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La Désirade Island is located on the hanging wall of 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 (~153-145 Ma) mafic lava flows and pillow basalts overlain by felsic flows and
breccias and intruded by a Mid-Berriasian (~144 Ma) trondhjemite pluton and intermediate to felsic dykes.
The mafic rocks form a ~300 m thick sequence which trace element geochemistry reveals to contain, in

f;?ylsmézirfjée stratigraphic order: (1) tholeiites with a very weak subduction signature; (2) calc-alkaline and tholeiitic arc
Caribbean rocks containing pelagic and terrigenous sediment slab-related components and (3) arc tholeiites with a
Geochemistry minor subduction signature. The mantle wedge source was depleted and did not contain a significant plume-
Tectonics related component. The overlying felsic rocks show similar trace element patterns and incompatible trace
Subduction 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 ~135 Ma westward acceleration of North America appear to corroborate a latest
Jurassic-Early Cretaceous east-dipping arc system. The preservation of La Désirade 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 Désirade.

© 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 tectonically
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 ~160 Ma 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; Miiller 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).
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Subduction at 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 ~94-89 Ma, to the southwest of the Greater
Antilles, the mantle plume-derived Caribbean-Colombian Oceanic
Plateau (CCOP) formed on the Farallon Plate (Sinton et al., 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
time, 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 with 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).
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Fig. 1. Simplified geological and location map of La Désirade 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 text.

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 during the Early Cretaceous (~135-125 Ma) so North America
travelled westwards over the mantle faster than South America (Pindell
etal., 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; White et al., 1999; Kerr et al.,
2003; Hastie and Kerr, 2010).

There are also subduction-related rocks in the Caribbean region
today which pre-date the westward 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 (Mattinson et al.,
2008) igneous rocks of the island of La Désirade in the Lesser Antilles
(Fig. 1). Previous studies disagree on La Désirade's tectonomagmatic
setting, with suggestions ranging from mid-ocean ridge (e.g.
Mattinson et al., 1980, 2008) to island arc (e.g. Bouysse et al., 1983;
Baumgartner et al., 2008; Cordey and Cornée, 2009). In this paper we
use trace element geochemistry to determine the tectonic setting of
the rocks, and to identify mantle 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, we propose a tectonic reconstruction for the Late Jurassic
period and a framework for the preservation of La Désirade following
the onset of southwest-dipping subduction in the Greater Antilles.

2. Geological outline of La Désirade

La Désirade (22 km?) 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 Désirade have
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also been dredged from the Falmouth Spur between La Désirade and
Antigua and from the Désirade 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 demonstrate that La Désirade has travelled eastwards
relative to the Americas at the leading edge of the Caribbean Plate
(Montgomery et al., 1992, 1994) (Fig. 1).

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. 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. In this paper these are referred to as
the NE mafic volcanic complex, and are the main focus of our
investigation. Magmatism then evolved to felsic compositions
(Mattinson et al., 2008) forming the NE felsic volcanic complex near
Grand Abaque, the central trondhjemite pluton and the SW felsic
complex which consists of dykes and flows around Morne Frégule.
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 Doublé (NE
mafic complex) and Pointe Frégule (SW felsic complex) are from
bio-chronostratigraphic zone 4, upper subzone 43 [mid-Upper
Tithonian (~150-145Ma)| (Montgomery et al., 1992; Mattinson
et al., 2008). Work by Cordey and Cornée (2009) on the northeast
mafic complex has revealed radiolarians dating to the Late Kimmer-
idgian (~153-150 Ma), indicating a maximum eruption time of ~8 Ma
for the northeast mafic complex (timescale of Ogg et al., 2008).
Zircons separated from the trondhjemite pluton have been dated by
U-Pb chemical abrasion-thermal ionisation mass spectrometry to
143.74+0.33 Ma (Mattinson et al., 2008), i.e. mid-Berriasian of the
Lower Cretaceous. The oldest radiolarian age and the U-Pb age
indicate igneous activity on La Désirade lasted up to 10 Ma.

The occurrence of pillow basalts and what was interpreted as pelagic
chert, lead Mattinson et al. (1980, 2008) to conclude that the mafic rocks
of La Désirade 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 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 Cornée (2009) indicating that radiolarites are
sparse and that the chert has high levels of MgO and Fe,0s, inferring
rapid formation in a hydrothermal regime. However there were periods
of quiescence during which time pelagic chert and limestone deposition
occurred. The subordinate limestones found between the pillows are
low in Fe,0O3 and high in SiO, 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 Désirade which is more common to island arcs than
mid ocean ridges. Therefore, trace element geochemistry is required to
resolve the tectonic setting of these rocks.

3. Rock types and petrography
3.1. NE mafic volcanic complex

The NE mafic volcanic complex outcrops from Baie Mahault to
Anse Galets where it is overlain by the northeast 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 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 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 is continuous with no recognisable
unconformities. The contact with the overlying northeast felsic
volcanic complex is faulted (Fig. 2), 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 unconfor-
mity between the two complexes of unknown length.

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

1 metre a

Fig. 2. (a) Pillowed mafic lavas inter-bedded with thin cherts. (b) Faulted contact between
the northeast mafic volcanic complex and the northeast felsic volcanic complex.
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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. 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 the lava. 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. 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. 1) vary in grain size from <0.25mm 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 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.

3.2. 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. 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.

The SW felsic complex occurs at the coast near Mourne Frégule 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 pheno-
crysts up to 1 mm across, with a fine groundmass dominated by
plagioclase with minor quartz and oxides. Clays, haematite and
epidote are replacement minerals.

A trondhjemite pluton is exposed for 4 km along the north coast of
the island. There are a variety of igneous facies, with the majority
comprising plagioclase-rich trondhjemite with minor amounts of
diorite and albite granite, which are cut by abundant intermediate
dykes. The trondhjemite is characterised by 2-3 mm sized grains of
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 yet 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 the lavas of its own
volcanic carapace. These lavas were of the same composition and age
as those which formed the NE and SW felsic complexes.

3.3. Intermediate-felsic dykes

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 are 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, 2-3 m 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. Epidote, albite and prehnite have also been reported
(Mattinson et al., 1980). Dykes cutting the trondhjemite pluton are
dark green, up to 1 m across and have a grain size of 0.25 to 0.5 mm.
They are dominated by a groundmass of elongate plagioclase,
clinopyroxene and Fe-Ti oxides with rare clinopyroxene phenocrysts.
Replacement of the clinopyroxenes by clays and chlorite is very
common.

4. Geochemistry
4.1. Analytical methods

Forty-three samples were collected from across the complexes
with emphasis on the northeast mafic volcanic complex due to good
exposure and the suitability of mafic rocks for petrogenetic study.
Fresh material was difficult to obtain because of the vesicular nature
and hydrothermal/metamorphic alteration of some of the rocks. The
freshest samples were obtained from the centre of pillows or from
coeval dyke-lets between the pillows. Each sample was trimmed by
rotary saw to remove weathered surfaces, calcite veining and
vesicular patches and ground in a steel jaw crusher before powdering
in an agate ball mill. Analysis was undertaken at Cardiff University,
UK. Loss-on-ignition values were calculated after heating 2 g of each
sample at 900 °C for 2 hours. Samples were dissolved using the fluxy-
fusion method outlined in McDonald and Viljoen (2006). Major
element and Sc abundances were determined by using a JY Horiba
Ultima 2 Inductively Coupled Plasma Optical Emission Spectrometer
(ICP-OES). Trace elements were analysed by a Thermo X7 Series
Inductively Coupled Plasma Mass Spectrometer (ICP-MS). Silicate
rock standards JB-1A, 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 for JB-1A. 20 values encompass
certified values for the vast majority of elements. Representative
analyses from the different complexes are shown in Table 1. Full
analytical results including repeat runs of standard basalt JB-1A can be
found in the Supplementary Information.

4.2. Element mobility

High loss-on-ignition values (Table 1) are likely to be due to sub-
solidus alteration processes. 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). Elements considered to be relatively immobile
under low-grade metamorphism (up to greenschist grade) and
hydrothermal alteration processes are the rare Earth elements
(REE), high field strength elements (HFSE) along with Co, Cr, Ni, Sc,
V, Y and P (e.g. Pearce, 1983; Seewald and Seyfried, 1990). Nb (a
HEFSE) is considered immobile, hence elements for samples within a
given magmatic suite that are also immobile should show clear trends
related to intra-magmatic differentiation processes when plotted
against Nb (c.f. Cann, 1970).

The NE mafic volcanic complex can be split into three units based
on their geochemistry (Section 5.1). 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. 1). Representative major and trace elements in the three
units are plotted against Nb in Fig. 3 to demonstrate elemental
mobility. None of the recognised units display coherent intra-
magmatic differentiation trends for the major elements (except
Al,03 and TiO;) or large ion lithophile elements (LILE). Conversely,
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Table 1
Representative data for the La Désirade mafic volcanic units and felsic complexes.

Number IND/10.2 IND/11.2 IND/4.1 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 TH/MOR TH/MOR CA/IA TH/IA TH/BAB CA/BAB TH/IA TH/IA TH/IA TH/IA TH/IA TH/IA
Unit 1 1 2 2 3 3 NE FEL SW FEL TROND TROND DYKE DYKE
Si0, 52.28 5241 56.66 55.68 51.05 51.27 77.27 71.86 74.72 74.58 57.57 54.13
TiO, 0.73 0.81 0.71 0.71 1.02 121 0.46 0.55 0.30 0.28 1.14 1.00
Al,05 15.65 16.57 14.76 14.63 15.17 14.15 10.44 13.25 12.70 12.80 14.58 16.08
Fe,05(T) 7.96 9.33 5.98 6.27 9.35 10.18 2.18 3.89 3.55 332 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 0.34 242 0.68 0.62 3.18 4.08
Ca0 6.69 8.30 5.75 7.96 10.17 6.34 0.28 0.20 1.94 1.95 2.79 4.88
Na,0 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>0 0.25 0.12 0.21 0.09 0.06 0.06 0.15 0.07 0.12 0.16 0.35 0.07
P,05 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 5.96 341 4.50 4.64 3.98 7.40 1.92 1.50 124 124 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 29.4 313 23.0 227 31.2 29.7 9.1 15.7 113 112 30.0 343
\% 2325 301.9 226.2 251.6 3313 498.8 30.1 29.6 204 12.7 219.1 329.1
Cr 496.1 278.8 212.6 189.9 1294 5.5 16.5 34.6 144 309 11.1 3.7
Co 42.8 335 35.0 238 324 31.0 3.1 38 25 1.8 12.9 249
Ni 1105 69.2 822 774 67.3 3.7 2.8 32 140.2 53 10.1 145.4
Ga 184 213 17.2 18.7 239 285 104 15.7 18.5 14.5 18.9 20.5
Rb 1.5 2.4 4.6 12 14 0.5 2.1 1.0 15 15 33 15
Sr 89.3 115.1 724 55.3 126.9 31.8 346 79.5 99.3 118.8 72.7 39.8
Y 26.8 14.7 183 15.5 19.6 293 48.0 289 26.8 232 2838 27.7
Zr 91.1 48.9 67.3 789 67.8 105.7 1414 123.1 146.8 113.1 111.0 98.8
Nb 1.46 1.18 1.87 137 1.06 1.49 147 2.18 141 1.12 2.71 1.83
Ba 199 2894.5 50.6 46.6 43.1 314 23.0 18.5 66.9 50.5 91.9 212
Hf 241 1.08 1.87 1.99 1.50 2.65 3.36 3.18 348 2.88 2.51 2.53
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 135 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 3.26 331 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 1.51 144 1.12 1.60 3.46 1.98 193 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 1.72 242 218 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 1.12 143 0.91 0.74 0.67 1.01 1.11
Gd 433 2.16 3.86 2.67 2.62 3.81 6.28 437 3.49 3.04 414 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 0.93 135 0.95 0.79 0.72 0.86 0.84
Er 2.72 1.42 1.86 1.54 1.78 2.71 413 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 3.06 144 2.04 1.71 1.90 2.83 436 331 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, IA = island arc-like, BAB = back-arc basin-like, LOI =
loss on ignition. The complete data set can be found in the Supplementary Information.

immobile trace elements (e.g. Zr, Th and Yb) display coherent intra-
magmatic differentiation trends against Nb within each unit. On this
basis, Al,03, TiO,, the REE, HFSE and 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.

Major element classification diagrams such as SiO, vs. K;O
(Peccarillo and Taylor, 1976) cannot be used on La Désirade due to
sub-solidus alteration processes so the Th vs. Co diagram of Hastie
et al. (2007) for island arc volcanic rocks is used (Fig. 4). The diagram
is an immobile element proxy for SiO, and K0 and is able to classify
lavas on the basis of rock suite and type. Fig. 4 shows that the majority
of La Désirade lavas range from tholeiitic basalts to rhyolites.

4.3. Geochemical results from the northeast mafic complex

4.3.1. Unit 1

The lavas contain ~45-56 wt.% SiO,, 0.6-1.75 wt.% TiO,, 13-18 wt.%
Al,O3 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

450 ppm and Ni from 40 to 140 ppm. Chondrite-normalised REE
patterns (8-30 times chondrite) are flat to slightly light (L)REE
depleted with some positive Eu anomalies (Fig. 5). The N-MORB-
normalised multi-element plots show a wide spread of values but many
samples are slightly depleted with respect to N-MORB (Fig. 5). They
have 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. All samples show a small
negative Ce anomaly (Fig. 5).

4.3.2. Unit 2

These rocks have 43-58 wt.% SiO,, 0.4-0.8 wt.% TiO,, 13-16 wt.%
Al;,03 and 3.4-6.6 wt.% MgO and are mostly tholeiitic and calc-alkaline
basaltic andesites (Fig. 4). Compared to Unit 1, Unit 2 lavas are more
siliceous and have lower TiO, concentrations. They contain high
abundances of V, Cr and Ni—190-340, 190-990 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. 5).
Overall the HREE are 5-15 times chondrite with some small positive
Eu anomalies. The N-MORB-normalised multi-element plot shows
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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). SiO,
varies from 47 to 61 wt.% and MgO from 1.7 to 3.8 wt% whilst TiO- 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
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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
Désirade. 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

SiO, ranges from 62 to 79 wt.%, Al,O3 from 10 to 15 wt.%, MgO
from 0.3 to 3.6 wt.% and TiO, 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 SiO, contents from 50 to 58 wt.%. Al,O3 ranges from
13 to 16 wt.%, MgO from 3.2 to 7.5 wt.% and TiO, 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), with the exception that the dykes
do not have negative Eu anomalies but many of the felsic rocks do. On
the N-MORB normalised plot (Fig. 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 trondhjemite 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). *4Nd/*>Nd 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. White and Patchett, 1984). The '**Nd/'**Nd 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 **Nd/'**Nd ratios or compare isotopic
values with trace element ratios. However, these ratios overlap
between 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 of the La Désirade 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 (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 contamination as the La Désirade 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 and Peate, 1995; Elliot,
2003). Fieldwork and Nd isotope data suggest that the basement
below La Désirade 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 Désirade 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. 6) shows that
Units 1 and 3, which do not have strong Nb-Ta anomalies (Fig. 5), plot
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Fig. 6. Th/Yb vs. Ta/Yb plot (Pearce, 1983) showing the subduction zone affinity of the
La Désirade Mesozoic complexes. TH = tholeiitic, CA = calc-alkaline. Jamaican island
arc data are from Hastie (2009, in press), Jamaican Blue Mountains back-arc rocks from
(Hastie et al., in press) plot at higher Ta/Yb than the Désirade rocks due to a plume
component in the mantle source, but demonstrate their intermediate character
between MORB and island arc rocks.

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 with 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 of the mantle wedge

The presence of mafic rocks with high concentrations of V, 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 composition of the mantle source region,
immobile trace element ratios are used which are not modified by
moderate 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 melting these elements contribute to the slab-flux, and are
termed ‘non-conservative’ elements (Pearce and Peate, 1995).

Adakites are formed when siliceous slab-related melts, (with LREE,
La/Yb and Sr/Y enrichment), erupt without 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 et al., 1995; Martin et al., 2005). Plutonic
trondhjemite-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 Désirade and
furthermore the La Désirade trondhjemite has a markedly different

composition to TTGs or adakites. Therefore, there is not an obvious
slab melt component in the La Désirade igneous rocks.

As a result of Nb, Zr and Yb being variably mobilised in a slab-melt,
slab-melt lavas lie above the mantle 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 Désirade mafic rocks
plot within the MORB array on Fig. 7a, demonstrating 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-Hf 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 with caution and the only lowest values
considered representative of the mantle composition. The intermedi-
ate-felsic dykes plot within 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 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. 5).

Mafic plume lavas from Iceland and elsewhere (e.g. Thompson
et al.,, 2003), consistently fall between the tramlines 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 tramline (Fig. 7b). This
distinction can be applied in subduction settings (e.g. the Lau Basin)
where 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
Désirade 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 Désirade rocks. Many subduction-related
rocks have enriched Zr/Nb ratios of ~40-120, related to an N-MORB-
like source region (e.g. Wendt et al., 1997; Carpentier et al., 2009).
Values <40 are much less common (Carpentier et al., 2009), but have
been linked to derivation from more enriched plume-like mantle
sources (e.g. Wendt 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 Stern, 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 with Zr/Nb significantly lower than the value
of ~40 may indicate a mantle-plume related source region. Ignoring
the samples with positive Zr-Hf anomalies, the La Désirade 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 of 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 mantle 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 hydrothermal and metamorphic
alteration, leaving the immobile LREE and Th as the most suitable
elements 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 et al., 1984; McCulloch and Gamble, 1991). The Ce
anomaly is expressed as a ratio of the N-MORB-normalised observed Ce
concentration (Cenvn) to the expected Ce concentration (Ce*nwn),
thus: Ce/Ce*= CeNMN/((LaNMN — PrNMN)/2) + Pryinme 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 with no evidence of fluid related to subducted
terrigenous sediment in the mantle 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* ~1-0.75 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 (Workman 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 Désirade 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* ~1-0.75 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 pelagic sediment. The dykes
plot relatively close to Ce/Ce*=1 with Th/La ~0.1 indicating the
presence of some subducted terrigenous sediment.

5.4. 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 sedimentation) (Mattinson et 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 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 was 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. 9). Although the felsic
complexes and intermediate-felsic dykes are more evolved than
the mafic complex (Fig. 9a), Fig. 9b shows, using La/Ybyyn 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/Ybnun
(~0.6-1) (Fig. 9c) 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. 9d) show that
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Fig. 9. Chemostratigraphic column for La Désirade. (a) Magnesium number. (b) La/Ybywn ratios showing a pattern of LREE enrichment in mafic Unit 2, also the broadly tholeiitic
character of magmatism on La Désirade. (c) Nb/Ybny ratios with the lowest ratio of ~0.6, similar to N-MORB. (d-e) Th/La and Ce/Ce* ratios showing the contribution of fluids related
to subducted terrigenous sediment (high Th/La) and subducted oxidised pelagic sediment (causes Ce/Ce* <1 in arc lavas). See text for details.

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. 9e) 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.

5.5. Palaeo-latitudinal position of La Désirade

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 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 Désirade could have initially formed.
Terrigenous input to the subduction system could be derived from the
mature Andean/Cordilleran arc and the source of magmatism would
be the depleted back-arc mantle. La Désirade 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 between Guerrero and Chortis and continental North
America did not open until the Early Cretaceous (Pindell and Kennan,
2009) and was closed by ~120 Ma along the Motagua-Poléchic 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 Désirade could not
form in such a position. The intra-oceanic east-dipping Andean/
Cordilleran subduction zone in Central America (see Fig. 9 of
Geldmacher et al., 2008) may have had its own back-arc between
the arc and Guerrero and Chortis. 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 Désirade suitable?

Of the models which use the mantle reference frame, Duncan and
Hargraves (1984) focus proto-Caribbean spreading on the palaeo-
equator whilst 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
Désirade, 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
Désirade and suggest that the radiolarian assemblages on La Désirade,
Puerto Rico, Hispaniola and Cuba (Montgomery 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 modern 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 Désirade south-eastwards significantly with
respect to North America. Therefore, we suggest that the original
palaeo-latitudinal findings should be re-considered, a view shared by
Pindell and Kennan (2009), as they place La Désirade 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 that formed during Andean/Cordilleran subduction.
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 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 what has been called the 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). Tectonised gabbros and volcanic rocks,
some with island arc chemistry and others of within-plate origin, have
been dredged from the fore-arc basement of Guatemala and Mexico.
These ~100 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 et 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 Désirade (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
mélange of serpentinites, gabbros and metamorphosed sedimentary
and mafic igneous rocks including Middle to Upper Jurassic
radiolarian cherts (Baumgartner et al., 2008). A phengite “°Ar-3°Ar
cooling age of 139.2+0.4 Ma from the high-pressure parts of the
Siuna mélange indicates active subduction and exhumation shortly
after the formation of La Désirade (Flores et al., 2007).

5.6.2. 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 (Kerr et al., 1999; Blein et al., 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 Désirade 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 >136 Ma
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 Désirade
(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 of Middle 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 Désirade 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 mélange (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 framework for preservation of La Désirade in a southwest-
dipping arc system

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 Désirade is a key aspect of the
polarity reversal event.

An analogue for the preservation of La Désirade 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/Poléchic 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 Désirade. 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 Désirade. 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 Désirade 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 Désirade whereas in Central America a continual record of
east-dipping subduction is present.

Supplementary data to this article can be found online at doi:10.1016/
j.lithos.2010.08.026.
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