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Abstract

The composition and geochemical signatures of the mantle wedge beneath the Lesser Antilles arc are documented by the
ultramafic xenoliths included in alkali basalts (M-series) on Grenada. Xenoliths consist of harzburgites, lherzolites, dunites and
subordinate wehrlites and pyroxenites. Primary minerals phases are olivine, low-Al and high-Al orthopyroxene, clinopyroxene and
Cr-Spinel. In addition to the primary assemblage, Grenada xenoliths contain metasomatic phases such as Al-rich clinopyroxene,
plagioclase, Al-rich spinel, pargasitic amphibole and Si- and Al-rich glasses. The trace-element signatures of pyroxenes and glasses
have been determined on selected samples by LA-ICP-MS. Pyroxenes from both lherzolite and harzburgite xenoliths have U-
shaped rare earth element (REE) profiles, unusually high Th, U and Sr concentrations and large negative Nb, Ta and Zr, and Hf
anomalies. The geochemical signatures of metasomatic clinopyroxene are different from those reported for clinopyroxene from
fluid-metasomatised mantle wedge, and are clearly distinct from those of clinopyroxene in equilibrium with host lavas. Si-rich
glasses show a narrow compositional range, with trace-element characteristics closely similar to those of reacted pyroxenes. This,
along with the general lack of chemical gradients of LILE and LREE over more compatible elements suggests dacitic glasses
represent the products of in-situ melting caused by temperature increase before and during the uptake of xenoliths by host lavas.
Dacitic melts are believed to represent local re-melts of regions metasomatically enriched by earlier arc magmas that had stalled,
fractionated, and solidified in the upper mantle. These local re-melts thus reflect the metasomatic component formed by earlier arc-
related metasomatic agents and liable to be re-mobilised. This also appears to be the easiest way to explain the compositional
similarities between erupted arc lavas and the metasomatised peridotites.

The results of this study suggest that the mantle wedge beneath the Lesser Antilles underwent complex peridotite–melt reaction
processes operated by sub-arc melts and, later on, by magmas similar in compositions to the host alkali basalts. The majority of the
compositional range of erupted Grenada magmas, but adakites found at surface, can be obtained by the interaction of basalts,
possibly formed by hydrous melting of MORB-source mantle, with the overlying mantle wedge.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Mantle xenoliths are relatively rare in the magmatic
products of volcanic arcs, thus preventing direct
chemical information on the composition of the mantle
wedge and on the role of slab-derived fluids and/or
melts in the modification of the mantle's original
geochemical signatures. Sub-arc xenoliths from intra-
oceanic island arcs, excluding fore-arc and back-arc
xenoliths, have been described from Lihir and Simberi
Islands, Papua New Guinea (McInnes and Cameron,
1994; Eiler et al., 1998; McInnes et al., 1999, 2001;
Grégoire et al., 2001), Batan Island, Philippines (Vidal
et al., 1989; Maury et al., 1992; McInnes and Cameron,
1994; Eiler et al., 1998; McInnes et al., 1999, 2001;
Grégoire et al., 2001), Kurile, Russia (Swanson et al.,
1987; Kepezhinskas et al., 1995, 1996; Kepezhinskas
and Defant, 1996, 2001; Kepezhinskas et al., 2002),
Grenada, Lesser Antilles (Arculus and Wills, 1980;
Defant et al., 2000; Parkinson et al., 2003), Marelava
Volcano, Vanuatu Arc (Barsdell and Smith, 1989;
Parkinson and Arculus, 1999) and the Aleutian Arc
(DeLong et al., 1975; Conrad and Kay, 1984; Debari
et al., 1987; Swanson et al., 1987).

On Grenada two major groups of mafic lavas occur:
i) the C-series basalts (calcic and clinopyroxene-phyric,
broadly corresponding to ankaramites; Thirlwall and
Graham, 1984; Thirlwall et al., 1996), which give rise
by differentiation to calc-alkaline andesites and dacites;
and ii) M-series basalts (magnesian and olivine-micro-
phyric) from which a series of low-Ca, low-Fe, high-
SiO2 basalts and mafic andesites derives.

Microphyric alkali olivine basalts from the M-series
occasionally contain Na-metasomatised mantle xeno-
liths and present us with the opportunity to acquire
petrologic and geochemical data for the sub-arc mantle.
We believe the xenoliths are a key to understanding the
nature and composition of subduction-related metaso-
matic agents, and the chemical effects of their
interaction with sectors of the mantle wedge. Moreover,
these xenoliths may also offer precious insights into the
possible links between lithospheric mantle, erupted
adakites, and alkali basalts in the arc environment.

A summary of the petrology, mineralogy and
geochemistry of the Grenada xenolith suite has been
presented recently by Parkinson et al. (2003), along with
a discussion of the implications of the data with respect
to sub-arc mantle processes. We present in this paper
new results of detailed in-situ laser ablation-inductively
coupled plasma-mass spectrometry (LA-ICP-MS)
investigations of pyroxenes and glasses from Grenada
xenoliths. The data presented here provide additional



Table 2
Representative major element (wt.%) compositions of orthopyroxene

Rock
type

Du Hz Hz Hz Hz Hz Hz Hz Hz Lh Lh Lh Wb Wb Lh Py

Sample gr 1 gr 20–
22

gr 20–
15a

gr 1–
5

gr 1–
2

gr 20–
8a

gr 5–
1

gr 20–
9c

gr 20–
90

gr 20–
21

gr 20–
15b

gr
20–2

gr 20–
10

gr 20–
13

gr 20–
9a

gr 20–
8c

SiO2 56.62 48.58 56.85 57.56 57.21 57.84 57.92 57.79 55.53 56.98 56.43 58.5 58.99 57.33 58.46 55.36
TiO2 0.07 – – – – 0.08 – 0.02 0.05 0.03 – – – – – 0.04
Al2O3 2.28 9.73 2.08 1.27 1.45 0.62 2.09 0.52 3.05 3.07 3.31 0.32 0.07 1.26 0.26 4.03
Cr2O3 0.23 1.86 – 0.54 0.01 0.03 – 0.09 0.18 0.63 0.45 – – 0.01 – 0.35
FeOtot 8.51 7.42 6.89 5.5 8.83 6.84 6.36 6.77 8.89 6.72 6.92 6.51 6.37 7.41 6.91 6.41
MnO 0.13 – – – 0.15 0.06 – 0.10 0.07 – – – – 0.05 – –
NiO 0.03 0.07 0.01 0.04 – 0.02 0.13 0.01 – – 0.14 0.07 0.06 0.04 0.18 0.03
MgO 30.80 28.80 32.94 32.7 31.65 34.4 33.02 34.11 31.41 31.45 31.65 34.25 34.35 33.04 33.54 30.82
CaO 0.91 3.55 0.54 1.68 0.5 0.18 0.45 0.17 0.30 0.60 0.58 0.16 0.09 0.22 0.18 3.28
Na2O – 0.03 0.01 0.06 0.03 – – 0.02 – – – 0.02 – 0.07 0.02 –
K2O 0.02 0.02 0.02 0.05 0.05 0.01 – 0.02 0.02 0.02 0.01 0.01 0.02 0.02 0.01 0.04
Sum 99.6 100.1 99.34 99.4 99.88 100.1 99.97 99.62 99.5 99.5 99.49 99.84 99.95 99.45 99.56 100.4
Mg# 0.87 0.87 0.89 0.91 0.86 0.90 0.90 0.90 0.86 0.89 0.89 0.90 0.91 0.89 0.90 0.90

– Below detection limits; Wh = wehrlite; Du = dunite; Hz = harzburgite; Lh = lherzolite; Wb = websterite; Py = pyroxenite.

27R. Vannucci et al. / Lithos 99 (2007) 25–44
chemical information aimed at better constraining the
metasomatic history of the sub-arc mantle beneath the
southern terminus of the Lesser Antilles arc, and at
recognising in mantle pyroxenes geochemical signa-
tures that can be unquestionably related to slab-derived
metasomatic agents.

2. Geologic background

Grenada is located at the southern terminus of the
Lesser Antilles arc where magmatism is caused by
subduction of Atlantic oceanic lithosphere beneath the
leading edge of the Caribbean plate. The latter probably
formed in the Pacific during the Cretaceous and was
emplaced between the North and South American plates
by Late Eocene time (Waggoner, 1987; Pindell and
Barret, 1990). The subducting slab beneath Grenada
terminates abruptly along the continental platform of
South America. The close proximity of Grenada to the
giant transform fault bounding the southern Caribbean
plate may imply that the velocity of the convecting
wedge flow approach zero and, in turn, that the slower
convecting wedge has larger time-integrated contribu-
tions of fluid and is hotter than faster convecting
regions. On the other hand, the edge of the torn slab
beneath Grenada might be elevated in temperature due
to the contact with the hot mantle below the continental
platform (Defant et al., 2000), thus possibly inducing
melting of the slab.

In Grenada, five major volcanic centres have been
identified (Arculus, 1976), although the relative ages are
still poorly known. Miocene ages are inferred for the Mt.
Morice–Mt. Maitland and the Southeast Mountain
volcanic centres, whereas Pliocene–Pleistocene ages
have been recognised at Mt. Granby–Fedon's Camp and
Mt. St. Catherine (Briden et al., 1979). Older ages are
not confirmed by recently obtained age determinations
which are mostly b1 Ma, and certainly no older than
3 Ma (Thirlwall and Graham, 1984; Speed et al., 1993).

3. Petrography

The composition and geochemical signatures of the
mantle wedge beneath Grenada are documented by the
abundant ultramafic xenoliths included in M-series ba-
salts from Queens Park and Grenville (Parkinson et al.,
2003). Both xenolith sites are dominated by harzburgite
(50%), followed by dunite (15%) and lherzolite (15%),
with subordinate wehrlites, websterite and pyroxenite
(up to 20%). No garnet-bearing assemblages have been
detected. As for texture and mode, the investigated
samples closely match those described by Parkinson
et al. (2003).

Spinel-bearing harzburgite (samples gr 20–22, gr
20–15a, gr 20–8a, gr 1–2, gr 1–5, gr 5–1, gr 20–9c, gr
20–15, gr 20–90) has porphyroclastic textures; the large
olivine porphyroclasts are usually surrounded by mosaic
aggregates of neoblastic, unstrained fine-grained olivine
crystals. Orthopyroxene occurs as relics, like the rare
clinopyroxene crystals, sometimes showing concentric
zoning and very thin exsolution lamellae. Interstitial
spinel is anhedral and does not exceed 1 mm. Lherzolite



Table 3
Representative major element (wt %) clinopyroxene compositions

Rock
type

Wh Wh Hz Hz Hz Hz Hz Hz Hz Hz Hz Lh Lh Lh Lh Du Du Wb Wb Wb Lh Lh

Sample gr 7–
1

gr 7–1 gr 20–
22

gr 20–
15a

gr 1–
5

gr 1–
2

gr 1–
2

gr 5–1 gr 20–
9c

gr 20–
90

gr 20–
15

gr 20–
21

gr 20–
15b

gr 20–
2

gr
20–2

gr 7–
2

gr 1 gr 20–
10

gr 20–
10

gr 20–
13

gr 20–
9a

gr
20–8

SiO2 47.07 52.24 52.55 51.85 53.98 47.45 48.98 53.84 51.20 48.33 52.26 51.65 54.09 49.36 51.28 53.36 54.05 51.75 54.74 54.45 55.42 53.01
TiO2 1.30 0.43 – 0.21 – 1.17 1.64 – 0.10 0.94 0.27 0.08 – 1.20 0.37 0.06 0.22 0.29 – 0.10 – 0.05
Al2O3 8.18 3.55 4.62 3.35 1.79 7.69 6.85 2.13 5.48 6.87 3.67 3.91 1.80 5.86 4.10 2.07 1.62 3.57 2.30 0.89 0.58 3.15
Cr2O3 0.14 0.64 0.65 – 0.95 0.46 – 1.04 2.26 0.77 0.76 1.76 0.83 – 0.24 0.90 0.05 0.11 0.47 0.18 0.50 0.50
FeOtot 6.86 4.54 3.09 7.33 3.68 6.24 9.80 3.16 3.22 4.70 3.83 3.40 2.64 9.52 4.69 3.52 4.07 6.27 3.70 4.48 3.13 3.40
NiO 0.01 0.02 – – – – – 0.03 – – – 0.36 – – – – – – – – 0.12 0.01
MgO 12.32 15.35 15.50 14.96 18.11 13.41 10.79 18.07 16.01 13.68 15.57 16.38 16.21 12.97 15.06 17.22 16.43 15.48 15.97 17.70 19.03 17.70
CaO 23.43 23.17 22.33 21.59 20.29 22.63 20.57 21.35 21.18 22.99 23.84 21.97 24.08 21.01 23.49 22.03 22.81 22.06 22.57 21.96 20.80 21.15
Na2O 0.12 0.06 0.49 0.31 0.41 0.24 0.81 0.42 0.44 0.05 0.21 0.40 0.06 0.30 0.12 0.35 0.30 0.21 0.03 0.37 0.11 0.27
K2O – – 0.01 0.03 0.05 0.04 0.24 – 0.01 – 0.02 – – 0.01 0.02 0.01 0.03 0.03 0.05 0.02 – 0.04
Sum 99.43 100.0 99.24 99.63 99.26 99.33 99.68 100.0 99.90 98.33 100.4 99.91 99.71 100.2 99.37 99.52 99.58 99.77 99.83 100.2 99.69 99.28
Mg# 0.76 0.86 0.90 0.78 0.90 0.79 0.66 0.91 0.90 0.84 0.88 0.90 0.92 0.71 0.85 0.90 0.88 0.81 0.88 0.88 0.92 0.90

– Below detection limits; Wh = wehrlite; Du = dunite; Hz = harzburgite; Lh = lherzolite; Wb = websterite; Py = pyroxenite.

Table 4
Representative major element (wt.%) compositions of spinel

Rock
type

Wh Wh Du Du Hz Hz Hz Hz Hz Hz Hz Hz Hz Lh Lh Lh Lh Wb Wb Lh Lh

Sample gr 7–1 gr 7–
1

gr b gr b gr 1–2 gr 20–
9c

gr 20–
9c

gr 20–
90

gr 5–1 gr 5–
1

gr 20–
15

gr 20–
8a

gr 20–
8a

gr
20–2

gr 20–
15b

gr 20–
15b

gr 20–
21

gr 20–
13

gr 20–
10

gr 20–
9a

20–8c

TiO2 0.36 0.58 0.16 0.36 0.92 0.06 0.08 0.15 – 0.03 0.63 0.20 0.15 0.02 0.20 0.14 0.10 0.06 0.28 – 0.34
Al2O3 21.42 20.58 38.39 27.87 17.24 23.35 24.92 47.27 36.82 20.61 21.75 29.10 53.84 23.88 23.06 18.84 15.40 39.03 18.85 12.16 25.02
Cr2O3 44.29 29.95 21.09 33.84 40.07 40.80 22.23 15.04 27.71 46.49 38.80 36.00 14.34 38.56 40.89 42.71 49.69 25.25 39.15 51.82 35.34
FeOtot 18.37 36.70 23.7 22.06 31.24 21.01 39.30 21.43 18.50 17.01 25.17 21.96 12.40 23.41 20.51 23.58 20.77 21.04 30.73 24.25 29.28
MnO 0.29 0.44 – 0.04 0.35 0.30 0.30 0.11 0.18 0.33 0.36 0.27 0.11 – 0.31 0.26 0.31 0.17 – – 0.31
NiO 0.31 0.12 0.24 0.1 – 0.14 0.23 0.16 0.41 0.08 0.28 0.12 0.29 0.12 0.31 0.20 0.22 0.21 0.02 0.06 0.09
MgO 15.12 10.05 16.01 14.43 10.40 15.32 13.58 17.20 17.36 14.53 12.43 13.25 18.87 12.29 14.59 12.58 14.30 14.30 9.78 11.18 10.09
CaO 0.01 0.11 0.02 0.02 0.19 0.01 – – – – – – 0.01 0.32 0.05 0.01 – – 0.08 0.02 0.03
Na2O – – – 0.03 0.33 – – – – – – – 0.01 – – – – 0.01 – – –
K2O – – 0.03 0.04 0.09 0.03 0.05 0.04 – – 0.02 0.05 0.01 0.03 0.01 0.02 0.02 0.02 0.10 0.02 0.03
Zn – – 0.14 0.03 – 0.02 0.01 0.06 – – 0.04 – 0.08 – 0.23 0.17 0.13 0.13 – – –
Sum 100.2 98.53 99.77 99.15 100.7 101.0 100.7 101.5 101.0 99.00 99.48 101.0 100.1 99.08 100.2 98.52 99.95 100.2 99.61 99.60 100.5

– Below detection limits; Wh = wehrlite; Du = dunite; Hz = harzburgite; Lh = lherzolite; Wb = websterite; Py = pyroxenite.
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(samples gr 20–21, gr 20–15b, gr 20–2, 20–9a) has
porphyroclastic to granular textures. In granular sam-
ples, olivine (up to 3 mm) is almost unstrained and has
only rare fractures. Dunite (samples gr 7–2, gr 1, gr 20b)
is characterised by granular textures with medium-size
crystals up to 2 mm. Olivine forms coarse rounded to
euhedral grains with fractures and dislocation walls,
displaying curvilinear to polygonal boundaries against
adjacent olivine crystals. Anhedral spinels are sub-
millimetre in size.

Infiltration of host basalts through the majority of
peridotite samples is clearly documented by the
presence of glass veins and melt pockets as the outer
rim of the xenoliths is approached. Moreover, further
evidence of interaction with the host basalt is provided
by the presence toward the xenolith rim of fine-grained
Fig. 1. TiO2, Al2O3, Cr2O3 and Na2O vs. Mg# in clinopyroxene. The fields o
1992; Ishii et al., 1992) and from Kamchatka (Kepezhinskas et al., 1996) ar
(sub-millimetric in size) aggregates of euhedral, sec-
ondary olivine, clinopyroxene and plagioclase crystals.
The inner part of peridotite xenoliths also contains small
melt pockets and a secondary mineral assemblage
consisting of clinopyroxene, plagioclase, spinel and
pargasitic amphibole. However, in the inner part of the
xenoliths, melt pockets are insulated and a network of
glass films and veins are not observed, suggesting that
glasses document either an earlier in-situ melting or a
metasomatic influx of fluids or melts before the uptake
of xenoliths by host lavas. Textural evidence is con-
firmed by the chemical analyses of glasses (see below)
which show a gap between basalt (glasses in the
infiltrated portions of the outer xenoliths) and dacitic
compositions (interstitial glass and glass pockets in the
inner portions of the xenoliths).
f clinopyroxene from oceanic peridotites (Dick, 1989; Parkinson et al.,
e reported for comparison.



Fig. 2. Na2O+K2O vs. SiO2 in glasses from Grenada xenoliths. The compositions of infiltrated host lavas and interstitial glasses are compared with
those of reacted glasses from Parkinson et al. (2003) and of type II glasses from Gees xenoliths (Zinngrebe and Foley, 1995). The composition of
glasses from Kamchatka mantle xenoliths (Kepezhinskas et al., 1996) is also shown.
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Wehrlite has porphyroclastic textures with coarse (up
to 2 mm) olivine and clinopyroxene and rare interstitial
sub-millimetre spinel; most samples have been exten-
sively infiltrated by the host lava and melt pockets are
recognised also within porphyroclasts. Websterite and
pyroxenite show granular textures; larger olivine and
orthopyroxene (up to 3 mm) grains are highly deformed
and crosscut by a network of closely spaced thin
fractures filled by glass and secondary minerals as its
crystallisation products.
Table 5
Representative major element (wt.%) compositions of glasses

Rock
type

Du Du Du Du Hz Hz Hz Hz Hz

Sample gr 7–
2

gr 7–
2

gr 1 gr 1 gr 1–
5

gr 1–
5

gr 1–
5

gr 1–
5

gr
15a

SiO2 44.16 46.56 51.65 53.99 63.96 64.27 65.85 64.78 51.
TiO2 1.02 1.19 2.11 1.91 0.20 0.23 0.21 0.26 1.
Al2O3 20.18 17.59 16.35 18.03 17.47 17.34 17.58 17.06 15.
Cr2O3 – 0.50 – – – – – – –
FeO 7.40 6.23 10.95 11.14 3.70 3.61 3.85 3.41 8.
MnO – 0.04 0.15 0.23 – – – – –
MgO 3.38 3.68 1.97 1.86 2.94 2.59 2.80 3.03 5.
CaO 17.09 17.03 8.99 5.81 7.20 7.23 5.57 6.15 10.
Na2O 2.01 2.74 1.42 3.03 1.21 1.25 0.63 0.67 1.
K2O 0.84 0.89 2.13 2.25 0.90 0.95 0.96 1.00 1.
Sum 96.08 96.45 95.72 98.25 97.58 97.47 97.45 96.36 96.
Mg# 0.31 0.37 0.15 0.14 0.44 0.42 0.42 0.47 0.

– Below detection limits; Wh = wehrlite; Du = dunite; Hz = harzburgite; Lh
4. Analytical methods

Mineral analyses of Grenada xenoliths were deter-
mined using the Camebax electron probe at the Institute
of Volcanology and Geochemistry, Petropavlovsk-
Kamchatsky, Kamchatka, Russia. Operating conditions
were: a 20 kV accelerating voltage, a beam current of
15 nA, a counting time of 20 s and a beam diameter of
approximately 2 μm. Glass analyses were obtained at
the above conditions with a defocussed beam of 5 μm
Hz Hz Hz Hz Hz Wb Lh

20– gr 20–
15a

gr 1–
2

gr 1–
2

gr 1–
2

gr 20–
8a

gr 20–
10

gr 20–
2

67 51.37 47.73 47.45 50.78 60.64 56.73 49.40
64 1.61 2.47 2.49 1.94 0.34 1.96 2.22
97 15.88 14.13 13.94 13.67 22.01 22.54 15.89

– – – – – – –
79 8.86 15.15 15.59 13.82 1.86 3.86 13.92

– 0.13 0.19 0.10 – – –
10 5.16 3.38 3.35 3.38 0.08 0.40 3.12
87 10.61 9.11 9.06 8.72 4.56 8.91 5.70
00 1.37 1.50 1.51 1.56 4.03 4.99 3.60
51 1.51 1.97 2.01 1.94 1.23 0.56 1.24
55 96.37 95.57 95.59 95.91 94.75 99.95 95.09
37 0.37 0.18 0.18 0.20 0.04 0.09 0.18

= lherzolite; Wb = websterite; Py = pyroxenite.
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where possible, reducing counting time to b10 s. Some
interstitial glasses have been analysed only with fully
focussed beam due to their small size. Only minor alkali
loss was suggested by the high totals of these analyses
and the online observation of sodium count rates. A set
of natural and synthetic standards was used; data
reduction was based on the ZAF-correction procedure
according to Bence and Albee (1968) and Albee and
Ray (1970).

Trace elements were determined in-situ on thick
polished sections using the LA-ICP-MS operating at the
CNR-IGG in Pavia which couples a laser probe with an
inductively-coupled plasma-mass spectrometer. The
laser probe uses a pulsed Nd:YAG laser source
“Brilliant” (Quantel, Les Ulis, France), whose funda-
mental emission in the infrared (1064 nm) is converted
into 266 nm by means of two harmonic generators. For
this work, the laser was operated at a repetition rate of
10 Hz, and the spot diameter was 20–40 μmwith a pulse
energy of about 0.1 mJ. The particles produced by
Fig. 3. Incompatible trace-element diagrams for clinopyroxenes from Gren
clinopyroxene; (C) clinopyroxene crystallised from the host lava. In (D) th
localities is reported for comparison. Values normalised to C1 chondrite (An
ablation are then analysed by a field-sector mass spec-
trometer (“Element”, Finnigan MAT, Bremen, Ger-
many). Ablation signal integration intervals were
selected by carefully inspecting the time-resolved
analysis to ensure that no inclusions were present in
the analysed volume, and data reduction was done by
the software package “Glitter”. NIST SRM 610 was
used as the external standard, and 44Ca was used as
internal standard. Details are reported in Tiepolo et al.
(2003).

5. Major-element mineral and glass chemistry

Primary olivine is Fo88–93, whereas coexisting ortho-
pyroxene is En88–90 with generally low to very low-Al
contents. Clinopyroxene has Mg numbers (Mg#) ranging
from 85 to 92, with Al2O3 and Na2O contents in the range
0.57–4 wt.% and 0.04–0.48 wt.%, respectively. Spinel is
Cr-rich with Cr2O3 between 24.15 and 49.69 wt.% (rep-
resentative analyses for selected samples are reported in
ada xenoliths: (A) primary mantle clinopyroxene; (B) reacted mantle
e composition of clinopyroxene from other sub-arc mantle xenolith
ders and Ebihara, 1982).



Table 6
Clinopyroxene trace-element composition (ppm)

Sample gr 1–2 gr 20–13 gr 20–13 gr 20–13 gr 20–21 gr 20–21 gr 20–2 gr 20–2 gr 20–10 gr 20–10 gr 20–90 gr 20–90 gr 20–15 gr 20–15 gr 1–5 gr 20–21

Host lava Host lava Host lava Host lava Host lava Host lava Host lava Host lava Host lava Host lava Host lava Host lava Primary Primary Primary Reacted

Sc 258 151 200 146 205 185 195 208 200 209 20.4 19.1 59.9 59.5 98 58.6
V 260 302 252 268 232 183 208 236 174 290 6.59 5.53 237 225 231 122
Cr 4738 1527 3377 3420 3042 1787 3681 4535 2157 4072 3.00 1.93 10,225 10,657 8680 7409
Rb b1.273 b0.533 b0.424 b0.499 b0.325 b0.452 b0.384 b0.247 b1.216 b1.047 b1.215 b0.192 b0.528 1.090 b0.764 b0.369
Sr 33.3 29.8 28.5 31.6 29.8 26.3 33.0 28.7 23.6 31.7 8.64 5.10 32.2 31.4 22.5 47.1
Y 15.3 16.2 11.8 13.9 17.5 11.8 13.1 12.9 14.4 18.8 15.3 14.9 5.43 5.01 3.50 4.97
Zr 28.1 33.2 28.6 22.5 26.4 19.6 19.99 27.01 28.7 43.5 8.50 11.5 2.29 1.66 b1.153 5.41
Nb 0.203 0.105 0.057 b0.083 b0.092 b0.109 b0.115 0.074 b0.089 b0.186 0.890 0.366 0.057 0.113 0.047 0.103
Cs b0.465 b0.201 b0.151 b0.181 b0.123 b0.177 b0.174 b0.174 b0.511 b0.495 b0.368 b0.258 b0.208 b0.326 b0.256 b0.254
Ba 1.26 b0.652 b0.404 0.841 b0.223 b0.490 0.615 0.454 1.820 b1.340 b1.120 b0.250 1.45 2.81 1.54 0.561
La 1.18 1.23 1.05 1.32 1.33 0.781 1.50 1.21 1.064 1.650 10.2 10.4 1.12 1.070 0.209 2.08
Ce 4.86 5.17 4.11 4.59 4.83 3.15 4.16 4.46 4.16 5.41 19.2 19.7 2.24 2.07 0.78 3.62
Pr 0.95 1.08 0.87 1.04 1.03 0.69 0.94 0.96 0.96 1.37 24.7 24.4 0.27 0.20 0.16 0.58
Nd 6.03 7.12 5.15 5.60 6.32 4.76 5.36 5.66 5.45 8.10 27.9 24.2 1.05 0.76 0.82 2.68
Sm 2.33 2.48 2.34 1.67 2.57 1.34 2.19 2.05 3.16 2.72 26.6 30.9 0.267 0.163 0.361 0.73
Eu 0.986 1.12 0.75 0.86 0.78 0.646 0.827 0.695 0.692 1.162 28.4 22.4 0.117 0.082 0.132 0.285
Gd 2.00 3.53 2.88 2.62 3.63 1.97 2.42 2.80 3.06 3.54 29.0 29.6 0.535 0.430 0.427 0.853
Tb 0.511 0.498 0.399 0.330 0.407 0.41 0.401 0.461 0.561 0.508 b4.16 b4.24 0.099 0.085 0.092 0.149
Dy 3.54 3.50 2.73 2.92 3.09 2.59 2.87 3.01 2.98 3.91 17.8 20.7 0.813 0.804 0.606 0.954
Ho 0.698 0.695 0.531 0.601 0.595 0.42 0.420 0.583 0.850 0.854 19.7 17.7 0.236 0.211 0.149 0.197
Er 2.08 1.83 1.36 1.39 1.54 1.07 1.20 1.40 1.36 2.14 12.1 16.4 0.709 0.675 0.420 0.797
Tm 0.227 0.215 0.180 0.225 0.24 0.21 0.193 0.199 0.323 0.293 b1.7 b1.8 0.087 0.098 0.072 0.07
Yb 1.01 1.45 1.10 1.05 1.55 1.14 1.35 1.24 1.50 2.04 11.9 18.7 0.711 0.724 0.475 0.491
Lu 0.133 0.167 0.163 0.225 0.172 0.15 0.175 0.175 0.168 0.183 b1.06 b1.68 0.103 0.094 0.065 0.096
Hf 1.94 1.78 1.63 1.08 1.26 1.05 1.12 1.49 1.77 2.22 13.0 22.4 0.062 0.093 0.047 0.132
Ta b0.064 b0.023 0.019 b0.022 b0.021 b0.019 b0.079 b0.079 b0.052 0.058 1.50 7.75 0.006 0.006 0.007 b0.001
Pb b0.451 b0.216 b0.167 b0.222 b0.273 b0.264 b0.301 b0.301 b0.538 b0.670 0.198 0.389 b0.258 b0.247 b0.289 0.158
Th 0.115 0.046 0.031 0.044 0.051 0.038 0.035 0.053 0.017 0.074 3.50 8.95 0.265 0.271 0.026 0.503
U 0.022 0.009 0.009 0.005 0.008 0.001 0.008 0.008 b0.001 b0.001 3.10 b0.001 0.074 0.074 0.011 0.089
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Table 7
Orthopyroxene trace-element composition (ppm)

Sample gr 20–13 gr 1–5 gr 20–15b gr 20–2

Sc 14.7 34.0 27.9 8.08
V 18.5 144 102 13.4
Cr 830 6174 4670 519
Rb b0.498 b0.637 0.180 b0.166
Sr b0.201 2.27 3.05 0.081
Y 0.3 0.488 0.258 0.614
Zr b0.746 b0.754 0.192 0.524
Nb b0.048 0.032 0.025 b0.052
Cs b0.244 b0.220 b0.048 b0.086
Ba b0.429 0.951 0.501 b0.301
La b0.033 0.109 0.096 b0.028
Ce b0.023 0.155 0.135 b0.023
Pr b0.008 b0.023 b0.012 b0.006
Nd b0.046 b0.044 0.040 b0.052
Sm b0.119 b0.135 b0.041 0.014
Eu b0.083 b0.032 0.008 b0.014
Gd b0.139 b0.150 b0.075 b0.122
Dy 0.04 b0.066 0.024 0.079
Ho 0.02 0.012 0.010 0.020
Er 0.07 0.121 0.042 0.091
Yb 0.15 0.149 0.135 0.220
Hf b0.018 0.016 0.005 0.039
Ta b0.011 b0.024 b0.009 b0.024
Pb b0.271 b0.245 b0.097 b0.207
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Tables 1–4). These data are in excellent agreement with
the data reported in the paper by Parkinson et al. (2003) to
which the reader is referred to for a detailed presentation
and discussion of mineral compositions.

In addition to the primary assemblage, secondary
minerals (i.e., olivine, clinopyroxene and plagioclase)
are observed in equilibrium with the infiltrating host
basalt in the outer parts of the Grenada xenoliths. More
rarely, a secondary metasomatic assemblage is observed
in the inner parts of the xenoliths either within melt
pockets or associated with interstitial glass. The meta-
somatic mineral assemblage includes Al-rich clinopyr-
oxene (Al2O3 up to 8.2 wt.%, Na2O up to 0.8 wt.%),
plagioclase (An45–80), Al-rich spinel (Al2O3 from 53 to
64 wt.%), and pargasitic amphibole. Unfortunately, the
very small size of these minerals prevented trace-
element investigations by LA-ICP-MS. We also ignored
these mineral compositions to avoid unreliable data due
to possible contamination from adjacent glass. In place
of individual analyses, we selected areas of metasoma-
tism for the in-situ determinations of trace elements with
the aim of constraining the geochemical signature of the
metasomatic agent.
Fig. 4. (A) Incompatible trace-element diagrams for orthopyroxene
from Grenada xenoliths; (B) orthopyroxene from other sub-arc mantle
xenolith localities is reported for comparison. Values normalised to C1
chondrite (Anders and Ebihara, 1982).

Th 0.013 0.437 0.204 0.148
U 0.003 0.125 0.024 0.017
As a whole, primary clinopyroxene is diopside and
has Mg#, Ti, Al, and Na similar or slightly lower than
those shown by clinopyroxene from oceanic peridotites
(Fig. 1). In contrast, secondary clinopyroxene has prog-
ressively increasing Ti, Al, Na contents and decreasing
Mg# values, trending towards the salitic clinopyroxene
from host lavas which is characterised by the highest Al
(up to 8.5 wt.%) and Na (up to 0.9 wt.%) contents. The
compositional variation observed for secondary clin-
opyroxene from Grenada xenoliths is closely similar to
that defined by clinopyroxene from Kamchatka xeno-
liths, which based on textural and chemical evidence has
been interpreted as a reaction product between melt and
sub-arc, host mantle peridotite (Kepezhinskas et al.,
1996).

Glasses related to the infiltration of host lavas are
basalt and andesite-basalt, whereas glasses from small
veins and pockets show progressively higher silica and
alkali contents (Fig. 2); interstitial glass from the inner
part of the xenoliths is characterised by dacitic com-
positions and shows low Ti (0.2–0.34 wt.%), alkalies
(Na2O+K2O=1.5–2.2 wt.%) and very high SiO2 (up to
66 wt.%) and Al (up to 17.6 wt.%) contents (Table 5).
Similar chemical compositions have been described by
Zinngrebe and Foley (1995) for type II glass in mantle
xenoliths from Gees (West Eifel, Germany).



Table 8
Trace-element composition of glasses related to the infiltration of host lavas (ppm)

Sample gr 1–5 gr 1–5 gr 1–2 gr 1–2 gr 1–2 gr 1–2 gr 20–2 gr 20–2 gr 20–10 gr 20–15a gr 20–15a gr 20–15a

Sc 27.0 23.1 16.6 15.8 14.3 12.8 55.6 72.3 42.6 34.2 28.2 30.5
V 321 420 186 135 189 165 413 309 225 509 631 671
Cr 72.9 b11.4 b15.8 30.8 b11.4 b11.7 402 620 109 949 260 20,602
Rb 19.3 18.2 28.5 25.2 21.3 21.5 7.87 11.7 18.7 30.0 39.1 34.9
Sr 544 552 218 238 314 378 306 217 206 337 384 391
Y 19.6 23.8 11.3 8.98 11.6 10.5 31.9 25.2 19.8 31.0 37.3 39.3
Zr 67.6 89.1 67.0 63.2 62.7 60.0 133. 86.2 88.5 110 138 135
Nb 7.19 9.11 7.10 6.59 6.40 6.60 8.97 5.54 7.76 11.32 15.04 16.16
Cs 0.797 0.733 0.703 0.464 0.633 0.484 0.386 0.259 b0.37 1.16 b0.22 1.23
Ba 172 205 126 109 130 131 208 125 173 269 324 297
La 14.4 17.1 8.22 6.94 8.83 8.58 16.4 10.6 11.3 21.6 26.1 24.8
Ce 27.6 33.1 15.7 14.0 17.4 15.9 21.2 19.5 17.5 40.7 49.8 49.0
Pr 3.50 4.20 1.90 1.59 2.03 1.94 5.00 3.40 2.64 5.74 6.25 6.2
Nd 14.1 17.7 8.34 6.87 8.85 8.82 22.8 17.8 13.6 24.0 27.8 30.7
Sm 3.58 4.37 2.52 1.88 1.89 1.69 6.12 4.14 3.20 5.81 7.32 9.14
Eu 1.15 1.34 0.665 0.490 0.633 0.848 2.01 1.35 1.23 1.802 2.101 2.26
Gd 2.98 4.04 2.25 1.70 2.10 1.95 6.83 5.01 3.28 5.03 8.29 7.02
Dy 3.62 4.64 1.80 1.54 2.41 2.14 5.84 4.71 3.51 6.67 6.91 7.05
Ho 0.803 0.933 0.405 0.307 0.390 0.455 1.11 0.909 0.697 1.35 1.57 1.26
Er 2.28 2.58 1.04 1.05 1.22 1.14 3.27 2.51 2.07 2.83 4.04 5.81
Yb 2.24 2.39 1.01 1.12 1.47 1.37 3.42 2.44 1.58 4.1 4.75 4.28
Hf 1.72 2.26 1.61 1.58 1.78 1.77 4.04 2.87 3.23 3.33 2.88 3.15
Ta 0.396 0.520 0.343 0.349 0.383 0.306 0.607 0.309 0.383 0.729 0.855 0.808
Pb 4.40 2.97 4.99 3.73 3.68 3.57 3.81 2.57 4.08 1.85 3.37 1.45
Th 3.81 4.75 2.18 1.82 2.31 2.26 5.59 2.76 3.25 7.48 7.65 6.73
U 1.28 1.71 0.918 0.779 0.916 1.09 0.480 0.513 0.796 3.09 3.27 3.14

gr 20–15a gr 20–15a gr 20–15a gr 20–15a gr 20–15a gr 1–5 gr 1–5 gr 1–5 gr 1–5 gr 1–5 gr 1–5 gr 1–5 gr 1–5
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Due to the obvious limitations of pressure estimates
for the spinel stability field, only temperature has been
estimated for the primary mineral assemblages using
commonly applied geothermometers (Wood and Banno,
1973; Wells, 1977; Brey and Köhler, 1990). The highest
T values are recorded in websterites and lherzolites
(1100–1200 °C), whereas harzburgites do not exceed
1050 °C. Although slightly higher, these temperatures
are consistent with those calculated by Parkinson et al.
(2003) for primary mantle clino- and orthopyroxene
(850–925 °C) and the reacted rims of primary clino-
pyroxene and wehrlitic clinopyroxene (1070–1160 °C).

6. Trace-element composition of pyroxenes and glasses

Primary clinopyroxene (Fig. 3A; Table 6) is low inREE
with chondrite-normalised abundances ranging from
1 to 5. The REE patterns are characterised by a shallow
downward slope from HREE to LREE, negative HFSE
and positive Sr anomalies. Selective La and Ce enrichment
may occasionally occur, coupled with marked Th and U
enrichments (UN/ThN close to unity). Two primary
clinopyroxene grains analysed by Parkinson et al. (2003)
show HREE abundances exceeding 10×C1, but their
overall enrichment in highly incompatible elements,
including Nb, suggests that they reacted at some extent
with incoming melts (see reacted clinopyroxene below).
TheREEpatterns of clinopyroxenewhich shows evidence,
based on petrography or major element chemistry, of
progressive reaction with metasomatic agents or host lavas
show higher MREE abundances with negative fraction-
ation from Sm to Lu. This clinopyroxene is characterised
by variable LILE and LREE enrichment and negative
HFSE anomalies (Fig. 3B).

Grenada clinopyroxene differs significantly from
mantle clinopyroxene sampled in sub-arc mantle occur-
rences elsewhere (Fig. 3D). Clinopyroxene from oceanic
sub-arc mantle is usually characterised by lower REE
contents and steep downward REE spectra from HREE to
LREE. In addition they usually show a strong fractionation
of U relative to Th. This is the case of clinopyroxene from
Lihir, Papua New Guinea (Grégoire et al., 2001) and Izu–
Bonin peridotites (Parkinson and Pearce, 1998). Similar
REE signatures are also observed in clinopyroxene from
ophiolitic peridotites which is believed to represent fossil
remnants of mantle wedge, (e.g., Bay of Island, Batanova



Table 8 (continued)

gr 20–15a gr 20–15a gr 20–15a gr 20–15a gr 20–15a gr 1–5 gr 1–5 gr 1–5 gr 1–5 gr 1–5 gr 1–5 gr 1–5 gr 1–5

36.7 32.2 31.9 33.8 37.3 32.0 36.1 39.9 32.2 40.3 38.7 47.0 37.6
515 427 486 551 441 480 272 272 234 287 258 248 347
201 142 164 174 160 208 104 108 392 111 79.7 94.0 14.9
32.3 29.4 34.5 36.9 20.8 18.9 20.4 17.8 12.2 24.7 18.2 16.6 20.6
396 363 353 393 386 204 244 241 157 293 240 231 250
39.8 34.4 31.8 35.2 24.8 5.12 7.47 7.04 4.38 7.19 6.97 7.05 7.7
151 114 116 131 88.4 6.64 9.86 9.40 4.89 6.62 7.25 4.93 14.2
14.97 10.78 12.08 13.82 9.73 0.703 1.82 1.43 0.777 1.51 1.11 1.20 1.05
1.61 1.97 1.65 2.03 b0.27 0.300 0.637 0.496 0.435 0.536 0.68 0.84 b0.27

333 300 303 318 193 72.4 128 117 92.3 114 103 89.5 113
27.2 22.7 23.4 25.1 17.2 2.36 2.74 4.38 3.94 3.9 4.63 3.74 4.21
53.0 48.9 45.3 48.3 32.0 5.34 10.07 9.33 6.94 5.31 6 8.23 12.03
6.2 6.09 5.27 5.45 3.73 0.569 1.082 0.939 0.637 0.784 0.568 0.717 0.958
31.3 24.7 24.4 26.2 20.6 1.7 3.64 3.8 3.12 3.09 3.93 3.05 3.07
6.94 5.11 6.15 6.61 4.52 0.84 0.278 0.941 0.53 0.578 0.45 0.639 0.58
1.78 2.17 1.83 2.02 1.81 0.259 0.189 0.454 0.149 0.29 0.53 0.172 0.232
6.87 6.91 6.04 5.45 4.17 0.51 0.9 0.838 0.682 0.443 0.47 0.49 0.69
7.71 7.63 6.61 6.8 5.06 1.40 1.79 1.12 0.446 1.05 1.12 1.02 0.78
1.37 1.32 1.19 1.38 0.803 0.207 0.131 0.347 0.195 0.218 0.353 0.466 0.414
4.76 3.94 3.39 3.94 2.37 0.45 1.38 1.11 0.627 0.767 0.306 0.474 0.58
4.31 3.38 3.28 4.05 3.76 0.600 0.94 1.23 0.279 1.51 0.84 1.81 1.13
3.93 2.92 2.53 3.52 3.24 b0.023 0.131 0.139 0.196 0.228 b0.041 0.184 b0.65
0.811 0.764 0.618 0.762 0.381 0.184 0.051 0.099 0.043 0.044 b0.019 b0.018 0.147
7.88 6.55 6.35 7.41 5.65 1.33 3.56 2.53 2.97 3.35 1.56 2.98 4.13
8.09 6.44 5.84 7.51 4.8 0.655 3.09 2.52 2.69 3.43 3.12 2.87 1.85
3.52 2.33 2.42 3.09 2.09 0.728 1.10 1.07 2.26 1.22 0.952 1.01 1.02
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et al., 1998; and Hellenic Peninsula, Bizimis et al., 2000).
Primary Cr-rich clinopyroxene from the Kamchatka arc
mantle shows contrasting compositions. It is more
enriched in REE, with MREE exceeding 10 times C1
chondrite and convex-upward patterns (Kepezhinskas
et al., 1996), thus testifying to higher degrees of interaction
with metasomatic agents which overprinted the original
chemical signatures after partial melting.

Clinopyroxene in equilibrium with infiltrating host
lavas is markedly different from both primary and reacted
clinopyroxenes, although they share with these latter GdN/
YbN values higher than unity. Clinopyroxene from host
lavas (Fig. 3C) exhibits LREE-depleted (LaN/SmN∼0.35)
convex-upward patterns with MREE up to 30×C1 and
GdN/YbN fractionation up to 1.8; moreover, they are
slightly depleted in Nb, Sr, and Zr and have positive Th
and U anomalies. The overall geochemical signature of
this clinopyroxenes is that expected from phenocrysts
crystallised from basaltic to andesitic melts. In fact, the
clinopyroxene can be related to the original host magma
through a set of partition coefficients approaching those
experimentally determined for corresponding system
compositions (e.g., Hart and Dunn, 1993).
The REE patterns for orthopyroxene (Fig. 4A; Table 7)
havemarked downward slopes fromHREE (0.8–1.3×C1)
toMREE (0.2–0.5×C1),with a concave up-trend toLREE
(0.4×C1). The incompatibility diagrams are characterised
by large positive U and Th spikes (element concentration
up to 15×C1) and in the LREE-enriched orthopyroxene, a
small, but significant, positive Sr anomaly occasionally
occurs. In general, Grenada orthopyroxene compares well
with orthopyroxene from Izu–Bonin (Parkinson and
Pearce, 1998) and Papua New Guinea (Grégoire et al.,
2001) peridotites (Fig. 4B). However, a more detailed
observation of the extended trace-element spectra for the
latter reveal negative Ba, Sr, Zr, and Ti anomalies and
positive spikes in U, but not in Th.

Glasses formed by infiltration of host lavas (Table 8)
are LREE-enriched with smoothly fractionated REE
patterns from LREE (La ranges from 29 to 115×C1) to
HREE (Yb ranges from 6.2 to 21×C1) and LaN/YbN
values ranging from 4 to 5. Incompatibility diagrams
(Fig. 5A) display negative Nb and Ta anomalies (which
nevertheless are lower than those usually shown by
common IAB lavas), Nb/Ta normalised values around
unity, and only slightly negative Zr and Hf anomalies. U



Fig. 5. Incompatible trace-element diagrams for infiltrated host lavas
(A) and interstitial dacitic glasses (C) in Grenada xenoliths. The
composition of reacted glasses from Parkinson et al. (2003) is also
shown. The composition of the different Grenada magma series is
reported for comparison (B). Data are from Thirlwall et al. (1996) and
Woodland et al. (2002). Values normalised to C1 chondrite (Anders
and Ebihara, 1982).
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and Th exhibit large positive anomalies with C1-
normalised values exceeding 400, whereas Pb is
strongly depleted (0.3÷3.2×C1). Marked positive Sr
anomalies are often observed. In general, the glass
compositions determined by LA-ICP-MS in the infil-
trated parts of the xenoliths cover the entire composi-
tional range defined by Grenada lavas pertaining to the
M- and C-series, to the M–C transitional series and to
the high-SiO2 andesites (Fig. 5B).
Interstitial glass and glass pockets of dacitic compo-
sition from the inner part of the xenoliths (Fig. 5C;
Table 9) are characterised by significantly lower trace-
element abundance (La up to 19×C1) and different
incompatibility diagrams. They exhibit marked negative
HFSE anomalies with NbN/TaN around 0.5, large
positive Sr anomalies and positively fractionated REE
patterns from MREE to HREE (GdN/YbN ∼0.58). The
critical ratios between geochemically important ele-
ments (i.e., Sr/Y=32÷40 and La/Yb=1.4÷3.8) along
with Cr contents up to 400 ppm are intermediate between
those of classical island-arc lavas and those of adakites.

7. Discussion

7.1. Nature of the pre-metasomatic mantle

Textural and chemical evidence clearly shows that
the Grenada xenoliths represent a sampling of the
lithospheric mantle beneath the island, and that this
mantle section underwent a chemical re-fertilisation as a
consequence of metasomatic processes probably via
melts and/or fluids formed in a subduction environment.
This is in agreement with the conclusions of Parkinson
et al. (2003). It is well accepted that Grenada is a
volcanic island related to the subduction of the Atlantic
Ocean beneath the Caribbean Plate. Accordingly, the
sampled mantle xenoliths should represent fragments of
pristine oceanic mantle which presently forms the
mantle wedge overlying the subducting plate. This
interpretation is confirmed by the close match of major
element composition of clinopyroxene from Grenada
xenoliths with that of clinopyroxene from oceanic
environments (Dick, 1989; Parkinson et al., 1992;
Ishii et al., 1992; Fig. 1).

The major element chemical composition of the most
Mg-rich (primitive) pyroxene suggests the oceanic
mantle was variably depleted as a consequence of
partial melting and melt removal before the re-fertilisa-
tion operated by metasomatic agents rising from the
underlying subducted slab. Unfortunately, trace ele-
ments allow only a rough evaluation of the extent of
partial melting events. Even the most primary (i.e., less
reacted) clinopyroxene underwent a slight re-fertilisa-
tion as evidenced by the LREE, MREE and, possibly, Sr
values in the incompatibility diagrams of Fig. 3A. Thus,
the degree of partial melting can be better inferred from
the HREE composition because these elements are
considered poorly affected by partial melting and
metasomatic processes (Hellebrand et al., 2001).
Assuming a depleted mantle as a starting composition
and the melting model proposed by Johnson (1990), the



Table 9
Representative trace-element composition of interstitial glasses (ppm)

Sample gr 1–5 gr 1–5 gr 1–5 gr 1–5 gr 20–90 gr 20–90 gr 20–90 gr 20–90

Sc 31.98 36.12 39.91 32.15 40.27 38.69 46.96 37.59
V 480 272 272 234 287 258 248 347
Cr 208 104 108 392 111 79.7 94.0 14.9
Rb 18.9 20.4 17.8 12.2 24.7 18.2 16.6 20.6
Sr 204 244 241 157 293 240 231 250
Y 5.12 7.47 7.04 4.38 7.19 6.97 7.05 7.7
Zr 6.64 9.86 9.40 4.89 6.62 7.25 4.93 14.2
Nb 0.703 1.82 1.43 0.777 1.51 1.11 1.20 1.05
Cs 0.300 0.637 0.496 0.435 0.536 0.68 0.84 b0.27
Ba 72.4 128 117 92.3 114 103 89.5 113
La 2.36 2.74 4.38 3.94 3.9 4.63 3.74 4.21
Ce 5.34 10.07 9.33 6.94 5.31 6.00 8.23 12.03
Pr 0.569 1.082 0.939 0.637 0.784 0.568 0.717 0.958
Nd 1.7 3.64 3.8 3.12 3.09 3.93 3.05 3.07
Sm 0.84 0.278 0.941 0.53 0.578 0.45 0.639 0.58
Eu 0.259 0.189 0.454 0.149 0.29 0.53 0.172 0.232
Gd 0.51 0.9 0.838 0.682 0.443 0.47 0.49 0.69
Dy 1.40 1.79 1.12 0.446 1.05 1.12 1.02 0.78
Ho 0.207 0.131 0.347 0.195 0.218 0.353 0.466 0.414
Er 0.45 1.38 1.11 0.627 0.767 0.306 0.474 0.58
Yb 0.600 0.94 1.23 0.279 1.51 0.84 1.81 1.13
Hf b0.023 0.131 0.139 0.196 0.228 b0.041 0.184 b0.65
Ta 0.184 0.051 0.099 0.043 0.044 b0.019 b0.018 0.147
Pb 1.33 3.56 2.53 2.97 3.35 1.56 2.98 4.13
Th 0.655 3.09 2.52 2.69 3.43 3.12 2.87 1.85
U 0.728 1.10 1.07 2.26 1.22 0.952 1.01 1.02
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HREE composition of clinopyroxenes from Grenada
xenoliths can be achieved with about 18% partial
melting, in good agreement with previous estimates by
Parkinson et al. (2003) based on both clinopyroxene
(∼18–22%) and orthopyroxene (∼20%). The predicted
partial melting amounts are typical of clinopyroxene
from oceanic and sub-arc environments and similar to
the estimates for the clinopyroxene of the Bay of Island
ophiolites complex (Batanova et al., 1998) and Lihir
(Papua New Guinea; Grégoire et al., 2001).

Based on their mineral assemblage and chemistry,
Grenada xenoliths appear to be brought up from the
shallow mantle near the crust–mantle boundary (∼30–
50 km) and therefore they not likely represent fragments
of peridotites at the bottom of the mantle wedge or from
source regions of present arc magmas. Other lines of
evidence (Parkinson et al., 2003) suggest that Grenada
harzburgites are residual to melting within a pre-lesser
Antilles subduction zone, rather than in an advecting
asthenospheric mantle. On this basis, it seems highly
probable that the xenolith lithologies underwent repeat-
ed episodes of metasomatism by either slab-related
fluids and/or fractionated melts produced by differenti-
ation of basaltic and andesitic liquids on their way to the
surface.
7.2. Re-fertilisation of the refractory mantle wedge

Previous studies concluded the dominant reaction
between melts and ambient peridotite mantle recorded at
Grenada is the generation of wehrlite at the expense of
orthopyroxene (Parkinson et al., 2003). This process
resulted from the interaction of low-Si melts (similar to
host M-series magma) which re-fertilised sub-arc mantle
leading to a clinopyroxene-rich lithologies. However,
this kind of process is not the only one the Grenada
xenoliths underwent during their evolutionary stages
and actually record. Three points need to be carefully
addressed:

1) The trace-element chemistry of glasses in the
infiltrated parts of the xenoliths is not compatible
with reactive melt percolation processes operated by
a single parental melt progressively evolving in
composition. The glasses span the entire composi-
tional range of Grenada lavas, i.e., from most
primitive M-series, through C- and M–C-series to
the high-SiO2 andesites, showing almost parallel
incompatibility patterns. The absence of fraction-
ation among element with different incompatibility is
in contrast with the compositional gradients expected
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to be formed by infiltration of picritic/basaltic
magmas and their reaction with the overlying mantle
column under variable melt/rock volumes.

2) If harzburgite represents the sub-arc refractory
mantle that has been only partially re-fertilised by
the migration of arc magmas after large degrees of
partial melting, then lherzolite should be regarded as
intermediate products of progressive melt/mantle
interaction (i.e., significantly re-fertilised) before the
wehrlite formation. On this ground, clinopyroxene
from harzburgite should possess, relative to their
analogues from lherzolite, more fractionated spectra
with pronounced LILE and LREE enrichments with
respect to more compatible elements (Bodinier et al.,
1990; Bedini et al., 1997). This difference is not
observed in Grenada clinopyroxene which exhibits
significant variations only in the most incompatible
elements regardless of their occurrence in lherzolite
and harzburgite samples.

3) The metasomatic signatures of Grenada pyroxene
which are unaffected by metasomatism or poorly
reacted with host lavas show close similarities with
the trace-element composition of dacitic melts found
in veins and pockets within mantle xenoliths. In
particular, a good correspondence is found for the
key elements U, Th, LREE, and Sr.

The chemical effects on the primary mineral assem-
blage of Grenada xenoliths related to the infiltration of
the metasomatic agent can be evaluated on the basis of
the differences between the trace-element signature of
the most reacted pyroxene and those preserving the most
primary composition. From the incompatible trace-
element diagrams of Figs. 3A and 4A, it is evident that
more reacted clinopyroxene and orthopyroxene are
characterised by strong LREE, U, and Th enrichment
compared with the primary and less reacted ones. This
LREE, U and Th overprint is attributable to the inter-
action of a metasomatic agent that was extremely rich in
these elements. Apparently, Sr does not appear to have
been modified by the metasomatic process, since the
majority of primary and reacted pyroxene shows a
positive (and quite constant) Sr anomaly, that is not
present in clinopyroxene in equilibrium with host lava.
Since a positive Sr anomaly is not a common feature of
refractory pyroxene after extensive partial melting
degrees of oceanic peridotites, and given that LILE and
most incompatible LREE react faster than Sr during
reactive porous flow and are more efficiently transported
by evolved melts/fluids, two alternative interpretations
can be made: 1) none of the investigated pyroxene
records pristine (i.e., refractory) Sr compositions,
possibly because most primary minerals found in
Grenada xenoliths were already slightly fluxed by an
earlier metasomatic agent before the LREE, U and Th
addition; 2) Sr enrichment is a primary feature of refrac-
tory mantle clinopyroxenes due to fluid-assisted melting
of mantle sectors fluxed by slab-derived fluids. Notice-
ably, both hypotheses require the presence of Sr-enriched
agents; moreover, the Sr enrichment, although at variable
extent, is a common feature of Grenada lavas and
interstitial glasses within mantle xenoliths.

The textural and chemical evidence that Grenada
xenoliths reacted before and during their ascent to the
surface with melts similar in compositions to the host
lavas might lead to the conclusion that these latter
caused the metasomatic overprint. However, different
lines of reasoning lead us to consider unlikely that the
LILE and Th, U enrichments observed in primary and
reacted clinopyroxenes are entirely related to the
interaction with host lavas. The first argument against
this interpretation is that the clinopyroxene in equilib-
rium with the host lava is not enriched in LREE relative
to HREE, has U and Th values more than two times
lower than metasomatic clinopyroxenes, and a negative
Sr anomaly. This geochemical signature is markedly
different from that of spatially associated clinopyroxene
which records the highest metasomatic enrichment.
According to the more recent models describing the
chemical effects of melt percolation (Vernières et al.,
1997; Bedini et al., 1997; Xu et al., 1998), large volumes
of percolating melt, such as those observed in the outer
parts of the xenoliths, basically result in completely re-
equilibrated pyroxenes which are related to the melt by
sets of reliable partition coefficients. This is the case of
clinopyroxene in Fig. 4C. Alternatively, small volumes
of fractionated melts evolved from the host lavas can
produce selective enrichments in most incompatible
elements, and this metasomatic signature could have
survived (based on kinetic reasons) the late arrival of
larger volumes of melts preceding the uptake of the
xenoliths. Quite apart from the problem that this process
does not result in Sr enrichments relative to the adjacent
LREE, a chromatographic separation of trace elements
through host peridotite during melt percolation is
expected to produce different patterns in lherzolite and
harzburgite samples in light of their different porosities
(i.e., melt/peridotite volume ratio) and of their different
bulk distribution coefficients (Navon and Stolper, 1987;
Bodinier et al., 1990; Vernières et al., 1997). Similar
chemical gradients of LILE and LREE over more
compatible elements depending on the rock composition
(i.e., harzburgite vs. lherzolite) and textural position are
not observed in Grenada pyroxenes, which therefore
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cannot be simply regarded as refractory phases re-
fertilised by interaction with host lavas.

A further and stronger evidence in favour of an
earlier metasomatic agent unlike the host lavas is the
strong parallelism between the metasomatic signatures
of Grenada pyroxene and the trace-element composition
of dacitic melts found in veins and pockets within
mantle xenoliths (Fig. 5C). The good correspondence
found for the key elements U, Th, LREE and Sr suggests
a strong genetic relationship and points to a common
metasomatic agent that either reacted with the mantle
wedge beneath Grenada or was re-mobilised by later
melting of a previously enriched mineral assemblages.
In the former hypothesis, interstitial glasses are regarded
as remnants (possibly highly reacted) of infiltrated
metasomatic agents, whereas in the latter dacitic glasses
formed by in-situ melting of a LILE-enriched mineral
assemblage with a subordinate contribution of perco-
lating melts similar to host lavas.

7.3. The origin of dacitic melts

The origin of silica-rich interstitial glasses is crucial
to reconstruct the metasomatic history of the mantle
column beneath Grenada. Do dacitic melts represent
relics of earlier metasomatic agents, completely unlike
the host lavas or did they formed as end products of
melt/mantle reaction processes operated by melts similar
to host magmas? None of these hypotheses are regarded
as plausible.
Fig. 6. Incompatible trace-element diagram comparing dacitic melts from G
Values normalised to C1 chondrite (Anders and Ebihara, 1982).
Based on their compositions, it could be argued that
dacitic glasses are comparable to adakites, and not
typical arc melts (Kepezhinskas et al., 2000). This view
could be supported by the occurrence of adakites on
Grenada (Defant et al., 2000) and the analogy with the
geologic setting and the metasomatic signatures of
Kamchatka xenoliths (Kepezhinskas et al., 1995, 1996)
which document island-arc metasomatism by peridotite-
slab melt interaction. As for major elements, dacitic
glasses share some similarities (namely SiO2 and Al2O3

content) with adakite lavas from the Andean Austral
Volcanic Zone (Stern and Kilian, 1996) and Kamchatka
(Kepezhinskas et al., 1996). However, they have low-
Na2O content and do not completely match the compo-
sition of surface lavas in some parameters such as the
Mg#, the alkali (Na2O; K2O) and the TiO2 content.
Moreover, quite apart some overall similarity with
natural occurring transitional adakites (e.g., Kamchatka
and AVZ) and with the experimental transitional adakite
from Rapp et al. (1999), dacitic glasses are characterised
by deep negative Zr and Hf anomalies and possess
higher HREE, Ba/Zr (8–19), Nb/Zr (up to 0.24) and
lower Sr/Y (≤40) with respect to adakite-type lavas
(Fig. 6). Thus, chemical evidence indicates that the
composition of the interstitial glass and glass pockets of
dacitic composition from the inner part of the xenoliths
is not that of adakitic composition. That is, it is distinctly
different from the adakite glasses described in other
mantle xenolith occurrences, such as from Kamchatka
and the Philippines (Defant and Kepezhinskas, 2001).
renada xenoliths with natural and experimentally-produced adakites.
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Those glasses show the typical HREE and Y depletions
of adakites not found in the Grenada xenolith glasses.

Geological reasons may also explain the lack of
adakite fingerprinting within shallow lithospheric man-
tle. Parental melts of adakites should originate at pres-
sure equivalents at N120 km depth, i.e., in the subducted
slab or in the lowermost mantle wedge. It seems thus
plausible that these melts may have not survived
percolation through at least 70–90 km of mantle
wedge peridotites before reaching (unmodified or poorly
modified) the shallow peridotites (30–50 km depths),
now outcropping as basalt-borne xenoliths.

Alternatively, high-silica glasses could be regarded
as the end products of melt/mantle reaction processes
generated by melts similar to host magmas. These
reactions have been described in other mantle xenolith
occurrences (Zinngrebe and Foley, 1995) and reported
for Grenada xenoliths by Parkinson et al. (2003). They
lead to the generation of wehrlites at the expense of
orthopyroxene and silica-rich melts.

Glasses reported by Parkinson et al. (2003) fall at the
end of the alkali vs. SiO2 trend (Fig. 2), clearly
representing highly evolved compositions completely
unlike dacitic glasses described in this work which are
characterised by higher silica and much lower alkali
contents. Dacitic glasses also differ from reaction glasses
for their lower Nb, Ta and L-MREE contents, the positive
Sr anomaly and a marked positive upward slope from
MREE to HREE (Fig. 5C). In contrast, reaction glasses
reported by Parkinson et al. (2003) show geochemical
signatures still reminiscent of host lavas, in spite of the
obvious fractionation induced by peridotite/melt reaction.

In terms of major elements, the interstitial glasses
reported in this paper have some similarities, namely
high silica and alumina contents and low alkalies, with
type II glasses from Gees xenoliths (West Eifel,
Germany, Zinngrebe and Foley, 1995). These glasses
have been interpreted as derived by AFC-type reaction
between basalt (opx-undersaturated) and harzburgite
wall-rock. The pre-eruption melt composition, although
extensively modified during ascent by dissolution of
olivine and orthopyroxene and by crystallisation of
microlites, was estimated to be a high-alumina basaltic
andesite (55–60 wt.% SiO2, 18 wt.% Al2O3, 2 wt.%
alkalies). In Gees glasses the progressive reaction
between percolating melt and peridotite minerals
(mainly orthopyroxene) is documented by a progressive
decrease of the alkali content with increasing silica (see
Fig. 2). This is not observed for interstitial glasses from
Grenada, which are clearly separated from reacted
glasses (this work and Parkinson et al., 2003; Fig. 2) by
a large compositional gap.
We agree that the observed gap can result from
sample bias and that an origin of our interstitial glasses
by reaction between incoming melt and ambient
peridotite cannot be ruled out. However, textural
evidence also indicates that interstitial glasses occur in
the inner portions of the xenoliths without an apparent
network of veins and are unrelated to frozen host lavas
in the outer rim of xenoliths part. This, along with the
absence of chemical gradients in both interstitial glasses
and pyroxenes (usually observed during reactive porous
flow or melt percolation through ambient peridotite; cfr.
Bedini et al., 1997; Wulff-Pedersen et al., 1999) and the
strong similarity with the geochemical signatures of
associated pyroxenes, strongly suggests that dacitic
glasses do represent the products of an in-situ melting
caused by temperature increase before and during the
uptake of xenoliths by host lavas. The refractory
(harzburgitic) nature of sub-arc mantle accounts for
the low alkali (and particularly Na) content of these
melts, unlike evidence from natural and experimental
melts from more fertile peridotite compositions (Baker
et al., 1995; Hirschmann et al., 1998). In other words,
we believe that dacitic glasses could be local re-melts of
regions metasomatically enriched by earlier arc magmas
that had stalled, fractionated, and solidified in the upper
mantle. These local re-melts thus reflect the metaso-
matic component formed by earlier arc-related metaso-
matic agents and suitable to be re-mobilised by later
melts during their migration towards the surface. This
appears to be also the easiest way to explain the
compositional similarities between the erupted arc lavas
and the metasomatised peridotites.

8. Concluding remarks

Parkinson et al. (2003) documented that shallow sub-
arc mantle beneath Grenada significantly interacted with
percolating low-silica melts after older fractional
melting events within a pre-lesser Antilles subduction
zone. We provide here geochemical evidence that the
geochemical signatures of Grenada xenoliths probably
result from several stages of metasomatism, the last of
which was most likely operated by uprising alkali
basalts (M-series).

Inferences on the nature of metasomatic agents which
re-fertilised the lithosphere mantle after the partial
melting (but before the percolation of later alkaline
melts) can be derived from the composition of primary
and reacted pyroxene, and, more importantly, on the
trace-element signatures of interstitial dacitic melts. The
observed strong LREE, Ba, Sr, U and Th enrichment
coupled with marked HFSE depletion are typical
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features of fluids and magmas from arc-related settings.
In normal subduction zones where thermal gradients are
relatively low, the mantle wedge is fluxed by aqueous
fluids released as a consequence of the slab dehydration.
LILE are expected to possess the highest mobility in
aqueous fluids (e.g., Keppler, 1996), and thus are the
most suitable for the detection of the involvement of an
aqueous agent in the metasomatic process. However,
because pyroxene, due to structural impediments,
cannot host Ba, Rb and the other large-ion elements,
no useful information can be achieved from this group
of elements. An exception is made for Sr, but this
element does not give an unique answer on the nature of
the slab flux because positive Sr anomalies, even if with
different entities, are present in lavas originated from
both partial melting of the subducted slab (adakites; e.g.,
Stern and Kilian, 1996) and partial melting of the mantle
wedge fluxed by aqueous fluids (e.g., McCulloch and
Gamble, 1991). The positive Sr anomaly shown by
pyroxene thus would agree with either an aqueous or a
silicate metasomatic agent. Even if the partitioning data
show that LREE have a slightly higher compatibility
than HREE, the REE group can be generally considered
immobile in aqueous fluids (e.g., Brenan et al., 1995).

In Figs. 3D and 4B, the metasomatic signatures of
mantle pyroxene from Grenada xenoliths are compared
with those of pyroxene from arc settings, fluxed by
aqueous fluid (Grégoire et al., 2001). The latter are
depleted in LREE up to one order of magnitude relative
to those of Grenada clinopyroxene and are characterised
by an abrupt positive U anomaly and strong U/Th
fractionation. According to experimental data (Brenan
et al., 1995; Keppler, 1996), U has a significantly higher
compatibility than Th in aqueous fluids that leads to U/
Th fractionation during dehydration processes. On this
basis, the metasomatic agent that fluxed the mantle
wedge producing the strong LREE and Th enrichment,
as well as the nearly chondritic U/Th value, in Grenada
pyroxene was most likely a silicate melt and not a pure
aqueous fluid.

This conclusion is consistent with recent experimental
evidence for fluids and melts equilibrated with basaltic
eclogite at depth conditions≤120 km (Kessel et al.,
2005). Whereas solubilities of Rb, Cs, Ba and Pb are high
even in low-T aqueous fluids, only high-T (900 °C)
aqueous fluids or hydrous melts (1000 °C) are efficient
carriers of Sr, LREE, Th and U and thus plausible
metasomatic agents for Grenada sub-arc mantle. Given
that Grenada xenoliths do represent fragments of a
shallow mantle near the crust–mantle boundary and not
peridotites at the bottom of the mantle wedge which are
more easily fluxed by slab-derived fluids, their metaso-
matic fingerprintings are more likely related to interaction
with sub-arc melts. Geological and geochemical argu-
ments suggest that these latter did not form by melting of
subducted slab, but generated in the deeper (relative to the
mantle level sampled by xenoliths) portion of the mantle
wedge, fluxed by slab-derived fluids (Thirlwall et al.,
1996).

The results of this study have two major implications.
Firstly, pyroxene from Grenada xenoliths can be
regarded as representative of pyroxene compositions
in upper lithospheric mantle sectors which interacted
with IAB melts. Accordingly, they can be used for
comparative purposes in studies of mantle lithologies
from back-arc regions which had their pristine (i.e., sub-
arc) geochemical signatures overprinted by the perco-
lation of large volumes of post-orogenic alkaline melts
from deeper asthenospheric mantle regions, as it is the
case of Southern Patagonia (Rivalenti et al., 2004).

Secondly, our results indicate that the lithospheric
mantle beneath Grenada acquired its geochemical
fingerprinting during the thickening of arc crust.
Repeated episodes of peridotite interaction with earlier
arc magmas that had stalled, fractionated, and solidified
in the upper mantle led the mantle column to possess a
common metasomatic component that was re-mobilised
by later melts during their migration towards the surface.
This could explain the compositional similarities
between the arc lavas and the metasomatised peridotites,
but does not offer new insights to decipher the
relationships among erupted adakites and the sub-arc
peridotite mantle (Defant and Kepezhinskas, 2001).

In this respect, the lack of glass melts resembling
adakites is unexpected and makes the Grenada
xenoliths unique. The origin of adakites found at
surface has been related to slab melting, related
potentially to the unique tectonics of the southern
terminus of the Lesser Antilles where Grenada resides
(Defant et al., 2000). These melts are expected to react
with host mantle during their migration towards the
surface. Thus, mantle xenoliths should bear the unique
signatures of this metasomatism as documented
elsewhere (Schiano et al., 1995; Defant and Kepez-
hinskas, 2001; Prouteau et al., 2001). Melts low in
HREE and Y relative to the LREE (adakites) have
been reported in xenoliths from the Batan arc,
Philippines (Schiano et al., 1995), the Kamchatka arc
(Kepezhinskas et al., 1995, 1996), and the Austral
Andean arc (Stern and Kilian, 1996). As discussed
above, the Grenada silica-rich interstitial melt inclu-
sions resemble adakites in their high Si, Al, and Sr but
do not have low Y or HREE. We have had to conclude
that these melts are due to in-situ melting, but our
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sampling of interstitial glass inclusions was limited to
two harzburgite samples and inclusions large enough
to analyse. Further studies may uncover the presence
of adakitic melts. Alternatively, we have to speculate
either that at Grenada adakites migrate from their
source regions along major lithospheric fractures or
that their metasomatic charge cannot be easily
recognised in the shallower lithospheric mantle
because it was progressively lost during the migration
towards the surface.

One thing is clear: Grenada is extremely unique in its
variety of rocks including calc-alkaline and alkalic suites
of volcanic rocks, adakites and mantle xenoliths. No
where is there anything like them in the Lesser Antilles
arc, and most arcs bear nothing similar. The unique
compilation of lavas may require a unique tectonic and
petrogenetic scenario.
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