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Trace Element and Isotope Geochemistry

of the Volcanic Rocks

of Bequia,

Grenadine Islands, Lesser Antilles Arc:
a Study of Subduction Enrichment and
Intra-crustal Contamination

Pliocene volcanics on the island of Bequia comprise two inter-
bedded suites of basalts and andesites. The isotopically homo-
geneous suite (IHS) has a limited range of Sr—Nd—Pb isotopes
2(“’7&/@'557 0-7040-0-7046, "Nd/"*Nd ~0-5130 and
%pp/?* P 19-36-19-51), and mantledike 60 values
(~5-5 in clinopyroxene). The isotopically diverse suite (IDS)
is characterized by much wider ranges of radiogenic isotopes
53737/“& 0-7048~0-7077, "> Nd/"** Nd 0-5128-0-5123 and
%pb/**Pb 19-7-20-3), in whick all of the Sr and Pb ratios
are higher and Nd ratios-are lower than those of the IHS. The
IDS is also characterized by high 50 values, up to 7-6 in
clinopyroxene. The Sr and Pb isotape ratios are too high, and the
Nd tsotope ratios are too low in the IDS for any of these lavas to
be derived from unmodified depleted mantle.

Both suites are petrologically very similar and their major
element compositions and phenocryst contents suggest that they
were formed largely by fractional crystallization of a hydrous
tholetitic melt at pressures <3 kbar. The isolopic ratios and
enrichments in large ton lithophile elements (LILE), and to
some extent light rare earth elements (LREE), as compared
with mid-ocean ridge basalts ( MORB), of the IHS lavas sug-
gest that they were derived from a depleted mantle source which
had been re-enriched by the addition of 1—4% of a subduction
component. This component probably comprised a mixture of
dehydration fluids, and perhaps minor siliceous melts, released
from subducting sediments and mafic crust. The extreme isotopic
ranges, large enrichments in incompatible elements, more
Jractionated LREE patterns and higher 50 values of the IDS
lavas are interpreted as resulting from ~10-55% assimila-
tion—fractional crystallization of sediments, derived from the
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Guyana Shield, which are present in the arc crust, by IHS type
melts.

KEY WORDS: frace elements; radiogenic isotopes; arc lavas; Lesser
Antilles

INTRODUCTION

The island of Bequia lies in the southern section of
the Lesser Antillean arc (Fig. 1), which formed along
the eastern edge of the Caribbean Plate as a result of
subduction of Jurassic to Cretaceous Atlantic Ocean
lithosphere. The arc may be divided into pre-
Miocene, Miocene and post-Miocene phases which
are superimposed in the section of the arc south of
Dominica.

Geologically, Bequia comprises mainly heterolithic
debris flows, and other mass movement deposits,
together with fluvial feldspathic sandstones, all of
volcanogenic origin. The epiclastic sequences com-
monly contain coarse-grained plutonic blocks, com-
posed mainly of plagioclase and amphibole. They are
interbedded with mafic lavas and are cut by a few
dykes trending mainly to the northwest. A few out-
crops of monolithological ash flow, avalanche or
crumble breccia deposits occur along the north coast.
The sequence of coarse epiclastics, pyroclastics and
lavas is interpreted as the proximal facies of the vol-
caniclastic apron developed on a marine strato-
volcano (Cas & Wright, 1987). The lavas and dykes
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Fig. 1. Location of Bequia in the Lesser Antilles Arc, and sample localities.

described here were erupted or emplaced during the
Pliocene (5:0-3'5 Ma) (Briden et al., 1979). The
sequence has been divided (Fig. 1) into the Southern
Peninsular (~4-5 Ma), the Northern Peninsular
(~45-3-5 Ma) and the Mount Pleasant (~5-0 Ma)
formations (Westercamp et al., 1985).

The purpose of this study is to describe the petro-
graphy, Sr, Nd, Pb and O isotopic composition, and
the major and trace element geochemistry of the
lavas and dykes, and to use these data to assess their
petrogenesis. Particular attention is paid to the role
of incorporation of subducted sediments vs crustal
contamination in the evolution of these lavas [see
Davidson, (1985, 1987), White & Dupré (1986) and
Davidson ef al. (1993)].

PETROGRAPHY

The majority of the lavas and dykes exposed on
Bequia  are  plagioclase—olivine—clinopyroxene—
magnetite-phyric basalts, and occur with minor
clinopyroxene—orthopyroxene—plagioclase-magnetite-

phyric andesites. One andesite sample (BQ20) con-
tains amphibole phenocrysts (Table 1). The lavas
and dykes typically contain between 30% and 75%
phenocrysts dominated by oscillatory-zoned calcic
plagioclase (~Angygo). The feldspar phenocrysts
commonly show a narrow spongy zone near their
margins, which is indicative of partial dissolution
(melt channels). The clinopyroxene phenocrysts are
also prominently zoned. Intratelluric magnetite is
more abundant in the andesites than in the basalts
(Table 1). The groundmass comprises intergranular
to intersertal, random to pilotaxitic, intergrowths of
plagioclase laths, pyroxene prisms and grains,
opaque mineral grains and plates, and minor glass.
Sample BQI19 contains small irregular crystals of
phlogopite and unaltered brown hornblende inter-
grown with the groundmass. Sample BQ2 also con-
tains small irregular crystals of groundmass
amphibole.

A limited amount of post-magmatic alteration has
affected some of the samples. All of the olivine
phenocrysts present in these lavas are partially to
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Table 1: Mineralogy and petrography of the Bequia lavas and dykes

% Phenocrysts
Sample
no. Rock type ol cpx opx p! amph mt Matrix Alteration
Isotopically homogeneous suite
B basalt lava 5 5 25 1 pilotaxitic p..ofol
BQMFT1 basalt lava 5 15 50 intergranular p.i. of ol
BQ4 basalt lava 10 30 intersertal none
BQ5 basah lava 7 15 60 <1 intergranular p.i.ofol
BQ8 basalt lava 8 5 30 1 pilotaxitic c.i.of ol
BQY basatt lava 10 6 30 intergranular p.i.of ol
BQ10 basalt lava 10 10 20 <1 intergranular c.i ofol
BQ14 andesite dyke 4 1 5 25 >2 intergranular none
BQ15 basalt lava 2 25 <A1 pilotaxitic none
BQ16 andesite dyke b 30 1 pilotaxitic p.i.of ol
BQ25 basalt lava 8 5 30 <1 piotaxitc p.i. of ol
BQ26 basalt lava 1 40 pilotaxitic none
Isotopically diverse suite 8
BQ2 basalt lava 20 15 40 1 intergranular p.i. of ol
BQMFT3 basalt lava 5 8 30 intergranular none
BQ11 basalt lava 10 5 40 1 intergranular p.i. of of
BQ12 basalt lava 10 5 30 intergranular c.i.of ol
BQ19 basalt lava 2 5 50 intergranular c...of ol
Isotopically diverse suite b
BQ3 basalt lava 10 15 25 <1 pilotaxitic p.i. of ol
BOMFT4 basalt lava 8 5 40 intergranular c.i.of ol
BQ6 basalt lava 10 10 30 1 intergranular p.i. of ol
BQ7 basalt lava 5 6 40 <1 intersertal p.i. of ol
BQ17 basalt lava 15 20 55 >2 intergranular p.i. of ol
sQ18 andesite lava 1 5 40 3 felsitic 5. of pl
BQ20 andesite lava 2 6 35 2 3 intergranular op rim on amph
Plutonic blocks
BQMFT8 gabbro 6 80 12 2 adcumulate
BQ13 gabbro 3 30 67 adcumulate

Minerals: ol, olivine; cpx, clinopyroxene; opx, orthopyroxene; pl, plagioclase; amph, amphibole; mt, magnetite.
Alteration: p.i., partial iddingsitization; c.i., complete iddingsitization; s., saussuritization; op, opacite.

completely replaced by iddingsite. Orthopyroxene
phenocrysts occur only in samples BQ18 and BQ20
(Table 1), and are oxidized around their margins
and along fractures. The amphibole phenocrysts in
BQ20 (Table 1) are partially rimmed by opacite. In
BQ7 the interstitial glass is partially replaced by
fine-grained aggregates of chloritic minerals.

The plutonic blocks that commonly occur in the
epiclastic rocks are made up mainly of cumulus
crystals of relatively unzoned plagioclase (~ Anss),

clinopyroxene and olivine, and intercumulus and
cumulus greenish brown hornblende and opaques
(Table 1).

Petrographically, all of the lavas appear to belong
to one sequence of basalts and andesites. The phe-
nocryst assemblages of the basalts and andesites, and
the cumulate mineralogy of the plutonic blocks, are
typical of those forming below the solidus from
hydrous tholeiitic and andesitic magmas at pressures
below ~3 kbar and at temperatures between 1200°
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and 900°C (Green, 1982, figs 6 and 7). This suggests
that the lava sequence was formed by fractional
crystallization. However, the oscillatory zoning and
the presence of melt channels in the plagioclase phe-
nocrysts, and the zoning in the clinopyroxenes,
suggest that the crystallization process was complex.

ANALYTICAL METHODS

The major elements, and most of the trace elements,
were determined by X-ray fluorescence techniques
on fused glass discs and pressed powder pellets,
respectively. Major element compositions on most
samples were determined at Windsor using a
PW1410 Philips X-Ray Spectrometer. The major
elements contents of BQ2, -18, -19 and -26,
BQMFTI, -2, -4 and -8, and all of the trace element
analyses, were determined at Royal Holloway, Uni-
versity of London. Errors on major element deter-
minations vary from a minimum of 0-006% (2¢) on
P,05 and MnO to 0-15% (20) SiO,, and are given
in Table 2. Matrix corrections for trace elements
were calculated from major element compositions.
Reproducibility is £ 1 p.p.m. or 1% (20), whichever
is worse, for most trace elements, except Nb(+ 02
p.p-m., 20), Pb and Th (£ 03 p.p.m., 20), Rb and
Y (04 p.p.m., 20) and Cl (£20 p.p.m., 20)
(Table 2).

Sr, Nd and Pb were separated for isotopic analysis
using conventional ion exchange techniques fol-
lowing dissolution in FEP beakers (Sr) or Savilex
capsules (Nd and Pb). Some Sr and Pb samples,
indicated in Table 3, were leached for 1 hin hot 6 M
HCIl, and rinsed several times with pure water,
before dissolution. Sr and Nd were analysed using
techniques reported by Thirlwall (1991a, 19915),
and are consistent with SRM
878r/%8Sr =0-710248 £ 20 and La Jolla "*3Nd/'**Nd
of 0-511857£8 (2 SD). Comparison of determina-
tions on the same samples shows that leaching may
reduce the 3Sr/®®Sr ratios by up to 0-000030 (Table
3). Pb was loaded with silica gel and HsPO,, on
single Re filaments, and analysed in static mode on
the Royal Holloway five-collector VG354 mass
spectrometer. Within-run errors are better than
0:013%/amu (2 SE), and reproducibility is better
than 0-4% /amu.

Rare earth elements (REE; Table 4) and uranium
(Table 2) were determined by isotope dilution using
the technique of Thirlwall (1982) modified for the
Royal Holloway five-collector VG354 mass spectro-
meter. Errors on isotope dilution determinations are
<1% (2 SD).

Oxygen isotope ratios (Table 3) were determined
on carefully hand-picked phenocrysts of augite and
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olivine. Between 1 and 2 mg of mineral separate
were analysed using the Royal Holloway laser fluor-
ination system and VG Prism mass spectrometer
[details have been given by Mattey & Macpherson
(1993);]. Oxygen yields were, within error, 100%,
and 6'°0 was standardized to NBS30 biotite at
5:15%0. Reproducibility is around +0-1%. (2 SD).

ISOTOPIC DATA

Isotopic systematics are used to divide the Bequia
lavas and dykes into two suites (Table 3). The first
suite has a small range of Sr—Nd-Pb isotopes and
relatively low 6'80 values, and is designated the
isotopically homogeneous suite (IHS). When com-
pared with the THS, the second suite is characterized
by large ranges and high values of Sr and Pb isotope
ratios, a large range and low values of Nd isotope
ratios, and relatively high 6'80 values. It is desig-
nated the isotopically diverse suite (IDS) (Table 3,
Figs 2—4). The lavas of the two suites are inter-
layered and show no systematic geographic or tem-
poral distribution gFig. 1, Table 1).

In the IHS the ®’Sr/®Sr ratios (0-70404-0-70460)
are slightly higher than those of mid-ocean ridge
basalt (MORB), and the '*3Nd/'**Nd ratios
(0-51296—0-51300) are similar to those of MORB
(Table 3). The Pb isotope ratios of the IHS vary over
a limited range (*°°Pb/*®*Pb=19-36-19-51) (Table
3). The tholeiitic rocks of neighbouring St Vincent
are petrographically and chemically similar to the
IHS basalts. Regression lines based on the Bequia
data are collinear with the elongate fields defined by
the St Vincent data (White & Dupré, 1986; M. F.
Thirlwall, unpublished data) on Pb—Pb diagrams
(Fig. 3). The data from the IHS also overlap with the
St Vincent fields on Sr—Nd, Pb—Sr and Pb—Nd isotope
plots (Figs 2 and 4). These factors suggest the two
suites were derived from similar sources and have
similar evolutionary histories.

The linear array defined by the combined IHS
and St Vincent data on the 2%Pb/®™Pb wvs
207ph/*™Pb isotope diagram is displaced upwards
from, and slopes more steeploy than, the MORB
trend (Fig. 3). On 2Pb/*™Pb vs 2°Pb/**Pb
diagrams the combined data lie within the MORB
field but define a linear trend which is steeper than
that of MORB. In addition, the linear trends of the
combined Pb data extrapolate into the fields defined
by sediments from DSDP Hole 543 (Fig. 3), which
are considered to be representative of those currently
being subducted beneath the arc (White & Dupré,
1986).

In)thc IDS the 87Sr/®Sr and '**Nd/'**Nd ratios
range from 0-70840 to 0-70776 and from 0-51273 to
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Table 4: Isotope dilution rare earth element contents (p.p.m,) and ratios of selected

samples of Bequia lavas and dykes

Isotopically homogeneous suite

BQ1 BQaS6 BQ14 BQ26 BQ26
La 777 3-83 7-3 4-832
Ce 17-22 8-48 16-83 8:78 10-02
Nd 11:25 6-720 12:04 6-417 9-:004
Sm 2-948 2:017 33N 1-893 2729
Eu 1-002 0-738 1109 0-695 0-998
Gd 3-27 2:66 4-26 2-52 3-48
Dy 3:66 3-24 4:68 3-26 3-68
Er 2-286 204 318 2-062 2-312
Yb 2:237 1-989 322 1-999 21
Lu 0-300

Isotopically diverse suite a

Isotopically diverse suite b

BQ2 BQ11 BQ12 BQ19 BQ6 BQ7 BQ18
La 9:63 9-:06 9-56 24-21 651 6-31 16-14
Ce 20-63 18-80 17-4 46-67 15-01 14-14 29-79
Nd 11-40 10-650 11-67 2209 9-741 10-08 17-46
Sm 2-876 2:664 3-001 4-677 2:722 2-763 3-729
Eu 0-903 0-830 0-922 1-286 0-917 0-964 1-040
Gd 3:37 3-02 384 4-81 328 3-20 388
Dy 3:60 366 4-40 4-74 415 3-829 372
Er 2291 2:312 2-87 3:05 2-59 2-353 2:318
Yb 2-21 2-253 2:61 3-05 249 2-264 2:436
Lu 0-444 0-3369 0-376

0-51226, respectively, and define a near-linear trend
which extrapolates to intersect the IHS field at
878r/%8Sr ~0-7040 and '¥Nd/'**Nd ~0-51295. A
similarly wide range of ratios is observed on the
islands of Martinique (Davidson, 1983, 1986) and St
Lucia (Davidson, 1985, 1987, White & Dupré, 1986)
but is not found on the large islands to the
immediate north (St Vincent) or south (Grenada) of
Bequia (Thirlwall & Graham, 1984; White &
Dupré, 1986; M. F. Thirlwall, unpublished data).
The Pb is more radiogenic in the IDS
(*°®Pb/2**Pb=19-75-20-16) than it is in the IHS;
BQ19 has the most radiogenic Pb yet reported from
the Lesser Antilles (*°°Pb/?®*Pb=20-16) (Table 3).
On the Pb—Pb diagrams all IDS samples fall on
linear arrays which extrapolate to cut the IHS fields
at 2%pp/2MPp ~19-4 - (Fig. 3). The linear trends
defined on the 2°°Pb/*®Pb vs 207Pb/QMPb diagram
for the IDS are discrete from, and slope more gently
than, those of the combined St Vincent—IHS field.

On the 2%5Pb/*™Pb vs 2°°Pb/*®*Pb diagram the IDS
data lie very largely outside the DSDP sediment field
(Fig. 3).

The measured 8'%0% SMOW values of the
olivine and clinopyroxene phenocrysts from the
Bequia lavas vary from + 521 to + 5-64 in the THS,
and from +582 to +7-62 in the IDS (Table 3).
Kalamarides’ (1986) equations show that the differ-
ences between the 8'80 values for olivine and clino-
pyroxene crystallizing from a basaltic melt should be
~0-4, but in the Bequia samples the differences
range from 0-16 to 0-76 (Table 3). The clino-
pyroxenes show no sign of alteration but many of the
olivines show partial or complete iddingsitization in
thin section. This large range of differences between
the olivine and clinopyroxene values suggests that
the apparently fresh olivine crystals, hand picked for
analysis, had been subjccted to incipient alteration
which also affected their 6'80 values. The oxygen
data derived from the olivines are therefore not
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Fig. 2. Plots of ®Sr/®%Sr vs '*3Nd/"**Nd ratios () and 6'°0 values
(b) in representative samples of the Bequia lavas and dykes. Also
shown are St Vincent fields (M. F. Thirlwall, unpublished data),
and the MORB fields and DSDP Hole 543 sediment data from
White & Dupré (1986), together with mixing curves defined by
the preferred models of the petrogenesis of the IHS and IDS
lavas. Curve A, IHS; Curve B, IDS; crosses on mixing curves and
adjacent numbers show percentages of subduction component
(Curve A) and crustal component (Curve B), respectively (see
Tables 6 and 7 for details).

plotted (Fig. 2) or used in petrogenetic modelling.
The plots and models (Fig. 2) use the fresh clino-
pyroxene 8'°0 values corrected for melt—clinopyr-
oxene fractionation (cpx-corr, Table 3) by a factor
of +0-20 (Kalaramides, 1986).

The linear trends defined by the combined Pb
isotope data from the Bequia IHS and St Vincent
suites (Fig. 3) are indicative of binary mixing in
their petrogenesis. These trends extrapolate to
intersect the fields defined by MORB and the
locally subducting sediments. This implies that the
Pb isotope ratios of the IHS may be explained in
terms of mixing of a depleted mantle (MORB)
component and a subduction component at least
partly derived from the sediments. The ®Sr/®®Sr
and '"*Nd/"*Nd distributions in the IHS and St

GEOCHEMISTRY OF ARC LAVAS, LESSER ANTILLES

T L] v ,
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Fig. 3. Plots of 2®Pb/*™Pb vs 2®Pb/*™Pb (a) and *’Pb/?*Pb

ratios (b) of representative samples of the Bequia lavas and

dykes. Also shown are the MORB and St Vincent fields, and

DSDP Hole 543 sediment data (sources as above). Northern

Hemisphere Reference line (NHRL; Hart, 1984), and regression

lines through THS (Curve A) and IDS (Curve B) data points.
Symbols as in Fig. 2.

Vincent suite are also compatible with this con-
clusion (Figs 2 and 4).

The Lesser Antillean mantle source is estimated
to have an oxygen isotope composition §'%0 =
+5710-3 whereas crustal materials are char-
acterized by higher values, generally in excess of
8'%0 ~ +10 (Davidson & Harmon, 1989). James
(1981) suggested that it may be possible to distin-
guish between crustal and mantle contamination
using '0/'®0 ratios but others maintain that it is
not (Vroon et al,, 1993). None the less, the Bequia
lava 6'0 values do fall into two separate groups.
The relatively low 6'®0 values (<5-7) of the fresh
hand-picked clinopyroxenes from the IHS are vir-
tually indistinguishable from those determined on
clinopyroxenes from 70 varied mantle peridotites
[Mattey et al. (1994); see also James (1981) and
Kyser (1990)]. We suggest that this indicates that
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Fig. 4. Plots of **Pb/?®*Pb vs #7Sr/®Sr (a) and '**Nd/'**Nd ratios
(b) of representative samples of the Bequia lavas and dykes. Also
shown are the MORB and St Vincent fields and sediment data
(sourccs as above) and the mixing curves defined by the preferred
mixing models for the petrogenesis of IHS (Curve A) and IDS
(Curve B) (see Tables 6 and 7 for details). Symbols as in Fig. 2.

the THS melts were formed by mantle-dominated
processes.

The distributions Pb isotope ratios and the near-
linear distributions of the 2’Sr/®8r vs 3Nd/ **Nd
ratios of the IDS lavas are strongly suggestive of
binary mixing. The extrapolation of these trends to
intersect the fields defined by the combined St
Vincent and IHS data (Figs 2—4) strongly implies
that melts isotopically similar to the ITHS melts were
involved in the mixing. The trend of 2°6Pb/*®*Pb vs
207pp/2%4Ph of the IDS cannot be explained in terms
of subducted sediment mixing with a depleted
MORB reservoir or any other recognized mantle
reservoir (Hart, 1984) because it does not intersect
the sediment field (Fig. 32. The high Pb isotope
ratios, and the very high §'°0 values (up to +7-62),
which are typical of the IDS, suggest that a crustal
component was important in its petrogenesis ( James,
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1981; Kyser, 1990; Thirlwall et al., 1995). Similar
trends recognized in lavas in Martinique are inter-
preted as resulting from mixing of Mesozoic arc
crust, as represented by the Gros Islet garnet-bearing
dacite (*°°Pb/?***Pb=19-915), with melts derived
from a subduction-modified depleted mantle
(Davidson & Harmon, 1989). However, the most
extreme isotopic composition on Bequia (BQI19
206pp/2%*Pb = 20-157) implies that the crustal com-
ponent must have an even higher radiogenic Pb
ratio. Such a high 2°6Pb/?**Pb ratio is consistent with
a Precambrian origin for the crustal component. The
8'80 values covary systematically with the radio-
genic isotope ratios (Table 3, Fig, 2) and are inter-
preted as resulting from progessively increasing
amounts of assimilation of crustal material by the
ITHS melts. Detailed models of the genesis of the two
suites, which utilize chemical as well as isotopic
constraints, are discussed below.

GEOCHEMISTRY AND
PETROGENESIS

The chemical compositions of the lavas confirm their
subdivision, using isotopic data, into the IHS and
the IDS, and may also be utilized with the isotopic
data to further sub-divide the IDS. Plots of MgO
(and SiOy) vs ®’Sr/®®Sr and '"**Nd/'**Nd define the
IDSa, in which there is a systematic increase in
B7Sr/BGSr, and a systematic decrease in 3Nd/ Nd,
with decreasing MgO (and increasing SiOj) contents
(Fig. 5). The isotopic ratios of the IDSb samples
differ from those of the IDSa in being relatively
constant over the full range of MgO (and SiO,)
contents in the suite. They are also systematically
higher (Sr, Pb, O), or lower (Nd), than those of the
[HS (Table 3, Fig. 5).

In spite of the isotopic differences among the
suites, the petrographic data cited above suggest that
the St Vincent tholeiites and all of the Bequia lavas
formed by relatively low-pressure fractional crystal-
lization of hydrous magmas. This conclusion is sup-
ported by the observations that all of the THS and
IDS lavas have high alumina (Al;03>16-7 wt %),
and low MgO (<8-0 wt %), Ni (<67 p.p.m) and Cr
(<148 p.p.m.) contents (Table 2), and could not
have been in equilibrium with the mantle. The
nearly constant isotopic ratios over the complete
range of MgO (and SiOj) contents in the IHS
suggest that the fractional crystallization may have
occurred in a closed system. However, it is also
possible that open system assimilation—fractional
crystallization (AFC), in which the magma and
assimilant had similar isotopic characteristics,
occurred (Hildreth & Moorbath, 1988). The sys-
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Table 5: Major element fractionation models for Bequia lavas and dykes

ol % cpx % pl% mt% amph % zr? F

Isotopically homogeneous suits

BQ5 to BQ25 4-8 (Fops) 118 30 06 0-03 0-80
BO25to BQ8 1-1 (Foms) 7-2 -11-2 (Angy) 05 0-06 1-03
BQ8toBQ14 26 135 42 (Anqgy) 4-4 0-07 0-38
Isotopically diverse suite &

BO2toBQ12 3-2 (Fous) 6-9 6-7 (Angy) 0-7 017 082
BQ12to BQ19 2-2 (Fom) 134 —5-8 (Angz) -0-8 0-82 091
Isotopically diverse suits b

BQ6 to BQ3 3 9 (Foyg) 8-9 25-0 (Any,) 38 016 0-58
BQO3toBQ18 4-8 31-0 (Any,) 33 14-8 0-08 0-46

Equilibrium olivine calculated by method of Ford et a/. (1983). Plagioclase, magnetite and amphibole compositions taken from
measurements of those in Union Island basalts and andesites (M. F. Thirlwall, unpublished data). Clinopyroxene composition taken from
BQS5. Negative values are indicative of accumulation. Er2, sum of the squares of the residuals; £, fraction of melt remaining after crystal-
lization.

The table shows the mixtures of minerals extracted, the fraction of melt left at each stage (F), and the fit of the model to the within-suite
chemical variation (£r2). The chemical evolution of the IHS lavas was modelled in three stages: the first stage from the least evolved basalt
in the suite (BQ5) to a basalt having intermediate composition (BQ25), the second stage from BQ25 to one of the most evolved basalts
(BQ8), and the third stage from BQ8 to the only andesite analysed (BQ14). All three stages have low sums of the squares of the residuals
(£r2=0-03 for the first stage, 2 = 0-06 for the second stage, £r?=0-07 for the third stage) and fit the chemical data well. However, the
proportions of the minerals extracted in modelling do not match the phenocryst assemblages present in the samples, and plagioclase ac-
cumulation is necessary in the second stage of the modelling. Thus a simple fractional crystallization model is not able to explain the {HS
within-suite chemical variation. Two stages are necessary to mode! the chemical evolution of the |DSa—the first stage is from the least
evolved basalt BQ2 to an intermediate basalt BQ12, and the second stage from BQ12 to the most evolved basalt in the suite BQ19. Both
stages have high sums of squares of the residuals, Zr2=017 and r2=0-80, respectively, and do not fit the data well. The chemical
evolution of the IDSbh was modelled in two stages—from the least evolved basalt (BQ6) to an intermediate basalt (BQ3), and from BQ3 to
BQ18, one of the andesites in the suite. In the first stage the mode! does not fit the data well (£72=0-34), but in the second stage it does
(‘.».‘.J2 =0-08). We conclude that, as indicated by the isotopic data, simple fractional crystallization is inadequate to account for the IDS
within-suite variation.

tematic increases in °'Sr/%Sr, and decreases in
"3Nd/'"**Nd, with decreasing MgO and (slowly
increasing Si10j) in the IDS, strongly suggest that
the suite evolved by open system fractional crystal-
lization (AFC) involving melts isotopically similar to
the IHS and a crustal component. These observa-
tions suggest that depleted mantle melts, modified by
a subduction component, evolve into the THS and
IDS in shallow crustal magma chambers. The THS
results where there is essentially no crustal con-
tribution, and the IDSa is formed where the melts
interact with progressively increasing amount of
crustal material. The isotopic ratios of the IDSb
lavas suggest that they have a petrogenetic history
intermediate between that of the IHS and the IDSa.
These lavas undergo a limited amount of interaction
between the melts and crustal material, causing the
Sr and Pb isotope ratios and the §'°0 values to
increase, and the Nd isotope ratios to decrease, and
then further evolution of the suite takes place at
constant isotopic values. This suggests that the

process of crustal interaction with the subduction-
modified mantle melts should be regarded as a con-
tinuum. Batches of magma undergo various amounts
of AFC, causing proportional increases in their Sr
and Pb isotopic ratios and &8'°0 values, and
decreases in their '**Nd/'**Nd. The magmas are
then either cut off from the crustal assimilant or
cease assimilating, and continue their evolution at
constant isotopic ratios. -

The tholeitic suite of St Vincent contains picritic
lavas with compositions (> 12% MgO, >300 p.p.m.
Ni and >800 p.p.m. Cr; M. F. Thirlwall, unpub-
lished data) which lie outside the pyrolite liquidus
field, for pressures between 1 atm and 30 kbar
(Hanson & Langmuir, 1978, figs 4 and 5). We have
recently partially analysed a lava from Bequia con-
taining ~11-0% MgO. Thus the parental magmas
of the St Vincent tholeiites, and of the ITHS which
were isotopically and petrographically similar,
probably contained >12% MgO. The trends
defined by the THS and the IDSa on the isotope
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Table 6: Depleted mantle-subduction component mixing model

Jor the IHS lavas
Source® Sediment 1* Sediment 2° Sediment 3°
Sr{pp.m.) 1 180 80 800
Nd (p.p-m.) 06 43 40 26
Pb (p.p.m.) 005 24 24 18
87Sr/%0Sr 0-7028 07170 0-7157 0-7095
TONd/ “4Nd 0-51310 0-61206 0-61200 0-61215
208pt,/204py 186 19-8 19-4t 19-0t
5'% 57 — — —
Resufts
SCt:mantle Sr 5:1 10:1 20:1
Sr ~% ~% ~%
07170 20 1-0 1-0
071567 25 1-5 1-0
07095 68 30 2:0
SC:mantle Nd 6:1 101 201
Nd ~% ~% ~%
051205 2:0 1-0 1-0
0-61200 2:0 1-0 10
051216 25 1-0 10
06125 4-0 1-0 10
SC:mantle Pb 66:1 100:1
Pb ~% ~%
198 26 2-0

The table above shows the percentages of the two end-members, with various isotope ratios and
concentration ratios, required to match the isotopic and trace element compositions of IHS lavas. For
example, the addition of 3% SC, having 87Sr/88Sr 0-7095 and SC:mantle Sr ratio of 10:1 will produce
an appropriate melt. The results show that the lavas could have been produced from a depleted mantle
source modified by 1-4% subduction fluid containing 50-200 p.p.m. Sr, 2:5-10 p.p.m. Nd and 3-3—
5-0 p.p.m. Pb. The¢modified source produced may have 14-15 p.p.m. Sr, 0-6-0-8 p.p.m. Nd and 0-14—
017 p.p.m. Pb. 4 preferred model (Curve A, Figs 2 and 4), which is consistent with the isotopic ratios
and trace element ratios and concentrations of the IHS, has been developed using these calculations
together with additional constraints described in the text as guides to the isotopic ratios and elemental
concentrations of the two mixing components.

sc Modified mantle Model meltS  IHS lavas
(mantle + 3% SC)

Sr(p.p.m) 110 14 ~200 200-300
Nd (p.p.m.) 2 0-55 ~8 6-12
Pb (p.pm.) 4 017 ~2:4 1-3
O (wt%) ~50 ~50 ~50 ~50
875r/%8sr 0 7090 0-70426 0-70428 0-7040-0-7046
T43Nd/ ““Nd 051210 0-61299 0-61299 0-61296-0-51300
208pp/2%4pp 19-8 19-4 19-4 19-4-196
5'%0 10 ~58 ~58 ~5-55-5-84

* Data from White & Dupré (1986) except mantle Nd content (Davidson, 1986).

tThese 2°2Pb/2**Pb values are too low to provide a suitable mixing component.

$Subduction component—SC.

§The model melt is based on the addition of 3% of the subduction component to the mantle source,
followed by 10% partial melting of modified mantle and 30% fractional crystallization assuming Sr, Nd
and Pb are incompatible with the mantle minerals and crystallizing minerals.
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Table 7: Melt—crust assimilation fractional crystallization model

for IDS lavas

Parental melit® Crustal assimilant Post-Archaean shales Model melt
Sr(p.p.m.) 150 490 48-450 410
Nd (p.pm.) 7 23 24-48 20-8
Pb (p.p.m.} 2 35 6-43 17-4
875r/%%sr 0-704 0-713 <0-720 0-7077
T43Ng/ ““Nd 0-51298 05112 <0-5115 051224
208pp/2%4pp 19-4 20-4 206 2017
8'%0 67 156 78

1DS lava-composition

BQ6 BQ2 BQ19 ABQ19-model meit
Sr (p-p.m.) 264 2N a1 1
Nd (p.p.m.) 98 11-4 221 13
Pb (p.p.m.} 22 4-2 20-8 34
87gr/%%sr 0-7054 0-7062 0-7077 0
T4Nd/ ““Nd 0-512714 0-512540 0-51226 0-00002
208pp/204py 19-75 20-03 2016 0-01
5'%0 66 88 78 0

10Sb IDSa IDSa

% AFC ~15 ~30 ~55

*The parental melt is based on the composition of St Vincent picrites. Trace elément and isotopic
variations were calculated using equation (15a) of DePaolo (1981a). In the model, r (ratio of the mass
of the assimilant to the mass crystallized) =0-25, Dg, = 0-3, Dng and Dpy, = 0-1. The variations in 6'20
values were calculated using the method of Taylor (1980, fig. 2). The model melt is very similar in
composition to BQ19 at 55% AFC (see ABQ19—mode! melt) and the fit for smaller amounts of AFC is
also good (see Figs 2, 4 and 11). The IDSb samples lie off the curves plotted in Fig. 11 because of their
continued crystallization when there is no isotopic evidence for further AFC.

ratio vs MgO diagrams (Fig. 5) can be extrapolated
to intersect at ~12% MgO, #’Sr/*®Sr ~0-704 and
"5Nd/'**Nd ~0-5130. These intercepts are similar
to those which are defined on the isotopic diagrams
(Fig. 2) and provide further support for the sug-
gestion that the THS and IDS evolved from similar
(highly magnesian) subduction-modified mantle
melts which interacted to a greater or lesser degree
with crustal material. The major and trace element
chemistry of the IHS and IDS is described below
and is also consistent with these conclusions.

Major and trace element chemistry

The distribution of K,O, Rb and Ba in the lavas is
somewhat irregular and may imply that some of the
rocks have undergone chemical as well as miner-
alogical alteration (Table 2). For example, BQ4
(IHS) and BQMFT4 (IDS), both of which have
glassy matrices, have the highest K/Rb ratios and

low K;O, Rb and Ba contents. BQ16 (IHS) and
BQ7 (IDS) also have atypically high K/Rb ratios
and low Rb contents (Table 2). The four samples
plot in a field below the trends defined by the
remaining samples on the MgO vs K,0 diagram
(Fig. 6, Table 2). K, Rb and Ba are commonly con-
sidered to be relatively mobile elements and their
original concentrations may have been changed in
these four samples during alteration. The samples
are excluded from further discussion of these ele-
ments.

Sample BQ] is assigned to the IHS on the basis of
its isotopic ratios. Its major element chemistry and
the majority of its trace element contents are con-
sistent with this assignment (Figs 6 and 7). It also
shows the same general patterns of enrichment and
depletion of the incompatible elements, relative to
chondrite, as the remaining samples in the suite (Fig.
8). However, it has unusually high La, U, K, P and
Sr contents (Table 2). In addition, it has an
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Fig. 5. Plots of MgO wt % vs '**Nd/'**Nd (a) and ®’Sr/%Sr (b)

for representative samples of the Bequia lavas and dykes. Also

shown are the fractional crystallization trends defined by the IHS

and IDSb data and the open system AFC trends defined by the
IDSa data. Symbols as in Fig. 2.

exceptionally high Nb content, which gives the
sample a very low Zr/Nb ratio, as compared with all
other ITHS samples (Table 2). These high concentra-
tions of incompatible elements, in a rock having the
IHS isotopic signature, suggest that BQ! was formed
by a smaller degree of partial melting than the
remainder of the suite.

There are no obvious differences in the distribu-
tions of Si0y, Ca0, NayO and PyOs between the
THS and the IDS. The concentrations of SiO,, Na,O
and PyOs increase systematically, and CaO
decreases systematically, with decreasing MgO con-
tents. The SiOy, and CaO trends are both char-
acterized by an inflection at ~3-:0% MgO. In the
IHS, Ti0,, Al;O3 and KO contents increase sys-
tematically, and the ZFe;O3 content decreases, with
decreasing MgO (Table 2, Fig. 6). The K;O and
AlyOj3 contents are higher in the IDSa than in the
IHS and increase relatively systematically with
decreasing MgO content (Fig. 6). In IDSa the
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XFey,0O4 contents are lower than in the THS and
decrease systematically with MgO. In IDSb the
¥Fe,05 content decreases more rapidly at lower
MgO contents than in the IHS or in the IDSa, and
the KoO contents are intermediate and increase with
decreasing MgO content (Table 2, Fig. 6). The dis-
tribution of TiOg in the IDSa is similar to that of the
IHS and increases systematically with decreasing
MgO contents. In the IDSb the TiO; and Al,O4
distributions decrease rapidly with decreasing MgO
and cross those of the IHS and the IDSa (Fig. 6).

In the THS the Ni, Cr, and Sc contents decrease
rapidly, and the V, Pb, Sr, Rb, Ba, Zr, Nb, Th, Y
and the rare earth element (REE) contents increase
systematically, with decreasing MgO (Tables 2 and
4, Fig. 7). The concentrations of Ni, Cr and Sc are
generally lower in the IDS as compared with those of
the IHS. In addition, the V, Pb, Sr, Rb, Ba, Zr, Nb,
Th, Y and REE contents are systematically higher in
the IDSb, and higher still in IDSa, as compared with
IHS (Fig. 7, Table 2). Within each sub-suite, IDSa
and IDSb, these elements follow the same general
trends as they do in the IHS (Fig. 7, Table 2).

The trace element similarities and differences
among the lavas are well illustrated by chondrite-
normalized multi-element plots (Fig. 8). In the IHS
the LREE patterns are relatively flat, (La/Sm)cn
varies from 1-09 in the least evolved basalt to 1-34 in
an andesite, and their abundances vary from ~10 to
20 times chondrite. The high field strength elements
(HFSE) and heavy REE (HREE) are also char-
acterized by relatively flat chondrite-normalized
patterns, and their abundances increase from ~6-5
times chondrite in the least evolved basalt to ~18
times chondrite in the andesite (Fig. 8). Spikes in the
multi-element patterns show that the THS lavas are
generally enriched in the LILE Pb, Rb, Ba, Th, K
and Sr as compared with the LREE (Fig. 8). The
multi-element pattern of the andesite is also char-
acterized by the presence of a relative depletion in
Ti, and the lack of enrichment in Sr relative to the
HREE (Fig. 8). The more evolved basalts and the
andesite have (Pb/Yb)cny ~1-4, indicating minor
enrichment in Pb relative to the HREE (Fig. 8).

The IDSa comprises basalts with higher incompa-
tible element concentrations, ranging from ~30 to
70 times chondrite, than the IHS. In addition, the
chondrite-normalized LREE patterns show negative
slopes in which La is enriched relative to Sm, and
LREE abundances and relative enrichments increase
from the least evolved to the most evolved basalt
[(La/Sm)cu from 1-97 to 3-19, respectively]. The
IDSa basalts have flat HFSE and HREE patterns
with slightly higher concentrations, ~10-12 times
chondrite, than those of the IHS (Fig. 8). Although
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Fig. 6. Plots of SiOy, CaO, TiO,, P05, K;O and Al,O4 variation vs MgO in the lavas and dykes of Bequia. Symbols as in Fig. 2.

the majority of the LILE are relatively enriched In summary, most of the major element concentra-
compared with the IHS, they do not appear as spikes  tions and distributions are similar in the THS and the
on the multi-element pattern because of the greater IDSa. However, in the IDSb the total £Fey,O3 content
LREE abundances and enrichments in IDSa as islower and decreases more rapidly than it does in the
compared with the THS (Fig. 8), and have higher IHS or IDSa. In addition, in the IDSb the TiO4 and
Pb/Ce ratios (Table 2) comparable with average Al;O3; contents decrease with decreasing MgO,
crustal values (0-25; Hofmann et al, 1986). whereas these elements show increasing trends in the
However, these lavas have Th (and Pb in BQ19) other two suites. The Ni, Cr and Sc contents tend to be
spikes superimposed on their LREE enrichment (Fig. lower in the IDSa and IDSb as compared with the
8). The IDSa lavas are all characterized by deple- IHS, and the incompatible element contents,
tions in P and Ti relative to the LREE and HREE, including KO, become progressively higher from the
respectively (Fig. 8). These relative depletions IHS through the IDSb to the IDSa. In the IHS the
increase from the least evolved to the most evolved relative enrichment of LILE is greater than that of
members of the suite. the LREE as compared with the HREE. In IDSa the
The incompatible element concentrations are LILE and LREE both show approximately the same
higher in the IDSb than they are in the ITHS, but are  degree of enrichment relative to the HREE. IDSb
lower than those of IDSa. The IDSb basalts also samples have intermediate patterns.
show multi-element enrichments which are inter-
mediate between the IHS and IDSa (Fig. 8) and )
depletions which are similar to those of IDSa (Fig. Petrogenesis
8). The andesite lacks the Sr spike and has a much The lavas are all characterized by abundant pheno-
larger negative Ti anomaly than the basalts (Fig. 8). crysts (>27%, Table 1) and the relatively broad
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Fig. 7. Plots of variation of Ni, Cr, Zr, Nb, Sr and La contents vs MgO in the lavas and dykes of Bequia. Symbols as in Fig. 2.

trends shown by each suite on the chemical variation
diagrams, for example the scatter in the Al;Oj in the
IHS and IDSb (Fig. 6), probably result from within-
suite accumulation. However, the differences in the
isotope systematics among the suites rule out the
possibility that all of their chemical differences can
be explained by accumulation.

The increases in Si0Qy, N2,0 and PyOs, and the
decrease in CaO contents, shown by each suite are
qualitatively compatible with their evolution by
fractional crystallization of olivine, clinopyroxene
and plagioclase. The characteristic inflection in the
trends occurring at ~3% MgO is indicative of the
disappearance, or significant reduction, of olivine
from the fractionating assemblage (Tables 1 and 2).
The most obvious difference in the evolutionary
trends of the lavas is the rapid depletion of Al;Os,
TiOg and LFey03 in the IDSb. These trends suggest
that plagioclase, magnetite and perhaps amphibole
are more important in the evolution of the IDSb as
compared with the IHS or IDSa (Table 1).

The trace element distributions of the lavas are also

qualitatively compatible with fractional crystal-
lization of mixtures of their intratelluric minerals. For
example, the rapid decrease of Ni and Cr with slowly
increasing Zr, which occurs in each of the suites (Table
2), is typical of fractional crystallization of olivine and
clinopyroxene, and not of partial melting. In addition,
the systematic increase in incompatible element con-
tents from the less evolved to the more evolved
members of each suite is consistent with their evolution
by fractional crystallization. The Ti/V ratios in the
IHS range from ~ 16 to ~28 but do not vary system-
atically with TiOg (Table 2). There are no Ti deple-
tions relative to other HFSE and HREE on the
chondrite-normalized multi-element plots (Fig. 8) of
the IHS basalts. According to Shervals (1982), such
Ti-V distributions suggest that neither hornblende,
which is absent from the mode, nor magnetite, which
makes up < 1% in the mode (Table 1), is important in
the fractional crystallization of the IHS basalts.
However, there is a Ti trough in the multi-element
pattern of the andesite from the suite (Fig. 8) and
magnetite is more abundant (>2%) in its mode
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(Table 1). Thus the chemical and mineralogical data
suggest that magnetite may have entered the
fractionating assemblage.

The Ti/V ratios are significantly higher in the IDS
than in the IHS (Table 2). All of the IDS samples
show Ti troughs in their multi-element plots which
increase in size with decreasing MgO content (Fig.
8). The Ti/V ratios range from ~27 to ~97 in
IDSa, and from ~22 to 64 in IDSb. These ratios do
not vary systematically with TiO, content but tend
to decrease with decreasing MgO (Table 2). Very
small magnetite crystals are included in many pyr-
oxenes and plagioclase crystals in the IDSa and
IDSb basalts, suggesting that magnetite played a
role in their evolution and may explain the Ti
troughs in their multi-element plots.

The IHS, IDSa and IDSb lavas all have relatively
flat HREE patterns, and these elements, together
with Y, increase in abundance with decreasing
MgO. All of the basalts have Er/Yb ratios >1, but
the andesites BQ14 (IHS) and BQ18 (IDSb) have
Er/Yb ratios <1 (Table 4). Amphibole is the only
mineral phase capable of reducing Er relative to Yb
during crystal fractionation and probably played a
role in the evolution of both suites. The presence of
amphibole phenocrysts in the IDSb andesite BQ20
(SiOg ~59%) supports this conclusion. The absence
of amphibole phenocrysts in BQl4 (IHS, SiO,
~56:1%) and BQI8 (IDSb, SiO; ~61%) may be
the result of pre-eruption dewatering of the magmas
and subsequent resorption of the amphiboles. Thus

the increase in 8104 during the evolution of IHS and
IDSb may result from amphibole and magnetite
fractionation. The conclusions which can be drawn
from the major element variations in the IHS, IDSa
and IDSb are consistent with the suggestion that
they formed largely by fractional crystallization of
similar mafic melts.

The major element variation (except K and P) of
the Bequia lava suites was modelled mathematically
{Table 5), using a program based on that of Wright
& Doherty (1970) constrained by the intratelluric
mineral assemblages of the rocks. It was possible to
model the chemical variation in the IHS and IDSb
fairly well (low sums of the squares of the residuals
2% Table 5). However, both of the models require
plagioclase accumulation and the extraction of a
phenocryst assemblage very different from that
actually present in the rocks (compare Tables | and
5). Thus neither model is regarded as satisfactory.
The model for the IDSa is also rejected because it
has high Zr* and does not fit the data well. The dif-
ficulty in producing satisfactory models for the major
element variation in the Bequia lava suites supports
the contention that their petrogenesis involves
complex crystallization processes, including accumu-
lation and AFC, as implied by the zoning and melt
channels present in the phenocrysts, the isotopic
systematics, and the relatively broad trends of che-
mical variation.

The isotopic evidence suggests that the ‘magmas
from which the lavas formed were derived largely
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from a depleted mantle (MORB) source which had
been modified by a subduction component (IHS),
and that in some cases the melts had interacted with
a crustal component (IDS). The importance of-a
MORB source is supported by the high "*Nd/"**Nd
of THS lavas, and their low Nb contents (<6 p.p.m.)
and Zr/Nb ratios (16:8-36-5). Differences in the
concentrations and proportions of the incompatible
trace elements support the suggestion that the pet-
rogeneses of the IHS, IDSa and IDSb suites differ in
detail.

The IHS and the IDS both show progressive
increase in incompatible element concentrations and
in LREE enrichment with decreasing MgO content
(Fig. 8). The lavas all have LILE spikes, and Nb
troughs in their chondrite-normalized multi-element
patterns. The high Ba/La and Sr/Nd, and low Nb/La
ratios, as represented by the spikes and troughs in
the spidergrams (Fig. 8) of the Bequia lavas, are
typical of subduction-related volcanics (Sun, 1980;
Perfit et al., 1980). These spikes and troughs demon-
strate that the LILE (Rb, Ba, Th, K, Sr), LREE
(La, Ce, Nd, Sm) and HFSE (Zr, Nb) became
decoupled during the petrogenesis of the lavas and
that their distribution cannot be accounted for by
crystal-melt equilibria processes alone (Thompson et
al., 1983). The trace element decoupling is com-
monly attributed to the addition of a hydrous sub-
duction component to the mantle wedge, or its melts,
during arc lava genesis. The effects of crustal con-
tamination must also be considered. Pearce (1984)
has suggested a simple graphical method, which is
used below (Figs 9 and 10) to distinguish trace
element enrichments owing to subduction compon-
ents from those derived from enriched mantle
reservoirs, and possibly those owing to crustal
assimilation.

The lavas of the IHS and IDS are all enriched in
LLILE and LREE as compared with MORB but the
pattern of enrichment is different in each suite (Figs
9 and 10). The percentages of each element given in
these diagrams represent the amount of the element
contributed to the bulk composition of the lavas by
enrichment processes. The patterns of enrichment
shown by the IDSa (BQ2 and BQ19) and the IDSb
(BQ6) lavas are essentially the same, and are sig-
nificantly different from those shown by the THS
(Fig. 9). The least evolved basalt in the IHS (BQ5,
7-9% MgO) shows minor enrichment in Ce and then
progressively greater enrichments in Pb (Fig. 8), Sr,
K, Rb, Th and Ba (Fig. 9). The least evolved basalt
in the IDS (BQ2, 7-1% MgO) has higher con-
centrations of the LILE and LREE than the BQJ5,
and shows progressively increasing enrichments in

Ce, Sr, K, Ba, Rb, Pb (Fig. 8) and Th. Direct com-

VOLUME 37

NUMBER 1 | FEBRUARY 1996

parison of the patterns (Fig. 10) shows that the IDS
is more enriched in Ce (LREE), K, Rb, Pb (Fig. 8)
and Th than the IHS. In the IHS there is no sys-
tematic correlation between the trace element
enrichment and isotopic variation. However, in the
IDS the percentages of enrichmient of the Ce
(LREE), K, Rb, Pb and Th correlate well with the
isotopic variations. For example, BQ6 from IDSb
has the lowest 87Sr/BGSr, 206Pb/204Pb, isotopic ratios
and 6'%0 values, highest l""‘Nd/”"’Nd ratios, and the
smallest percentages of enrichment, whereas the
opposite is true of BQ19 (Table 2, Fig. 9). The lack
of correlation between trace element enrichment and
isotopic variation in the ITHS, and the good corre-
lation between these two characteristics in the IDS,
implies that two separate enrichment processes are
involved in the petrogenesis of the Bequia lavas. The
5'0 values of the THS show that its petrogenesis
was dominated by mantle processes. Thus trace
element enrichment is ascribed to the addition of a
subduction component to the depleted mantle
wedge, producing minor increases in Ge (LREE)
and Pb and progressively larger increases of Sr, K,
Rb, Th and Ba (Fig. 9) in the THS lavas. The iso-
topic data also suggest that IDS was formed by
agsimilation of progressively increasing amounts of
crustal material by IHS-type melts. The correlation
of the isotopic and trace element data shows that the
crustal contamination leads to the addition of pro-
gressively increasing amounts of Ce (LREE), K, Rb,
Pb and Th (Fig. 9). Thus the trace element data
support the interpretation of the isotopic data that
the genesis of the Bequia lavas involves the depleted
mantle, a subduction component and a crustal com-
ponent.

DISCUSSION

The components which may contribute to the final
composition of island arc volcanics, including those
of the Lesser Antillean arc, are depleted (MORB) or
enriched (OIB) mantle, subducted oceanic crust
including sediment and dehydration fluids or melt,
and intracrustal sediment (Thirlwall & Graham,
1984; Davidson, 1986; White & Dupré, 1986; Ben
Othman et al., 1989). Many aspects of the petro-
genesis of volcanic arc lavas are poorly understood,
including the nature of the mantle wedge above
subduction zones, the nature, composition and mag-
nitude of the subduction zone components, and the
flux ratio of mantle-derived mass to recycled crust
(Hawkesworth et al., 1993).

It has been shown that the genesis of the Bequia
lavas involves depleted mantle, a subduction com-
ponent and a crustal component. Within this
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framework, the data presented above may be utilized
to improve our understanding of some of the pro-
blems relating to island arc lavas. Below, we attempt
to use the differences between the isotopic composi-
tions and trace element patterns of MORB and the
IHS basalts to place some constraints on the com-
position, nature and amount of the subduction com-
ponent, as well as the process by which it was added
to the lavas. In addition, the differences between the
isotopic compositions and trace element patterns of
the THS and the IDS are used in an effort to place
some constraints on the amount, nature and compo-
sition of the crustal component as well as the process
by which it was added.

ROCK/MORB

0.1

Sr K RbBaThNbCe P Zr HfSm Ti Y Yb
Fig. 10. MORB-normalized plot comparing the different patterns

of enrichment characteristic of BQ5 (IHS) and BQ2 (1DSa) at
approximately the same MgO value.

The subduction component

The subduction component involved in the petro-
genesis of the Bequia lavas is enriched in several of
the LILE, and shows minor enrichment in the
LREE and Pb. It has been suggested that subduction
components are (siliceous) hydrous fluids or hydrous
anatectic melts, formed during the dehydration of
the downgoing slab (Gill, 1981; Hole et al., 1984;
Tatsumi et al., 1986; Morris, 1989; Bebout, 1991;
McDonough, 1991), or bulk sediment (White &
Dupré, 1986), and may comprise a mixture of more
than one component (Hawkesworth et al., 1993).

The pattern of LILE and LREE enrichment, as
compared with depleted mantle, estimated for the
subducted sediments based on data from DSDP Hole
543 (enrichment factors Sr 6x, Nd 30X, Ba 40X, Ce
60%, K 60%, Pb and Th 150x MORB; White &
Dupré, 1986) is different from that produced by the
subduction component in the Bequia lavas (Fig. 9).
This precludes the possibility that bulk mixing
between sediment and the mantle accounts for all of
the subduction modification [see also Davidson
(1987)].

The THS lavas have higher Sr, Pb and Nd con-
tents and the Sr/Nd ratios (2-3X, 2-6%, 1-2X and
1:5-2X%, respectively) than MORB (Table 2). They
also have higher ®’Sr/?®*Sr and radiogenic Pb, and
slightly lower '**Nd/'**Nd ratios than MORB and
the depleted mantle. The high Sr/Nd ratios in the
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IHS basalts are believed to result from the addition
of a subduction component and not from plagioclase
resorption, as described by Vukadinovic (1993) for
many oceanic arc basalts, because the Sr contents
increase systematically with the 87Sr/®Sr ratios.
Thus it is suggested that the subduction component
had higher concentrations of Sr, Pb and Nd, and
higher Sr/Nd ratios than the IHS lavas. In addition,
it must have more radiolgenic Sr and Pb isotope
ratios, and lower '**Nd/'**Nd ratios, than either
depleted mantle or the lavas. As discussed below, the
subduction component must comprise contributions
from subducted sediments, which have high
875r/%Sr, radiogenic Pb and 6'%0, and low
"5Nd/'**Nd and Sr/Nd ratios, and from altered
mafic crust, which has high ®’Sr/%Sr, **Nd/'**Nd
and Sr/Nd ratios (O’Nions ¢ al., 1978; White, 1985;
Ben Othman et al., 1989; Hawkesworth et al., 1993),
to account for the isotopic and trace element
variation of the ITHS lavas.

All of the lavas are characterized by negative Ce
anomalies on chondrite-normalized diagrams (Ce/
Ce* in the THS 0-80—0-92, in the IDSa 0-79-0-94, in
the IDSb 0-82-0-95), which are a characteristic
feature of deep ocean water (Goldberg et al., 1963).
Their presence in the lavas suggests that the
anomalies result from the addition of the subduction
component to the mantle. The mafic crust in sub-
ducting slabs has been altered by interaction with
seawater, and the overlying sediments also contain
significant quantities of scawater. We suggest that
the subduction component is largely made up of a
fluid derived from the original seawater which was
released by dehydration of subducted mafic crust
and sediments under oxidizing conditions. Under
these conditions, tetravalent Ce will be preferentially
included in the slab minerals, thus accentuating the
original Ce anomaly. The distribution of LILE and
LREE between hydrous fluids and the subducting
slab cannot be estimated because of the lack of
experimentally determined partition coefficients, but
the fluids are expected to contain higher concentra-
tions of soluble LILE (Ba, Sr) and lower concentra-
tions of the less soluble LREE (Ce) (Weaver, 1991).

Bebout (1991) noted that ‘Petrologic relations and
trace element and isotopic systematics in arc vol-
canic rocks suggest that water-rich fluids flux partial
melting in the source regions of arc magmatism
(depths of 80 to 150 km) and contribute slab-derived
chemical components to such regions (radiogenic
isotopic signatures of Pb, Sr, and Be and trace ele-
ments)’ but did not discuss the source of the fluids.
Fluids formed by dehydration of altered MORB
crust arc cstimated to have 240 p.p.m. Rb, 110
p.p.-m. Sr and 520 p.p.m. Ba, extremely low contents
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of REE (Hole et al, 1984; Table 2), ®Sr/%Sr
~0-704, "Nd/'**Nd ~0-51311 and 2°°Pb/?**Pb
~18-46 (O’Nions, 1984). The Sr and Pb isotope
ratios of these fluids are too low, and the Nd isotope
ratios are too high, to explain the radio%enic isotope
ratios of the THS (¥Sr/®Sr 0-70460, '**Nd/'**Nd
0-512960, 2°°Pb/?™*Pb 19-511; Table 3). This sug-
gests that an additional contribution must be made
to the subduction component.

Studies of the '°Be and B distributions in modern
arc volcanics suggest that aqueous fluids (or possibly
melts) of constant composition, probably derived
from sediments with or without the altered oceanic
crust, are released during dehydration of the slab.
These rise into the mantle wedge, causing metaso-
matism and possibly melting (Morris et al., 1990).
The involvement of sediments in the petrogenesis of
the volcanic arc lavas of the Lesser Antilles is also
indicated by the fact that the (Ba/La)y ratios of the
lavas and hemipelagic sediments (0-83) are char-
acteristically lower than those of other oceanic arcs
(Ben Othman et al., 1989). The dominantly hemi-
pelagic sediments which occur in front of the Lesser
Antillean arc have other trace element and isotopic
characteristics which provide further support for this
contention. Like Pacific pelagic sediments (Hole et
al., 1984), they have relatively high LILE and
LREE contents and low HREE and HFSE contents
as compared with those of altered oceanic crust as
well as high ¥Sr/®Sr  (0-7095-0-7170) and
206pp2*Ph  (18-8-194) and low '**Nd/'**Nd
(0-51200-0-51215) ratios (White & Dupré, 1986;
Ben Othman ¢t al., 1989). Fluids or melts derived
from these sediments would contain the necessary
elements and isotopes to modify the mantle source
from which the IHS is derived. The lavas of the IHS
have high Pb/Ce ratios relative to MORB, which
also imply that sediments played a role in the lava
petrogenesis (Hole et al., 1984; Ben Othman et al.,
1989). The (La/Sm)y ratios of the IHS are higher
for any given Zr/Nb ratio than those of oceanic
basalts, suggesting that some of the LREE were
supplied by the subduction component. We conclude
that at least some of the LREE budget of the Bequia
lavas contributed by the subduction component is
derived from the sediments [see also Gill (1981},
Hole ¢t al. (1984), Davidson (1986), White & Dupré
(1986) and Ben Othman et al. (1989)]. The relatively
high radiogenic Pb isotopic ratios and their trends in
the lavas also support the contention that Pb from
the sediments is present in the subduction component
[see also Bebout (1991)].

The physical conditions present during dehy-
dration of the slab (<700°C and <20 kbar) should
cause the sediments, but not the mafic part of the
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subducting slab (Peacock, 1990; McCulloch, 1993),
to partially melt (minimum water-saturated melting
>600°C and ~15 kbar; Wyllic et al., 1976). Some of
the resultant hydrous siliceous melts may become
entrained in the convecting mantle wedge, because
of their high viscosity, and may be carried down to
~150 km, at which depth the hydrated mantle
undergoes pressure-controlled dehydration
(Tatsumi, 1989). The limited range of isotopic ratios
shown by the lavas of the IHS (Table 3) suggests
that the effects of the addition of the subduction
component to the mantle are relatively homo-
geneous. This can be explained if the siliceous melts
are incorporated into much larger volumes of mafic
melt generated as dehydration volatiles, released at
this depth, flux the mantle.

The addition of fluids and melts derived from
subducted sediments and mafic crust is adequate to
account for the high LILE and moderate LREE
contents, the high Ba/La, Sr/Nd, Pb/Ce and La/Nb,
and elevated radiogenic Sr and Pb ratios of the ITHS
lavas. We conclude that the IHS was derived from a
depleted mantle source modified by bulk mixing
with a subduction component derived from the
downgoing slab.

The petrogenetic evolution of the IHS suggested
above was modelled using various percentages of
mantle and subduction components, and various
crust and mantle isotopic and elemental ratios. The
models were constrained by compositions of depleted
mantle (Davidson, 1986; White & Dupré, 1986) and
subduction components comprising dehydration
fluids (O’Nions et al., 1978; Bebout, 1991), and
locally subducting sediments (White & Dupré, 1986)
(Table 6). The majority of the 2°®Pb/*®*Pb ratios of
the sediments are lower than those of the IHS lavas
and could not satisfy the mixing requirements. The
negligible difference in 5'%0 values between the
mantle and the IHS lavas strongly implies that this
value must be relatively low in the subduction com-
ponent. For examgsle, a 2% addition of a subduction
component with §'0 = 15 yields a value of ~59 for
the modified mantle, which is higher than the values
measured in the IHS. The isotopic ratios used for the
sediment were in the range 0-709-0-7170 for
eréBGSr, 0-5125-0-5120 for "3Nd/'**Nd and 19-8
for 2°Pb/?™Pb, and 8'%0 values ranged from 15,
taken from fluids generated during the subduction of
the Catalina Schist (Bebout, 1991), to eight, from a
metamorphosed limestone block from St Vincent
which also had an ¥Sr/®Sr of 07077 (M. F.
Thirlwall, J. P. Davidson & R. S. Harmon, unpub-
lished data).

In the absence of known trace element and iso-
topic compositions of the subduction component, the
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results of such modelling cannot be definitive.
However, the high '**Nd/'**Nd ratios and low 6'%0
values of the IHS lavas show that they were dom-
inantly derived from depleted mantle. The com-
position of depleted mantle i3 moderately well
known; thus a wide range of possible subduction
component compositions were tested. Calculations
using the isotopic constraints described above suggest
that the IHS could be formed by partial melting of
depleted mantle which has been modified by the
addition of a small percentage (1-4%) of a sub-
duction component, containing low concentrations of
Sr (50-200 p.p.m.), Nd (2-10 p.p.m.) and Pb (3-5
p.p-m.), and having an Sr/Nd ratio higher than
those of the subducting sediments (Table 6).

The ¥Sr/%®Sr ratio of 0-709 was selected for the
preferred model, from the matrix of calculations,
because the negative Ce anomalies (Ce/Ce* 0-80—
0-92) in the chondrite-normalized trace element
patterns of the IHS lavas (Fig. 8) are indicative of
an important role for seawater (87Sr/BGSr ~0-7091;
O’Nions, 1984) in the genesis of the IHS. The rela-
tively low concentrations of Sr, Nd and Pb required *
by the subduction component in all of these models
(Table 6) also support its origin as being largely
from original seawater. Appropriate '**Nd/'**Nd
and ?%Pb/*™Pb ratios, 6'®0 values, and Sr, Nd and
Pb contents were selected from the calculations
(Table 6) to provide the best fit of the model to the
measured data (Curve A, Figs 2 and 4). The
resultant preferred model involves the mixing of
~3% of a subduction component (Sr 110 p.p.m.,
878r/88Sr 0-709, Nd 2 p.p.m., **Nd/'**Nd 0-51210,
Pb 4 p.p.m., *Pb/™Pb 19:8, 6'°0 10%) with
depleted mantle. The low §'®0 required for this
model may be the result of subduction zone meta-
morphism or may indicate that part of the oxygen,
like the Sr, was derived from the mafic crust. The
model is also characterized by internally consistent
trace elemental ratios, is in accord with the major
clement changes in the suite, and is petrogenetically
reasonable.

The crustal component

The IDS lavas were formed from IHS-type melts
which assimilated progressively increasing amounts
of (possibly) Precambrian crustal material. The
phenocryst assemblages of the IDS imply that the
AFC occurred at depths of <10 km. The Orinoco
river has been delivering sediments from the Guyana
Shield to this area in the southern Lesser Antilles
continuously since the Cretaceous, and it is possible
that the volume delivered in the past was greater
than at present (White & Dupré, 1986). The crust
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beneath Bequia is relatively thick (~20 km; Speed
& Walker, 1991), and Bouysse (1988) has recently
presented some evidence that the southern part of
the Lesser Antillean arc may be underlain by
Mesozoic crust. Thus abundant fine-grained sedi-
ments derived from the Guyana Shield may occur, in
the arc crust beneath Bequia, at an appropriate
depth to take part in the AFC process.

Precambrian gneisses from the Guyana Highlands
have highly radiogenic Pb with average reported
206ph/2%%Ph ratios of ~20-5 (Montgomery, 1979).
Fine-grained sediments derived from these gneisses
would have similar Pb isotopic ratios and the assim-
illation of such sediments by IHS-type melts would
give rise to the high Pb isotopic ratios which are
characteristic of the IDS lavas (Table 3). No esti-
mates of the average chemical composition of the
fine-grained sediments derived from the Guyana
Shield are available. However, the compositions of
Post-Archaean shales from several major shields have
been estimated (Taylor & McClennan, 1985) and all
are characterized by high K,O, LREE, Pb, Rb and
*Th, and relatively low XFeqO3, MgO, Ni and Cr.
The chemical compositions of fine-grained sediments
derived from the Guyana Shield are likely to be
similar to those of the uniform shales representative
of other major shields; AFC involving such shales
would cause enrichment of IHS melts in KO,
LREE, Pb, Rb and Th, and depletion in Ni and Cir,
a pattern which is similar to that seen in the IDS
lavas (Table 2, Fig. 10).

The variations in radiogenic isotopic ratios and
trace element contents in the IDS were modelled
using equations derived for assimilation—fractional
crgstallization by DePaolo (1981a). The variation in
5'%0 was modelled using the method outlined by
Taylor (1980). All models were constrained by the
1sotopic ratios and trace element contents of the THS
as one of the components involved in the AFC.
Curves fitted to the 2%°Pb/?**Pb vs %Sr/%Sr and
205ph/20%Ph vs '**Nd/'**Nd ratios tend to become
asymptotic at 2°Pb/*™Pb ratios ~20-4 (Fig. 4).
This ratio is similar to the average 2°°Pb/***Pb of the
Guyana Shield gneisses and was taken as a first
approximation of the *%Pb/>**Pb ratio of the assim-
ilant. No %'Sr/®Sr or '**Nd/'**Nd ratios are
available for the sediments derived from the Guyana
Shield but the average Precambrian crust has
"3Nd/'**Nd ratios <0-5115 (DePaolo, 19815)
together with 875r/®Sr ratios which may range up to
0-720 or more (Faure, 1986). The Sr and Nd isotope
ratios of the IDS lavas lie on a shallow curve from
which paired ratios of 87Sr/BGSr and '"Nd/'**Nd,
between 0-709 and 0-5114 and 0-720 and 0-5090,
were tested with 6'80 values between 10 and 30, and
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Sr/O and Nd/O melt:crust ratios ranging between
0-2 and 1-0. There is no unique solution to this
mixing problem; however, it is possible to construct
an internally consistent model (Curve B, Figs 2 and
4, and Fig. 11) which suggests that the AFC inter-
pretation of the origin of the IDS is reasonable. The
model shows that the IDSa lavas could be formed by
30-55% fractional crystallization during the assim-
ilation of a crustal component characterized by 490
p.p-m. Sr, %Sr/%Sr ~0-713, 23 P,p:m. Nd,
“Nd/'¥*Nd ~0-5112, Pb 35 p.p.m. *°Pp/***Pb
~20-4 and §'®0 ~ 15%e (see Table 7 for full details).
The '*Nd/'**Nd ratio which is chosen for the pre-
ferred model is lower than the value typical of the
sediments from DSDP Hole 543 (0-5121; White &
Dupré, 1986). This implies that the older hemi-
pelagic sediments, deeper in the section, contain a
greater proportion of terrestrially derived material
than the younger analysed sediments [see also White
& Dupré (1986)]. The IDSb lavas show two stages
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in their evolution. In the first stage, the Sr and Nd
contents and %’Sr/®®Sr ratios increase, and
'"*Nd/'**Nd ratios decrease, during 10~18% assim-
ilation—fractional crystallization. This is followed by
increases in Sr and Nd contents at constant isotopic
ratios (Fig. 11) which may be representative of
either closed system fractional crystallization or AFC
in which there is no isotopic contrast between the
melt and the assimilant.

All of the lavas are very similar petrographically,
in their phenocryst assemblages and compositional
zoning, and in their major element geochemistry.
Thus they appear to have undergone very similar
petrogenetic processes, and we favour the view that
they tend to develop in long-lived magma chambers
in the sub-arc crust. Hildreth & Moorbath (1988)
suggested that closed system fractional crystallization
of basaltic magmas in the crust is probably very rare,
and that AFC is the dominant process. Where there
is no isotopic evidence of assimilation, those workers
suggested that newly emplaced melts have probably
interacted with isotopically similar rocks previously
crystallized on the magma chamber walls. DePaolo
et al. (1992) have pointed out that the amount of
assimilation is governed by the ambient temperature
of the crust and the rate of supply of magma. Where
the crustal temperature is high there is greater
crustal assimilation, and when the magma supply is
high the crustal contribution is diluted. The Bequia
lavas require progressively increasing amounts of
crustal assimilation to explain the isotopic ratios of
the THS, IDSb, and IDSa. The differences in the
evolution of the IHS (no crustal assimilation), the
IDSb (minor crustal assimilation followed by
apparent closed system fractionation) and the IDSa
(abundant crustal assimilation) are best explained if
variation in the magma supply, variation in the
ambient crustal temperature and large quantities of
crystals coating the magma chamber walls during
assimilation all affected the Pliocene magma
chambers which were present beneath Bequia.

CONCLUSIONS

Two suites of lavas and dykes can be identified on
the island of Bequia, each comprising dominantly
basalts with a few andesites. The incompatible
element contents and isotopic ratios of the IHS
suggest that it was derived from a depleted mantle
source which was contaminated by hydrous fluids
and minor siliceous melts formed during the dehy-
dration of subducted sediments and mafic crust. The
IDS lavas formed from melts similar in chemical and
isotopic composition to those of the IHS which
irteracted with crustal sediments, probably largely

GEOCHEMISTRY OF ARC LAVAS, LESSER ANTILLES

derived from the Precambrian Guyana Shield, by
assimilation—fractional crystallization.
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