridge granitoids (Fig. 6.7), with similar Th/La, La/Yb and Nb/Yb ratios. Like the Aves 

Ridge, no CCOP mafic rocks are found on La Blanquilla. However, on Gran Roque of 

the Los Roques islands (Fig. 6.1), undated gabbros and dolerites of oceanic plateau 

affinity (likely the CCOP) are present (Giunta et al., 2002; A C. Kerr, unpublished 

data). The mafic rocks are cut by quartz diorites, pegmatites and aplites with Ar-Ar 

biotite and hornblende ages of -68 and -59  Ma respectively (van der Lelij et al., 2010). 

Like La Blanquilla, the felsic rocks of Los Roques have almost identical trace element 

signatures to the granitoids of the Aves Ridge (Fig. 6.7) (data from Giunta et al., 2002; 

A C. Kerr, unpublished data). All the Venezuelan Antilles arc rocks are considered to 

be formed by northwest or west-dipping subduction beneath the CCOP (Giunta et al., 

2002; Wright & Wyld, 2011).

On Curasao in the Dutch Antilles (Fig. 6.1), dykes of diorite and quartz diorite 

(-86 Ma; Wright & Wyld, 2011) intrude the CCOP-related Curasao Lava Formation 

(-89 Ma; Sinton et al. 1998). These dykes also have very similar trace element 

signatures to the Aves Ridge granitoids (Fig. 6.7) (Wright & Wyld, 2011). Aruba, also 

part of the Dutch Antilles (Fig. 6.1), includes the mafic Aruba Lava Formation which is 

dated using the imprint of ammonite fossils to -90  Ma (MacDonald, 1968), and is a 

part of the CCOP (White et al., 1999). The Aruba Lava Formation is cut by the dioritic 

to tonalitic Aruba Batholith, which has a weighted mean U-Pb zircon age of 88.6 ± 0.5 

Ma (van der Lelij et al., 2010; Wright & Wyld 2011). White et al. (1999) showed that 

the batholith has low Nb, high Ba and Sr and flat to LREE-enriched REE patterns (Fig. 

6.7). Although much more variable in major and trace element concentration, the Aruba 

batholith does resemble the Aves Ridge granitoids and is considered, like the Curafao
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dykes, to form by partial melting of CCOP crust during west-dipping subduction 

(White et al., 1999; van der Lelij et al., 2010; Wright & Wyld, 2011).

The only other mafic island arc rocks in Dutch-Venezuelan Antilles are found 

on Bonaire Island (Fig. 6.1) which have already been discussed in relation to the island 

arc rocks of Tobago (Thompson et al., 2004; Wright & Wyld, 2011). To re-iterate, 

poorly-studied mafic stocks of the Matijs Group intruded Aptian or older argillaceous 

rocks before deposition of a Coniacian conglomerate unit. The felsic volcanics, diorites 

and dacites of the Washikemba Group (Formation of Thompson et al., 2004) are -96 

Ma (Thompson et al., 2004; Wright & Wyld, 2010). These rocks were formed by 

subduction beneath a depleted mantle source (Thompson et al., 2004). There are no 

rocks of CCOP affinity or arc rocks derived from a plume-related mantle source on 

Bonaire.
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Figure 6.7. N-MORB-normalised trace element diagram comparing the characteristics o f the Aves Ridge 
granitoids with subduction-related rocks o f  the Dutch and Venezuelan Antilles.

These results have profound implications for the tectonic evolution of the 

southern Caribbean (e.g. van der Lelij et al., 2010; Wright & Wyld, 2011). Because the 

CCOP rocks exposed on Aruba, Cura9 ao and Gran Roque show no sign of interaction 

with slab-fluids, Hastie & Kerr (2010) argue that there must have been no active 

subduction zone beneath this part of the CCOP during its formation. The island arc 

rocks of Bonaire form a parallel chain with the rocks of Aruba, Cura9 ao and Grand
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Roque. As has been already discussed (Section 6.3.3), the -96  Ma island arc rocks on 

Bonaire appear to represent E-dipping subduction in the region, or less likely, an 

allochthonous fragment of the SW-dipping Greater Antilles arc.

Following formation of the CCOP, arc-like rocks formed on Aruba and Curasao 

within 1-3 Ma of plateau formation (Wright & Wyld, 2011). Studies of andesitic 

volcanoes using the U-Th decay series have shown that subduction-related fluids are 

generated and added to the mantle wedge just a few hundred ka before eruption (e.g. 

Turner et al., 2000). Partial melting to form the Aruba batholith and Curasao dykes 

could therefore have occurred above a subduction zone that initiated along the edge of 

the CCOP (c.f., Niu et al., 2003; Stem, 2004; Wright & Wyld, 2011), most likely aided 

by collision of the CCOP with an east-dipping subduction zone shortly after its 

formation, triggering a rapid polarity reversal at -89  Ma (van der Lelij et al., 2010) 

(Fig. 6.8).

There are no arc rocks younger than -88 Ma in the Dutch Antilles. Van der 

Lelij et al. (2010) used fission track dating to show that significant uplift occurred on 

Bonaire at -85-80 Ma, whilst the Campanian and younger Soebi Blanco Formation on 

Bonaire and the Knip Group and Midden Curasao Formation of Curacao contain 

continental detritus (Priem et al., 1986; Wright & Wyld, 2011). Subduction in this part 

of the Dutch-Venzuelan Antilles arc system was probably terminated abruptly by 

collision of the incipient arc with the South American margin (Fig. 6.8).

The comparison above shows that the Aves Ridge rocks formed 

contemporaneously with magmatism on Gran Roque and La Blanquilla. On La 

Blanquilla there is no known CCOP basement through which the arc rocks intruded, as 

may be the case for the Aves Ridge, because of the proximity of thin non-plateau-like 

crust in the SE comer of the Venezuelan Basin (see below). Therefore the subduction- 

related rocks of La Blanquilla appear to have formed in a similar setting to the Aves 

Ridge rocks and the island may indeed be a southerly extension of the Aves Ridge 

(Wright & Wyld, 2011). No subduction-related rocks have been found on the Aves 

Ridge or Venezuelan Antilles that are older or younger than -76  Ma and -59  Ma, 

respectively. It is possible that following cessation of magmatism on the Dutch Antilles
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at -88  Ma, subduction transferred eastwards to the Venezuelan Antilles and Aves 

Ridge, before stalling with inception of the Grenada Basin (Fig. 6.8).
Table 6.1. Summary of recent studies of igneous exposures from the Aves Ridge, Dutch-Venezuelan 
Antilles.

Location Suite Rock Types Age(s) (Ma) 
* Tectonic setting References

SE Aves Ridge n/a Felsic intrusive 76 ± 1.4 Island arc This thesis;
Neill etal. (2011)

n/a Mafic extrusive 
and intrusive

n/a Island arc (plume 
mantle source)

This theis;
Neill etaL (2011)

La Blanquilla (Ven n/a Felsic intrusive 75.5 ± 0.9 Island arc Wright & Wyld (2011)
Antilles)

n/a Felsic intrusive 58.7 ±0.5 Island arc Wright* Wyld(2011)

Gran Roque (Ven n/a Mafic intrusive n/a Oceanic plateau Giunta et al. (2002);
Antilles) A.C. Kerr (unpublished 

data)
n/a Felsic intrusive 65.3 ± 1.4, 

68.30 ± 0.76, 
58.93 ± 1.22

Island arc van der Lelij et al. 
(2010);
Wright* Wyld(2011)

Curasao (Dutch Lava Fm. Marie extrusive 88.9 ± 0.8 Oceanic plateau Sinton et al. (1998)
Antilles)

n/a Intermediate
intrusive

86.2 ± 1.1 Island arc Wright* Wyld(2011)

Aruba (Dutch Lava Fm. Mafic extrusive Turanian (—90 Oceanic plateau MacDonald (1968);
Antilles) Ma) t White etal. (1999)

Batholith Mafic to felsic 88.6 ± 0.5$ Island arc (plume van der Lelij et al.
intrusive mantle source) (2010);

White etal. (1999); 
Wright* Wyld(2011)

Bonaire (Dutch Washikemba Felsic extrusive, 94.6 ± 1.4,98.2 Island arc (depleted Thompson et al. (2004);
Antilles) Group mafic intrusive ±0.6 mantle source) Wright & Wyld (2011)

Matijs Group Marie intrusive Albian (~112 
Ma) §

Island arc Wright* Wyld(2011)

* - Unmarked samples dated by U-Pb or Ar-Ar methods, see original references; $ ~ Sample dated using ammonite imprints; $- 
Weighted mean of available ages; § - Relative dating from fieldwork

6.5.2. Petrogenesis o f  the Aves Ridge and La Blanquilla Island

The results presented above are consistent with a model in which the Aves 

Ridge and La Blanquilla were generated during west-dipping subduction beneath the 

CCOP between -76  and -59  Ma. However, as noted in Section 6.5.1, it appears that 

neither location is in immediate contact with the CCOP. Much of the Venezuelan Basin 

is made up of crust thickened by formation of the CCOP, reaching a maximum 

thickness of 20 km. However, in the far SE comer of the basin, some 40,000 km2 of 

crust, minus sedimentary cover, is less than 5 km thick (Fig. 2.4) (Diebold et al., 1981). 

This thin crust is considered to pre-date the CCOP, based on interpretations of seismic 

patterns (Diebold et al., 1981; Mauffret & Leroy, 1997). Drilling has never been 

undertaken in this part of the Caribbean Sea. If this thin crust is not oceanic plateau 

material, then it is unlikely that the southern Aves Ridge was generated by subduction 

directly beneath the CCOP. Therefore, wedge convection is likely to have brought
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plume mantle into the wedge above the Aves Ridge subduction zone. Also, there may 

be pre-existing plateau rocks or older arc fragments beneath the Aves Ridge, the former 

perhaps derived from the same plume that melted to form the CCOP, the latter perhaps 

related to the Greater Antilles arc system. Some authors have argued for the existence 

of an earlier Aptian-Albian phase of the CCOP which would lie to the east of the -95- 

90 Ma rocks of the CCOP given eastward motion of the Farallon Plate (Mauffrey & 

Leroy, 1997), although there is no direct evidence for such an event.

The preferred petrogenetic model (Fig. 6.8) therefore shows the Aves Ridge arc 

overlying a plume-related mantle wedge and a subducting proto-Caribbean slab. The 

slab fluids ascend into the mantle wedge and promote partial melting to generate the 

Aves mafic lavas. The granitoids form by partial melting of tholeiitic amphibolite- and 

plagioclase-bearing rocks in the lower crust beneath the Aves Ridge arc. As mentioned 

above, it is likely that crustal partial melting was aided by the rise of hot mafic island 

arc magmas, perhaps even those which formed the mafic rocks in this study (Neill et 

al., 2011).
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Figure 6.8. Speculative tectonic model for the evolution o f the SE Caribbean, from -90-60 Ma. Left: the 
reversal o f subduction polarity in the Southern Caribbean has taken place following oceanic plateau 
collision. A short-lived NW-dipping arc system initiates beneath the CCOP. This arc system collides 
with NW S. America. Right: The Aves Ridge develops by W-dipping subduction close to the CCOP, 
effectively as part o f the Greater Antilles island arc, trapping Tobago in the fore-arc. San Souci, El 
Copey, Siquisique, Margarita, the Cordillera de la Costa and the Villa de Cura in Venezuela are brought 
closer to the Greater Antilles during continued W-dipping proto-Caribbean subduction. Inception o f the 
inter-arc Grenada Basin at -5 5  Ma (Aitken et al. 2011), results in the splitting o f the latter locations from 
the Aves Ridge and their diachronous accretion to South America as the Caribbean Plate moves 
eastwards.

It is unclear whether or not the crustal thickness of the Aves Ridge could be 

generated during a short ~20 Ma subduction history with a starting crustal thickness of 

just 5 km, the same as the thin crust of the SE Venezuelan Basin. Subduction rates, roll­

back, sediment flux, slab dip and magma production vary from arc to arc hence it is 

difficult to quantify how quickly arc crust may be generated. The Lesser Antilles, 

which has a ~55 Ma history of ~2 cm/yr subduction, a similar rate to the Aves Ridge 

(Pindell & Kennan, 2009) has built up 30-35 km of crust (Christeson et al., 2008). It is 

possible that the 26 km-thick Aves crust was generated during its post-CCOP history, 

but, to repeat, the pre-existence of plateau-like crust or older island arc rocks should not 

be ruled out. It may be significant that the isotopic composition of the crustally-derived 

granitoid sample (Fig. 4.35) falls within the CCOP field and that this sample is
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isotopically dissimilar to N-MORB or typical island arc rocks such as those of the 

Lesser Antilles (Neill et al., 2011).

6.5.3. Southern Caribbean tectonic model -  relationship to the plateau-collision and 

-135-125 Ma SW-dipping subduction initiation models

In Figure 6.8, a revised plate tectonic model is outlined for the southern 

Caribbean based on the findings from the Aves Ridge and a new consideration of the 

origins of the Dutch-Venezuelan Antilles (van der Lelij et al., 2010; Wright & Wyld, 

2011). As has been previously discussed, Bonaire is shown as part of the northernmost 

Andean subduction zone with an E-dipping polarity at -90  Ma (Section 6.3.3; van der 

Lelij et al., 2010). At -95-90 Ma, the CCOP is formed and it collides with the Bonaire 

island arc block at -90  Ma, triggering a rapid subduction polarity reversal and the 

formation of the felsic arc rocks of Aruba and Curasao, which were intruded above a 

NW-dipping convergent zone through the thick basement of the CCOP (Fig. 6.8). This 

magmatism began at -88  Ma and ended with collision of the Dutch Antilles arc with 

South America (RHS of Fig. 6.8). Between -80  and 60 Ma, magmatism then moved 

eastward to the Venezuelan Antilles where the Gran Roque felsic rocks formed by 

crustal melting at -68  to 59 Ma. Partial melting of plume mantle and lower crustal 

rocks contributed to formation of the subduction-related rocks of the Aves Ridge and 

La Blanquilla between -76  and -59  Ma, concurrent with continued W- and SW- 

dipping island arc magmatism in the Greater Antilles. Spreading in the Grenada Basin 

(Aitken et al., 2011) coincides with the cessation of magmatic activity on the Aves 

Ridge and Venezuelan Antilles.
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6.6. Revision to models of Caribbean tectonic evolution

6.6.1. A summary o f  findings

In the first four sections of this chapter, the relationship between the study areas 

and nearby rocks o f a similar age and composition was explored in order to better 

understand their petrogenesis and tectonic setting in relationship to Caribbean tectonic 

models. This discussion has shown that the origin and preservation of La Desirade is 

broadly consistent with either polarity reversal model for the Caribbean. The 

petrogenesis of the NCS of Tobago appears to be consistent with E-dipping subduction 

beneath an intra-oceanic portion of the Andean/Cordilleran subduction system. The 

amalgamation and deformation of the formations making up the NCS occurred in a 

dextral transform zone which may have formed due to the process of reversing 

Caribbean arc subduction polarity from E-dipping to SW-dipping at -135-125 Ma. In 

contrast, the rocks studied from the Aves Ridge are argued to represent part of a much 

younger W- and NW-dipping island arc system (Dutch-Venezuelan Antilles-Aves 

Ridge) only partly related to the Greater Antilles arc. This arc system was generated 

following plateau-collision-induced polarity reversal on a mid-Cretaceous E-dipping 

subduction system (e.g. the island arc rocks o f Bonaire). If the Greater Antilles Arc was 

formed by SW-dipping subduction from -135-125 Ma to the Tertiary, then the rocks of 

Bonaire had to have formed on a separate E-dipping system which is likely to have 

been the northernmost portion of the Andean arc system which maintained an E- 

dipping subduction component throughout Caribbean tectonic history.

Therefore, the most important conclusion of this thesis is thus: if  the bulk of the 

Greater Antilles island arc formed by SW-dipping subduction processes, then the 

evolution of the Caribbean Plate was dependent upon the formation of not one ‘Great 

Arc’ system with a polarity reversal during its histoiy, but two. To re-iterate, the first 

would have been the E-dipping Triassic-Early Cretaceous Andean/Cordilleran 

subduction zone superseded by the SW-dipping Lower Cretaceous-Palaeogene Greater 

Antilles Arc (Fig. 6.3), and the second was the E-dipping Late Cretaceous northernmost 

portion of the Andean subduction zone superseded by a short phase of W- and NW- 

dipping Late Cretaceous subduction beneath the Dutch Antilles-Venezuelan Antilles- 

Aves island arc system (Figs. 6.4; 6.8).
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Finally, it appears that the accreted material found at San Souci, El Copey and 

Siquisique were formed by melts derived from a mantle plume unrelated to the 

Galapagos plume head. These melts were erupted onto continent-derived turbidite 

sequences which lay to the E of the Greater Antilles arc and NW of South America 

within the proto-Caribbean seaway (Fig. 6.6).

6.6.2. Problems with the model fo r  inception o f  SW-dipping subduction in the Greater 

Antilles at -135-125 Ma

Cause o f inception o f SW -dipping subduction: The cause of inception of SW- 

dipping Antillean subduction, according to Pindell et al. (2005, 2006, 2011) and Pindell 

& Kennan (2009), was a westward acceleration of North America over the mantle 

compared to South America, which began at approximately 135 Ma (Pindell et al., 

1988). These authors couple the acceleration with compression in the North American 

Cordillera and rifting of the Andean/Cordilleran arc system during the continued 

widening of the proto-Caribbean seaway, the latter resulting in the formation of a 

compressional intra-oceanic transform fault zone by -135-125 Ma. The transform zone 

would then founder to generate a new SW-dipping subduction zone from which the 

Greater Antilles arc would originate.

One problem with this model is that the proto-Caribbean crust that would form 

the new subducting slab would be 0-35 Ma old at the proposed time of subduction 

initiation (Pindell & Kennan, 2009). The Farallon crust has not been conclusively 

dated, but is widely assumed to be at least of Jurassic to Late Triassic age (e.g. 

Baumgartner et al., 2008) and would therefore be tens of millions of years older than 

the proto-Caribbean crust. Models of spontaneous subduction initiation (Stem, 2004) 

indicate that without any other plate-tectonic drivers, the older plate will always be 

subducted beneath the younger, hotter, more buoyant plate. Furthermore, the proto- 

Caribbean plate would be coupled to the buoyant continental crust of North and South 

America. There is therefore no obvious reason why the proto-Caribbean crust should 

subduct in preference to the Farallon crust. It is possible that an E-dipping 

Andean/Cordilleran arc would become impossibly curved because of the relative 

motion of North America, meaning that the inception of SW-dipping subduction could
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become geodynamically inevitable. Also, the directed pressure on the 

Andean/Cordilleran arc derived from the westward motion of North America could 

result in the down-bending of the proto-Caribbean crust beneath the arc, because, 

although younger and hotter, the proto-Caribbean lithosphere would be thinner and 

more ductile, and therefore more able to subduct, than the Farallon lithosphere.

Im plications fo r  the geochemistry o f the CCOP: The recent models presented 

by Pindell et al. (2005, 2006, 2011) and Pindell & Kennan (2009) all state, implicitly or 

explicitly, that the CCOP was formed above a proto-Caribbean slab gap formed by the 

subduction o f the proto-Caribbean spreading ridge; and that broadly speaking, the 

eastern edge of the CCOP was erupted in the back-arc region of the SW-dipping 

Greater Antilles subduction system Workers such as Hastie & Kerr (2010) argue that 

there is no hint of a subduction-related geochemical signature in the rocks of the CCOP. 

CCOP rocks preserved within the present-day Caribbean region have all been shown to 

be derived from the melting of anhydrous peridotite without any subduction-related 

geochemical signatures such as those listed in Section 5.1 (Kerr et al., 2003; 2004; Kerr 

& Mahoney, 2007; Hastie et al., 2008; Kerr et al., 2009a; Hastie & Kerr, 2010). 

Nevertheless, if  SW-dipping subduction initiated in the Greater Antilles at -135-125 

Ma, then it is surprising that no subduction-influenced geochemical signatures have 

been found in the CCOP.

These considerations indicate a serious geochemical problem for the -135-125 

Ma SW-dipping subduction initiation model of the Caribbean. This lack of subduction- 

related geochemistry in studied parts of the CCOP must be overcome before the model, 

which is based largely on the nature and timing of island arc magmatism and HPLT 

metamorphism in the Greater Antilles (Pindell & Kennan, 2009; Pindell et al., 2011), 

can gain widespread acceptance. Nevertheless, a large bulk of literature on the Greater 

Antilles finds support for, or is based on, the -135-125 Ma SW-dipping subduction 

initiation hypothesis (e.g. Escuder Viruete et al., 2006, 2008, 2010; Garcia-Casco et al., 

2008; Jolly et al., 2008; Krebs et al., 2008). The record of SW-dipping subduction that 

these authors depict cannot be ignored or dismissed by those who believe that collision 

of the CCOP with an E-dipping island arc system can explain much of Caribbean 

tectonic evolution. The opinion expressed in this thesis (see Section 6.6.1) is that there 

were at least two separate island arc systems co-existing in the wider Caribbean region
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during the Late Cretaceous when the CCOP was formed; and that the hitherto 

geochemically-studied CCOP locations were not derived from mantle that was close 

enough to the subducting proto-Caribbean slab to receive a significant slab-fluid 

component (see Pearce & Stem, 2006). It may be significant however, that there are no 

studies of CCOP rocks from the NE of the Venezuelan Basin which probably lay 

closest to the Greater Antilles arc during the late Cretaceous.

6.6.3. Late Jurassic to Early Cretaceous Caribbean tectonic history

Rifting apart of the Americas led to the generation of oceanic crust in the Gulf 

of Mexico, proto-Caribbean, and Colombian Marginal seaways from 160 Ma (Pindell 

& Kennan, 2009). The western seaboard of the Americas had been the site of E-dipping 

Andean/Cordilleran subduction since the Triassic (Dickinson & Lawton, 2001). As the 

Americas drifted apart during the Late Jurassic, subduction continued beneath SW 

North America, generating the rocks now preserved in Siuna, Santa Elena and 

Guatemalan fore-arc (Baumgartner et al., 2008). In the back-arc region to the 

expanding Andean/Cordilleran system, possibly at a Colombian Marginal seaway 

spreading centre, the basement of La D&sirade was formed at 150-143 Ma (Pindell & 

Kennan, 2009; Neill et al., 2010). At -143-130 Ma, the last island arc rocks were 

formed above an E-dipping Andean/Cordilleran subduction zone compatible with both 

models of Caribbean tectonics discussed in this thesis. These rocks are now found in 

the Devils Racecourse Formation of Jamaica, the Mabujina Complex of Cuba, the 

Bermeja complex of Puerto Rico, and, towards the S o f the Caribbean region, the North 

Coast Schist o f Tobago. See Figure 6.2 for a summary.

At this point in Caribbean tectonic history, the two models for the geological 

evolution of the region diverge. In the plateau-collision model, E-dipping 

Andean/Cordilleran subduction continues until -9 0  M a when collision of the CCOP 

with the island arc system results in a subduction polarity reversal. As described above, 

the single biggest concern with the plateau-collision model relating to rocks studied in 

this thesis, is the lack of a clear explanation for the igneous, structural and metamorphic 

history of the rocks o f Tobago, which appear to be best explained by the -135-125 Ma 

SW-dipping subduction initiation model. In the -135-125 Ma SW-dipping subduction 

initiation model, the rocks o f the NCS were generated above an E-dipping subduction
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zone, metamorphosed, and then translated by dextral wrench shear (Snoke et al., 2001a) 

towards the NE into the southern portion of the Greater Antilles island arc (e.g. Pindell 

et al., 2011) where the rocks of the TVG and TPS would be formed above a SW- 

dipping subduction zone at ~112-106 Ma. See Figure 6.3 for a summary.

6.6.4. Late Early to Late Cretaceous Caribbean tectonics in the ~135-125 Ma SW- 

dipping subduction initiation model: two co-existing arcs o f  opposing polarity?

In the -135-125 Ma SW-dipping subduction initiation model, from -125 Ma 

onwards, the Greater Antilles arc built up on Cuba, Hispaniola, Jamaica, Puerto Rico, 

the U.S. Virgin Islands and Tobago. In some cases, such as Tobago, island arc rocks 

which were part o f the older extinct Andean/Cordilleran system (NCS) were intruded 

by younger island arc rocks of Greater Antillean affinity (VPS). Intriguingly, in other 

locations such as La Ddsirade, the old pre-Greater Antilles basement was not later 

intruded, suggesting that these rocks may have been translated to a non-magmatic part 

of the Greater Antilles arc following subduction polarity reversal.

Some time after polarity reversal, at <130 Ma, the HPLT metamorphic belts and 

rare island arc rocks now preserved on Margarita Island, the Cordillera de la Costa and 

the Villa de Cura in Venezuela were formed although the polarity of subduction and 

relationship of these rocks to the processes ongoing in the Greater Antilles arc are 

uncertain. Meantime, the continuation of the E-dipping Andean subduction regime 

offshore from western S. America gave the island arc environment in which the rocks 

of the Matjis and Washikemba Groups of Bonaire may have been generated at -112-94 

Ma (Thompson et al., 2004; Wright & Wyld, 2011). See Figure 6.4 for a summary.

6.6.5. The SE Caribbean at ~90-55 Ma: The CCOP, Dutch-Venezuelan Antilles, Aves 

Ridge and opening o f  the Grenada Basin

Magmatism related to the building of the CCOP took place primarily at -95-90 

Ma (Kerr et al., 2003) and was located to the SW of the Greater Antilles arc and the W 

of the E-dipping Andean subduction zone. The plateau collided with the Andean arc, 

clogging the trench and forcing a subduction polarity reversal at -90  Ma (van der Lelij 

et al., 2010). Re-melting of plateau material in a new environment of NW-dipping
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subduction (still to the SW of the Greater Antilles arc) then formed the Aruba batholith 

at -89-86 Ma (White et al., 1999; van der Lelij et al., 2010). On the islands of Aruba 

and Bonaire, there is a thermo-chronological record of uplift at -90-85 Ma concurrent 

with the final docking of the plateau to the island arc system (van der Lelij et al., 2010). 

Following the subduction polarity reversal, NW-dipping subduction of oceanic crust 

between the arc and S. America led to the diachronous suturing of the Dutch- 

Venezuelan Antilles to S. America, W to E, from -75-50 Ma (van der Lelij et al.,

2010). Concurrent with the suturing was the generation of island arc rocks further north 

on the Aves Ridge and La Blanquilla, which formed by the partial melting of the 

existing crust and of the plume-related mantle wedge to the W of the arc (Neill et al., 

2011; Wright & Wyld, 2011).

At -60-50 Ma, rapid roll-back of the subducting proto-Caribbean plate took 

place, forming the Grenada Basin, and moving the subduction-related rocks of Tobago, 

Margarita, the Cordillera de la Costa and the Villa de Cura SE from their location close 

to the Aves Ridge, and establishing the presently active Lesser Antilles arc (Aitken et 

al., 2011). Accretion and eastwards translation of the allochthonous Caribbean units 

took place with respect to S. America (e.g. Speed, 1985; Robertson & Burke, 1989; 

Russo & Speed, 1992); and this process also resulted in the capture and accretion of 

fragments of the pre-existing proto-Caribbean seaway -  e.g. the Jurassic Tinaquillo 

lherzolite o f Venezuela (Choi et al., 2007), and the -90  Ma plume-related rocks of San 

Souci, El Copey and Siquisique (Wadge & Macdonald, 1985; Kerr et al., 2009b; this 

study). See Figure 6.8 for a summary.
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CHAPTER SEVEN: CONCLUDING REMARKS AND IDEAS FOR FURTHER

RESEARCH

Conclusions from the geological research o f  the four chosen locations; comments on

the future direction o f  research
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7.1. Conclusions of this study

In this study the igneous petrogenesis of four SE Caribbean localities, ranging in 

age from the Late Jurassic to the Late Cretaceous, was re-evaluated using U-Pb 

geochronology, major and trace element and radiogenic isotope data. The new data and 

previous studies were used to place constraints on, and discuss the merits of, two 

subduction polarity reversal models used to explain the eastward migration of the 

Pacific-derived Caribbean Plate. One model invokes reversal following collision of the 

Caribbean Colombian Oceanic Plateau with a W-facing Andean/Cordilleran subduction 

zone at -90  Ma. The second argues that an intra-oceanic transform zone rifted the 

Andean/Cordilleran arc between -135-125 Ma. This transform zone would founder to 

form a long-lived SW-dipping Greater Antilles subduction zone with no significant role 

for the CCOP in its evolution.

On La D6sirade Island (Guadeloupe), the -150-143 Ma basement to the 

northern Lesser Antilles arc is exposed. A suite of pillow basalts, overlain by felsic 

volcanic rocks and intruded by a trondhjemite pluton and intermediate dykes, were 

generated in the back-arc region of an Andean/Cordilleran subduction zone, mostly 

likely in the Colombian Marginal seaway. The subduction polarity reversal event 

occurred somewhere to the east of the Colombian Marginal seaway in order to ensure 

its preservation in the central Caribbean today. The origin and preservation of these 

rocks have little bearing at present on subduction polarity reversal models as the 

location and longevity of the spreading ridge within the Colombian Marginal seaway is 

unknown.

Tobago has a multi-stage geological history. The North Coast Schist (-130 Ma) 

consists of an assemblage of mafic and felsic meta-tuffs and lavas amalgamated and 

deformed by dextral wrench shearing before the intrusion and eruption of younger 

rocks. The NCS protoliths were mostly subduction-related although some MORB-like 

mafic rocks are present. The MORB-like rocks have not been described geochemically 

before as they were assumed to be part of an amphibolite-facies aureole next to the 

younger rocks (Snoke et al., 2001a). A variety of mantle sources -  depleted and HFSE- 

enriched, the latter characterised by unusually high H f isotope ratios -  are found in the 

different formations. These rocks are interpreted to be slivers of arc material formed by
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the partial melting of different mantle- and slab-related sources possibly including 

South American sub-continental lithospheric mantle. In the two models of Caribbean 

plate evolution that have been discussed, the NCS protoliths could have formed above 

an E-dipping subduction zone. It is suggested in the -135-125 Ma SW-dipping 

subduction initiation model that these rocks were wrenched in a series of dextral 

transform zones into the axis of the Greater Antilles arc, and suffered greenschist-facies 

metamorphism, before the formation of the younger rocks. The younger, mostly mafic 

rocks of Tobago (-112-91 Ma) include the Tobago Volcanic Group, Plutonic Suite, a 

dyke swarm, a dyke-like tonalite body and rare Nb-enriched rocks. The Volcanic Group 

and Pluton are interpreted to have formed by subduction beneath the Greater Antilles 

arc, with a depleted mantle wedge source and slab-flux derived in part from small 

proportions of terrigenous and pelagic sediments. The slightly younger tonalite and Nb- 

enriched rocks may have formed during partial melting of the southern edge of the 

proto-Caribbean slab and by ingress of an enriched mantle source, respectively, in the 

-135-125 Ma SW-dipping subduction initiation model. Thereafter, mafic dyke 

emplacement continued, probably during island arc rifting, with an increasingly 

depleted mantle wedge source.

In Trinidad, the San Souci Volcanic Formation is assumed to be -90  Ma, but U- 

Pb zircon age results were not available during the time of thesis submission. The 

formation cuts passive margin turbidites which detrital zircon and zircon fission track 

dating indicates lay between the NW coast of South America and the Caribbean island 

arc system Other rocks in Venezuela have a similar origin and are likely to represent a 

suite formed between the Great Arc system of the Caribbean Plate and the South 

American continent. Geochemically these mostly mafic rocks appear to be of oceanic 

plateau origin, formed by moderate degrees of partial melting (-25 %). Isotope ratios 

and the western proto-Caribbean location of origin suggest that San Souci, and its 

related Venezuelan outcrops at El Copey and Siquisique, are not related to the 

Galapagos plume head and may be part of a separate proto-Caribbean plateau. There is 

no subduction-related component in these rocks which suggests that at there was no E- 

dipping subduction zone close to this part of the Caribbean. The lack of a subduction- 

related component lends some support to the -135-125 Ma SW-dipping subduction 

initiation model o f the Caribbean. However, the exact distance at which these plateau
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outcrops were erupted from the Caribbean arc systems is unknown so the impact of the 

origin of these rocks on Caribbean tectonic models is difficult to assess.

Dredge hauls from the SE Aves Ridge contain calc-alkaline mafic and felsic 

island arc rocks. The mafic rocks contain a plume-related mantle wedge component and 

an oxidised pelagic sediment slab component, indicative of W-dipping subduction 

beneath the CCOP. The thermo-chronology of the Dutch and Venezuelan Antilles 

demonstrate that arc magmatism followed collision of the CCOP with a pre-existing 

island arc. If the long-lived SW-dipping subduction model of the Greater Antilles arc is 

correct, then the arc with which the CCOP collided lay above an E-dipping subduction 

zone which was situated offshore from western South America, to the SW of the 

Greater Antilles arc.

There are, to summarise, two main conclusion o f this thesis. The first is that the 

Andean/Cordilleran E-dipping subduction zone in the Caribbean region could have 

been superseded during a polarity reversal event with a SW-dipping subduction zone 

(Greater Antilles arc) during the Lower, not Upper, Cretaceous, at -135-125 Ma. The 

second main conclusion is that, if long-lived SW-dipping subduction in the Greater 

Antilles is correct, the history of the Caribbean Plate cannot be explained by the 

evolution of a single ‘Great Arc of the Caribbean’. A SW-dipping Greater Antilles Arc 

system and an E-dipping subduction zone off the western coast NW South America 

may have co-existed at the end of the Lower Cretaceous (?—90 Ma). Plateau collision 

with that E-dipping subduction system at -9 0  Ma caused a second Caribbean polarity 

reversal event in the Upper Cretaceous, forming a new NW-dipping subduction zone 

coupled to the Greater Antilles to the NE, incorporating the rocks of the Dutch- 

Venezuelan Antilles and Aves Ridge as an integral part of the Caribbean Plate. This 

new, short-lived NW- and W-dipping arc system (-90-59 Ma), along with a fragment 

of NW S. America including accreted portions of the Greater Antilles system (Tobago, 

Margarita, Cordillera de la Costa, Villa de Cura), were dragged eastwards with the 

Caribbean Plate and accreted to northern S. America during the Tertiary.
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7.2. Scope for further research

7.2.1. Future fie ld  and lab studies o f  Caribbean geology

Doubtless, studies will continue into the geodynamic, petrological, geochemical 

and metamorphic evolution of the Caribbean, not least because so many island arc and 

oceanic plateau rocks are uniquely exposed on land. These further studies will be in 

spite of significant Cenozoic tectonic activity, widely fragmented outcrop geology and 

the non-exposure of many rocks, particularly of the CCOP, beneath the Caribbean Sea. 

The high-resolution geochemical studies in this thesis have revealed significant new 

information about the tectonic evolution of the Caribbean Plate (e.g. Neill et al., 2010,

2011), following on from similar studies on Jamaica and the Dutch Antilles (e.g. White 

et al., 1999; Thompson et al., 2004; Hastie et al., 2008, 2009, 2010a,b,c). There are a 

number of locations in the Caribbean where such detailed work is yet to be undertaken, 

which could offer new insights and verification, or refutation, of tectonic models. For 

example, the Bermeja complex of Puerto Rico and the La Rinconada Group of 

Margarita Island, Venezuela are potential candidates for proto-Caribbean or eastern 

Pacific crust that remain to be studied in any significant detail. Their geochemical 

characteristics would help to understand the type of mantle sources present in the 

region prior to the formation o f the Caribbean arc systems. It would be useful to know 

the detailed trace element and isotope geochemistry and protolith age(s) of the arc- 

related rocks o f the Villa de Cura nappe in Venezuela; to compare with those of the 

Greater Antilles and Tobago. Likewise many island arc rocks of the Greater Antilles 

are only sparsely sampled and analysed in any detail. As has been made clear in this 

thesis, the Aves Ridge and the thin crust of the SE Venezuelan Basin are under-sampled 

and may yet reveal a more complex origin than that proposed here. However, drilling of 

the ridge and thin crust may be necessary and is unlikely to be undertaken given the 

present economic situation.

The H f isotope study of this thesis has revealed the first evidence for an 

isotopically decoupled mantle component (the Dupal anomaly of Hart, 1984) in the 

Caribbean region. If this component is reflective of the composition of some of the 

proto-Caribbean (?) mantle sources then H f isotopes could prove a very useful 

discriminatory tool in determining Pacific vs. proto-Caribbean mantle sources,
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particularly for the Early Cretaceous rocks of the Caribbean region. As noted, only the 

Washikemba Group (Bonaire), the Devil’s Racecourse Formation (Jamaica) and 

Tobago contain island arc rocks of Lower to Middle Cretaceous age for which there is 

H f isotope data. A wider H f isotope study of the allochthonous Caribbean arc units and 

slices of Pacific and proto-Caribbean oceanic crust should definitely be a future 

research topic, coupled with more detailed high-resolution trace element analyses.

7.2.2. Seismic tomography and plate motion histories

Finally, a recent innovation in geology is the refined use of high resolution 

seismic tomography to constrain the position of subducted slabs within the earth’s 

mantle, assuming their near-vertical descent following slab breakoff (e.g., van der Meer 

et al., 2008). With respect to the Caribbean region, it has been interpreted that remnants 

o f the Farallon, Atlantic and Greater Antilles arc (proto-Caribbean) slabs lie in the 

mantle beneath the Caribbean and present-day South America (van der Meer et al., 

2010). However, the resolution is necessarily poor as often the models are run on a 

global scale. Furthermore, the implications of these findings for regional tectonic 

evolution are yet to be fully analysed for the Caribbean. Nevertheless, the ability to 

potentially trace slabs into the mantle may help assess the validity of interpretations of 

geological history and subduction polarity in complex regions such as the Caribbean 

which have a history of dispute and contentious subduction polarities through time (e.g. 

Hastie & Kerr, 2010 vs. Pindell et al., 2011).
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APPENDIX ONE: LOCATION OF STUDIED SAMPLES

Sample locations and geological maps for the three exposed localities o f  La Desirade,

Tobago and San Souci
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APPENDIX TWO: SAMPLE CHARTS BY LOCALITY AND UNIT

ICPWhole rock major and trace element analysis by ICP-OES/MS ISOWhole rock Nd-Hf radiometric 
isotope analysis undertaken DateRadiometric dating undertaken
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A2.1. La Desirade Island Latest Jurassic complex, Guadeloupe, French West Indies

North-east mafic volcanic complex
Number Location Field/Hcmd Specimen Thin Section ICP/ISO/DATE
IND1.1 West Anse Grand Coulant Relatively vein-free 54 mm grain size 

autobrecciated blocky basaltic andesite with 
apple (epidote?), black, cloudy white crystals 
apparent (calcite). Red tinge from hydrothermal 
alteration.

n/a

Y/N/N

IND1.2 West Anse Grand Coulant/Point 
Seraphine

Similar to 1.1 above. 65% randomly orientated needle-like plagioclase to 54 mm. 30% twinned 
square-anhedral clinopyroxene. Calcite replacement ~5% opaques 
including chrome spinel.

Y/N/N

IND2.1 Mid-east Anse Grand Coulant Vesicular basalt from dykelet between pillow 
lavas with phrenite infill and little veining. 
Pyroxene and calcite visible.

n/a
N/N/N

IND22 Mid-east Anse Grand Coulant Similar to 2.1 above with obvious black-green 
pyroxene. n/a Y/N/N

IND3.1 East Grand Coulant 54 mm grain size blocky flow basaltic andesite 
with bright green (pyroxene) phenocrysts. 
Possible brown copper or iron oxide.

n/a
Y/N/N

IND3.2 Pointe Double 54 mm grain size blocky flow basaltic andesite 
with more pyroxene phenocrysts. Somewhat 
vesicular.

54 mm plagioclase. Occasional 54 mm glomeroporphyritic clots of 
clinopyroxene and rare up to 1 Vi mm relict phenocrysts. Opaques. 
Calcite replacement prehnite, pumpellyite, chlorite replacing 
clinopyroxene.

Y/N/N

IND4.1 Station Meteo < 54 mm grain size flow basalt with obvious 
calcite and pyroxene. Few vesicles and no 
veining.

n/a
Y/N/N

IND5.1 Station Meteo Similar to 4.1 above. 50% 54 mm plagioclase. 5% opaques to 54 mm. Rest clinopyroxene, 
square to anhedral to 54 mm with calcite growth and replacement of 
matrix/glass. Brown-green clays present in a rather strongly altered rock.

Y/N/N

IND6.1 Phare (Lighthouse) Plain pillow basalt with little veining and few 
vesicles.

60% plagioclase to 54 mm, acicular and slightly aligned. Clinopyroxene 
mostly very small along with some to 54 mm. 10% opaques and clays. 
Some small-scale calcite veining.

IND6.2 Phare Basaltic andesite similar to 6.1 above. 60% plagioclase similar to 6.1 above. 25% clinopyroxene occasionally to 
2 mm. Opaques and clays to 15%. Clays, calcite and rare pumpellyite.

Y/N/N

IND7.1 Phare Calcified basaltic andesite porphyritic lava from 
flow banded sequence.

54 mm groundmass consisting of clinopyroxene replaced with calcite, 
prehnite and pumpellyite. Opaques including chrome spinel. 
Glomeroporphyritic with 1-2 mm patches of interlocked clinopyroxene > 
orthopyroxene. Little plagioclase if any.

Y/N/N

IND7.2 Phare Basalt similar to 7.1 above. n/a Y/N/N
IND8.1 Phare Basaltic pillow lava. 45-50% 1mm laths of plagioclase and 40-45% clinopyroxene. Stumpy 

clinopyroxene also present. 10% opaques. Quartz and prehnite cavity 
infill.

Y/N/N

IND8.2 Phare Clinopyroxene-phyric basaltic andesite pillow 
lava.

Small stubby clinopyroxene and a lot of prehnite (possible) to 20:1 aspect 
ratio. Mostly quartz and opaques such as chrome spinel filling circular

Y/N/N
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cavities. Edges of cavities contain fine dark fibrous structures reminiscent 
of olivine replaced by serpentinite. No calcite and little plagioclase.

IND9.1 Phare/Baie Mahault Plagioclase and clinopyroxene-phyric pillow 
basalt with veining and vesicles.

Up to 60% acicular plagioclase. Rare stubby clinopyroxene. 10-20% 
calcite replacing groundmass. Opaques and clays present Rare dendritic 
opaques indicating rapid quenching.

Y/N/N

IND9.2 Phare/Baie Mahault Basalt similar to 9.1 above. 40% 1 mm elongate plagioclase. 35% 1 mm anhedral to elongate 
clinopyroxene. 10-20% olivine if present 5% opaques. Black oxide 
dendrites to 1-2 mm indicating rapid quenching. Widespread calcite and 
clays replacing groundmass. Possible olivine replacement with clays.

Y/N/N

IND10.1 East Baie Mahault Black, fine-grained pillow basalt V* mm clinopyroxene and ultra-fine plagioclase needles. Badly altered 
with a lot of clay, calcite and chert

Y/N/N

IND10.2 East Baie Mahault Basalt similar to 10.1 above. n/a Y/N/N
IND11.1 Baie Mahault Pillow basaltic andesite with buff yellow and red 

chert and limestone alteration. Phyric, poor- 
quality samples.

Coarse, almost doleritic sample with highly altered clinopyroxene and up 
to 60% plagioclase to 1 mm bladed or square to 2 mm. 5% oxides. 
Replacement with prehnite, pumpellyite, clays and chlorite.

Y/N/N

IND11.2 Baie Mahault Basaltic andesite similar to 11.1 above. Coarse, almost doleritic sample with 60% plagioclase to 1 mm and 
occasionally to 4 mm. Clinopyroxene up to 2 mm and badly altered. 
Black oxides. Veins filled with red oxide and common replacement with 
brown clays.

Y/N/N

IND11.3 Baie Mahault Basalt similar to 11.1 above. Medium-grained rock with very fine highly altered groundmass of 
plagioclase, clinopyroxene up to 3 mm, clays and oxides. Patchy 
replacement with calcite, vein calcite common.

Y/N/N

IND13.1 Anse Galet Basaltic andesite from flow /breccia sequence, 
non-descript, fine-grained with some vesicles and 
no veining. Red weathering.

n/a
Y/N/N

IND14.1 Pt. Mancenillier Basalt from blocky pillows. Very fine elongate plagioclase to V* mm. Small agglomerations of 
clinopyroxene. Opaques present. Replacement with prehnite, pumpellyite 
and clays.

Y/N/N

IND15.1 Rubbish tip south side Basaltic andesite with needle-like crystals. Quite 
altered.

Dominated by randomly-aligned plagioclase to 1 mm, needle-like. 
Altered with prehnite and calcite.

Y/N/N

IND15.2 Rubbish tip south side Basaltic andesite similar to 15.1 above but more 
equigranular. n/a Y/N/N

IND16.1 Pt. Mancenillier Altered vesicular basaltic andesite from above 
ignimbrite layers. n/a Y/N/N

North-east felsic volcanic comnlex
Number Location Field/Hand Specimen Thin Section lCPflSO/DATE
IND12.1 Anse Galet Dacite lava from weathered flow outcrops. ~75% fine, altered elongate feldspar from 1mm to < 'A mm. < 1% oxides 

and < 25% clinopyroxene, which is small and forms agglomerations. 
Clay and prehnite/pumpellyite mineralisation.

Y/N/N

DES1 Inland from Baie Mahault Dacite sample collected by Jennifer Gibbs 
(2007). Fine-grained, plagioclase-rich lava. n/a Y/N/N

DES20.3 Grand Abaque Dacite sample collected by Jennifer Gibbs 
(2007). Very fine-grained plagioclase-phyric 
flow-aligned lava.

n/a
Y/N/N

South-west felsic volcanic complex
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Number Location Field/Hand Specimen Thin Section I CP/ISO/DATE
IND18.1 Fregule Dyke-like plagioclase-phyric dacite lava body. Ultra-fine, dominated by plagioclase and perhaps K-feldspar, somewhat 

aligned with larger crystals up to 1 mm. Minor quartz. Mafic material < 
5%. Epidote, clay and oxide replacement

Y/N/N

IND18.2 Fregule Similar to 18.1 above. n/a Y/N/N
IND18.3 Fregule Similar to 18.1 above. Very fine plagioclase and quartz with some plagioclase and K-feldspar up 

to 1-2 mm but badly eroded. Red oxide and epidote alteration.
Y/N/N

IND18.4 Fregule Similar to 18.1 above. n/a Y/N/N
Trondhjemite pluton

Number Location Field/Hand Specimen Thin Section ICPflSO/DATE
IND19.5 L’Emballage Microgranodiorite/trondhjemite. ~75 % plagioclase and quartz, ~5 % oxide and the rest clays and chlorite. 

Fine grained.
N/N/N

IND19.6 L’Emballage Trondhjemite n/a N/N/N
IND19.7 L’Emballage Trondhjemite n/a N/N/N
IND19.8 L ’Emballage Trondhjemite 80% plagioclase with interstitial 5% interstitial quartz. 5% oxides and 

10% mafic material, mostly hornblende with trace biotite. Sericite and 
clay mineral alteration only.

Y/N/N

IND19.9 L ’Emballage Trondhjemite 70% plagioclase with 20% interstitial quartz. Also hornblende and oxide. 
Alteration to epidote, clays, sericite and chlorite.

Y/N/N

IND19.10 L’Emballage Trondhjemite 2-3 mm grain size. Dominated by quartz and plagioclase. Minor 
muscovite (possible) replacing feldspars. Oxides present Epidote a 
common replacement mineral.

Y/N/N

IND19.11 L’Emballage Trondhjemite 60% plagioclase with quartz, hornblende, zircon and titanite. Chlorite and 
epidote as replacement minerals.

Y/N/N

IND19.12 L’Emballage Trondhjemite Quite badly altered. Inequigranular plagioclase, quartz, oxides and minor 
hornblende. Epidote and chlorite present with some calcite veining. Some 
evidence for relict clinopyroxene in the centre of the hornblendes.

N/N/N

IND19.13 L’Emballage Trondhjemite, verging on more intermediate 
compositions. n/a Y/N/N

IND19.14 L’Emballage Trondhjemite, verging on more intermediate 
compositions.

1-2 mm grain size. 65% tabular plagioclase which is broadly aligned, 
20% hornblende, some interstitial quartz. Oxides present Chlorite and 
epidote replacement

Y/N/N

Intermediate dvkes
Number Location Field/Hand Specimen Thin Section ICPflSO/DATE
IND19.1 L’Emballage Basaltic andesite dyke cross-cutting the 

trondhjemite pluton. n/a Y/N/N

IND19.2 L’Emballage Dacitic dyke cross-cutting the trondhjemite 
pluton. n/a Y/N/N

IND19.3 L’Emballage Similar to 19.1 above. Green-weathered with chlorite and clay alteration. Primary mineralogy of 
60% Vi mm plagioclase, replaced hornblende to 30-40%. Minor quartz 
and oxides.

Y/N/N

IND19.4 L’Emballage Similar to 19.1 above. n/a Y/N/N
5.14D3 Pointe Seraphine Andesite dyke sample collected by Jennifer 

Gibbs (2007) cross-cutting the north-east mafic 
complex.

50% acicular plagioclase and minor quartz. 15% squat clinopyroxene, 
20% chlorite, 10% pumpellyite and 5% oxides.

Y/N/N
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4.10D Pointe Double Basaltic andesite dyke sample collected by 
Jennifer Gibbs (2007) cross-cutting the north-east 
mafic complex.

55% acicular plagioclase and minor quartz. 10% clinopyroxene 
phenocrysts. 25% chlorite and 10% opaques.

Y/N/N

6.25DC Baie Mahault Andesite dyke sample collected by Jennifer 
Gibbs (2007) cross-cutting the north-east mafic 
complex.

n/a
Y/N/N

20.13D Grand Abaque Dacitic dyke sample collected by Jennifer Gibbs 
(2007) cross-cutting the north-east felsic 
complex.

n/a
Y/N/N
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A2.2. Tobago Island

*Note: all occurrences of hornblende in the Tobago rocks are of green (replacement) hornblende, not brown, magmatic hornblende*

North Coast Schist -  Parlatuvier Formation
Number Location Field/Hand Specimen Thin Section 1CP/1SO/DATE

INT/13-2/1 Castara Fine green mafic tuff collected from Castara 
Down River.

Mostly clays, oxides, quartz and chlorite; with needles of plagioclase and 
rarer shards of clinopyroxene. Grain size typically <0.25 mm. N/N/N

INT/15-2/2 Castara

Grey-green metamorphosed intermediate rock 
from Castara Bay South End. Similar to samples 

collected from Englishman’s Bay. Coarse, 
strongly foliated sample with 2-3 mm rotated 
quartz/plagioclases and mafic minerals (relict 

pyroxenes/hornblendes?) in a finer matrix.

Sample is quite badly altered with oxides, chlorite and epidote present 
Plagioclase and clinopyroxene relict phenocrysts (probable), largely 

replaced by clays.
Y/N/N

INT/28-2/7 Castara
Collected from the road south of Castara. Grey- 

green foliated mafic tuff with plag, mafic 
minerals and oxides. Grain size ~1 mm.

n/a Y/N/N

INT/28-2/8 Castara
Collected from die road south of Castara. Fine 
grey-green foliated mafic tuff with plag, mafic 

minerals and oxides. Grain size ~0.5 mm.

Sample is quite badly altered with iron oxides, clays and chlorite present 
Patches of quartz crystals. Sharp plagioclase shards, possible relict 

clinopyroxene. Altered tuff.
Y/Y/N

INT/11-3/8 Castara Fine green mafic metatuff from the road south of 
Castara. Grain size <0.5 mm.

Shards of clinopyroxene, with smaller crystals of plagioclase; clays, 
oxides, chlorite and patches of strained quartz run between the grains. Y/N/N

INT/13-2/2 Englishman's Bay
Collected from Little Englishman’s Bay River. 

Mafic tuff. Jumbled mess of coarse 1 mm rotated 
quartz/plagioclases and mafic minerals.

n/a Y/N/N

INT/25-1/6 Englishman’s Bay Collected from Englishman’s Bay. Coarse mafic 
tuff similar to 13-2/2 and 15-2/2 above. n/a Y/N/N

INT/29-2/7 Englishman’s Bay
Collected from hill above N Englishman’s Bay. 
Coarse mafic tuff similar to 13-3/2 and 15-2/2 

above.
n/a Y/N/N

INT/18-2/1 Anse Fourmi
Collected from block next to road at Anse 

Fourmi. Fine green mafic tuff. Grain size <0.25 
mm.

Very fine with considerable chlorite alteration. Some relict clinopyroxene 
but also phrenite and quartz. Plagioclase needles common. Mafic tuff. Y/N/N

3A-24 Anse Fourmi Coarse andesitic green tuff breccia with obvious 
quartz crystals to 2 mm.

Crenulated sample which is quite felsic. Snoke et al. (2001) identified 
plagioclase, quartz, epidote, actinolite, white mica, oxides and titanite. Y/N/Y

INT/29-2/3 Speyside
From Anse Bateau at Speyside. Fine-grained 
mafic tuff which contains relict hornblende 

fragments up to several cm in length.

Mostly contains patches of oxides, clays and chlorite. Relict hornblende 
has no obvious sense of shear, is cut across cleavage planes by chlorite. Y/N/N

INT/29-2/4 Speyside

From the road north of Speyside (Anse Brisant). 
Badly altered and veined mafic tuff containing 
altered relict plagioclase (possible) in a brown 

grey-green matrix.

Mostly contains patches of oxides and clays. Prehnite/pumpellyite 
present Relict plagioclase reaches 1-2 mm and shows sinistral sense of 

shear.
Y/Y/N

INT/29-2/5 Speyside Coarse badly altered and veined tuff containing 
altered relict plagioclase similar to 29-2/4 above. n/a Y/N/N
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INT/29-2/6 Speyside Possible badly altered tuff breccias, patches of 
quartz and calcite present n/a Y/N/N

INT/18-2/2 Charlotteville
From Pirate’s Bay. Grey-green mafic tuff breccia 

containing up to 1 cm fragments of felsic 
minerals.

n/a Y/N/N

INT/4-3/3 Charlotteville
From Charlotteville Bay South. Medium-grained 

foliated mafic tuff. Mineralogy not distinct 
Grey-green colour.

n/a Y/Y/N

INT/4-3/4 Charlotteville
From Charlotteville Bay South. Medium-grained 

foliated mafic tuff. Mineralogy not distinct. 
Grey-green colour.

n/a Y/N/N

INT/2-3/1 Bloody Bay

Orange weathered rock with obvious quartz 
‘sweats’. Fragmental and highly altered texture -  

mostly likely a metamorphosed intermediate 
breccia.

n/a Y/N/N

INT/2-3/3 Bloody Bay
Orange weathered rock with quartz sweats. Less 
fragmental than 2-3/1 above, grain size 1-2 mm 
but probably a metamorphosed mafic breccia.

Fine <0.25 mm groundmass with 1-2 mm grains of relict plagioclase 
(altered to sericite and clays). Groundmass consists of Fe Ti oxides, clays 
and chlorite, with quartz and plagioclase dominant Hornblende, possible 
relict clinopyroxene, and titanite also present No obvious metamorphic 

texture.

Y/N/N

INT/2-3/5 Bloody Bay

From roadside blastings. Fine-grained 
metamorphosed mafic tuff with glints of white 
mica and probable hornblende. Brown-grey- 

green colour.

n/a Y/N/N

INT/2-3/6 Bloody Bay Coarse green metamorphosed mafic tuff with a 
strong fabric. 1 mm relict plagioclases. n/a Y/N/N

North Coast Schist -  Mount Dillon Formation
Number Location Field/Hand Specimen Thin Section ICP/ISO/DATE

INT/28-2/1 Celery Bay Quite daik sample, slaty grey in colour, ultra-fine 
grained probably silicified tuff with crenulations. n/a Y/Y/N

INT/28-2/2 Celery Bay Daric sample similar to 28-2/2 above. Fine­
grained, banded and probably quartz rich.

Ultra-fine-grained, dominated by small grains of interlocking quartz. Fe- 
Ti oxides appear in small veins and dendrites, larger veins of quartz and 
calcite cross-cut the sample, quartz is parallel to cleavage, calcite is later.

Y/N/N

INT/28-2/3 Celery Bay Another dark, fine-grained sample similar to 29- 
2/2 above. Sample almost identical to description of 28-2/2 above. N/N/N

INT/29-2/8 Mount Dillon
Very silicic sample. Orange-grey weathered 
colour, with ultra-fine grain size and multiple 

veins. Probably silicified felsic tuff.
n/a Y/N/N

INT/29-2/9 Mount Dillon Silicic sample with orange-grey weathering. 
Fine-grained but mineralogy indistinct n/a Y/N/N

INT/3-3/1 Mount Dillon
Fine grained brown-grey sample with prominent 
banding. Parallel quartz veins and cross-cutting 

calcite veins.
n/a N/N/N

INT/3-3/2 Mount Dillon Silicic sample with orange-grey weathering. 
Similar to 29-2/2 above. n/a Y/Y/N

INT/3-3/3 Mount Dillon Similar to 29-2/2 above. n/a Y/N/N
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INT/3-3/4 Mount Dillon
Ultra-fine grey rock with no distinct mineralogy 
except for oxides aligned to fabric. Probably a 

silicified tuff.

Sample consists entirely of interlocking quartz and oxides aligned to 
fabric. Veins of quartz cross-cut and parallel to fabric, all of which have 

strained quartz. <0.25 mm grain size.
Y/N/N

INT/11-3/9 Mount Dillon Same as 3-3/4 above. Identical to INT/3-3/2 above. Y/N/N
INT/13-2/3 Little Englishman’s Bay River Same as 3-3/4 above. n/a Y/N/N

North Coast Schist - amohiboiites
Number Location Field/Hand Specimen Thin Section 1CP/ISO/DATE

INT/8-3/3 N. of Cameron Canal Fault Steel-grey very badly weathered sample. Very 
fine-grained and full of iron oxide weathering.

Oxides present but most alteration is related to chlorite. Small fragments 
of epidote. The bulk of the rock is made up of needles of a felsic mineral, 

approximately 0.5 mm long, which may be plagioclase.
Y/N/N

INT/8-3/4 N. of Cameron Canal Fault
Fine rock with green groundmass. Large white 

relict plagioclase to 4 mm across. Badly 
weathered and veined.

Groundmass consisting of <1 mm epidote and chlorite (not sure about 
amphiboles). Apparent plagioclase phenocrysts are almost completely 

replaced with clays, chlorites and micas.
Y/N/N

INT/8-3/5 N. of Cameron Canal Fault

Steel-grey, strongly foliated rock with grain size 
0.5 mm. Mineralogy not certain but one mafic, 

one felsic mineral present. Amphibole + 
plagioclase?

Foliated hornblende and plagioclase to a maximum of 1 mm, mostly 0.5 
mm. Some interstitial quartz veins. Chlorite alteration.

Y/Y/N

INT/8-3/6 N. of Cameron Canal Fault Fine rock with grey-green groundmass. Large 
white relict plagioclase to 1 cm across.

Coarse relict plagioclases are almost completely replaced by clays, 
chlorite in veins and micas. The rest of the section contains abundant 

hornblende and oxides. Strong fabric.
Y/N/N

DY-3D-359 N. of Cameron Canal Fault
Metamorphosed plagioclase-phyric rock, grey 

coloured with flattened relict plagioclases up to 1 
cm across.

n/a Y/N/N

DY-3D-558 N. of Cameron Canal Fault
Metamorphosed plagioclase-phyric rock, grey 
coloured with a few strongly flattened relict 

plagioclases.
n/a Y/Y/N

North Coast Schist - Karv
Number Location Field/Hand Specimen Thin Section ICP/ISO/DATE
DR-693 Man O’War Hill Dark slaty rock, fine-grained but with abundant 

pyrite.
Banded, ultra-fine-grained. Quartz and oxides « 0 .2 5  mm. Other 

minerals indistinct. Probably a meta-sediment Y/N/N

DY-3D-448 Roxburgh to Bloody Bay Road Dark crenulated sample with abundant pyrite. Quartz and oxides, patches of oxides up to 1 mm. Other minerals 
indistinct. Probably a meta-sediment Y/N/N

DY-3D-447 Roxburgh to Bloody Bay Road Ultra-fine dark sample with fabric. Probably 
metamorphosed lava. Quartz and oxides « 0 .2 5  mm. Other minerals indistinct N/N/N

DY-3D-304 Roxburgh to Bloody Bay Road Deformed, plagioclase-phyric lava with 
plagioclase to 5 mm? Some patches of calcite?

Patches of calcite, riddled with oxide throughout the section. Hornblende, 
plagioclase and quartz present <0.5 mm. Suspect that the possible 

plagioclase is all calcite.
Y/N/N

DY-3D-305 Roxburgh to Bloody Bay Road Dark, ultra-fine-grained rock with pyrite and a 
slaty cleavage. n/a Y/N/N

Tobago Volcanic G ro u p - Argyle Formation
Number Location Field/Hand Specimen Thin Section I CP/ISO/DATE

INT/1-3/3 Kendal Road Dark grey lava with prominent 2-3 mm 
plagioclase phenocrysts. Moderately altered. n/a Y/Y/N

INT/16-2/2 Argyle River Grey tuff breccia, quite silicic. Badly weathered 
on surface. n/a Y/N/N
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INT/8-3/7 Argyle River/I nverawe
Grey lava with some light fawn alteration. Looks 

monomineralic with 1 mm grain size. 
Clinopyroxenc?

n/a Y/N/N

DY-3D-180 Inverawe River Clinopyroxene-phyric tuff breccia n/a Y/N/N

DR-132 Louis D’Or Clinopyroxene-plagioclase-phyric tuff breccia

Sample consists of fragments welded together of different grain size. 
Clinopyroxene and plagioclase to 1 mm with needle-like plagioclase in 
groundmass and stubby clinopyroxene. Oxides and a lot of clays also 

present

Y/N/N

Tobago Volcanic Groun -  Bacolet Formation
Number Location Field/Hand Specimen Thin Section ICP/ISO/DATE

INT/23-2/8 Bacolet Clinopyroxene-phyric breccia. Moderately 
altered. Clinopyroxenes to 5 mm. n/a Y/N/N

INT/23-2/9 Bacolet
Clinopyroxene-phyric breccia with moderate 

alteration and clinopyroxenes to S mm and minor 
tabular plagioclase to 2 mm.

Ultra-fine groundmass, oxide-rich, with euhedral phenocrysts of 
plagioclase and clinopyroxene. Many of the phenocrysts have been 

replaced by chlorite, micas, epidote and some rare calcite patches. Rock 
quite badly altered.

Y/N/N

2G-1 Bacolet Coarse volcanic breccia. n/a Y/N/N

2G-2 Bacolet Coarse volcanic breccia.
Reported by Snoke et al. (2001) to contain plagioclase, clinopyroxene 

and oxides with replacement minerals chlorite, epidote, micas, prehnite 
and pumpellyite.

Y/N/N

INT/7-2/3 Hillsborough
Medium-grained volcanic breccia with 2-3 mm 
phenocrysts of plagioclase and clinopyroxene. 

Weakly altered.
n/a Y/Y/N

DY-2H-282 Hillsborough Clinopyroxene-phyric lava. Weakly altered.

Very large crystals of clinopyroxene up to 5 mm across, with smaller 1-2 
mm phenocrysts of plagioclase. Groundmass fine-grained with mostly 
plagioclase and oxides. Plagioclases in good condition, pyroxenes are 

cracked and associated with vein infills and oxides.

Y/N/N

CF-2H-10 Hillsborough Coarse clinopyroxene-phyric breccia, weakly 
altered. n/a Y/N/N

IJ-1C Mount Pleasant Inlier Volcaniclastic, weakly altered. n/a Y/N/N
Tobago Volcanic Group -  Goldsboroueh Formation

Number Location Field/Hand Specimen Thin Section ICP/ISO/DATE
INT/4-3/1 Granby Quite badly altered, brown colour, veined. Looks 

like plagioclase-phyric tuff breccia. n/a Y/N/N

INT/4-3/2 Granby Plagioclase-clinopyroxene tuff breccia. Veining 
with iron oxides and possible calcite. n/a Y/N/N

DY-2J-262 Granby Clinopyroxene-phyric lava with possible 
amygdales.

Clinopyroxene to several mm. Mostly composed of fine groundmass of 
clinopyroxene, plagioclase and oxides. Not badly altered. Y/N/N

DY-2J-N24 Granby Clinopyroxene-phyric lava, weakly altered. n/a Y/N/N

DY-2J-18 Granby Coarse, clinopyroxene-phyric lava, weakly 
altered. n/a Y/N/N

INT/8-3/1 Pembroke-Cardiff Road
Altered, veined and epidotised, chloritised 

sample also with some pyritisation; 
volcaniclastic breccia.

n/a Y/N/N

INT/8-3/2 Pembroke-Cardiff Road Clinopyroxene-phyric volcaniclastic breccia. Sample consists almost entirely of relict clinopyroxene crystals which are Y/Y/N

244



Badly altered with veins (calcite) and epidote, 
chlorite.

cracked and replaced by chlorite and epidote. Veins of calcite.

DY-3G-374 Richmond Island Clinopyroxene-phyric lava. n/a Y/N/N

DY-2H-298 Studley Park Phyric lava.

Sample weakly altered. Consists of a fine groundmass of plagioclase, 
minor clinopyroxene and abundant oxides. Plagioclase phenocrysts to 1 

mm, lesser clinopyroxene phenocrysts to 1 mm. Clays and micas 
replacing plagioclase.

Y/N/N

DY-2J-11 Pinfold Bay Equigranular lava with no obvious phenocryst 
phases, sample weakly altered n/a Y/N/N

INT/11-3/7 Pinfold Bay
Variably altered sample; probably lava. 

Plagioclase-phyric with phenocrysts tabular to 3 
mm. Patches of calcite and epidote.

n/a Y/N/N

DY-2J-27 Goodwood Aphyric lava with patches of calcite growth up to 
3 mm across. n/a Y/N/N

Tobago Volcanic Group -  Undifferentiated lavas or good samples from volcaniclastic breccias
Number Location Field/Hand Specimen Thin Section ICP/ISO/DATE

INT/3-2/1 Blackrock Altered aphyric fine-grained lava, dark grey, with 
very fine patches of calcite and oxides.

Equigranular groundmass consisting of elongate plagioclase, oxides and 
interstitial clinopyroxene (all altered to a mineral with mustard 

birefringence?) to 0.2S mm. Rare altered phenocrysts of plagioclase and 
clinopyroxene to 1 mm.

Y/Y/N

IC-1B Blackrock Plagioclase and clinopyroxene-phyric lava, only 
weakly altered in hand specimen.

Groundmass consisting of equigranular plagioclase, oxides and 
clinopyroxene. Patches of unidentified alteration minerals present 1 mm 

phenocrysts of plagioclase apparent in section (not seeing 
clinopyroxene); altered to clays and micas and are glomeroporphyritic.

Y/N/N

IC-U Blackrock Plagioclase-phyric lava, moderately altered in 
hand specimen.

Groundmass of plagioclase, oxides and clinopyroxene (altered to mineral 
with mustard birefringence), very fine. Plagioclase phenocrysts to 2 mm 

replaced by clays and micas.
Y/N/N

INT/7-3/6 Plymouth-Whim road Coarse volcanic breccia, dark grey with 
clinopyroxene phenocrysts. n/a Y/N/N

INT/6-3/1 Hope-Adelphi Branch Road Coarse plagioclase and clinopyroxene-phyric 
lava. Moderately altered.

Groundmass consists of oxides, chlorite and some very fine plagioclase 
needles. Phenocrysts were all clinopyroxenes, up to 3 mm, replaced by 

chlorite to varying extents, and by calcite.
Y/N/N

INT/6-3/2 Hope-Adelphi Branch Road Clinopyroxene-phyric volcanic breccia, weakly 
altered. n/a Y/N/N

INT/6-3/3 Hope-Adelphi Branch Road
Possible lava, dark grey, moderately altered, with 

elongate crystals of a mafic mineral, possibly 
hornblende, to 3 mm.

n/a Y/N/N

INT/7-2/1 Rocky Point
Medium-grey clinopyroxene-phyric lava with 
phenocrysts to 3 mm. Moderately altered with 

some calcite patches.

Very fine groundmass consists of plagioclase needles and oxides with 
patches of quartz and chlorite. The phenocryst phase is almost 

exclusively altered clinopyroxene to 3 mm with replacement by calcite, 
quartz and chlorite.

Y/N/N

INT/29-2/1 Merchison Road
Badly altered and veined lava (?) dominated by 

1-2 mm clinopyroxene. Calcite and chlorite 
present.

n/a Y/N/N

INT/28-2/6 Gordon Bay Fine-grained lava with phenocrysts to 1 mm. 
Altered in patches (green).

Inequigranular. Almost glassy groundmass with needle-like plagioclase 
and oxides. Phenocrysts are plagioclase > clinopyroxene. Both, and the

Y/N/N
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groundmass are widely replaced by chlorite and epidote. Plagioclases 
replaced by clays and micas also.

INT/23-2/2 Minster Point
Quite badly altered sample. Possible plagioclase 

and clinopyroxene-phyric lava. Fine-grained. 
Probable patches of chlorite.

n/a Y/N/N

INT/23-2/3 Minster Point Moderately altered clinopyroxene and 
plagioclase-phyric lava. n/a Y/Y/N

INT/23-2/5 Minster Point Moderately altered clinopyroxene and 
plagioclase-phyric lava. n/a Y/N/N

INT/13-2/4 Stonehaven Bay Badly altered lava, plagioclase-phyric. May be 
slightly calcified. n/a Y/N/N

INT/13-2/5 Stonehaven Bay Badly altered aphyric lava with patches of 
calcite. n/a Y/N/N

IC-53 Stonehaven Bay Clinpyroxene and plagioclase-phyric lava. 
Moderately altered.

Fine groundmass of plagioclase and oxides. Plagioclase phenocrysts to 2 
mm with calcite and epidote common. Y/N/N

INT/11-3/1 Speyside

Odd sample which looks slightly deformed and 
made up of distinct minerals, not clasts. Probably 

a crystal tuff. From Bishop’s Bay at Speyside, 
Contains chlorite, calcite, oxides and clays 

(probably). Green/grey colouration.

n/a Y/N/N

INT/19-2/2 Hillsborough West River Badly altered plagioclase-phyric volcanic 
breccia. Patches of chlorite. n/a Y/N/N

IF-39 Patience Hill Clinopyroxene and plagioclase-phyric lava. 
Weakly altered. n/a Y/N/N

Tobago Volcanic Group -  Undifferentiated volcanogenic sediments (mostly crystal-bearing grits) and volcaniclastic breccias with obvious sedimentary reworking
Number Location Field/Hand Specimen Thin Section ICP/ISO/DATE

INT/6-3/4 Hope-Adelphi Branch Road
Widespread chlorite in badly altered dark 

volcanogenic sediment May be some calcite 
patches. No obvious clasts in hand specimen.

n/a Y/N/N

INT/6-3/5 Hope-Adelphi Branch Road
Volcaniclastic sediment with cm-scale clasts. 
Possible clinopyroxene and plagioclase relict 

phenocrysts. Widespread alteration.
n/a Y/N/N

INT/6-3/6 Hope-Adelphi Branch Road

Coarse volcaniclastic sediment with relict 
clinopyroxene and plagioclase phenocrysts. 
Looks quite badly altered with widespread 

chlorite.

Plagioclases aligned to current flow. Altered groundmass contains clays, 
oxides and chlorite. Relict phenocrysts are plagioclase to 2 mm and 

clinopyroxene (often zoned) to 5 mm. Plagioclase altered to clays and 
micas, clinopyroxene altered to chlorite.

Y/N/N

INT/6-3/7 Hope-Adelphi Branch Road Moderately altered volcanogenic sediment with 
altered clinopyroxene relict phenocrysts to 3 mm. n/a Y/N/N

INT/6-3/8 Hope-Adelphi Branch Road Similar to 6-3/7 above. n/a Y/N/N

INT/6-3/9 Hope-Adelphi Branch Road Similar to 6-3/5 above.

Remarkably heterogeneous sample. Chlorite, epidote as distinct rounded 
grains up to 5 mm across partly replacing clinopyroxene. Oxides and 
clays also present. Individual clasts containing plagioclase altered to 

clays and micas, clinopyroxene altered to chlorite and chlorite patches 
<0.5 mm.

Y/N/N

INT/6-3/10 Hope-Adelphi Branch Road Similar to 6-3/5 above. n/a Y/N/N
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INT/23-2/1 Minster Point

Volcaniclastic sediments with cm-scale clasts, 
some red. Possible clinopyroxene relict 

phenocrysts. Widespread alteration. Patches and 
veins of calcite and red oxide.

Clasts, cm-scale, containing clinopyroxene to 1 mm, plagioclase (altered 
to micas and clays) to 0.5 mm. Patches of chlorite and epidote. 

Widespread calcite patches. The groundmass consists of clays, oxides, 
calcite, chlorite and epidote. Fragments of clinopyroxene in particular, to 

2 mm, maybe altered in some cases to pumpellyite.

Y/N/N

INT/26-1/2 Minster Point

Green-red volcanic breccia with sharp-edged 
clinopyroxene phenocrysts to 5 mm. Clasts 

rounded, some reddened = sedimentary 
reworking.

Inequigranular. Groundmass consists of uhrafine material, some 
plagioclase altered to clays and micas, and oxides, widespread interstitial 
chlorite and clays. Oxides reach 2 mm, good clinopyroxene phenocrysts 

to 5 mm.

Y/N/N

INT/23-2/4 Minster Point Sample almost identical to 26-1/2 above. n/a Y/N/N

INT/14-3/1 Little Tobago
Very heavy, very badly altered sample with a 

mixture of green patches (epidote and chlorite?) 
and dark blue patches (unknown).

n/a Y/N/N

INT/19-2/1 Hillsborough West River Moderately altered plagioclase-phyric reworked 
volcanic sediment

Altered groundmass contains plagioclase crystals, chlorite and oxides. 
Plagioclase phenocrysts to 2 mm, weakly altered to clays and micas. 
Some clinopyroxene phenocrysts often altered to chlorite. Chlorite 

alteration widespread and interstitial. Plagioclases aligned to current 
flow.

Y/N/N

Tobago Plutonic Suite -  Deformed Volcanic-Plutonic Complexes
Number Location Field/Hand Specimen Thin Section ICP/ISO/DATE

INT/28-2/5 Gordon Bay
Sample is a deformed ultramafic rock which 

appears to be moderately altered and consists of 
clinopyroxene mostly. Grain size 3-4 mm.

n/a Y/N/N

INT/4-2/4 King Peter’s Bay

Deformed and strongly altered volcanic rock 
with 2-3 mm clinopyroxene phenocrysts, and a 

lot of rounded patches of calcite probably 
replacing plagioclase. Some calcite veins.

Sample has obvious fabric. Not too badly altered in thin section; consists 
of plagioclase (altered to clays and micas), hornblende and oxides. Y/N/N

INT/6-3/11 Speyside
Badly altered, fractured and veined sample with 
blue-grey colouration may be deformed mafic 

plutonic rock. 1 mm grain size.
n/a Y/N/N

INT/6-3/12 Speyside
Grey sample with some calcite veins. 

Groundmass 0.5 mm grain size probably 
plagioclase (needle-like) and clinopyroxene.

n/a Y/N/N

INT/6-3/13 Speyside

Coarse-grained sample (2-3 mm) with 
equigranular hornblende and plagioclase, 
occasional large white patches to 2 cm. 

Deformed mafic plutonic.

White patches consist of chlorite, clays, quartz and oxides. Rest of the 
rock consists of plagioclase (replaced by clays), hornblende and oxides. Y/N/N

INT/6-3/15 Merchison Very fine-grained grey sample with some 
veining. Deformed mafic volcanic. n/a Y/N/N

INT/6-3/16 Merchison Deformed mafic volcanic. 2-3 mm grain size 
with equigranular plagioclase? and hornblende.

Sample is equigranular and consists of hornblende, with some patches of 
unaltered clinopyroxene. The light-coloured mineral identified as 

plagioclase in hand spec appears to be altered clinopyroxene which has 
been replaced by small hornblende crystals and clays.

Y/N/N

INT/11-3/2 Merchison
Strongly deformed moderately altered sample 

with 1 mm grain size. May consist of hornblende, 
clinopyroxene and plagioclase. Deformed mafic

Roughly equal proportions of plagioclase and hornblende with lesser 
clinopyroxene (altering to hornblende) and oxides. Plagioclase altering to 

clays and oxides.
Y/N/N
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1 1 plutonic rock? | I
Tobago Plutonic Suite -  Ultramafic facies

Number Location Field/Hand Specimen Thin Section 1 CP/ISO/DATE
INT/16-2/1 Argyle Olivine clinopyroxenite, weakly altered. n/a Y/N/N

INT/21-2/2 Louis D’Or
Wehrlite. Grain size 4-5 mm (phenocrysts) in 
fine groundmass, moderately altered (green 

colouration).

Many large olivines in a groundmass containing clinopyroxene but also 
may be hornblende present (a lot of deep green colouration in ppl), 

possible epidote?
Y/N/N

INT/21-2/3 Louis D’Or
Dunite. Serpentinised; almost black colour, made 
up of many large (4-5 mm) olivines with a black 

mesh of groundmass.
n/a Y/N/N

INT/21-2/4 Louis D’Or
Olivine clinopyroxenite, moderately altered, 

large clinopyroxenes to 5 mm in a steel-grey to 
black matrix.

Rock is dominated by large clinopyroxenes with the olivines making up 
<15% of the rock. Olivine is usually small and interstitial (unusual). 

Alteration minerals are in veins and interstitial; mostly chlorite and clays.
Y/N/N

INT/27-2/1 Culloden Bay

Homblendite. Fine-grained (1 mm) badly altered 
with slight green colouration and white veins. 

Collected from Culloden Bay as an inclusion in 
gabbro-diorite -  probably an altered 

clinopyroxenite.

Mostly altered hornblende with many good basal sections. Rest of the 
rock is made up of chlorite, clays and oxides. Y/N/N

INT/8-2/1 King Peter’s Bay Olivine clinopyroxenite, moderately altered, 
similar to 21-2/4 above. n/a Y/N/N

INT/11-3/4 Delaford Bay Clinopyroxenite with grain size up to 4 mm. 
Moderately altered.

Large clinopyroxenes but also hornblende present Alteration minerals 
chlorite and clays. Y/N/N

Tobago Plutonic Suite -  gabbroic and dioritic facies
Number Location Field/Hand Specimen Thin Section ICP/ISO/DATE

INT/1-3/5 Kendal Road
Weakly altered medium-grained gabbro (up to 2 

mm) with equal proportions mafic and felsic 
minerals.

Hornblende replacing clinopyroxene (possible), with plagioclase 
interstitial. Only weakly altered otherwise with plagioclase to clays and 

micas.
Y/N/N

INT/20-2/1 Hillsborough West River
Moderately altered dolerite (up to 1 mm grain 
size) with equal proportions hornblende and 

plagioclase and some chlorite.
n/a Y/Y/N

INT/21-2/1 Louis D’Or
Slightly deformed weakly altered coarse 

pegmatite with felsic and mafic minerals in equal 
proportions.

Rock dominated by bands rich in hornblende up to 4 mm across 
alternating with bands rich in very small micro-crystalline quartz and 

lesser plagioclase up to 1 cm long. Patches of clay alteration, also a few 
veins filled with clay alteration. The quartz may well be new growth and 

the rock as a whole a deformed dioritic pegmatite?

Y/N/N

INT/2-3/7 Courland River
Coarse (2-3 mm grain size) weakly altered diorite 
dominated by plagioclase with evenly distributed 

hornblendes.

Large hornblendes with integral small plagioclase crystals. Groundmass 
consists of plagioclase and lesser interstitial quartz. Alteration of 

plagioclase to clays and micas. Some patches of oxides present also.
Y/N/N

INT/4-2/2 Courland River
Medium (1-2 mm grain size) weakly altered 
diorite dominated by plagioclase with semi­

aligned hornblende.

Equigranular plagioclase and hornblende with only weak alteration of the 
plagioclase to clays and micas.

Y/Y/N

INT/25-1/8 Culloden Bay Coarse (2-3 mm grain size) weakly altered diorite 
with slightly aligned hornblende and plagioclase. n/a Y/N/N

INT/28-2/9 Culloden Bay Moderately altered coarse (2-3 mm grain size) 
diorite with plagioclase, hornblende and some n/a Y/N/N
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quartz.

INT/28-2/10 Culloden Bay
Weakly altered coarse inequigranular (1-5 mm 
grain size) gabbro-diorite with plagioclase and 

rounded hornblendes.

Rock is actually a norite with abundant orthopyroxene replaced by 
hornblende, and plagioclase, to a lesser extent, replaced by clays and 

micas.
Y/N/N

INT/28-2/4 Celery Bay Weakly altered coarse gabbro-diorite with 
elongate hornblendes to 5 mm.

Hornblendes dominate with lesser plagioclase. Some patches of clay 
alteration. Clay, chlorite and oxides common particularly near possible 

relict clinopyroxene.
Y/N/N

INT/3-2/2 Amos-Culloden Trail
Moderately altered coarse gabbro with grain size 

3 mm. Abundant semi-aligned needle-like 
hornblende. Patches of chlorite.

Hornblendes dominate with lesser plagioclase, oxides and possible 
orthopyroxene? Only weakly altered in thin section. Y/N/N

INT/3-2/3 Amos-Culloden Trail
Badly altered hornblende diorite with veining 

and iron oxide staining. Otherwise coarse­
grained (3 mm).

n/a Y/N/N

INT/7-3/3 Amos Bay

Coarse-grained (3-5 mm) inequigranular mafic 
rock with some large mafic crystals 

(hornblende?) in a finer groundmass consisting 
of equal proportions of plagioclase and a mafic 

mineral. Quite badly altered and green coloured.

n/a Y/N/N

INT/11-3/3 Delaford Bay
Very coarse diorite, weakly altered, bearing 

elongate hornblendes (bottle green) up to 1.5 cm 
long and plagioclase.

n/a Y/N/N

INT/11-3/6 Queen’s Bay

Medium-grained diorite (2 mm grain size) with 
semi-aligned elongate hornblendes. Weakly 
veined with moderate alteration and a green 

tinge.

Abundant hornblende with plagioclase almost entirely replaced by clays, 
micas. Oxides also common. Y/N/N

Tobago Mafic Dyke Swarm -  dykes cutting the North Coast Schist
Number Location Field/Hand Specimen Thin Section ICP/ISO/DATE

2Y-3D-432 Main Ridge
More likely a ‘true’ mafic dyke swarm dyke. 

Grey-medium grained microdiorite with 2-3 mm 
hornblende needles. Moderately altered.

n/a Y/N/N

DR-780 Main Ridge Identical to DR-509 below.
Large acicular hornblendes in a matrix comprising plagioclase, some 

opaques and small hornblendes. Y/N/N

DR-430 Charlotteville

Grey hornblende diorite with 2-3 mm hornblende 
needles which have a slight alignment 

Moderately altered with some calcite/quartz 
veining.

n/a Y/N/N

DR-509 Flagstaff Hill
Grey hornblende diorite with 2-3 mm hornblende 

needles. Not particularly aligned. Significant 
quartz veining, otherwise not badly altered.

Strongly aligned acicular hornblende in a groundmass of plagioclase and 
quartz with few opaques. Prominent quartz-calcite vein. Y/N/N

Tobago Mafic Dyke Swarm -  dykes cutting the Plutonic Suite
Number Location Field/Hand Specimen Thin Section ICP/ISO/DATE

INT/11-3/5 Delaford Fine-grained aphyric mafic dyke with moderate 
alteration. Steel grey colouration. n/a Y/N/N

INT/7-3/1 Amos Bay Medium-grained (1 mm grain size) aphyric mafic 
dyke with moderate-weak alteration. n/a Y/N/N
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INT/26-1/4 Amos Bay Badly altered brown-grey mafic dyke. Very fine­
grained with some acicular hornblende. n/a Y/N/N

INT/7-3/2 Amos Bay Very fine-grained mostly aphyric mafic dyke 
with weak alteration.

Elongate hornblende to 0.5 mm, with plagioclase and cubic oxides. All in 
good condition. Rounded vesicles to 1 mm across filled with low relief, 

clear, high birefringence minerals (not calcite -  may be zeolites).
Y/N/N

INT/26-1/6 Amos Bay Fine-grained moderately altered aphryic mafic 
dyke, similar to 7-3/2 above. n/a Y/N/N

INT/1-3/2 Kendal

Variable grain size with fine-grained matrix 
supporting coarser dioritic (1-2 mm grain size) 
fragments. Suspect the finer-grained areas are 

patches of alteration. Some veining.

n/a Y/N/N

INT/1-3/6 Kendal

Mostly 1-2 mm grain size plagioclase and 
clinopyroxene- or hornblende-rich material with 

some fine-grained alteration patches. Grey 
colour.

n/a Y/N/N

INT/1-3/7 Kendal
Dark grey coarse-grained (1-3 mm) mafic dyke 
with plagioclase and clinopyroxene. Few small 

green alteration patches but otherwise fresh.
n/a Y/N/N

INT/25-1/4 Courland
Very coarse (2-4 mm) mafic dyke with a mottled 
texture containing hornblende and clinopyroxene. 

Weakly altered.

Green stubby hornblende in die groundmass from 0.25-0.5 mm, also 
glomeroporphyritic patches of hornblende crystals reaching 3 mm. 
Clinopyroxene reaching 4 mm, often altered to clays and oxides, 

surrounded by masses of hornblende and also altering to hornblende 
around the margins. Groundmass also contains plagioclase and abundant 

clays and lesser oxides.

Y/N/N

INT/25-1/2 Courland Moderately altered medium-grained (1 mm grain 
size) microdiorite. n/a Y/N/N

INT/2-3/9 Courland

Grey hornblende microdiorite with acicular 
hornblende to 6 mm. Fine groundmass with some 

bottle-green patches (clinopyroxene?). 
Moderately altered.

n/a Y/N/N

INT/2-3/10 Courland Coarse (1-2 mm) hornblende diorite. Weakly 
altered. n/a Y/N/N

INT/2-3/11 Courland Very fine grey micio-diorite with moderate 
alteration. n/a Y/N/N

INT/4-2/1 Courland

Fine mafic dyke with moderate alteration and 
occasional fine white veins. White, probably 

replacement minerals (1 mm) stand out from the 
groundmass.

n/a Y/N/N

2D-14 Courland Aphyric black microdiorite, moderately altered. Very fine-grained microdiorite comprising hornblende and plagioclase 
with minor oxides and some calcite alteration patches.

Y/Y/Sharp and Snoke (1988) 
Ar-Ar hornblende -  91.4±22 

Ma

INT/7-3/5 Back Bay Moderately altered grey-green coarse (1-2 mm) 
microdiorite dyke. n/a Y/N/N

IC-29 Back Bay Variable grain size rock similar to 25-1/4 above. 
Hornblende reaches 1 cm. Weakly altered.

Variable grain size with large hornblendes to 5 mm along with smaller 
more acicular varieties to 0.5 mm. Some relict square clinopyroxene, 

badly altered. Plagioclase in groundmass with some oxides. Clays and

Y/N/Sharp and Snoke (1988) 
Ar-Ar hornblende -  102.8± 1.2 

Ma
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oxides as replacement minerals.

IC-32 Back Bay
Grey, medium-grained mafic dyke with 2-3 mm 

acicular hornblende along with plagioclase. 
Some veining but not badly altered.

Elongate clinopyroxene and hornblende to 2 mm with squat plagioclase 
and cubic oxides. Does not appear badly altered in section. Y/N/N

IC-33b Back Bay

Very coarse (3-5 mm) mafic dyke with 
occasional hornblende to 1 cm. Large patches of 

chlorite alteration giving a black-grey-green 
colouration.

Large clinopyroxenes to 5 mm breaking down to hornblende. Many 
patches of various alteration minerals including chlorite replacing entire 
phenocrysts. Groundmass consists of hornblende, plagioclase, clays and 

chlorite.

Y/N/N

Tobago Mafic Dyke Swarm -  dykes cutting the Volcanic Suite
Number Location Field/Hand Specimen Thin Section ICP/ISO/DATE

INT/23-2/6 Minster Point
Badly altered mafic dyke with green/orange 

colouration. May be a homblende-phyric 
microdiorite with grain size 1-2 mm.

n/a Y/N/N

2H-34 Minster Point Moderately altered aphyric microdiorite. Grey 
colouration. n/a Y/N/N

INT/26-1/3 Mount St. George
Moderately altered clinopyroxene-phyric mafic 

dyke with a fine groundmass and occasional 
vesicles infilled with poss. quartz.

n/a Y/N/N

INT/7-2/2 Mount St. George
Very fine-grained largely aphyric dark grey 
mafic dyke with little alteration and a few 

possible clinopyroxene phenocrysts.
n/a Y/N/N

INT/23-2/7 Bacolet Bay
Moderately altered medium grained (1 mm grain 

size) mafic dyke, probably hornblende 
microdiorite.

n/a Y/N/N

2G-43 Bacolet Bay Identical to 23-2/7 above. n/a Y/N/N
2H-lla Hillsborough West River Very fine-grained dyke identical to 7-2/2 above. n/a Y/N/N

IC-15 Blackrock Mottled grey microgabbro with clinopyroxene 
and plagioclase standing out Moderately altered.

Patches of quartz, clays and oxides replacing some phenocrysts, 
otherwise a clinopyroxene and homblende-phyric micro-gabbro with 

plagioclase and oxides. Alteration concentrated on the mafic minerals.
Y/N/N

Tobago other rocks -  Arnos Vale -  Mason Hall ton alite body
Number Location Field/Hand Specimen Thin Section ICP/ISO/DATE

INT/2-3/12 Courland
Somewhat altered tonalite with quartz, 

plagioclase and biotite (5-10 %). 2mm grain size.
Veins infilled with clays. Plagioclase > quartz > biotite. Abundant clay 

and mica alteration of the plagioclase, chlorite replacing biotite. Y/N/N

INT/2-3/8 Courland
Biotite tonalite only moderately altered with 5-10 

% biotite. 2 mm grain size.
Plagioclase > quartz > biotite. Abundant clay replacing plagioclase. 

Plagioclase is optically concentrically zoned. Y/N/N

INT/25-1/3 Courland
Somewhat altered tonalite with 10 % biotite. 2 

mm grain size. Biotite looks quite ‘rusty’. n/a Y/N/N

INT/4-2/3 Courland
Only moderately altered biotite tonalite with 2 

mm grain size and biotite up to 4 mm.
Plagioclase > quartz > fresh biotite. Few possible grains of epidote. 

Widespread clay and mica replacing plagioclase. Y/N/N

2D-70 Courland
Fine-grained (1 mm grain size) grey rock with 

plagioclase and quartz and very few mafic 
minerals. Not badly altered.

n/a Y/N/N

2D-50 Courland Only moderately altered biotite tonalite with 2 
mm grain size and biotite 5-10 %. n/a

Y/N/U-Pb zircon CA-ID- 
TIMS.

2D-56 Courland Very fresh biotite tonalite with 2 mm grain size n/a Y/N/N
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and biotite 5-10 %.

INT/26-1/5 Amos Bay Quite badly altered biotite tonalite with 2 mm 
grain size and biotite 5 %. n/a Y/Y/N

INT/7-3/4 Back Bay
Quite badly altered biotite tonalite with 2 mm 
grain size, also plagioclase-phyric, with very 

small weathered biotites 2-5 %.
n/a Y/N/N

IC-8 Back Bay Biotite tonalite, weakly altered, with biotite 10- 
15 %. 2mm grain size.

Plagioclase > quartz > fresh biotite. Plagioclase replaced by clay and 
micas.

Y/N/N

Tobago other rocks -  Partial melts of the TVG at the contact with the TPS
Number Location Field/Hand Specimen Thin Section ICP/ISO/DATE

INT/20-2/2 Hillsborough West River
Quartz and feldspar (variety?) in the groundmass, 

with 1-3 mm grain size. Large hornblendes, 
elongate to 4 mm. Hornblende 5-10 %.

1 mm grain size. Seems to be plagioclase > quartz > hornblende > oxides 
with lots of clay alteration to die plagioclases and chlorite with the 

hornblendes.
Y/Y/N

2D-7a Hillsborough West River
Quartz and feldspar (variety? in the groundmass, 
with sub-aligned elongate hornblende to 7 mm. 

Hornblende 10 %.
n/a Y/N/N

Tobago other rocks -  HFSE and LREE-enriched intrusions from the NE end of the island
Number Location Field/Hand Specimen Thin Section ICP/ISO/DATE

INT/29-2/2 Merchison
Aphyric basaltic dyke with some circular white 
alteration (vesicles?). Moderately altered with a 

grey-green colouration.

A groundmass of fine hornblende, plagioclase and oxides, with some 1 
mm patches of coarser hornblende replacing clinopyroxene. A few intact 

clinopyroxene phenocrysts and some patches of glomeroporphyritic 
plagioclase. Not badly altered in thin section.

Y/Y/N

INT/6-3/14 Merchison Aphyric medium-grained (1 mm grain size) 
mafic dyke, probably a hornblende dolerite.

A mesh of very fine hornblende and plagioclase with substantial clay and 
oxide alteration. Y/N/N

DY-3D-103 Roxburgh
Coarse-grained (2-3 mm) clinopyroxene dolerite. 

Weakly altered. n/a Y/N/N

INT/1-3/4 Kendal Road
Granite with 2-3 mm grain size and dominated 

by quartz, feldspars and hornblende.

Alkali feldspars, plagioclase, quartz, hornblende and oxides in decreasing 
size and abundance. Minor minerals include zircon and apatite. Titanite 
not common. Alteration particularly of the feldspars to clay and mica.

Y/Y/U-Pb zircon CA-ID- 
TIMS.
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A2.3. San Souci Volcanic Formation

Felsic rocks
Number Location Field/Hand Specimen Thin Section ICP/ISO/DATE
INSS7.1 San Souci Point Shoshonitic andesitic volcanic breccia. Very fine-grained rock with elongate plagioclase and quartz and oxides. 

Autobrecciated into fragments. Cross-cut by some calcite veins and 
individual crystals.

Y/N/N

INSS7.3 San Souci Point Shoshonitic andesitic volcanic breccia. 
Autobrecciated.

Occasional plagioclase to 1 mm. Otherwise plagioclase rich. Hornblende 
and oxides up to 30%. Plagioclase in good condition with some quartz 
and oxide veining in the whole rock.

Y/Y/Ar-Ar Plagioclase -  dating 
not successful

INSS5.1 San Souci Point Sandstone, slightly deformed. n/a Y/Y/N
Mafic rocks

Number Location Field/Hand Specimen Thin Section ICP/ISO/DATE
INTr/28-1/1 San Souci Bay Somewhat altered autobrecciated sample. Dark ultra-fine rock with occasional plagioclase needles. Some patches of 

fme clinopyroxene. Some infill with calcite and pyrite veins, otherwise 
abundant prehnite and oxides.

Y/N/N

INSS3al Grand Riviere Road Badly altered basaltic andesite coarse lava, 
calcite veining.

Altered plagioclase, badly altered clinopyroxene and abundant oxides. Y/N/N

INSS3a2 Grand Riviere Road Altered basaltic volcanic breccia. 
Autobrecciated.

Needle-like plagioclase and oxide. Mafic minerals all altered. Abundant 
calcite and brown oxide veining. Lithic fragments visible on a mm-scale.

Y/N/N

INSS3bl Grand Riviere Road Dolerite of basaltic andesite chemistry; badly 
altered.

Plagioclase to 2 mm. Uncertain of mafic mineralogy. Clays, orange 
oxides, calcite and prehnite visible.

Y/N/N

INSS3c brec Grand Riviere Road Very fme basaltic andesite breccia. 
Autobrecciated.

Needles of plagioclase alongside clinopyroxene, which sometimes 
reaches 1 mm. Very fine groundmass. A few oxides present Clays and 
calcite in veins.

Y/Y/N

INSS3c dol Grand Riviere Road Basaltic andesite chemistry. Quite altered. n/a Y/N/N
INSS3d Grand Riviere Road Fine basaltic andesite lava. Plagioclase to V* mm randomly aligned. Clinopyroxene present. Some 

calcite veining, plagioclase alteration in patches. Quartz in veins.
Y/N/Ar-Ar plagioclase -  dating 
not successful

INSS3e Grand Riviere Road Basalt; may be part of a much coarser breccia. Irregular, lath-like plagioclase to 1 mm. Good condition. Fine orange- 
purple (xpl) mineral -  hornblende, has a green tinge (ppl). Oxides.

Y/N/N

INSS3f Grand Riviere Road Basalt lava. Plagioclase in reasonable condition, some oxides, rounded, altered 
clinopyroxene. Veins infilled with pumpellyite and prehnite.

Y/N/N

INSS6.1 Grand Riviere Road Basalt, somewhat brecciated. Plagioclase to 1 mm, clinopyroxene. Sparse oxides. Clays, calcite 
replacement.

Y/N/N

INSS6.2 Grand Riviere Road Dolerite with basaltic andesite chemistry. Plagioclase laths with interstitial clinopyroxene both up to 2 mm. 
Plagioclase cloudy but inclusion free. Common oxides. Clinopyroxene 
may be replaced by hornblende. Fine zones of crushed amphibole, may 
be some pumpellyite in veins.

Y/N/N

INSS6.3 Grand Riviere Road Dolerite with basaltic andesite chemistry. Some crush zones with smaller crystals. Plagioclase to 2 mm with some 
inclusions. Pyroxenes altered on rims to amphibole, ranging % to 2 mm. 
Scattered oxides occasionally to 1 mm.

Y/N/Ar-Ar plagioclase -  dating 
not successful/U-Pb 
zircon/baddeleyite in-situ SIMS 
dating -  results not available in 
time for thesis

INSS6.4 Grand Riviere Road Fine to medium basalt lava. Needles of plagioclase. Clinopyroxene and oxides present Clays largely Y/N/N
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confined to veins. Occasional calcite.
INSS6.5 Grand Riviere Road Dolerite-gabbro. Plagioclase, clinopyroxene (alteration to amphibole). Prehnite- 

pumpellyite, oxides, calcite present. Average grain size up to 3 mm.
Y/Y/U-Pb zircon/baddeleyite in- 
situ SIMS dating -  results not 
available in time for thesis

INSS7.2 San Souci Point Fine lava with basaltic andesite chemistry. Fine, elongate plagioclase. Possible actinolite. Prehnite present along 
with calcite and quartz veining.

Y/Y/N
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A2.4. SW Aves Ridge mafic and felsic suites

EA68 11317 -  Felsic Dredge Hauls
Number Hand Specimen Thin Section ICP/ISO/DATE

11317UPb Large blocks of leucocratic coarse-grained granitoid with quartz, feldspar and 
hornblende. n/a Y/N/U-Pb SHRIMP

11317a Much of the sample was lost to crushing, milling and geochemical analysis, what 
remained of some samples was thin sectioned. The original description of the rubble 

blocks from which these samples were generated is thus:
Briefly, hydrothermally altered I-type granite with abundant restite.

Mostly medium-grained with plagioclase > alkali feldspar > quartz. The mafic phase 
is predominantly hornblende, which is occasionally acicular. Also present is a second 
facies occurring at a centimetre scale within the main body of the rock. This facies is 

more mafic than the granitoid and is composed of hornblende and plagioclase of a 
sub-mm grain size. Pale and more apple green colours suggest chlorite and epidote are 

common alteration phases. Overall the samples are coated with Mn-oxides from 
seafloor exposure but are internally not badly weathered.

n/a Y/Y/N
11317b n/a Y/N/N
11317c n/a Y/N/N
11317d n/a Y/N/N
11317e n/a Y/N/N
11317f n/a Y/N/N

. 11317g n/a Y/N/N
11317h As 3 19a below except a 0.5mm grain size facies containing only 

plagioclase, hornblende and oxides in a random alignment
Y/N/N

11317i n/a Y/N/N
11317j n/a Y/N/N
11317k As 3 19a below except large hornblende needles to 4mm, no biotite, some 

chlorite present
Y/N/N

EA68 11319- Felsic Dredge Hauls
11319a Samples very similar to those from dredge 11317. There is a lower proportion of the 

fine-grained more mafic facies compared to 11317 and a slightly greater proportion of
hornblende.

Plagioclase, quartz and optically-zoned alkali feldspar. The feldspars are 
altered with sericite and some epidote. Rare stubby lmm-long green 

amphibole. Sparse oxides and rare biotite, titanite and zircon.

Y/N/N

1131% n/a Y/N/N
11319c n/a Y/N/N
11319d n/a Y/N/N
11319e n/a Y/N/N
11319f n/a Y/N/N
11319r n/a Y/N/N
11319h n/a Y/N/N
11319i n/a Y/N/N
11319j n/a Y/N/N

EA68 11318- Mafic Dredge Hauls
11318a The remaining material from this dredge haul fills one large sample bag only. Much of 

the material is very badly altered and few minerals can be clearly identified in hand 
specimen. Some pyroxenes and/or amphiboles may be present in coarser samples -  

suggesting at least some of the rocks were originally phyric dolerites or basalts. Olher 
rocks appear to have been finer-grained.

n/a Y/N/N
11318b n/a Y/N/N
11318c n/a Y/N/N
11318d n/a Y/N/N
11318e n/a Y/N/N
11318f Altered feldspars to 2mm in a very badly altered groundmass of clays and 

oxides.
Y/N/N

11318s n/a Y/Y/N
11318b As 3 18f above. Feldspars in this sample display a strong magmatic 

alignment
Y/N/N

11318i n/a Y/N/N
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11318j n/a Y/N/N
11318k As 318f above plus amphiboles to 2mm and a single vein containing clays 

and possible foraminifera tests suggesting this is a sample from a near- 
surface weathered outcrop.

Y/N/N

113181 n/a Y/N/N
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APPENDIX THREE: ANALYTICAL METHODS
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A3.1. Introduction

In lieu of a methods chapter at the beginning of this thesis, this appendix covers 

the sample preparation and analysis techniques used to generate the U-Pb 

geochronological results, major element, trace element and radiogenic isotope results 

used in this thesis.
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A3.2. Geochronology

A3.2.1. Sample selection and recovery o f  datable material

Five rock samples were identified for U-Pb geochronological studies and 

various methods were used to extract zircons for analysis and for the analysis itself 

because of financial constraints. These methods are summarised in Table A3.1 below.

Table A3.1. Samples selected for radiometric dating of zircons. UWyo = University of Wyoming, USA; 
Freiberg = Technical University of Freiburg; NIGL = Natural Environment Research Council Isotope 
Geoscience Laboratories, Nottingham, UK; VSEGEI = Centre for Isotopic Research, St. Petersburg, 
Russia; CA-ID-TIMS = chemical abrasion, isotope dilution thermal ionisation mass spectrometry; in-situ 
SIMS = dating of thin-sectioned zircons by secondary ionisation mass spectrometry; SHRIMP = 
sensitive high resolution ion microprobe. See text for further details.

Number Location Formation Rock type Separation method Dating method

3A-24 Tobago Parlatuvier 
Formation, North 

Coast Schist

basaltic andesite crushing + 
electrodynamic 

(UWyo)

U-Pb CA-ID-TIMS 
(NIGL)

2D-50 Tobago Amos Vale tonalite tonalite selFrag + 
electrodynamic 

(Freiberg)

U-Pb CA-ID-TIMS 
(NIGL)

INT/1-3/4 Tobago LREE- + Nb- 
enriched dykes

granite selFrag + 
electrodynamic 

(Freiberg)

U-Pb CA-ID-TIMS 
(NIGL)

INSS6.3 San Souci, Trinidad mafic rocks dolerite in-situ (thin 
sectioning) (UWyo)

U-Pb in-situ SIMS 
(UCLA)

INSS6.5 San Souci, Trinidad mafic rocks dolerite in-situ (thin 
sectioning) (UWyo)

U-Pb in-situ SIMS 
(UCLA)

317UPb Aves Ridge granitoids granitoid selFrag + 
electrodynamic 

(Freiberg)

U-Pb SHRIMP 
(VSEGEI)

Tobago. Samples 2D-50 (tonalite) and INT/1-3/4 (high-Nb granite) were sent to 

Klaus-Peter Stanek at the Technical University of Freiberg. Zircons were extracted 

using an Ammann AG selFrag electronic disaggregator (e.g. Rudashevsky et al., 1995). 

This method applies a high-voltage pulse through a sample immersed in water. The 

pulse forms a short-lived plasma channel of 1-2 pm between grain boundaries which 

results in the sample shattering. Zircons were then separated from other grains using 

conventional electromagnetic separation in Freiberg. Zircon grains from these samples 

were partly hand-picked under ethanol in Freiburg by Klaus-Peter Stanek before being 

sent to Cardiff for final picking by the author. These samples were then sent to the 

NERC Isotope Geosciences Laboratories (NIGL), Nottingham, England for chemical 

abrasion-isotope dilution-thermal ionisation mass spectrometry (CA-ID-TIMS) dating. 

Sample 3A-24 was milled lightly and run through an electromagnetic separator in 1995
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by Arthur Snoke and Kevin Chamberlain at the University o f Wyoming. The separated 

zircons (<30, mostly <50 pm) were obtained by picking under ethanol but never 

analysed, so these remaining zircons were sent to Cardiff for final picking. This sample 

was also sent to NIGL for dating using CA-ID-TIMS.

San Souci. The samples from San Souci were too mafic and fine-grained to 

recover zircons by conventional means. A new technique for secondary ionisation mass 

spectrometric analysis (SIMS) of ng-mass zircon (ZrSiC>4 ) and baddeleyite (Z1O 2 ) 

crystals in-situ, in a thin sectioned sample, has recently been described by Schmitt et al. 

(2010). Like zircon, baddeleyite retains U and Th but cannot retain radiogenic Pb at 

magmatic temperatures, so is suitable for U-Pb dating o f the crystallisation age and/or 

metamorphic overgrowths (Heaman and LeCheminant, 1993). Firstly, the whole rock 

sample was cut, thin sectioned and diamond polished at the University of Wyoming. 

Under a JEOL JXA-8900 electron microprobe at the University of Wyoming, high-Zr 

domains were identified which were then imaged and verified as zircon or baddeleyite 

using back-scattered electrons and energy-dispersive x-ray analysis on the same 

instrument. Domains rich in either mineral were trimmed off with a diamond corer or 

saw, and then mounted with their glass in epoxy resin. The mount was then ground, 

polished, cleaned in an ultrasound bath (in cleaning solution, hydrochloric acid, de­

ionised water and methanol), dried and finally gold coated. Samples were then taken to 

the University of California, Los Angeles, for SIMS analysis.

Axes Ridge: Sample 317UPb was sent to the Technical University of Freiberg, 

where Klaus-Peter Stanek disaggregated the rock using the selFrag method as per the 

two Tobago samples. 200 grains from 317UPb were recovered by electromagnetic 

separation and picking under ethanol in Freiberg; and taken to the Centre for Isotopic 

Research (VSEGEI) in St. Petersburg, Russia, for sensitive high resolution ion microprobe 

analysis (SHRIMP) dating.

A3.2.2 U-Pb CA-ID-TIMS analysis at NIGL

For each sample, the following procedure was used (after Goodenough et al., 

2011). Selected zircons were annealed and chemically abraded (Mattinson, 2005), a
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technique designed to largely eliminate discordance caused by Pb loss. The grains were 

spiked with 205Pb/235U or 205Pb/233U/233U tracers (Parrish & Krogh, 1987; Parrish et al., 

2006) and then dissolved in Teflon microcapsules (Parrish, 1987). U and Pb fractions 

were then separated using the techniques outlined in Corfu & Noble (1992) before 

loading on to rhenium filaments using a silica gel. Measurement on a Thermo-Electron 

Triton thermal ionisation mass spectrometer (TIMS) was by peak-jumping using a 

secondary electron multiplier. Results were processed in MATLAB and the UPbR 

spreadsheet derived from Schmitz & Schoene (2007), and the final ages calculated 

using Isoplot 3.16 (Ludwig, 2003).

A3.2.3. U-Pb in-situ SIMS analysis at UCLA

Analysis was not undertaken in time for inclusion in this thesis.

A3.2.4. U-Pb SHRIMP analysis at VSEGEI

Fifty of the separated zircons from the Aves Ridge were mounted in epoxy resin 

alongside chips of TEMORA (Middledale gabbro-diorite of New South Wales) and 

91500 (Geostandard) reference zircons. All grains were half-sectioned and polished. 

Reflected and transmitted light photomicrographs and cathodoluminscence images 

(CL) were prepared (Fig. 4.31). The CL images were used to decipher internal 

structures and to identify specific target areas.

The following description of the analysis technique is adapted from information 

supplied by Klaus-Peter Stanek and VSEGEI. U-Pb analyses were carried out by 

sensitive high-resolution ion microprobe (SHRIMP) using a SHRIMP-II produced by 

Australian Scientific Instruments. The method involves targeting an ion beam at the 

sample which sputters secondary electrons from the sample. These electrons are 

accelerated within the instrument where the respective isotopes of U, Pb and Th are 

measured and calibrated using known standards and calibration factors. Twelve sites on 

8 selected zircons were analysed. Each analysis consisted of five scans through the 

mass range, with a beam spot diameter of -25  pm and a primary beam intensity of -10 

nA. Data produced were reduced in a manner similar to that described by Williams
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(1998 and references therein) using the SQUID Excel macro of Ludwig (2000). Pb/U 

ratios were normalised relative to a value of 0.0668 for the Pb/ U ratio of the 

TEMORA reference zircons, equivalent to an age of 416.75 Ma (Black et al., 2003). 

Uncertainties for single analyses (ratios and ages) are quoted at the lo  level; however, 

uncertainties in calculated concordia ages are reported at the 2o level. The inverse 

concordia plot used in the text (Fig. 4.32) was prepared using ISOPLOT/EX (Ludwig, 

1999).
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A3.3. Major and trace element analysis methods

Whole rock samples were prepared and analysed for their major and trace 

element contents at Cardiff University. Samples of around 2-fist size (where possible) 

were selected for analysis. Larger volumes of samples with large grain sizes were 

selected to ensure a homogenous sample. Each sample underwent the following 

procedure:

The sample was sawn into pieces up to 10 centimetres across, removing 

weathered or altered surfaces, obvious veining and patches of vesicles. It was washed, 

dried and then crushed in a steel jaw crusher to fme rubble (<5 mm grain size). Next, 

the sample was placed in an agate pot with five agate balls in a planetary ball mill and 

spun at -300 r.p.m. for 30 minutes to produce a fine powder. The fine ‘wet’ powder 

was later used as the basis for radiogenic isotope analysis (see Section A3.4). 

Approximately 2 g of the sample was weighed into a porcelain pot and placed in an 

oven at 900°C for 2 hours to remove volatiles (H20  and C 0 2). In doing so, Fe2+ was 

oxidised to Fe3+, hence all results are quoted as Fe2 0 3 (totai>- The sample was re-weighed 

in order to calculate the loss-on-ignition (LOI), which is used as a partial indicator of 

the degree of alteration of the samples (clay and calcite content).

0.1±0.0020 g of the dried sample was weighed into a platinum crucible, and 

0.6±0.0050 g of lithium metaborate flux was added to aid fusion and dissolution of the 

sample. The crucibles rest in 50 % nitric acid during storage and are washed in de­

ionised water (18.2 Q) before use. Lithium iodide (3-4 drops) was added as a wetting 

agent to the sample in the crucible. The crucible was attached to a Claisse Fluxy-Fusion 

propane burner which roasted and rotated the crucibles in order to fuse the sample. 

Once molten, the sample was dropped into a Teflon beaker containing 20 ml of 10 % 

nitric acid and 30 ml de-ionised H20  and stirred with a magnetic stirring rod for 5 

minutes. The beaker, platinum crucible and sample were placed on a hotplate with a 

magnetic stirring rod until all traces of the sample had dissolved. At this stage, a 1 ml 

spike containing 1000 ppm Rh was added as an internal standard. The solution was then 

poured into a Teflon flask and made up to 100 ml with de-ionised H20  before storing in 

a Nalgene sample container until use. Samples were run within 1-2 weeks in order to
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prevent precipitation of any components from the solution. ICP-OES (inductively- 

coupled plasma optical emission spectrometry) analysis for major and some trace 

elements was undertaken by Dr. Ley Woolley using approximately 20 ml of the 

solution. 1 ml of the remaining solution was added to 1 ml of In-Tl solution and 8 ml of 

2 % nitric acid to be run on the ICP-MS (mass spectrometry) system for trace elements 

by Dr. Iain McDonald. The systems used were a JY-Horiba Ultima 2 ICP-OES and a 

Thermo Elemental X7 series ICP-MS.

264



A3.4. Radiogenic isotopes

A3.4.1. Sample selection and prior preparation

There was a relatively limited allocation of analytical resources from NIGL, 

Nottingham, amounting to the analysis of Nd and H f isotopes from 28 samples. 

Because of the degree of alteration discovered in these samples, it was decided that Pb 

or Sr isotope analysis would not add significantly to the interpretation of the origin of 

the rocks in question. Pb analysis was undertaken, affecting the methods used to extract 

Nd and H f for analysis, but the results will not be reported here. The samples chosen 

were carefully selected to represent a broad cross-section of the rocks from Tobago and 

San Souci. Two samples were selected from the Aves Ridge and none from La 

Desirade as these were regarded as relatively minor components of the project. Samples 

were selected from those found to be as fresh as possible out of those already analysed 

and the fine ‘wet’ powders (see Appendix 3.3) were taken to the NERC Isotope 

Geosciences Laboratory (NIGL) at Keyworth, Nottingham.

A3.4.2. Preparation for isotopic analysis

Preparation methods are adapted from Minilie (2010) and incorporate the 

detailed analysis methods of Royse et al. (1998) and Kempton & McGill (2002) for Nd 

isotope analysis and Kempton et al. (2001) for H f isotope analysis. Preparation was 

initially carried out by the author, with supervision from Dr. Neil Boulton and Dr. Ian 

Millar.

Initial preparation and dissolution o f material: For each sample approximately 0.2 g 

of sample was measured into clean Savillex beakers. 1 ml of clean 16M nitric acid 

( H N O 3 )  and then 4 ml of 29M hydrofluoric acid (HF) was added to the beakers which 

were kept on a hotplate at ~60°C overnight. After cooling, the beakers were evaporated 

to dryness. The next cycle was the addition of 2 ml of 16M H N O 3  and evaporation to 

dryness. This was followed by the addition of 2 ml of 6M hydrochloric acid (HC1) and 

then the beakers were sealed and kept on the hotplate around 30 minutes before
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evaporation to dryness. 1 ml of 1M hydrobromic acid (HBr) was added and the beakers 

seeded.

N d separation: Samples were prepared for Pb isotope analysis first although the 

results are not reported here. The Pb fraction was separated from the samples using 

anion exchange columns. The columns are polypropylene tubes with a polyethylene tip. 

The columns are set up on a rotating holder with beakers for waste acids beneath. One 

column volume (CV) of 6M HC1 was added to each column and drained through. Five 

drops of Dowex AG1-X8 resin was drained into the columns and washed with 1CV of 

6M HC1 followed by washing with 1CV of de-ionised water. This washing process was 

repeated. Finally, 1M HBr was run through the columns. The waste beakers were then 

replaced with clean Savillex beakers for the next part of the process.

The samples were transferred by clean pipette to the columns. 0.5CV of 1M 

HBr was added to the columns, followed by 0.75CV of 1M HBr. Once the acid had 

drained through, the Nd-bearing part of the sample solution should have passed into the 

Savillex beakers at the base of the columns. The Pb-bearing fractions remained in the 

columns, and were further processed for Pb collection.

In a separate processing area, quartz columns were set up which were part-filled 

with S-X8 biobeads coated in bis-diethylhexyl hydrogen phosphate (HDEHP). The 

Savillex beakers with the Nd fraction had 2 ml of 16M HN03 added. These Nd-bearing 

solutions were evaporated to dryness on a hotplate followed by the addition of 2 ml of 

2.5M HC1. The beakers were then left overnight cold. The next day, the beaker 

solutions were transferred to centrifuge tubes and centrifuged for 3 minutes at 3000 

rpm, and 1.5 ml of the centrifuged solution was added to the quartz columns with the 

biobeads ready for the process of cleaning and Nd separation.

Firstly, 10 ml of 6M HC1 was washed through the quartz columns and collected 

in a fresh set of Savillex beakers and evaporated to dryness. 1 ml of 0.25M HC1 was 

added to these beakers. After dissolution had taken place, 0.5 ml of each solution was 

taken up by clean pipette, loaded into the quartz columns and allowed to drain through 

the resin, leaving behind the Nd-bearing fraction. Three sets of acids were then drained
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through the columns. The first two contained 0.5 ml o f 0.25M HC1 and the third 

contained 6.4 ml of the same acid. In order to collect the Nd-bearing fraction, clean 

Savillex beakers were placed underneath the columns and 3.5 ml of 0.3M HC1 was 

passed through the columns and collected. 2 pi o f chlorophosphonazo III was added to 

each solution and the solutions were then evaporated to dryness.

Analysis of Nd isotopes was undertaken from this stage on by Dr. Ian Millar 

and the samples were run on a Thermo-Electron Triton I thermal ionisation mass 

spectrometer at NIGL.

H f separation: In this instance, fresh samples were firstly placed in Savillex 

beakers. 2 ml of 16M HNO3 was added, followed by 10 ml of 29M HF. Samples were 

left on a ~120°C hotplate overnight. After cooling, solutions were evaporated to 

diyness. 4 ml of 4M HF was and these were sealed, shaken and then placed in 

centrifuge tubes and centrifuged for 90 minutes at 4000 rpm, before repeating. Finally, 

2 ml of 4N H f was added to the residues and the centrifuge process was repeated.

Anion exchange columns, part-filled with BioRad anion exchange resin AG1- 

X8, were used to then separated the Hf. The samples were placed into the columns and 

unwanted elements washed using the following procedure. 6 ml of 4N HF, 200 ml of 

4N HF and 30 ml of 4N HF were washed through in turn. Clean Savillex beakers were 

then placed under the columns and 60 ml of IN HF/1N HC1 was washed through each 

column. 30pl of 36.6N sulphuric acid (H2 SO4 ) was added to each beaker and the 

solutions evaporated to dryness. Next, 1 ml of 0.52N H2 SO4 / 5  % H2 O2  was added to 

each sample and, on dissolution the solutions were added to a second set of columns. 

The Savillex beakers were washed in the same acid mix and placed beneath the new 

columns. The same acid solution was then washed through the columns followed by 

another 12 ml of the solution. In order to strip out the H f fraction, 13 ml of IN HF-2N 

HC1 was washed through each column. The final Hf-bearing solutions were evaporated 

to dryness on a hotplate.

Analysis of H f isotopes was undertaken from this stage on by Dr. Ian Millar and 

the samples were run initially on a VG Plasma P54 multi-collector ICP-MS at NIGL.
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The final sample run (see results in Appendix 6) took place on a Thermo Neptune mass 

spectrometer.

A3.4.3. Correction o f  isotopic data

The igneous rocks analysed for their isotope ratios in this thesis are no older 

than -130 Ma. It was discovered by Thompson et al. (2003) that time-integrated 

changes in Nd isotopes over approximately 90 Ma amount to <0.5 epsilon units. As 

noted by Patchett and Tatsumoto (1980), the variation in the H f isotopic composition of 

rocks is nearly double that of Nd isotopes, partly because of the disparate partition 

coefficients of Lu and H f and the relatively shorter half-like of 176Lu compared to 

147Sm. Therefore, time-integrated changes in Nd isotopes would be expected to be 

<0.25 epsilon units. For those reasons, and because much of the work in this thesis is 

qualitative, it was decided that fields for present-day MORB would be plotted on 

isotopic diagrams without correction to the age of the analysed rocks.

Nevertheless, the data themselves are corrected to allow for radiometric decay 

since their time of formation and for comparison with rocks of a similar age from 

around the Caribbean, notably the Caribbean Oceanic Plateau for which age-corrected 

results are available from a variety of sources. The correction is achieved for Nd and Hf 

isotope systems by a series o f steps conveniently summarised by Minifie (2010). 

Minifie (2010, Table D .l) gives the list of reference values used (Table A3.2 below), 

and the equations below.

Table A3.2. Values used in correcting the isotopic data (taken from Minifie, 2010).

Nd isotopes Value Reference

1.141827 Wasserburg et al. (1981)

(■ " N d /'^ N d )^ 0.512638 DePaolo & Wasserburg (1976)

(u5Nd/'"Nd)JmiR 0.348417 Wasserburg et al. (1981)

(‘“ N d / '^ N d ) ^ 0.7219 Wasserburg et al. (1981)

( ,4SNd/l<4Nd)JHM! 0.241578 Wasserburg et al. (1981)

( ' ^ ' “ N d ) ^ 0.236418 Wasserburg et al. (1981)

( M7Sm/l4+Nd) rftux 0.1967 DePaolo & Wasserburg (1976)

142Nd (amu) 141.907719 de Laeter et al. (2003)
143Nd (amu) 142.909810 de Laeter et al. (2003)
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144Nd (amu)
145Nd (amu)
146Nd (amu)
148Nd (amu)
150Nd (amu)
Sm (amu)
147Sm (% abundance) 
X 147Sm (y’1)

143.910083
144.912569
145.913113
147.916889
149.920887
150.36
14.99
6.54  ̂ 1012

de Laeter et al. (2003) 
de Laeter et al. (2003) 
de Laeter et al. (2003) 
de Laeter et al. (2003) 
de Laeter et al. (2003) 
Wieser (2006)
Rosman & Taylor (1998) 
Lugmair & Marti (1978)

Hf isotopes

0.008659 Thirlwall & Anczkiewicz (2004)

<1MHS',77Hf)£m;R 0.282772 Blichert-Toft & Albarede (1997)

( ‘"HJr^HOCTUR 1.46734 Thirlwall & Anczkiewicz (2004)

0.7325 Thirlwall & Anczkiewicz (2004)

1.88676 Thirlwall & Anczkiewicz (2004)

(ll6Lu/lr,Hf) chur 
174Hf (amu)
176Hf (amu)
177Hf (amu)
178Hf (amu)
179Hf (amu)
180Hf (amu)
Lu (amu)
176Lu (% abundance) 
X 176Lu (y '1)

0.0332
173.940042
175.941403
176.9432204
177.9436981
178.9458154
179.9465488
174.9668
2.59
1.865 x 10 U

Blichert-Toft & Albarede (1997)
de Laeter et al. (2003) 
de Laeter et al. (2003) 
de Laeter et al. (2003) 
de Laeter et al. (2003) 
de Laeter et al. (2003) 
de Laeter et al. (2003)
Wieser (2006)
Rosman & Taylor (1998) 
Scherer et al. (2001)

A3.4.4. Correction o f  Nd isotopes

For correction of Nd isotopes, the following equations are used. The sum of all 

Nd isotope ratios (with 144Nd as the denominator) and the percentage of each isotope of 

Nd (142' 146’ 148> 150Nd) are first calculated using equations A3.1-8 below. £  Nd is the sum 

of the Nd isotope ratios, m = a measured ratio, c h u r  = ratio of the chondritic uniform 

reservoir, p = present day. 144Nd/144Nd = 1.

Equation A3.1

f  142

Z N d  =
Nd

144 Nd
+

n *  N d^

CHUR
144 N d

144

+
N d (  145

144 Nd
+

Nd \ p
144 Nd

(  146

+
J CHUR

Nd
144 Nd

+
CHUR

f ^ N d \ P
144 N dV J CHUR

™N d \*
+

144 N d CHUR

Equation A3.2

%u2Nd = 100
JLNd*  
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Equation A3.3

%143aw  =
100

Y.Nd
( u ,N d \

144 Nd

Equation A3.4

% 144 Nd =
100

T.Nd

144 N d
144 Nd

Equation A3.5

%lASNd =
100

Z N d
f 145 Nd^P

X44N dv iyu J CHUR

Equation A3.6

%146AW =
100

Z N d
n46N d V

144 Nd CHUR

Equation A3.7

% 148 Nd 100 
I  AM

r ^ N d \ p
144 N dv JCHUR

Equation A3.8

% ,50AW = 100
£AW 144 AW CHUR

Using the percentages from the equations above, the atomic mass of Nd in 

atomic mass units (a.m.u.) for each sample is calculated using equation A3.9.
Equation A3.9

Nd (amu) = f  %142AW 
100

x 142N d (amu) + r %™ Nd  143

100
x Nd(amu) +

r %X44Nd  144
f a /  145

100
x Nd(amu) +

% Nd  .----------- x n Nd(amu)
100

A f  0 /1 4 6

+
J V

% Nd  146 A

100
x Nd(amu) +
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f % ' " N d  ,148
100

x Nd {amu) +
( %m N d  ,150

100
x Nd{amu)

The atomic mass of Nd is then used in equation A3.10 to calculate the 

147Sm/144Nd ratio. Sm and Nd are measured concentrations from the ICP-MS analysis. 

The numbers 150.36 and 14.99 are the atomic mass of Sm and the percentage 

abundance of the 147Sm isotope.
Equation A3.10

147 Sm _ Sm Nd{amu) 14.99 
lAANd ~ ~Nd X 150.36 * %144N d

The initial Nd isotope ratio, Ndi, is calculated using equation A3.11. t is the age 

of the rock in years, X is the decay constant for 147Sm.
Equation A3.11

n « Nd '
144 Nd 144 Nd

147 S m (
144 Nd \e * - ! )

The last operation that can be done is to convert the initial Nd isotope ratio into 

epsilon units, which is achieved by equation A3.12. The 143Nd/144Nd isotope ratio of 

CHUR at the time t (years) is given using equation A3.11 with present day 

143Nd/144NdcmjR = 0.512638 and 147Sm/144NdcHUR = 0.1967 (DePaolo and Wasserburg, 

1976).

Equation 3.12

sNd, —

f  143 Nd
144 N d

f  143
-1

Nd
144

vv N d
7 CHUR

x 10000

A3.4.5. Correction o f  H f isotopes

For correction of H f isotopes, the following equations are used. The sum of all 

Nd isotope ratios (with 177H f as the denominator) and the percentage of each isotope of 

Hf are first calculated using equations A3.13-19 below. X H f is the sum of the Hf
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isotope ratios, m = a measured ratio, c h u r  = ratio of the chondritic uniform reservoir, p =

present day. 177Hf/177H f = 1.
Equation A3.13

T H f  =
f  174

177v H f J  CHUR

+
f  176

™ H f

177

+ H f (  178 | j r \ P

177 H f
+

H f
177 H f

+
(  179

177
CHUR \ H f CHUR

+ 177
H f , CHUR

Equation A3.14

%llAH f  = 100 (  174

Equation A3.15

%116 H f  = 100 
I  H f

(  176 T J f \H f
177v H f j

Equation A3.16

%lllH f = 100 177 H f
H H f 177 H f

Equation A3.17

% ll*H f = ^ - x  
T H f

r ™ H f \ p
177

H f , CHUR

Equation A3.18

%ll9H f = 100
Z H f

f ™ H f ^P
V 171 Hf j CHUR

Equation A3.19

% no H f — 100

W

( i
177v H f J  CHUR
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Using the percentages calculated from the equations above, the atomic mass of 

H f in atomic mass units (a.m.u.) for each sample is calculated using equation A3.20.
Equation A3.20

H f  {amu) = < % ^ x ,74 ' 
100

+
%m H f  ,76

100
x Hf{amu) +

x 111 H f  (amu)
100

N (%™Hf 178„„ ;+ ------- — x Hf{amu)
100 100

x H f  {amu) +

f  0 /  180 r j f  \
J x xmHf{arnu)

100

The atomic mass of H f is then used in equation A3.21 to calculate the 

176Lu/177H f ratio. Lu and H f are measured concentrations from the ICP-MS analysis. 

The numbers 150.36 and 14.99 are the atomic mass of Lu and the percentage 

abundance of the 176Lu isotope.
Equation A3.21

176

177
Lu _ Lu Hf{amu) 2.59
H f  H f  174.9668 %utH f

The initial H f isotope ratio, Hfc, is calculated using equation A3.22. t is the age 

of the rock in years, X is the decay constant for 176Lu.
Equation A 3.22

(  176 H f
177

H f) ,

f  176

X11H f

176
Lu L m

177 H f

The last operation that can be done is to convert the initial H f  isotope ratio into 

epsilon units, which is achieved by equation A3.23. The 176H f / 177H f  isotope ratio of 

CHUR at the time t (years) is given using equation A3.21 with present day 

176H f /177H f CHuR = 0.282772 and 176L u / 177HfcHUR = 0.0332 (Blichert-Toft and Albarede, 

1997).
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Equation A3.23

176
Hf

177

sHf,=\ Hf) ,
-1

177
Hf CHUR

\

x 10000

J
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APPENDIX FOUR: ANALYTICAL ERROR CALCULATIONS FOR ICP-

OES/MS RESULTS

A consideration o f  the precision, accuracy and limit o f  detection fo r each analysed 

element, and a comment on errors resulting from  the methodology
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A4.1. Introduction

In this appendix, the results of repeat analyses of the major and trace element 

content of internationally certified standards are presented. These results are used to 

investigate the accuracy, precision and limits of elemental detection for each element.

Each sample batch included blank runs containing only flux, acids and Rh 

spike; the results of blank analysis were not presented but are reported by Iain 

McDonald to be satisfactoiy with the exception of Pb (see below). Also run were 

powders of internationally certified standard basalts JB-1 A (7 runs) and BIR-1 (7 runs) 

and granite NIM-G (8 runs). JB-1 A is basalt from Nagasaki, BIR-1 is Icelandic basalt 

and NIM-G is granite from the Bushveld Complex, South Africa. These rocks are 

supplied as ‘wet’ powders and were run through loss-on-ignition, fusion and analysis as 

per the methods in Appendix 3. Major and trace element results are presented in Tables 

A4.1, 4.3 and 4.5. Accuracy and precision information for each standard is analysed in 

Tables 4.2, 4.4 and 4.6. The precision and limit of detection to be applied to the 

Caribbean samples is summarised in Table 4.7.
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A4.2. Analysis of errors

A4.2.1. Accuracy o f  the major and trace element data

The mean and standard deviation (o) of the runs of each standard were taken for 

each analysed element (Tables 4.2, 4.4 and 4.6). The certified values for each element 

were taken from the GEO-REM database of the Max Plank Institute, Germany which is 

hosted at: http:Hgeorem. mpch-mainz.gwdg.de. Where the certified values lay outside of 

2o difference from the mean of the analyses, the accuracy of analysis of the element in 

question is considered suspect. It was found that the vast majority of results for each 

element fell within 2o of the certified value. Those elements that did not fall within 2o 

were: Cr (MS only), Ta, Th, Ho and Tm [in JB-1 A]; Tb, Ho and Er [in NIM-G] and 

P2 O5 , Sr (OES only) and Zr (MS only) [in BIR-1], In most cases these discrepancies are 

not systematic, except Ho, which was slightly under-analysed in both JB-1 A and NIM- 

G. An alternative method to check the accuracy is a comparison of the percentage by 

which an individual analysis differs from the certified value. The average of these 

differences for each standard are recorded on the final column of tables 4.2, 4.4 and 4.6. 

By and large, the major and trace element data can be accepted as accurate in this 

thesis.

A4.2.2. Precision

One measure of precision is the relative standard deviation; is the ratio of the 

standard deviation to the mean expressed as a percentage. In this case, where the 

relative standard deviation is >5% then the precision of the results for that element is 

suspect. The relative standard deviations on Tables 4.2, 4.4 and 4.6 show that low 

concentrations of a given element in the standard results in high relative standard 

deviations. Nevertheless, where the element in question is present in concentrations 

significantly higher than the limit of detection, the relative standard deviation is 

typically <5 % and the results can therefore be considered precise. The lowest relative 

deviations for each element are presented in Table 4.7 and show that only P 2 O 5 ,  Ni, Cu, 

Rb and Pb have quite high deviations. In mafic rocks, P 2 O 5  and Cu are not usually 

considered in analysis of the mantle source and crustal input. Rb and Pb are often
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mobilised (Seewald & Seyfried, 1990), which leaves Ni, a good indicator of mantle 

provenance, as the only element where this relative deviation might be a slight concern.

The limit of detection is represented by 3a; 99% of analyses of an element in a 

standard fall within 3 standard deviations of the mean; any analysis outside of that limit 

is not considered precise. The limits of detection presented in Table 4.7 are mostly very 

low and therefore present no problem for analysis of the Caribbean rocks, with the 

possible exception of ultramafic rocks generally, P2 O 5 in mafic rocks, Cr and Ni in 

crustally-derived rocks and Y and Yb in rocks with a residual garnet signature. Where 

analyses came out lower than the limit of detection in Appendix 5, those analyses were 

deleted and marked as below detection.

A4.2.3. Further findings regarding the accuracy o f  results

There are discrepancies between the trace element results for those elements 

analysed on both the ICP-OES and ICP-MS systems, which are V, Cr, Co, Ni, Cu, Sr, 

Y, Zr and Ba. V, Cr, Co, Cu, Y and Zr had higher relative standard deviations when 

analysed by ICP-OES compared to ICP-MS. Other elements had similar or slightly 

better results with the ICP-OES system. In Appendix 5, therefore, all trace elements 

results are those produced by the ICP-MS system with the exception of Sc, which was 

only analysed by ICP-OES.

Sc is analysed solely under ICP-OES because the ionised gases used in the ICP- 

MS facility can combine to form compounds with the same mass as Sc, resulting in a 

very high background count effect which cannot be quantified properly. Similarly, Y 

has been known to suffer this effect, resulting in significant positive Y anomalies on 

trace element plots. This does not appear to have happened, with analyses of Y under 

both the ICP-OES and ICP-MS being very similar.

Pb is relatively imprecise no matter which standard is run, with a minimum 

relative standard deviation of 20 %. This is an important consideration in this thesis 

because: (a) Pb is often used as a proxy for crustal input into mantle-derived rocks and 

(b) the total concentration of Pb is required in order to calculate initial (age-corrected) 

ratios for any Pb isotope work. Pb is known to also be mobile during alteration
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processes (Seewald & Seyfried, 1990), so its use is limited for these Caribbean rocks in 

any case. It is not certain what causes the fluxy-fusion method to produce spurious Pb 

results. As the standards come ready-milled, contamination cannot be the result of 

sawing, crushing or milling processes at Cardiff University. The spurious Pb may be 

related to contamination within the lithium metaborate flux, suggested by high blank 

readings (I. McDonald, pers. comm ).

Consideration of errors would be improved by running an in-house standard in 

each batch; a homogeneous rock from the Caribbean sample collection which has 

undergone the same sawing, crushing and milling process as the other samples. Further 

improvement could be made by running at least one standard a statistically significant 

number of times (20) and considering further standards which are more chemically 

similar to the analysed Caribbean samples.
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Table A4.1. Repeat analyses of JB-1 A (basalt).

JB-1 A runs 1-7
Majors by ICP-OES__________________________
Si02 52.32 52.68 52.10 52.61 52.31 53.18 52.74
Ti02 1.28 1.29 1.25 1.29 1.30 1.29 1.29
AI2O3 14.01 14.56 14.34 14.50 14.84 14.63 14.49
F02O3 9.10 9.15 9.13 9.11 8.66 9.01 9.10
MnO 0.14 0.14 0.14 0.14 0.14 0.15 0.15
MgO 7.92 7.91 8.30 7.65 7.94 7.86 8.11
CaO 9.54 9.42 9.54 9.17 9.20 9.29 9.55
NajO 2.68 2.71 2.67 2.77 2.69 2.78 2.76
K2O 1.32 1.33 1.39 1.42 1.42 1.40 1.26
P2O5 0.26 0.27 0.24 0.27 0.26 0.25 0.23
Traces by ICP-OES
Sc 27.6 27.9 27.8 27.7 26.1 24.9 27.7
V 206.3 199.0 221.3 206.4 252.5
Cr 422.6 416.8 422.7 411.3 401.7 389.7 420.4
Co 40.2 39.5 38.3 36.2 35.3 34.9 40.7
Ni 135.3 136.1 137.2 135.2 126.3 124.3 134.3
Cu 54.2 60.0 89.1 60.1 67.5 46.3 60.8
Sr 445.7 446.5 436.8 450.6 454.4 436.0 448.3
Y 24.0 24.0 24.3 24.0 23.4 24.4 23.4
Zr 140.7 147.6 143.9 142.8 151.8 149.0 140.6
Ba 492.4 508.1 502.4 501.0 493.2 484.9 493.8
Traces by ICP-MS
V 201.9 197.1 214.4 210.8 205.0 199.6 203.1
Cr 425.1 431.1 421.3 429.7 418.0 411.3 431.1
Co 38.9 38.8 36.6 38.7 36.8 37.3 38.0
Ni 197.2 140.9 145.2 137.1 138.9 129.3 133.1
Cu 57.6 58.7 60.7 56.4 56.7 53.3 57.9
Ga 17.6 18.3 17.6 18.0 17.9 17.2 18.6
Rb 43.5 40.3 39.9 36.9 41.5 33.9 41.3
Sr 441.4 452.0 439.6 447.9 441.3 436.5 442.9
Y 24.0 24.6 24.2 25.1 24.0 23.8 24.6
Zr 142.5 143.6 146.3 146.0 148.4 145.1 142.2
Nb 27.98 28.02 27.24 28.06 27.57 26.88 26.27
Ba 482.5 508.2 501.6 487.9 490.3 479.2 511.1
Hf 3.41 3.52 3.43 3.44 3.52 3.26 3.44
Ta 1.69 1.71 1.71 1.68 1.70 1.67 1.70
Pb 6.24 12.92 8.09 5.42 7.12 6.87 7.22
Th 8.94 9.04 8.84 8.77 8.67 8.67 8.95
U 1.59 1.72 1.67 1.68 1.68 1.59 1.62
REEs by ICP-MS
La 37.50 38.87 37.41 37.62 37.19 36.02 38.49
Ce 63.95 66.78 63.19 65.86 66.39 65.21 67.18
Pr 7.11 7.20 7.12 7.06 7.06 7.09 7.61
Nd 25.57 27.40 25.56 25.30 26.43 25.68 25.63
Sm 4.97 5.30 4.99 5.03 5.07 4.96 5.31
Eu 1.48 1.65 1.47 1.49 1.48 1.46 1.58
Gd 4.58 4.86 4.71 4.64 4.67 4.69 5.69
Tb 0.67 0.71 0.68 0.71 0.69 0.66 0.73
Dy 3.93 4.26 3.97 4.10 4.05 3.90 4.34
Ho 0.72 0.73 0.72 0.74 0.74 0.72 0.78
Er 2.07 2.20 2.08 2.08 2.10 2.03 2.26
Tm 0.32 0.33 0.32 0.33 0.32 0.31 0.34
Yb 2.07 2.12 2.06 2.07 2.10 1.98 2.22
Lu 0.32 0.33 0.32 0.32 0.32 0.31 0.34
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Table A4.2. Error analysis of repeat runs of JB-1A. See text for details. *Does the certified value lie 
within 2 standard deviations of the mean of the repeat runs? **What is the mean percentage difference 
between the repeat runs and the certified value?

JB-1A

Majors by OES

Mean 
n = 7

0
±%or
ppm

Relative a
±%

(precision)

2ct
t  % or ppm 
(precision)

3a 
(detecti­
on limit)

Certified
%or
ppm

Within 2o? 
(accuracy)* differ­

ence**
Si02 52.58 0.33 0.63 0.66 0.99 52.41 Y 0.55
Ti02 1.29 0.02 1.34 0.03 0.05 1.28 Y 1.13
AI2O3 14.44 0.26 1.81 0.52 0.78 14.45 Y 1.37
F02O3 9.03 0.16 1.76 0.32 0.48 9.05 Y 1.11
MnO 0.15 0.00 1.30 0.00 0.01 0.148 Y 1.74
MgO 7.92 0.22 2.74 0.43 0.65 7.83 Y 2.28
CaO 9.37 0.16 1.72 0.32 0.48 9.31 Y 1.51
NazO 2.73 0.05 1.67 0.09 0.14 2.73 Y 1.47
KjO 1.36 0.05 3.97 0.11 0.16 1.4 Y 3.39
PzOs
Traces by OES

0.26 0.01 5.80 0.03 0.04 0.26 Y 4.46

Sc 27.16 1.08 3.99 2.17 3.25 29 Y 6.33
V 214.53 20.15 9.39 40.30 60.44 203 Y 6.56
Cr 406.17 20.52 5.05 41.05 61.57 392 Y 5.54
Co 38.28 2.50 6.54 5.01 7.51 38.1 Y 5.66
Ni 133.50 5.34 4.00 10.67 16.01 140 Y 4.64
Cu 62.19 12.44 20.00 24.88 37.32 56.7 Y 15.36
Sr 444.25 7.22 1.63 14.44 21.66 444 Y 1.38
Y 23.93 0.36 1.51 0.72 1.08 24 Y 1.04
Zr 145.23 4.01 2.76 8.03 12.04 142 Y 2.76
Ba
Traces by MS

498.03 8.31 1.67 16.61 24.92 489 Y 2.06

V 204.35 5.71 2.79 11.41 17.12 203 Y 1.95
Cr 421.89 9.05 2.14 18.10 27.15 392 N 7.62
Co 37.85 0.89 2.36 1.79 2.68 38.1 Y 2.01
Ni 144.67 21.75 15.03 43.50 65.25 140 Y 7.96
Cu 57.69 2.34 4.05 4.68 7.02 56.7 Y 3.37
Ga 17.93 0.44 2.46 0.88 1.32 18 Y 1.91
Rb 39.82 3.02 7.57 6.03 9.05 39 Y 6.70
Sr 444.12 5.66 1.27 11.32 16.98 444 Y 1.06
Y 24.33 0.43 1.75 0.85 1.28 24 Y 1.59
Zr 145.12 2.20 1.52 4.40 6.60 142 Y 2.19
Nb 27.45 0.63 2.29 1.26 1.89 28 Y 2.04
Ba 495.09 11.81 2.39 23.62 35.44 489 Y 2.13
Hf 3.44 0.09 2.50 0.17 0.26 3.5 Y 2.01
Ta 1.69 0.03 1.49 0.05 0.08 1.8 N 6.32
Pb 7.67 2.27 29.59 4.54 6.81 6.3 Y 25.44
Th 8.86 0.15 1.66 0.29 0.44 9.2 N 3.68
U
REEs by MS

1.64 0.05 2.94 0.10 0.14 1.6 Y 2.97

La 37.73 0.95 2.51 1.90 2.84 38 Y 2.10
Ce 65.85 1.67 2.54 3.35 5.02 66 Y 1.96
Pr 7.20 0.20 2.75 0.40 0.59 7.2 Y 2.06
Nd 25.98 0.69 2.64 1.37 2.06 26.3 Y 2.40
Sm 5.09 0.14 2.76 0.28 0.42 5.1 Y 2.22
Eu 1.51 0.07 4.41 0.13 0.20 1.46 Y 3.33
Gd 4.84 0.36 7.43 0.72 1.08 4.7 Y 4.05
Tb 0.69 0.03 3.69 0.05 0.08 0.72 Y 4.66
Dy 4.08 0.16 3.81 0.31 0.47 4.1 Y 3.01
Ho 0.74 0.02 2.87 0.04 0.06 0.83 N 11.03
Er 2.11 0.08 3.57 0.15 0.23 2.2 Y 4.70
Tm 0.33 0.01 2.87 0.02 0.03 0.3 Y 8.57
Yb 2.08 0.07 3.41 0.14 0.21 2.16 Y 4.37
Lu 0.32 0.01 3.42 0.02 0.03 0.31 Y 3.74
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Table A4.3. Repeat analyses of NIM-G (granite).

NIM-G runs 1-8
Majors by ICP-OES_______________________________
Si02 76.47 76.27 75.43 76.24 76.79 76.73 75 X 76.21
Ti02 0.09 0.09 0.09 0.09 0.08 0.08 0.09 0.09
AJzOa 11.93 11.84 11.85 11.98 12.X 11.98 12.22 12.01
F e ^ 2.01 1.98 2.06 2.00 1.99 1.98 1.97 2.03
MnO 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
MgO 0.02 0.02 0.17 0.08 0.04 0.04 0.07 0.04
CaO 0.77 0.77 0.82 0.69 0.71 0.70 0.80 0.78
N a^ 3.24 3.29 3.31 3.38 3.39 3.46 3.47 3.37

4.97 4.80 4.95 5.20 5.06 4.88 4.95 4.91
P2O5 0.00 0.00 0.02 0.01 0.00 0.00 0.00 0.01
Traces by ICP-OES
Sc 0.1 0.4 0.9 0.1 0.2 0.2 0.2 0.2
V 4.1 3.0 2.3 9.2 5.0 0.8
Cr 11.8 22.3 3.7 11.3 7.5 8.8 14.4 14.2
Co 0.5 2.5 0.1 4.5 0.5 1.1 1.2 2.3
Ni 19.6 15.0 7.3 13.9 12.0 5.7 11.1 11.4
Cu 13.4 17.1 16.7 6.2 22.7 13.1 16.9 11.6
Sr 9.0 9.8 11.8 4.5 4.6 4.8 12.8 11.4
Y 145.5 144.8 139.9 147.7 148.5 143.3 144.0 150.8
Zr 324.0 283.2 289.6 313.6 X9.4 356.6 296.1 X1.1
Ba 109.0 114.3 122.6 117.0 105.4 100.0 106.8 115.3
Traces by ICP-MS
V 4.3 2.6 5.2 0.4 3.6 3.7 2.2 0.8
Cr 13.5 11.8 7.5 10.0 7.4 6.5 19.7 9.9
Co 3.8 3.4 1.2 0.7 0.4 0.4 0.5 2.6
Ni 29.1 15.1 8.9 6.0 8.7 6.0 16.6 8.3
Cu 15.8 19.6 30.9 17.6 37.8 37.3 17.3 16.2
Ga 29.5 27.5 27.7 26.7 26.7 26.2 28.1 29.5
Rb 400.3 324.6 308.9 302.4 297.1 276.0 313.7 317.2
Sr 12.8 8.8 8.5 5.8 7.6 7.1 9.0 12.1
Y 145.0 141.9 142.4 138.8 139.4 142.5 140.7 141.5
Zr 310.9 289.0 283.9 307.4 295.3 310.1 297.3 295.6
Nb 51.91 52.82 54.07 43.66 51.52 51.10 52.01 52.34
Ba 114.7 128.1 122.6 108.3 109.7 109.1 115.2 118.3
Hf 12.08 11.60 9.97 11.66 11.54 11.64 11.18 11.85
Ta 4.56 4.33 4.38 4.03 4.21 4.17 3.98 4.30
Pb 35.17 27.84 31.29 20.42 27.82 22.02 37.84 29.53
Th 50.52 48.71 45.44 48.40 41.69 43.82 47.09 48.29
U 17.08 16.04 16.72 15.56 1 5 X 14.97 15.72 16.13
REEs by ICP-MS
La 114.38 106.48 106.45 107.09 104.28 103.80 99.33 109.68
Ce 206.47 186.46 189.12 193.05 195.44 189.47 190.25 208.11
Pr 22.01 19.53 20.74 18.87 19.10 17.99 20.15 21.85
Nd 71.24 69.74 67.20 71.54 64.81 61.72 61.41 68.70
Sm 14.57 14.98 13.80 14.83 12.96 12.43 13.67 14.10
Eu 0.33 0.34 0.32 0.33 0.30 0.29 0.41 0.61
Gd 14.34 14.14 13.90 13.X 13.29 13.59 1 5 X 14.03
Tb 2.59 2.69 2.46 2.48 2.37 2.31 2.39 2.48
Dy 18.03 17.28 17.04 15.98 16.20 16.32 16.75 17.15
Ho 3.77 3.64 3.47 3.36 3.43 3.25 3.49 3.54
Er 12.45 11.73 11.59 10.82 11.01 10.95 11.25 11.24
Tm 2.13 2.02 2.01 1.92 1.88 1.88 1.93 1.96
Yb 14.33 13.79 13.31 13.53 12.82 12.89 12.94 12.57
Lu 2.14 2.14 2.03 1.95 1.94 1.92 1.98 1.95
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Table A4.4. Error analysis of repeat runs of NIM-G. See text for details.

NIM-G

Majors by OES

Mean 
n = 8

0
±%or
ppm

Relative 0 
±% 

(precision)

2o
1 % or ppm 
(precision)

3a 
(limit of 

detection)

Certified
%or
ppm

Within 2o? 
(accuracy)

%

difference
Si0 2 76.22 0.49 0.64 0.97 1.46 75.88 Y 0.68

TiOj 0.09 0.00 4.24 0.01 0.01 0.09 Y 3.29
AI2O 3 12.01 0.16 1.36 0.33 0.49 12.08 Y 1.28
F02O3 2.00 0.03 1.47 0.06 0.09 2.02 Y 1.47
MnO 0.02 0.00 10.64 0.00 0.01 0.021 Y 17.63
MgO 0.06 0.05 80.68 0.10 0.15 0.06 Y 58.90
CaO 0.76 0.05 6.19 0.09 0.14 0.78 Y 4.94
Na20 3.36 0.08 2.40 0.16 0.24 3.36 Y 1.92
K2O 4.96 0.12 2.42 0.24 0.36 4.93 Y 1.73
P2O5

Traces by OES
0.01 0.01 134.89 0.02 0.02 0.01 Y 77.52

Sc 0.29 0.27 92.68 0.54 0.80 0.451 Y 61.82
V 4.08 2.90 71.07 5.80 8.69 2 Y 117.59
Cr 11.76 5.55 47.24 11.11 16.66 11.4 Y 34.43
Co 1.59 1.44 90.69 2.88 4.32 4 Y 63.27
Ni 12.00 4.35 36.29 8.71 13.06 8 Y 59.10
Cu 14.70 4.85 32.99 9.70 14.55 11 Y 44.48
Sr 8.60 3.48 40.50 6.96 10.45 10 Y 29.10
Y 145.55 3.40 2.33 6.79 10.19 143 Y 2.32
Zr 309.22 23.25 7.52 46.51 69.76 300 Y 5.67
Ba
Traces by MS

111.29 7.32 6.58 14.64 21.96 120 Y 7.81

V 2.86 1.68 58.67 3.35 5.03 2 Y 77.50
Cr 10.80 4.28 39.68 8.57 12.85 11.4 Y 28.83
Co 1.62 1.43 88.21 2.86 4.29 4 Y 59.47
Ni 12.34 7.82 63.39 15.64 23.46 8 Y 66.83
Cu 24.06 9.61 39.96 19.23 28.84 11 Y 118.74
Ga 27.73 1.25 4.50 2.49 3.74 27 Y 4.08
Rb 317.53 36.58 11.52 73.15 109.73 320 Y 7.41
Sr 8.97 2.40 26.72 4.79 7.19 10 Y 22.69
Y 141.52 1.96 1.38 3.91 5.87 143 Y 1.38
Zr 298.68 9.93 3.32 19.85 29.78 300 Y 2.80
Nb 51.18 3.17 6.19 6.34 9.50 53 Y 3.94
Ba 115.77 6.99 6.04 13.99 20.98 120 Y 5.75
Hf 11.44 0.65 5.65 1.29 1.94 12 Y 4.84
Ta 4.24 0.19 4.47 0.38 0.57 4.5 Y 6.02
Pb 28.99 5.94 20.48 11.88 17.82 40 Y 27.52
Th 46.74 2.91 6.22 5.82 8.72 51 Y 8.34
U
REEs by MS

15.97 0.68 4.27 1.36 2.05 15 Y 6.48

La 106.44 4.41 4.14 8.82 13.23 109 Y 3.74
Ce 194.80 8.17 4.20 16.35 24.52 195 Y 3.31
Pr 20.03 1.43 7.15 2.86 4.30 20 Y 5.78
Nd 67.04 4.02 5.99 8.03 12.05 72 Y 6.88
Sm 13.92 0.90 6.44 1.79 2.69 15.8 Y 11.91
Eu 0.37 0.11 28.85 0.21 0.32 0.35 Y 18.51
Gd 13.99 0.65 4.67 1.31 1.96 14 Y 3.32
Tb 2.47 0.12 4.92 0.24 0.36 3 N 17.63
Dy 16.84 0.67 4.00 1.35 2.02 17 Y 3.12
Ho 3.49 0.16 4.64 0.32 0.49 4.13 N 15.39
Er 11.38 0.53 4.67 1.06 1.59 13 N 12.47
Tm 1.97 0.08 4.23 0.17 0.25 2 Y 3.65
Yb 13.27 0.59 4.44 1.18 1.77 14.2 Y 6.78
Lu 2.01 0.09 4.32 0.17 0.26 2 Y 3.45
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Table 4.5. Repeat analyses of BIR-1 (basalt).

BIR-1 runs 1-7
Majors by ICP-OES______________________ _
Si02 47.67 46.13 47.51 47.99 48.28 47.26 48.52
Ti02 0.94 0.96 0.95 0.95 0.95 0.97 0.99
AI2O3 15.41 14.97 15.11 15.07 15.20 14.77 15.20
FejCb 11.17 11.36 11.67 11.05 11.04 11.39 11.65
MnO 0.17 0.17 0.17 0.17 0.17 0.17 0.18
MgO 9.64 9.69 9.48 9.40 9.40 9.86 8.79
CaO 13.24 13.90 13.03 12.71 12.78 13.12 13.26
NajO 1.72 2.25 1.77 1.80 1.89 1.77 1.81
K2O 0.02 0.03 0.04 0.02 0.02 0.03 0.02
PaOs 0.02 0.12 0.04 0.02 0.01 0.02 0.01

Traces by ICP-OES
Sc 44.4 46.4 41.5 39.7 39.9 43.0 42.9
V 302.0 326.6 315.5 319.8 316.3
Cr 381.3 367.8 389.6 370.1 380.1 398.6 377.0
Co 50.4 51.3 45.7 49.2 44.3 51.2 51.1
Ni 177.5 161.8 168.1 183.8 148.2 160.3 168.5
Cu 113.7 150.8 111.0 118.8 91.4 122.8 128.6
Sr 104.6 108.0 100.3 100.9 100.9 103.3 104.3
Y 15.7 17.5 16.2 15.1 15.9 16.1 16.4
Zr 6.1 14.6 14.2 14.7 12.4 17.1 16.4
Ba 12.1 5.5 5.6 8.2 5.5 8.9 9.7
Traces by ICP-MS
V 320.5 306.3 330.6 312.9 312.1 307.7 316.6
Cr 399.3 397.5 388.0 375.8 376.0 394.1 397.2
Co 52.9 50.2 50.6 49.6 47.7 49.8 48.8
Ni 173.4 167.6 160.7 180.3 157.8 160.5 159.2
Cu 119.3 125.5 99.3 127.9 124.6 122.2 137.9
Ga 15.2 15.3 14.6 15.1 15.8 15.6 15.5
Rb 0.3 0.3 0.2 0.2 0.1 0.4 0.3
Sr 105.1 109.6 105.3 100.9 98.4 97.2 114.1
Y 15.7 16.5 15.8 15.6 15.5 15.5 16.2
Zr 16.2 15.6 15.3 16.7 15.8 15.0 15.7
Nb 0.59 0.61 0.46 0.58 0.51 0.50 0.61
Ba 14.5 57.6 2.4 7.8 9.0 7.9 3.6
Hf 0.54 0.58 0.55 0.53 0.54 0.53 0.59
Ta 0.04 0.04 0.03 0.04 0.04 0.04 0.04
Pb 3.11 2.47 1.70 5.60 6.50 4.76 2.83
Th 0.05 0.09 0.08 0.06 0.10 0.03 0.05
U 0.02 0.02 0.01 0.02 0.01 0.01 0.01
REEs by ICP-MS
La 0.63 0.67 0.48 0.64 0.66 0.53 0.56
Ce 1.89 1.88 1.96 1.97 2.00 1.93 1.84
Pr 0.35 0.37 0.34 0.38 0.37 0.34 0.37
Nd 2.50 2.35 2.08 2.38 2.33 1.97 2.20
Sm 1.08 1.09 0.98 1.06 1.04 1.04 1.04
Eu 0.54 0.52 0.52 0.49 0.48 0.57 0.48
Gd 1.79 1.69 1.75 1.64 1.60 1.58 1.60
Tb 0.36 0.33 0.33 0.33 0.31 0.31 0.32
Dy 2.54 2.46 2.46 2.42 2.34 2.33 2.43
Ho 0.57 0.51 0.54 0.51 0.49 0.54 0.50
Er 1.68 1.55 1.64 1.55 1.58 1.54 1.48
Tm 0.26 0.25 0.24 0.25 0.24 0.23 0.24
Yb 1.64 1.63 1.63 1.62 1.54 1.59 1.53
Lu 0.27 0.26 0.26 0.26 0.24 0.24 0.24
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Table A4.6. Error analysis of repeat runs of BIR-1. See text for details.

BIR-1

Majors by OES

Mean 
n = 7

0
±% or
ppm

Relat Ive 0  
±% 

(precision)

2o
t  % or ppm 
(precision)

3o  
(detecti­
on limit)

Certified 
% or 
ppm

Within 2cr? 

(accuracy)
%

difference

Si02 47.62 0.79 1.66 1.58 2.37 47.7 Y 1.18
Ti02 0.96 0.02 1.85 0.04 0.05 0.97 Y 1.87
AI2O3 15.10 0.20 1.35 0.41 0.61 15.4 Y 1.95
F02O3 11.34 0.26 2.31 0.52 0.78 11.3 Y 1.91
MnO 0.17 0.00 2.41 0.01 0.01 0.176 Y 3.48
MgO 9.47 0.34 3.60 0.68 1.02 9.7 Y 2.87
CaO 13.15 0.39 2.97 0.78 1.17 13.4 Y 2.92
NazO 1.86 0.18 9.60 0.36 0.54 1.81 Y 5.43
KjO 0.03 0.01 31.23 0.02 0.02 0.03 Y 25.48
P2O5
Traces by OES

0.03 0.04 113.08 0.08 0.12 0.027 N 82.75

Sc 42.55 2.42 5.68 4.83 7.25 43 Y 4.27
V 316.05 8.98 2.84 17.95 26.93 319 Y 1.98
Cr 380.65 10.74 2.82 21.48 32.22 391 Y 3.20
Co 49.04 2.85 5.82 5.71 8.56 52 Y 5.69
Ni 166.88 11.70 7.01 23.40 35.11 166 Y 5.31
Cu 119.57 18.13 15.16 36.25 54.38 119 Y 10.37
Sr 103.17 2.74 2.66 5.49 8.23 109 N 5.35
Y 16.12 0.74 4.57 1.47 2.21 15.6 Y 4.32
Zr 13.62 3.67 26.91 7.33 11.00 14 Y 16.83
Ba
Traces by MS

7.94 2.55 32.17 5.11 7.66 7.14 Y 30.45

V 315.24 8.35 2.65 16.71 25.06 319 Y 2.35
Cr 389.68 10.09 2.59 20.18 30.27 391 Y 2.09
Co 49.96 1.61 3.22 3.22 4.82 52 Y 4.41
Ni 165.63 8.50 5.13 17.00 25.50 166 Y 4.23
Cu 122.36 11.76 9.61 23.52 35.27 119 Y 7.56
Ga 15.30 0.38 2.47 0.76 1.14 15.3 Y 1.87
Rb 0.26 0.08 31.67 0.17 0.25 0.2 Y 42.49
Sr 104.38 6.08 5.82 12.15 18.23 109 Y 5.74
Y 15.81 0.41 2.57 0.81 1.22 15.6 Y 1.88
Zr 15.73 0.55 3.52 1.11 1.66 14 N 12.36
Nb 0.55 0.06 11.18 0.12 0.18 0.55 Y 9.65
Ba 14.70 19.34 131.57 38.67 58.01 7.14 Y 139.23
Hf 0.55 0.02 3.98 0.04 0.07 0.582 Y 5.37
Ta 0.04 0.01 14.70 0.01 0.02 0.0357 Y 16.29
Pb 3.85 1.78 46.21 3.56 5.34 3.1 Y 45.53
Th 0.07 0.02 36.53 0.05 0.07 0.032 Y 106.57
U
REEs by MS

0.01 0.00 22.07 0.01 0.01 0.01 Y 37.82

La 0.60 0.07 12.10 0.14 0.22 0.615 Y 9.61
Ce 1.93 0.06 2.94 0.11 0.17 1.92 Y 2.42
Pr 0.36 0.02 4.41 0.03 0.05 0.37 Y 3.59
Nd 2.26 0.18 8.15 0.37 0.55 2.38 Y 6.55
Sm 1.05 0.04 3.41 0.07 0.11 1.12 Y 6.45
Eu 0.51 0.03 6.51 0.07 0.10 0.53 Y 5.48
Gd 1.66 0.08 4.97 0.17 0.25 1.87 Y 11.05
Tb 0.33 0.02 6.03 0.04 0.06 0.36 Y 9.37
Dy 2.42 0.07 2.93 0.14 0.21 2.51 Y 3.68
Ho 0.52 0.03 5.25 0.05 0.08 0.56 Y 7.04
Er 1.57 0.07 4.29 0.13 0.20 1.66 Y 5.63
Tm 0.24 0.01 4.20 0.02 0.03 0.25 Y 3.75
Yb 1.60 0.05 2.88 0.09 0.14 1.65 Y 3.31
Lu 0.25 0.01 4.38 0.02 0.03 0.25 Y 3.95
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Table A4.7. Summary: best relative standard deviations of standard analyses, percentage differences 
between standard analyses and certified values, and limits of detection.

Relative 0 Difference LOD Comments

Majors by OES <*%) (%)
(wt% or 

ppm) Detection Limit = LOD

Si02 0.63 0.55 0.99
Ti02 1.34 1.13 0.01
AI2O3 1.35 1.28 0.49
F02O3 1.47 1.11 0.09
MnO 1.30 1.74 0.01
MgO 2.70 2.28 0.15
CaO 1.72 1.51 0.14
NazO 1.67 1.47 0.14
K2O 2.42 1.73 0.02
P2O5 5.80 4.46 0.02 Beware high LOD; poor precision.
Traces by OES
Sc 3.99 4.27 0.80
V 2.84 1.98 8.69 Poorer than ICP-MS.
Cr 2.82 3.20 16.66 Poorer than ICP-MS.
Co 5.82 5.66 4.32 Poorer than ICP-MS.
Ni 4.00 4.64 13.06 Marginally better than ICP-MS.
Cu 15.16 10.37 14.55 Poorer than ICP-MS.
Sr 1.63 1.38 8.23 Poorer than ICP-MS.
Y 1.51 1.04 1.08 Similar to ICP-MS.
Zr 2.76 2.76 11.00 Poorer than ICP-MS.
Ba 1.67 2.06 7.66 Marginally better than ICP-MS.
Traces by MS
V 2.65 1.95 5.03
Cr 2.14 2.09 12.85 Beware high LOD working with granitoids.
Co 2.36 2.01 2.68 LOD fine for Th-Co diagram.
Ni 5.13 4.23 23.46 Beware high LOD with granitoids; poor precision.
Cu 4.05 3.37 7.02
Ga 2.46 1.87 1.14
Rb 7.57 6.70 0.25 Quite poor precision and accuracy.
Sr 1.27 1.06 7.19
Y 1.38 1.38 1.22 Be cautious of LOD with residual garnet signature.
Zr 1.52 2.19 1.66
Nb 2.29 2.04 0.18 Be cautious of LOD with depleted samples.
Ba 2.39 2.13 20.98 High LOD.
Hf 2.50 2.01 0.07
Ta 1.49 6.02 0.02 Not particularly accurate.
Pb 20.48 25.44 5.34 Not precise, or accurate, and very high LOD.
Th 1.66 3.68 0.07 LOD fine for most samples on Th-Co diagram.
U 2.94 2.97 0.01
REEs by MS
La 2.51 2.10 0.22
Ce 2.54 1.96 0.17
Pr 2.75 2.06 0.05
Nd 2.64 2.40 0.55
Sm 2.76 2.22 0.11
Eu 4.11 3.33 0.10 Relatively poor precision compared to other REEs.
Gd 4.67 3.32 0.25 Relatively poor precision compared to other REEs.
Tb 3.69 4.66 0.06
Dy 2.93 3.01 0.21
Ho 2.87 7.04 0.06 Relatively poor accuracy compared to other REEs.
Er 3.57 4.70 0.20
Tm 2.87 3.65 0.03
Yb 2.88 3.31 0.14 Be cautious of LOD with residual garnet signature.
Lu 3.42 3.45 0.03
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APPENDIX FIVE: MAJOR AND TRACE ELEMENT DATA BY LOCALITY AND

UNIT

Major elements are quoted in wt.% (weight per cent). Trace elements are quoted in ppm (parts 

per million). Analyses marked bd are those where the analysis was below the limit of

detection quoted in Appendix 4.

Abbreviations:

C A -  calc-alkaline 

C AA -  calc-alkaline arc

IAT -  island arc tholeiite-like or back-arc tholeiite-like 

MORB or MOR -  mid-ocean ridge basalt-like 

SH -  shoshonitic 

TH -  tholeiitic

AM -  amphibolite 

AND - andesite 

BA -  basaltic andesite 

BAS - basalt 

DAC - dacite 

RHY -  rhyolite 

TROND -  trondhjemite

SED -  volcanogenic sediment

REEs -  Rare Earth Elements
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A5.1. La Dlsirade Island, French West Indies
North-east mafic volcanic complex

IND/1.1 IND/1.2 IND/2.2 IND/3.1 IND/3.2 IND/4.1 IND/5.1 IND/6.1 IND/6.2

Location Coulant Double Meteo Seraphine |
Type IAT/BA IAT/BA IAT/BAS IAT/BA IAT/BA IAT/BAS IAT/BA IAT/BAS IAT/BA

Majors
Si02 55.27 54.06 55.39 57.79 57.99 56.66 55.68 47.88 55.60
Ti02 0.77 0.75 0.55 0.41 0.41 0.71 0.71 0.78 0.72
a i2o 3 16.15 16.07 15.51 15.56 15.02 14.76 14.63 15.20 15.54
Fe203 6.97 6.76 6.43 5.57 5.47 5.98 6.27 7.12 7.05
MnO 0.08 0.08 0.10 0.06 0.06 0.09 0.09 0.10 0.06
MgO 5.49 4.77 6.56 5.09 3.88 4.05 3.44 5.67 3.39
CaO 4.81 6.12 4.63 6.64 6.96 5.75 7.96 9.70 7.03
Na20 7.43 7.09 6.52 6.69 7.18 7.29 7.08 4.75 6.61
K20 0.33 0.33 0.42 0.03 0.07 0.21 0.09 0.38 0.19
P2Os 0.12 0.12 0.05 0.11 0.08 0.09 0.11 0.11 0.10
LOI 3.69 5.14 4.65 2.87 2.95 4.50 4.64 9.16 2.81
Total 101.09 101.30 100.83 100.83 100.07 100.07 100.69 100.84 99.10

Traces

Sc 25.3 23.9 30.6 20.8 19.9 23.0 22.7 24.0 22.2
V 220.1 2520 244.4 193.1 207.3 226.2 251.6 221.4 256.8
Cr 228.0 244.2 242.7 350.4 330.0 212.6 189.9 204.2 196.6
Co 31.6 28.7 35.2 26.5 21.6 35.0 23.8 37.1 30.1
Ni 104.5 205.1 113.1 151.0 103.7 82.2 77.4 133.8 101.3
Cu 19.2 33.2 38.9 20.5 59.4 27.9 46.2 47.0 301.4
Ga 16.9 18.8 14.3 16.1 15.9 17.2 18.7 18.3 19.8
Rb 4.6 4.6 5.9 0.4 1.3 4.6 1.2 1.7 2.3
Sr 95.5 91.7 168.8 56.1 35.5 72.4 55.3 58.1 54.0
Y 16.1 11.8 10.8 8.7 7.9 18.3 15.5 17.1 15.3
Zr 75.8 49.3 56.6 67.1 71.4 67.3 78.9 86.9 80.0
Nb 1.37 0.89 0.82 1.02 1.17 1.87 1.37 1.54 1.40
Ba 829.0 60.6 103.6 28.9 33.7 50.6 46.6 35.0 31.6
Hf 2.01 1.39 1.49 1.69 1.73 1.87 1.99 2.08 2.05
Ta 0.10 0.07 0.04 0.05 0.06 0.12 0.09 0.09 0.08
Pb bd bd bd bd bd bd bd bd bd
Th 0.41 0.17 0.12 0.77 0.81 0.55 0.28 0.35 0.24
U

REEs

0.27 0.14 0.11 0.22 0.25 0.34 0.17 0.17 0.18

La 3.68 1.98 1.37 3.76 3.79 3.26 3.31 3.41 2.33
Ce 9.22 5.61 4.23 9.08 9.15 7.97 8.50 8.80 6.80
Pr 1.51 1.15 0.77 1.55 1.57 1.51 1.44 1.43 1.24
Nd 6.69 5.78 3.69 6.65 6.56 7.29 6.48 6.43 5.95
Sm 2.21 2.26 1.31 1.65 1.71 2.42 2.18 2.14 2.11
Eu 0.87 0.90 0.56 0.58 0.57 0.86 0.74 0.76 0.74
Gd 2.68 4.16 2.08 2.21 2.31 3.86 2.67 2.62 2.78
Tb 0.41 0.47 0.30 0.27 0.26 0.52 0.41 0.43 0.42
Dy 2.77 2.60 2.12 1.62 1.60 3.26 2.70 2.80 2.68
Ho 0.53 0.52 0.41 0.30 0.29 0.63 0.51 0.54 0.51
Er 1.53 1.59 1.31 0.94 0.89 1.86 1.54 1.59 1.52
Tm 0.24 0.23 0.21 0.14 0.13 0.29 0.24 0.25 0.24
Yb 1.53 1.93 1.50 0.99 0.85 2.04 1.71 1.71 1.63
Lu 0.24 0.24 0.22 0.15 0.13 0.29 0.27 0.27 0.24
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La D&irade, continued
North-east mafic volcanic complex, continued

IND/7.1 IND/7.2 IND/8.1 IND/&2 IND/9.1 IND/9.2 IND/10.1 IND/10.2 IND/11.1

Location Seraphine Mahault
Type IAT/BA IAT/BAS IAT/BAS IAT/BA MORB/BAS MORB/BAS MORB/BAS MORB/BAS MORB/BA

Majors
Si02 42.87 50.48 54.30 67.31 50.73 45.01 55.61 52.28 52.10
Ti02 0.68 0.74 0.86 0.37 1.52 1.75 0.71 0.73 0.76
AI2O3 15.21 14.16 13.42 12.66 13.28 12.70 15.45 15.65 18.12
Fe203 7.22 8.59 9.11 6.42 7.55 7.31 8.11 7.96 6.92
MnO 0.09 0.11 0.11 0.07 0.09 0.13 0.10 0.11 0.09
MgO 3.91 5.96 5.15 3.14 3.66 3.48 4.64 5.54 3.16
CaO 24.57 9.45 10.74 3.16 10.60 14.98 4.59 6.69 10.98
Na20 0.42 5.63 4.56 6.79 5.36 5.10 6.95 5.07 5.23
k 2o 0.03 0.13 0.04 0.10 0.21 0.16 0.12 0.25 0.06
p2o 3 0.10 0.12 0.13 0.03 0.18 0.18 0.05 0.06 0.10
LOI 5.82 5.27 2.42 1.13 5.55 8.58 3.04 5.96 4.00
Total 100.92 100.63 100.86 101.18 98.74 99.37 99.34 100.31 101.51

Traces

Sc 27.9 31.4 32.3 23.3 31.4 28.8 28.5 29.4 33.3
V 317.3 339.2 321.3 243.0 298.0 310.7 266.1 232.5 275.9
Cr 400.6 457.9 987.9 518.8 343.9 38.9 422.4 496.1 321.2
Co 29.6 41.3 38.5 33.4 32.8 40.8 36.5 42.8 33.8
Ni 150.5 130.6 137.6 120.0 80.5 38.0 87.4 110.5 79.4
Cu 267.4 32.3 76.2 586.9 71.2 104.8 83.1 79.6 33.6
Ga 43.5 18.8 17.0 8.0 13.1 16.3 14.7 18.4 20.5
Rb 0.3 2.7 1.0 1.0 1.3 3.1 0.9 1.5 1.3
Sr 34.9 62.8 30.3 39.8 59.7 122.1 90.3 89.3 130.9
Y 15.6 18.3 20.1 9.1 33.1 42.6 18.1 26.8 11.4
Zr 53.9 55.8 57.7 32.5 98.0 145.1 66.4 91.1 47.9
Nb 1.24 1.84 1.44 0.38 1.93 2.98 0.98 1.46 1.07
Ba bd 31.7 146.3 33.4 bd 55.3 bd bd 23.7
Hf 1.41 1.55 1.53 0.78 2.40 3.56 1.71 2.41 1.12
Ta 0.07 0.12 0.09 0.02 0.14 0.21 0.08 0.10 0.08
Pb bd bd bd bd bd bd bd bd bd
Th 0.55 1.00 0.44 0.09 0.08 0.14 0.11 0.19 0.07
U 0.16 0.29 0.11 0.05 0.12 0.61 0.04 0.05 0.07

REEs
La 5.70 5.94 5.94 1.57 2.86 3.74 1.89 2.89 1.43
Ce 12.64 13.41 11.91 3.56 8.91 13.08 5.97 8.35 4.31
Pr 2.13 2.27 2.29 0.82 2.03 2.78 1.24 1.66 0.85
Nd 9.19 9.96 10.15 4.11 10.54 14.90 6.12 8.19 4.19
Sm 2.57 2.73 2.96 1.46 4.08 5.58 2.45 3.00 1.50
Eu 0.87 0.86 0.96 0.52 1.43 1.99 0.88 0.98 0.79
Gd 3.16 3.61 3.51 2.04 5.99 8.26 3.89 4.33 2.27
Tb 0.43 0.48 0.51 0.29 0.92 1.20 0.56 0.67 0.33
Dy 2.70 2.92 3.16 1.84 6.06 8.13 3.69 4.56 2.14
Ho 0.52 0.56 0.63 0.37 1.23 1.67 0.74 0.93 0.43
Er 1.48 1.73 1.80 1.02 3.69 4.83 2.19 2.72 1.29
Tm 0.23 0.25 0.28 0.15 0.57 0.75 0.35 0.44 0.21
Yb 1.56 1.75 1.82 1.05 4.03 5.18 2.55 3.06 1.43
Lu 0.22 0.25 0.27 0.16 0.57 0.76 0.36 0.45 0.20
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La D&irade, continued
North-east mafic volcanic complex, continued

IND/11.2 IND/11.3 IND/13.1 IND/14.1 IND/15.1 IND/15.2 IND/16.1

Location Mahault Galets
Type

Majors

MORB/BA MORB/BAS IAT/BA IAT/BAS IAT/BA IAT/BA IAT/BA

SiOz 52.41 44.11 61.42 54.99 47.13 51.05 51.27
Ti02 0.81 0.61 1.47 1.44 1.30 1.02 1.21
A12Oj 16.57 14.05 13.65 14.48 13.81 15.17 14.15
Fe20 3 9.33 7.22 8.86 11.61 9.28 9.35 10.18
MnO 0.07 0.10 0.16 0.15 0.09 0.10 0.08
MgO 3.19 5.73 3.59 4.34 1.65 3.78 2.22
CaO 8.30 20.26 2.39 4.69 13.01 10.17 6.34
Na20 5.69 1.83 4.96 3.23 5.42 5.10 6.09
k 2o 0.12 0.05 0.08 0.05 0.05 0.06 0.06
p2o 3 0.10 0.09 0.69 0.15 0.14 0.16 0.13
LOI
Total

3.41
100.00

6.67
100.71

3.44
100.70

4.06
99.19

7.55
99.43

3.98
99.94

7.40
99.13

Traces

Sc 31.3 27.0 19.1 25.9 31.1 31.2 29.7
V 301.9 283.4 134.8 356.7 435.9 331.3 498.8
Cr 278.8 446.7 17.0 18.3 22.5 129.4 bd
Co 33.5 42.5 13.9 32.8 30.0 32.4 31.0
Ni 69.2 136.5 bd bd bd 67.3 bd
Cu 68.3 41.1 62.4 54.9 79.6 55.2 44.2
Ga 21.3 25.7 20.9 23.6 26.2 23.9 28.5
Rb 2.4 0.7 1.2 0.7 0.6 1.4 0.5
Sr 115.1 48.5 57.8 186.7 63.4 126.9 31.8
Y 14.7 10.2 58.4 38.5 26.2 19.6 29.3
Zr 48.9 51.7 155.7 110.4 93.5 67.8 105.7
Nb 1.18 1.50 3.03 2.12 1.50 1.06 1.49
Ba 2894.5 bd 50.4 bd 33.4 43.1 31.4
Hf 1.08 1.31 3.83 2.74 2.13 1.50 2.65
Ta 0.08 0.12 0.19 0.12 0.09 0.07 0.10
Pb 5.52 bd bd bd bd bd bd
Th 0.09 0.07 0.25 0.19 0.18 0.11 0.18
U 0.10 0.07 0.22 0.13 0.29 0.10 0.74

REEs
La 1.96 1.38 5.54 5.40 3.00 2.10 3.15
Ce 5.44 4.14 18.43 13.43 8.97 6.46 8.87
Pr 0.99 0.75 3.83 2.70 1.52 1.12 1.60
Nd 4.80 3.77 19.84 13.36 7.38 5.44 8.07
Sm 1.72 1.32 7.12 4.41 2.67 1.95 2.96
Eu 1.44 0.70 2.48 1.73 1.08 0.87 1.12
Gd 2.16 1.99 9.33 5.92 3.53 2.62 3.81
Tb 0.36 0.29 1.45 0.88 0.58 0.46 0.67
Dy 2.46 1.86 9.45 5.92 4.11 3.04 4.64
Ho 0.48 0.37 1.83 1.13 0.81 0.61 0.93
Er 1.42 1.12 5.31 3.28 2.41 1.78 2.71
Tm 0.21 0.17 0.79 0.49 0.38 0.28 0.44
Yb 1.44 1.21 5.31 3.21 2.45 1.90 2.83
Lu 0.23 0.18 0.81 0.50 0.39 0.29 0.45

290



La Dlsirade, continued 

North-east felsic volcanic complex
*BM = Baie Mahault

IND/12.1 DES1 DES20.3

Location Abaque Inland BM Abaque
Type DAC DAC DAC

Majors
Si02 62.21 78.98 77.27
Ti02 0.93 0.26 0.46
a i2o 3 14.88 10.15 10.44
Fe20 3 8.48 1.92 2.18
MnO 0.17 0.02 0.03
MgO 3.55 0.66 0.34
CaO 1.13 0.46 0.28
NazO 5.81 5.47 6.19
K20 0.07 0.08 0.15
P20 3 0.45 0.11 0.17
LOI 3.07 0.73 1.92
Total 100.74 98.84 99.43

Traces

Sc 19.4 8.8 9.1
V 36.0 13.3 30.1
Cr 19.6 25.5 16.5
Co 10.6 3.8 3.1
Ni bd bd bd
Cu 20.3 9.6 19.2
Ga 23.5 9.0 10.4
Rb 1.2 1.8 2.1
Sr 52.5 37.6 34.6
Y 42.2 30.7 48.0
Zr 121.0 132.4 141.4
Nb 1.95 1.38 1.47
Ba 1160.4 26.6 23.0
Hf 3.15 3.46 3.36
Ta 0.12 0.11 0.12
Pb 6.85 bd bd
Th 0.34 0.51 0.52
U 0.17 0.28 0.47

REEs
La 3.33 4.68 7.09
Ce 11.19 12.34 15.33
Pr 2.25 2.18 3.46
Nd 11.91 10.81 17.43
Sm 4.55 3.44 5.43
Eu 1.79 0.95 1.43
Gd 6.09 4.02 6.28
Tb 1.02 0.71 1.04
Dy 6.75 4.85 6.95
Ho 1.36 0.97 1.35
Er 3.98 2.97 4.13
Tm 0.63 0.49 0.67
Yb 4.11 3.17 4.36
Lu 0.65 0.50 0.69
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La Dlsirade, continued 

South-west felsic volcanic complex

IND/18.1 IND/18.2 IND/18.3 IND/18.4

Location Fregule
Type

Majors

DAC DAC DAC DAC

Si02 71.94 71.86 71.58 71.67
Ti02 0.57 0.55 0.58 0.45
Al203 13.36 13.25 13.60 12.52
FejOj 4.25 3.89 4.21 4.13
MnO 0.05 0.06 0.07 0.06
MgO 2.26 2.42 2.42 2.52
CaO 0.40 0.20 0.14 0.19
Na20 5.64 6.23 6.22 5.30
k 2o 0.31 0.07 0.11 0.17
P2O5 0.15 0.15 0.16 0.12
LOI
Total

0.34
99.26

1.50
100.18

1.68
100.77

1.82
98.95

Traces

Sc 14.7 15.7 15.8 17.1
V 46.8 29.6 29.0 23.6
Cr 20.8 34.6 63.0 17.7
Co 5.2 3.8 4.3 3.5
Ni bd bd 49.0 bd
Cu 44.5 25.1 76.0 24.6
Ga 14.2 15.7 15.8 17.6
Rb 5.1 1.0 1.9 5.0
Sr 127.5 79.5 31.8 77.5
Y 22.9 28.9 27.9 30.4
Zr 108.3 123.1 120.2 142.4
Nb 1.83 2.18 1.97 2.28
Ba 62.0 bd 24.5 21.2
Hf 2.74 3.18 3.02 3.41
Ta 0.12 0.13 0.13 0.13
Pb bd bd bd bd
Th 0.34 0.37 0.40 0.46
U 0.22 0.30 0.26 0.23

REEs
La 3.50 3.72 4.06 4.31
Ce 10.09 11.29 11.61 12.11
Pr 1.74 1.98 2.01 1.98
Nd 8.17 9.21 9.40 8.75
Sm 2.77 3.19 3.11 3.13
Eu 0.70 0.91 0.92 0.98
Gd 3.42 4.37 4.22 4.06
Tb 0.55 0.69 0.68 0.68
Dy 3.77 4.72 4.59 4.69
Ho 0.78 0.95 0.91 0.95
Er 2.29 2.95 2.80 2.90
Tm 0.38 0.48 0.45 0.47
Yb 2.50 3.31 3.19 3.08
Lu 0.39 0.53 0.50 0.50
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La Dlsirade continued 

Trondhjemite pluton

IND/19.8 IND/19.9 IND/19.10 IND/19.11 IND/19.13 IND/19.14

Location Emballage
Type Trond Trond Trond Trond Trond Trond

Majors
Si02 53.07 74.72 75.41 74.58 56.00 53.40
Ti02 1.07 0.30 0.31 0.28 1.64 1.21
ai2o 3 16.58 12.70 12.70 12.80 15.98 13.85
Fe20 3 12.09 3.55 3.66 3.32 10.12 14.37
MnO 0.29 0.10 0.10 0.09 0.34 0.26
MgO 4.88 0.68 0.72 0.62 2.75 4.73
CaO 6.60 1.94 1.60 1.95 5.67 4.74
Na20 3.55 5.37 5.11 5.26 4.38 4.27
k 2o 0.34 0.12 0.14 0.16 0.21 0.38
p2o 3 0.05 0.06 0.06 0.07 0.69 0.10
LOI 1.77 1.24 1.32 1.24 1.99 2.05
Total 100.29 100.79 101.13 100.36 99.77 99.35

Traces

Sc 30.1 11.3 11.7 11.2 24.6 40.4
V 230.1 20.4 14.5 12.7 16.8 375.7
Cr bd 14.4 35.7 30.9 15.1 bd
Co 19.9 bd bd bd 6.1 23.5
Ni bd 140.2 bd bd bd bd
Cu 32.5 31.2 32.9 22.3 42.6 65.7
Ga 19.4 18.5 15.6 14.5 17.5 16.1
Rb 7.4 1.5 1.6 1.5 2.0 6.1
Sr 259.7 99.3 74.3 118.8 239.0 166.9
Y 9.2 26.8 24.2 23.2 21.1 11.6
Zr 36.0 146.8 122.1 113.1 42.6 35.5
Nb 0.32 1.41 1.33 1.12 0.82 1.41
Ba 130.9 66.9 50.2 50.5 57.6 72.7
Hf 0.81 3.48 3.35 2.88 0.97 1.20
Ta 0.02 0.08 0.09 0.07 0.06 0.08
Pb bd bd bd bd bd bd
Th 0.08 0.44 0.48 0.44 0.13 0.12
U 0.03 0.19 0.20 0.18 0.09 0.05

REEs
La 1.36 5.18 4.27 4.12 2.84 1.09
Ce 3.67 12.68 11.14 10.37 8.26 3.35
Pr 0.54 1.93 1.69 1.63 1.39 0.55
Nd 2.47 8.34 7.82 7.02 6.97 2.72
Sm 1.02 2.63 2.71 2.35 2.52 1.08
Eu 0.55 0.74 0.75 0.67 1.10 0.51
Gd 1.27 3.49 3.56 3.04 3.50 1.47
Tb 0.22 0.57 0.60 0.52 0.53 0.27
Dy 1.48 3.89 4.17 3.59 3.51 1.90
Ho 0.29 0.79 0.85 0.72 0.69 0.38
Er 0.91 2.39 2.53 2.27 1.94 1.10
Tm 0.15 0.40 0.42 0.36 0.29 0.18
Yb 0.97 2.77 2.84 2.44 1.78 1.19
Lu 0.15 0.42 0.46 0.40 0.28 0.19
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La D6sirade continued 

Intermediate-felsic dykes cutting the trondhjemite and north-east complexes

IND/19.1 IND/19.2 IND/19.3 IND/19.4 5.14D3 4.10D 6.25DC 20.13D

Location Emballage Seraphine Mahault Abaque
Type BA DAC BA BA AND BA AND DAC

Majors
Si02 58.57 57.57 54.41 49.53 54.13 53.97 53.97 52.81
Ti02 1.10 1.14 1.29 0.53 1.00 1.00 0.87 0.90
A120 2 14.35 14.58 14.20 16.13 16.08 16.65 16.81 12.57
FejOj 10.28 12.21 11.89 7.97 10.47 10.59 9.77 5.69
MnO 0.59 0.37 0.33 0.20 0.16 0.15 0.14 0.10
MgO 3.31 3.18 3.93 7.49 4.08 4.51 4.48 1.41
CaO 2.63 2.79 7.14 10.36 4.88 5.52 5.53 1.95
Na20 5.64 5.17 3.85 2.30 8.30 7.25 7.25 7.47
k 2o 0.05 0.35 0.06 0.38 0.07 0.16 0.34 0.12
P2O5 0.13 0.16 0.13 0.05 0.40 0.22 0.30 0.93
LOI 3.25 2.64 3.37 3.72 0.78 0.84 0.77 16.26
Total 99.91 100.17 100.61 98.66 100.35 100.85 100.22 100.20

Traces

Sc 35.3 30.0 35.0 32.1 34.3 37.5 35.0 19.1
V 260.7 219.1 344.8 231.3 329.1 332.4 286.3 26.7
Cr 13.4 bd bd 143.1 bd bd 39.0 bd
Co 18.7 12.9 23.4 33.6 24.9 28.3 24.1 8.3
Ni bd bd bd 49.0 145.4 bd 30.1 bd
Cu 70.8 119.0 347.0 56.5 20.5 94.6 105.0 38.8
Ga 22.0 18.9 20.6 18.1 20.5 17.9 17.3 15.4
Rb bd 3.3 0.3 7.9 1.5 1.0 2.7 1.1
Sr 48.6 72.7 48.2 199.7 39.8 91.2 165.6 23.5
Y 28.3 28.8 24.1 16.3 27.7 25.7 23.4 29.6
Zr 104.1 111.0 100.0 58.2 98.8 78.4 78.1 88.6
Nb 2.01 2.71 2.39 0.56 1.83 1.48 1.80 2.22
Ba 26.0 91.9 22.2 254.5 21.2 72.8 36.6 bd
Hf 2.45 2.51 2.29 1.31 2.53 1.89 1.99 2.25
Ta 0.12 0.16 0.15 0.03 0.15 0.12 0.12 0.15
Pb bd bd bd bd bd bd bd bd
Th 0.33 0.36 0.37 0.12 0.44 0.39 0.36 0.36
U 0.18 0.15 0.16 0.07 0.23 0.21 0.18 0.23

REEs
La 3.88 4.84 4.20 1.64 4.46 4.28 3.75 5.05
Ce 11.32 13.39 11.37 5.14 11.81 11.24 10.06 12.94
Pr 1.91 2.21 1.82 0.87 2.01 1.90 1.70 2.21
Nd 8.96 10.11 8.17 4.22 9.97 9.51 8.47 11.13
Sm 3.09 3.30 2.77 1.51 3.19 2.93 2.69 3.47
Eu 1.15 1.01 1.05 0.58 1.11 1.06 0.93 1.31
Gd 3.91 4.14 3.36 1.96 3.70 3.42 3.21 4.09
Tb 0.64 0.66 0.55 0.36 0.63 0.58 0.53 0.67
Dy 4.33 4.38 3.82 2.48 4.19 3.86 3.60 4.43
Ho 0.86 0.86 0.75 0.49 0.84 0.77 0.70 0.88
Er 2.59 2.55 2.23 1.47 2.56 2.34 2.15 2.63
Tm 0.42 0.41 0.36 0.24 0.42 0.39 0.36 0.42
Yb 2.76 2.74 2.36 1.65 2.79 2.55 2.34 2.81
Lu 0.45 0.42 0.38 0.25 0.44 0.40 0.37 0.44
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5.2. Tobago Island
Parlatuvier Formation, North Coast Schist

INT/2-3/1 INT/2-3/3 INT/2-3/5 INT/2-3/6 INT/13-2/1 INT/15-2/2 INT/28-2/7 INT/28-2/8

Location Bloody Bay Castara
Type CA-BA CA-BA IAT-BA CA-BAS CA-BA CA-BA CA-BA CA-BA

Majors
Si02 68.52 55.17 43.95 45.25 56.97 60.25 52.88 61.52
TiOj 0.60 1.06 1.30 0.97 0.83 0.84 1.27 0.84
AI2O3 12.66 17.33 19.00 16.03 15.62 15.40 17.43 14.33
Fe203 4.50 7.37 12.39 9.32 8.20 7.44 9.53 6.97
MnO 0.08 0.09 0.16 0.15 0.10 0.09 0.11 0.08
MgO 1.21 4.89 7.42 7.09 6.46 3.27 7.13 5.38
CaO 3.91 4.24 7.07 13.51 6.19 2.90 4.13 4.09
Na20 3.61 6.31 2.19 1.92 1.84 6.30 4.73 2.45
k 2o 0.63 0.13 1.27 0.59 1.27 0.16 0.37 0.67
PzOj 0.14 0.22 0.13 0.14 0.14 0.14 0.16 0.18
LOI 1.17 2.23 4.37 6.24 3.17 1.88 3.23 3.06
Total 97.02 99.05 99.23 101.20 100.80 98.67 100.97 99.57

Traces

Sc 16.5 25.6 40.6 35.1 30.1 26.5 29.5 23.5
V 75.5 218.9 321.6 288.8 232.4 155.3 265.7 1929
Cr 13.3 92.9 15.9 146.6 109.3 21.8 61.7 101.2
Co 19.3 19.1 34.2 34.7 25.5 12.6 27.8 19.2
Ni bd 36.7 92.3 89.1 37.1 33.7 102.8 73.0
Cu 39.4 55.9 126.5 76.1 47.9 59.7 56.8 52.4
Ga 12.4 16.0 17.9 14.6 13.4 13.9 16.4 11.6
Rb 6.8 2.7 15.5 8.3 19.8 2.3 5.1 10.0
Sr 193.9 289.5 258.4 328.2 249.2 104.4 232.4 143.1
Y 29.3 27.9 23.4 18.6 19.2 29.5 25.3 18.4
Zr 89.9 93.5 54.3 54.2 67.9 87.4 85.3 79.7
Nb 1.59 5.28 2.64 2.37 3.69 1.95 3.20 4.52
Ba 69.1 24.6 173.7 62.3 226.5 25.2 39.7 85.8
Hf 2.30 2.25 1.47 1.25 1.64 2.20 2.05 1.86
Ta 0.10 0.38 0.17 0.13 0.24 0.13 0.21 0.29
Pb bd bd bd bd bd bd bd bd
Th 0.50 0.51 0.25 0.32 0.41 0.49 0.48 0.64
U 0.34 0.35 0.12 0.11 0.19 0.49 0.27 0.27

REEs
La 4.69 7.06 5.78 4.34 5.08 4.92 5.63 5.53
Ce 11.92 17.91 14.36 10.90 12.23 12.29 14.24 13.54
Pr 2.01 2.81 2.30 1.73 1.92 2.00 2.23 2.04
Nd 10.67 13.28 11.83 8.97 9.02 10.37 11.47 10.05
Sm 3.32 3.78 3.23 2.49 2.60 3.12 3.25 2.76
Eu 1.02 1.20 1.28 0.89 0.94 1.06 1.14 1.02
Gd 3.65 3.88 3.44 2.60 2.73 3.50 3.47 2.82
Tb 0.69 0.67 0.64 0.47 0.46 0.70 0.64 0.51
Dy 4.38 4.37 3.85 2.97 3.02 4.48 4.08 3.19
Ho 0.91 0.85 0.76 0.58 0.58 0.91 0.80 0.60
Er 2.75 2.57 2.22 1.70 1.75 2.74 2.38 1.83
Tm 0.44 0.42 0.34 0.26 0.28 0.45 0.37 0.29
Yb 3.00 2.69 2.19 1.72 1.76 2.98 2.55 1.89
Lu 0.49 0.42 0.34 0.27 0.28 0.48 0.40 0.30
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5.2. Tobago Island, continued
Parlatuvier Formation, North Coast Schist, continued

INT/l 1-3/8 INT/13-2/2 INT/29-2/7 INT/18-2/1 3A-24 INT/18-2/2 INT/29-2/3 INT/29-2/4

Location Castara Englishman's Bay Anse Fourmi Pirate Bay Speyside
Type CA-BA IAT-BA CA-BA IAT-BAS CA-BA IAT-BA CA-BAS IAT-BA

Majors
SiC>2 54.47 51.49 48.16 49.68 56.54 57.47 48.90 58.53
TiOj 0.89 1.39 0.95 0.76 1.03 0.91 0.88 0.86
AJ2O3 16.99 18.25 18.45 16.31 16.35 15.93 18.43 14.68
Fe203 8.82 10.11 9.70 8.77 8.79 10.22 9.30 10.14
MnO 0.13 0.13 0.13 0.13 0.15 0.17 0.12 0.14
MgO 5.10 5.21 5.76 9.88 4.83 3.65 6.52 3.83
CaO 7.01 6.64 9.03 10.02 6.90 5.62 8.55 5.02
Na20 3.67 4.92 4.19 3.24 2.51 5.03 3.36 3.03
K20 0.32 0.13 0.38 0.04 1.40 0.18 0.21 0.35
P2O, 0.15 0.22 0.11 0.16 0.20 0.13 0.16 0.07
LOI 2.34 2.79 2.21 2.39 2.09 2.04 4.02 3.04
Total 99.88 101.27 99.07 101.39 100.80 101.35 100.44 99.69

Traces

Sc 28.3 34.1 35.1 37.2 25.9 35.2 28.2 36.7
V 229.2 288.6 274.9 221.4 176.6 247.9 260.3 226.6
Cr 29.4 58.9 29.5 375.7 145.0 14.2 105.2 14.5
Co 26.1 23.3 29.9 35.9 25.6 23.4 42.1 22.9
Ni 31.9 34.7 41.5 185.2 187.9 bd 49.2 bd
Cu 70.1 60.2 72.7 57.7 52.4 66.7 35.3 94.6
Ga 15.4 17.1 15.3 12.9 17.3 17.8 17.3 15.9
Rb 4.5 1.7 6.2 bd 11.2 2.3 2.4 7.2
Sr 212.5 318.5 332.1 469.5 132.5 73.0 358.7 241.1
Y 21.0 31.3 18.7 17.2 31.6 26.3 20.7 26.4
Zr 72.9 91.9 48.9 41.3 121.6 52.8 76.5 54.3
Nb 2.56 5.02 2.44 2.90 4.83 1.00 2.92 0.62
Ba 69.8 bd bd bd 9365.1 48.3 53.6 56.8
Hf 1.79 2.19 1.26 1.03 2.75 1.48 1.96 1.57
Ta 0.18 0.29 0.15 0.20 0.31 0.07 0.21 0.05
Pb bd bd bd bd bd bd bd bd
Th 0.47 0.35 0.38 0.26 0.53 0.25 0.44 0.17
U 0.20 0.21 0.19 0.15 0.32 0.23 0.21 0.14

REEs
La 5.34 7.71 3.89 4.62 7.09 3.01 6.18 2.28
Ce 13.06 18.37 9.57 10.54 19.50 7.84 16.52 6.41
Pr 2.02 2.99 1.49 1.63 3.08 1.43 2.57 1.22
Nd 10.36 15.11 7.90 8.43 14.12 7.52 12.70 6.60
Sm 2.93 4.22 2.33 2.39 3.90 2.61 3.32 2.42
Eu 1.01 1.43 0.84 0.83 1.48 0.95 1.16 0.84
Gd 3.03 4.59 2.56 2.52 4.25 3.12 3.40 2.95
Tb 0.56 0.85 0.49 0.45 0.71 0.58 0.56 0.57
Dy 3.48 5.12 3.09 2.86 4.74 3.98 3.47 3.95
Ho 0.69 0.99 0.61 0.55 0.94 0.80 0.68 0.80
Er 2.03 2.98 1.77 1.61 2.71 2.43 2.00 2.47
Tm 0.31 0.46 0.27 0.26 0.44 0.40 0.32 0.40
Yb 2.11 3.07 1.80 1.71 2.80 2.55 2.06 2.65
Lu 0.34 0.49 0.29 0.27 0.45 0.40 0.33 0.41
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5.2. Tobago Island, continued
Parlatuvier Formation, North Coast Schist, continued

INT/29-2/5 INT/29-2/6 INT/4-3/3 INT/4-3/4

Location Speyside Charlotteville

Type

Majors

CA-BA CA-BA CA-BAS CA-BAS

Si02 62.06 49.27 49.14 48.57
TiOi 0.95 0.98 0.98 0.93
a i2o 3 15.19 18.29 15.78 16.58
FC2O3 7.39 10.79 9.13 9.12
MnO 0.16 0.15 0.13 0.13
MgO 2.60 5.29 8.74 8.58
CaO 3.20 8.78 9.77 8.58
Na20 4.70 3.64 3.13 3.12
k 2o 0.56 0.62 0.23 0.58
p2o 5 0.19 0.17 0.13 0.14
LOI 3.10 3.37 2.24 2.64
Total 100.10 101.36 99.41 98.97

Traces

Sc 25.6 23.5 33.8 35.4
V 148.1 284.9 250.7 245.7
Cr 15.9 31.1 445.8 334.1
Co 16.0 26.3 38.1 34.8
Ni bd 51.3 221.7 122.9
Cu 47.6 63.6 41.8 47.5
Ga 15.0 19.8 15.0 13.5
Rb 10.0 14.8 3.3 6.5
Sr 69.9 450.5 312.6 274.8
Y 42.8 24.5 19.1 19.5
Zr 117.8 83.7 72.9 63.4
Nb 2.06 4.10 2.38 2.42
Ba 99.7 154.6 30.2 895.3
Hf 3.10 2.18 1.58 1.48
Ta 0.15 0.24 0.14 0.14
Pb 6.39 bd bd bd
Th 0.45 0.59 0.45 0.35
U 0.58 0.24 0.17 0.14

REEs
La 6.06 7.38 4.35 4.20
Ce 15.39 18.25 10.85 10.40
Pr 2.76 3.02 1.70 1.64
Nd 13.78 14.18 8.77 8.54
Sm 4.42 3.80 2.41 2.49
Eu 1.35 1.27 0.85 1.13
Gd 4.91 3.71 2.72 2.64
Tb 0.90 0.61 0.50 0.50
Dy 6.06 3.92 3.11 3.08
Ho 1.22 0.75 0.62 0.62
Er 3.81 2.26 1.82 1.78
Tm 0.63 0.37 0.28 0.28
Yb 4.04 2.37 1.86 1.84
Lu 0.63 0.37 0.29 0.30
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5.2. Tobago Island, continued
Mount Dillon Formation, North Coast Schist

INT/28-2/1 INT/28-2/2 INT/29-2/8 INT/29-2/9 INT/3-3/2 INT/3-3/3 INT/3-3/4 INT/11-3/9

Location Celery Bay Mount Dillon
Type CA-RHY IAT-RHY CA-BAS CA-RHY CA-RHY CA-RHY IAT-RHY IAT-RHY

Majors
Si02 75.01 79.14 84.61 78.84 80.54 73.65 86.49 88.29
TiOz 0.35 0.42 0.15 0.37 0.45 0.36 0.14 0.15
A120  j 12.62 9.49 8.50 10.85 10.37 13.17 6.96 5.99
Fe20 3 2.68 2.49 0.41 2.06 1.38 2.37 0.51 0.39
MnO 0.07 0.13 bd 0.02 0.02 0.03 bd 0.03
MgO 0.90 0.94 bd 0.44 0.38 0.55 0.19 bd
CaO 0.38 0.71 0.15 bd 0.26 0.16 0.25 bd
Na20 6.10 4.41 4.52 4.80 4.88 6.19 3.04 2.99
k 2o 0.38 0.67 0.12 0.65 0.70 0.96 0.49 0.12
PzO, 0.06 0.09 bd 0.03 0.06 0.04 bd bd
LOI 1.06 1.02 0.14 1.24 0.86 1.23 0.48 0.40
Total 99.62 99.51 98.74 99.38 99.87 98.70 98.58 98.44

Traces

Sc 12.4 9.6 3.8 10.1 10.2 10.6 3.9 4.1
V 29.2 43.9 328.4 25.1 17.8 48.7 9.4 5.7
Cr 35.2 20.7 58.2 bd bd 45.1 29.2 bd
Co bd 4.5 36.9 3.6 bd 4.0 bd bd
Ni 31.0 27.7 91.1 bd bd 113.5 52.1 bd
Cu 31.3 36.2 149.3 15.7 23.5 37.0 10.5 10.2
Ga 13.5 9.0 17.2 10.5 10.3 12.5 5.4 3.8
Rb 3.3 7.2 76.4 10.0 5.8 5.4 4.5 1.6
Sr 43.0 34.8 487.9 49.4 16.3 23.6 23.8 11.7
Y 52.7 32.6 23.7 20.2 46.6 47.4 18.2 6.1
Zr 154.2 86.9 70.3 109.1 141.7 187.8 70.1 56.1
Nb 1.86 1.38 1.64 1.45 1.80 2.38 1.16 0.77
Ba 71.9 316.7 1285.9 160.2 82.9 1122 92.8 36.9
Hf 3.85 2.04 1.81 3.09 3.79 4.90 1.78 1.46
Ta 0.17 0.12 0.10 0.13 0.15 0.18 0.10 0.07
Pb 5.64 10.23 bd bd bd bd bd 7.76
Th 0.96 0.36 1.00 0.53 0.67 0.78 0.23 0.24
U 0.78 0.44 0.42 0.40 0.53 0.65 0.31 0.30

REEs
La 9.72 6.35 10.26 3.12 4.72 6.33 2.32 1.96
Ce 20.20 14.08 22.19 11.83 12.92 10.81 5.79 3.08
Pr 3.62 2.34 3.68 1.57 2.57 2.71 1.07 0.45
Nd 18.41 11.78 16.89 7.73 13.75 13.00 5.39 1.98
Sm 5.51 3.27 4.38 2.31 4.28 4.10 1.63 0.53
Eu 1.23 0.91 1.62 0.56 0.79 0.75 0.33 0.13
Gd 6.14 3.76 3.99 2.24 4.83 4.57 1.74 0.41
Tb 1.20 0.73 0.61 0.40 0.98 0.85 0.37 0.10
Dy 7.77 4.60 3.74 2.86 6.15 6.02 2.50 0.88
Ho 1.59 0.96 0.71 0.61 1.31 1.28 0.53 0.22
Er 5.11 2.93 2.07 2.17 3.95 4.20 1.66 0.88
Tm 0.85 0.46 0.32 0.40 0.65 0.70 0.28 0.17
Yb 5.81 3.13 2.10 2.95 4.44 4.72 1.94 1.44
Lu 0.93 0.52 0.32 0.51 0.73 0.75 0.32 0.28
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5.2. Tobago Island, continued
Mount Dillon Formation, North Coast Schist, continued

INT/13-2/3

Location Mt. Dillon
Type CA-RHY

Majors
S1O2 74.85
Ti02 0.30
AI2O3 12.38
Fe203 2.05
MnO 0.04
MgO 0.95
CaO 3.15
Na20 2.40
K20 1.38
P2O3 0.04
LOI 1.23
Total 98.76

Traces

Sc 10.7
V 21.5
Cr bd
Co bd
Ni bd
Cu 15.6
Ga 10.0
Rb 12.3
Sr 74.0
Y 46.5
Zr 204.4
Nb 2.56
Ba 68.3
Hf 4.99
Ta 0.23
Pb bd
Th 0.75
U 0.53

REEs
La 7.28
Ce 21.46
Pr 3.29
Nd 15.55
Sm 4.43
Eu 0.70
Gd 5.06
Tb 0.95
Dy 6.48
Ho 1.36
Er 4.32
Tm 0.74
Yb 5.01
Lu 0.86
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5.2. Tobago Island, continued

Amphibolites, North Coast Schist
♦Geochemically, this sample is similar to the Karv or Mount Dillon Formation of the NCS, but is identical in the 

field to the distinct relict-plagioclase-phyric amphibolites. See text for details.

INT/8-3/4* INT/8-3/3 INT/8-3/5 INT/8-3/6 DY3D359 DY3D558

Location Inverawe River
Type CA-AM MOR-AM MOR-AM MOR-AM MOR-AM MOR-AM

Majors
Si02 48.34 51.58 49.13 48.65 50.91 49.71
Ti02 0.91 1.88 2.14 1.13 1.22 1.27
a i2o , 19.85 15.72 15.99 20.19 20.05 16.57
FezOj 11.73 10.20 10.80 8.08 7.57 9.44
MnO 0.18 0.16 0.24 0.14 0.15 0.16
MgO 4.04 5.82 6.07 5.32 4.23 6.13
CaO 8.61 7.99 11.09 13.54 12.17 12.59
Na20 2.83 5.03 4.46 2.09 1.84 3.06
k 2o 0.99 0.12 0.18 0.07 0.08 0.28
p 2o . 0.18 0.19 0.23 0.11 0.16 0.14
LOI 2.79 1.09 1.19 1.98 1.78 1.38
Total 100.45 99.78 101.52 101.30 100.16 100.71

Traces

Sc 33.0 38.8 43.9 27.3 28.3 36.8
V 369.5 260.5 330.8 192.0 197.7 226.5
Cr 43.4 209.0 209.0 225.7 321.6 294.6
Co 20.2 42.0 51.1 34.0 37.0 39.3
Ni 119.0 133.5 73.1 66.5 96.8 138.2
Cu 129.2 74.0 77.5 80.2 72.6 105.3
Ga 17.1 16.3 19.0 15.6 16.7 16.8
Rb 19.0 1.6 2.7 0.6 0.5 4.2
Sr 370.8 130.3 57.6 192.9 183.8 177.7
Y 18.7 36.6 47.0 24.9 27.1 28.6
Zr 50.6 112.4 173.7 77.2 75.6 82.5
Nb 0.96 2.69 4.26 1.85 2.18 1.77
Ba 409.7 50.6 74.8 32.2 26.2 44.8
Hf 1.38 2.43 3.79 1.85 1.69 1.97
Ta 0.06 0.19 0.28 0.13 0.12 0.16
Pb bd 6.15 bd bd bd bd
Th 0.85 0.19 0.20 0.03 0.08 0.06
U 0.32 0.11 0.09 0.04 0.04 0.03

REEs
La 7.55 4.43 6.06 2.69 2.66 2.63
Ce 15.46 12.64 17.77 8.14 8.80 9.06
Pr 2.52 2.18 3.08 1.45 1.56 1.62
Nd 11.50 12.00 15.53 7.67 7.81 8.37
Sm 3.01 3.97 5.22 2.62 2.75 2.90
Eu 1.01 1.25 1.64 0.91 0.97 1.07
Gd 2.92 4.67 5.91 3.13 3.28 3.48
Tb 0.46 0.91 1.08 0.56 0.58 0.62
Dy 2.89 5.72 7.25 3.86 3.98 4.31
Ho 0.55 1.11 1.40 0.76 0.78 0.84
Er 1.65 3.27 4.28 2.25 2.30 2.45
Tm 0.25 0.51 0.67 0.36 0.36 0.39
Yb 1.63 3.37 4.21 2.29 2.18 2.34
Lu 0.25 0.51 0.63 0.34 0.36 0.39
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5.2. Tobago Island, continued 

Karv (Cretaceous Argillite), North Coast Schist
*Man O’ War Hill

DY3D304 DY3D305 DY3D448 DY3D693

Location Main Ridge M’O’ War*
Type IAT-BAS IAT-BAS SED SED

Majors
Si02 45.73 51.69 59.87 63.45
TiOz 0.76 0.87 0.78 0.62
a i2o 3 19.69 16.19 15.05 14.66
Fe20 3 9.43 8.72 7.22 5.40
MnO 0.21 0.26 0.17 0.14
MgO 8.30 7.21 3.11 3.74
CaO 8.89 4.33 0.76 2.59
Na20 0.57 4.47 6.92 2.75
k 2o 2.35 1.66 0.43 1.64
p 2o 3 0.07 0.23 0.10 0.13
LOI 3.82 3.49 6.64 4.05
Total 99.83 99.11 101.05 99.16

Traces

Sc 42.0 38.8 29.0 20.9
V 284.2 310.5 375.1 154.2
Cr 492.2 205.8 166.8 77.8
Co 43.0 47.3 23.6 23.3
Ni 171.0 190.1 83.2 41.3
Cu 107.2 156.3 171.8 75.3
Ga 22.3 15.7 16.6 19.7
Rb 23.4 19.0 7.1 33.1
Sr 174.4 83.4 56.1 128.6
Y 26.2 26.9 31.1 43.1
Zr 56.8 62.0 71.4 153.4
Nb 0.56 0.61 1.21 2.24
Ba 857.8 695.7 94.6 535.8
Hf 1.33 1.51 1.88 4.20
Ta 0.05 0.05 0.09 0.18
Pb bd bd bd bd
Tb 0.21 0.25 0.57 0.78
U 0.29 0.24 1.54 1.06

REEs
La 3.18 3.70 7.59 9.24
Ce 8.23 9.37 10.83 19.86
Pr 1.47 1.74 2.62 3.68
Nd 7.54 8.71 11.69 16.56
Sm 2.55 2.84 3.27 4.66
Eu 0.98 1.01 1.01 1.28
Gd 2.93 3.18 3.73 5.11
Tb 0.51 0.57 0.65 0.89
Dy 3.62 3.92 4.29 5.89
Ho 0.73 0.78 0.86 1.17
Er 2.17 2.31 2.61 3.51
Tm 0.36 0.37 0.42 0.60
Yb 2.24 2.33 2.65 3.68
Lu 0.37 0.38 0.42 0.60
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5.2. Tobago Island, continued
Argyle Formation, Tobago Volcanic Group

INT/1-3/3 DY3D180 INT/16-2/2 INT/8-3/7 DR 132

Location Kendal Road Arjtvle River/Inverawe Roxburgh
Type CA-BA CA-BAS CA-BA IAT-BAS CA-BA

Majors
Si02 51.45 51.20 59.28 50.44 51.21
Ti02 0.93 0.87 0.63 0.12 0.94
ai2o 3 19.07 16.09 14.79 1.24 18.56
Fe20 3 10.45 9.75 7.51 4.62 10.40
MnO 0.17 0.18 0.14 0.09 0.17
MgO 2.93 5.50 3.01 20.99 4.26
CaO 10.21 9.28 7.86 18.60 7.94
NajO 3.36 3.33 2.95 0.19 4.01
k 2o 0.62 1.73 1.17 0.04 1.01
p 2o 3 0.23 0.20 0.19 0.00 0.18
LOI 0.47 1.29 1.64 2.53 1.92
Total 99.89 99.44 99.18 98.86 100.60

Traces

Sc 30.8 35.0 19.9 60.8 28.0
V 385.0 300.8 189.8 56.9 264.6
Cr bd 121.2 27.0 2334.3 91.1
Co 25.3 32.9 19.4 43.2 30.3
Ni bd 106.7 bd 260.7 800.0
Cu 110.0 149.4 54.7 13.0 29.1
Ga 17.5 17.9 14.1 2.3 20.0
Rb 6.9 34.7 23.0 0.3 20.9
Sr 457.1 408.8 368.3 22.1 360.3
Y 23.7 20.1 18.5 2.0 24.3
Zr 73.1 53.2 57.7 3.4 70.6
Nb 1.51 1.34 0.91 bd 1.48
Ba 298.3 675.0 8429 27.1 355.0
Hf 1.97 1.32 1.50 0.12 1.95
Ta 0.11 0.10 0.07 bd 0.13
Pb bd bd bd bd bd
Th 1.64 0.80 1.19 0.11 0.84
U 0.72 0.31 0.70 0.03 0.42

REEs
La 8.50 7.49 8.35 0.44 6.51
Ce 17.67 17.66 16.49 0.86 16.09
Pr 2.70 2.77 2.46 0.18 2.59
Nd 12.11 12.15 10.78 1.00 11.52
Sm 3.32 3.18 2.78 0.36 3.18
Eu 1.08 1.14 0.98 0.13 1.05
Gd 3.44 3.25 2.72 0.31 3.47
Tb 0.59 0.50 0.45 0.05 0.54
Dy 3.54 3.19 2.75 0.35 3.74
Ho 0.70 0.61 0.53 0.07 0.72
Er 2.04 1.73 1.59 0.19 2.18
Tm 0.34 0.28 0.26 0.03 0.35
Yb 2.19 1.71 1.71 0.17 2.07
Lu 0.35 0.27 0.28 0.03 0.35
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5.2. Tobago Island, continued 

Bacolet Formation, Tobago Volcanic Group
•Mount Pleasant, Hillsborough East River and Mount St. George, in turn.

INT/23-2/8 INT/23-2/9 2G-1 2G-2 IG-1C DY2H282 CF2H10 INT/7-2/3

Location Bacolet Bay Pleasant* Hillsb * Mt. St. G*
Type CA-BA CA-BA CA-BAS CA-BAS CA-BAS CA-BA CA-BAS CA-BA

Majors
Si02 50.04 53.13 49.02 51.26 50.58 47.79 49.02 50.34
TiOj 0.71 0.61 0.81 0.72 0.76 0.83 0.81 0.80
a i2o 3 14.12 14.38 16.73 16.38 14.06 18.83 16.73 18.02
Fe20 3 8.81 7.36 11.13 9.09 9.32 9.98 11.13 9.98
MnO 0.16 0.16 0.18 0.15 0.18 0.19 0.18 0.14
MgO 8.89 6.94 7.23 6.80 7.56 5.17 7.23 4.69
CaO 11.79 12.87 10.41 10.60 9.57 10.80 10.41 7.74
NazO 1.91 1.70 1.80 2.70 2.19 2.74 1.80 3.70
k 2o 0.47 0.45 0.29 0.48 1.39 0.95 0.29 1.45
p 2o 3 0.10 0.14 0.11 0.10 0.22 0.12 0.11 0.19
LOI 2.58 2.34 3.17 3.09 3.38 2.16 3.17 2.56
Total 99.59 100.06 100.87 101.37 99.21 99.56 100.87 99.62

Traces

Sc 50.8 51.7 45.2 38.8 32.9 36.3 45.2 31.8
V 307.5 271.7 324.7 259.4 231.3 315.5 324.7 287.7
Cr 203.0 264.5 179.7 241.3 370.9 64.0 179.7 31.3
Co 33.0 29.4 38.6 43.4 36.1 29.3 38.6 31.6
Ni 39.0 64.6 56.1 319.3 138.0 bd 56.1 bd
Cu 133.2 105.3 129.7 110.5 99.7 95.1 129.7 98.5
Ga 14.6 13.1 18.1 16.2 15.7 19.5 18.1 16.8
Rb 9.7 6.3 3.9 8.7 23.2 17.9 3.9 25.6
Sr 268.0 249.6 301.3 292.9 360.0 348.8 301.3 459.1
Y 17.2 15.0 16.5 17.3 20.1 19.5 16.5 19.3
Zr 38.8 25.3 45.5 47.0 66.1 44.2 45.5 46.2
Nb 0.77 0.45 0.86 1.16 1.74 0.87 0.86 1.10
Ba 326.7 274.7 189.3 347.9 353.9 405.5 189.3 623.6
Hf 1.17 0.81 1.16 1.24 1.76 1.10 1.16 1.39
Ta 0.05 0.03 0.07 0.10 0.14 0.05 0.07 0.08
Pb 6.50 bd bd bd bd bd bd bd
Th 0.58 0.35 0.54 0.51 0.84 0.52 0.54 0.90
U 0.29 0.18 0.18 0.22 0.33 0.20 0.18 0.28

REEs
La 4.49 3.13 4.19 4.25 7.03 4.62 4.19 6.75
Ce 10.13 7.07 10.94 10.48 17.19 11.21 10.94 14.39
Pr 1.74 1.20 1.85 1.71 2.67 1.87 1.85 2.28
Nd 8.39 5.88 8.70 8.04 11.89 8.81 8.70 10.46
Sm 2.47 1.80 2.50 2.32 3.14 2.49 2.50 2.86
Eu 0.82 0.67 0.85 0.86 1.03 0.90 0.85 1.01
Gd 2.48 2.04 2.59 2.49 3.20 2.80 2.59 2.86
Tb 0.41 0.36 0.41 0.40 0.50 0.45 0.41 0.49
Dy 2.70 2.19 2.72 2.75 3.16 3.10 2.72 2.88
Ho 0.52 0.44 0.51 0.52 0.60 0.59 0.51 0.56
Er 1.55 1.28 1.49 1.53 1.83 1.79 1.49 1.66
Tm 0.24 0.20 0.24 0.24 0.29 0.28 0.24 0.27
Yb 1.53 1.26 1.45 1.48 1.71 1.74 1.45 1.71
Lu 0.24 0.21 0.23 0.24 0.28 0.28 0.23 0.27
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5.2. Tobago Island, continued
Goldsborough Formation, Tobago Volcanic Group

INT/8-3/2 INT/8-3/1 DY2F275 INT/4-3/2 INT/4-3/1 INT/11-3/7 DY-2J-27 DY-2J-11

Location Inland from Pembroke Studley Park, Granby Point and towards Goodwood
Type IAT-BAS CA-BA CA-BA CA-BA CA-DAC CA-BA CA-BA CA-BAS

Majors
Si02 50.16 48.00 60.13 59.98 56.77 57.64 52.03 49.28
Ti0 2 0.51 0.85 0.51 0.86 0.85 0.80 0.84 0.79
AI2O3 7.18 17.75 17.32 15.80 16.48 15.65 17.21 14.12
Fe203 8.76 11.27 5.38 7.98 8.66 8.52 9.05 10.54
MnO 0.19 0.12 0.15 0.14 0.13 0.18 0.26 0.21
MgO 13.82 1.40 2.41 2.04 1.31 2.43 3.04 9.25
CaO 17.99 17.82 5.38 2.96 10.84 6.87 10.22 10.57
Na20 0.37 0.47 5.74 6.19 2.40 2.60 4.04 2.21
K20 0.17 0.04 0.71 1.84 0.06 2.22 0.86 1.33
p2o 3 0.05 0.27 0.20 0.34 0.35 0.28 0.14 0.10
LOI 1.69 1.64 2.13 1.73 2.74 1.89 3.00 2.11
Total 100.90 99.64 100.07 99.86 100.59 99.07 100.69 100.50

Traces

Sc 98.7 22.6 10.2 20.5 20.1 19.9 32.1 38.5
V 346.8 30Z8 156.1 140.1 157.2 187.4 310.2 289.0
Cr 852.5 24.9 47.5 bd bd bd 59.6 399.6
Co 43.4 39.2 15.4 14.4 11.7 15.7 31.7 48.1
Ni 124.2 bd bd bd bd bd 35.8 151.1
Cu 38.2 371.4 92.6 70.6 41.2 70.8 173.3 98.0
Ga 8.0 22.1 22.4 16.4 23.7 15.2 21.0 16.2
Rb 0.7 bd 8.7 25.9 0.9 48.9 19.2 23.1
Sr 59.2 1002.2 506.6 196.7 767.7 301.8 430.4 285.5
Y 10.8 21.0 16.8 40.3 53.1 33.5 21.6 16.1
Zr 18.1 58.1 71.7 126.8 171.5 148.3 64.6 37.4
Nb 0.16 1.14 2.91 1.75 2.71 2.51 1.30 0.83
Ba bd bd 494.6 650.8 25.1 676.3 247.5 605.3
Hf 0.58 1.53 1.58 3.22 4.21 3.61 1.57 0.86
Ta bd 0.07 0.16 0.13 0.18 0.14 0.11 0.07
Pb bd bd bd bd 6.76 bd bd bd
Th 0.21 0.58 0.52 3.25 3.31 2.65 0.63 0.25
U 0.08 0.42 0.32 1.36 1.47 0.94 0.49 0.12

REEs
La 2.15 6.34 5.83 19.43 24.75 15.74 5.27 2.79
Ce 5.37 14.67 13.47 41.65 46.62 33.96 12.40 6.95
Pr 0.94 2.37 1.97 6.06 7.54 4.95 2.07 1.11
Nd 4.78 11.17 8.47 26.08 31.53 21.37 9.45 5.55
Sm 1.49 3.04 2.12 6.44 8.22 5.30 2.59 1.83
Eu 0.50 0.94 0.75 1.73 2.11 1.51 0.90 0.72
Gd 1.56 3.08 2.15 6.15 7.89 5.16 2.84 2.04
Tb 0.27 0.52 0.34 1.01 1.40 0.84 0.46 0.34
Dy 1.68 3.09 2.22 5.87 8.56 4.89 3.14 2.41
Ho 0.34 0.61 0.45 1.14 1.61 0.95 0.60 0.45
Er 0.96 1.80 1.36 3.37 4.79 2.81 1.75 1.26
Tm 0.15 0.29 0.23 0.56 0.80 0.46 0.29 0.21
Yb 0.95 1.89 1.48 3.66 5.32 2.99 1.76 1.19
Lu 0.15 0.30 0.26 0.60 0.82 0.50 0.29 0.19
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5.2. Tobago Island, continued
Goldsborough Formation, Tobago Volcanic Group, continued

DY2J262 DY2H298 DY2JN24 INT/8-3/2

Location [ Studley Park, Granby Point and towards Goodwood
Type

Majors

CA-BAS CA-BA CA-BAS IAT-BAS

SiOi 48.94 57.14 51.97 49.77
TiO, 0.84 0.91 0.91 0.51
AI2O3 17.03 17.12 16.57 6.72
FezOj 11.18 7.87 10.78 8.86
MnO 0.22 0.19 0.18 0.19
MgO 4.84 2.92 4.09 13.83
CaO 9.84 6.52 8.16 17.81
Na20 3.15 4.04 3.40 0.36
K20 1.78 1.62 1.26 0.17
P2O5 0.12 0.24 0.23 0.06
LOI 3.36 1.52 2.17 1.69
Total 101.28 100.09 99.72 99.97

Traces

Sc 41.2 17.6 30.2 96.5
V 332.4 218.0 326.3 329.7
Cr 73.5 85.5 49.4 890.5
Co 45.8 22.2 33.7 44.7
Ni 34.2 254.7 26.4 93.6
Cu 131.4 144.6 153.8 23.2
Ga 22.5 20.4 19.1 8.2
Rb 37.5 32.3 26.4 0.7
Sr 347.1 516.3 314.9 63.9
Y 20.1 24.0 23.5 11.5
Zr 55.5 88.5 73.3 20.6
Nb 1.17 1.97 1.57 0.19
Ba 647.9 1002.2 516.3 bd
Hf 1.32 2.24 1.79 0.67
Ta 0.09 0.17 0.10 bd
Pb bd bd bd bd
Th 0.53 1.22 0.96 0.22
U 0.20 0.46 0.39 0.08

REEs
La 4.99 9.50 7.39 2.30
Ce 11.73 20.40 17.78 5.77
Pr 1.91 3.25 2.74 1.01
Nd 8.75 13.77 12.31 5.12
Sm 2.52 3.60 3.35 1.57
Eu 0.92 1.18 1.08 0.53
Gd 2.64 3.51 3.48 1.70
Tb 0.44 0.53 0.55 0.29
Dy 2.87 3.57 3.59 1.83
Ho 0.55 0.66 0.67 0.36
Er 1.58 1.93 1.99 1.02
Tm 0.26 0.32 0.32 0.16
Yb 1.55 1.95 1.95 1.01
Lu 0.25 0.32 0.31 0.16
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5.2. Tobago Island, continued 

Undifferentiated Units, Tobago Volcanic Group
•Patience Hill

INT/3-2/1 INT/7-2/1 INT/13-2/5 INT/13-2/4 IC-1B IC-53 IC-11 IF-39

Location Blackrock Pat’ Hill*
Type CA-BAS CA-BA CA-BA CA-DAC CA-DAC CA-DAC CA-DAC CA-BA

Majors
Si02 54.57 56.98 50.15 65.69 65.77 64.26 72.84 57.41
TiOj 1.30 0.68 0.96 0.74 0.69 0.70 0.66 0.80
a i2o 3 15.53 15.30 17.58 14.80 12.34 13.41 12.43 16.20
FejOs 12.13 7.31 11.32 6.51 6.23 6.15 5.24 7.47
MnO 0.17 0.18 0.18 0.14 0.15 0.15 0.14 0.15
MgO 4.05 3.23 4.48 1.55 1.10 1.32 0.92 2.61
CaO 4.17 8.22 6.70 2.48 2.41 2.50 2.33 6.45
NazO 4.74 3.57 4.03 4.99 8.54 10.37 2.57 5.54
k 2o 2.25 1.19 1.68 2.03 1.24 0.20 3.26 1.45
P2O5 0.27 0.15 0.22 0.32 0.28 0.29 0.26 0.24
LOI 1.29 3.91 2.15 1.42 0.33 0.97 0.43 1.59
Total 100.47 100.70 99.44 100.67 99.09 100.32 101.08 99.90

Traces

Sc 34.3 31.0 25.5 15.0 12.7 13.2 12.8 14.4
V 344.2 303.4 3422 63.3 60.7 65.4 103.0 165.8
Cr 65.9 64.3 bd bd 117.4 83.4 79.8 22.8
Co 35.0 21.5 31.6 9.6 11.7 11.6 10.2 20.5
Ni 62.1 bd bd 68.4 891.7 bd 41.9 bd
Cu 178.8 73.1 118.1 37.7 67.0 62.0 51.7 40.9
Ga 15.9 14.3 18.4 17.5 17.1 17.8 15.3 20.3
Rb 14.4 22.8 25.4 24.0 24.9 2.7 51.6 41.7
Sr 407.8 308.1 501.6 221.5 93.8 121.2 128.3 610.9
Y 20.8 20.3 24.7 46.8 46.2 44.9 39.2 25.3
Zr 52.0 74.9 68.6 223.5 189.2 196.0 170.5 82.9
Nb 1.13 1.61 1.37 3.74 4.02 4.09 3.35 2.25
Ba 505.6 295.5 514.2 864.8 398.4 48.0 825.9 1037.4
Hf 1.46 1.98 1.77 5.26 4.78 5.12 4.28 1.87
Ta 0.07 0.09 0.09 0.21 0.22 0.27 0.19 0.13
Pb bd bd bd bd bd bd bd bd
Th 0.57 1.18 0.68 3.95 3.85 3.84 3.35 1.25
U 0.31 0.52 0.36 1.66 1.27 1.41 1.12 0.50

REEs
La 5.25 7.94 6.40 22.96 23.34 21.24 19.64 9.83
Ce 12.16 16.81 14.74 48.25 51.80 48.01 42.81 21.10
Pr 2.09 2.48 2.42 6.91 7.28 6.92 6.12 3.24
Nd 10.02 11.13 11.52 29.50 30.31 29.08 25.77 14.09
Sm 2.93 2.98 3.34 7.18 7.23 6.96 6.19 3.58
Eu 1.02 0.93 1.17 1.88 1.76 1.89 1.58 1.19
Gd 2.97 2.95 3.48 6.92 6.73 6.67 5.94 3.59
Tb 0.50 0.51 0.60 1.13 1.05 1.01 0.87 0.57
Dy 3.22 3.06 3.65 6.60 6.60 6.32 5.58 3.60
Ho 0.62 0.60 0.72 1.29 1.27 1.24 1.09 0.69
Er 1.91 1.76 2.13 3.90 3.78 3.64 3.18 2.03
Tm 0.30 0.29 0.35 0.65 0.63 0.59 0.52 0.34
Yb 1.91 1.87 2.20 4.26 3.87 3.71 3.22 2.09
Lu 0.29 0.30 0.36 0.70 0.64 0.62 0.54 0.34
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5.2. Tobago Island, continued
Undifferentiated Units, Tobago Volcanic Group, continued

INT/23-2/5 INT/23-2/4 INT/26-1/2 INT/23-2/2 INT/23-2/3 INT/28-2/6a INT/28-2/6b INT/29-2/1

Location Minster Point Gordon Bay Merchison
Type CA-BAS CA-BA CA-BAS CA-BA CA-BA CA-BAS CA-BAS CA-BAS

Majors
Si02 49.32 50.53 49.69 49.50 50.80 48.25 47.99 48.45
T i02 0.99 0.76 1.02 0.91 0.98 0.86 0.90 0.66
AI2O3 17.09 16.80 16.96 17.34 18.57 18.41 18.94 9.04
Fe203 10.66 9.63 11.55 11.14 9.78 10.91 10.94 10.76
MnO 0.17 0.13 0.17 0.19 0.15 0.15 0.14 0.17
MgO 5.84 6.99 7.09 4.19 3.80 6.14 6.45 16.76
CaO 10.63 9.79 10.00 8.49 8.47 11.41 11.80 12.60
NazO 2.99 2.43 3.88 3.57 2.85 1.82 1.80 1.56
KzO 0.83 0.49 0.64 1.76 1.63 0.36 0.36 0.38
p2o 3 0.17 0.10 0.12 0.22 0.30 0.08 0.07 0.12
LOI 1.58 2.56 2.97 1.81 1.61 0.88 0.88 0.84
Total 100.27 100.21 104.09 99.11 98.92 99.27 100.28 101.34

Traces

Sc 41.2 37.5 45.0 32.1 25.6 40.1 40.2 66.8
V 380.2 380.2 289.7 339.8 390.9 412.4 338.7 256.5
Cr 76.3 19.3 129.2 13.7 42.6 93.4 46.7 962.8
Co 36.8 29.4 36.8 27.8 25.5 32.0 33.6 43.6
Ni 25.2 bd 54.6 375.7 95.4 439.6 30.2 214.0
Cu 122.2 248.5 91.1 56.6 205.2 108.0 113.6 80.9
Ga 15.6 18.3 15.7 19.1 19.1 16.8 17.3 10.4
Rb 14.5 45.5 11.5 10.0 19.0 4.6 4.5 0.9
Sr 455.0 233.2 289.3 427.8 606.2 309.6 321.4 92.6
Y 20.5 30.6 17.2 21.2 25.1 18.2 18.5 12.6
Zr 57.8 90.6 47.1 50.1 86.8 30.1 32.1 25.6
Nb 1.24 1.91 0.87 0.78 1.73 0.61 0.44 0.45
Ba 640.6 1755.4 333.5 423.4 1377.3 210.4 217.0 58.2
Hf 1.56 2.41 1.29 1.43 2.32 0.97 1.05 0.82
Ta 0.08 0.13 0.06 0.06 0.12 0.05 0.04 0.03
Pb bd 5.56 bd bd bd bd bd bd
Th 0.69 1.40 0.47 0.68 1.60 0.44 0.33 0.43
U 0.23 0.58 0.29 0.27 0.70 0.21 0.18 0.14

REEs
La 6.33 11.23 4.78 5.72 10.66 2.92 2.71 3.78
Ce 13.87 23.29 10.64 12.47 22.49 6.97 6.60 8.09
Pr 2.33 3.84 1.77 2.03 3.51 1.18 1.15 1.40
Nd 10.82 17.79 8.39 9.74 15.78 5.98 5.91 6.67
Sm 3.07 4.80 2.43 2.75 4.04 2.02 2.02 1.96
Eu 1.11 1.79 0.88 0.93 1.37 0.75 0.75 0.63
Gd 3.04 4.61 2.41 2.92 3.95 2.29 2.33 2.00
Tb 0.51 0.75 0.41 0.48 0.63 0.43 0.44 0.33
Dy 3.26 4.73 2.71 3.28 3.74 2.75 2.81 1.97
Ho 0.63 0.91 0.52 0.63 0.73 0.55 0.55 0.38
Er 1.89 2.73 1.58 1.93 2.15 1.62 1.65 1.07
Tm 0.30 0.43 0.25 0.31 0.35 0.26 0.27 0.17
Yb 1.91 2.85 1.65 2.07 2.23 1.69 1.70 1.06
Lu 0.29 0.43 0.25 0.33 0.36 0.27 0.27 0.17
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5.2. Tobago Island, continued
Undifferentiated Units, Tobago Volcanic Group, continued

INT/19-2/1 INT/6-3/3 INT/6-3/1 INT/19-2/2 INT/6-3/2 INT/7-3/6

Location
Type

Hillsborough West River Plymouth

Major
SiC>2 47.92 46.34 51.03 46.39 48.88 51.00
T i02 0.85 0.82 0.80 0.86 0.87 0.74
AI2O3 19.90 16.09 18.68 19.22 18.16 17.85
Fe203 10.62 10.05 8.81 10.49 10.21 9.22
MnO 0.18 0.18 0.15 0.20 0.18 0.15
MgO 5.28 7.38 3.95 5.94 6.40 5.93
CaO 11.52 9.42 9.53 10.28 10.21 10.52
Na20 2.45 3.12 2.34 2.34 1.99 2.34
K20 0.48 1.20 0.62 1.12 0.59 0.26
p2o 3 0.14 0.21 0.16 0.12 0.15 0.17
LOI 1.68 4.61 2.70 2.10 2.66 0.80
Total 101.03 99.43 98.77 99.05 100.30 98.97

Traces

Sc 34.7 37.0 33.8 41.8 38.7 40.6
V 354.8 320.5 285.6 353.2 429.1 294.1
Cr 109.5 204.0 bd 20.9 43.0 37.5
Co 29.5 36.4 24.8 24.9 29.9 29.3
Ni 45.6 71.6 bd 21.3 29.8 33.1
Cu 142.7 111.5 81.6 63.5 73.6 93.8
Ga 17.3 18.7 18.3 19.2 17.4 16.4
Rb 33.0 22.8 10.0 22.6 8.8 3.2
Sr 574.1 422.2 361.2 432.5 362.7 248.6
Y 22.2 21.2 19.0 20.8 20.4 21.8
Zr 65.1 56.6 41.4 40.4 37.2 34.6
Nb 1.48 1.41 0.56 0.51 0.50 0.52
Ba 8823 601.5 359.4 363.3 301.5 176.6
Hf 1.79 1.58 1.30 1.28 1.21 1.12
Ta 0.10 0.09 0.04 0.03 0.04 0.04
Pb bd bd bd bd bd bd
Th 1.11 0.97 0.41 0.49 0.46 0.38
U 0.47 0.39 0.21 0.20 0.21 0.18

REEs
La 8.83 8.18 3.56 3.88 4.02 3.86
Ce 18.30 17.73 8.66 9.11 9.50 8.79
Pr 2.91 2.75 1.47 1.55 1.63 1.49
Nd 13.14 12.59 7.25 7.70 8.12 7.41
Sm 3.53 3.40 2.26 2.48 2.50 2.34
Eu 1.24 1.17 0.84 0.87 0.91 0.82
Gd 3.34 3.33 2.49 2.71 2.77 2.73
Tb 0.54 0.55 0.45 0.49 0.49 0.48
Dy 3.44 3.22 2.82 3.10 3.03 3.06
Ho 0.66 0.62 0.56 0.62 0.60 0.61
Er 1.99 1.81 1.69 1.83 1.79 1.81
Tm 0.32 0.29 0.27 0.30 0.28 0.28
Yb 2.03 1.93 1.78 1.94 1.86 1.84
Lu 0.31 0.31 0.29 0.30 0.29 0.29
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5.2. Tobago Island, continued 

Undifferentiated volcanogenic sediments, Tobago Volcanic Group
*Th is below the limit of detection so this rock cannot be defined using the Th-Co diagram. Due to the high

MgO, low Si02 and low REE, this is a tholeiitic basalt.
INT/6-3/8 INT/6-3/5 INT/6-3/10a INT/6-3/9 INT/6-3/9 INT/6-3/4 INT/6-3/6 INT/6-3/10b

Location Hillsborough West River
Type CA-BA n/a* CA-BA CA-BA CA-BAS CA-BA CA-BA CA-BA

Majors
SiC>2 49.83 45.91 49.32 47.23 46.61 46.77 48.36 48.41
Ti02 0.82 0.80 0.93 0.92 0.91 0.92 0.80 0.90
AI2O3 18.18 18.57 20.01 17.93 17.72 19.53 18.82 19.55
Fe203 10.22 10.28 10.18 10.70 11.04 10.93 10.11 10.09
MnO 0.18 0.19 0.15 0.18 0.18 0.17 0.17 0.15
MgO 6.09 7.19 4.54 6.65 6.52 6.15 5.35 4.60
CaO 11.56 10.86 8.46 10.74 11.13 9.98 10.49 8.08
Na20 2.12 2.32 2.69 2.50 2.15 1.62 2.10 2.68
k 2o 0.28 1.28 1.33 0.52 0.52 0.47 0.52 1.33
p2o 5 0.12 0.12 0.17 0.11 0.10 0.12 0.13 0.16
LOI 1.27 2.56 2.84 2.77 2.77 2.99 2.15 2.84
Total 100.68 100.08 100.61 100.26 99.65 99.67 98.99 98.76

Traces

Sc 37.9 40.1 31.9 52.8 54.8 35.0 34.5 31.1
V 333.0 465.2 306.4 419.3 520.7 407.4 380.6 283.3
Cr 67.6 35.3 13.5 22.2 22.5 29.2 17.5 15.2
Co 33.5 41.2 29.3 31.2 34.3 29.4 27.8 26.4
Ni 28.8 30.5 bd 21.1 26.2 21.9 bd bd
Cu 194.1 103.2 92.0 82.8 73.7 71.9 45.5 100.9
Ga 16.1 19.1 18.7 17.1 17.5 17.9 18.4 16.7
Rb 16.3 3.2 26.3 6.9 6.9 7.0 7.4 23.8
Sr 401.7 579.9 408.7 318.1 307.4 364.9 355.1 403.1
Y 20.2 20.5 24.2 20.2 20.1 21.9 19.7 21.5
Zr 48.2 23.9 59.6 31.0 31.7 39.7 37.7 50.4
Nb 1.12 1.80 1.11 0.41 0.41 0.66 0.53 1.02
Ba 4423 149.1 566.0 272.1 269.8 353.8 341.2 515.5
Hf 1.36 0.89 1.74 1.06 1.03 1.29 1.21 1.45
Ta 0.07 0.09 0.08 0.03 0.03 0.04 0.04 0.07
Pb bd bd bd bd bd bd bd bd
Th 0.74 bd 0.79 0.47 0.46 0.54 0.55 0.81
U 0.35 0.02 0.32 0.19 0.18 0.20 0.25 0.32

REEs
La 7.14 2.77 5.75 4.00 4.05 4.22 4.06 5.20
Ce 15.19 7.73 13.41 9.01 9.16 9.82 9.32 12.06
Pr 2.49 1.53 2.23 1.54 1.56 1.69 1.58 1.98
Nd 11.35 8.63 10.58 7.60 7.69 8.46 7.67 9.30
Sm 3.09 3.01 3.14 2.39 2.37 2.68 2.33 2.73
Eu 1.05 1.02 1.08 0.87 0.87 0.95 0.86 0.97
Gd 3.07 3.22 3.33 2.69 2.68 2.96 2.64 2.96
Tb 0.49 0.54 0.59 0.48 0.49 0.52 0.46 0.52
Dy 3.09 3.45 3.62 3.03 3.03 3.25 2.91 3.23
Ho 0.59 0.64 0.72 0.60 0.61 0.65 0.59 0.64
Er 1.80 1.83 2.13 1.77 1.79 1.92 1.73 1.89
Tm 0.28 0.28 0.35 0.28 0.28 0.31 0.28 0.31
Yb 1.82 1.66 2.20 1.81 1.79 1.98 1.85 1.97
Lu 0.28 0.25 0.36 0.28 0.28 0.31 0.29 0.32
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5.2. Tobago Island, continued 

Undifferentiated volcanogenic sediments, Tobago Volcanic Group, continued
•Minster Point, Little Tobago Island and Speyside Bay South in turn.

INT/23-2/1 INT/14-3/1 INT/11-3/1

Location Minster P* Little Tob* Speys,,,,
Type CA-BA CA-BA CA-BA

Majors
Si02 48.56 41.57 50.62
TiOj 0.84 1.29 0.69
AI1O3 17.07 18.15 16.72
FejOj 10.17 13.32 9.77
MnO 0.15 0.16 0.09
MgO 5.81 7.60 8.29
CaO 11.15 13.31 8.06
Na20 2.79 1.73 1.46
k 2o 0.80 0.31 0.24
p2o 3 0.17 0.04 0.06
LOI 2.91 3.51 4.79
Total 100.42 101.00 100.80

Traces

Sc 38.7 41.1 48.3
V 319.9 304.1 306.6
Cr 20.2 61.9 199.9
Co 29.4 31.7 32.6
Ni 24.0 59.4 84.9
Cu 60.9 73.4 85.3
Ga 18.0 17.7 14.5
Rb 6.2 24.7 2.4
Sr 356.1 383.1 161.8
Y 21.6 20.1 18.8
Zr 49.0 43.1 33.1
Nb 0.80 0.65 0.22
Ba 318.8 535.9 69.4
Hf 1.42 1.22 1.07
Ta 0.05 0.04 bd
Pb bd bd bd
Th 0.58 0.40 0.31
U 0.23 0.16 0.15

REEs
La 4.85 3.73 2.28
Ce 10.59 8.53 5.77
Pr 1.83 1.51 1.03
Nd 8.92 7.56 5.31
Sm 2.74 2.43 1.84
Eu 0.96 0.95 0.63
Gd 2.85 2.64 2.19
Tb 0.49 0.45 0.42
Dy 3.23 3.04 2.76
Ho 0.64 0.60 0.58
Er 1.97 1.85 1.72
Tm 0.32 0.30 0.29
Yb 2.10 1.95 1.86
Lu 0.33 0.30 0.30
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5.2. Tobago Island, continued
Deformed mafic volcanic-plutonic complexes, Tobago Pluton

INT/28-2/5 INT/4-2/4 INT/11-3/2 INT/6-3/11 INT/6-3/13 INT/6-3/15 INT/6-3/16 INT6-3/12

Location Anse Flamengo Complex Richmond River Complex
Type Deformed Deformed Deformed Deformed Deformed Deformed Deformed Deformed

Majors
ultramafic gabbro gabbro volcanic gabbro gabbro gabbro gabbro

Si02 48.83 52.17 46.21 44.63 47.41 48.37 46.42 48.55
Ti02 0.38 0.74 1.11 0.58 1.85 0.82 1.01 0.72
a i2o 3 3.32 19.18 15.57 15.19 16.81 15.47 14.14 16.23
Fe20 3 7.22 9.10 14.61 6.55 11.53 11.43 9.72 8.42
MnO 0.13 0.17 0.23 0.10 0.20 0.18 0.17 0.14
MgO 17.21 4.69 7.09 7.24 7.51 7.69 11.18 5.23
CaO 21.60 8.33 9.61 8.11 10.28 11.33 13.58 9.86
Na20 0.42 3.90 3.38 3.73 3.85 2.82 1.66 5.21
k 2o 0.04 0.86 0.39 0.68 0.25 0.54 0.40 0.77
P2O5 bd 0.13 0.22 0.10 0.21 0.20 0.03 0.49
LOI 0.96 1.41 1.07 12.55 1.40 0.75 2.43 3.77
Total 100.13 100.69 99.51 99.46 101.30 99.61 100.73 99.40

Traces

Sc 103.8 24.7 44.5 18.2 35.0 40.5 110.5 29.4
V 170.8 239.2 408.3 181.4 249.8 275.9 401.4 256.9
Cr 787.8 32.5 80.7 322.3 209.7 226.6 317.2 57.2
Co 43.4 24.2 38.4 31.0 42.9 36.0 37.2 22.8
Ni 111.5 bd 24.4 89.6 55.0 43.9 83.1 24.6
Cu 14.6 57.6 189.1 723.1 210.3 239.2 21.4 94.0
Ga 5.0 18.1 16.3 11.8 14.5 14.1 14.3 15.0
Rb 0.4 14.2 2.4 9.3 3.4 5.3 3.2 12.0
Sr 40.1 420.6 461.9 340.5 284.6 434.0 281.9 236.7
Y 8.6 22.0 25.7 15.2 39.2 19.7 19.6 20.3
Zr 13.3 56.5 40.0 39.0 113.7 53.9 24.5 67.5
Nb 0.12 0.91 1.30 1.38 3.70 1.42 0.83 1.39
Ba 43.1 430.7 280.5 3822 147.0 195.1 160.2 313.6
Hf 0.39 1.55 1.41 1.00 2.62 1.38 0.92 1.74
Ta bd 0.07 0.07 0.08 0.23 0.09 0.05 0.09
Pb bd bd bd bd bd bd bd bd
Th bd 0.49 bd 0.13 0.08 0.69 bd 0.67
U 0.02 0.25 0.01 0.10 0.03 0.26 0.03 0.76

REEs
La 0.76 4.82 5.15 2.20 4.81 8.85 2.50 5.42
Ce 2.39 11.07 13.56 5.78 14.81 19.75 6.84 11.60
Pr 0.52 1.89 2.52 0.98 2.67 3.32 1.33 1.89
Nd 3.07 9.05 12.89 4.92 13.56 15.26 7.12 8.83
Sm 1.19 2.67 3.75 1.56 4.34 3.58 2.48 2.45
Eu 0.41 0.98 1.22 0.61 1.50 1.12 0.87 0.86
Gd 1.39 2.82 4.08 1.88 5.14 3.41 2.92 2.67
Tb 0.23 0.49 0.65 0.33 0.88 0.51 0.50 0.44
Dy 1.51 3.26 4.18 2.26 5.94 3.15 3.31 2.95
Ho 0.27 0.64 0.79 0.44 1.14 0.59 0.62 0.58
Er 0.80 1.99 2.36 1.40 3.45 1.76 1.81 1.79
Tm 0.12 0.33 0.38 0.23 0.53 0.28 0.27 0.29
Yb 0.74 2.16 2.36 1.52 3.43 1.77 1.75 1.94
Lu 0.11 0.34 0.37 0.24 0.53 0.28 0.27 0.31
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5.2. Tobago Island, continued

Ultramafic rocks, Tobago pluton
♦King Peter’s Bay ♦♦Hornblende clinopyroxenite ♦♦♦Olivine clinopyroxenite 

Some of these samples are serpentinised, some may contain amphibole. 
INT/l 1-3/4 INT/16-2/1 INT/21-2/2 INT/21-2/3 INT/21-2/4 INT/27-2/1 INT/8-2/1

Location Delaford Argyle Louis D’Or River Culloden KPBay^
Type H blC px" O lC p x ^ Wehrlite Dunite O lC p x ^ Homblendite O lC p x ^"

Majors
Si02 48.72 47.37 49.49 40.45 49.33 46.20 49.38
TiOj 0.58 0.33 0.43 0.03 0.16 0.62 0.53
a i2o 3 4.64 6.08 7.00 bd 1.29 11.51 5.24
Fe20 3 8.73 9.39 8.16 13.55 7.05 10.39 8.76
MnO 0.14 0.13 0.14 0.22 0.12 0.19 0.17
MgO 15.02 24.33 14.66 42.66 24.23 16.59 15.86
CaO 20.12 10.87 17.05 0.46 16.60 9.74 18.48
Na20 0.43 1.51 1.59 0.27 bd 2.15 0.66
k 2o 0.07 0.06 0.19 bd bd 1.01 0.12
p 2o 5 bd 0.27 0.13 0.03 bd 0.28 bd
LOI 0.73 0.68 1.29 1.80 2.43 0.41 0.99
Total 99.17 101.03 100.12 99.87 101.31 99.09 100.20

Traces

Sc 114.9 45.4 86.4 8.3 71.6 39.7 99.3
V 253.3 186.0 183.9 18.9 73.6 232.5 219.8
Cr 377.2 1794.3 613.2 1273.5 1386.1 1559.4 415.7
Co 41.1 71.0 44.7 140.2 70.7 54.6 48.1
Ni 74.2 370.5 95.6 666.3 249.1 369.5 105.0
Cu 11.4 50.9 66.1 18.1 12.4 25.4 13.2
Ga 7.3 6.8 7.3 1.6 2.4 12.2 7.5
Rb 0.6 bd 1.5 bd bd 21.8 0.8
Sr 63.0 32.4 134.7 bd 28.5 106.9 74.9
Y 9.7 7.1 9.8 bd 3.0 14.2 11.9
Zr 9.9 16.2 16.9 bd bd 37.5 18.5
Nb bd 0.31 0.39 bd bd 1.01 0.48
Ba 265.5 37.4 119.9 37.0 bd 343.5 55.0
Hf 0.40 0.42 0.52 bd bd 1.05 0.69
Ta bd bd 0.03 bd bd 0.06 0.03
Pb bd bd bd bd bd bd bd
Th 0.11 0.13 0.32 bd bd 0.28 0.13
U 0.05 0.07 0.13 0.02 bd 0.09 0.06

REEs
La 1.07 0.98 2.93 bd bd 2.52 1.86
Ce 3.13 2.63 5.72 0.26 0.62 6.26 4.59
Pr 0.67 0.50 0.99 bd 0.15 1.08 0.85
Nd 4.05 2.60 4.82 bd 0.93 5.41 4.67
Sm 1.56 0.87 1.50 bd 0.39 1.71 1.70
Eu 0.55 0.31 0.51 bd 0.13 0.63 0.58
Gd 1.77 1.04 1.61 bd 0.41 2.02 1.94
Tb 0.28 0.17 0.26 bd bd 0.34 0.32
Dy 1.78 1.16 1.67 bd 0.44 2.24 2.05
Ho 0.32 0.22 0.30 bd 0.08 0.43 0.38
Er 0.88 0.63 0.90 bd 0.21 1.28 1.09
Tm 0.13 0.10 0.14 bd bd 0.21 0.16
Yb 0.79 0.63 0.91 bd 0.17 1.32 1.05
Lu 0.12 0.10 0.14 bd bd 0.21 0.16
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5.2. Tobago Island, continued
Gabbro-dioritic rocks, Tobago pluton

INT/l 1-3/3 INT/11-3/6 INT/1-3/5 INT/21-2/1 INT/20-2/1 INT/28-2/4 INT/7-3/3

Location Delaford Queen’s B* Kendal* Louis D’Or Hills W* Celery Bay Amos Bay
Type diorite gabbro gabbro diorite gabbro gabbro gabbro

Majors
Si02 45.78 43.17 48.63 54.85 51.64 42.39 45.72
TiOz 0.44 1.10 0.77 0.72 0.64 1.26 1.25
a i2o 3 26.79 19.91 14.48 18.45 13.20 20.49 15.58
FejOj 7.03 13.22 10.36 5.78 9.24 13.40 11.21
MnO 0.10 0.18 0.17 0.09 0.17 0.13 0.21
MgO 2.91 6.18 8.48 5.07 8.72 6.89 7.80
CaO 13.65 11.22 10.36 8.47 10.07 13.18 11.05
Na20 2.06 2.16 4.20 5.14 3.05 2.02 2.23
k 2o 0.39 1.54 0.50 0.48 1.58 0.40 0.50
p 2o 3 bd 0.47 0.46 bd 0.19 0.05 0.16
LOI 1.47 1.88 1.04 0.41 1.17 0.73 3.18
Total 100.62 101.03 99.44 99.47 99.68 100.96 98.89

Traces
Sc 6.6 31.1 50.4 17.1 43.4 35.9 45.0
V 145.7 415.5 335.4 168.4 247.1 480.9 348.8
Cr bd 21.3 239.8 bd 291.3 bd 95.1
Co 14.0 38.9 35.6 18.2 34.8 41.0 33.9
Ni 30.7 bd 56.1 bd 47.0 34.4 31.6
Cu 35.5 138.4 126.1 14.9 23.5 237.0 34.4
Ga 25.1 19.4 15.9 18.7 13.0 17.4 16.1
Rb 7.4 16.2 5.1 3.9 26.4 3.7 7.2
Sr 747.1 647.2 478.2 461.9 317.6 475.8 328.7
Y 9.6 22.9 14.8 16.8 14.3 15.7 22.9
Zr 7.1 19.7 32.2 12.4 57.4 18.5 47.5
Nb 0.21 0.79 0.94 1.16 1.20 0.77 1.36
Ba 173.9 593.9 913.7 563.5 535.3 171.8 267.7
Hf 0.32 0.74 1.01 0.54 1.45 0.66 1.35
Ta bd 0.04 0.06 0.09 0.08 0.04 0.09
Pb bd bd bd bd bd bd bd
Th bd bd 0.20 bd 1.28 0.11 0.47
U bd 0.02 0.11 0.44 0.56 0.04 0.22

REEs
La 1.23 6.10 5.71 2.05 7.46 2.16 4.69
Ce 2.98 15.57 11.12 5.23 14.76 5.60 10.56
Pr 0.55 2.89 1.78 0.93 2.24 1.08 1.89
Nd 3.13 14.97 8.32 5.05 10.27 5.98 9.67
Sm 1.08 4.30 2.41 1.81 2.79 2.10 3.04
Eu 0.57 1.42 0.92 0.73 0.92 0.82 1.05
Gd 1.21 4.09 2.52 2.21 2.73 2.52 3.46
Tb 0.21 0.63 0.39 0.38 0.40 0.41 0.56
Dy 1.41 3.85 2.48 2.47 2.40 2.68 3.65
Ho 0.27 0.71 0.46 0.48 0.43 0.50 0.70
Er 0.81 2.05 1.33 1.43 1.27 1.42 2.11
Tm 0.13 0.30 0.20 0.22 0.20 0.21 0.33
Yb 0.83 1.84 1.31 1.41 1.29 1.31 2.10
Lu 0.13 0.27 0.20 0.21
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5.2. Tobago Island, continued
Gabbro-dioritic rocks, Tobago pluton, continued

INT/4-2/2 INT/2-3/7 INT/25-1/8 INT/28-2/10 INT/28-2/9 INT/3-2/2 INT/3-2/3

Location Courland River Culloden Bay
Type diorite diorite gabbro norite diorite gabbro gabbro

Majors
SiC>2 53.70 57.53 45.14 46.44 47.12 49.89 44.60
Ti02 0.27 0.67 0.81 1.01 0.40 0.77 0.81
AI2O3 20.66 15.50 20.44 16.52 27.01 16.68 17.56
Fe203 6.20 7.07 11.21 10.53 4.11 10.10 10.76
MnO 0.12 0.13 0.14 0.19 0.05 0.14 0.19
MgO 4.10 4.95 5.46 8.05 2.12 9.17 7.08
CaO 9.37 7.09 12.20 12.71 12.76 11.45 14.25
Na20 4.47 5.01 2.64 2.51 3.97 1.32 2.20
K20 0.45 0.85 0.40 0.28 0.25 0.32 0.20
p2o 3 0.17 0.37 0.60 0.13 0.53 0.07 0.09
LOI 0.82 1.00 0.47 0.94 1.14 1.24 1.30
Total 100.32 100.16 99.51 99.33 99.46 101.15 99.04

Traces

Sc 9.6 30.1 24.0 41.9 11.9 49.5 38.4
V 147.0 241.0 309.5 350.9 143.0 314.4 321.1
Cr 20.3 91.5 bd 116.9 16.4 203.7 126.7
Co 18.7 22.1 28.2 35.4 11.6 41.3 33.9
Ni 35.2 25.6 bd 48.9 27.7 61.8 53.7
Cu 18.6 36.1 153.7 116.3 155.0 96.0 172.2
Ga 19.1 17.8 20.9 16.7 19.9 16.4 17.0
Rb 5.9 10.3 5.7 2.0 1.5 5.5 1.5
Sr 908.0 465.7 895.3 511.1 793.0 242.8 622.9
Y 4.3 15.8 23.5 18.5 7.7 17.1 13.7
Zr 19.5 26.3 27.4 24.1 10.1 42.9 14.4
Nb 0.64 2.72 2.62 1.66 0.80 0.84 0.75
Ba 346.7 325.6 2949.8 211.9 275.3 216.9 189.4
Hf 0.53 1.02 0.99 0.88 0.31 1.23 0.47
Ta 0.05 0.23 0.14 0.09 0.05 0.06 0.05
Pb bd bd bd bd bd bd bd
Th bd 0.60 0.15 0.10 0.13 0.37 0.10
U 0.06 0.28 0.07 0.04 0.06 0.71 0.04

REEs
La 2.50 4.83 10.44 4.07 5.17 3.66 3.07
Ce 4.88 13.37 23.08 9.78 8.75 8.59 6.93
Pr 0.69 2.34 3.76 1.75 1.20 1.50 1.24
Nd 2.99 10.77 16.89 8.84 5.19 7.34 6.39
Sm 0.69 2.82 4.18 2.69 1.29 2.29 1.98
Eu 0.43 0.83 1.41 0.96 0.66 0.79 0.82
Gd 0.64 2.67 4.09 3.01 1.38 2.36 2.24
Tb 0.09 0.42 0.61 0.48 0.21 0.41 0.36
Dy 0.61 2.64 3.75 3.07 1.26 2.75 2.31
Ho 0.11 0.47 0.70 0.57 0.23 0.53 0.43
Er 0.33 1.41 2.06 1.67 0.66 1.61 1.26
Tm 0.05 0.22 0.33 0.26 0.10 0.26 0.19
Yb 0.34 1.36 2.08 1.65 0.62 1.62 1.22
Lu 0.05 0.21 0.34 0.26
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5.2. Tobago Island, continued 

Mafic dykes cross-cutting the North Coast Schist
•Charlotteville and Flagstaff Hill, in turn.

* *Homblende microdiorite 
INT 2-3/4 DR780 DR430 DR509

Location Bloody Bay
Main
Ridge Charlotte’* Flagstaff*

Type CA-BA CA-DAC CA-BA CA-BA
HblMD** HblMD HblMD HblMD

Majors
SiOj 53.93 64.29 63.04 61.31
TiOz 1.09 0.65 0.69 0.73
AI2O3 16.42 13.79 12.04 14.67
FejOj 8.34 5.68 6.79 6.33
MnO 0.11 0.13 0.15 0.13
MgO 6.27 2.40 6.34 3.37
CaO 3.63 4.39 5.61 4.52
Na20 5.09 4.20 3.58 4.42
k 2o 0.06 1.42 1.35 1.81
P2O, 0.20 0.36 0.31 0.35
LOI
Total

3.47
98.61

1.52
98.82

1.56
101.45

1.65
99.28

Traces
Sc bd 13.9 16.9 13.8
V 234.3 131.2 137.4 141.0
Cr 40.2 bd 349.1 61.7
Co 21.6 11.1 22.4 16.9
Ni 38.7 bd 123.1 46.2
Cu 64.3 47.1 45.6 44.3
Ga 15.5 15.8 13.9 17.8
Rb 1.1 24.0 25.9 30.6
Sr 286.3 415.8 286.4 371.3
Y 25.1 29.0 23.5 28.0
Zr 81.0 128.5 117.6 146.3
Nb 4.32 2.86 3.96 4.87
Ba bd 195.7 133.8 226.0
Hf 1.89 2.94 2.57 3.30
Ta 0.28 0.20 0.28 0.34
Pb bd 6.05 bd bd
Th 0.41 0.84 1.45 1.32
U 0.23 0.43 0.60 0.57

REEs
La 6.50 7.99 9.73 11.12
Ce 16.30 19.98 21.02 25.19
Pr 2.56 3.04 3.04 3.69
Nd 12.19 14.41 13.71 16.66
Sm 3.54 3.74 3.39 4.07
Eu 1.08 1.16 1.01 1.23
Gd 3.62 4.03 3.60 4.22
Tb 0.61 0.67 0.57 0.68
Dy 3.94 4.42 3.70 4.35
Ho 0.78 0.89 0.71 0.85
Er 2.28 2.65 2.09 2.54
Tm 0.36 0.44 0.33 0.41
Yb 2.30 2.93 2.17 2.77
Lu 0.36 0.48 0.35 0.45
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5.2. Tobago Island, continued 

Mafic dykes cutting the Volcano-Plutonic Suite and Arnos Vale tonalite
•Microdiorite **Homblende dolerite ***Homblende microdiorite

INT 11-3/5 INT 7-3/1 INT/26-1/4 INT/7-3/2 INT/26-1/6 INT/1-3/2 INT/1-3/6 INT/1-3/7

Location Delaford Amos Bay Kendal Road
Type CA-BA IAT-BAS CA-BAS CA-BA CA-BA CA-BA CA-BA CA-BA

Majors
MD* dolerite HbID** MD MD HblMD*** HblMD dolerite

Si02 49.90 46.22 50.21 48.50 49.80 53.78 54.74 48.84
TiOj 0.90 0.74 0.92 1.00 0.85 0.80 0.91 1.08
AI2O3 17.83 13.33 16.41 17.46 18.84 17.96 15.72 18.47
Fe20 3 10.32 9.87 10.12 11.33 10.24 9.43 9.16 10.76
MnO 0.16 0.16 0.19 0.16 0.12 0.17 0.13 0.15
MgO 5.83 15.71 7.14 5.16 4.02 3.72 5.07 5.85
CaO 9.30 9.59 7.56 9.11 7.61 8.99 8.87 10.64
Na20 3.94 1.66 3.20 3.09 3.52 3.84 2.95 3.53
k 2o 0.52 0.84 1.84 1.42 2.16 0.86 0.36 0.43
P2O5 0.13 0.08 0.20 0.24 0.20 0.20 0.30 0.35
LOI 1.57 2.50 2.14 1.32 1.65 0.80 0.77 0.77
Total 100.41 100.70 99.94 98.80 99.01 100.54 98.99 100.87

Traces

Sc bd bd 37.4 35.0 21.2 27.7 20.3 24.2
V 309.5 243.3 361.2 306.6 267.3 265.4 325.7 375.7
Cr 21.1 1348.6 221.1 28.4 bd 18.1 116.9 132.5
Co 31.4 52.8 41.3 33.1 24.1 21.2 24.8 29.2
Ni bd 328.0 70.5 41.6 30.0 bd 51.5 62.1
Cu 87.9 98.7 105.9 60.7 145.6 162.7 77.4 92.5
Ga 16.7 12.4 17.0 17.3 17.5 18.0 17.4 20.0
Rb 6.0 23.3 50.9 25.9 35.9 9.9 1.7 2.0
Sr 482.2 166.9 400.7 389.9 511.7 419.4 489.5 550.0
Y 19.8 15.3 19.1 24.8 21.3 24.1 21.9 25.1
Zr 53.1 41.6 61.7 65.5 59.9 68.4 35.7 38.7
Nb 1.26 1.16 4.44 1.77 1.84 1.33 4.38 5.14
Ba 367.0 399.3 1073.2 675.0 1077.6 439.8 373.5 440.7
Hf 1.44 1.06 1.62 1.69 1.58 1.86 1.18 1.29
Ta 0.08 0.08 0.27 0.12 0.12 0.09 0.28 0.26
Pb bd bd bd bd bd bd bd bd
Th 0.36 0.18 0.80 0.64 0.63 0.94 0.35 0.45
U 0.19 0.14 0.50 0.25 0.30 0.57 0.15 0.16

REEs
La 4.15 2.55 6.50 5.98 7.38 6.56 5.97 6.77
Ce 9.71 6.15 14.15 14.06 15.00 14.27 14.44 16.64
Pr 1.61 1.07 2.08 2.18 2.19 2.33 2.35 2.70
Nd 7.79 5.29 9.48 10.35 10.18 10.81 11.33 13.04
Sm 2.41 1.71 2.71 3.15 2.90 3.07 3.23 3.78
Eu 0.90 0.70 1.09 1.19 1.13 1.04 1.08 1.27
Gd 2.58 1.93 2.85 3.45 3.06 3.23 3.37 3.90
Tb 0.45 0.34 0.49 0.60 0.53 0.57 0.58 0.67
Dy 3.01 2.33 2.96 3.72 3.22 3.54 3.38 3.91
Ho 0.59 0.45 0.58 0.73 0.63 0.69 0.65 0.75
Er 1.79 1.37 1.67 2.13 1.86 2.09 1.87 2.16
Tm 0.29 0.21 0.27 0.34 0.30 0.34 0.30 0.34
Yb 1.85 1.40 1.72 2.19 1.92 2.25 1.86 2.18
Lu 0.29 0.21 0.27 0.35 0.31 0.37 0.29 0.33
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5.2. Tobago Island, continued
Mafic dykes cutting the Volcano-Plutonic Suite and Arnos Vale tonalite, continued

♦Clinopyroxene dolerite **Homblende microdiorite ***Homblende dolerite

INT 25-1/4 INT/25-1/2 INT/2-3/9 INT/2-3/10 INT/25-1/2 INT/2-3/11 INT/4-2/1 2D-14

Location Courland River
Type CA-BAS CA-BAS CA-BA IAT-BAS CA-BAS CA-BAS CA-BA IAT-BAS

Cpx D* dolerite HblMD** dolerite dolerite dolerite diorite HblD***
Majors
Si02 46.96 50.57 53.37 48.44 49.22 49.32 49.72 47.79
TiOj 0.99 1.41 0.70 0.65 1.46 0.77 0.91 0.67
a i2o 3 15.52 15.75 16.50 13.25 16.87 14.26 17.07 13.75
Fe20 3 11.39 12.51 9.04 10.69 12.29 11.03 10.78 8.82
MnO 0.18 0.22 0.14 0.17 0.21 0.18 0.20 0.20
MgO 7.11 4.34 5.00 9.65 4.43 7.68 6.59 9.42
CaO 10.24 8.69 7.10 11.79 9.17 11.87 8.69 9.89
Na20 2.42 2.78 3.40 1.75 2.83 2.49 3.33 1.72
k 2o 0.45 1.08 1.88 0.75 1.11 0.14 1.21 1.14
P2O5 0.13 0.52 0.18 0.10 0.51 0.11 0.26 0.08
LOI 5.78 2.14 1.38 2.03 2.14 1.83 1.76 6.19
Total 101.18 100.01 98.68 99.26 100.25 99.69 100.50 99.67

Traces

Sc bd 30.7 30.4 50.1 30.8 40.2 33.0 34.9
V 338.5 254.4 232.2 247.6 273.9 275.4 294.5 231.9
Cr 355.3 26.7 93.1 596.5 22.0 208.1 132.6 469.0
Co 45.5 31.3 25.1 49.5 31.2 43.2 28.7 37.9
Ni 82.4 bd 30.1 101.4 bd 192.5 86.1 129.4
Cu 131.6 194.3 56.8 106.4 198.1 133.4 23.5 75.9
Ga 14.4 19.2 16.5 13.5 19.5 16.9 18.8 14.9
Rb 25.9 21.5 27.6 10.9 20.9 0.8 23.2 22.0
Sr 359.2 391.6 418.9 250.9 464.1 519.7 598.1 270.0
Y 16.5 40.0 17.2 15.7 40.3 17.6 21.1 13.6
Zr 36.5 141.5 58.8 31.4 155.8 37.7 65.9 43.1
Nb 0.81 3.97 2.02 0.53 4.02 0.70 2.20 0.70
Ba 568.2 669.5 1078.2 661.8 664.5 77.0 475.4 560.9
Hf 1.10 3.44 1.61 0.97 3.64 1.11 1.75 1.14
Ta 0.06 0.26 0.14 0.04 0.24 0.05 0.13 0.06
Pb bd bd bd bd bd bd bd bd
Th 0.47 1.65 0.75 0.24 1.51 0.30 1.35 0.11
U 0.21 0.76 0.42 0.11 0.72 0.14 0.50 0.09

REEs
La 5.26 13.76 6.18 2.19 13.68 2.79 10.44 1.68
Ce 11.31 32.55 13.45 5.58 32.37 7.03 22.09 5.04
Pr 1.85 5.00 1.97 0.95 5.04 1.19 3.23 0.85
Nd 8.68 22.58 8.83 4.96 22.90 5.97 14.14 4.74
Sm 2.45 6.03 2.46 1.73 6.04 1.97 3.55 1.58
Eu 0.92 1.77 0.97 0.73 1.77 0.73 1.16 0.68
Gd 2.49 6.18 2.55 2.03 6.19 2.33 3.50 1.93
Tb 0.40 1.02 0.43 0.38 1.03 0.42 0.57 0.32
Dy 2.56 6.03 2.65 2.40 6.00 2.67 3.24 2.19
Ho 0.49 1.15 0.51 0.47 1.15 0.53 0.61 0.43
Er 1.44 3.38 1.51 1.37 3.37 1.53 1.78 1.26
Tm 0.22 0.54 0.25 0.22 0.54 0.25 0.28 0.20
Yb 1.44 3.49 1.60 1.37 3.46 1.57 1.80 1.29
Lu 0.22 0.56 0.26 0.22 0.55 0.25 0.28 0.20
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5.2. Tobago Island, continued
Mafic dykes cutting the Volcano-Plutonic Suite and Arnos Vale tonalite, continued

* Hornblende microdiorite ’ ’Hornblende gabbro ” ’Hornblende granodiorite ’ ’ ’ ’ Clinopyroxene microdiorite

INT 7-3/5 IC-29 IC-32 IC-33b INT/23-2/6 2H-34 INT/26-1/3 INT/7-2/2

Location Back Bay Minster Point Mount St. George
Type

Majors

CA-BAS

dolerite

CA-BA

HblMD*

CA-BA

HblMD

CA-BAS 

Hbl G**

CA-A 

Hbl GD***

CA-BAS

dolerite

CA-BA
Cpx

MD****

CA-BAS

dolerite

Si02 49.81 53.90 55.81 47.74 55.39 49.57 49.31 51.29
TiOz 0.79 0.85 0.76 1.00 0.85 1.65 1.02 0.89
Al203 13.87 16.60 17.06 11.04 18.29 14.68 17.57 17.41
Fe20 3 10.68 8.12 8.96 11.93 7.84 13.46 11.06 11.19
MnO 0.22 0.11 0.11 0.28 0.15 0.23 0.16 0.14
MgO 10.16 4.43 3.58 10.36 2.56 5.24 6.75 4.64
CaO 11.23 8.68 8.15 12.00 8.28 9.11 5.75 9.36
Na20 1.91 3.08 3.06 1.29 4.03 2.48 3.33 2.80
k 2o 1.17 1.68 0.95 1.27 0.55 1.41 1.59 1.00
p 2o 3 0.13 0.20 0.19 0.10 0.17 0.58 0.19 0.19
LOI 1.36 1.49 1.09 1.99 2.38 2.41 4.38 1.96
Total 101.33 99.15 99.73 99.00 100.51 100.82 101.11 100.86

Traces
Sc bd 23.9 13.3 61.2 16.9 33.3 32.9 32.1
V 320.6 236.6 2025 341.1 192.8 297.3 404.0 303.6
Cr 114.8 17.1 bd 345.8 bd 50.1 138.5 13.8
Co 42.5 21.4 16.3 44.8 13.0 34.1 29.3 31.4
Ni 51.2 bd bd 174.1 bd 33.5 76.6 bd
Cu 76.7 24.3 332.5 233.2 9.6 326.2 45.4 226.4
Ga 16.2 16.7 18.4 13.8 18.1 17.9 18.7 18.4
Rb 12.3 24.1 17.9 31.5 5.3 23.7 36.1 14.9
Sr 348.3 435.5 423.8 294.1 373.3 333.5 478.1 450.2
Y 20.6 20.0 25.1 15.1 30.1 38.2 20.1 20.8
Zr 54.6 75.9 93.3 42.5 110.5 159.5 51.1 50.9
Nb 1.72 1.88 2.53 3.18 2.30 4.01 1.19 1.14
Ba 334.9 619.0 500.2 435.1 236.1 8027 867.4 681.2
Hf 1.43 1.75 2.16 1.09 2.58 3.67 1.50 1.50
Ta 0.11 0.14 0.18 0.21 0.17 0.27 0.09 0.08
Pb 5.99 bd bd bd bd bd bd bd
Th 0.34 0.64 0.29 0.32 0.47 1.55 0.91 0.96
U 0.22 0.33 0.21 0.17 0.31 0.75 0.40 0.43

REEs
La 3.87 5.76 3.96 4.08 5.56 14.22 6.95 7.04
Ce 9.23 12.71 11.25 8.98 14.97 34.05 15.73 15.15
Pr 1.52 1.83 1.84 1.34 2.44 5.07 2.56 2.41
Nd 7.63 8.94 9.58 6.80 11.61 24.23 12.00 11.17
Sm 2.51 2.48 2.85 2.04 3.46 6.12 3.34 3.07
Eu 0.94 0.% 1.06 0.78 1.13 1.80 1.14 1.09
Gd 2.76 2.89 3.31 2.39 3.81 6.40 3.34 3.13
Tb 0.48 0.47 0.58 0.38 0.69 0.98 0.56 0.52
Dy 3.21 3.13 3.92 2.53 4.35 6.19 3.22 3.16
Ho 0.62 0.63 0.79 0.49 0.86 1.20 0.60 0.62
Er 1.85 1.85 2.36 1.38 2.62 3.47 1.70 1.80
Tm 0.28 0.29 0.38 0.21 0.43 0.55 0.27 0.30
Yb 1.81 1.95 2.60 1.28 2.81 3.53 1.72 1.88
Lu 0.28 0.31 0.42 0.20 0.45 0.55 0.27 0.30
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5.2. Tobago Island, continued
Mafic dykes cutting the Volcano-Plutonic Suite and Arnos Vale tonalite, continued

♦Hillsborough West River ♦♦Microdiorite ♦♦♦Plagioclase + clinopyroxene microdiorite

INT 23-2/7 2G-43 2H-11A IC-15

Location Bacolet Hills W* Blackrock
Type IAT-BA IAT-BA CA-BAS IAT-BA

MD** MD dolerite PCpMD***
Majors
Si02 50.95 51.25 48.38 50.40
Ti02 1.54 0.78 1.03 0.87
a i2o 3 14.45 17.72 15.87 15.67
Fe20 3 9.04 10.16 11.27 9.63
MnO 0.17 0.21 0.20 0.19
MgO 7.72 3.59 5.98 5.32
CaO 11.51 11.43 10.08 10.77
Na20 3.27 2.08 2.86 2.42
k 2o 0.67 0.05 0.94 1.26
PiO, 0.33 0.25 0.20 0.13
LOI 0.80 2.94 2.53 3.13
Total 100.46 100.45 99.35 99.78

Traces

Sc bd 16.2 36.4 31.9
V 270.5 192.1 335.9 313.6
Cr bd 12.9 36.3 96.5
Co 25.6 20.2 34.7 29.3
Ni bd bd 41.6 313.5
Cu 65.6 41.9 139.5 125.1
Ga 18.2 17.1 17.9 16.3
Rb 2.3 0.4 16.9 32.3
Sr 596.4 353.0 403.2 335.4
Y 26.3 17.5 22.5 19.0
Zr 91.2 44.8 63.3 49.0
Nb 2.16 1.06 1.29 1.12
Ba 36.6 24.2 324.3 361.5
Hf 2.22 1.12 1.63 1.32
Ta 0.14 0.08 0.09 0.09
Pb 7.99 bd bd bd
Th 0.22 0.17 0.62 0.37
U 0.21 0.11 0.27 0.20

REEs
La 4.66 3.12 7.15 3.89
Ce 12.48 8.74 16.64 9.24
Pr 2.11 1.42 2.63 1.46
Nd 10.48 7.46 12.95 7.49
Sm 3.15 2.23 3.31 2.25
Eu 1.06 0.91 1.18 0.86
Gd 3.50 2.58 3.59 2.67
Tb 0.60 0.43 0.57 0.46
Dy 4.07 2.86 3.68 3.08
Ho 0.79 0.56 0.71 0.61
Er 2.39 1.64 2.06 1.77
Tm 0.38 0.26 0.32 0.27
Yb 2.49 1.69 2.06 1.82
Lu 0.39 0.27 0.32 0.29
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5.2. Tobago Island, continued
Arnos Vale tonalite

2D-70 2D-56 2D-50 INT/2-3/12 INT/2-3/8 INT/25-1/3 INT/4-2/3 INT/26-1/5

Location Courland River Amos Bay
Type tonalite tonalite tonalite tonalite tonalite tonalite tonalite tonalite

Majors
Si02 64.31 68.20 66.12 66.43 64.96 63.80 62.49 63.71
Ti02 0.31 0.33 0.20 0.28 0.34 0.34 0.37 0.31
ai2o 3 17.29 17.79 16.79 17.57 18.25 19.63 18.41 17.40
F e ^ 2.47 2.42 1.37 2.01 2.85 2.71 3.00 2.28
MnO 0.05 0.04 0.02 0.03 0.07 0.05 0.06 0.04
MgO 1.30 1.11 0.84 1.25 1.46 1.47 1.74 1.33
CaO 3.02 3.17 2.68 3.63 3.21 3.57 4.46 4.79
Na20 8.69 4.67 11.20 5.76 6.24 6.80 5.47 6.60
k 2o 1.12 1.13 0.78 0.85 0.93 0.70 0.89 0.92
p 2o 3 0.14 0.18 0.19 0.22 0.26 0.19 0.16 0.18
LOI 1.24 1.23 0.72 1.14 1.25 0.40 1.56 1.26
Total 99.93 100.27 100.91 99.16 99.80 99.66 98.60 98.82

Traces

Sc 3.9 2.9 2.1 2.5 2.7 3.3 4.4 3.1
V 99.9 98.1 62.3 52.8 74.3 94.3 81.1 64.7
Cr 16.4 38.7 17.5 bd bd bd 18.4 12.9
Co 7.3 6.2 4.9 6.2 7.2 6.5 7.1 4.9
Ni 35.3 bd bd bd bd 25.5 bd bd
Cu 24.2 10.4 22.3 10.7 12.7 42.8 13.3 12.8
Ga 21.9 23.5 21.4 21.3 22.2 22.8 19.4 19.6
Rb 15.1 14.8 13.2 15.0 17.1 8.8 12.4 14.6
Sr 751.7 639.2 685.8 693.0 762.2 811.3 699.3 302.4
Y 4.9 4.0 4.3 4.5 4.4 3.6 5.2 4.2
Zr 57.5 90.7 68.9 104.2 91.8 88.5 72.7 87.8
Nb 0.85 2.40 1.87 4.76 3.39 1.10 1.93 2.20
Ba 886.6 8022 971.6 7329 938.2 740.2 856.0 307.1
Hf 1.50 2.32 1.65 2.73 2.32 2.20 1.92 2.24
Ta 0.07 0.18 0.15 0.23 0.17 0.06 0.13 0.14
Pb 5.59 bd 5.42 bd 5.63 bd bd bd
Th 0.21 0.77 0.42 0.80 0.32 0.29 0.69 0.90
U 0.24 0.31 0.34 0.30 0.31 0.14 0.32 0.41

REEs
La 2.08 5.26 4.31 8.97 8.09 4.25 5.45 7.34
Ce 5.31 12.09 9.25 17.54 15.92 8.38 10.69 14.18
Pr 0.80 1.66 1.21 2.31 2.16 1.17 1.50 1.93
Nd 3.42 6.39 4.41 8.73 8.63 4.86 6.09 7.50
Sm 0.94 1.30 0.83 1.65 1.62 1.01 1.28 1.46
Eu 0.41 0.52 0.38 0.64 0.70 0.43 0.46 0.45
Gd 0.82 1.05 0.72 1.20 1.24 0.85 1.11 1.13
Tb 0.11 0.13 0.09 0.13 0.14 0.11 0.15 0.14
Dy 0.79 0.66 0.59 0.65 0.69 0.60 0.86 0.71
Ho 0.14 0.11 0.11 0.10 0.11 0.11 0.14 0.11
Er 0.41 0.31 0.33 0.30 0.30 0.31 0.43 0.33
Tm 0.07 0.05 0.06 0.05 0.04 0.05 0.07 0.05
Yb 0.44 0.31 0.43 0.33 0.28 0.33 0.44 0.35
Lu 0.07 0.05 0.07 0.05 0.05 0.06 0.07 0.06
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5.2. Tobago Island, continued
Arnos Vale tonalite, continued; tonalitic partial melts of the TVG

IC-8 INT/7-3/4 INT/20-2/2 2D-7A

Location Back Bay Hillsborough West River
Type tonalite tonalite tonalite tonalite

partial melt of the TVG
Majors
S1O2 67.67 70.52 68.34 69.87
TiOz 0.24 0.17 0.28 0.32
AI2O3 17.20 16.21 15.20 15.70
Fe20 3 1.91 1.13 2.79 3.35
MnO 0.05 0.02 0.07 0.05
MgO 0.95 0.82 1.08 1.26
CaO 3.04 2.27 2.84 3.49
Na20 6.30 6.10 5.23 4.30
k 2o 1.45 1.48 2.00 2.01
p2o 3 0.20 0.19 0.10 0.10
LOI 0.66 2.10 1.11 1.10
Total 99.68 100.99 99.04 101.55

Traces

Sc 2.0
V 35.8
Cr 24.3
Co 5.2
Ni bd
Cu 10.1
Ga 21.9
Rb 29.8
Sr 739.1
Y 4.0
Zr 81.8
Nb 4.45
Ba 874.1
Hf 1.79
Ta 0.24
Pb 5.45
Th 1.03
U 0.57

REEs______________
La 7.69
Ce 15.83
Pr 1.96
Nd 6.82
Sm 1.17
Eu 0.47
Gd 0.93
Tb 0.10
Dy 0.58
Ho 0.10
Er 0.31
Tm 0.05
Yb 0.35
Lu 0.06

11.06 6.07 4.46
19.35 11.40 9.71
2.32 1.56 1.31
7.81 5.53 4.97
1.20 1.08 1.15
0.32 0.43 0.53
0.89 1.07 1.16
0.10 0.16 0.18
0.51 1.04 1.27
0.09 0.21 0.26
0.29 0.69 0.82
0.05 0.13 0.15
0.37 0.97 1.02
0.07 0.19 0.19
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1.6 4.1 6.1
28.4 66.5 116.6
bd 23.0 49.5
2.7 5.3 11.4
bd 108.6 134.7

15.0 17.3 71.9
15.7 15.7 20.1
24.7 22.5 35.3

381.8 294.7 389.9
3.4 7.5 9.9

83.4 132.3 93.2
3.76 1.49 1.91

496.8 1214.3 890.9
2.08 2.84 2.37
0.31 0.12 0.16
7.87 bd bd
1.95 0.72 0.82
0.44 0.50 0.67



5.2. Tobago Island, continued 

LREE- and Nb-enriched minor intrusions
•Clinopyroxene dolerite

INT29-2/2 INT/6-3/14 DY-3D-103 INT/1-3/4

Location Merchison Roxburgh Kendal

Type CA-BAS CA-BAS IAT-BAS granitoid
dolerite dolerite CpxD*

Majors
Si02 46.92 47.54 49.72 61.73
T i02 0.91 1.24 1.06 0.54
a i2o 3 17.60 14.26 17.09 18.69
Fe20 3 11.17 9.47 8.96 4.45
MnO 0.18 0.15 0.19 0.09
MgO 5.82 11.24 6.79 0.83
CaO 6.95 9.56 10.56 4.06
Na20 3.12 1.98 3.75 5.20
k 2o 3.40 1.58 0.27 3.82
p 2o 5 0.25 0.21 0.20 0.16
LOI 3.97 2.07 1.69 0.37
Total 100.29 99.30 100.29 99.93

Traces

Sc bd 36.8 28.0 1.1
V 285.3 2522 267.3 64.1
Cr 271.6 538.0 381.0 bd
Co 35.0 43.3 37.6 6.9
Ni 94.6 217.6 89.2 bd
Cu 36.7 18.8 97.5 174.6
Ga 17.0 14.9 20.4 20.1
Rb 4.8 22.3 1.5 32.3
Sr 530.8 318.7 543.2 647.7
Y 26.4 17.5 18.1 26.4
Zr 128.3 78.3 58.8 264.4
Nb 27.85 15.40 7.30 48.70
Ba 623.9 473.7 157.4 850.4
Hf 2.80 1.85 1.28 4.90
Ta 1.66 0.97 0.39 2.89
Pb bd bd bd bd
Th 1.90 0.86 0.22 3.83
U 0.81 0.42 0.14 1.12

REEs
La 17.31 8.55 5.72 36.97
Ce 33.20 17.59 14.08 67.06
Pr 4.58 2.40 2.14 7.80
Nd 18.97 10.31 9.54 27.90
Sm 4.65 2.74 2.51 5.31
Eu 1.56 1.01 0.91 1.72
Gd 4.43 2.87 2.67 4.59
Tb 0.70 0.48 0.43 0.67
Dy 4.15 2.81 2.78 3.97
Ho 0.75 0.53 0.52 0.77
Er 2.15 1.48 1.45 2.35
Tm 0.33 0.23 0.22 0.40
Yb 1.97 1.42 1.39 2.63
Lu 0.29 0.22 0.23 0.44
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53. San Souci Formation, San Souci Group, Trinidad
Felsic Rocks; sediment from Toco Formation

*SS = San Souci **Grand Riviere Road

INSS7.1 INSS7.3 INSS5.1

Location SS* Point GRRd**
Type SH-AND SH-AND sediment

Majors
S1O2 65.21 64.45 81.28
T i0 2 0.56 0.51 0.62
A120 3 14.73 16.98 8.80
F e ^ j 5.61 4.37 2.35
MnO 0.08 0.10 bd
MgO 2.38 1.95 0.31
CaO 2.54 2.54 0.43
NajO 6.43 7.45 0.57
K2O 0.08 0.12 1.25
P 2O5 0.25 0.29 0.04
LOI 2.26 1.66 3.77
Total 100.12 100.44 99.44

Traces
Sc 8.0 7.2 7.1
V 63.67 52.69 42.47
Cr 45.20 25.67 34.57
Co 13.39 7.44 5.60
Ni bd bd bd
Cu 25.08 55.30 12.58
Ga 14.29 16.20 10.59
Rb 0.94 1.18 55.06
Sr 127.99 270.85 70.47
Y 26.50 26.70 29.94
Zr 340.37 476.28 659.87
Nb 52.57 92.24 14.69
Ba 22.89 65.53 160.86
Hf 6.31 8.45 14.49
Ta 3.57 6.18 1.14
Pb 3.00 1.65 18.46
Th 6.37 10.57 12.42
U 1.87 3.07 3.59

REEs
La 38.04 54.49 31.82
Ce 69.10 95.94 70.15
Pr 6.83 9.08 7.73
Nd 23.46 29.24 28.65
Sm 4.14 4.69 5.25
Eu 1.22 1.26 0.82
Gd 4.10 4.40 4.47
Tb 0.64 0.66 0.70
Dy 4.03 4.04 4.45
Ho 0.79 0.80 0.90
Er 2.45 2.48 2.81
Tm 0.39 0.41 0.47
Yb 2.63 2.76 3.33
Lu 0.43 0.47 0.56

323



53. San Souci Formation, San Souci Group, Trinidad, continued
Mafic rocks

*dol = dolerite, SS = San Souci

28-1/1 INSS3al INSS3a2 INSS3bl INSS3b2 INSS3cdol INSS3cbrec INSS3d INSS3e

Location SS Bay Grand Riviere Road
Type

Majors

TH-BA TH-BA TH-BAS TH-BA CA-BA CA-BA CA-BA TH-BA TH-BAS

S1O2 50.86 45.60 47.47 50.11 47.86 49.34 52.89 50.66 48.15
T i0 2 1.84 1.47 1.69 1.31 1.54 1.63 1.30 0.99 1.92
AI2O3 14.19 14.77 14.35 15.53 14.30 14.46 13.96 13.92 14.43
Fe2Oj 10.05 9.48 10.57 9.02 8.60 9.06 8.12 7.93 11.65
MnO 0.14 0.17 0.14 0.16 0.14 0.15 0.12 0.12 0.18
MgO 6.40 6.69 7.62 7.30 5.84 6.05 7.83 7.80 7.20
CaO 6.54 8.16 6.26 8.26 7.98 6.46 7.91 9.83 9.02
Na20 5.29 4.32 3.63 4.27 4.54 4.37 4.70 4.71 3.50
k 2o 0.16 0.19 0.13 0.15 0.09 0.13 0.34 0.39 0.09
P2O5 0.24 0.16 0.16 0.12 0.17 0.16 0.19 0.10 0.21
LOI 3.01 9.88 9.10 3.56 9.66 8.85 2.69 3.97 3.42
Total 98.71 100.90 101.12 99.79 100.72 100.65 100.05 100.42 99.78

Traces
Sc 33.3 32.4 37.0 35.0 31.0 31.3 33.2 28.6 40.4
V 260.27 276.62 318.68 253.88 274.88 289.61 256.15 208.06 341.07
Cr 208.82 180.30 217.95 294.65 167.80 182.07 238.13 283.30 106.36
Co 31.14 34.84 36.20 34.57 31.64 32.74 31.17 32.55 37.26
Ni 101.59 81.78 59.93 81.77 72.94 69.18 82.15 96.80 51.69
Cu 61.78 68.37 40.87 84.08 61.24 68.06 14.22 31.00 41.70
Ga 14.74 15.42 17.17 12.98 15.34 15.17 13.29 12.21 17.15
Rb 1.75 2.16 1.53 1.64 0.86 1.49 2.15 3.36 0.47
Sr 131.62 274.21 158.62 164.10 199.61 182.10 181.09 113.67 86.64
Y 43.09 31.91 38.48 27.34 32.38 32.90 26.81 22.08 41.48
Zr 144.92 121.73 133.40 87.68 139.32 139.91 105.78 75.49 146.76
Nb 5.73 6.50 5.05 3.86 9.06 8.86 15.15 4.00 5.60
Ba 75.70 265.74 87.99 367.79 134.35 153.43 73.86 61.01 47.39
Hf 3.48 2.68 2.98 2.05 2.99 3.16 2.29 1.72 3.41
Ta 0.37 0.44 0.35 0.28 0.61 0.61 0.99 0.27 0.39
Pb bd bd bd bd bd bd bd bd bd
Th 0.33 0.50 0.32 0.24 0.83 0.85 0.99 0.38 0.34
U 0.18 0.18 0.18 0.09 0.30 0.30 0.30 0.12 0.13

REEs
La 5.61 6.22 5.93 3.91 7.55 7.62 8.42 3.82 6.12
Ce 16.46 16.00 16.49 11.29 18.19 18.81 20.01 10.49 17.74
Pr 2.75 2.32 2.59 1.78 2.54 2.63 2.65 1.55 2.76
Nd 15.17 11.67 13.48 9.34 12.28 12.91 12.19 7.88 14.58
Sm 4.85 3.53 4.27 2.97 3.59 3.77 3.24 2.43 4.55
Eu 1.28 1.25 2.18 0.99 1.30 1.33 1.14 0.89 1.46
Gd 5.68 4.23 5.19 3.65 4.31 4.58 3.72 2.96 5.66
Tb 1.12 0.75 0.92 0.65 0.76 0.80 0.64 0.52 0.99
Dy 6.92 4.96 6.03 4.43 5.05 5.41 4.27 3.57 6.72
Ho 1.36 1.00 1.21 0.88 1.02 1.06 0.84 0.71 1.34
Er 4.10 2.94 3.55 2.53 3.03 3.11 2.49 2.06 3.96
Tm 0.63 0.45 0.55 0.40 0.47 0.49 0.38 0.33 0.62
Yb 4.25 2.92 3.52 2.59 3.01 3.14 2.48 2.11 4.02
Lu 0.67 0.46 0.56 0.40 0.47 0.49 0.39 0.33 0.62
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53. San Souci Formation, San Souci Group, Trinidad, continued
Mafic rocks, continued

*SS = San Souci

INSS3f INSS6.1 INSS6.2 INSS6.3 INSS6.4 INSS6.5 INSS7.2

Location Grand Riviere Road SS Point
Type TH-BAS TH-BAS TH-BA TH-BA TH-BAS TH-BA TH-BA

Majors
SiO, 48.64 51.01 49.92 50.90 48.79 56.21 51.07
T i0 2 1.69 1.91 1.20 1.55 1.97 1.18 1.24
a i2o , 14.21 12.98 13.95 14.11 13.88 14.09 15.08
F e A 11.77 10.56 9.02 9.44 11.00 6.48 8.78
MnO 0.18 0.14 0.16 0.16 0.18 0.12 0.17
MgO 8.18 6.20 7.00 6.68 6.76 4.22 7.85
CaO 8.86 9.49 11.26 9.57 9.96 8.91 10.74
Na20 3.13 3.29 3.35 4.38 3.77 5.13 3.66
k 2o 0.09 0.03 0.16 0.14 0.04 0.13 0.12
P 2O5 0.16 0.23 0.14 0.15 0.21 0.17 0.13
LOI 3.76 3.04 2.77 2.46 2.89 2.47 2.82
Total 100.68 98.89 98.93 99.55 99.44 99.13 101.65

Traces
Sc 38.3 37.4 35.5 34.1 37.5 32.1 34.1
V 310.02 306.04 237.52 264.49 323.80 201.20 238.20
Cr 156.65 98.33 174.71 149.93 155.38 129.78 343.80
Co 39.43 35.80 31.79 31.77 37.85 20.11 33.85
Ni 65.87 47.97 65.79 86.62 54.01 37.43 86.54
Cu 105.50 30.52 23.16 19.36 24.04 14.38 173.89
Ga 15.86 16.82 13.68 14.44 17.30 13.26 14.70
Rb 0.77 0.13 1.53 0.96 0.18 1.10 1.61
Sr 83.82 106.26 137.65 124.13 122.89 161.35 85.56
Y 37.26 42.68 27.55 30.70 45.89 39.27 25.32
Zr 118.13 156.04 93.25 114.32 168.18 154.89 81.96
Nb 4.35 6.29 3.75 5.17 6.67 5.76 4.82
Ba 42.01 30.33 47.22 52.36 29.19 57.12 22.39
Hf 2.79 3.36 2.11 2.56 3.81 3.38 1.96
Ta 0.30 0.47 0.27 0.35 0.46 0.40 0.36
Pb bd bd bd bd bd bd bd
Th 0.26 0.53 0.25 0.32 0.49 0.46 0.52
U 0.10 0.17 0.08 0.11 0.16 0.15 0.19

REEs
La 5.15 7.14 4.49 4.73 7.00 6.64 4.85
Ce 15.02 20.14 12.46 13.54 20.17 18.41 12.75
Pr 2.35 3.03 1.93 2.07 3.14 2.79 1.87
Nd 12.49 15.51 9.78 10.87 16.43 14.09 9.38
Sm 3.98 4.73 2.97 3.37 5.10 4.33 2.87
Eu 1.37 1.39 0.93 1.19 1.58 1.50 1.13
Gd 4.90 5.72 3.65 4.19 6.24 5.30 3.46
Tb 0.87 1.00 0.65 0.74 1.10 0.93 0.62
Dy 5.85 6.77 4.35 5.01 7.42 6.21 4.11
Ho 1.16 1.35 0.87 0.99 1.47 1.24 0.82
Er 3.41 3.98 2.57 2.88 4.30 3.66 2.41
Tm 0.52 0.62 0.39 0.46 0.68 0.57 0.37
Yb 3.37 4.00 2.53 2.95 4.37 3.67 2.39
Lu 0.53 0.63 0.40 0.46 0.68 0.58 0.38
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5.4. SW Aves Ridge 

Felsic dredge hauls

EA68 EA68 EA68 EA68 EA68 EA68 EA68 EA68 EA68
317a 317b 317c 317d 317e 317f 317g 317h 317i

CAA- CAA- CAA- CAA- CAA- CAA- CAA- CAA- CAA-
Type granite granite granite granite granite granite granite granite granite

Majors
Si02 68.13 69.56 69.58 69.98 69.61 68.65 69.95 67.30 68.01
Ti02 0.43 0.41 0.43 0.39 0.39 0.42 0.37 0.42 0.44
Al203 15.23 14.59 14.85 14.74 14.09 14.37 14.28 15.40 15.36
Fe203 3.92 3.85 3.50 3.45 3.69 3.80 3.63 3.56 3.43
MnO 0.08 0.09 0.07 0.08 0.07 0.12 0.11 0.09 0.08
MgO 1.29 1.26 1.22 1.27 1.20 1.23 1.23 1.17 1.26
CaO 3.61 2.48 3.51 2.92 2.61 2.78 1.95 3.15 2.81
Na20 3.84 4.27 3.85 4.28 4.01 4.01 4.37 4.12 4.28
k 2o 2.35 2.63 2.53 2.32 2.36 2.49 2.89 2.53 2.59
P2O, 0.17 0.18 0.17 0.16 0.15 0.16 0.15 0.15 0.15
LOI 0.99 1.47 1.04 1.16 1.23 1.43 1.83 1.06 1.07
Total 100.05 100.80 100.75 100.75 99.41 99.45 100.75 98.96 99.47

Traces
Sc 9.9 9.9 9.7 10.0 8.8 10.1 9.2 10.0 8.9
V 78.0 77.4 67.2 75.5 70.5 70.8 71.0 70.1 71.4
Cr bd bd bd bd 17.2 bd 20.4 bd bd
Co 6.7 6.8 6.5 6.1 5.9 6.4 5.7 5.8 6.0
Ni bd bd bd bd bd bd bd 41.2 bd
Cu 16.6 12.9 13.6 11.8 11.4 9.6 19.4 14.7 12.1
Ga 12.6 13.2 13.4 12.9 12.3 12.5 12.3 12.9 12.6
Rb 26.4 32.8 30.2 24.4 24.9 31.3 31.1 30.5 29.3
Sr 405.4 367.6 424.0 404.5 384.5 382.7 444.3 402.1 413.3
Y 19.8 21.2 21.2 21.0 19.3 20.1 19.1 18.4 17.5
Zr 127.2 143.4 160.2 138.0 137.1 128.5 128.5 114.7 118.8
Nb 4.13 3.93 4.69 4.67 4.50 4.39 4.33 4.07 4.20
Ba 697.9 742.9 782.8 823.1 882.8 788.9 904.0 790.5 833.2
Hf 2.94 3.22 3.57 3.13 3.14 2.94 2.94 2.68 2.66
Ta 0.29 0.33 0.36 0.33 0.31 0.31 0.30 0.33 0.27
Pb bd bd bd bd bd bd bd bd bd
Th 1.86 1.92 2.01 1.82 1.85 2.18 1.89 1.94 1.60
U 0.81 0.91 0.95 0.94 0.82 0.84 0.81 0.83 0.66

REEs
La 13.91 15.07 15.35 14.77 15.56 13.25 12.63 11.97 12.35
Ce 30.79 33.14 33.93 32.67 34.24 29.37 27.94 26.33 27.19
Pr 4.11 4.39 4.46 4.30 4.48 3.94 3.70 3.55 3.64
Nd 17.47 18.72 18.77 18.37 18.76 16.76 15.78 15.29 15.52
Sm 3.74 3.98 3.95 3.92 3.90 3.57 3.41 3.27 3.30
Eu 1.05 1.11 1.10 1.09 1.06 1.05 0.98 1.05 1.03
Gd 3.31 3.52 3.50 3.46 3.32 3.26 3.08 2.94 2.93
Tb 0.48 0.51 0.52 0.51 0.48 0.49 0.46 0.44 0.43
Dy 2.97 3.18 3.19 3.15 2.96 3.06 2.88 2.79 2.69
Ho 0.59 0.63 0.62 0.62 0.58 0.60 0.57 0.55 0.53
Er 1.80 1.94 1.95 1.91 1.75 1.87 1.75 1.70 1.62
Tm 0.31 0.33 0.33 0.32 0.30 0.31 0.30 0.29 0.27
Yb 2.04 2.25 2.25 2.17 2.04 2.16 2.04 2.01 1.87
Lu 0.34 0.38 0.38 0.36 0.34 0.36 0.34 0.33 0.30
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5.4 SW Aves Ridge, continued
Felsic dredge hauls, continued

EA68 EA68 EA68 EA68 EA68 EA68 EA68 EA68 EA68
317] 319a 319b 319c 319d 319e 319f 319g 319h

CAA- CAA- CAA- CAA- CAA- CAA- CAA- CAA- CAA-
Type granite granite granite granite granite granite granite granite granite

Majors
Si02 67.37 70.32 72.26 71.06 70.64 70.95 69.86 72.06 71.70
Ti02 0.42 0.37 0.38 0.38 0.40 0.39 0.38 0.41 0.37
Al203 15.34 13.28 13.62 12.59 13.50 14.12 12.90 13.63 12.91
F e ^ 3.79 3.53 3.46 3.42 3.50 4.27 4.02 3.44 3.22
MnO 0.10 0.11 0.12 0.10 0.11 0.14 0.11 0.11 0.12
MgO 1.26 0.97 1.06 1.06 1.09 1.35 1.34 1.06 1.02
CaO 2.99 3.04 2.82 1.59 3.12 1.63 1.60 3.35 2.54
Na20 4.21 3.27 3.94 4.20 3.38 4.68 3.78 3.28 3.27
k 2o 2.60 2.72 1.93 2.58 2.72 1.12 2.70 2.61 3.08
p 2o 3 0.15 0.17 0.17 0.17 0.18 0.19 0.19 0.17 0.17
LOI 1.17 1.11 1.25 1.55 1.14 1.69 1.97 1.04 1.10
Total 99.40 98.88 101.00 98.70 99.79 100.53 98.86 101.15 99.50

Traces
Sc 10.3 7.8 8.4 8.3 9.0 8.7 8.4 8.2 7.9
V 73.7 65.8 58.4 64.1 67.4 67.0 71.3 66.7 62.3
Cr 13.4 22.6 bd bd bd bd bd bd bd
Co 6.1 4.7 5.0 5.2 6.0 6.2 6.2 6.4 5.6
Ni bd bd bd bd bd bd bd bd bd
Cu 12.2 40.0 16.0 13.2 12.7 19.7 23.6 22.9 18.4
Ga 12.6 12.4 11.4 10.5 12.1 11.9 11.4 12.5 11.6
Rb 30.1 34.6 22.9 23.4 32.6 16.9 27.4 31.3 32.7
Sr 391.2 379.1 348.8 261.6 387.1 327.4 320.6 401.3 356.6
Y 22.8 16.9 16.8 17.4 18.2 16.9 19.6 16.8 17.0
Zr 122.3 124.3 118.7 113.3 138.2 120.3 127.6 98.6 112.9
Nb 4.65 4.35 4.11 3.92 4.78 4.37 4.85 4.45 3.98
Ba 806.9 803.8 469.1 889.8 772.1 197.1 1094.9 789.4 1029.3
Hf 2.83 2.93 2.75 2.64 3.24 2.91 2.93 2.34 2.60
Ta 0.33 0.32 0.32 0.30 0.36 0.33 0.35 0.31 0.33
Pb bd bd bd bd bd bd bd bd bd
Th 1.61 2.75 1.83 1.91 2.10 1.99 1.83 1.72 1.48
U 0.75 0.77 0.65 0.66 0.73 0.62 0.72 0.66 0.73

REEs
La 12.35 11.59 12.57 13.62 12.64 10.54 13.47 13.26 12.62
Ce 27.71 25.29 27.48 29.99 27.73 23.92 30.03 28.91 28.79
Pr 3.82 3.36 3.58 3.91 3.69 3.22 3.92 3.75 3.72
Nd 16.70 14.28 14.89 16.17 15.54 13.82 16.69 15.77 15.68
Sm 3.80 2.98 3.06 3.25 3.29 3.05 3.44 3.14 3.18
Eu 1.08 0.93 0.86 0.95 0.96 0.87 0.99 0.96 0.97
Gd 3.56 2.76 2.72 2.93 2.93 2.75 3.20 2.82 2.84
Tb 0.54 0.41 0.40 0.42 0.44 0.42 0.46 0.40 0.41
Dy 3.49 2.59 2.54 2.68 2.74 2.62 2.91 2.53 2.62
Ho 0.69 0.52 0.50 0.52 0.55 0.52 0.58 0.49 0.51
Er 2.11 1.57 1.56 1.61 1.69 1.57 1.76 1.51 1.58
Tm 0.36 0.26 0.26 0.27 0.28 0.26 0.30 0.25 0.26
Yb 2.46 1.83 1.84 1.88 1.97 1.84 2.10 1.74 1.88
Lu 0.41 0.31 0.31 0.32 0.34 0.31 0.35 0.29 0.31
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5.4. SW Aves Ridge, continued
Felsic dredge hauls, continued

Type

Majors

EA68319i

CAA-
granite

EA68319j

CAA-
granite

EA68 318j
(317k?)
CAA-
granite

Si02 70.68 71.90 70.49
Ti02 0.36 0.34 0.44
Al203 13.17 13.37 13.29
Fe20 3 3.23 3.21 3.91
MnO 0.09 0.09 0.07
MgO 0.98 0.87 1.28
CaO 2.89 2.78 3.17
Na20 3.45 3.47 3.47
k 2o 2.59 2.18 2.36
p 2o 3 0.17 0.14 0.22
LOI 1.09 0.98 0.99
Total 98.71 99.32 99.69

Traces
Sc 8.8 7.8 10.2
V 65.3 58.8 74.2
Cr 15.0 21.1 bd
Co 5.4 5.0 6.7
Ni bd bd bd
Cu 24.7 18.1 32.7
Ga 12.1 11.2 11.9
Rb 33.0 31.3 21.9
Sr 390.8 324.7 407.2
Y 18.2 16.4 17.0
Zr 102.7 102.3 129.3
Nb 4.12 4.40 3.96
Ba 780.8 686.7 803.7
Hf 2.50 2.46 2.81
Ta 0.32 0.33 0.23
Pb bd 10.04 bd
Th 1.71 1.93 1.21
U 0.72 0.62 0.60

REEs
La 13.66 11.80 10.63
Ce 30.29 25.81 24.02
Pr 3.95 3.37 3.31
Nd 16.64 14.20 14.49
Sm 3.34 2.90 3.13
Eu 0.95 0.85 1.06
Gd 2.99 2.66 2.88
Tb 0.43 0.38 0.43
Dy 2.67 2.44 2.61
Ho 0.53 0.48 0.52
Er 1.66 1.49 1.57
Tm 0.27 0.25 0.26
Yb 1.93 1.77 1.75
Lu 0.32 0.29 0.30
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5.4. SW Aves Ridge, continued
Mafic dredge hauls

EA68 EA68 EA68 EA68 EA68 EA68 EA68 EA68 EA68
318a 318b 318c 318d 318e 318f 318g 318h 318i

Type CAA-BA CAA-BA CAA-BA CAA-DAC CAA-BA CAA-BAS CAA-BA CAA-BA CAA-BA

Majors
Si02 43.41 44.99 49.75 52.88 49.32 44.18 54.02 55.83 34.39
TiO, 0.63 0.59 0.74 0.68 0.79 0.52 0.68 0.70 0.57
Al203 20.49 22.43 16.79 13.98 17.06 11.17 14.73 16.45 11.15
Fe20 3 10.04 8.72 12.14 9.53 9.85 7.03 8.58 7.59 9.63
MnO 0.21 0.15 0.50 0.49 0.44 1.11 0.41 0.38 0.88
MgO 5.52 4.58 2.56 1.11 2.47 1.92 1.35 2.13 5.07
CaO 7.42 7.19 2.05 4.76 3.18 13.13 3.69 1.57 17.30
Na20 3.85 3.68 0.17 0.19 0.16 0.32 0.26 0.25 1.33
k 2o 1.28 1.44 10.14 10.09 10.06 7.31 10.56 10.36 2.06
p 2o 5 0.20 0.24 1.09 1.73 0.86 2.97 1.80 0.78 1.24
LOI 7.09 5.29 3.54 4.77 5.24 10.20 3.45 2.99 15.21
Total 100.12 99.30 99.47 100.19 99.43 99.86 99.54 99.03 98.84

Traces
Sc 22.4 21.9 36.5 33.6 41.2 26.5 33.0 36.4 24.4
V 251.4 200.0 359.6 303.1 385.8 253.5 288.3 268.2 275.9
Cr bd bd 94.4 58.5 68.2 66.5 71.4 71.3 21.8
Co 30.7 22.6 30.1 16.7 23.3 44.5 19.9 19.8 33.5
Ni 48.9 34.4 1027 137.0 89.8 256.0 84.9 85.6 146.6
Cu 107.9 115.2 101.6 115.2 135.7 94.6 103.7 128.9 147.7
Ga 15.2 16.0 14.6 7.8 18.2 9.3 9.7 11.6 12.5
Rb 20.5 18.0 99.0 82.1 106.1 75.8 90.5 90.3 19.5
Sr 619.2 903.0 106.3 152.1 123.7 335.9 143.9 89.2 289.3
Y 13.6 14.1 34.4 25.5 33.7 30.3 25.4 26.5 23.8
Zr 29.5 31.8 64.7 58.5 74.9 35.1 52.0 85.5 42.9
Nb 1.16 1.12 4.75 3.78 5.08 3.70 3.99 4.41 1.96
Ba 229.5 423.5 61926 5698.9 5868.3 5130.6 5929.7 6259.6 977.6
Hf 0.76 0.83 1.62 1.39 1.83 0.69 1.17 2.05 1.01
Ta 0.07 0.07 0.33 0.28 0.36 0.24 0.29 0.30 0.11
Pb bd bd 30.07 30.80 13.95 31.09 20.53 22.01 18.29
Th 0.58 0.30 1.78 1.55 1.88 1.67 1.60 1.72 0.90
U 0.32 0.24 2.65 4.12 1.80 34.88 2.44 3.62 0.87

REEs
La 4.29 4.81 14.93 15.64 18.72 16.08 14.91 15.26 10.68
Ce 10.83 11.69 33.69 23.73 28.07 19.88 24.76 27.37 18.19
Pr 1.56 1.81 5.48 3.57 4.36 3.51 3.85 4.40 3.04
Nd 7.69 8.94 25.77 16.21 20.05 15.74 17.04 19.93 14.41
Sm 2.06 2.33 5.97 3.77 4.86 3.46 3.76 4.37 3.38
Eu 0.72 0.83 2.93 1.43 1.71 1.34 1.51 1.68 1.12
Gd 2.07 2.33 5.76 3.63 4.77 3.55 3.60 4.08 3.41
Tb 0.33 0.36 0.76 0.54 0.72 0.51 0.52 0.57 0.50
Dy 2.17 2.32 4.33 3.44 4.62 3.24 3.28 3.51 3.08
Ho 0.43 0.45 0.80 0.69 0.94 0.68 0.67 0.70 0.60
Er 1.28 1.32 2.20 2.07 2.84 2.10 1.97 2.06 1.72
Tm 0.20 0.21 0.33 0.32 0.45 0.34 0.31 0.32 0.26
Yb 1.36 1.39 2.06 2.06 2.91 2.29 1.95 2.14 1.70
Lu 0.22 0.22 0.32 0.34 0.47 0.40 0.32 0.35 0.27
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5.4. SW Aves Ridge, continued
Mafic dredge hauls, continued

EA68 318k EA68318I

Type CAA-BA CAA-BA

Majors
Si02 57.12 53.15
TiOz 0.65 0.58
Al203 14.21 13.07
FC2O3 5.19 10.36
MnO 0.40 0.37
M g O 1.54 1.47
CaO 4.04 4.60
Na20 0.17 0.24
k 2o 10.73 8.74
p2o 5 0.73 1.61
LOI 5.37 4.86
Total 100.14 99.06

Traces
Sc 34.3 28.2
V 243.7 3020
Cr 103.7 59.2
Co 21.8 14.1
Ni 174.2 95.6
Cu 97.1 91.2
Ga 11.0 9.2
Rb 94.7 78.1
Sr 117.1 141.8
Y 26.4 26.7
Zr 93.5 53.4
Nb 4.88 3.74
Ba 6755.1 5314.7
Hf 2.23 1.17
Ta 0.31 0.26
Pb 14.14 17.37
Th 2.07 1.86
U 3.16 3.46

REEs
La 16.03 16.04
Ce 31.12 24.26
Pr 4.65 4.00
Nd 20.87 17.72
Sm 4.64 3.95
Eu 1.79 1.57
Gd 4.40 3.80
Tb 0.63 0.56
Dy 3.84 3.50
Ho 0.75 0.69
Er 2.21 1.99
Tm 0.35 0.31
Yb 2.24 1.98
Lu 0.36 0.32
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APPENDIX SIX: RADIOGENIC ISOTOPE RESULTS FROM TOBAGO, THE SAN 

SOUCI VOLCANIC FORMATION, AND THE AVES RIDGE
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A6.1. Analysis details

The measured ratios of isotopes of Nd and H f from the NERC Isotope Geosciences 

Laboratory, Nottingham, are presented in Tables A6.1 and A6.2, respectively. Age-corrected 

isotope ratios are also displayed, along with Sm, Nd, Lu and H f concentrations determined 

using the ICP-MS at Cardiff University (see Appendix 3).

For Nd isotope analysis (Table A6.1), 143Nd/144Nd is reported normalised to a 

preferred value of 0.511860 for the La Jolla standard. The measured 143Nd/144Nd ratios for 

one run of the La Jolla standard were 143Nd/144Nd = 0.511846 ± 0.000003 (lo , n = 6), which 

accounts for the samples run during December 2009 (majority of those on Table A6.1). The 

values for INT/20-2/1, INT/4-2/2, INSS7.1 and INSS5.1 were obtained during a separate run 

in October 2010 during which the measured 143Nd/144Nd ratios for the La Jolla standard were 

143Nd/144Nd = 0.511847 ± 0.000003 (lo, n = 10). Finally, the values for INT/8-3/5, DY-3D- 

558 were obtained during a run in January-February 2011 during which the measured 

143Nd/144Nd ratios for the La Jolla standard were 0.511853 ± 0.000008 (lo , n = 3).

For H f isotope analysis (Table A6.2), replicate analysis of the JMC475 standard 

during the December 2009 run for the majority of samples, gave 176Hf/177H f ratios of 

0.282161 ± 0.000006 (lo , n = 45). This value is comparable to a preferred value of 0.282160 

(Nowell & Parrish, 2001), and similar to previously reported values from the same lab of 

0.282879 ± 0.000008 (Blichert-Toft, 2001) so no further corrections were made. The values 

for INT/20-2/1 and INT/4-2/2 were obtained during a separate run in October 2010 during 

which time the analysis of the JMC475 standard returned results of 176Hf/I77H f 0.282199 ± 

0.000011 (lo, n = 10). INT/8-3/5, DY-3D-558, INSS7.1 and INSS5.1 were run during 

January-February 2011 during which time the 176Hf/177H f ratios of JMC475 were 0.282151 ± 

0.000003 (lo, n = 35). Blank values for H f reported at the time of analysis were consistently 

<100 pg (I.L. Millar, 2009, pers. comm.).
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Table A6.1. Nd isotope results for the rocks of Tobago, San Souci and the Aves Ridge.

Sample___________ Unit_________Age (Ma) 143Nd/144Ndm ± (2a)_______ Sm (ppm) Nd(ppm) 147Sm/144Nd 1<3Nd/144Nd. eNd,
INT/29-2/4 Parlatuvier, NCS 130 0.513119 0.000009 2.42 6.60 0.221621 0.512930 +8.97
INT/28-2/8 0.513054 0.000007 2.76 10.05 0.165988 0.512913 +8.62
INT/4-3/3 0.513075 0.000007 2.41 8.77 0.166094 0.512934 +9.04
INT/3-3/2 Mt. Dillon, NCS 130 0.513109 0.000006 4.28 13.75 0.188139 0.512949 +9.34
INT/28-2/1 0.513002 0.000005 5.51 18.41 0.180895 0.512848 +7.36
INT/8-3/5 Amphibolite, NCS 130 0.513138 0.000007 2.90 8.37 0.209418 0.512960 +9.55

DY-3D-558 0.513139 0.000006 5.22 15.53 0.203161 0.512966 +9.67
INT/7-2/3 Tobago Volcanic Gp. 110 0.512979 0.000008 2.86 10.46 0.165259 0.512860 +7.09
INT/1-3/3 0.512991 0.000006 3.32 12.11 0.165699 0.512872 +7.32
INT/8-3/2 0.513022 0.000014 1.49 4.78 0.188403 0.512887 +7.62

INT/23-2/3 0.512957 0.000007 4.04 15.78 0.154738 0.512846 +6.82
INT/3-2/1 0.512978 0.000007 2.93 10.02 0.176736 0.512850 +6.91
INT/20-2/2 Tonalite vein 106 0.513047 0.000009 1.08 5.53 0.118040 0.512965 +9.04
INT/26-1/5 Amos Vale Tonalite 106 0.513007 0.000007 1.46 7.50 0.117658 0.512925 +8.27
INT/1-3/4 High-Nb granite 106 0.512953 0.000007 5.31 29.70 0.108059 0.512878 +7.34
INT/29-2/2 Nb-enriched basalt 106 0.512997 0.000010 4.56 18.97 0.148154 0.512894 +7.67

2D-14 Mafic dyke 91 0.513124 0.000007 1.58 4.74 0.201474 0.513004 +9.43
INT/20-2/1 Gabbro-diorite 106 0.512967 0.000002 2.79 10.27 0.164194 0.512853 +6.85
INT/4-2/2 0.513009 0.000003 0.69 2.99 0.139078 0.512913 +8.02
INSS3c San Souci mafic 90* 0.513088 0.000006 3.77 12.91 0.176503 0.512984 +9.01
INSS6.5 0.513089 0.000005 4.33 14.09 0.185743 0.512979 +8.92
INSS7.2 0.513065 0.000012 2.87 9.38 0.184932 0.512956 +8.46
INSS7.3 San Souci felsic 0.512856 0.000002 4.69 29.24 0.096941 0.512799 +5.40
INSS7.1 0.512878 0.000006 4.14 23.46 0.106657 0.512815 +5.72
INSS5.1 San Souci sediment 0.511782 0.000003 225 28.65 0.047453 0.511754 -14.99

EA68 11318g Aves Ridge mafic 76 0.512843 0.000006 3.74 17.47 0.129387 0.512779 +4.65
EA68 11317a Aves Ridge granitoid 0.513000 0.000007 3.76 17.04 0.133366 0.512934 +7.78

m = measured ratio, i = initial Nd, NCS = North Coast Schist, * = assumed age o f the formation as U-Pb geochronology results not available
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Table A6.2. Hf isotope results for the rocks o f Tobago, San Souci and the Aves Ridge. 

Sample Unit Age (Ma) 176Hf/177Hfm ±(2a) Lu (ppm) Hf (ppm) 17W 77Hf 176Hf/177Hft sHf,
INT/29-2/4 Parlatuvier, NCS 130 0.283300 0.000012 0.41 1.57 0.037110 0.283210 +18.34
INT/28-2/8 0.283277 0.000013 0.30 1.86 0.022920 0.283221 +18.75
INT/4-3/3 0.283229 0.000011 0.29 1.58 0.026082 0.283166 +16.79
INT/3-3/2 Mt. Dillon, NCS 130 0.283184 0.000007 0.73 3.79 0.027371 0.283118 +15.09
INT/28-2/1 0.283184 0.000006 0.93 3.85 0.034326 0.283101 +14.48
INT/8-3/5 Amphibolite, NCS 130 0.283249 0.000010 0.39 1.97 0.028132 0.282181 +17.31

DY-3D-558 0.283237 0.000008 0.63 3.79 0.023622 0.283180 +17.27
INT/7-2/3 Tobago Volcanic Gp. 110 0.283160 0.000005 0.27 1.39 0.027603 0.283103 +14.12
INT/1-3/3 0.283221 0.000008 0.35 1.97 0.025247 0283170 + 16.48
INT/8-3/2 0.283176 0.000010 0.15 0.58 0.036751 0.283100 +14.02

INT/23-2/3 0.283139 0.000005 0.36 2.32 0.022050 0.283093 + 13.78
INT/3-2/1 0.283183 0.000005 0.29 1.46 0.028226 0.283125 + 14.89

INT/20-2/2 Tonalite vein 106 0.283167 0.000008 0.19 2.84 0.009507 0.283148 + 15.63
INT/26-1/5 Amos Vale Tonalite 106 0.283292 0.000030 0.06 2.24 0.003806 0.283285 +20.45
INT/1-3/4 High-Nb granite 106 0.283154 0.000005 0.44 4.90 0.012760 0.283129 +14.93

INT/29-2/2 Nb-enriched basalt 106 0.283041 0.000006 0.29 2.80 0.014717 0.283012 +10.80
2D-14 Mafic dyke 91 0.283123 0.000006 0.20 1.14 0.024930 0.283080 + 12.91

INT/20-2/1 Gabbro-diorite 106 0.283155 0.000005 0.21 1.45 0.020580 0.283114 + 14.42
INT/4-2/2 0.283126 0.000015 0.05 0.53 0.013406 0.283100 +13.91
INSS3c San Souci mafic 90* 0.283139 0.000005 0.49 3.16 0.022035 0.283102 + 13.66
INSS6.5 0.283156 0.000001 0.58 3.34 0.024676 0.283114 + 14.07
INSS7.2 0.283140 0.000006 0.38 1.96 0.027550 0.283093 +13.34
INSS7.3 San Souci felsic 0.282956 0.000006 0.47 8.45 0.007904 0.282943 +8.02
INSS7.1 0.283013 0.000008 0.43 6.31 0.009683 0.282997 +9.92
INSS5.1 San Souci sediment 0.282066 0.000004 0.56 14.49 0.005491 0.282057 -23.33

EA68 11318g Aves Ridge mafic 76 0.283112 0.000005 0.32 1.17 0.038865 0.283057 +11.76
EA68 11317a Aves Ridge granitoid 0.283178 0.000005 0.34 2.94 0.016434 0.283154 +15.19
m = measured ratio, i = initial Hf, NCS = North Coast Schist, * = assumed age of the formation as U-Pb geochronology results not available
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Tlline D

In answer to
o f  J a m e s  and
(Geoscientist J9 . 9 ).

Neill*  sets out 
the widely-accepted 
"Pacific Origin

model for the 
Caribbean Plate

V t i ®

Pro-POP -  some of the 
fundamental concepts123

•  Andean/Cordilleran arc history due to Pacific 

subduction and the presence of passive Atlantic 

margins indicate that the Americas have moved 
westwards in the mantle reference frame during the 
Atlantic opening history. Lesser Antillean subduction 
can only be explained by the relative eastward 

movement of the Caribbean plate with respect to 

the Americas. Arc magmatism has been more or less 
continuous with a westward-dipping subduction 

zone, for the last -85 Ma4 -125 Ma3’5, even -130+ 
Ma. Assuming 125 Ma of westwards subduction at a 
reasonably slow rate (say 2 cm/yr) the leading edge 

of the Caribbean plate will have originated 2500 km 
westward of its present location -  that is, in the 

Pacific.

•  Plate motion determinations for the Caribbean and 
North and South America indicate the Americas did 

not split until -160 Ma and the present day 
Caribbean plate does not fit into the space available 
geometrically during the Jurassic-Cretaceous.35

•  Most sedimentary successions in in-situ Caribbean 
margins do not show any evidence of island arc- 
related tuffs deposited during the Early Cretaceous, 
when the Caribbean island arc system was very 
much active. So the arc was hundreds, nay 

thousands of kilometres distant - in the Pacific.

•  Pacific and Tethyan faunal successions merged only 
during the late Cretaceous, indicating that the two 
seaways were previously separate. We should expect 

to find Tethyan fauna in the older marine sediments 
of the Caribbean had it been formed "in situ".

•  Seismic tomography actually images the Atlantic slab 

descending beneath the Caribbean plate - 
confirming at least 1500km of subduction, and 

therefore eastward displacement, of the Caribbean 
plate through time6.

T h e “O r ig in  o f  th e  C aribbean Plate” m ee tin g  at 

SigU enza in  zo o G  sh ou ld  h ave b e e n  th e  fin a l restin g  

p la ce  o f  th e  “in  s itu ” m od el o f  th e  C aribbean. The POP 

is  o v er  tw o  d eca d es  o ld . It is  a w e ll e sta b lish ed , tested  

m o d e l w ith  m o re  argu m en ts in  favour th an  space  

a llo w s. I h ave o u tlin ed  ju st five  gen era l pro-PO P  

argu m en ts  in  th e  b ox, and w ill resp on d  in  su m m aiy  to  

Jam es an d  L orente’s  article  b y  ch a llen g in g  fir st th eir  

rea d in g  o f  th e  POP, and seco n d  th e ir  “in  s itu ” 

in ter p r eta tio n  o f  ex istin g  data.

M o s t  G e o N e w s  a p p e a r s  f i r s t  in G e o s c i e n t i s t  O n l i n e



Understanding the  POP
In th e ir  provocative p iec e  POP goes the parad igm ?  (G eoscientist 19.9 p p  12- 

14: s e e  th e ir  Figure 2) Jam es and  L orente argue that th e  “Great A rc” o f  th e  

C aribbean b en d s  and le n g th en s  “im p o ssib ly ” in  Pacific O rigin  m od els. 

We k n ow  that th e  arc h as a lo n g  an d  co m p lex  h is to iy  p a ss in g  through  

ob liq u e ex ten s io n , c o llis io n , ob d u ctio n , ro ta tion , even  polarity reversal. 

At a g lan ce , w hat Jam es and  L orente m ark  as “th e  A rc” is  n ot te llin g  the  

fu ll story  and th e ir  o b jection  d o e s  n o t c o n s id er  th e  num erou s geological 

p ro ce sses  capable o f o ccu rrin g  to  ch an ge th e  surface shap e o f th e  arc.

On th e ir  Figure 3, m agn etic  l in e a tio n s  are m arked in  th e  V enezuelan  

b asin . T h is b a sin  is  largely  covered  b y  th e  C aribbean O ceanic Plateau, 

and th ese  lin e a tio n s  d o  n o t ex ist  in  an yone e lse ’s m od el, POP or  

o th erw ise . O ccam ’s  razor su ggests  that Jam es m isin terp rets, or over­

in terp rets  th e  data.

T he au thors’ d escr ip tio n  (p  13) o f  th e  POP is  factually in correct in  p laces  

and s e e m s  to  re ly  u p o n  th e  “trad ition a l” v iew  o f  Burke, (1 9 8 8 )7. Many 

recen t m o d e ls  (e .g . P in d ell et a l., in  M) do n ot n ecessarily  accept that th e  

o cea n ic  p lateau  co llid ed  w ith  a n  arc, cau sin g  p olarity reversal. So h ere  it  

w ould  se e m  that Jam es and  L orente ch o o se  to  ign ore  h a lf  th e literature. It 

is  vital, in  p ro p o sin g  an alternative m od el to  any theory, that the 

p rotagon ists  are up to  date, in  detail, w ith  w hat they are figh tin g. 

F urtherm ore, it is  n o w  b eco m in g  estab lish ed  that th e  C aribbean O ceanic  

Plateau can n ot b e  fo rm ed  ab ove a slab gap.8

The “in  s itu ” m o d e l’s  in terp reta tion s o f  se ism ic  lin e s  (page 14 o f  th e  

p rin ted  artic le) p rom p t m e to  ask  h ow  a salt d iap ir can p o ss ib ly  protrude a 

su b stan tia l d ista n ce  ab ove th e  sea  floor  w h en  it  w ould  surely  e ith e r  

d isso lv e  or spread  out. S uch  stru ctu res are m ore lik e ly  seam ou n ts. In 

erron eou sly  su g g estin g  th e  p resen ce  o f  salt in  th e  V enezuelan  b asin , th e  

co n c lu s io n  th ey  th e n  m ake, that m u ch  o f  th e  b a sin  rep resen ts  con tin en ta l 

crust, is  n o  lo n g er  valid.

Interpretations of existing data
A s for Jam es and L orente’s  a ltern ative in terp reta tion s o f  th e  k now n  

geology, I w ould  m ake th e  fo llo w in g  p o in ts.

1. C rust o f  4 5 k m  th ick n ess  d o es  n o t n ecessar ily  in d ica te  con tin en ta l 

m ateria l. Data su ggest th e  p resen ce  o f  arc roots, but n ot n ecessarily  

co n tin en ta l crust, in  th e  C aribbean p late. A verage con tin en ta l crust is  

in term ed ia te  in  co m p o sitio n , so  are m ature ocean ic  arcs. Gravity 

can n ot d is tin g u ish  th e  tw o. U n d erstan d in g  geoch em istry  is  v ita l in  th is  

resp ect. H igh s ilica  d o es  n ot in d ica te  co n tin en ta l rocks. Crystal 

fraction ation  from  a b asa ltic  m elt  an d  crustal r e -m e lt in g  gen erate h igh  

s ilica  co n ten ts  in  a n  in tra -o c ea n ic  s e tt in g  and are extrem ely  com m on  

p ro ce sse s . T he trace e lem en t and  iso to p ic  record  from  th e  O ceanic  

Plateau and  arcs, th rou gh  d ozen s u p o n  d o zen s o f p u b lica tion s, sh ow s  

that th ere  is  lit t le  con tin en ta l m ateria l b en ea th  th e  C aribbean Plate.

Salt d iap irs are n o t p resen t.

2 .T he authors appear to  argue for pun ctu ated  p h ases o f  ex ten s io n  from  

th e  T riassic th rou gh  to  th e  O ligocen e . Broadly e x ten s io n a l tec ton ics  

la stin g  up to  170 Ma s e e m s  geo log ica lly  u n feasib le  and certain ly  can n ot  

account for th e form ation  o f  th e  O ceanic Plateau. A ccep tin g  that  

rend ers m u ch  o f  th e  d isc u ss io n  that fo llow s irrelevant.

3. In paragraph 4  (p age 14) th e  au thors argue that the  

C aribbean  P lateau  fo rm ed  b y  “serp en tin iz a tio n  o f the  

m an tle”. H ow ever, in  reality , w e k n o w  - from  

g eo ch em ica l an d  iso to p ic  in v estig a tio n s  o f  ex ten sive  

land an d  a n u m b er  o f  o ffsh o r e  sa m p les  - that it cou ld  

only h ave fo rm ed  in  a sh o r t sp ace  o f  t im e  by th e  

im p in g em e n t o f  a h o t m a n tle  p lu m e b en ea th  the  

C aribbean l i th o sp h e r e . Jam es and L orente m ay argue 

that li t t le  o f  th e  P lateau  h as  b e e n  d r illed  to  w ork  out 

exactly w h at it  is .  I h o ld  m y h an d  up; I w ould  love  to  

s e e  m o re  sa m p le s , b u t every th in g  w e have today fa ils  

to  co u n ter  a P ac ific  o r ig in  m od el.

4 . Jam es an d  L oren te  su g g e st th at m id , late C retaceous  

and m id  E o ce n e  u n c o n fo r m itie s  are p resen t in  th e  

C arib b ean . C on vergen t ev e n ts  are n o t correlated  

across  th e  re g io n  an d  I su sp ec t th e ir  co n ten tio n  is  a 

g en er a lisa tio n . A  p a u se  in  v o lcan ic  ev en ts  certa in ly  

d o esn ’t  r in g  tru e fo r  th e  C retaceous period; th e  

C arib b ean  arc s u c c e s s io n s  w ere  active throughout.

5. T h ere i s  n o  ev id e n c e  in  th e  geo ch em ica l or iso top ic  

record  fo r  s ig n if ic a n t  c o n tin en ta l in p u t in to  the  

C arib b ean  a rc (s )  d u r in g  th e ir  early h is to iy . W hy th en  

sh o u ld  co n tin e n ta l in p u t appear at an  arbitrary p o in t  

d u r in g  th e  m id d le  o f  th e  h isto ry  o f  th e  arc, if  

co n tin e n ta l m ateria l w as alw ays p resen t in  th e  

C arib b ean  reg io n ?  T h e ch an ge from  is lan d  arc 

th o le i ite  to  ca lc -a lk a lin e  c o m p o sitio n s  re flects  

ch a n g in g  s e d im e n t in p u t and arc maturity.

Author finds fault. All
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6 . The authors speak  o f  b ack -arc  sp read in g  occurrin g a lon g  the  

A ves Ridge. The A ves R idge is  an  ex tin c t is lan d  arc - I have 

th e  g eoch em ica l data to  p rove it. G eophysical surveys p o in t to  

th icker, a rc -lik e  crust. H en ce I p resu m e th is  is  a m istak e on  

th e  authors’ part.

Jam es and Lorente su ggest that our ch em ica l and iso top ic  data 

n eed  to  b e  co m p le te ly  re -e x a m in ed  and “statistica lly  tes ted ”. It 

is  over th is  p o in t  th at I take particular um brage. G eoch em ists  

are exa m in in g  and r e - in te r p r e tin g  th e ir  data all th e  tim e , 

w hatever m o d e l is  p resu m ed . I can n ot accept th e  trash in g  o f  

over fou r d eca d es o f  good  geo log ica l practice in  th e  Caribbean.

I w ould  read ily  ad m it th at th e  C aribbean com m u n ity  h as faced  

ch a llen g es  regard in g  th e  exact d eta ils  o f  th e POP, ch a llen ges  

that are b e in g  iron ed  out as n ew  in form ation  b eco m es  available. 

A ny m o d e l i s  a llow ed  to  evolve. However, Jam es and  Lorente 

su ggest that th e  POP m od el in vok es p ro ce sses  that are d ifficu lt  

to  exp la in  or te s t . W e ore exp la in ing , w e ore testin g . I s im p ly  do  

n ot re co g n ise  th e ir  argum ent, esp ecia lly  as th e  “in  s itu ” m od el 

in  it s e lf  b reak s so  m any fundam ental geo log ica l and esp ecia lly  

g eoch em ica l co n cep ts .

T he p o sitiv e  u p sh o t from  th e S igiienza m eetin g  is  that th ere  are 

a n u m b er o f  crack in g  articles w hich  w ill appear in  S pecia l 

P u b lica tion  3 28 . R esearch  in  th e C aribbean has m oved  far 

b eyon d  th e  o b jectio n s  raised  by Jam es and L orente. Let th e  “in  

s itu ” m o d e l re st in  peace , ca
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La Desirade Island is located on the hanging wall o f the present-day Lesser Antilles subduction zone and 
consists of a suite of Mesozoic igneous rocks capped by Neogene limestone. The basement suite contains 
Kimmeridgian to Tithonian (-1 5 3 -1 4 5  Ma) mafic lava flows and pillow basalts overlain by felsic flows and 
breccias and intruded by a Mid-Berriasian (-1 4 4  Ma) trondhjemite pluton and intermediate to felsic dykes. 
The mafic rocks form a -3 0 0  m thick sequence which trace elem ent geochemistry reveals to contain, in 
stratigraphic order: (1) tholeiites with a very weak subduction signature; (2) calc-alkaline and tholeiitic arc 
rocks containing pelagic and terrigenous sedim ent slab-related components and (3) arc tholeiites with a 
minor subduction signature. The mantle wedge source w as depleted and did not contain a significant plume- 
related component. The overlying felsic rocks show similar trace element patterns and incompatible trace 
element ratios to the mafic units. Factors such as pelagic sedimentary deposition and re-working, low 
eruption rates and the presence of MORB-like and felsic rocks are best explained by an origin at a back-arc 
spreading ridge. This back-arc was most likely in the proto-Caribbean (Colombian Marginal) seaway and was 
related to east-dipping Andean/Cordilleran subduction. Other sites in the Greater Antilles and Central 
America older than the -1 3 5  Ma westward acceleration of North America appear to corroborate a latest 
Jurassic-Early Cretaceous east-dipping arc system. The preservation of La Desirade in the fore-arc of the 
present Antilles arc is consistent with Mid-to-Late Cretaceous inception of west-dipping subduction along 
the former back-arc axis which had previously given rise to La Desirade.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The Caribbean plate (Fig. 1) is widely considered to have 
originated in the Pacific region and subsequently technically  
emplaced between North and South America (e.g. Kerr et al., 2003; 
Pindell and Kennan, 2009). Plate reconstructions show that the 
Americas separated during the break-up of Pangaea to form oceanic 
crust by ~160M a in the Gulf of Mexico, proto-Caribbean and 
Colombian Marginal seaways (Pindell and Kennan, 2009). Divergence 
between the Americas focussed on the proto-Caribbean seaway until 
the late Campanian (Pindell et al., 1988; Muller et al., 1999; Pindell 
and Kennan, 2009). From the Early Triassic onwards, oceanic crust of 
the Farallon (proto-Pacific) plate subducted beneath North and South 
America and island arc sequences were accreted to the American 
continental margins (the Andean/Cordilleran arc) (e.g. Oldow et al., 
1989).

* Corresponding author. TeL: + 44  2920 876420 (Office).
E-mail address: neilli@cf.ac.uk (L Neill).

0024-4937/S -  see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.lithos2010.08.026

Subduction a t the proto-Caribbean-Pacific boundary during much 
of the Cretaceous also generated the “Great Arc” of the Caribbean 
(sensu Burke et al., 1978; Burke, 1988), including the extinct Greater 
Antilles arc. However it is unclear whether the earliest stages of the 
Greater Antilles arc were related to east-dipping or to southwest- 
dipping subduction. At -9 4 -8 9  Ma, to the southwest of the Greater 
Antilles, the m antle plume-derived Caribbean-Colombian Oceanic 
Plateau (CCOP) formed on the Farallon Plate (Sinton etal., 1998; Kerr 
et al., 2003). The CCOP crust is up to 20 km thick, much thicker than 
“normal” oceanic crust (Edgar et al., 1971; MaufFrey and Leroy, 1997). 
East-dipping subduction initiated at the western margin of the CCOP 
during the Campanian which isolated the Caribbean Plate and formed 
the Costa Rica-Panama arc (e.g. Pindell and Dewey, 1982). By this 
tim e, subduction on the  Greater Antilles system had become 
southwest-directed, allowing the Americas to move westwards past 
the Caribbean Plate (e.g. Mattson, 1979). The Caribbean Plate partially 
collided w ith North and South America during the Campanian and 
moved east along transpressional boundaries into its present location 
(e.g. Pindell and Dewey, 1982; Kennan and Pindell, 2009; Hastie et al., 
2010).

http://www.elsevier.com/locate/lithos
mailto:neilli@cf.ac.uk
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Fig. 1. Simplified geological and location map of La Desirade with insets showing the Caribbean Plate and a stratigraphic column for the island. Intermediate-felsic dykes are scattered 
throughout the trondhjemite and NE volcanic complexes. Numbers indicate sample locations. For geochronological references, see tex t

The cause and timing of the polarity reversal are arguably the most 
contentious aspects of Caribbean geology (e.g. Hastie et al.. 2009; Hastie 
and Kerr, 2010; Pindell and Kennan, 2009). Atlantic spreading rates 
increased duringthe Early Cretaceous (-135-125 Ma) so North America 
travelled westwards over the mantle faster than South America (Pindell 
et al.. 1988). Some suggest that the effect of this acceleration was to turn 
the proto-Caribbean-Pacific boundary into a sinistral transform zone 
which would ‘flip’ to become a southwest-dipping subduction zone 
(Greater Antilles arc) during the Aptian-Albian (e.g. Pindell et al.. 2006; 
Pindell and Kennan. 2009). A second model is that the thickened crust of 
the CCOP collided with the Great Arc of the Caribbean (80-90 Ma), 
which at that time was east-dipping and still part of the Andean/ 
Cordilleran system. The plateau was too hot, thick and buoyant to 
subduct, thus, blocking the trench and initiating polarity reversal (e.g. 
Duncan and Hargraves, 1984; Burke, 1988; W hite etal., 1999; Kerretal., 
2003; Hastie and Kerr, 2010).

There are also subduction-related rocks in the Caribbean region 
today which pre-date the w estw ard acceleration of North America 
and whose origin is the result of Andean/Cordilleran subduction. The 
preservation of these rocks is due in part to the nature of the ‘flip’ or 
subduction polarity reversal in the Greater Antilles region. However, 
although these rocks are likely to be highly significant in understand­
ing the origin and evolution of the Caribbean Plate, little is known of

their distribution and tectonomagmatic setting. In this paper we 
investigate the  Late Jurassic to Early Cretaceous (M attinson e t al., 
2008) igneous rocks of the  island of La Desirade in the Lesser Antilles 
(Fig. 1). Previous studies disagree on La Desirade's tectonomagmatic 
setting, w ith  suggestions ranging from m id-ocean ridge (e.g. 
Mattinson e t al., 1980, 2008) to island arc (e.g. Bouysse et al., 1983; 
Baumgartner e t al„ 2008; Cordey and Cornee, 2009). In this paper we 
use trace elem ent geochemistry to determ ine the  tectonic setting of 
the rocks, and to identify m antle and crustal inputs into their magmas. 
Using this new  data and published data from Late Jurassic to Early 
Cretaceous subduction-related fragments from around the Caribbean 
region, w e propose a tectonic reconstruction for the Late Jurassic 
period and a framework for the  preservation of La Desirade following 
the onset of southw est-dipping subduction in the  Greater Antilles.

2. Geological outline of La Desirade

La Desirade (22 km2) lies 10 km east of Grande Terre, Guadeloupe, 
on the hanging wall of the active Lesser Antilles subduction zone 
(Fig. 1 ).The island is capped by Neogene limestone (Baumgartner-Mora 
et al., 2004) and has been uplifted on a fault scarp revealing the only 
suite of Mesozoic volcanic and plutonic rocks in the Lesser Antilles. 
Trondhjemites and basalts similar to those found on La Desirade have
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also been dredged from the Falmouth Spur between La Desirade and 
Antigua and from the Desirade sea trough (Johnston et al., 1971; Fink, 
1972; Bouysse, 1984). The presence of Late Jurassic radiolarian 
assemblages of Pacific origin which pre-date much of the proto- 
Caribbean seaway dem onstrate that La Desirade has travelled eastwards 
relative to the Americas a t the leading edge of the Caribbean Plate 
(Montgomery et al., 1992,1994) (Fig. 1).

Approximately 10 km2 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. 1). Recent 
geochronology and fieldwork (M attinson 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. In this paper these are referred to as 
the NE mafic volcanic complex, and are the main focus of our 
investigation. M agm atism  then  evolved to felsic com positions 
(Mattinson e t al., 2008) forming the  NE felsic volcanic complex near 
Grand Abaque, the central trondhjemite pluton and the SW felsic 
complex which consists o f dykes and flows around Morne Fregule. 
Finally, a suite of intermediate-felsic dykes which cuts both the pluton 
and the northeastern complexes was emplaced.

Radiolarians in inter-lava flow chert at Pointe Double (NE 
mafic complex) and Pointe Fregule (SW felsic complex) are from 
bio-chronostratigraphic zone 4, upper subzone 4fS [mid-Upper 
Tithonian (-150-145  Ma)] (Montgomery e t al., 1992; Mattinson 
et al., 2008). Work by Cordey and Cornee (2009) on the northeast 
mafic complex has revealed radiolarians dating to the Late Kimmer- 
idgian (-153-150  Ma), indicating a m aximum eruption time o f-8  Ma 
for the northeast mafic complex (timescale of Ogg et al., 2008). 
Zircons separated from the trondhjem ite pluton have been dated by 
U-Pb chemical abrasion-therm al ionisation mass spectrometry to 
143.74±0.33 Ma (M attinson 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 Desirade lasted up to 10 Ma.

The occurrence of pillow basalts and what was interpreted as pelagic 
chert, lead Mattinson e t al. (1980,2008) to conclude that the mafic rocks 
of La Desirade were the upper part of an ophiolitic sequence probably 
formed a t a mid-ocean ridge. Bouysse et al. (1983) favoured a 
subduction-related setting based, in part, on the lack of lower 
components of an ophiolite such as sheeted dykes, gabbros and 
ultramafic rocks. There has been a recent re-investigation of the chert 
of the northeast mafic volcanic complex by Montgomery and Kerr 
(2009) and Cordey and Comee (2009) indicating that radiolarites are 
sparse and that the chert has high levels of MgO and Fe203, inferring 
rapid formation in a hydrothermal regime. However there were periods 
of quiescence during which time pelagic chert and limestone deposition 
occurred. The subordinate limestones found between the pillows are 
low in Fe203 and high in Si02 and contain radiolarians and planktonic 
foraminifera indicating a pelagic origin suggestive of a spreading centre 
(Montgomery and Kerr, 2009). Because pillow basalts 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 and Vine, 1971), but integral parts of supra-subduction 
zone settings (Pearce et al., 1984), the outcrop geology of the island is 
not equivocal in resolving a subduction-related or mid-ocean origin. 
Perhaps the only indicator comes from the predominance of felsic 
volcanic rocks on La Desirade which is more common to island arcs than 
mid ocean ridges. Therefore, trace element geochemistry is required to 
resolve the tectonic setting o f these rocks.

3. Rock types and petrography

complex. The dom inant rock type is a vesicular black to grey-green, 
often reddened, basalt-basaltic andesite lava, which typically forms 
pillows up to 1 m across (Fig. 2). Voluminous red cherts (jasper) and 
minor limestone pinch-ups occur between the pillows (Montgomery 
and Kerr, 2009), which exhibit right-way-up ‘teardrop’ structures and 
glassy rinds. Individual packages of pillow lavas define a crude 
layering which dips a t 10° or more to the north exposing -3 0 0  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 
displacem ents o f only a few centim etres to several metres, which may 
be related to em placem ent o f the  interm ediate dyke suite; however, 
the  en tire  mafic com plex is continuous w ith no recognisable 
unconformities. The contact w ith the overlying northeast felsic 
volcanic complex is faulted (Fig. 2), but chert and basalt clasts are 
found w ithin the  felsic breccias of the overlying unit indicating 
eruption through the  pre-existing mafic complex and an unconfor­
mity betw een the tw o complexes of unknown length.

In the lower part o f the  mafic complex, (Loc. 10-11; Fig. 1) 
the lavas can be divided into tw o petrographic facies. The first type is 
fine-grained w ith 0.5 to 1 m m  clinopyroxene phenocrysts set in a 
groundm ass consisting of randomly aligned acicular plagioclase, squat 
clinopyroxene and Fe-Ti oxides. There are brown/green clays, oxides/ 
haem atite patches and in som e cases, abundant calcite replacing the 
original textures. The second type of lava has a grain size of up to 
2 mm w ith  plagioclase phenocrysts up to 4  mm. Interstitial plagio­
clase is m ore tabular, w ith clinopyroxene and Fe-Ti oxides that

3.1. NE mafic volcanic complex

1 metre

Blocky flows and pillows

%  Notebook 
forscale Pillowed basalts

NE mafic 
complex Flows and breccias
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j j r  * domplQx

Jslotebook 
for s ta le  |
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The NE mafic volcanic complex outcrops from Baie Mahault to Fig. 2. (a) Pillowed mafic lavas inter-bedded with thin cherts, (b) Faulted contact between
Anse GaletS where it is overlain by the northeast felsic volcanic the northeast mafic volcanic complex and the northeast felsic volcanic complex.
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have need le-lik e patterns. Replacem ent m inerals in this second  
type are brow n/green  clays, oxides/haem atite, chlorite, prehnite and 
pum pellyite.

O verlying these  rocks, som e o f  the pillow s at Locality 8 (Fig. 1) are 
quite d istinct, consisting o f  1 m m  grains o f  hopper-shaped or acicular 
to elon gate  splays o f  clinopyroxene and lesser acicular plagioclase  
w hich  m ight indicate rapid quenching o f  the lava. Replacem ent 
m inerals are quartz, prehnite, pum pellyite and oxides. V esicles are in­
filled by quartz and Fe-Ti oxides. The rem aining sam ples from 
Localities 8 and 9 (Fig. 1) are largely aphyric, ranging from 0.25 m m  to 
1 m m  grain siz es  and consisting  o f acicular p lagioclase, squat 
clinopyroxene, and Fe-Ti oxides, som etim es com b-like or acicular. 
Replacem ent m inerals include calcite patches and veins, prehnite and 
oxides including haem atite.

The you n gest lavas in the com plex (Localities t - 7  and 14 -1 7 ;  
Fig. 1) vary in grain size from <0.25 m m  to 0.5 m m . Acicular 
plag ioclase d om in ates th e  groundm ass w ith  e lo n g a te  to squat 
clin op yroxen e present. Som e sam ples are clinopyroxene-phyric, 
often  w ith  glom eroporphyritic blebs reaching 1 m m  w h ilst others 
appear g lassy w ith  abundant calcite replacem ent. Other replacem ent 
m inerals include chlorite, prehnite, pum pellyite, green /b row n  clays 
and ox id es. The replacem ent m inerals found across the com plex are 
diagnostic o f  a low -grade prehn ite-pum pelly ite  facies m etam orphic  
assem blage.

3.2. Felsic volcanics and the trondhjemite pluton

The NE felsic volcanic com plex outcrops around Grand Abaque and 
contains orange-w eathered  m assive rhyolitic flow s, volcanic breccia 
and scoria. Breccias are darker in colour than th e  flow s and are 
vesicular w ith  abundant g eod es containing quartz and ep idote. Other 
breccias look sim ilar to basalts and cherts o f  the NE m afic volcanic  
com plex. The rhyolitic flow s and breccias con sist m ostly  o f  plagioclase  
and quartz w ith  m inor haem atite crystals and veins. Som e chlorite, 
clays and ep id ote are present replacem ent m inerals.

The SW felsic com plex occurs at the  coast near M ourne Fregule and 
is regarded as tem porally  equ ivalent to the NE felsic com plex  
(Bouysse et al., 1983; M attinson et al., 20 0 8 ), containing similar 
rhyolitic flow s. These flow s contain  plagioclase and quartz pheno- 
crysts up to 1 m m  across, w ith  a fine groundm ass dom inated by 
plagioclase w ith  m inor quartz and oxides. Clays, haem atite and 
ep id ote  are replacem ent m inerals.

A trondhjem ite pluton is exp osed  for 4  km along th e  north coast o f  
th e  island. There are a variety o f  igneous facies, w ith  the majority 
com prising plagioclase-rich trondhjem ite w ith  m inor am ounts o f  
d iorite and albite granite, w hich  are cut by abundant interm ediate 
dykes. The trondhjem ite is characterised by 2 - 3  m m  sized grains o f  
tabular p lagioclase (-60% ), hornblende, quartz, Fe-Ti oxides, titanite 
and zircon. Alkali feldspar and b iotite are absent. The m ost com m on  
replacem ent m inerals are chlorite and ep idote.

A lthough n ot y e t  dated  by U -Pb m ethods, the felsic com plexes  
appear o f  sim ilar a ge  to the  p luton  (M attinson et al., 2008). Mattinson 
et al. (2 0 0 8 ) proposed  that the p luton  intruded the lavas o f  its ow n  
volcanic carapace. T hese lavas w ere  o f  th e  sam e com position and age 
as those w hich  form ed the  NE and SW felsic com plexes.

3.3. Intermediate-felsic dykes

C linopyroxene dolerite, m icrodiorite, granodiorite and granophyre 
dykes cut the trondhjem ite and NE m afic and felsic com plexes  
(M attinson et al., 1980). M attinson et al. (20 0 8 ) contend that the less 
evolved  dykes are the last m agm atism  on  the island w hilst the m ost 
felsic dykes are related to the earlier felsic magmatism . The more 
m afic dykes are yellow -green  tinged, 2 - 3  m thick, trend roughly NE- 
SW w ith in  the  NE mafic volcanic com p lex  and show  chilled margins 
w ith  the surrounding pillow  basalts. Minor faults w ithin  the NE

m afic com p lex  occur at an gles parallel or sub-parallel to  the dykes 
suggesting a structural control upon dyke em placem ent. These dykes 
have a grain size o f  around 0 .25 m m  and contain clinopyroxene  
phenocrysts (-10% ) in a groundm ass o f  e longate plagioclase and 
minor clinopyroxene and quartz w ith  alteration to chlorite and 
pum pellyite. Epidote, alb ite  and prehnite have also been reported 
(MatLinson e l al., 1980). Dykes cu tting the trondhjem ite pluton are 
dark green, up to 1 m  across and have a grain size o f 0 .25 to 0.5 mm. 
They are d om in ated  by a groundm ass o f  e lon gate  plagioclase, 
clinopyroxene and Fe-Ti ox id es w ith  rare clinopyroxene phenocrysts. 
Replacem ent o f  th e  clin op yroxen es by clays and chlorite is very 
com m on.

4. Geochemistry

4.1. Analytical methods
Forty-three sam ples w ere  co llected  from across the com plexes  

w ith  em phasis on  the northeast m afic volcanic com plex  due to good  
exposure and the su itability o f  m afic rocks for p etrogenetic study. 
Fresh material w as difficult to  obtain  because o f  the vesicular nature 
and hydrotherm al/m etam orphic alteration  o f  som e o f  the rocks. The 
freshest sam ples w ere  obtained  from the cen tre o f  p illow s or from 
coeval dyke-lets b etw een  the p illow s. Each sam ple w as trim m ed by 
rotary saw  to  rem ove w eath ered  surfaces, ca lcite  vein in g  and  
vesicular patches and ground in a steel jaw  crusher before pow dering  
in an agate ball mill. A nalysis w as undertaken at Cardiff University, 
UK. Loss-on-ignition values w ere  calculated after heating 2 g o f each  
sam ple at 90 0  °C for 2 hours. Sam ples w ere  d isso lved  using the fluxy- 
fusion m ethod outlined  in M cDonald and Viljoen (2 0 0 6 ). Major 
elem en t and Sc abundances w ere  determ in ed  by using a JY Horiba 
Ultima 2 Inductively Coupled Plasm a O ptical Em ission Spectrom eter  
(1CP-OES). Trace e lem en ts w ere  analysed  by a Therm o X7 Series 
Inductively Coupled Plasma M ass Spectrom eter (ICP-MS). Silicate 
rock standards JB-1A, NIM-G and BIR-1 w ere  run through repeated  
sam ple batches. Relative standard d ev iation s sh o w  precision o f 1-5% 
for m ost major and trace e lem en ts for JB-1A. 2 a  values encom pass  
certified values for the vast m ajority o f  e lem en ts. R epresentative 
analyses from the d ifferent com p lex es are sh ow n  in Table 1. Full 
analytical results including repeat runs o f  standard basalt JB-1A can be 
found in the Supplem entary Inform ation.

4.2. Element mobility

High loss-on -ign ition  va lu es (Table 1) are likely to  be due to sub­
solidus alteration processes. M obilisation o f  m any major and trace 
elem en ts such as Si, Mg, Na, K, Ba and Sr is therefore to be expected , as 
has been  noted for other C retaceous Caribbean igneous rocks (e.g. 
Hastie et al., 2 0 0 7 ). E lem ents con sid ered  to be relatively im m obile  
under low -grade m etam orphism  (u p  to green sch ist grade) and  
hydrotherm al a lteration  p ro cesses are th e  rare Earth e lem en ts  
(REE), high field strength  e lem en ts (HFSE) along w ith  Co, Cr, Ni, Sc, 
V, Y and P (e.g. Pearce, 1983; Seew ald  and Seyfried, 1990). Nb (a 
HFSE) is considered  im m obile, h en ce e lem en ts for sam ples w ithin  a 
given  m agm atic su ite  that are a lso im m obile should sh ow  clear trends 
related to in tra-m agm atic d ifferentiation  processes w h en  plotted  
against Nb (c.f. Cann, 1970).

The NE m afic volcanic com p lex  can be split into three units based  
on their geoch em istry  (Section  5 .1). Unit 1 con sists o f  the low erm ost 
clinopyroxene and p lagioclase-phyric lavas (Localities 10 and 11) 
w hereas Unit 2  covers Localities 1 to 9  and Unit 3 is found at Localities 
14 to 17 (Fig. 1 ). R epresentative m ajor and trace e lem en ts in the three  
units are p lotted  against Nb in Fig. 3 to  dem onstrate elem ental 
m obility. N one o f  th e  recogn ised  units d isp lay coherent intra- 
m agm atic d ifferentiation  trends for the major e lem en ts (except 
Al20 3 and T i0 2) or large ion lithophile elem en ts (LILE). Conversely,
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Table 1
Representative data for the La Desirade mafic volcanic units and felsic complexes.

Number IND/10.2 IND/11.2 IND/41 IND/5.1 IND/15.2 IND/16.1 DES20.3 IND/18.2 IND/19.9 IND/19.11 IND/19.2 5.14D3

Class BAS BA BAS BA BA BA DAC DAC TROND TROND DAC AND

Type

Unit

TH/MOR

1

TH/MOR

1

CA/IA

2

TH/LA

2

TH/BAB

3

CA/BAB

3

TH/IA 

NE EEL

TH/IA 

SW FEL

TH/IA

TROND

TH/IA

TROND

TH/IA

DYKE

TH/IA

DYKE

SiO> 52.28 52.41 56.66 55.68 51.05 51.27 77.27 71.86 74.72 7458 57.57 54.13
TiO, 0.73 0.81 0.71 0.71 1.02 1.21 0.46 0.55 0.30 0.28 1.14 1.00
Al.,0-, 15.65 16.57 14.76 14.63 15.17 14.15 10.44 13.25 12.70 12.80 14.58 16.08
FezOafT) 7.96 9.33 5.98 6.27 9.35 10.18 2.18 3.89 3.55 3.32 12.21 10.47
MnO 0.11 0.07 0.09 0.09 0.10 0.08 0.03 0.06 0.10 0.09 0.37 0.16
MgO 5.54 3.19 4.05 3.44 3.78 2.22 0.34 2.42 0.68 0.62 3.18 4.08
CaO 6.69 8.30 5.75 7.96 10.17 6.34 0.28 0.20 1.94 1.95 2.79 488
NaiO 5.07 5.69 7.29 7.08 5.10 6.09 6.19 6.23 5.37 5.26 5.17 8.30
K-iO 0.25 0.12 0.21 0.09 0.06 0.06 0.15 0.07 0.12 0.16 0.35 0.07
P20 5 0.06 0.10 0.09 0.11 0.16 0.13 0.17 0.15 0.06 0.07 0.16 0.40
LOI 5.96 3.41 4.50 4.64 3.98 7.40 1.92 1.50 1.24 1.24 2.64 0.78
Total 100.31 100.00 100.07 100.69 99.94 99.13 99.43 100.18 100.79 100.36 100.17 100.35
Sc 29.4 31.3 23.0 22.7 31.2 29.7 9.1 15.7 11.3 11.2 30.0 34.3
V 232.5 301.9 226.2 251.6 331.3 498.8 30.1 29.6 20.4 12.7 219.1 329.1
Cr 496.1 278.8 212.6 189.9 129.4 5.5 165 34.6 14.4 30.9 11.1 3.7
Co 42.8 33.5 35.0 23.8 32.4 31.0 3.1 3.8 2.5 1.8 12.9 24.9
Ni 110.5 69.2 82.2 77.4 67.3 3.7 2.8 3.2 140.2 5.3 10.1 145.4
Ga 18.4 21.3 17.2 18.7 23.9 28.5 10.4 15.7 18.5 14.5 18.9 20.5
Rb 1.5 2.4 4.6 1.2 1.4 0.5 2.1 1.0 1.5 1.5 3.3 1.5
Sr 89.3 115.1 72.4 55.3 126.9 31.8 34.6 795 99.3 118.8 72.7 39.8
Y 26.8 147 18.3 15.5 19.6 29.3 48.0 28.9 26.8 23.2 28.8 27.7
Zr 91.1 48.9 67.3 78.9 67.8 105.7 141.4 123.1 146.8 113.1 111.0 98.8
Nb 1.46 1.18 1.87 1.37 1.06 1.49 1.47 2.18 1.41 1.12 2.71 1.83
Ba 19.9 2894.5 50.6 46.6 43.1 31.4 23.0 185 66.9 50.5 91.9 21.2
Hf 2.41 1.08 1.87 1.99 1.50 2.65 3.36 3.18 3.48 2.88 2.51 253
Ta 0.10 0.08 0.12 0.09 0.11 0.18 0.12 0.13 0.08 0.07 0.16 0.15
Th 1.35 0.08 0.55 0.28 0.10 0.74 0.52 0.37 0.44 0.44 0.36 0.44
La 2.89 1.96 3.26 3.31 2.10 3.15 7.09 3.72 5.18 4.12 4.84 4.46
Ce 8.35 5.44 7.97 8.50 6.46 8.87 15.33 11.29 12.68 10.37 13.39 11.81
Pr 1.66 0.99 1.51 1.44 1.12 1.60 3.46 1.98 1.93 1.63 2.21 2.01
Nd 8.19 4.80 7.29 6.48 5.44 8.07 17.43 9.21 8.34 7.02 10.11 9.97
Sm 3.00 1.72 2.42 2.18 1.95 2.96 5.43 3.19 2.63 2.35 3.30 3.19
Eu 0.98 1.44 0.86 0.74 0.87 1.12 1.43 0.91 0.74 0.67 1.01 1.11
Cd 4.33 2.16 3.86 2.67 2.62 3.81 6.28 4.37 3.49 3.04 4.14 3.70
Tb 0.67 0.36 0.52 0.41 0.46 0.67 1.04 0.69 0.57 0.52 0.66 0.63
Dy 4.56 2.46 3.26 2.70 3.04 4.64 6.95 4.72 3.89 3.59 4.38 4.19
Ho 0.93 0.48 0.63 0.51 0.61 0.93 1.35 0.95 0.79 0.72 0.86 0.84
Er 2.72 1.42 1.86 1.54 1.78 2.71 4.13 2.95 2.39 2.27 2.55 2.56
Tm 0.44 0.21 0.29 0.24 0.28 0.44 0.67 0.48 0.40 0.36 0.41 0.42
Yb 3.06 1.44 2.04 1.71 1.90 2.83 4.36 3.31 2.77 2.44 2.74 2.79
Lu 0.45 0.23 0.29 0.27 0.29 0.45 0.69 0.53 0.42 0.40 0.42 0.44

BAS =  basalt. BA =  basaltic andesite, AND =  andesite, DAC =  dacite. TH =  tholeiitic, CA =  calc-alkaline. MORB =  MORB-like, 1A =  island arc-like, BAB =  back-arc basin-like. LOl =  
loss on ignition. The complete data set can be found in the Supplementary Information.

im m obile trace elem en ts (e.g. Zr, Th and Yb) display coherent intra- 
m agm atic differentiation trends against Nb w ith in  each unit. On this 
basis. A120 3, T i02, the REE, HFSE and Co. Cr, Ni, Sc, V and Y have not 
b een  sign ificantly  m obilised  and m ay be used  in petrogenetic  
interpretation. Interestingly, on  the Zr vs. Nb diagram, tw o  sub­
groups can be seen  w h ich  both display d ivergent trends against Nb, 
w ith  8 sam ples from  Units 1 and 2 fo llow ing a low er Zr/Nb trend.

Major e lem en t classification  diagram s such as S i0 2 vs. K20  
(Peccariilo and Taylor, 1976) cannot be used on La Desirade due to 
sub-solidus alteration processes so the Th vs. Co diagram o f Hastie 
et al. (20 0 7 ) for island arc volcanic rocks is used (Fig. 4 ). The diagram  
is an im m obile e lem en t proxy for S i02 and K20  and is able to classify 
lavas on the basis o f  rock su ite  and type. Fig. 4  show s that the majority 
o f La Desirade lavas range from tholeiitic basalts to rhyolites.

4.3. Geochemical results from the northeast mafic complex
4.3.1. Unit 1

The lavas contain - 4 5 - 5 6  wt.% S i02f 0 .6 -1 .75  wt.% T i02, 1 3 -1 8  wt.% 
A120 3 and 3 -6  wt.% MgO and can be classified as tholeiitic basalts 
(Fig. 4). Vanadium ranges from 230  to 310  ppm, Cr from 280 to

45 0  ppm  and Ni from 4 0  to 140 ppm . Chondrite-norm alised REE 
patterns (8 -3 0  tim es chondrite) are flat to  slightly light (L)REE 
depleted w ith  som e p ositive Eu anom alies (Fig. 5). The N-MORB- 
normalised m ulti-elem ent p lots sh ow  a w id e  spread o f  values but many 
sam ples are slightly d ep leted  w ith  respect to N-MORB (Fig. 5). They 
have small negative Nb-Ta anom alies, relatively flat to slightly negative 
Zr-Hf profiles and a slight dep letion  in Ti. Som e sam ples are slightly 
enriched in Th/La w hilst others are depleted . All sam ples show  a small 
negative Ce anom aly (Fig. 5).

4.3.2. Unit 2
These rocks have 4 3 - 5 8  wt.% S i0 2, 0 .4 -0 .8  wt.% Ti02, 1 3 -1 6  wt.% 

Al20 3 and 3 .4 -6 .6  wt.% MgO and are m ostly  tholeiitic and calc-alkaline 
basaltic an d esites (Fig. 4 ) . Com pared to Unit 1, Unit 2 lavas are more 
siliceous and have low er T i02 concentrations. They contain high 
abundances o f V, Cr and N i—1 9 0 -3 4 0 , 1 9 0 -9 9 0  and 8 0 -2 1 0  ppm  
respectively. The chondrite-norm alised  REE patterns for Unit 2 vary 
from fiat to  slightly LREE enriched  and are generally m ore depleted  in 
the m iddle (M)REE and heavy (H)REE than the rocks o f  Unit 1 (Fig. 5). 
Overall the HREE are 5 -1 5  tim es chondrite w ith  som e small positive 
Eu anom alies. The N-M ORB-normalised m ulti-elem ent plot show s
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Fig. 3. Differentiation plots to assess element mobility within the NE mafic volcanic unit.

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. 5) 
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 compared to the depletion in Unit 1 and all samples 
possess negative Ce anomalies (Fig. 5).

4.3.3. Unit 3
The lavas are mostly tholeiitic basaltic andesites (Fig. 4). Si02 

varies from 47 to 61 wt.% and MgO from 1.7 to 3.8 wt% whilst Ti02 is 
consistently above 1 wt.%, much higher than in Unit 2. These rocks 
contain similar levels of V (130-500 ppm) to the other Units, but 
much less Cr (10-130 ppm) and Ni (5-65 ppm). The chondrite- 
normalised REE patterns of Unit 3 are flat to slightly LREE-depleted 
which is similar to the rocks of Unit 1 (Fig. 5), however on the N- 
MORB-normalised plot (Fig. 5), Nb-Ta depletions are present, unlike 
Unit 1. Zr-Hf is only very slightly enriched or depleted relative to the

O Unit 1 X F e lsic

•  Unit 2  D ykes
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C a lc -a lk a lin e

T ho leiitic  O  
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Fig. 4. Th-Co plot (Hastie et al.. 2007) showing the tholeiitic to calc-alkaline affinity of 
the NE mafic volcanic complex and the tholeiitic affinity of the felsic complexes of La 
Desirade. Felsic =  NE and SW felsic volcanic complexes and trondhjemite pluton. 
Dykes =  intermediate-felsic dykes.

REE. Ti is depleted relative to the REE and there are some marked Ce 
depletions relative to La and Pr, more like Unit 2 (Fig. 5).

4.4. Felsic volcanic and plutonic rocks
Si02 ranges from 62 to 79 wt.%, Al20 3 from 10 to 15 wt.%, MgO 

from 0.3 to 3.6 wt.% and Ti02 from 0.3 to 0.9 wt.%. Ni, Cr and V are 
considerably lower than in the NE mafic complex. The felsic rocks 
have nearly identical chondrite-normalised REE patterns to each other 
(Fig. 5), 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. 5) 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.

4.5. Intermediate-felsic dykes
The dykes range from basaltic andesites to rhyolites (Fig. 4) and 

have a spread of SiCb contents from 50 to 58 wt.%. A120 3 ranges from 
13 to 16 wt.%, MgO from 3.2 to 7.5 wt.% and Ti02 from 0.5 to 1.3 wt.%. 
Contents of V (30-340 ppm), 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. 5), w ith 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. 5), the dykes are again similar to 
the felsic rocks but do not have positive Zr-Hf anomalies or such 
pronounced negative Ti anomalies.

4.6. Radiogenic isotopes
Mattinson et al. (1980) reported Pb and Sr radiogenic isotope 

ratios from the trondhjem ite pluton (Fig. 1) and Gauchat (2004) 
analysed Pb, Nd and Sr isotopic ratios from all magmatic complexes on 
the island. Given the level of alteration present, it is unlikely that 
the Sr and Pb isotopic values can be used to assess petrogenetic 
processes or mantle sources (e.g. Thompson et al., 2003; Hastie,
2009). 144Nd/143Nd ratios are more resistant to sub-solidus alteration 
processes and so are likely to represent the primary composition of
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the lavas (e.g. W hite and Patchett, 1984). The ,44Nd/,43Nd ratios are 
depleted relative to bulk earth  and span a narrow range from 
0.512786 to 0.512914 but insufficient data are available for each 
sample to calculate initial ,44Nd/,43Nd ratios or compare isotopic 
values with trace elem ent ratios. However, these ratios overlap 
betw een the  different complexes on the island, suggesting that the 
mantle source region for all the igneous complexes was relatively 
homogeneous whilst the depleted values indicate that old continental 
crustal material was not involved in the petrogenesis of these rocks.

5. Discussion

5.1. Subduction-related origin o f  the La Desirade complexes

The new geochemical data  dem onstrates that many of the 
volcanic and plutonic rocks contain variable enrichments in Th 
relative to the HFSEs and negative Ce, Nb-Ta and Ti anomalies on N-

MORB-normalised m ulti-elem ent plots (Fig. 5). These features are 
characteristic of supra-subduction zone settings and not mid-ocean 
spreading centres (e.g. Pearce and Peate, 1995; Pearce and Stern, 2006).

Nevertheless, negative Nb-Ta anomalies could be formed by: (1) 
crustal contam ination as the  La Desirade magmas ascended and/or (2) 
slab-related fluids which enrich a m antle wedge in LILEs and LREEs 
and not Nb and Ta, the  latter remaining in rutile in the subducting 
oceanic slab (e.g., Saunders et al., 1980; Pearce and Peate, 1995; Elliot,
2003). Fieldwork and Nd isotope data suggest that the basement 
below La Desirade is not composed of continental crust (Gauchat,
2004). Also, zircons separated for LF-Pb dating show no evidence of 
inheritance from older continental basem ent (Mattinson et al., 2008). 
As a consequence, the geochemical character of the La Desirade lavas 
(e.g. negative Nb-Ta anom alies) is related to subduction zone 
processes and not continental contamination.

The Th/Yb vs. Ta/Yb diagram  of Pearce (1983) (Fig. 6) shows that 
Units 1 and 3. which do not have strong Nb-Ta anomalies (Fig. 5), plot
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in or close to the MORB array similar to some MORB-like back arc 
basin lavas (e.g. Pearce and Peate, 1995; Pearce and Stern, 2006). Unit 
2 lavas, which have marked negative Nb-Ta and Ti anomalies, have 
much higher Th/Yb ratios (0.08 to 0.95) than Units 1 and 3. The Unit 2 
lavas also plot above the MORB array on Fig. 6, similar to other 
Caribbean arc lavas, such as those found on Jamaica (Hastie et al., 
2009, 2010).

The felsic volcanic and plutonic rocks and intermediate-felsic 
dykes also plot within the Jamaican island arc field on Fig. 6, albeit at 
lower Th/Yb ratios. This diagram therefore shows that many of the 
rocks on the island have compositions compatible w ith a supra- 
subduction zone origin, but there are also N-MORB-like compositions 
present in Unit 1 of the NE mafic complex.

5 2 . Nature o f the mantle wedge

The presence of mafic rocks with high concentrations of V, Cr 
and Ni is consistent w ith derivation from a mantle source (e.g. 
Perfit e t al., 1980). Rat HREE patterns for the mafic samples on N- 
MORB-normalised plots also suggest that the source was shallow and 
garnet-free. Low MgO contents (mostly <6 wt.%) indicate that the 
mafic rocks have undergone substantial fractional crystallisation. 
Therefore, to study the composition of the mantle source region, 
immobile trace elem ent ratios are used which are not modified by 
m oderate fractionation processes in mafic rocks. These trace elements 
also have to be absent from fluids derived from the downgoing slab. 
Zirconium, Nb and Yb are not mobilised from the subducting slab in 
aqueous fluids and are thus described as ‘conservative.’ elements. 
However, when the slab and/or its sedimentary veneer undergo 
partial m elting these elem ents contribute to the slab-flux, and are 
term ed ‘non-conservative’ elem ents (Pearce and Peate, 1995).

Adakites are formed w hen siliceous slab-related melts, (with LREE, 
La/Yb and Sr/Y enrichm ent), erupt w ithout interaction with the 
mantle wedge (e.g. Defant and Drummond, 1990). Conversely, when 
assimilation occurs, high-Mg andesites or low-silica adakites are 
formed (e.g. Yogodzinski e t al., 1995; Martin et ai„ 2005). Plutonic 
trondhjem ite-tonalite-granodiorite suites (TTGs) are common com­
ponents of Archean and Paleoproterozoic terranes and are composi- 
tionally similar to adakites (Smithies, 2000; Condie, 2005). However 
none of these rock types have been identified on La Desirade and 
furtherm ore the La Desirade trondhjem ite has a markedly different

composition to TTGs or adakites. Therefore, there is not an obvious 
slab melt com ponent in the La Desirade igneous rocks.

As a result o f Nb, Zr and Yb being variably mobilised in a slab-melt, 
slab-melt lavas lie above the m antle array on a Zr/Yb vs. Nb/Yb plot 
(Fig. 7a) (Pearce and Peate, 1995). The accumulation of zircon may 
also occur in felsic rocks so that when they are plotted on Fig. 7a, they 
too plot above the MORB array. Many of the La Desirade mafic rocks 
plot within the MORB array on Fig. 7a. dem onstrating the conservative 
behaviour of the  HFSE and HREE. Because the  fields on ratio-ratio 
plots are constructed on the  basis of percentile contours, some scatter 
is inevitable on the Zr/Yb vs. Nb/Yb diagram; however, the mafic rocks 
from Unit 2 that have positive Zr-H f anomalies on N-MORB normal­
ised plots (Fig. 5) plot above the  MORB array. These rocks also plot on 
the high Zr/Nb trend on the variation diagram (Fig. 3). These 
anomalies may indicate non-conservative behaviour of the HFSE 
which implies that the highest values of Zr on trace element ratio- 
ratio plots should be viewed w ith caution and the only lowest values 
considered representative of the  m antle composition. The interm edi­
ate-felsic dykes plot w ithin the MORB array indicating conservative 
behaviour of the HFSE and HREE, so these may be used alongside the 
majority of the mafic rocks to study the m antle source. Some felsic 
volcanic and plutonic rocks do plot above the MORB array on the Zr/ 
Yb vs. Nb/Yb plot, consistent with their m arked positive Zr-Hf 
anomalies on the N-MORB norm alised diagram  (Fig. 5).

Mafic plume lavas from Iceland and elsew here (e.g. Thompson 
et al„ 2003), consistently fall betw een the tram lines on the Nb/Y vs.
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Fig. 7. (a) Zr/Yb vs. Nb/Yb diagram (Pearce and Peate, 1995) which tests for 
conservative behaviour of Zr during subduction processes, (b) Nb/Y vs. Zr/Y plot 
comparing plume and N-MORB sources. Sources: N-MORB-Fitton et al. (1997); 
Jamaican island arc rocks—Hastie et al. (2009, in press).
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Zr/Y plot of Fitton et al. (1997) compared to rocks derived from N- 
MORB-like sources which lie below the lower tram line (Fig. 7b). This 
distinction can be applied in subduction settings (e.g. the Lau Basin) 
w here Nb. Zr and Y have behaved conservatively (Hastie et al., 2009,
2010). As can be seen on Fig. 7b, the conservative values for the La 
Desirade rocks plot beneath the tramlines close to the N-MORB field, 
similar to Jamaican arc rocks derived from N-MORB-like sources 
(Hastie et al., 2010) and unlike arc-like rocks derived from plume-like 
sources such as the Blue Mountains Inlier, Jamaica (Hastie et al., 
2010).

Zr/Nb ratios are also used to indicate the type of mantle involved in 
the petrogenesis of the La Desirade rocks. Many subduction-related 
rocks have enriched Zr/Nb ratios of -40-120, related to an N-MORB- 
like source region (e.g. W endt et al., 1997; Carpentier et al., 2009). 
Values <40 are much less common (Carpentier e t al., 2009), but have 
been linked to derivation from more enriched plume-like mantle 
sources (e.g. W endt et al., 1997; Hastie et al., 2010).

As most back-arc and arc magmas are generated by >10% partial 
melting (e.g. Pearce and Parkinson, 1993; Pearce and Stem, 2006) Zr/ 
Nb ratios in mafic arc lavas should reflect the  composition of the 
source and will not be affected by low degrees of partial melting. 
Hence, island arc suites w ith Zr/Nb significantly lower than the value 
of -4 0  may indicate a m antle-plume related source region. Ignoring 
the samples with positive Zr-Hf anomalies, the La Desirade mafic 
rocks have Zr/Nb ratios of 30 to 85 (mean =  52). The low Zr/Nb trend 
on Fig. 3 has a Zr/Nb ratio -41 , whereas the high trend has a Zr/Nb 
-60. Both the trends on the differentiation plot (Fig. 3) and the 
absolute Zr/Nb ratios of the mafic lavas are therefore consistent with a 
largely non-plume-related, depleted mantle wedge source.

5 3 . Nature o f the subducted component

The LILE, LREE and Th in a subducting basaltic slab and its 
sedimentary veneer behave non-conservatively and mobilise into the 
slab-flux to contaminate the overlying m antle wedge (e.g. McCulloch 
and Gamble, 1991; Pearce and Parkinson, 1993; Pearce and Peate, 
1995; Elliot, 2003; Plank, 2005). Some LILE such as Ba and Sr have 
been mobilised during sub-solidus hydrotherm al and metamorphic 
alteration, leaving the immobile LREE and Th as the most suitable 
elem ents to use for assessment of the subduction component in the La 
Desirade samples.

In modern arcs the Th/La ratio of arc basalts mirrors the Th/La ratio of 
the forearc sediment (Plank, 2005) with Th and La significantly enriched 
in sediments derived from terrigenous sources (Th/La >0.3) relative to 
N-MORB (Plank, 2005). Many arcs trend from low absolute Th/La ratios 
(<0.1) to high Th/La (>0.1), indicating input, in part, from fluid released 
by subducting terrigenous sediment (Plank, 2005). Furthermore, 
negative Ce anomalies on N-MORB-normalised plots are related to 
incorporation of fluids from oxidised subducted pelagic sediment in the 
mantle wedge (Hole etal., 1984; McCulloch and Gamble, 1991). The Ce 
anomaly is expressed as a ratio of the N-MORB-normalised observed Ce 
concentration (Conmn) to the expected Ce concentration (Ce*NMN), 
thus: Ce/Ce* =  CeNMN/((LaNMN~PrNMN)/2) +  PrMNM- A Ce/Ce* ratio 
consistently <1 confirms that the slab-flux is, at least in part, derived 
from an oxidised pelagic sedimentary source.

The mafic rocks of Unit 1 and 3 have Ce/Ce* ratios from 1 to 0.85 
and Th/La <0.07 (Fig. 8) suggesting a limited oxidised pelagic 
sediment fluid input w ith no evidence of fluid related to subducted 
terrigenous sediment in the m antle wedge. Unit 2, as has already been 
shown, (Figs. 5 and 6) has the most marked arc signature of the three 
units and has a trend from Ce/Ce* -1 -0 .7 5  at relatively high Th/La 
(0.07-0.22). These data point to a significant slab fluid flux related to 
both subducted terrigenous and pelagic sediments into the source of 
Unit 2 compared to Units 1 and 3. Units 1 and 3 ‘trend back’ to Th/La 
ratios similar to those found in DMM, the calculated source for mid­
ocean ridge basalts (W orkman and Hart, 2005). The felsic volcanic and
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Fig. 8. Th/La vs. Ce/Ce* diagram (after Hastie et al., 2009, in press). Continental crust 
plots above Th/La =  0.29 and oceanic crust plots below Th/La =  0.2. Arc lavas involving 
slab-flux from pelagic oxidised sediments plot to the left of Ce/Ce* =  1 and arc lavas 
involving slab-flux from terrigenous sediments plot towards high values of Th/La 
similar to the continental crust Examples of arc rocks involving slab-flux from 
dominantly pelagic oxidised (Marianas) and terrigenous (Lesser Antilles) sediments 
are shown. Cretaceous Jamaican island arc rocks show both pelagic and terrigenous 
sediment-related slab fluxes. The majority of La Desirade arc and back-arc rocks show 
fluid flux related to pelagic sediment, with Unit 2 of the NE mafic volcanic complex 
showing terrigenous sedimentary input Symbols as for previous figures.

plutonic rocks and dykes have also been plotted on Figure 8 as Ce/Ce* 
ratios are unlikely to have been affected significantly by crystal 
fractionation. The felsic volcanic and plutonic rocks define a trend 
from Ce/Ce* -1 -0 .7 5  at m oderately high Th/La (0.07-0.1) which is a 
similar trend to som e of the rocks of Unit 2, indicating a significant 
involvement of fluid related to subducted pelagic sediment. The dykes 
plot relatively close to Ce/Ce* = 1  w ith Th/La -0.1 indicating the 
presence of some subducted terrigenous sediment.

5.4. Tectonic setting

The geochemical results indicate the presence of an intra-oceanic 
subduction zone, however, the  subduction-related input into the 
mantle wedge varied considerably. For example, the weak supra- 
subduction zone signature of Units 1 and 3 is best explained by a back- 
arc supra-subduction origin as opposed to an arc axis or fore-arc 
setting (Pearce and Stern, 2006). A back-arc setting incorporates 
aspects of both the  argued-for ridge settings (pillow lavas, slow 
eruption rate, and pelagic sedim entation) (Mattinson e t al., 2008; 
Montgomery and Kerr, 2009) and subduction-related chemistry. 
Furthermore, because (1) the faulted contact between the northeast 
mafic and felsic complexes is a m inor feature since fragments of the 
mafic complex can be found w ithin the felsic complex and (2) the 
felsic rocks also share a subduction-related chemistry broadly similar 
to Units 2 and 3, the entire  Mesozoic suite was erupted in a back-arc 
setting in a period o f -1 0  Ma (Late Kimmeridgian to Mid Berriasian).

The argum ent for a single tectonic setting for all the complexes 
can be explored geochemically because the evolution of the mantle 
source and subducted sedim ent-related fluid fluxes of the complexes 
can be identified in stratigraphic order (Fig. 9). Although the felsic 
complexes and interm ediate-felsic dykes are more evolved than 
the mafic complex (Fig. 9a), Fig. 9b shows, using La/YbNMN ratios, 
that the sam ples in all the complexes on the  island are mostly 
tholeiitic in character. W here  Nb has behaved conservatively 
and represents the  contribution from the mantle alone. Nb/YbNMN 
(-0 .6 -1 ) (Fig. 9c) varies w ith no obvious trends towards increasing 
depletion or enrichm ent in the incompatible elem ent composition of 
the m antle source through time. Th/La values (Fig. 9d) show that
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mafic Unit 2, the felsic rocks, and dykes, all contain varying degrees of 
input from slab-fiuids related to terrigenous sediments. Ce/Ce* ratios 
(Fig. 9e) show that the pelagic sedim ent-related flux mostly mirrors 
that from terrigenous sediments in mafic Units 1 and 2, but that this 
association does not hold true for mafic Unit 3. the  felsic rocks or the 
dykes. Therefore at various tim es throughout the eruptive and 
intrusive sequence, different types of sediment had been subducted 
and contributed to the  m antle source, but again there is no identifiable 
stratigraphic pattern. The fact that the m antle source composition and 
sedim entary components show few trends is, in part, due to the 
relatively rapid formation (-1 0  Ma) of the suite of complexes in a 
stable tectonic setting.

5.5. Palaeo-latitudinal position of La Desirade

The Mid-Late Jurassic separation of the Americas left a complex 
region of intra-arc spreading, transverse motions and continued east- 
dipping subduction a t the  proto-Caribbean/Pacific boundary (e.g. 
Fig. 7 of Pindell and Kennan, 2009). The western proto-Caribbean has 
been dubbed the Colombian Marginal Seaway by Pindell and Kennan 
(2009) (Fig. 10) and was in the back-arc with respect to the Andean- 
Cordilleran subduction zone. This Colombian Marginal Seaway is a 
logical position in which La Desirade could have initially formed. 
Terrigenous input to the subduction system could be derived from the 
m ature Andean/Cordilleran arc and the source of magmatism would 
be the depleted back-arc mantle. La Desirade therefore formed in the 
proto-Caribbean realm, but would become an integral part of the 
Caribbean Plate during the  inception of southwest-dipping Greater 
Antilles subduction.

A basin betw een Guerrero and Chords and continental North 
America did not open until the Early Cretaceous (Pindell and Kennan,
2009) and was closed by -1 2 0  Ma along the Motagua-Polochic suture 
by west-dipping subduction (Harlow et al., 2004; Geldmacher et al., 
2008) perhaps linked to  the  Caribbean Great Arc to the south (Tardy 
etal., 1994; Dickinson and Lawton, 2001; Umhoefer, 2003). Because of 
this rapid Cretaceous basin opening and closure. La Desirade could not 
form in such a position. The intra-oceanic east-dipping Andean/ 
Cordilleran subduction zone in Central America (see Fig. 9 of 
Geldmacher e t al., 2008) may have had its own back-arc between 
the arc and Guerrero and Chords. This back-arc would be several 
degrees of latitude to the north of the Colombian Marginal Seaway but 
is a more northerly location of origin for La Desirade suitable?

Of the models which use the mantle reference frame, Duncan and 
Hargraves (1984) focus proto-Caribbean spreading on the palaeo- 
equator w hilst Pindell and Kennan (2009) show the western edge of 
the Colombian Marginal Seaway centred on 10° N in the Late Jurassic. 
However, both Montgomery et al. (1994) and Mattinson et al. (2008) 
argue that Upper Jurassic radiolarian assemblages found on La 
Desirade, Puerto Rico, Hispaniola and Cuba all belong to the 
Northern or Southern Tethyan province of Pessagno e t al. (1993). 
This implies an origin betw een 22 and 30° N or S of the equator. 
Jurassic radiolarian-bearing strata from the Blake Bahama Basin 
(Baumgartner, 1984) are assigned to the Central Tethyan Province 
(Pessagno et al., 1993) and should have been deposited a t lower 
latitudes than the Caribbean occurrences.

The latitudinal findings contradict a near-equator origin for La 
Desirade and suggest that the radiolarian assemblages on La Desirade, 
Puerto Rico, Hispaniola and Cuba (M ontgom ery et al., 1994;
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Mattinson et al., 2008) were derived from anything between -1000 
and -3000  km north of the Colombian Marginal Seaway. An origin for 
these rocks south of the equator is unlikely because of southeast- 
directed subduction of Farallon crust in the Late Jurassic (Glazner, 
1991; Pindell and Kennan. 2009). These outcrops would therefore 
have to migrate south-eastward with respect to North America to be 
later incorporated in the Caribbean Plate. Many studies of oblique 
convergence in m odem  and ancient arc systems and recent sandbox 
experiments show that the strike—slip component is largely taken up 
in the fore-arc and the arc, not the back-arc (e.g. Beck, 1983; ten Brink 
et al., 2009). Applied to the Andean/Cordilleran system it would be 
difficult to migrate La Desirade south-eastwards significantly with 
respect to North America. Therefore, we suggest that the original 
palaeo-latitudina! findings should be re-considered, a view shared by 
Pindell and Kennan (2009), as they place La Desirade close to the 
equator in the Colombian Marginal Seaway.

5.6. Pre-Aptian subduction-related rocks preserved in the Caribbean and 
Central America

Although there are many pre-Aptian rocks are found at various 
locations around the Caribbean and in Central America, we focus here

on the fragments th at formed during Andean/Cordilleran subduction. 
Baumgartner e t al. (2008) have argued that such fragments exist in 
western Central America and on Cuba, Jamaica and Puerto Rico. This 
section uses their possible locations w ithin the Andean/Cordilleran 
system to propose a regional plate tectonic reconstruction for the Late 
Jurassic.

5.6.1. Central America
Rocks found in melanges in Mexico. Nicaragua and Costa Rica 

belong to w hat has been called the Mesquito Composite Oceanic 
Terrane, the com ponents of which were accreted to Central America 
as part of the Andean/Cordilleran arc system and lie north of the CCOP 
(Baumgartner et al., 2008). Tectonised gabbros and volcanic rocks, 
some w ith island arc chem istry and others of within-plate origin, have 
been dredged from the fore-arc basem ent of Guatemala and Mexico. 
These -1 0 0  to 180 Ma rocks record a long history of east-dipping 
Farallon Plate subduction (Geldmacher et al., 2008). At Santa Elena in 
Costa Rica, three mafic volcanic island arc-related units have been 
identified with radiolarians ranging from 109 to 124 Ma (Hauff et al., 
2000; Hoernle e t al., 2004). Beneath Santa Elena is the Santa Rosa 
accretionary complex which has a more within-plate character (Hauff 
et al., 2000), but radiolarian ages from 93 to 190 Ma, contemporary to
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La Desirade (Baumgartner and Denyer, 2006). The Santa Elena and 
Santa Rosa complexes are possible equivalents to the Guatemalan 
forearc (Geldmacher et al., 2008). The Siuna complex in Nicaragua is a 
melange of serpentinites, gabbros and metamorphosed sedimentary 
and mafic igneous rocks including Middle to Upper Jurassic 
radiolarian cherts (Baumgartner et al., 2008). A phengite ^Ar-^Ar 
cooling age of 139.2 ±  0.4 Ma from the high-pressure parts of the 
Siuna melange indicates active subduction and exhumation shortly 
after the formation of La Desirade (Flores et al., 2007).

5 .62 . Cuba
Cuba is built partly of allochthonous suites of Mesozoic subduc- 

tion-accretion complexes thrust together during collision with the 
Bahama Platform (Stanek et al., 2009). At the base of the Las Villas 
Syncline in west-central Cuba (Stanek et al., 2009) the Mabujina unit 
(Somin and Millan, 1981) consists of amphibolites and gneissic 
granitoids of island arc origin (Kerret al., 1999; Blein etal., 2003) with 
the gneiss dated to 133 Ma (U-Pb zircon) (Rojas-Agramonte et al.,
2006). It is therefore possible that some subduction-related units 
on Cuba are contemporary in origin to La Desirade however the 
chronology is far from certain.

5.6.3. Jamaica
The Lower and Upper Devils Racecourse Formations (sic) of the 

Benbow inlier (Burke et al., 1969) consist of a lower bimodal island arc 
tholeiite sequence and an upper suite of calc-alkaline basalt-basaltic 
andesite island arc rocks (Hastie et al., 2009). The formations are 
separated by a sedimentary succession containing Hauterivian fossil 
assemblages at its base (Skelton and Masse, 1998). The >136Ma 
Lower Devils Racecourse Formation arguably contains the oldest arc- 
axis lavas in the Caribbean. Although Hastie et al. (2009) and Pindell 
and Kennan (2009) argue the undated Lower and Aptian Upper 
Formations were erupted in one single tectonic setting, this is far from 
certain given: (1) 2600 m of sedimentary rocks, (2) faulting between 
the two Formations (Burke et al., 1969) and (3) the need for detailed 
mapping of the Benbow Inlier (Hastie et al., 2009). The Lower Devils 
Racecourse Formation may represent an east-dipping Andean/ 
Cordilleran arc setting.

5.6.4. Puerto Rico
Much of Puerto Rico is made up of middle to Late Cretaceous island 

arc assemblages (Jolly et al., 2001); however, to the southwest of the 
Cretaceous rocks lies the Bermeja complex (Mattson, 1960) which 
consists of a tectonic melange of oceanic serpentinite, amphibolite, 
basalt and chert (Schellekens, 1998). The cherts have yielded a 
-90  Ma history from the Early Jurassic to the Middle Cretaceous 
including Kimmeridgian-Tithonian radiolarian- and Pantannelid- 
bearing tuffaceous cherts which overlap in age with La Desirade 
(Montgomery et al., 1992, 1994; Schellekens, 1998). The tuffaceous 
nature of the chert may indicate deposition close to an island arc 
source, whilst the gabbros and greenstones apparently have a supra- 
subduction zone origin (Montgomery et al., 1994; Schellekens, 1998). 
Accretion of the Bermeja complex occurred during the Early 
Cretaceous before the deposition of Cenomanian sedimentary rocks 
(Schellekens, 1998). It is unlikely that the Bermeja complex was 
formed close to a west-dipping subduction zone because of its age 
range and south-westerly position relative to the younger Greater 
Antilles arc assemblages. Hence, Bermeja may also represent part of 
the Andean/Cordilleran system.

5.6.5. Plate tectonic reconstruction o f  M iddle America during the Late 
Jurassic

In Figs. 10a, b and e we present a model which proposes that the arc 
rocks discussed previously were related to the east-dipping Andean/ 
Cordilleran subduction system and were part of the Mesquito Terrane 
of Baumgartner et al. (2008). Complexes such as Bermeja formed near

the Andean/Cordilleran fore-arc and were obducted onto the Greater 
Antilles arc. Some subduction-related rocks such as those found in 
Jamaica may have been part of the original arc axis. La Desirade formed 
as part of the back-arc region. Further north, Late Jurassic to Early 
Cretaceous east-dipping subduction resulted in the formation of the 
depleted island arc rocks of the Guatemalan fore-arc (Geldmacher et al., 
2008) and the subduction of the Siuna high-pressure rocks (Flores et al., 
2007; Baumgartner et al., 2008). Within-plate rocks also dredged from 
the Guatemalan fore-arc were erupted on the Pacific Plate and later 
accreted to the subduction melange (Geldmacher et al., 2008). We 
argue that there was not necessarily a Cretaceous polarity reversal 
event analogous to the Caribbean along the western margin of Central 
America, so eastwards subduction and accretion of the fore-arc and 
seamounts continued through the Cretaceous (Fig. 10c).

5.7. Tectonic fra m ew o rk  fo r  p reservation  o f  La Desirade in a southw est- 
dipping arc sy stem

In most interpretations of Caribbean geology, a reversal of Greater 
Antilles arc subduction polarity from northeast-dipping to southwest- 
dipping is required to facilitate relative eastwards motion of the 
Caribbean Plate in-between the Americas, as first proposed by 
Mattson (1979) and two possible timings of reversal were outlined 
in the introduction—120 Ma and 80-90 Ma. This paper will not 
discuss the relative merits of either model, as we have no new data 
pertaining to the timing of the polarity reversal however we highlight 
the point that the preservation of La Desirade is a key aspect of the 
polarity reversal event.

An analogue for the preservation of La Desirade is to be found in the 
back-arc region of the Scotia Sea during its Late Cretaceous to Paleogene 
evolution where a back-arc formed in relation to a Pacific arc which ran 
from South America to the Antarctic Peninsula. South America 
accelerated westwards relative to Antarctica in the mid-Cretaceous 
causing back-arc compression and eventually the subduction of the 
Atlantic plate beneath the former back-arc (Dalziel, 1985; Barker and 
Lonsdale, 1991; Barker et al., 1991; Barker, 2001). Subduction initiated 
along the former back-arc ridge (Barker, 2001, Fig. 5), meaning half of 
the original oceanic back-arc was preserved and lies today in the South 
Sandwich fore-arc. We have generated a similar model in Fig. 10c, d and 
f which could apply to the Mid Cretaceous (-125 Ma) in the case of 
Aptian-Albian subduction polarity reversal or to the Late Cretaceous 
(-85 Ma) in the case of a later reversal.

Aptian subduction initiation, probably in response to the west­
ward acceleration of North America, occurred along a zone running 
from along the western margin of the basin between Guerrero/Chortis 
and the North American mainland. The Guerrero/Chortis basin then 
closed along the Motagua/Polochic suture (Harlow et al., 2004; 
Geldmacher et al., 2008; Pindell and Kennan, 2009). In the Caribbean 
region, southwest-dipping subduction initiation (or polarity reversal) 
occurred to the east of La Desirade. The pre-existing Andean/ 
Cordilleran arc was the approximate axis upon which the new 
Greater Antilles arc built up. To the southwest of the arc axis, the old 
Andean/Cordilleran forearc (e.g. Bermeja) was preserved. To the east 
of the arc axis, the new subduction zone began destruction of the 
proto-Caribbean seaway but the rate of slab roll-back must have 
equalled or exceeded the rate of westward motion of the Americas 
over the mantle through the Cretaceous to the present in order to 
prevent subduction erosion and the destruction of the crust contain­
ing La Desirade. The abundant high-pressure metamorphic belts 
present in the Greater Antilles may be the manifestation of a different 
regime further to the north.

6. Conclusions

La Desirade hosts the only Mesozoic rocks exposed in the Lesser 
Antilles. The entire suite was erupted in around -10 Ma in the latest
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Jurassic to Early Cretaceous. Detailed investigation of the trace 
element content of the rocks of the northeast mafic volcanic complex 
reveals that they originated in a back-arc supra-subduction setting by 
partial melting within a depleted mantle wedge. The mantle wedge 
was fluxed by fluids derived partly from variable quantities of 
subducted pelagic and terrigenous sediments along with a possible 
slab or subducted crust-related melt component which slightly 
altered the MORB-like immobile trace element ratios.

The back-arc lay to the east of the Andean/Cordilleran east-dipping 
subduction zone in the Colombian Marginal Seaway prior to the 
inception of a southwest-dipping Greater Antilles arc. Other Late 
Jurassic to Early Cretaceous Caribbean and Central American subduc­
tion-related rocks appear to corroborate the presence of an east- 
dipping Andean/Cordilleran arc. We suggest that in the Caribbean 
region, initiation of southwest-dipping subduction occurred to the 
east of La Desirade whereas in Central America a continual record of 
east-dipping subduction is present.

Supplementary data to this article can be found online at doi:l 0.1016/ 
j.lithos2010.08.026.
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Abstract: In this paper we reassess the geochronology and geochemistry o f three dredge hauls from th 
comer of the Aves Ridge (Caribbean Sea) originally sampled in 1968 by Duke University’s R.V. East\ 
Two hauls consist of light rare earth element-enriched granitoids with a U -Pb zircon emplacement aj 
75.9 ±  0.7 Ma. A further haul contains mostly calc-alkaline island arc basaltic andesites of uncertain 
Petrological, trace element and isotopic constraints indicate that the granitoids have an oceanic crustal sc 
and were formed by melting of the lower arc, oceanic or oceanic plateau crust. The mafic rocks forme 
partial melting of an incompatible trace element-enriched mantle wedge, which was probably compose 
mantle plume material. Both the dredged rocks and data from the Dutch-Venezuelan Antilles indie; 
period of west-dipping underthrusting and subduction beneath, or close to, the Caribbean-Colombian Oct 
Plateau between c. 88 and c. 59 Ma, concurrent with collision of part of the plateau with northwestern S 
America. Constraints from the geochemistry and geochronology of offshore southern Caribbean arc 
plateau rocks suggest that in the southern Caribbean there was no pre-existing west-dipping subduction sy 
during formation of the Caribbean-Colombian Oceanic Plateau, whereas long-lived SW-dipping subducti< 
the northern Greater Antilles is more probable.

Supplementary material: Sample details, major and trace element data (file 1), cathodoluminescence im 
of analysed zircons (file 2) and whole-rock standards (file 3) are available at http://www.geolsoc.orj 
SUP18438.

The extant Caribbean Plate, bounded by subduction and trans­
form margins, is considered to represent an allochthonous region 
of Pacific crust that has overridden proto-Caribbean oceanic crust 
and moved into the region between North and South America 
from the Cretaceous to the present day (Fig. 1; e.g. Kerr et al. 
2003; Pindell et al. 2006; Pindell & Kennan 2009). During its 
relative eastwards motion, the Caribbean Plate was thickened by 
eruption of mantle plume-derived lavas mostly at c. 94-88 Ma 
(Sinton et al. 1998; Kerr et al. 2003) to form the Caribbean- 
Colombian Oceanic Plateau (e.g. Kerr et al. 2003).

North and South America rifted apart in the Jurassic during 
the break-up of Pangaea, intimately associated with sea-floor 
spreading in the central Atlantic. Separation resulted in the 
formation o f oceanic crust between the Americas during the Late 
Jurassic in the Gulf of Mexico and the proto-Caribbean seaway 
(reviewed by Pindell & Kennan 2009). On the western margin of 
the proto-Caribbean, an island arc system initiated during the 
Early Cretaceous, termed the ‘Great Arc of the Caribbean’ (sensu 
Burke et al. 1978; Burke 1988). Burke et al. (1978) and Burke 
(1988) proposed that the rocks o f the Greater Antilles, Aves 
Ridge, Lesser Antilles and Dutch-Venezuelan Antilles (Fig. 1) 
represent a history o f subduction at the eastern edge of the 
Pacific and then the Caribbean Plate following its isolation from 
the Pacific. However, some workers treat these components o f

the Great Arc as separate entities becaui 
distinct tectonic histories and initiated as 
different times during the Cretaceous to I 
& Wyld 2010). Most magmatism is thoi 
the pre-Lesser Antilles subduction system; 
to Early Eocene as the Grenada Basin op< 
1990; Speed & Walker 1991; Bird et al. 
the west-dipping proto-Caribbean subdue 
initiated the currently active Lesser Anti 
2010). The Cretaceous subduction system; 
South America (Kerr et al. 2003) where 
subduction zone continues to facilitate th 
of the Caribbean Plate relative to the Am 
sive plate boundaries (Fig. 1).

The polarity o f subduction, particularly 
arc system during the Early Cretaceous, 
much debate. It has been argued that the r< 
long-lived high-pressure metamorphic hi 
blages in Cuba and Hispaniola suggest SW 
proto-Caribbean crust dating back to at lei 
subduction polarity reversal event (e.g. Pi 
Pindell & Kennan 2009; Stanek et al. 2(X 
al. 2010). An alternative hypothesis is 
Colombian Oceanic Plateau choked an

mailto:neilli@cardiff.ac.uk
http://www.geolsoc.orj
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Fig. 1. Simplified map of the eastern 
Caribbean based on GEOMapApp (Haxby 
e t al. 2010) showing the sampled location. 
Aruba, Curasao and Bonaire make up the 
Dutch Antilles; Los Roques and La 
Blanquilla the Venezuelan Antilles; and 
Cuba, Jamaica, Hispaniola, Puerto Rico and 
the Virgin Isles the Greater Antilles. TC, 
thin crust o f the southeastern Venezuelan 
Basin.

Antilles trench, forcing initiation of SW-dipping subduction 
during the Late Cretaceous (e.g. Burke 1988; Kerr et al. 2003; 
Thompson et al. 2003; Hastie & Kerr 2010).

In the southern Caribbean, the origin of the Dutch-Venezuelan 
Antilles (Fig. 1) is also contentious, as discussed by Wright & 
Wyld (2010) and van der Lelij et al. (2010). These workers 
showed that the Dutch-Venezuelan Antilles have a shorter 
geological history that is distinct from the Greater Antilles. In 
the Dutch-Venezuelan Antilles NW-dipping subduction began 
beneath the Caribbean-Colombian Oceanic Plateau at c. 88 Ma, 
and lasted until collision of the newly formed Dutch-Venezuelan 
Antilles arc with South America prior to the Campanian. Wright 
& Wyld (2010) argued that this subduction zone initiated at the 
southeastern margin of the Caribbean-Colombian Oceanic Pla­
teau. In their model, island arc fragments that predate the 
Caribbean-Colombian Oceanic Plateau, such as those on 
Bonaire (Fig. 1), originated in a SW-dipping Greater Antilles arc 
and were transported southwards to their present locations by 
strike-slip motion. Alternatively, van der Lelij et al. (2010) 
proposed that the newly formed Caribbean-Colombian Oceanic 
Plateau collided with a pre-existing east-dipping subduction 
zone, causing a polarity reversal akin to the second model for the 
Greater Antilles outlined above.

The largely submerged Aves Ridge lies between the Dutch- 
Venezuelan Antilles and the Greater Antilles (Fig. 1). Most 
workers have argued that the Aves Ridge originated as a Late 
Cretaceous to early Palaeocene island arc (Bouysse 1984; 
Christeson et al. 2008; Pindell & Kennan 2009). However, the 
precise 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 southeastern Caribbean prior to the opening of the Grenada 
Basin; a deeper understanding of the origin of the Aves Ridge 
could help to better constrain Caribbean Plate tectonic evolution.

In this paper we present new major and trace element and Nd 
and Hf isotopic analyses and new U-Pb zircon geochronological 
data from samples collected during dredging by R.V Eastward in 
1968. We use these results to determine the origin of the Aves 
Ridge. Data from the Aves Ridge and Dutch-Venezuelan 
Antilles are then combined to provide new constraints on models 
for the tectonic evolution of the southeastern Caribbean.

Geology of the Aves Ridge

Although the Aves Ridge is an extensive region of crust in the 
eastern Caribbean, the geochemistry of basement samples has 
not previously been studied in any detail. The ridge is a broadly 
north-south-trending arcuate structure c. 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. 1). The ridge has a topographic profile of up to 
1500 m above the surrounding ocean basins and seismic studies 
reveal that the ridge has little sedimentary cover and a crustal 
thickness of c. 26 km (Christeson et al. 2008). Seismic velocities 
are >6.0 kms”1 in the mid-crust and c. 7.3 kms”1 at the base of 
the crust, consistent with an interpretation as a remnant 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. 1) also suggest a 
volcanic arc origin (Marlowe 1968; Church & Allison 2004; Fig. 
1). Dredge samples collected in 1968 by Duke University’s R.V 
Eastward are the only samples collected from the southern part 
of the ridge. Three dredges from the eastern scarp of the ridge 
(Fig. 1) contained significant quantities of igneous rocks and 
were described and dated by 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 methods or errors were 
given for these K-Ar dates by Fox et al. (1971); however, the 
ages are unlikely to be reliable because of alteration, and this is 
evidenced by the wide spread of ages obtained.

Walker et al. (1972) showed that the granitoids had some 
primitive 87Sr/86Sr ratios, which ranged from 0.7038 to 0.7080. 
None the less, these ratios are likely to have been increased by 
interaction with Cretaceous seawater of 87Sr/86Sr c. 0.7075 
(Veizer 1989) and/or hydrothermal alteration. No mafic rocks 
were found in the granitic dredges and vice versa. For this study,
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the largest, freshest blocks remaining from each dredge (tens of 
kilograms only) were selected from the Lamont-Doherty Earth 
Observatory Deep Sea Sample Repository in November 2008, 
generating 34 samples for analysis.

Petrology

Granitoids

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 dominant facies 
(c. 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 opaque minerals. 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 is of 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.

The intermediate facies occurs as isolated masses or clots 
distinct from the surrounding granitic material. The boundary 
between the two facies is, however, indistinct and gradational in 
thin section, suggesting that 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, to avoid the generation of artificial mix­
tures of the two rock types.

Mafic rocks

The mafic rocks have undergone variable degrees of pervasive 
alteration. The freshest specimens from the small sample set 
were reserved for geochemical analysis so little solid rock 
remains. From the remaining rocks it can be seen that many have 
a fine-grained matrix that is composed of clay minerals with a 
small proportion of calcite. 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 clinopyrox­
ene. The rocks with obvious plagioclase crystals may be 
porphyritic basalts or basaltic andesites of an extrusive or 
hypabyssal nature.

Analytical methods

U -P b  zircon geochronology

A single fresh granitoid (317UPb) from dredge EA6811317 was 
selected for U-Pb zircon dating. Approximately 200 zircons 
were recovered using the Ammann AG selFrag machine and 
electromagnetic separation at the Technical University of Frei­
berg. selFrag applies a high-voltage pulse that disaggregates 
samples by introducing a short-lived plasma channel of 1 -2  pm 
between grain boundaries (Gnos et al. 2006). Fifty zircon grains 
of 100-150 pm were selected and mounted in epoxy resin with 
chips of TEMORA (Middledale gabbro-diorite of New South 
Wales, Australia) and 91500 (geostandard) reference zircons.

Grains were half-sectioned and polished. Reflected and trans­
mitted light photomicrographs and cathodoluminescence images 
(CL) were prepared. The CL images were used to decipher 
internal structures and to identify target specific areas.

U-Pb analyses were carried out by sensitive high-resolution 
ion microprobe (SHRIMP) using a SHRIMP-II at the Center for 
Isotopic Research, VSEGEI, St. Petersburg, Russia. Twelve sites 
on eight zircons were selected. Each analysis consisted of five 
scans through the mass range, with spot diameter c. 25 pm and 
primary beam intensity c. 10 nA. The data have been reduced in 
a manner similar to that described by Williams (1998, and 
references therein) using the SQUID Excel Macro of Ludwig 
(2000). Pb/U ratios have been normalized relative to a value of 
0.0668 for the ^ P b /^ U  ratio o f the TEMORA reference 
zircons, equivalent to an age of 416.75 Ma (Black et al. 2003). 
Uncertainties for single analyses (ratios and ages) are at the lo  
level; however, uncertainties in calculated concordia ages are 
reported at the 2o level. The inverse concordia plot (Fig. 2) has 
been prepared using ISOPLOT/EX (Ludwig 1999). Results are 
presented in Table 1.

M ajor and trace elements

Whole-rock samples were prepared and analysed for major and 
trace elements at Cardiff University in accordance with the 
fluxy-fusion method outlined by McDonald & Viljoen (2006) 
and Hastie et al. (2009). Loss-on-ignition (LOI) values were 
calculated following heating at 900 °C for 2 h. Ignited samples 
were fused and dissolved in dilute nitric acid. Major elements 
and Sc were analysed by inductively coupled plasma optical 
emission spectrometry (ICP-OES) on a JY Horiba Ultima 2. All 
other trace elements were analysed by inductively coupled 
plasma mass spectrometry (ICP-MS) (Thermo X7 series). Sili­
cate rock standards JB-la, NIM-G and BIR-1 were run through 
repeated sample batches. Relative standard deviations show 
precision of 1-5% for most major and trace elements; 2a values 
encompass certified values for the vast majority of elements. 
Representative analyses are shown in Table 2.

£  o.io

data-point error elipses are 2a

Weighted Mean
2 0 6 p b / 2 3 8 y  ag£}

75.9 ± 0.7 Ma <n=12) 
MSWD = 0.73

EAG811317
all 12 points

98 94 90 86 82 78 \ 74 70

238Ujf2 0 6 p b

Fig. 2. Inverse concordia plot for zircon U-Pb analyses of granitoid 
sample 317UPb.
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Table 1. U -P b zircon SHRIMP results fo r sample 317UPb

Spot 206Pb* (%) U (ppm) Th (ppm) 232Th/23iiU 2(xspbt
(ppm)

Total 238U/206Pb ±% Total 207 Pb/ 
206 Pb

±% 2W’Pb/23HU age+ 
(Ma)

EA6811317UPb.l.l 3.86 64 21 0.33 0.724 76 4 0.093 8.3 79.4 ±  3.2
EA6811317UPb.2.1 15.63 84 30 0.37 0.877 82.5 3.2 0.0568 5.9 76.8 ±  2.5
EA6811317UPb.4.1 5.96 106 35 0.35 1.11 82.1 3.1 0.085 13 74.4 ±  2.6
EA6811317UPb.4.2 13.71 73 27 0.38 0.794 78.9 3.3 0.1026 5 75.6 ±  2.5
EA6811317UPb.3.1 7.37 119 47 0.41 1.23 83.2 3.7 0.0692 7.5 74.9 ±  2.8
EA6811317UPb.5.1 6.99 123 47 0.40 1.3 81.4 3.1 0.0667 5.3 76.8 ±  2.4
EA6811317UPb.5.2 2.81 427 287 0.69 4.28 85.6 2.8 0.0595 3 73.8 ±2.1
EA6811317UPb.7.1 14.03 79 29 0.38 0.79 85.4 3.3 0.0721 9 72.7 ±  2.5
EA6811317UPb.7.2 29.44 56 15 0.27 0.629 76.5 3.4 0.102 11 77.9 ±  2.9
EA6811317UPb.6.1 20.28 200 120 0.62 2.05 83.8 2.9 0.0659 4.1 74.7 ±  2.2
EA6811317UPb.8.1 15.69 94 40 0.44 1 80.1 3.2 0.0835 6 76.4 ±  2.5
EA6811317UPb.8.2 10.71 197 80 0.42 2.13 79.5 2.9 0.0578 4.3 79.5 ±  2.3

Errors in the age calculation are at 1 a . Error in standard calibration was 0.90% (not included in above errors but required when comparing data from different mounts). 
♦Common Pb proportion, 
tRadiogenic Pb proportion.
JCommon Pb corrected assuming 2(l6Pb/23xU -2"7Pb/2;i3U age-concordance.

N d and H f  radiogenic isotopes

Nd and Hf isotope compositions were analysed at the NERC 
Isotope Geoscience Laboratories, Nottingham, UK. Full analyti­
cal details have been given by Hastie et al. (2009) and results are 
presented in Table 3. For Hf isotope analysis, the samples were 
prepared following the procedures of Munker et al. (2001), and 
analysed by ICP-MS using a Nu-Plasma multicollector ICP-MS 
system. Hf blanks were less than 100 pg. Replicate analysis of 
the JMC475 standard gave i76Hf/I77H f=  0.282161 ±  0.000006 
(lcr, n = 45), directly comparable with the preferred value of 
0.282160 (Nowell & Parrish 2001). Replicate analysis of BCR-2 
gave 176Hf/177Hf =  0.282866 ±  0.000006 (lcr, n =  7), similar to 
the previously reported value of 0.282879 ±  0.000008 (Blichert- 
Toft 2001). Determinations of Nd isotopes followed the proce­
dures of Kempton (1995) and Royse et al. (1998). Nd was run as 
the metal species using double Re-Ta filaments on a Finnigan 
Triton mass spectrometer. Replicate analysis of the La Jolla 
standard gave a value of 143Nd/144Nd =  0.511846 ±  0.000003 
(lcr, « =  6) and results are normalized to a preferred value of 
0.511860.

Results

U -P b  zircon age

The zircons imaged by CL are generally clear, with magmatic 
zoning throughout, and lack rounded (inherited) cores. Many are 
prismatic, euhedral crystals. All 12 analyses from eight zircon 
grains yield a concordant age with no sign of discordance or 
inheritance on the 207Pb/206Pb v. 238U/206Pb inverse concordia 
plot (Fig. 2). Assuming 206Pb/238U -207Pb/235U age-concordance, 
the weighted mean of 206Pb/238U ages (Table 1) is 75.9 ±  0.7 Ma 
(mean square weighted deviation (MSWD) =  0.73), which we 
interpret as the crystallization age of the granitoid.

Alteration and elemental mobility

Many geochemical studies have shown that most major elements 
and large ion lithophile elements (LILE) are mobilized by sub­
solidus processes such as hydrothermal alteration, metamorphism 
and weathering (e.g. Seewald & Seyffied 1990; Hastie et al.
2007). To test element mobility, elements are plotted against a

known incompatible immobile element, in this case Nb (Fig. 3). 
Within a given magmatic suite, samples should form coherent 
liquid lines of descent. For the Aves Ridge samples the high field 
strength elements (HFSE) and the rare earth elements (REE) in 
the mafic rocks display good correlations with Nb. These 
correlations indicate that (1) these elements have been relatively 
immobile during sub-solidus alteration, despite LOI values of c. 
3-15%, and so may be used to investigate the origin of the mafic 
rocks, and (2) the mafic rocks are part o f one cogenetic suite. As 
the granitoids are evolved and fairly uniform in composition they 
do not show liquid lines of descent in Figure 3. Nevertheless, the 
granitoids can be investigated using the immobile HFSE and 
REE as, despite some epidotization, the rocks are relatively fresh 
and not silicified or calcified, with LOI values of c. 1%. The Mn- 
oxide coating on many granitoid samples may have acted as a 
protective layer.

Granitoid major and trace element geochemistry

SiOj spans a narrow range from 67 to 72 wt%. The granitoids 
have low abundances of Ti02 (0.4 wt%), Fe20 3 (3.5 wt%) and 
MgO (<1.5 wt%). These rocks have elevated Ba (up to 
1095 ppm) and Sr (up to 444 ppm) contents and low Cr 
(<24 ppm), V (c. 70 ppm), Co (<7.5 ppm) and Ni (<46 ppm). 
Compared with the mafic rocks, the granitoids have lower 
contents of Sm and Sc and higher abundances of Sr and Zr (Fig. 
3). There is no clear magmatic differentiation trend between the 
most evolved mafic rocks and the least evolved felsic rocks for 
any immobile elements shown. Both granitic dredges show 
identical, slightly concave-up, chondrite-normalized (CN) REE 
patterns (Fig. 4). The samples are light REE (LREE) enriched 
with an average La/YbCN of 4.5 consistent with a calc-alkaline 
affinity and there is slight heavy/middle REE (HREE/MREE) 
enrichment. On an normal mid-ocean ridge basalt (N-MORB)- 
normalized (NMN) plot (Fig. 4) the granitoids are LREE/HREE 
enriched and have positive Zr-H f and Th anomalies along with 
negative Nb-Ta and Ti anomalies.

Mafic rock m ajor and trace element geochemistry

Si02 ranges from 34 to 57 wt%, MgO from 1 to 6 wt%, A120 3 
from 11 to 22 wt% and Na20  + K20  from 3 to 11 wt%. Ti02 
has a much narrower range of concentrations than other major
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Table 2. Representative elemental data for the Aves Ridge

Dredge:
Type:

317a
C A A -G

319d
C A A -G

318a
1A T -B A

318b  
IA T -B A

3 1 8 c  
C A A -B A S

3 1 8d  
C A A -B A

3 1 8e 
C A A -B A

31 8g  
C A A -B A

Major elements (wt%)
54.02SiO-> 68.13 7 0 .6 4 43.41 4 4 .9 9 4 9 .7 5 52 .88 4 9 .3 2

T i 0 2 0.43 0 .4 0 0.63 0 .5 9 0 .7 4 0.68 0 .7 9 0.68

A l2Cb 15.23 13 .50 20.49 22.43 16 .79 13.98 17.06 14.73

Fe2ChT 3.92 3 .5 0 10.04 8.72 12 .14 9 .53 9 .85 8.58

M nO 0.08 0.11 0.21 0 .15 0 .5 0 0 .4 9 0 .4 4 0.41

M gO 1.29 1.09 5.52 4 .5 8 2 .5 6 1.11 2 .47 1.35

CaO 3.61 3.12 7.42 7.19 2 .05 4 .7 6 3.18 3 .69

N a 20 3 .84 3 .38 3.85 3.68 0 .1 7 0 .1 9 0 .1 6 0 .26

k 2o 2.35 2 .72 1.28 1.44 1 0 .14 10 .09 10.06 10.56

p2o 5 0 .17 0 .18 0.20 0.24 1.09 1.73 0.86 1.80

LOI 0 .9 9 1.14 7.09 5 .29 3 .5 4 4 .7 7 5 .24 3.45

Total
Trace elements (ppm)

100.05 9 9 .7 9 100.12 9 9 .3 0 9 9 .4 7 1 00 .19 99 .43 99 .54

Sc 9 .9 9 .0 22.4 21 .9 3 6 .5 33 .6 4 1 .2 33 .0

V 78 .0 6 7 .4 2 51 .4 200.0 3 5 9 .6 303 .1 385 .8 288.3
Cr 9 .9 11.7 8.6 12.5 9 4 .4 58 .5 68.2 71.4

C o 6 .7 6.0 30.7 22.6 30.1 16.7 23 .3 19.9
N i 8.1 1.3 48 .9 34 .4 102.7 1 37 .0 8 9 .8 84.9
Cu 16.6 12.7 107.9 115.2 101.6 115 .2 135.7 103.7
Ga 12.6 12.1 15.2 16.0 14.6 7 .8 18.2 9.7
Rb 26 .4 3 2 .6 20.5 18.0 9 9 .0 82.1 106.1 90 .5
Sr 4 0 5 38 7 61 9 903 106 152 124 144
Y 19.8 18.2 13.6 14.1 3 4 .4 25 .5 3 3 .7 25.4
Zr 127.2 138 .2 29.5 31 .8 6 4 .7 58 .5 7 4 .9 52.0
N b 4 .13 4 .7 8 1.16 1.12 4 .7 5 3 .78 5 .08 3 .99
Ba 69 8 772 230 4 2 4 6 1 9 3 5 6 9 9 5868 59 3 0
H f 2 .9 4 3 .24 0 .76 0.83 1.62 1.39 1.83 1.17
Ta 0 .2 9 0 .36 0 .07 0 .07 0 .33 0 .2 8 0 .3 6 0 .29
Pb 3.21 3.22 3.47 1.80 3 0 .0 7 3 0 .8 0 13.95 20.53
Th 1.86 2.10 0.58 0 .30 1.78 1.55 1.88 1.60
U 0.81 0.73 0.32 0 .24 2 .6 5 4 .1 2 1.80 2.44
La 13.91 12.64 4 .29 4.81 14.93 15 .64 18.72 14.91
C e 3 0 .7 9 27 .73 10.83 11.69 3 3 .6 9 2 3 .7 3 28 .07 24 .76
Pr 4.11 3 .6 9 1.56 1.81 5 .48 3 .5 7 4 .3 6 3.85
N d 17.47 15.54 7 .69 8.94 2 5 .7 7 16.21 20 .05 17.04
Sm 3.74 3 .29 2 .0 6 2.33 5 .97 3 .77 4 .8 6 3 .76
Eu 1.05 0 .9 6 0 .72 0.83 2 .93 1.43 1.71 1.51
G d 3.31 2.93 2 .07 2.33 5 .7 6 3 .63 4 .7 7 3 .60
Tb 0.48 0 .44 0.33 0 .36 0 .7 6 0 .5 4 0 .72 0.52
D y 2 .97 2 .7 4 2.17 2.32 4 .3 3 3 .4 4 4 .6 2 3.28
H o 0 .5 9 0 .55 0.43 0.45 0 .8 0 0 .6 9 0 .9 4 0 .67
Er 1.80 1.69 1.28 1.32 2.20 2 .0 7 2 .8 4 1.97
Tm 0.31 0 .2 8 0.20 0.21 0 .33 0 .3 2 0 .4 5 0.31
Y b 2 .0 4 1.97 1.36 1.39 2 .0 6 2 .0 6 2.91 1.95
Lu 0 .3 4 0 .3 4 0.22 0.22 0 .3 2 0 .3 4 0 .4 7 0.32

All dredges prefixed EA68-11. LOI, loss on ignition; CAA, calc-alkaline arc; IAT, island arc tholeiite; G, 

Table 3. N d -H f radiogenic isotope data from the Aves Ridge

granite; BA, basaltic andesite; BAS, basalt.

Sam ple l47S m /l44N d l43N d /l44N d l43N d /l44N d(i) eN d (i) l76L u /l77H f l7AH f /l77H f l76H f/l77H f(i) eH f(i)

E A 68  11317a 0 .1 3 3 3 6 6 2 0 .5 1 3 0 0 0 0 .5 1 2 9 3 4 7 .6 7 7 0 .0 1 6 4 3 3 6 0 .2 8 3 1 7 8 0 .2 8 3 1 5 4 15.185
E A 68  1 1 3 1 8g 0 .1 2 9 3 8 6 9 0 .512843 0 .5 1 2 7 7 9 4 .6 5 3 0 .0 3 8 8 6 5 2 0 .2 8 3 1 1 2 0 .2 8 3 0 5 7 11.756

(i), values are age corrected to 76 Ma.

elements, from 0.5 to 0.8 wt%. When plotted against Nb, MgO 
and A]20 3 show a weak positive correlation (Fig. 3). As these 
samples are altered, classification based on major elements is 
impractical, so we use the Th-Co plot of Hastie et al. (2007) 
(Fig. 5). This diagram, based on a global arc dataset, uses Th 
and Co as immobile proxies for the Si02-K 20  discrimination 
diagram of Peccarillo & Taylor (1976). Figure 5 shows that the

rocks mostly classify as basaltic andesites of calc-alkaline 
affinity, although two samples plot in the tholeiite field.

The mafic samples have LREE-enriched chondrite-normalized 
REE patterns (Fig. 4). Nine samples have La/YbcN ratios of 
about five (calc-alkaline), whereas two are less LREE-enriched 
and have La/YbCN values of about two (tholeiitic), in line with 
the Th -Co diagram (Fig. 5). The most enriched calc-alkaline
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samples show a small positive Eu anomaly. The HREE and 
MREE in these mafic rocks are not depleted relative to N-MORB 
(Fig. 4). Negative Ce anomalies are also present in some of the 
mafic samples, which do not correlate with LOI values and are 
therefore unlikely to be related to sub-solidus alteration pro­
cesses. On the N-MORB-normalized trace element plot (Fig. 4), 
all samples show significant Th enrichment and Nb-Ta and Ti 
depletions (e.g. Nb/LaNMN =  0.20-0.33). In contrast to the 
granitoid rocks, the mafic samples have negative Zr-Hf anoma­
lies.

Nd and H f radiogenic isotopes

Radiogenic Nd and Hf isotope data for granitoid and basaltic 
andesite samples are shown in Table 3 and Figure 6. The results 
have been age-corrected to 76 Ma and are markedly distinct from 
one another. The granitoid sample has a relatively depleted 
signature (̂ Ndi =  +7.68 and cha =  +15.19), whereas the basaltic 
andesite is less depleted with £Ndi = +4.65 and eHfi =  +11.76. 
The granitoid plots well within the main Caribbean-Colombian 
Oceanic Plateau field (Hastie et al. 2009) on the enfi v. ê di 
diagram, but the basaltic andesite has a more enriched isotopic

signature similar to the present-day Lesser Antilles arc (White & 
Patchett 1984). Both samples have higher sho than Pacific 
MORB. The field for present-day Pacific MORB has not been 
age-corrected, as Thompson et al. (2003) demonstrated that 
present-day and Jurassic Pacific MORB were isotopically very 
similar and predicted that the Hf isotope composition within a 
uniform chondritic reservoir would change by <0.5 epsilon units 
in 90 Ma.

Discussion

Are the granitoids and mafic rocks cogenetic?

The variation diagrams (Fig. 3) show that the mafic rocks define, 
in the case of the immobile and incompatible elements, clear 
intra-magmatic differentiation trends, which may be related to 
crystal fractionation. The granitoid rocks plot in a distinct field 
at lower incompatible element concentrations than the most 
evolved mafic rocks with the exception of Zr, and display no 
coherent liquid line of descent compatible with the mafic rocks. 
This shows that the mafic and felsic rocks are not related to each 
other by fractional crystallization processes. The negative Zr-Hf
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and C u r a sa o -L a  B lanquilla arc intrusions 
(W right &  W yld 2010 ). N -M O R B - 
n orm alizin g  values from M cD onough &
Sun (1995 ).

anomalies on the multi-element plot for the mafic rocks (Fig. 
4c), indicated by Zr/Sm̂ MN <1, are likely to be related to 
subduction-related REE enrichment (Thirlwall et al. 1994). On 
the other hand, the positive Zr-Hf anomalies for the granitoids 
(Fig. 4d) may indicate that these rocks have accumulated zircon, 
or that their source contained residual amphibole, because 
amphibole is more compatible with the MREE than Zr or Hf 
(Klein et al. 1997). These different Zr-Hf anomalies again point 
to distinct origins for the mafic and granitoid rocks. Most 
importantly, crystal fractionation cannot explain the different £Ndi 
and CHfi isotopic ratios in Figure 6, so although only two analyses 
are available it is concluded that the mafic and granitoid rocks of 
the Aves Ridge are not derived from the same source region. 
However, without field relationships with which to test the

relative age of the mafic and felsic samples and without dateable 
mafic material, the age of the mafic rocks in this study remains 
uncertain.

Island arc origin o f  the southeastern Aves Ridge

The presence of negative Nb-Ta anomalies on N-MORB- 
normalized plots (Fig. 4) is usually regarded as indicative of 
subduction zone processes, as Nb and Ta are preferentially held 
in rutile in the downgoing slab during aqueous fluid release (e.g. 
Saunders et al. 1980; Thirlwall et al. 1994). Furthermore, the 
Th/Yb v. Ta/Yb diagram of Pearce (1983) (Fig. 7a) shows that 
the mafic rocks plot above the MORB array, which suggests that 
they have a subduction zone affinity. The radiogenic isotope
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ratios of the mafic and granitoid rocks (Fig. 6) and zircons 
without rounded, inherited cores from the granitoids do not 
indicate contamination from old continental crustal material, an 
alternative source of negative Nb-Ta anomalies. Therefore, 
geochemical evidence, confirmed by existing geophysical and 
geodynamic models, shows that the Aves Ridge represents the 
eroded products of an extinct subduction zone.

Source o f  the granitoid rocks

As the granitoids were sampled from only two outcrops, their 
lack of geochemical variation may be indicative of a sampling

bias rather than a distinct petrogenetic feature. However, some 
petrological and geochemical constraints can be used to discuss 
their source region.

We rule out the possibility that the granitoids formed by 
partial melting of a subducting oceanic slab, to generate an 
acidic melt (e.g. Drummond & Defant 1990). Such a melt could 
interact with the mantle wedge beneath the Aves Ridge arc, and 
generate higher MgO, Ni and Cr concentrations and lower Si02 
contents in a subsequent melt (high-Mg andesite) (e.g. Rapp et 
al. 1999). However, as noted, the granitoids have very low 
concentrations of mantle-derived elements and are siliceous 
(SiCh c. 70 wt%). Slab fusion during subduction occurs only in 
anomalously hot subduction zones and largely at depths where 
residual garnet would cause HREE depletion in the resulting 
felsic melts, a feature also not seen in the granitoids (Drummond 
& Defant 1990; Peacock et al. 1994; Drummond et al. 1996; 
Rapp et al. 2003). We also argue that the granitoids did not form 
by fractional crystallization from a mafic, mantle-derived melt 
because the mafic and granitoid rocks are not cogenetic.

Our preferred hypothesis is that the granitoids are of crustal 
origin. In this model, the fine-grained hornblende-rich intermedi­
ate facies present within the granitoids are interpreted to be 
I-type restite and the granitoids are considered to have been 
formed by the partial melting of the mafic lower crust (Chappell 
et al. 1987; Drummond et al. 1996; Stephens 2001). Addition­
ally, Si02 concentrations of 67-72 wt% and a sodic character 
(Na20/K20  =  1.65) are compatible with re-melting of a tholeiitic 
mafic source at moderate (10-20%) degrees of partial melting 
(Rapp & Watson 1995). The positive Zr-Hf anomalies (see 
above) and moderate Sr concentrations (up to 440 ppm) suggest 
that amphibole and plagioclase may have remained in the source 
residue of the granitoids. Moderate levels of Y (>16 ppm) and 
the HREE (Yb >1.7 ppm) and low La/Yb (c. 6.6) rule out 
residual garnet and constrain partial melting to <30 km depth 
(see Drummond & Defant 1990; Rapp & Watson 1995). If the 
granitoids are derived from a mafic protolith, their negative 
Nb-Ta anomalies (Fig. 4) might be attributed to re-melting of 
the lower Aves Ridge arc crust by advection owing to the 
underplating of hot basaltic arc magma (Petford et al. 2000; 
Petford & Gallacher 2001).

Source o f  the mafic rocks: mantle wedge component

Unlike the granitoids, the mafic rocks have high concentrations 
of Mg, Ni and Cr indicating derivation from a peridotitic mantle 
source beneath the Aves Ridge. As the MREE and HREE are not 
depleted on the normalized plots (Fig. 4), garnet was not present 
in the source or was completely melted out during partial 
melting. In the former case, the depth of partial melting is 
constrained to above the approximate spinel-garnet transition at 
<55 km within the mantle (Su, 2008).

Of particular interest is the composition of the mantle wedge 
source, but any investigation must first assess whether the wedge 
was fluxed by slab- and sediment-related fluids alone, or also by 
slab-derived partial melts. The HFSE and HREE are normally 
used to investigate the composition of the mantle wedge, but these 
elements can be mobilized from the slab if it partially melts 
(Pearce & Peate 1995). Figure 7b (Zr/Yb v. Nb/Yb) shows that 
the mafic samples plot within the MORB array, suggesting that 
the HFSE and HREE have not been mobilized from the slab to the 
wedge. Therefore, variations in the HFSE and HREE can be 
explained by partial melting and fractional crystallization pro­
cesses and the composition of the mantle wedge. We focus on Zr 
and Nb in particular because in mafic rocks, Zr and Nb behave
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similarly during fractional crystallization of the major phases. 
Additionally, Zr and Nb behave incompatibly between the main 
mineral species of mantle peridotite and a coexisting partial melt 
(e.g. Salters et al. 2002). Therefore, unless the partial melt volume 
is extremely small, the Zr/Nb ratio will not vary significantly with 
the degree of partial melting. Island arc magmas are generated by 
15-30% partial melting (Pearce & Parkinson 1993; Pearce & 
Stem 2006), therefore the Zr/Nb ratio of the mafic rocks of the 
Aves Ridge should represent the composition of the source region.

The Nb/Y v. Zr/Y plot (Fig. 7c) distinguishes mafic rocks 
derived from depleted MORB mantle (DMM) and mantle plume 
sources that are enriched in Nb relative to MORB (Fitton et al.

1997). The plot has been used to identify Caribbean-Colombian 
Oceanic Plateau lavas (e.g. Kerr et al. 2009), and to discriminate 
between island arc rocks derived from depleted mantle wedges 
and those derived from plume-enriched sources in the Caribbean 
region (Hastie et al. 2010; Neill et al. 2010). High Nb/Y in 
relation to N-MORB-like rocks may indicate a plume mantle 
wedge source, as shown by Hastie et al. (2010) for the Lau 
Basin. The Aves Ridge rocks plot within and around the ‘Iceland 
array’, along with the plume-influenced Lau Basin lavas (Fig. 
7c), consistent with the idea that the mantle wedge beneath the 
Aves Ridge may have been of mantle plume composition.

In average N-MORB, Zr/Nb is c. 32 (Sun & McDonough
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1989) but in mafic arc rocks, Zr/Nb ratios range firom c. 40 to 
120 (Wendt et al. 1997). It is difficult, except at unrealistically 
low degrees of partial melting, to produce Zr/Nb <32 during 
partial melting of DMM. Therefore, Zr/Nb <32 in arc rocks may 
indicate a plume-related mantle wedge as shown for lavas 
erupted in the Tongan arc and in Jamaica (Wendt et al. 1997; 
Hastie et al. 2010). Rocks from the southern Tongan arc are 
derived from a depleted source and have Zr/Nb ratios >40, 
whereas those from the Samoan plume-influenced northern 
Tonga region have Zr/Nb ratios of 16-21 (Wendt et al. 1997; 
Fig. 7d). Zr/Nb ratios for the Caribbean region are also shown in 
Figure 7d. Many pre-Caribbean-Colombian Oceanic Plateau 
Caribbean island arc lavas such as those on Bonaire (Thompson 
et al. 2004), Hispaniola (Escuder Viruete et al. 2006) and 
Jamaica (Hastie 2009), show high Zr/Nb ratios (>40) consistent 
with derivation from DMM. In contrast, the Aves Ridge rocks 
have Zr/Nb =  9-38 (mean =  17.7), much closer to the values for 
the plume-influenced c. 72 Ma Blue Mountains back-arc lavas in 
Jamaica (Hastie et al. 2010) and northern Tonga (Wendt et al. 
1997). It is therefore likely that the low Zr/Nb ratios of the Aves 
Ridge mafic rocks have been derived from partial melting of a 
mantle wedge composed of mantle plume material.

Source o f  the mafic rocks: slab-flux component

Th and La are widely regarded to be mobilized from the slab by 
aqueous fluids during dehydration reactions in a subducting plate 
(Plank 2005; Hastie et al. 2007). Terrigenous sediments and the 
continental crust have high Th/La ratios of >0.2 whereas DMM 
and mantle plume sources range from 0.048 to 0.11 (Plank 2005). 
Accordingly, many island and continental arc rocks typically 
range from low mantle-like Th/La to high terrigenous sediment­
like Th/La ratios (Plank 2005) depending on the volume of 
terrigenous sediment subducted. The Aves Ridge mafic rocks have 
consistently low Th/La ratios (<0.13), which indicate that there 
was little subducted terrigenous sediment in their source region.

In oxidizing pelagic sediment and red clay, Ce3+ is oxidized to 
Ce4+, which is more soluble than La3+ in aqueous slab-derived 
fluids, thus leading to Ce depletion (Ce/Ce* <1) in the resultant 
island arc magmas (Hole et al. 1984). Ce/Ce* is the ratio 
of observed to expected Ce concentration on an N-MORB- 
normalized REE plot, with Ce* -  ((La -  Pr)/2) + Pr. The Th/La 
v. Ce/Ce* diagram (Fig. 8) discriminates between terrigenous 
and pelagic sedimentary sources in arc rocks (Hastie et al. 2009; 
Neill et al. 2010). The mafic rocks from the Aves Ridge show a 
clear trend from mantle-like Ce/Ce* values of c. 1.0-0.58, 
indicating a significant involvement of pelagic sediment in the 
source region. The mafic rocks of the Aves Ridge therefore most 
probably formed in an intra-oceanic setting away from terrige­
nous proto-Caribbean passive margin sedimentary sequences or 
continental masses.

Correlation with the Dutch- Venezuelan Antilles

The age and origin of the recently studied rocks of the Dutch- 
Venezuelan Antilles are summarized in Table 4. In the Venezue­
lan Antilles, La Blanquilla contains the closest exposure of 
igneous rocks to the Aves Ridge (Fig. 1), where granodiorites 
and tonalites dated at c. 76 and c. 59 Ma respectively are found 
(Wright & Wyld 2010). The granodiorite is geochemically 
comparable with the Aves Ridge granitoids (Fid. 4d), with 
similar Th/La, La/Yb and Nb/Yb ratios. Like the Aves Ridge, no 
Caribbean-Colombian Oceanic Plateau mafic rocks are found on 
La Blanquilla. However, on Gran Roque of the Los Roques
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islands (Fig. 1), undated gabbros and dolerites of Caribbean- 
Colombian Oceanic Plateau affinity are present (Giunta et al. 
2002; A. C. Kerr, unpublished data). The mafic rocks are cut by 
quartz diorites, pegmatites and aplites with Ar-Ar biotite and 
hornblende ages of c. 68 and c. 59 Ma respectively (van der Lelij 
et al. 2010). Like La Blanquilla, the felsic rocks of Los Roques 
have almost identical trace element signatures to the granitoids 
of the Aves Ridge (Fig. 4d; data from Giunta et al. 2002; A. C. 
Kerr, unpublished data). All the Venezuelan Antilles arc rocks 
are considered to be formed by NW- or west-dipping subduction 
beneath the Caribbean-Colombian Oceanic Plateau (Wright & 
Wyld 2010).

On Curasao in the Dutch Antilles (Fig. 1), dykes of diorite 
and quartz diorite (c. 86 Ma; Wright & Wyld 2010) intrude the 
Caribbean-Colombian Oceanic Plateau-related Curacao Lava 
Formation (c. 89 Ma; Sinton et al. 1998). These dykes also have 
very similar trace element signatures to the Aves Ridge grani­
toids (Fig. 4d; Wright & Wyld 2010). Aruba, also part of the 
Dutch Antilles (Fig. 1), includes the mafic Aruba Lava Forma­
tion, which is dated using the imprint of ammonite fossils to c. 
90 Ma, and is a part of the Caribbean-Colombian Oceanic 
Plateau (MacDonald 1968; White et al. 1999). The Lava 
Formation is cut by the dioritic to tonalitic Aruba Batholith, 
which has a weighted mean U-Pb zircon age of 88.6 ±  0.5 Ma 
(van der Lelij et al. 2010; Wright & Wyld 2010). White et al. 
(1999) showed that the batholith has low Nb, high Ba and Sr, 
and flat to LREE-enriched REE patterns (Fig. 4d). Although 
much more variable in major and trace element concentration, 
the Aruba batholith does resemble the Aves Ridge granitoids and 
is considered, like the Curacao dykes, to have formed by partial 
melting of Caribbean-Colombian Oceanic Plateau crust during 
west-dipping subduction (White et al., 1999; van der Lelij et al. 
2010; Wright & Wyld 2010).

http://georoc.mpch-mainz.gwdg.de/georoc
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Table 4. Sum m on’ o f  recent studies o f  igneous exposures from the Aves Ridge, D u tch - Venezuelan Antilles

Location Suite R ock types A g e(s ) (M a)* T ecton ic setting R eferences

SE A ves R idge n.a. Felsic intrusive 76 ±  1.4 Island  arc This paper
n.a. M afic extrusive and  

intrusive
n.a. Island  arc (p lu m e  

m an tle source)
T his paper

La B lanquilla  
(V enezuelan  A n tille s)

n.a. Felsic intrusive 75 .5  ±  0 .9 Island arc W right & W yld (2010)

n.a. Felsic intrusive 58 .7  ±  0.5 Island  arc W right & W yld (2010)
Gran R oque  
(V en ezu elan  A n tille s)

n.a. M afic intrusive n.a. O cean ic  p lateau G iunta e t  a l. (2002),
A . C . Kerr (unpublished data)

n.a. Felsic intrusive 65 .3  ±  1.4, 
68 .3 0  ±  0 .76 , 
58.93  ±  1.22

Island  arc van der Lelij e t  a l. (2010 ), 
W right &  W yld (2010 )

C urasao (D u tch  A n tille s)  Lava Fm. M afic extrusive 88 .9  ±  0.8 O cea n ic  p lateau Sin ton  e t  a l. (19 9 8 )
n.a. Interm ediate intrusive 86.2 ±  1.1 Island arc W right &  W yld (20 1 0 )

A ruba (D u tch  A n tille s) Lava Fm. M afic extrusive Turanian 
(c . 90  M a )t

O cean ic  p lateau M acD on ald  (1968 ),  
W h ite e t  a l. (1 9 9 9 )

Batholith M afic to  fe lsic  intrusive 88.6  ±  0 .5 } Island  arc (p lu m e  
m antle source)

W hite e t  a l. (1 9 9 9 ), 
van der Lelij e t  a l. (20 1 0 ). 
W right &  W yld (2010 )

B onaire (D utch  A n tilles) W ashikem ba Felsic extrusive, m afic 9 4 .6  ±  1.4, Island arc (d ep leted T h om pson  e t  a l. (2004 )
Group intrusive 98 .2  ±  0 .6 m an tle  source) W right &  W yld (20 1 0 )
M atijs Group M afic intrusive A lb ian

(c . 112 M a)§
Island arc W right &  W yld (2010 )

♦Unmarked samples dated by U -Pb or A r-A r methods (see original references). 
tSample dated using ammonite imprints.
^Weighted mean of available ages.

The only other mafic island arc rocks in the Dutch-Venezue­
lan Antilles are found on Bonaire Island (Table 4; Fig. 1), which 
has two suites of Cretaceous igneous rocks (Thompson et al. 
2004; Wright & Wyld, 2010). Poorly studied mafic stocks of the 
Matijs Group intruded Aptian or older argillites before deposition 
of a Coniacian conglomerate unit. The felsic volcanic rocks, 
diorites and dacites of the Washikemba Group (Washikemba 
Formation of Thompson et al. 2004) have an age of c. 96 Ma 
(Thompson et al. 2004; Wright & Wyld, 2010). These rocks were 
formed by subduction beneath a depleted mantle source (Fig. 7d; 
Thompson et al. 2004). There are no rocks of Caribbean- 
Colombian Oceanic Plateau affinity or rocks derived from a 
plume-related mantle source on Bonaire.

These results have profound implications for the tectonic 
evolution of the southern Caribbean (van der Lelij et al. 2010; 
Wright & Wyld 2010). Because the Caribbean-Colombian Ocea­
nic Plateau rocks exposed on Aruba, Curasao and Gran Roque 
show no sign of interaction with slab fluids (see the Curasao field 
in Fig. 8), Hastie & Kerr (2010) stated that there must have been 
no active subduction zone beneath this part of the Caribbean- 
Colombian Oceanic Plateau during its formation. Therefore, the c. 
96 Ma island arc rocks on Bonaire would represent east-dipping 
subduction in the region (van der Lelij et al. 2010), as a west- 
dipping subduction would result in contamination of the Carib­
bean-Colombian Oceanic Plateau mantle source with slab-related 
fluids. Wright & Wyld (2010) suggested that Bonaire is a slice of 
the Greater Antilles arc that moved into the southern Caribbean 
along strike-slip faults before the inception of the Aves Ridge, but 
because Bonaire is an integral part of the Dutch Antilles we prefer 
the interpretation of van der Lelij et al. (2010).

Following eruption of the Caribbean-Colombian Oceanic 
Plateau, subduction-related rocks formed on Aruba and Curasao 
within only 1-3 Ma of plateau formation (Wright & Wyld
2010). Studies of andesitic volcanoes using the U-Th decay 
series have shown that subduction-related fluids are generated 
and added to the mantle wedge only a few hundred thousand

years before eruption (e.g. Turner et al. 2000). Partial melting to 
form the Aruba batholith and Curasao dykes could therefore 
have occurred above a subduction zone that initiated along the 
edge of the Caribbean-Colombian Oceanic Plateau almost 
immediately following its formation (see Niu et al. 2003; Wright 
& Wyld 2010), or by collision of the Caribbean-Colombian 
Oceanic Plateau with an east-dipping subduction zone, triggering 
a rapid polarity reversal at c. 89 Ma (van der Lelij et al. 2010).

There are no arc rocks younger than c. 88 Ma in the Dutch 
Antilles, van der Lelij et al. (2010) used fission-track dating to 
show that significant uplift occurred on Bonaire at c. 85-80 Ma, 
and the Campanian and younger Soebi Blanco Formation on 
Bonaire and the Knip Group and Midden Curasao Formation of 
Curacao contain continental detritus (Priem et al. 1986; Wright 
& Wyld 2010). Subduction was probably terminated abruptly by 
collision of the South American margin with the incipient arc.

The comparison above shows that the Aves Ridge rocks formed 
contemporaneously with magmatism on Gran Roque and La 
Blanquilla. On La Blanquilla there is no Caribbean-Colombian 
Oceanic Plateau basement through which the arc rocks intruded, 
as may be the case for the Aves Ridge (see below). Therefore La 
Blanquilla appears to be a southern extension of the Aves Ridge. 
There are no rocks found on the small proportion of the Aves 
Ridge that has been studied, nor in the Venezuelan Antilles older 
or younger than c. 76 Ma and c. 59 Ma, respectively. It is possible 
that following cessation of magmatism in the Dutch Antilles, 
subduction transferred eastwards to the Venezuelan Antilles and 
Aves Ridge, before stalling with inception of the Grenada Basin.

Petrogenesis o f  the Aves Ridge and La Blanquilla Island

The results presented above are consistent with a model in which 
the Aves Ridge and La Blanquilla were generated during west- 
dipping subduction beneath the Caribbean-Colombian Oceanic 
Plateau between c. 76 and c. 59 Ma. However, it appears that 
neither location is in immediate contact with the Caribbean-
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Colombian Oceanic Plateau. Much of the Venezuelan Basin has 
up to 20 km thick plateau crust but in the far SE comer of the 
basin, a region of some 40 000 km2, the crustal thickness, minus 
sedimentary cover, is <5 km (Fig. 1; Diebold et al. 1981). This 
thin crust is considered to predate the Caribbean-Colombian 
Oceanic Plateau, based on seismic interpretation (Diebold et al. 
1981; Mauffret & Leroy 1997), although drilling has never been 
undertaken in this part of the Caribbean Sea. If this thin crust 
turns out not to be oceanic plateau material, then it is unlikely 
that the southern Aves Ridge was generated by west-dipping 
subduction of the proto-Caribbean slab directly beneath the 
Caribbean-Colombian Oceanic Plateau. Therefore, mantle con­
vection is likely to have brought plume mantle into the wedge 
above the Aves Ridge subduction zone. Also, we cannot rule out 
the possibility that there were pre-existing plateau or island arc 
fragments beneath the site of the Aves Ridge. Some workers have 
argued that the Caribbean-Colombian Oceanic Plateau dates 
back to c. 115 Ma (Mauffret & Leroy 1997) and in addition there 
are c.. 90 Ma volcanic rocks with oceanic plateau-like chemistry 
cutting proto-Caribbean passive margin sediments at San Souci, 
Trinidad (Wadge & Macdonald 1985; I. Neill, unpublished data).

Our petrogenetic model (Fig. 9) therefore shows the Aves 
Ridge arc overlying a plume-related mantle wedge and a 
subducting proto-Caribbean slab. The slab fluids ascend into the 
mantle wedge and promote partial melting to generate the Aves 
mafic lavas. The granitoids form by partial melting of tholeiitic 
amphibole- and plagioclase-bearing rocks in the lower crust 
beneath the Aves Ridge arc. As mentioned above, it is possible 
that partial melting was aided by the rise of hot mafic island arc 
magmas, perhaps even those that formed the mafic rocks in this 
study.

It is unclear whether or not the crustal thickness of the Aves 
Ridge could be generated during a short c. 20 Ma post- 
Caribbean-Colombian Oceanic Plateau subduction history (see 
below) with a starting crustal thickness of only 5 km, the same as 
the thin crust of the SE Venezuelan Basin. Subduction rates, roll­
back, sediment flux, slab dip and magma production vary from 
arc to arc, hence it is difficult to quantify how quickly arc crust 
may be generated. The Lesser Antilles, which has a c. 55 Ma 
history of c. 2 cm a- 1 subduction, a similar rate to the Aves 
Ridge (Pindell & Kennan 2009) has built up 30-35 km of crust 
(Christeson et al. 2008). It is possible that the 26 km thick Aves 
crust was generated during its post-Caribbean-Colombian Ocea­
nic Plateau history, but we repeat that the pre-existence of 
plateau-like crust or older island arc rocks should not be ruled 
out. It may be significant that the isotopic composition of the

Fig. 9. Petrogenetic m odel (not to  scale) for the Aves R idge. CCOP, 
C aribbean-C olom bian  O ceanic Plateau.

granitoid sample (Fig. 6) falls within the Caribbean-Colombian 
Oceanic Plateau field and that this sample is isotopically dissim­
ilar to N-MORB or island arc rocks.

Southern Caribbean tectonic model

In Figure 10, we outline a revised plate-tectonic model for the 
southern Caribbean based on the findings from the Aves Ridge 
and a new consideration of the origins of the Dutch-Venezuelan 
Antilles (van der Lelij et al. 2010; Wright & Wyld 2010). At c. 
100 Ma (Fig. 10a), because Bonaire is an integral part of the 
Dutch Antilles, and its related mantle wedge did not contaminate 
the melts that formed the Caribbean-Colombian Oceanic Pla­
teau, it is shown as part of an east-dipping subduction system in 
the southern Caribbean (van der Lelij et al. 2010). At a similar 
time, high-pressure rocks evolved on Margarita Island and in the 
Venezuelan interior in the Villa de Cura allochthon (Fig. 1). 
Margarita appears to have been affected by subduction zone 
magmatism during the Aptian-Coniacian (Maresch et al. 2009). 
The blueschist-facies Villa de Cura allochthon contains some 
subducted slivers of island arc material of unknown protolith 
age, metamorphosed under barroisite-stable conditions at c. 
96 Ma (Smith et al. 1999; Unger et al. 2005). It seems likely that 
both locations represent the products of subduction zone activity 
relatively close to the South American continent but their precise 
origins are uncertain.

The next event to occur, as shown in the c. 88 Ma reconstruc­
tion (Fig. 10b), was the formation of the felsic arc rocks of 
Aruba and Curasao, which were intruded above a convergent 
zone through the thick basement of the Caribbean-Colombian 
Oceanic Plateau. This magmatism began at c. 88 Ma and ended 
with collision of the arc with South America.

Our final reconstruction covers the period between c. 80 and 
60 Ma (Fig. 10c). Magmatism moved eastward to the Venezuelan 
Antilles where the Gran Roque felsic rocks formed by crustal 
melting at c. 68 to 59 Ma. Further north and east where 
Caribbean-Colombian Oceanic Plateau crust was absent in the 
Venezuelan Basin, partial melting of plume mantle and the lower 
crust of unknown composition contributed to formation of the 
Aves Ridge and La Blanquilla between c. 76 and c. 59 Ma. 
Spreading in the Grenada Basin (Aitken et al. 2010) coincides 
with the cessation of magmatic activity on the Aves Ridge and in 
the Venezuelan Antilles.

Further work is required to refine models of southern Caribbean 
tectonic evolution including: (1) study of the geochemistry and 
geochronology of igneous rocks on Tobago; (2) re-sampling of 
the Aves Ridge including dating of the mafic rocks; (3) detailed 
geochemical study of the igneous rocks of Margarita Island; (4) 
identification of protolith ages for the Villa de Cura allochthon; 
(5) a study of the link between magmatism preserved in the 
Dutch-Venezuelan Antilles and Villa de Cura and the Cretaceous 
arc rocks that have been accreted to the South American margin 
in Colombia and Ecuador; (6) drilling of the thin crust of the far 
southeastern Venezuelan Basin.

Conclusions

Dredge hauls from the SE Aves Ridge consist of subduction- 
related granitoids and mafic rocks. U-Pb geochronology and 
regional constraints indicate that they were most probably 
formed at c. 80-75 Ma. Partial melting of a plume-related 
mantle wedge, which lay beneath, or close to, the Caribbean- 
Colombian Oceanic Plateau, is believed to be the trigger for 
generation of the ridge. The plume-related mantle generated
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Fig. 10. R egional tecton ic m aps adapted from Pindell & Kennan (2009)  
and W right &  W yld (20 1 0 ) show ing: (a) c . 100 Ma, w ith  Bonaire as part 
o f  an east-dipping D utch A ntille s arc and Margarita and V illa de Cura 
c lo se  to  the South A m erican continent; (b) c. 88 M a, with eruption o f  the 
C aribbean-C olom bian  O cean ic Plateau and form ation o f  the Curagao 
d ykes and Aruba batholith by subduction beneath the C arib b ean - 
C olom bian O ceanic Plateau; ( c ) subduction under way beneath the Aves 
R id ge and Venezuelan A ntilles at c. 75  Ma.

unusual trace element compositions identified in the mafic rocks. 
Island arc magmatism occurred above a subduction zone or 
zones separate from the SW-dipping subduction zone of the 
Greater Antilles arc from c. 88 to c. 59 Ma in the southern 
Caribbean and has been preserved as the Aves Ridge and the 
Dutch and Venezuelan Antilles.
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