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ABSTRACT

Lying atop the relatively motionless Antarctic plate (velocity �6�46 mm a–1), the Crozet archipelago,

midway between Madagascar and Antarctica, is a region of unusually shallow (1543–1756 m) and

thickened oceanic crust (10–16�5 km), high geoid height, and deep low-velocity zone, which may

represent the surface expression of a mantle plume. Here, new major and trace element data are

presented for Quaternary alkali basalts of the subaerial eruptive stage of East Island, the most east-

erly and oldest island (�9 Ma) of the Crozet archipelago. Crystallization at uppermost mantle
depths and phenocryst accumulation have strongly affected the parental magma compositions.

Trace element patterns show a large negative K anomaly relative to Ta–La, moderate depletions in

Rb and Ba with respect to Th–U, and heavy rare earth element depletions relative to light rare earth

elements. These characteristics allow limits to be placed upon the composition and mineralogy of

the mantle source of the magmas. The average trace element pattern of the East Island basalts can

be matched by �1�7% melting of a garnet–phlogopite-bearing peridotite source. The stability field
of phlogopite restricts melting depths to lithospheric levels. The modelled source composition re-

quires a multistage evolution in which the mantle has been depleted by melt extraction before

being metasomatized by alkali-rich plume-derived melts. The depleted mantle component is

inferred to be sourced from residual mantle plume remnants that stagnated at the melting locus

owing to a weak lateral flow velocity inside the melting region, whose accumulation progressively

forms a depleted lithospheric root above the plume core. Low-degree, alkali-rich melts are prob-

ably derived from the plume source. Such a mantle source evolution may be general to both terres-
trial and extraterrestrial environments in which the lateral component velocity of the mantle flow

field is extremely slow.
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INTRODUCTION

In contrast to the large number of geochemical studies

carried out on the Kerguelen and Mascarene archipel-

agos in the Indian Ocean, the magmatic evolution of the

Crozet Islands has received far less attention (Gunn et al.,

1970; Zhou, 1996; Breton et al., 2013). The Crozet archi-

pelago comprises a number of islands and islets (Figs 1
and 2a), divided into two groups: an older eastern island

group (<9 Ma) composed of large-scale volcanic land-

masses (East and Possession islands), and a younger

western group (<5�5 Ma) composed of two small islands
(Pig and Penguin) and islets (Apostle Islets). A detailed

description of the regional geodynamic context

is given in Supplementary Data Electronic Appendix 1

(supplementary data are available for downloading

at http://www.petrology.oxfordjournals.org). Magmatic
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processes occurring in this archipelago probably repre-

sent an end-member case for models of intraplate mag-

matism because of its location on the slowest moving

plate on Earth, the Antarctic plate (�6�46 mm a–1; King &

Adam, 2014), and an associated upwelling buoyancy flux

estimated at 0�25–0�5 Mg s–1 (e.g. Sleep, 1990; King &
Adam, 2014), placing it among the weakest mantle up-

wellings on Earth. The mantle upwelling and, therefore,

melting rates beneath the Crozet Islands are estimated to

be among the lowest of all Earth’s upwellings and have

been strongly spatially focused for the last �10 Myr. This

is probably the reason why the Crozet Bank is one of the
shallowest of all oceanic island swells, with a height of

1543–1756 m (Monnereau & Cazenave, 1990; Sleep,

1990; King & Adam, 2014), and why measurements of

heat flux yield the highest value (96 mW m–2; Courtney &

Recq, 1986) so far observed among ocean islands (Harris

& McNutt, 2007). This prolonged focusing of the melting

activity is predicted to induce long-term interactions of
the upwelling mantle with the overlying Antarctic litho-

sphere. The area is also associated with a regional geoid

high (Monnereau & Cazenave, 1990) and a deep low-

velocity zone (down to 2350 km; Montelli et al., 2004,

2006). All these features point towards the presence of a

significant mantle thermal anomaly below the archipel-

ago. However, for decades, scientists have been puzzled

by the proposed existence of a mantle plume fuelling the

volcanism of the Crozet Islands, because of the absence

of a preserved prominent volcanic record on the adjacent
African, Antarctic and Australian plates that could link

the present-day Crozet archipelago to a precursor flood

basalt province.

Here we focus on the Quaternary volcanic rocks of

the eastermost and oldest island of the Crozet archipel-

ago, East Island (Fig. 2a), to examine the effects of a
near-stationary plate on intraplate melting processes.

East Island (�130 km2) forms a central volcanic cone

incised by deep valleys radiating from its center (Mt

Dusclemeur), separated by steep-sided ridges (Fig. 2b;

see Supplementary Data Electronic Appendix 1 for a de-

tailed description of East Island geology). This glacially

eroded volcanic peak rises �1000 m above sea level
and was built c. 9 Myr ago (Gunn et al., 1970; Lameyre

& Nougier, 1982; Chevallier et al., 1983). The island has

not been visited since the late 1970s. Gunn et al. (1970)

undertook preliminary field mapping associated with a

Fig. 1. Maps of the southwestern Indian Ocean. (a) Topographic map of continents and ocean floor (Becker et al., 2009). (b) Age dis-
tribution (Ma) of the Indian Ocean seafloor (Müller et al., 2008). (c) Geoid height (m) (Sandwell & McAdoo, 1990). (d) Residual depth
(m) of the oceanic basement (Crosby et al., 2006). Plate boundaries are from Argus et al. (2011) and DeMetz et al. (1990). All data
have been retrieved from the GeoMapApp application (www.geomapapp.org).
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petrological study of East Island lavas. Later, Lameyre

& Nougier (1982) further detailed the island’s geology.

Four distinct volcanic cycles (first, 8�75–2�9 Ma; second,

1�6–0�9 Ma; third, 0�5–0�4 Ma; fourth, <0�1 Ma) were

recognized based on K–Ar geochronology (Chevallier

et al., 1983; Verwoerd et al., 1990). The lavas emitted
during the second and third cycles define an alkaline

suite (Gunn et al., 1970). Gunn et al. (1970) suggested

that they were derived from a single alkaline parental

magma by low-pressure fractionation. From the sparse

geochemical data available for East Island, and the

archipelago in general, it seems that most basalts are

alkalic rather than tholeiitic (Gunn et al., 1970; Zhou,

1996; Giret et al., 2002; Breton et al., 2013). The existing,
albeit limited, Sr–Nd–Pb radiogenic isotope data for the

rocks of East and Possession Islands, which constitute

Fig. 2. Maps of the Crozet Bank and East Island and the studied lava sections. (a) Bathymetric map of the Crozet Bank from the
Global Multi Resolution Topography data portal (www.marine-geo.org). Isobaths are labeled every 200 m. Red dashed lines indi-
cate seafloor ages (Müller et al., 2008). All data have been retrieved from GeoMapApp (www.geomapapp.org). (b) Schematic geolo-
gical map of East Island [modified from Lameyre & Nougier (1982) and Verwoerd et al. (1990)] showing the location of the sampled
sections. Unit 1: brecciated and metamorphosed dyke complex with layered plutonic rocks (�), epidote (e) and zeolite (z). Unit 2:
conglomerates, agglomerates and thin basaltic flows. Unit 3A: volcanic agglomerates capped by hawaiite flows. Unit 3B: volcanic
agglomerates and lava flows. Unit 4: scoriaceous cones. (c) Lava sections sampled by Gunn et al. (1970) [modified from Gunn et al.
(1970) and Lameyre & Nougier (1982)]. Lava flows are numbered following Gunn et al. (1970). K–Ar age determinations for each
unit are from Verwoerd et al. (1990).
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the oldest parts of the archipelago (Fig. 2a), point to the

presence of a remarkably homogeneous mantle source,

similar to that of the Mascarene shield volcanoes

(Mahoney et al., 1996; Breton et al., 2013). The youngest

part of the archipelago (Pig and Penguin Islands and
Apostle Islets, Fig. 2a) has a distinct Sr–Nd–Pb isotopic

signature, requiring a large contribution from a FOZO-

like mantle component to its mantle source (Breton

et al., 2013).

Understanding the petrogenesis of alkali basalts in

the Crozet archipelago requires a comprehensive ap-

proach, including mineral chemistry and whole-rock
major and trace element compositions, as presented

here. Based on these data we discuss the importance of

assimilation and fractional crystallization processes in

determining the chemistry of East Island lavas. We con-

clude that the chemical characteristics of East Island

lavas are the result of low extents of melting of residual
metasomatized mantle remnants.

SAMPLING AND METHODS

Sample location and selection
A full description of the regional geodynamic con-

text, as well as the geology and stratigraphy of East

Island, is provided in Supplementary Data Electronic
Appendix 1. The samples from East Island analyzed

here were cored in 1969, as reported by Gunn et al.

(1970), from the northern part of the island along

three stratigraphic sections (Fig. 2b and c): Albatros

Valley (section A, Fig. 2b and c), Penguin Falls

(section B, Fig. 2b and c), and Mt Marion (section C,
Fig. 2b and c), corresponding to the second (Unit 2),

lower third (Unit 3a) and upper third (Unit 3b) units

of the stratigraphy, respectively. It should be noted

that according to the latest geographical termin-

ology the Abundance Bay and East Shipwreck

Bay sections of Gunn et al. (1970) have been

renamed as the Albatros Valley (section A) and
Mount Marion sections (section C, Fig. 2b and c), re-

spectively. Twenty-five samples were selected to en-

sure relatively uniform stratigraphic coverage of

these three sections and were classified with respect

to phenocryst abundance and assemblage, vesicular-

ity, and extent of alteration. Petrographic and min-
eralogical descriptions are given in Supplementary

Data Electronic Appendix 1. Representative samples

of each subtype were selected for geochemical

analysis.

Rationale for the separation of groundmasses in
East Island lavas
Because most of the samples are small (2�5 cm� 1�5 cm;

see Supplementary Data Electronic Appendix 1),

coarsely phyric core samples, we chose to carefully

extract and analyze only their groundmasses. The ra-
tionale for implementing such a separation procedure

was two-fold: (1) to overcome potential sample

heterogeneity; (2) to avoid accumulative crystal ef-

fects so as to obtain the most reliable residual melt

composition.

Because of their variable phenocryst contents, as

high as �50%, and their small size (Supplementary
Data Electronic Appendix 1), our samples are not repre-

sentative of residual liquids. The accumulation of

phenocrysts (olivine and clinopyroxene) strongly biases

the bulk chemical compositions relative to those of

melts, because (1) crystals may be xenocrysts inherited

from either the mantle source or the oceanic crust, or a

previous melting event, and (2) their modal distribution
in the analyzed aliquot may strongly diverge from that

of the host lava flow. The most reliable way to over-

come these difficulties is to analyze the groundmass

composition.

The validity of this approach was tested by least-

squares mass-balance calculations to determine the
proportions of crystals that must be added to the

groundmass compositions to yield the whole-rock ana-

lyses, based on published whole-rock analyses by Gunn

et al. (1970) and new major element analyses of the

phenocryts in the East Island lavas (see Supplementary

Data Electronic Appendices 2–5). The results are shown
in Table 1. The proportions of olivine and clinopyroxene

broadly correspond to the observed modal proportions,

varying from �9�3 to �26�4%. The least-squares sum is

well beyond the X-ray fluorescence (XRF) analytical

errors for two of the samples, CE0061 AV and CE0054

AV. This could be ascribed to the lower precision of the

Gunn et al. (1970) major oxide analyses compared with
modern state-of-the art data.

Whole-rock groundmass compositions
Single groundmass analyses from each section (A, B

and C, Fig. 2c) sampled by Gunn et al. (1970) are pre-
sented in Tables 2 and 3. Our major element data for

aphyric or near-aphyric samples (e.g. CE0432 M,

Table 1. Least-squares mass-balance calculations

Sample XOL XCPX XOP XPL XLQ R2

CE0061 AV 0�072 0�102 — 0�064 0�761 0�948
CE0054 AV 0�025 0�223 0�032 — 0�72 0�831
CE0041 AV 0�018 0�113 0�006 — 0�863 0�066
CE0031 AV 0�035 0�229 0�002 — 0�734 0�011
CE0021 PF 0�064 0�029 0�004 — 0�903 0�057
CE0016 PF 0�075 0�047 0�018 — 0�86 0�095
CE0362 M 0�052 0�077 0�003 — 0�867 0�061
CE032 M 0�065 0�1 0�005 — 0�83 0�037
CE0303 M 0�099 0�059 — 0�019 0�823 0�018
CE0282 M 0�02 0�133 — — 0�846 0�299
CE0151 M 0�102 0�051 0�002 — 0�845 0�026

Least-squares mass-balance calculations (Bryan et al., 1969)
demonstrate that [liquid composition (XLQ)]þ [olivine
(XOL)þ clinopyroxene (XCPX) 6 plagioclase (XPL) 6 oxides
(XOP)]¼ [whole-rock composition]. Whole-rock compositions
for these calculations are from Gunn et al. (1970) on the same
samples. The calculations were made using SiO2, TiO2, Al2O3,
FeO, MgO, CaO, Na2O and K2O, with all oxides weighted. R2 is
the sum of squares of residuals for those same oxides. AV,
Albatros Valley; PF, Penguin Falls; M, Mt Marion.
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CE0192 M) overlap with those obtained on the same

flows by Gunn et al. (1970).

Evaluation of alteration
Our samples do not show any marked geochemical

signs of subaerial alteration. Sodium and K are readily

lost during glacial weathering of basalts, whereas Ca,

Si, and P are more slowly leached (Gislason et al.,

1996). Aluminum, Fe, Ti, and Mn can be considered as

near-immobile elements during this process (Gislason
et al., 1996). Overall, our samples do not display any

correlations between loss on ignition (LOI) or degree of

petrographic alteration and relative depletions of K2O,

Rb, Ba, Sr and Na2O. Instead, the latter correlate with

immobile elements such as Nb, Ta, and Th. Uranium,

which can be mobile in some subaerial environments,

generally appears to have been only little affected by
secondary processes. The range of whole-rock Th/U

ratios for all samples (3�9–5�3) is similar to the range

(4�0–5�3) reported for the various lava series of the

Crozet archipelago (Breton et al., 2013) and overlaps

with that of worldwide ocean island basalt (OIB) (2�8–

5�3; Andersen et al., 2015). Whole-rock Nd/Pb, which
varies between 13�9 and 16�9, slightly extends the range

of other Crozet archipelago lavas (12�9–16�1; Breton

et al., 2013) and falls in the range of modern OIB glo-

bally (9�8–21�9; Newsom et al. 1986), indicating that

alteration-related mobility of Pb generally has been

modest. The major and trace element systematics indi-

cate that the trends observed in East Island lavas are

magmatic rather than weathering-induced.

MAJOR ELEMENT CHEMISTRY

General classification of magma types
Overall, the lavas from East Island are not MgO-rich

(MgO< 9 wt %, Table 2). The most magnesian rocks

(MgO> 9 wt %) are phyric basalts (CE0016 PF, CE0021

PF, and CE0151 M) containing a large amount of olivine

phenocrysts and a minor proportion of clinopyroxene

phenocrysts, whereas the least magnesian rocks are

aphyric basalts (CE0192 M and CE0203 M; see
Supplementary Data Electronic Appendix 1 for petro-

graphic and mineralogical descriptions of the East

Island samples). In a total alkalis (Na2OþK2O) versus

silica (TAS) diagram (Fig. 3), the lavas from East Island

are all classified as alkali basalts and overlap with the

moderately alkaline suite defined by other Crozet mag-
matic rocks (Chevallier et al., 1983; Verwoerd et al.,

1990; Zhou, 1996; Breton et al., 2013). Their nepheline

Table 2. Major element data (in wt %) for lavas from East Island (Crozet archipelago, Indian Ocean); all samples are basalts in TAS
classification

SiO2 TiO2 Al2O3 Fe2O3t MnO MgO CaO Na2O K2O P2O5 LOI H2O– Total

Albatros Valley, Unit 2
CE0106 AV 47�58 3�27 14�59 12�55 0�18 6�83 11�68 2�70 1�34 0�49 –0�57 0�12 100�76
CE0084 AV 47�00 3�18 12�93 11�05 0�15 9�90 12�73 2�19 1�09 0�41 –0�24 0�15 100�54
CE0061 AV 46�76 3�12 14�41 14�06 0�19 6�27 12�07 2�60 1�27 0�48 –0�58 0�12 100�77
CE0054 AV 46�45 3�07 14�33 13�88 0�19 6�36 12�14 2�54 1�21 0�46 –0�54 0�14 100�23
CE0041 AV 46�82 3�13 14�67 14�15 0�20 6�00 11�92 2�77 1�25 0�48 –0�65 0�09 100�83
CE0031 AV 46�59 3�03 14�25 13�94 0�20 6�57 12�08 2�56 1�17 0�46 –0�59 0�09 100�35
Penguin Falls, Unit 3a
CE0021 PF 46�11 2�80 12�27 12�30 0�16 11�27 12�50 2�23 1�03 0�39 –0�46 0�11 100�71
CE0016 PF 46�27 2�85 12�23 11�89 0�16 10�85 12�87 2�19 0�97 0�39 –0�40 0�12 100�39
Mt Marion, Unit 3b
CE0432 M 47�18 2�87 13�42 12�61 0�18 7�67 12�64 2�26 1�20 0�38 –0�39 0�14 100�16
CE0412 M 48�24 2�87 12�94 11�05 0�16 8�50 13�52 2�31 1�09 0�37 –0�50 0�08 100�63
CE0402 M 47�94 2�77 12�68 11�41 0�17 8�48 13�07 2�36 1�13 0�39 –0�37 0�12 100�15
CE0383 M 48�22 2�68 13�77 12�17 0�17 9�02 10�67 2�69 1�33 0�49 –0�58 0�08 100�71
CE0371 M 48�23 2�68 14�03 11�82 0�17 8�27 10�74 2�75 1�34 0�48 –0�58 0�09 100�02
CE0344 M 47�82 3�26 15�02 12�84 0�18 6�12 11�07 2�82 1�41 0�48 –0�62 0�08 100�48
CE032 M 47�73 2�86 14�05 12�26 0�17 8�66 11�38 2�45 1�05 0�42 –0�38 0�08 100�73
CE0303 M 47�27 3�01 13�52 12�06 0�17 8�27 11�93 2�48 1�30 0�42 –0�34 0�16 100�25
CE0293 M 47�36 2�91 13�90 12�65 0�17 8�97 11�57 2�42 1�17 0�41 –0�75 0�09 100�87
CE0282 M 45�80 3�50 13�87 14�24 0�19 6�37 12�49 2�41 1�32 0�44 –0�64 0�11 100�10
CE0223 M 47�88 3�03 14�34 11�88 0�17 7�41 11�92 2�66 1�39 0�48 –0�60 0�08 100�64
CE0203M 47�31 3�49 15�67 12�77 0�18 5�56 10�51 3�07 1�51 0�55 –0�76 0�06 99�92
CE0192 M 46�60 3�46 15�66 13�58 0�19 5�64 10�96 2�94 1�56 0�52 –0�78 0�05 100�38
CE0182 M 46�52 2�96 13�98 11�98 0�17 7�78 13�02 2�33 1�20 0�40 –0�39 0�09 100�04
CE0171M 46�73 2�87 14�00 12�00 0�17 9�01 12�19 2�43 1�21 0�40 –0�40 0�07 100�68
CE0151 M 46�70 2�89 13�66 12�27 0�17 9�29 12�06 2�45 1�02 0�39 –0�37 0�09 100�62
CE0143 M 47�26 2�84 13�56 11�66 0�17 8�89 11�83 2�18 1�25 0�44 –0�12 0�13 100�09

Stratigraphic unit numbers are from J. Nougier (personal communication). AV, Albatros Valley; PF, Penguin Falls; M, Mt Marion.
All samples were coarsely crushed and sieved to a 0�2–0�5 mm size fraction from which weathered and cumulative portions were
removed to obtain a phenocryst-free matrix separate. These fresh rock chips were then repeatedly washed ultrasonically in ultra-
purified water to remove any potential contaminants, then dried with ethanol. They were then crushed in an agate mortar and
weighed. Major element chemistry was determined on �1�2 g of powdered matrix sample by X-ray fluorescence spectroscopy
using fused glass discs at the Laboratoire des Sciences de la Terre (UMR 5570), University Claude Bernard, Lyon 1. Analytical errors
are less than 2% for SiO2, Al2O3, Fe2O3, MgO, CaO, Na2O and TiO2, and 5–10% for MnO, K2O and P2O5. The reproducibility (% RSD)
for this latter technique, based on repeated analyses of four East Island samples, ranges from 0�02 to 0�33%.
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normative contents (calculated volatile free after nor-

malization to 100% and assuming Fe2O3/FeO¼ 0�11,

after Cottrell & Kelley, 2011), varying from 0�3 to 4�4 for

most of the samples, further confirm their alkalic na-
ture. Only one sample (CE0032 M) is slightly hyper-

sthene normative.

Major element variations as a function of MgO
When major element chemistry is considered as a func-

tion of MgO (Fig. 4), our results generally overlap with

previously published whole-rock data for the Crozet
archipelago (Bellair, 1963; Gunn et al., 1970; Chevallier

et al., 1983; Zhou, 1996; Breton et al., 2013); however, at

a given MgO content, the variation of major element

concentrations within our dataset is generally small

compared with that of previous studies. Decreasing

MgO content is associated with an increase in Al2O3,
TiO2, Na2O, K2O, and P2O5 (Fig. 4). In contrast, SiO2,

FeO, and CaO show little, if any, systematic variation as

a function of MgO (Fig. 4). We note that these variations

are qualitatively consistent with the trends expected for

liquid lines of descent resulting from crystallization of

olivineþ clinopyroxene (Fig. 4). At the scale of the archi-

pelago, for a given MgO content, there are some sys-
tematic compositional variations between the eastern

and western groups of islands. Lavas from the western

group are on average richer in FeO and TiO2, but poorer

in SiO2 and CaO relative to those from the eastern

group. At a given MgO content, the compositions of

lavas from Possession Island differ from those of East
Island in having lower Na2O and SiO2, and slightly

higher Al2O3.

TRACE ELEMENT CHEMISTRY

Primitive mantle normalized trace element
abundances
The abundances of trace elements in the studied East

Island lavas are presented in Table 3. Relative to an esti-

mated primitive mantle composition, the trace element

abundance patterns of East Island lavas are typical of

within-plate volcanic rocks, showing enrichments in Nb
and Ta (Fig. 5a; Willbold & Stracke, 2006). One distinct-

ive feature of these patterns is their negative K anomaly

with respect to Ta and La (Fig. 5a). Other large ion litho-

phile elements (LILE), such as Ba and Rb, are also

depleted relative to Th in East Island samples, whereas

Sr does not display a negative anomaly relative to Nd

and Zr (Fig. 5a).
When incompatible element abundances for all units

of East Island are normalized to an estimated primordial

mantle composition, some basalts potentially belong-

ing to Unit 1 (Zhou, 1996) display slightly higher abun-

dances of highly incompatible elements and lower

abundances of moderately incompatible elements rela-
tive to those of Units 2 and 3 (Fig. 5b). Lavas from

Possession Island show slightly stronger fractionation

of highly incompatible relative to moderately incompat-

ible elements, and have lower overall abundances of

moderately incompatible elements (Fig. 5b and c). We

note that the trace element abundances of Possession

Island lavas have a smaller range of variation than
those of East Island (Fig. 5b). In contrast, lavas from

Penguin Island show geochemical differences relative

to those of the oldest islands, which are illustrated by

the presence of a larger positive Nb–Ta anomaly, with

the concurrent development of large positive Ba and Sr

anomalies relative to Rb–Th and Nd–Zr (Fig. 5b and c;
Breton et al., 2013). Another distinctive feature of these

lavas is their overall lower abundances of trace elem-

ents compared with the older group, with the most

highly incompatible elements from Rb to U being the

lowest.

Rare earth elements
Chondrite-normalized rare earth element (REE) patterns

for the studied lavas are broadly subparallel and show a
steady decrease from La to Lu with no discernible nega-

tive Eu or Ce anomalies (Fig. 6a). The near-absence of

Eu anomalies is consistent with the small amount of

plagioclase phenocryst crystallization observed in East

Island rocks. The light REE (LREE) exhibit slightly

greater variations than the heavy REE (HREE) (Fig. 6a).

Our REE element data overlap with data obtained for
other alkali lavas of East Island (Zhou, 1996; Breton

et al., 2013). With the exception of two samples poten-

tially belonging to Unit 1 of East Island (Zhou, 1996), all

lavas from the Crozet archipelago broadly exhibit sub-

parallel REE patterns, with most of those from

Possession and Penguin Islands having lower abun-
dances of REE than East Island lavas (Fig. 6b and c;

Breton et al., 2013).
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DISCUSSION

Evaluating the effect of differentiation processes
All East Island lavas analyzed in this study are interpreted

to have experienced variable degrees of crystal fraction-
ation or accumulation since segregation from their man-

tle source regions. The abundance of phenocrysts in East

Island lavas indicates that their magmas erupted as

crystal–liquid mixtures, with the exception of rare aphyric

samples. The average bulk composition of magma

batches primarily reflects crystal–liquid dynamics in the

magma reservoir system. The abundance, size, and
shapes of the phenocrysts require that olivine and clino-

pyroxene were well-established liquidus phases in the

magmas prior to eruption. The occurrence of isolated

plagioclase microphenocrysts, phenocrysts (CE0293 M),

or glomeroporphyritic clots in some lavas indicates that

plagioclase was also, occasionally, a liquidus phase. The

observed major element variations in the residual liquids
are qualitatively consistent with the dominant control of

olivine and clinopyroxene on the liquid lines of descent

as shown by the mineral vectors in Fig. 4. As observed in

many basaltic suites, olivine control is predominant dur-

ing the early stage as defined here by a group of samples

(CE0084 AV, CE0016 PF, CE0021 PF, CE0412 M and
CE0402 M). Variations in CaO, SiO2, and FeO between 9

and 5 wt % MgO clearly indicate that olivine is not fractio-

nating alone (Fig. 4). The marked negative correlation

observed in CaO/Al2O3 as a function of FeO/MgO (Fig. 7a)

42

46

50

54

58

62

Si
O

2 
(w

t.
%

)

2

4

6

8

10

12

14

F
eO

t (
w

t.
%

)

8

10

12

14

16

18

A
l 2

O
3 

 (w
t.

%
)

0

1

2

3

T
iO

2 
(w

t.
%

)

0

1

2

3

4

5

0 5 10 15 20

K
2O

 (
w

t.
%

)

MgO (wt.%)

1

2

3

4

5

6

N
a 2

O
 (

w
t.

%
)

POSSESSION Island
PENGUIN IslandUnit 3b - M

Unit 2 - AV
Unit 3a - PF

Literature

This study

E
A

S
T 

Is
la

nd

0 5 10 15 20

MgO (wt.%)

Pl

CpxOl

)b()a(

)d()c(

)f()e(
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indicates that clinopyroxene exerts a dominant control on

the liquid evolution. Additional evidence for its dominant

fractionation is provided by a plot of Sc versus CaO/Al2O3

(Fig. 7b), which shows a pronounced kink at CaO/Al2O3 of

0�9. Scandium is a trace element compatible in clinoprox-

ene but not in olivine. We note that the data do not define

any linear array between two end-members that could be

interpreted as the result of mixing between two compos-

itionally distinct magmas.

Pressure of crystallization
We determined the diopside–melt equilibration P–T for

three samples (CE0031 AV, CE0344 M, and CE0203 M)
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using the clinopyroxene–melt equilibrium thermobar-

ometer of Putirka et al. (1996), which was calibrated

using experimentally produced melt compositions and
the proportion of the jadeite component in the coexist-

ing clinopyroxene. For each sample, only a single pres-

sure estimate is provided for what is probably a

polybaric crystallization path. Using the preferred equa-

tions of Putirka et al. (P1 and T2), under anhydrous con-

ditions, we find that the compositions of clinopyroxene

phenocryst rims or microphenocrysts in equilibrium
with residual melt were last equilibrated at 6�1 6 0�5
kbar (21�4 6 1�8 km) and 1179 6 6�C, providing evi-

dence for some extent of crystallization at high pres-

sures within the uppermost mantle as the Moho depth

has been estimated at about 10–12 km below the east-

ern Crozet Bank (Recq et al., 1998). A similar magma
plumbing system, with major fractionation of magmas

occurring within the uppermost mantle, has been re-

ported beneath the Cape Verde, Kerguelen, Madeira

and Canary islands (e.g. Amelung & Day, 2002;

Damasceno et al., 2002; Schwarz et al., 2004; Longpré

et al., 2008). If hydrous conditions are considered, the

equilibration pressures and temperatures (e.g. Putirka,
2008) are within error of those obtained in anhydrous

environments. Although not shown, calculations of the

liquid lines of descent performed using the PETROLOG

program of Danyushevsky & Plechov (2011) and the

partition coefficients for phase equilibria of Ariskin et al.

(1993) confirm the crystallization of olivine and clinopyr-
oxene between 4 and 6 kbar and reproduce the natural

basaltic trends. Such high-pressure liquid lines of des-

cent lead to significant increases in Al2O3 with decreas-

ing MgO, as observed in Fig. 4. However, the studied

samples have undergone a very small amount of low-

pressure crystallization, in addition to some crystal

accumulation, which could account for the dispersion
generally observed between the major chemical differ-

entiation indices, as demonstrated by the presence

of plagioclase phenocrysts in some samples (e.g.

CE0203 M).

Fractionation of amphibole and phlogopite
In Fig. 8, the samples from East Island form a scattered

group in K2O–SiO2 space, suggesting buffering of K2O

by a K-bearing phase such as amphibole or phlogopite

during magmatic differentiation. However, owing to the
low PH2O of alkaline magmas, early crystallization of

amphibole and phlogopite is rather unlikely. None of

these minerals have been identified in East Island lavas,

but most plutonic rocks from the basement unit (ultra-

mafic cumulates to syenitic rocks; Zhou, 1996) have

phlogopite- and/or amphibole-bearing parageneses. In

addition, some investigators have recently recognized
the presence of kaersutite in differentiated samples

from Possession Island (trachybasalt, trachyandesite,

trachyte and tephri-phonolite; Segard et al., 2011). Both

phlogopite and kaersutite will preferentially incorporate

Al2O3, K2O and TiO2 relative to olivine and clinopyrox-

ene. Kaersutite will also favor the incorporation of mid-
dle REE (MREE) (Gd to Ho) over HREE (Er to Lu; Tiepolo

et al., 2007). Its fractionation tends to produce MREE–

HREE patterns that are concave upward (‘spoon’-

shaped). This shape is not observed in the REE patterns

of our samples (Fig. 6). The crystallization of phlogopite

should produce a decrease in K2O with increasing SiO2

in the residual liquid, in contrast to the near-constant

K2O with increasing SiO2 observed in our data (Fig. 8).

Are there any primary magma compositions in
East Island that can be used to evaluate mantle
potential temperature?
First, we have to evaluate whether any of the samples

with MgO exceeding 10 wt % can be regarded as the pri-

mary products of mantle melting. Because liquid lines
of descent are poorly defined in East Island samples, fit-

ting least-squares regression lines to element concen-

trations to subtract the effect of fractional crystallization

(e.g. Klein & Langmuir, 1987) on primitive liquid com-

positions does not constitute a rigorous approach. Most

other methods used to estimate the composition of a
primary magma are subject to strict limitations. Their

validity holds only if applied to lavas from which solely
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olivine has crystallized, as they require incremental

addition or subtraction of olivine to obtain the primitive

magma composition (Putirka, 2005; Herzberg et al.,
2007; Humphreys & Niu, 2009; Dasgupta et al., 2010).

None of our samples meet this criterion. The only sam-

ple with MgO content exceeding 10 wt % and with less

than 10% crystals, CE0021 PF, contains some clinopyr-

oxene and olivine phenocrysts.

Estimating mantle potential temperature from recon-
structed primary magma compositions for East Island

samples using olivine–liquid equilibrium thus appears

to be a rather imprecise exercise. Regardless, olivine–

liquid equilibrium has been used by Putirka (2008) to re-

construct the average primary magma composition of

East Island lavas from the highly phyric suite (e.g.

ankaramites and oceanites) collected by Gunn et al.
(1970). As these contain a large amount of clinopyrox-

ene and olivine crystals, they cannot be considered as

parental liquids. We nevertheless use their average

composition to quantify and place some limits with

PRIMELT2 (Herzberg & Asimow, 2008) on the range of

potential temperatures associated with their genesis
and compare these results with those obtained by

Putirka (2008).

Using the average of Gunn’s samples with 10–15 wt

% MgO, Putirka (2008) inferred an average mantle po-

tential temperature of 1542�C, whereas the PRIMELT2

model estimates a lower temperature of 1466�C (reflect-

ing� 5% accumulated melting of a garnet-bearing lher-
zolite) for the same composition (with Fe2O3/TiO2 ratio

of unity). In addition to being phyric, some samples

(CE0016 PF and CE0021 PF) could be CO2-bearing pri-

mary melts, as defined by the empirical filter of

Herzberg & Asimow (2008). PRIMELT2 also allows filter-

ing out the chemical fingerprint of clinopyroxene accu-
mulation. After having filtered out these samples for

these two effects, the PRIMELT2 program estimates al-

most the same potential temperature of �1465�C, but a

slightly higher accumulated fractional melting extent of

�7�5%.

Using PRIMELT2, estimations of average mantle po-

tential temperatures for the lava suite of Gunn et al.

(1970) of 1465–1466�C place the Crozet ‘hotspot’ among
those having the lowest mantle potential temperature

(e.g. Azores, Canary Islands), although still higher than

the nominal values of the average ambient mantle. We

note that thermally weak hotspots (Azores, Canary;

Herzberg & Gazel, 2009) are often located in motionless

plate environments. However, such mantle potential

temperatures should be considered with great caution.
First, we cannot convincingly demonstrate that any of

the MgO-rich samples from Gunn et al. (1970) are repre-

sentative of high-MgO and hence primary melts.

Second, although error propagation to account for the

accumulation of clinopyroxene does not appear to

strongly bias the estimation of the parental magma
composition, and hence that of the mantle potential

temperature, the same is not true for the effects of vola-

tiles (H2O and CO2, Sisson et al., 2009), alkaline elem-

ents (Hirschmann, 2000; Brey et al., 2011), oxides and

residual garnet.

What role do assimilation processes play in the
genesis of East Island lava compositions?
The assimilation of small crustal fragments results in

the addition or dissolution of xenoliths or xenocrysts

from magmatic or hydrothermal units into the magma

and possibly in the formation of peritectic crystals
(Erdmann et al., 2010). Dissolution of common ultra-

mafic xenocrystic minerals (olivine, clinopyroxene, and

orthopyroxene) in basaltic magmas is usually minimal

and likely to be significant only if the xenolith is small,

and the magma is superheated by more than 50�C

(Brearley & Scarfe, 1986). Regardless, we evaluate the

chemical contribution of assimilation of crustal frag-
ments to the chemistry of the East Island lavas, espe-

cially as some samples recently collected on

Possession Island contain xenolithic inclusions (Segard

et al., 2011).

Potential evidence for assimilation is provided by the

occurrence of olivine phenocrysts in Crozet lavas that
are out of equilibrium with the groundmass [Kd(Fe–

Mg)Ol–liquid 6¼ 0�3 6 0�03] and exhibit deformation band-

ing (see Supplementary Data Electronic Appendix 1 for

a full mineralogical description). However, their chemis-

try does not differ from that of undeformed phenocrysts

(see Supplementary Data Electronic Appendices 1 and

2). Dislocation-bearing olivine crystals, containing inclu-
sions of magmatic spinel or chromite, have also been

found in dunite xenoliths at East Island (Zhou, 1996). As

observed at Hawaii and Reunion islands (Garcia, 1996;

Albarède et al., 1997), these olivines may either be

derived from mechanical disaggregation of earlier cu-

mulates crystallizing at the base of a magma chamber
or have been deformed as the magma flowed through

narrow conduits at elevated pressure. The observation
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of clinopyroxene phenocrysts in high-MgO lavas

(>10 wt %), which at low pressure are saturated with

only olivine and minor chromian spinel, further sug-

gests either mixing with or assimilation of more

evolved liquids produced at moderate pressure or with
cumulates produced at high pressure.

Because of their low melting temperatures (e.g.

Mengel & Green, 1989; Foley et al., 1999), volatile-

bearing minerals (amphibole, phlogopite, and apatite),

as well as ilmenite, will be the earliest minerals to be

consumed during melt–rock interaction. Their trace

element budget may therefore be transferred to the
host primary magmas. Most rocks from the plutonic

basal unit (e.g. wehrlite, gabbro, monzogabbro, monzo-

diorite, monzonite and syenite; Zhou, 1996) of East

Island contain as accessory phases: mica (phlogopite/

biotite) and/or minor calcic amphibole (kaersutite, has-

tingsite, ferropargasite, pargasite and magnesiohorn-
blende), Fe–Ti oxides (ilmenite) and apatite. The

paragenesis of differentiated rocks (trachybasalt, tra-

chyandesite, tephriphonolite, trachyte and phonolite)

recently described at Possession Island also includes

some kaersutite (Segard et al., 2011).

Apatite addition or dissolution should lead to marked
enrichments in P2O5, Th, U, Sr and REE relative to high

field strength elements (HFSE; Nb, Ta, Zr, and Hf)

(Prowatke & Klemme, 2006). None of these trace elem-

ent fingerprints are observed in our samples (Fig. 5).

Ilmenite dissolution should impose some overprints on

host liquids for TiO2, Pb, Nb, Ta, Zr, and Hf relative to

REE (Klemme et al., 2006). High levels of TiO2, Nb, and
Ta (Fig. 5) are not found in our samples. Above all, add-

ition of ilmenite will induce a positive correlation be-

tween TiO2 and MgO contents, which is not observed

(Fig. 4). Assimilation of phlogopite or amphibole crys-

tals (up to 10%) will have a small effect on major elem-

ent systematics. The dissolution of phlogopite will both
decrease CaO and increase Al2O3 and K2O abundances

with increasing MgO in the host liquid. The opposite

systematics observed in the East Island lavas rule out

such a process (Fig. 4). Significant amounts of Rb and

Ba should be transferred to the melt, but no positive

anomalies are observed in the normalized trace elem-

ent patterns of our samples (Fig. 5). The dissolution of
amphibole xenocrysts will increase Na2O, TiO2, Nb, and

Ta contents with increasing MgO in the host liquid.

None of these chemical characteristics are present in

our dataset.

Fluids released by the breakdown of the volatile-

bearing minerals included in the plutonic rocks of East
Island may also have the effect of lowering their solidus

temperature. Mixing in minor proportions of a plagiog-

ranite melt derived from hydrous partial melting of

wall-rock gabbro (Koepke et al., 2004; France et al.,

2010; Wolff et al., 2013) with the host magma will not

alter its bulk trace element composition because of the

low trace element contents (Gerlach et al., 1981;
Pedersen & Malpas, 1984). However, such a mixing pro-

cess should lead to decreasing TiO2 and increasing

SiO2 abundances with decreasing MgO. Such trends

are not defined by our data (Fig. 4). Wehrlite assimila-

tion seems an unlikely process as it gives rise to ultra-

calcic melts (e.g. Kamenetsky et al., 1998). Melting of di-

oritic sources will produce granodioritic to tonalitic
melts with high CaO, TiO2, Fe, Na/K, and Ca/K, and low

K (Beard et al., 1994). Such elemental systematics are

not observed in our samples. Although no experimental

data are available for syenite melting, such a process

should give rise to silicic melts significantly enriched in

SiO2, K2O and Na2O and strongly depleted in CaO, TiO2

and FeO (Harris & Bell, 1982). No depletion in Fe or Ti is
observed in our lavas.

Garnet fingerprint: pyroxenite or garnet
lherzolite?
Below the Crozet archipelago, the lithosphere might be
thicker than predicted (>86 km; see Supplementary

Data Electronic Appendix 1) by thermal cooling plate

models, because of heat loss owing to a weakly buoy-

ant mantle upwelling and stagnant accumulation of re-

sidual mantle material. The termination of melting at

greater depth, in decreasing the melting extent, might

favor a larger sampling of fertile mantle lithologies such
as eclogite or garnet bearing-pyroxenite, owing to their

lower solidus temperatures and higher melt productiv-

ities relative to peridotites (e.g. Hirschmann & Stolper,

1996; Ito & Mahoney, 2005a, 2005b; Sobolev et al.,

2005; Grove et al., 2013; Shorttle et al., 2014).

The attractiveness of pyroxenite or eclogite as one of
the main source components for OIB resides in their po-

tential to act as ancient and heterogeneous geochem-

ical reservoirs (e.g. Hirschmann & Stolper, 1996; Jacob

et al., 2005). However, eclogite xenoliths are distinct

from their pyroxenite counterparts because of their po-

tentially protracted and complex thermo-tectonic evolu-

tion, primary occurrence in cratonic settings, bimodal
mineralogy (omphacite–diopside and pyrope), trace

element compositions (e.g. depletion of LREE relative to

HREE, Eu and Sr anomalies and Zr depletion relative to

Sm) and highly heterogeneous present-day Sr–Nd–Hf

isotope signatures beyond the range of modern-day

convecting mantle-derived melts (Jacob et al., 2005;
Gonzaga et al., 2010). At least 50% of worldwide eclog-

ite xenoliths analyzed to date display Sr and Eu anoma-

lies (e.g. Jacob, 2004). Eclogite-derived melts are thus

expected to have high values of (La/Yb)n (because of

the presence of residual garnet), to show a depletion in

Zr relative to Sm, and positive Sr and Eu anomalies

(Jacob, 2004; Gonzaga et al., 2010). These latter anoma-
lies are not observed in East Island lavas (Fig. 5), mak-

ing it unlikely that these lithologies could significantly

contribute to their mantle source.

Pyroxenites could act as another component of

the East Island mantle source because of their younger

age, greater heterogeneity in terms of trace and major
element compositions and relatively more homoge-

neous present-day Sr–Nd–Hf isotope signatures,
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encompassing those observed for OIB (Bizimis et al.,

2005, 2013; Gonzaga et al., 2010). Pyroxenite xenoliths

are commonly interpreted as being either the products

of high-pressure segregation of mantle melts or rem-

nants of recycled oceanic crust (Allègre & Turcotte,
1986; Kornprobst et al., 1990; Gonzaga et al., 2010).

Here, we focus on pyroxenite samples equilibrated at

high pressures from the orogenic massifs of Beni

Bousera and Ronda that have been interpreted as high-

pressure melts derived from precursor recycled oceanic

crust (Pearson et al., 1993). Many of these samples

show both positive Eu and Sr anomalies (Pearson et al.,
1993; Garrido & Bodinier, 1999; Gysi et al., 2011) and

have lower contents of highly immobile incompatible

elements (e.g. Th, Nb, Ta and La) relative to those of

primitive mantle (Garrido & Bodinier, 1999; Gysi et al.,

2011). When considering as a source the pyroxenite

B44 (modal proportion: 0�2 clinopyroxene and 0�8 gar-
net; Gysi et al., 2011), the most enriched in highly in-

compatible elements of these suites, the liquids

produced by batch melting never achieve the enrich-

ment level in highly incompatible elements (e.g. Th, Nb,

Ta and La) observed in East Island lavas whatever the

melting degree and whatever the set of partition coeffi-
cients used for clinopyroxene and garnet (Salters &

Longhi, 1999; Van Westrenen et al. 1999; Salters et al.,

2002; Tuff & Gibson, 2007). Further evidence against a

pyroxenite component in the source of East Island lavas

is provided by the CaO–MgO peridotite–pyroxenite dis-

crimination diagram of Herzberg & Asimow (2008).

Althought not shown, our most primitive lavas (CE0021
PF and CE0016 PF), either corrected or uncorrected for

olivine fractionation, systematically plot within the field

defined by peridotite melts. All this evidence negates

pyroxenite as a major component of the East Island

mantle source.

As mentioned above, as the lithospheric lid might be
thicker than 86 km, this limits the level to which the

plume may ascend and so restricts magma generation

to melting depths at which garnet is stable. Hence, al-

though none of our lavas can be considered as primary,

we compare the geochemical composition of the most

magnesian lava CE0021 PF of our suite, with a crystal

content of less than 10%, with the compositions of ex-
perimental liquids produced by melting of KR4003

garnet-peridotite (Walter, 1998). To allow a direct com-

parison, the composition of this sample has been nor-

malized by incrementally adding olivine in equilibrium

with its bulk composition, until the latter coexists with

an olivine of composition Fo92. This value corresponds
to the mid-range of the residual olivine compositions in

the set of melting experiments on KR4003 (Walter,

1998). When the variations of two melting regime bar-

ometers such as FeO and Al2O3 are examined its com-

position overlaps with those of 4�0 GPa experimental

liquids from KR4003 to the right of the clinopyroxene-

out line (Fig. 9), suggesting that this sample last equili-
brated with a residual garnet lherzolite. This is consist-

ent with an initiation of melting at a depth greater than

that estimated for the base of the lithosphere below

Crozet. It confirms that melting proceeds to small de-

grees within the garnet stability field, as observed for

most OIB (e.g. Willbold & Stracke, 2006; Niu et al.,

2011). The presence of residual garnet during melting is
further demonstrated by the high values of the average

(Sm/Yb)n ratio (where the subscript n indicates

chondrite-normalized values) (�4�48) of East Island

lavas, as well as those of the western group of islands,

which exceeds unity more than fourfold and lies at the

high end of the (Sm/Yb)n–lithosphere age global posi-
tive correlation defined by OIB (Fig. 10; Humphreys &

Niu, 2009; Niu et al., 2011). The (Sm/Yb)n ratio is con-

sidered as a proxy of the garnet signature in OIB melts

(Hirschmann & Stolper, 1996; Putirka, 1999; Niu et al.,

2011).
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(Walter, 1998). The lava composition was modified by addition
of olivine in equilibrium with the bulk magma composition
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The squares denote experiments for which clinopyroxene
(Cpx) is residual, whereas the circles indicate experiments in
which it has been exhausted. The thick gray line separates
these two fields (‘Cpx in’ to the right, ‘Cpx out’ to the left). (a)
Al2O3 vs FeO; (b) FeO vs MgO.

Journal of Petrology, 2016, Vol. 57, No. 7 1421

 at U
niversita di Padova - D

ipartim
ento di M

ineralogia e Petrologia on Septem
ber 1, 2016

http://petrology.oxfordjournals.org/
D

ow
nloaded from

 

http://petrology.oxfordjournals.org/


To summarize, at this stage of the reasoning, the

trace and major element data seem to indicate that East
Island lavas were derived by partial melting of a garnet-

bearing lherzolite. Comparison of the trace element sys-

tematics of East Island lavas with those of liquids

derived by partial melting of pyroxenite and eclogite

starting materials reveals that they are not viable source

lithologies for East Island lavas.

LILE depletion at East Island: a local geochemical
feature?
Although none of our lavas can be considered as pri-

mary magmas, we have normalized the average com-

position of East Island lavas by the stepwise (�0�1 wt %)
addition of olivine, in equilibrium with their bulk com-

positions, until the bulk compositions reach a Mg# in

equilibrium with Fo88, which corresponds to the max-

imum olivine forsterite content observed in our sam-

ples (see Supplementary Data Electronic Appendix 2).

The normalization procedure used is that described by

Herzberg & Asimow (2008). The amount of olivine crys-
tallization derived from the calculation is used to correct

the contents of the trace elements that are assumed to

be perfectly incompatible in olivine. This normalization

aims to provide a common point for comparing the

mean composition of our alkali basalts with those of St

Helena (HIMU), Tristan and Gough (EMI), Samoa and
Society (EMII) and other Indian Ocean island lavas on a

mantle-normalized trace element diagram (Fig. 11).

The average trace element abundance pattern of our

East Island sample suite shows overall lower levels in
LILE (Rb, K, Ba and Pb) in comparison with other en-

riched mantle (EM) OIB locations (Tristan, Gough and

Society), with the exception of Samoa (Fig. 11a). The

same is true for Possession Island alkali basalts

(Fig. 11), which are similar to the East Island basalts

(Fig. 11b). This is consistent with the earlier conclusions
of Chevallier et al. (1983), who stated that both

Possession and East Island lavas might represent the

products of activity of the same volcano for more

than �8 Myr. As the K anomaly is seen in all East Island

samples (Fig. 5a), irrespective of their silica content

(e.g. Fig. 8), this implies that this anomaly is neither an
artefact of the plotting procedure (e.g. Woodhead, 1996)

nor a feature of low-pressure crystal fractionation in the

crust. The same holds for other LILE depletions, which

define flat arrays as a function of SiO2. In contrast, the

average trace element abundance pattern for Penguin

Island in the western group is enriched in Ba relative to

Rb and Th and in Sr relative to Zr compared with those
of the eastern group of islands (Fig. 11b). It also exhibits

a larger positive Nb–Ta anomaly and overall lower

abundances of trace elements compared with the older

group (Fig. 11b). The age of the sampled unit from

Penguin Island is �1�06 Ma (Giret et al., 2002; Breton

et al., 2013), which falls in the age interval (0�9–1�6 Ma;
Verwoerd et al., 1990) spanned by Unit 2 of East Island.

This nearly synchronous occurrence of distinctive trace
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element signatures in both Penguin and East Islands

(Fig. 11b), associated with the isotopic differences re-

ported for Pb–Sr–Nd isotopes by Breton et al. (2013), in-

dicates inter-island source heterogeneity at the scale of

the archipelago, such as those identified in the Pacific
and Atlantic Oceans (e.g. Blichert-Toft & Albarède,

2009; Rohde et al., 2013).

Interestingly, the average trace element abundance

patterns of basalts from the Prince Edward (Marion

Island; e.g. Janney et al., 2005), Kerguelen (e.g. Doucet

et al., 2006), Comoros (e.g. Class et al., 1998) and

Mascarene (e.g. Paul et al., 2007) archipelagos (Fig. 11b)
all exhibit the same positive Ba anomaly relative to Th

and Rb, similar to that observed for Penguin Island.

Although the pattern for Penguin Island shares some

similarities with that of Kerguelen picrites (Fig. 11b;

Doucet et al., 2006), the pattern for Kerguelen does not

display a negative anomaly in K relative to Nb. This ob-

servation suggests that their mantle sources constitute

two physical entities with distinct compositions.
Nonetheless, a connection, rather than a separation, be-

tween the Kerguelen and Crozet tails has been imaged

by seismic tomography in this region (Montelli et al.,

2004, 2006), but with a low lateral resolution

(�1000 km). We cannot at present exclude the possibil-

ity that Crozet might originate as a secondary diapir of

the main Kerguelen conduit emerging from the African
superplume, if this structure is chemically heteroge-

neous. The average trace element patterns of Penguin

and Prince Edward–Marion islands are also similar

(Fig. 11b). However, the mantle source of Penguin

Island cannot be considered as a secondary expression

of that of the Prince Edward archipelago, because the
Penguin Nd–Pb isotope field does not overlap with, or

necessarily converge towards, the Marion–Prince

Edward Nd–Pb isotope field, as reported by Breton et al.

(2013). The same conclusion holds when the chemical

attributes of Penguin Island are compared with those of

the Mascarene Islands, as their Sr–Nd isotopic compos-
itions define two distinct fields (Breton et al., 2013).

Buffering of LILE by a potassic phase?
When normalized to primitive mantle, the trace element

patterns of our lavas show deviations from smooth pat-

terns in Rb, Ba, and K relative to neighboring elements,
indicating the presence of a residual phase, unlike the

typical anhydrous mantle assemblage in the source of

the East Island lavas, which holds back these elements

from the melt (Figs 5a and 11). This is further illustrated

when the behavior of fractionation-corrected LILE and

immobile elements are examined in diagrams such as

Th/Ba versus Th (Fig. 12a). The systematics of these
elements can be interpreted in term of varying degrees

of equilibrium melting of a mantle source in which the

proportions of minerals entering the melt and the min-

eralogy of the source remain fixed (Clague & Frey,

1982). The sense of curvature in such a diagram is

determined by the relative magnitude of the bulk parti-
tion coefficients of the two incompatible elements

involved.

If the bulk partition coefficient of Th is greater than

that of Ba, as expected from progressive melting of an

anhydrous lherzolite, a negatively curved array will be

produced at small degrees of melting in Th/Ba versus

Th space. The same holds for the systematics in Ce/K–
Ce space, as the bulk partition coefficient of K should be

slightly lower than that of Ce (Fig. 12b). However, in

each diagram, a slight and scattered increase is

observed in Th/Ba and Ce/K with increasing Th and Ce,

in striking contrast to the expected overall negatively

curved arrays (Fig. 12). These features are thus incon-
sistent with variable amounts of melting of an anhyd-

rous lherzolite source assemblage, but reflect the
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of other Indian Ocean island basalts (St Paul, Marion–Prince
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defined by the TAS diagram and alkaline–tholeiitic discrimin-
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Journal of Petrology, 2016, Vol. 57, No. 7 1423

 at U
niversita di Padova - D

ipartim
ento di M

ineralogia e Petrologia on Septem
ber 1, 2016

http://petrology.oxfordjournals.org/
D

ow
nloaded from

 

http://petrology.oxfordjournals.org/


presence in the source of small amounts of a K-bearing

hydrous residual phase, such as amphibole or phlogo-

pite. Such phases are major hosts for Rb, Ba, K, and

other LILE during early melting stages (e.g. Class &

Goldstein, 1997).

Another potential candidate as a K-bearing phase
is clinopyroxene, which is stable in the deep mantle

at pressures of 5–15 GPa and temperatures of 1000–

1500�C (Harlow, 1997; Tsuruta & Takahashi, 1998;

Safonov et al., 2011). However, we consider it un-

likely that melting took place in the presence of re-

sidual K-bearing clinopyroxene as (1) near-horizontal

trends of CaO versus MgO and SiO2 are not defined
by our data, and (2) the high pressures coupled with

the high mantle potential temperatures required for

the generation of these alkaline melts (Tsuruta &

Takahashi, 1998) would generate significantly larger

volumes of magmatism than are apparent on East

Island.
If the presence of a hydrous K-bearing phase in the

source of the East Island lavas is confirmed, any calcu-

lation of mantle potential temperature using an anhyd-

rous mantle paragenesis will be erroneous. The same is

true when melting pressures are estimated using a

comparison with experimental liquids derived from an-

hydrous melting experiments on KR4003.

What is the nature of the K-bearing phase?
The occurrence of residual K-bearing hydrous phases is

not unusual in OIB mantle sources; this has been

frequently invoked to explain the petrogenesis of a

number of primitive alkaline volcanic suites from bas-

anite to nephelinite (e.g. Clague & Frey, 1982; Halliday

et al., 1995; Wulff-Pedersen et al., 1996; Class &

Goldstein, 1997; Reiners & Nelson, 1998; Gurenko et al.,
2006; Sisson et al., 2009). These phases are stable in

cold geotherm environments beneath either continents

or old ocean basins. Pargasitic amphibole or phlogopite

are not stable phases at high temperature, and cannot

survive in the convective asthenospheric mantle (e.g.

Frost, 2006). The upper stability limit of pargasitic

amphibole in upper mantle rocks ranges from 1 to
3 GPa at temperatures between 970 and 1170�C (e.g.

Wallace & Green, 1988; Mengel & Green, 1989; Niida &

Green, 1999; Frost, 2006), whereas that of phlogopite

extends to 8–9 GPa and 1100–1200�C in peridotites (e.g.

Wendlandt & Eggler, 1980; Konzett & Ulmer, 1999), and

up to 7�5 GPa and 1400�C in clinopyroxenites (Luth,
1997).

Although East Island sits on old, thick lithosphere, a

contribution from residual amphibole in the mantle

source of the lavas from Units 2 and 3 appears unlikely.

First, the inference that garnet is a residual phase re-

quires melting to proceed at pressures above the
spinel–garnet transition (�2�8 GPa; Robinson & Wood,

1998) close to the stability limit of amphibole

(�3�0 GPa). Second, melts derived from an amphibole-

bearing lherzolite source will exhibit fractionation of

MREE relative to HREE, forming a convex-upward pat-

tern in the MREE because of the affinity of calcic amphi-

boles for the MREE (Gd to Ho) relative the HREE (Er to
Lu; Tiepolo et al., 2000, 2007). The REE patterns of the

East Island lavas do not have a convex ‘bump’ in the

MREE (Fig. 6).

Low-degree partial melting of a phlogopite–garnet-

bearing lherzolite source, leaving residual phlogopite, is

considered the most likely for generating the lavas from
Units 2, 3a and 3b on East Island. First, the mineral–melt

partition coefficient for Sr is significantly lower for

phlogopite than for amphibole (amphibole DSr 0�62;

Tiepolo et al., 2007; phlogopite DSr 0�058; Schmidt et al.,

1999). Second, the partition coefficients for Ba and Rb

are less contrasted in phlogopite than in amphibole, in

which Ba is much more strongly partitioned than Rb
(Tiepolo et al., 2007). Third, the high contents of many

trace elements (e.g. U, Th, Sr, and REE) in East Island

lavas probably reflect the lack of partitioning of these

elements in phlogopite during melting (La Tourette

et al., 1995; Schmidt et al., 1999; Adam & Green, 2006).

Melting model
Modeling melt compositions derived from phlogopite-

bearing mantle assemblages is very difficult, as the

source melting behavior is not fully constrained.

Melting experiments have not been performed over a

range of P–T on the same chemical compositions and
modal mineralogies in most relevant studies (Bravo &

O’Hara, 1975; Mengel & Green, 1989; Thibault et al.,
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Fig. 12. Abundance ratios of incompatible elements vs con-
centrations of Th and Ce (ppm) for East Island samples (Crozet
archipelago). (a) Th/Ba vs Th; (b) Ce/K vs Ce. AV, Albatros
Valley; PF, Penguin Falls; M, Mt Marion. All lava data were nor-
malized by addition of olivine to reach a magma composition
in equilibrium with olivine of composition Fo88.
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1992; Conceiccao & Green, 2004). No constraints for in-

cipient melting are at present available for these litholo-

gies. Most experimental studies of trace element

partitioning in mafic alkaline magmas have been dedi-

cated to basanite or lamproite equilibria (La Tourette
et al., 1995; Schmidt et al., 1999; Adam & Green, 2006).

With these limitations in mind, we have nevertheless

chosen to test whether the average trace element com-

position of East Island lavas normalized to be in

equilibrium with Fo88 can be approximated by a simple

incongruent batch melting of a phlogopite–garnet-bear-

ing peridotite. Although not shown, pairs of elements
having near-equal degrees of incompatibility (Nb–Ta,

Th–U, Zr–Hf) define pseudo-linear abundance correl-

ations in all studied units (2, 3a and 3b) of East Island,

enhancing the likelihood that these units have been

derived from the same source rock composition by vari-

able degrees of partial melting. Our simple model re-
quires many ad hoc selections of partition coefficients,

mineral modes, and melting reactions, and therefore is

susceptible to initial interpretations, potential biases,

and oversights. The modal mineralogy, melt reaction

stoichiometry, modelled source composition and parti-

tion coefficients are presented in Tables 4 and 5. Once
the modal mineralogy, melting and partition coeffi-

cients were fixed, the trace element composition of the

mantle source was iteratively estimated by adjusting its

concentration and melting extent so that the melt com-

position matches that of the average calculated parental

magma. In this way, the average trace element patterns

of the East Island lavas normalized to Fo88 can be
broadly reproduced by non-modal batch melting of a

phlogopite–garnet-bearing peridotite at an average

melting degree of �1�7% (Fig. 13). Extraction of such

small melt fractions can be achieved owing to volatile-

rich conditions, which cause a reduction of the viscosity

and density of the melts (Wendlandt & Eggler, 1980;
McKenzie, 1989; Mengel & Green, 1989; Faul, 2001;

Enggist et al., 2012).

Our modelled source composition falls within or

near the upper limit of Bulk Silicate Earth or primitive

mantle estimates (Fig. 13a; e.g. Jagoutz et al., 1979;

Anderson, 1983; Taylor & McLennan, 1985; Hofmann,

1988; Hartmann & Wedepohl, 1993; McDonough & Sun,
1995; Palme & O’Neill, 2004; Lyubetskaya & Korenaga,

2007), except for K (900 ppm) and Rb (1�7 ppm; Table 5).

As shown by the primitive mantle normalized trace

element pattern of our modelled source (Fig. 13a), the

presence of phlogopite in a mantle assemblage in-

creases its K2O, Rb and Ba contents well above most
primitive mantle values (Table 5), as a result of prefer-

ential incorporation of these elements in this mineral

(e.g. Gregoire et al., 2000). The U-shaped trace element

pattern of our modelled source, which defines a steep

irregular decrease in relative concentration from Rb to

Pb coupled with a slight and discontinuous increase

from Pb to Y, requires that the mantle source has previ-
ously experienced at least one melting event before

being re-fertilized by low-degree alkali-rich silicate

melts. This U-shaped pattern, at least for highly to mod-

erately incompatible elements, shares similarities with

those of metasomatically enriched Finero harzburgites

(Hartmann & Wedepohl, 1993; Zanetti et al., 1999; Fig.

13a). With the exception of Sr, we note that the trace
element pattern of our modelled source also bears a

strong resemblance to that determined by Sisson et al.

(2009) for early Kilauea lavas, whose mantle source is

also considered to have been previously depleted by

melt extraction and subsequently metasomatically en-

riched (Fig. 13a). The negative Sr anomaly in our source

may point to an absence of residual carbonate minerals,
which is consistent with the absence of negative

anomalies in Ti, Zr and Hf in our magma compositions.

Finally, the requirement for phlogopite in the source

suggests that the average mantle potential temperature

should be much lower than predicted (�1542�C) by

Putirka (2008). In addition to water, high contents of al-
kalis are noteworthy for depressing the mantle solidus

temperature of peridotite (Hirschmann, 2000; Brey

et al., 2011). In particular, metasomatism by �3–4% sili-

ceous alkali melt could lower the peridotite solidus by

100�C or more (Hirschmann, 2000).

How is phlogopite formed?
The signature of phlogopite in the mantle source of East

Island lavas points to a style of metasomatism that has

been well described in subcontinental and/or sub-arc

regions (Rogers et al., 1992; Foley et al., 1999; Le Roex

et al., 2003; Maria & Luhr, 2008), and to a lesser extent
in oceanic environments. In subduction settings

phlogopite forms and stabilizes in the mantle wedge

through reactions of K-rich hydrous fluids arising from

the breakdown or melting of the white mica phengite in

the subducting lithosphere (Eggins et al., 1998; Konzett

& Ulmer, 1999; Schmidt et al., 2004; Hermann &

Spandler, 2008). Some fossilized mantle wedges, such
as the Horoman, Ulten and Finero ultramafic com-

plexes, have been affected by potassic metasomatism

before exhumation to the surface (Yoshikawa et al.,

1993; Brandon et al., 1999; Zanetti et al., 1999, 2013;

Scambelluri et al., 2006). These K-rich mantle domains

are generated by LILE transfer into the overlying mantle
wedge either by high-pressure, hydrous, siliceous, po-

tassic trondhjemitic to granitic melts derived from sedi-

ment melting at pressures greater than 4 GPa or by

supercritical fluids derived from the oceanic crust above

6�5 GPa (Schmidt et al., 2004; Hermann & Spandler,

2008).

In cratonic mantle xenoliths progressive modal
metasomatism, involving the precipitation of phlogo-

pite, clinopyroxene and spinel at the expense of garnet

and orthopyroxene, can lead to refertilization of refrac-

tory harzburgites into lherzolite or wehrlite (Van

Achterbergh et al., 2001). Melt–harzburgite interactions,

with precipitation of clinopyroxene and phlogopite at
the expense of olivine and orthopyroxene, have also

been experimentally reproduced by Thibault et al.
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(1992). This style of metasomatism, recording inter-

action of the lithosphere with asthenospheric melts, is

extensive in Southern Africa, where the mineralogical

and chemical characteristics of metasomatized mantle

xenolith melts point towards a silicate melt of broadly

alkaline character (Van Achterbergh et al., 2001; O’Reilly
& Griffin, 2013) as the metasomatizing agent.

In intraplate oceanic settings, the distribution of re-

sidual phlogopite in mantle sources seems to be associ-

ated with the presence of a thick and/or old lithosphere

(e.g. Comoros, Hawaii, Canary Islands; Clague & Frey,

1982; Wulff-Pedersen et al., 1996; Class et al., 1998;

Geldmacher & Hoernle, 2000; Doucelance et al., 2003;
Gurenko et al., 2006; Prægel & Holm, 2006; Sisson et al.,

2009; Van Der Zander et al., 2010), because of its cooler

geotherm, roughly equivalent to that of continental

areas (Stein, 1995). At Hawaii, the compositions of

some lavas from Niihau, Oahu and early Kilauea can be

accounted for by variable degrees of partial melting of a
phlogopite–garnet-bearing peridotite (Clague & Frey,

1982; Dixon et al., 2008; Sisson et al., 2009). The phlogo-

pite might have been inherited from previous silicate

and/or carbonatite metasomatism of previously

depleted peridotite. Both at Comoros (La Grille) and the

Canary Islands, where the lithosphere is thick, the trace

element characteristics of the alkaline lavas point to the
presence of phlogopite and/or amphibole in the mantle

source (Hoernle & Schmincke, 1993; Class & Goldstein,

1997; Class et al., 1998). Phlogopite and amphibole fin-

gerprints observed in lavas from the Canary Islands

have been interpreted as ghost signatures carried by

upward mantle plume flow containing ‘amphibole-’ or
‘phlogopite/phengite-exhausted’ recycled oceanic crust

(Gurenko et al., 2006).

As observed at Hawaii and the Canary Islands, the

modelled trace element attributes of the East Island

mantle source indicate the presence of metasomatized

lithospheric mantle, through which an alkali-rich silicate
melt has percolated and metasomatically overprinted

pre-existing depleted mantle wall-rocks. Although car-

bonatite metasomatism has been recognized in the

mantle sources of lavas from Hawaii (e.g. Dixon et al.,

2008; Sisson et al., 2009), Cape Verde, and the Canary

Islands (e.g. Hoernle et al., 2002), all associated with

old, thick, oceanic crust (�100 Ma), our data for East

Island do not provide any evidence for a carbonatitic

character of the metasomatic melt. The trace element

pattern of our modelled source lacks the typical strong

negative anomalies in Zr, Hf and Ti relative to Y
(Fig. 13a) commonly observed in oceanic carbonatites

(e.g. Hoernle et al., 2002; Bizimis et al., 2003). The latter

systematically show marked depletions in Rb, K, Zr, Hf

and Ti and enrichments in Ba, Th, LREE, MREE, Pb and

Sr when compared with silicate rocks from oceanic is-

lands (e.g. Hoernle et al., 2002). Instead, the high aver-

age ratios of Th/Nb (0�11 6 0�02) and Th/Ta (1�68 6 0�31)
of our East Island suite might reflect a sediment finger-

print in the mantle source, as high Th (i.e. high Th/Nb)

contents in arc lavas commonly reflect sediment melt-

ing (Elliott et al., 1997; Johnson & Plank, 1999).

Dynamic model
Beneath a near-stationary plate, a rising mantle plume
should spread nearly radially symmetrically at the

lithosphere–asthenosphere boundary (Agrusta et al.,

2013). Its melting regime can be approximated either as

a cylinder (conduit) or a sphere (plume head). After melt

extraction, decompression melting will leave a mantle

residue, the depletion of which varies both horizontally
and vertically (Arndt et al., 2002, 2009). Because of

decreasing temperature from the plume conduit centre

to its margins, the solid residue gradually evolves from

a refractory harzburgitic, low-density material in the

core to a denser, less-depleted peridotite in the outer

sheath (Arndt et al., 2002, 2009). Because of increasing

extent of melting upwards, the residual mantle column
shows increasing depletion upwards.

As the rate at which the residual mantle is replen-

ished by plume melting directly depends on lithosphere

thickness and on how fast material can spread laterally

away from the plume source (Phipps Morgan et al.,

1995), it is unlikely that beneath East Island the depleted
core is dragged far away from the melting locus be-

cause of near-stationary plate motion (�6�46 mm a–1;

King & Adam, 2014), thick lithosphere and ultraslow

plume upwelling (�2 cm a–1; Bourdon et al., 2006) as

Table 5. Inferred mantle source trace element composition compared with primitive mantle composition estimations

K Ti Sr U Th Pb Rb Ba Nb Zr Hf La Ce Nd Y Reference

Modelled source
900 947 13�5 0�023 0�094 0�053 1�7 15 0�71 11�0 0�3 0�69 1�60 1�12 4�1 This study
Primitive mantle
240 1205 19�9 0�0203 0�0795 0�15 0�60 6�6 0�66 10�5 0�283 0�648 1�675 1�25 4�3 McDonough & Sun (1995)
151 1225 16�2 0�0196 0�0765 0�12 0�39 5�22 0�97 13�0 0�330 0�57 1�40 1�02 3�26 Anderson (1983)
183 959 17�8 — 0�064 — 0�55 5�1 0�56 8�3 0�270 0�551 1�436 1�067 3�4 Taylor & McLennan (1985)
260 1280 20�3 0.0218 0.0834 0.185 0�61 6�75 0�588 10�81 0.3 0�686 1�786 1�327 4�37 Palme & O’Neill (2004)
258�2 1085 18�21 0�0203 0�0813 0�175 0�5353 6�049 0�6175 9�714 0�2676 0�6139 1�6011 1�1892 3�940 Hofmann (1988)
190 947 15�8 0�0173 0�0626 0�144 0�457 5�08 0�46 8�42 0�227 0�508 1�34 0�994 3�37 Lyubetskaya &

Korenaga (2007)
260 1300 28 0�0260 0�094 — 0�81 6�9 0�90 11�0 0�35 0�63 — — 4�6 Jagoutz et al. (1979)
450 743 11�4 0�0360 0�180 — 1�50 17�9 0�44 10�0 0�260 0�76 1�40 1�10 3�6 Hartmann & Wedepohl (1993)
250 1300 21�1 0�0021 0�085 0�185 0�635 6�989 0�713 11�2 0�309 0�687 1�775 1�354 4�55 Sun & McDonough (1989)
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inferred from its low buoyancy flux (0�25–0�5 Mg s–1;

Sleep, 1990; King & Adam, 2014). Residual mantle accu-

mulation may be further favored as the lithosphere be-

neath Crozet might be thicker than predicted by a

simple half-space square root of time lithosphere cool-
ing model (�86 km; Parsons & Sclater, 1977; Phipps

Morgan & Smith, 1992; Stein & Stein, 1992), because

weaker plumes cool more than stronger plumes as they

ascend (Albers & Christensen, 1996). With aging, such a

depleted root will also thicken (Phipps Morgan et al.,

1995), reducing the amount of near-plume melting. In

addition, because of the extremely slow replenishment

of the melting regime by plume flow and because of the

strong melting localization, one would expect that the

residual material spends more time in the melting re-

gime than for stronger plumes. Therefore, the propor-
tion of refractory (harzburgite) versus fertile material

(lherzolite) should increase with time in the central re-

gion produced upon melting.

Indeed, numerical modelling for a plume head mak-

ing contact with a stationary thick plate predicts the for-

mation of a depleted root and its progressive thickening

with time above the plume core (Manglik &
Christensen, 1997), owing to its resistance to downward

advection away from the plume axis. During the early

formation of the root (up to 6–15 Ma), the narrowing

and speeding up of the upwelling induced by the dens-

ity change caused by Fe depletion is accompanied by

an increase of the melt production rate (Manglik &
Christensen, 1997). After 6–15 Myr, the stagnation of

the plume flow at greater depth in response to progres-

sive accumulation of the depleted root is associated

with a decrease in melt production rate. During this lat-

ter period, the lithosphere-like layer might become

destabilized away from the plume (at 100–200 km dis-
tance) with the development of small-scale lithospheric

instabilities (Manglik & Christensen, 1997). The thermal

structure becomes unstable because cold, high-density

material is perched above hot, lower density mantle

and because it takes too long for residual material to be

transported from the center to the walls of the melting

regime. However, if considering a wet melting regime,
an increase of the viscosity of the residue caused by

volatile loss during melting might potentially suppress

small-scale instabilities, enhancing the resistance

against convective removal of the residue from the top

of the plume (Manglik & Christensen, 1997) in response

to lower upwelling rate.
Although the downward component in this system

was not modelled by Manglik & Christensen (1997), one

can ask the question whether the periodic sinking of

instabilities in the re-fertilizing mantle periodically in-

creases upwelling velocity and melting rate, which

would account for the time-varying fluctuations in melt

production rate after 6–15 Myr predicted by their model.
Another issue is whether metasomatic processes are

enhanced at the top of the melting regime during the

weak melt generation period, once the harzburgitic root

has begun its growth. During this latter phase, one

might also argue that a progressive local closure of the

central melting regime might gradually cause the up-
welling to deviate, leading to a displacement of the

melting locus (Phipps Morgan et al., 1995; Manglik &

Christensen, 1997).

The extent to which metasomatic processes during

weak melt production periods might re-fertilize the

depleted lithospheric root is difficult to determine, as it

is strongly dependent on previous episodes of mantle
depletion, the extent of melt impregnation (e.g. melt/

rock ratio) of the depleted mantle wall-rock and the
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Hawaiian mantle sources
(Sisson et al. 2009)
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Average composition of East Island at Fo88
Melt from phlogopite-bearing peridotite

Fig. 13. Primitive mantle normalized trace element patterns of
modelled source, melt and average composition of East Island
basalts normalized to Fo88. Primitive-mantle values are from
Lyubetskaya & Korenaga (2007). (a) Primitive mantle trace
element abundances estimated for the modelled source of the
East Island suite compared with the composition of Finero peri-
dotites (Hartmann & Wedepohl, 1993), modelled source com-
positions of early Kilauea lavas (Sisson et al. 2009) and
primitive-mantle composition estimation of Hartmann &
Wedepohl (1993). The pink field denotes the compositional
range of Finero peridotites (Hartmann & Wedepohl, 1993),
whereas the blue field shows theoretical source compositions
for early Kilauea lavas (Sisson et al., 2009). The thick green
curve corresponds to the primitive-mantle composition estima-
tion of Hartmann & Wedepohl (1993). (b) Averaged fraction-
ation-corrected primitive mantle normalized incompatible
element patterns of East Island samples compared with that of
a modelled low-degree melt (�1�7%) produced by non-modal
equilibrium melting of a phlogopite–garnet-bearing peridotite.
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degree of enrichment of the metasomatic melt. If the

residue has been extensively depleted by one or more

melting events, its re-fertilization by low-degree melts is

expected to easily overprint its ultra-depleted trace

element signature. Its degree of Fe depletion will de-
pend on the Fe depletion of the initial residue and the

Fe enrichment of the metasomatic melt, both governed

by the melting pressure and the melting extents at

which they were generated, and the proportion of met-

somatizing melt added. Melting of a refractory source

shifts melt compositions towards higher MgO and FeO

concentrations relative to those derived from a more
fertile source (e.g. Falloon & Danyushevsky, 2000;

Parman & Grove, 2004). So perhaps, in this latter case,

even if the Fe content of the residue is increased by

metasomatic addition, a very slight increase in Fe con-

tent of the aggregated lavas to levels greater than those

of normal mantle might be preserved. However, Fe en-
richment is not obvious in East Island lavas. Similarly, it

is difficult to predict how buoyant the residual meta-

somatized mantle will be, as the effects of Fe depletion

in olivine and orthopyroxene will be counterbalanced

by changes in the modal proportion of garnet, olivine,

orthopyroxene, phlogopite and clinopyroxene (Thibault
et al., 1992; Van Achterbergh et al., 2001) induced by

harzburgite–melt interactions. Both parameters affect

the mantle density (Schutt & Lesher, 2006). The seismic

detection of such metasomatized residues is challeng-

ing, as in addition to the metasomatism-induced per-

turbation of the seismic signal, previous melt depletion

in the garnet stability field is not predicted to cause sig-
nificant seismic velocity variations (<2%; Schutt &

Lesher, 2006; Afonso & Schutt, 2012). In summary, the

presence of such remnants in the mantle source or at

the base of the lithosphere will leave few obvious geo-

chemical and geophysical traces, except perhaps some

light signatures in Fe isotopes (Williams & Bizimis,
2014).

As mentioned above, evidence for melting of re-

sidual mantle beneath East Island is provided by the

approximately U-shaped trace element pattern of the

modelled source. This U-shaped pattern has strong

similarities to those of the metasomatized depleted

mantle sources of Finero (Hartmann & Wedepohl,
1993) and early Kilauea lavas (Sisson et al., 2009).

Such patterns require that the mantle source has previ-

ously experienced one or more melting events before

being re-fertilized by low-degree alkali-rich silicate

melts. According to the numerical modelling of

Manglik & Christensen (1997), we thus speculate that
the East Island lavas reflect melting of the metasomat-

ized depleted root once it had already significantly

thickened, forcing melting termination to higher pres-

sures and a reduced mean melting extent. Indeed, the

first magmatic unit of East Island is dated at �8�75 Ma,

whereas the second and third units from which our

samples were obtained range in age from 0�9 to
0�4 Ma, based on K–Ar geochronology (Chevallier

et al., 1983; Verwoerd et al., 1990). As the depleted root

grows, an even colder thermal lithosphere environ-

ment probably develops owing to enhanced conduct-

ive processes related to its growing thickness

and weak plume buoyancy, which might favor meta-

somatic processes at its base. Under conditions of
ultraslow ascent, the mantle plume melts by decom-

pression when crossing the lherzolite solidus. Alkali-

rich low-degree silicate melts are released, migrate up-

ward, impregnate the overlying depleted harzburgitic

root and solidify, refertilizing it in clinopyroxene and

phlogopite. Once the root geotherm is subsequently

raised (by increased heat supply from the plume either
by conductive heating or from subsequent percolating

melts), preferential melting of these refertilized perido-

tites relative to the depleted refractory harzburgitic

portions might occur. The construction of the depleted

root might also be responsible for the horseshoe-

shaped spatial distribution of oceanic islands at Crozet
and the extreme height of its topographic bulge (1543–

1756 m; Monnereau & Cazenave, 1990; King & Adam,

2014).

Mantle melting residues floating above normal as-

thenosphere are expected to be more abundant in en-

vironments in which lateral mantle flow is slowed down
by slow upwelling, slow absolute plate motions or

physical barriers such as transform faults or propagat-

ing rift configurations. Such residues may have prefer-

entially accumulated in the Southern Indian Ocean

mantle in response to slow Antarctic plate motions

since �30 Ma. Evidence for the presence of refractory

components in mantle sources of the easternmost ultra-
slow Southwest Indian Ridge and Australian–Antarctic

Discordance, characterized by ultraslow upwelling and/

or propagating rifts, has been provided by the deple-

tions in Ti and moderately incompatible elements

observed in their erupted basalts (e.g. Klein et al., 1991;

Meyzen et al., 2003). Whether such mantle residues re-
main at shallow levels or sink into the mantle will de-

pend on the competition between their abundances and

chemical buoyancies, the efficiency of mantle convec-

tion and plate motion forces (Dupeyrat et al., 1995). At

slow plate velocities, sinking of the residual mantle por-

tions is rather unlikely over short time scales. Faster

plate motions will more easily force chemically buoyant
material down into the deeper mantle (Dupeyrat et al.,

1995).

We note that our proposed model for the formation

of depleted roots below ocean islands atop motionless

plates bears strong similarities to that proposed by

Arndt et al. (2002, 2009) for cratonic keel genesis.
According to those researchers, the residue left after

melt extraction in a cylindrical melting regime is verti-

cally and horizontally stratified from dense, more fertile

mantle in the outer sheath and towards the base of the

melting zone, to refractory, low-density mantle in the

uppermost core of the melting zone. The latter material

would gradually accumulate as the plume nears the sur-
face, whereas the denser, more fertile parts of the

plume would be ejected by gravitational redistribution.
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Keels are thus built from an accumulation of melt resi-

dues derived from plume melting.

In conclusion, the exploration of magmatic proc-

esses at oceanic islands on motionless plates should

have wide-ranging implications for furthering our
understanding of the early and modern evolution of

magmatic processes at intraplate settings on Earth and

of the inner planetary workings of volcanic systems on

other planets, which do not have a present-day plate-

tectonic regime (e.g. Mars; Meyzen et al., 2015). To

date, to model the evolution of chemical heterogene-

ities in planetary mantles, most workers have assumed
that mantle heterogeneities are simply displaced in the

melting regime and vanish. However, future studies

should include the effect of the buoyancy of the

depleted mantle on the rate of melting and on the

geometry of mantle plume flow.

CONCLUSIONS

Combined trace and major element systematics in

Quaternary lavas (Units 2, 3a and 3b) from the eastern-

most and oldest island of the Crozet archipelago, East

Island, suggest a complex multi-stage dynamic evolu-

tion of their mantle source, controlled by some of the
lowest-velocity mantle flow patterns found among

Earth’s intraplate melting regimes. The trace element

signature of these lavas requires that some pre-

existing, residual depleted mantle has been metaso-

matically enriched by percolating alkali-rich silicate

melts, leaving a garnet–phlogopite-bearing peridotite
source. Melting at an average degree of �1�7% of such

a lithospheric mantle source accounts for the mean

trace element composition of East Island lavas. The pre-

existing depleted mantle component may be composed

of residues left behind by previous melting events that

have not been dragged away from the melting locus.

Low-degree alkali-rich melts, which metasomatize the
depleted root, can be derived from the fertile plume

source. As the plume is continually rising at the

lithosphere–asthenosphere boundary at an extremely

slow rate, low-degree melts are released, which migrate

upward, resolidify and react with the overlying depleted

root, refertilizing it in clinopyroxene and phlogopite.
Over time, long-term heating and decompression

caused by the underlying plume lead to the preferential

melting of these refertilized peridotites relative to the

harzburgitic residues. In melting regimes associated

with low-velocity mantle flow fields, the repeated transit

of alkali magmas through the lithosphere could lead to

chemical modification and subsequent melting of thick,
cold oceanic lithospheric mantle. Such processes might

be relevant to all terrestrial and extra-terrestrial melting

environments, where the lateral component flows of

the melting regime are slowed down (e.g. ultraslow-

spreading ridges and propagating rifts).

At the scale of the archipelago, the systematics of
trace elements between the eastern (East and

Possession Islands) and western (Apostles Islets, and

Penguin and Pig Islands) groups provide evidence for a

change in mantle source composition. The trace elem-

ent compositions of lavas from East and Possession

Islands (Breton et al., 2013) are similar, suggesting that

they were derived from the activity of the same volcanic
system for more than �8 Myr. They do not resemble

those of the Reunion shield volcanoes, and differ mark-

edly from those of the nearby Marion hotspot and dis-

tant Kerguelen archipelago. In contrast, the trace

element composition of Penguin Island lavas is distinct

from those of East and Possession Islands, which sug-

gests an inter-island source heterogeneity at the scale
of the archipelago, such as those identified in the Pacific

and Atlantic Oceans (e.g. Blichert-Toft & Albarède,

2009; Rohde et al., 2013).
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Allègre, C. J. & Turcotte, D. L. (1986). Implications of a two com-
ponent marble-cake mantle. Nature 323, 123–127.

Amelung, F. & Day, S. (2002). InSAR observations of the 1995
Fogo, Cape Verde, eruption: implications for the effects of
collapse events upon island volcanoes. Geophysical
Research Letters 29, 1606.

Andersen, M. B., Elliott, T., Freymuth, H., Sims, K. W. W., Niu, Y.
& Kelley, K. A. (2015). The terrestrial uranium isotope cycle.
Nature 517, 356–359.

Anderson, D. (1983). Chemical composition of the mantle.
Journal of Geophysical Research 88, 41–52.

Argus, D. F., Gordon, R. G. & DeMets, C. (2011). Geologically
current motion of 56 plates relative to the no-net-rotation
reference frame. Geochemistry, Geophysics, Geosystems
12, Q11001.

Ariskin, A. A., Frenkel, M. Y., Barmina, G. S. & Nielsen, R.
(1993). COMAGMAT: A FORTRAN program to model
magma differentiation processes. Computers and
Geosciences 19, 1155–1170.
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Blichert-Toft, J. & Albarède, F. (2009). Mixing of isotopic hetero-
geneities in the Mauna Kea plume conduit. Earth and
Planetary Science Letters 282, 190–200.

Bourdon, B., Ribe, N. M., Stracke, A., Saal, A. E. & Turner, S. P.
(2006). Insights into the dynamics of mantle plumes from
uranium-series geochemistry. Nature 444, 713–717.

Brandon, A. D., Becker, H., Carlson, R. W. & Shirey, S. B. (1999).
Isotopic constraints on time scales and mechanisms of slab
material transport in the mantle wedge: evidence from the
Simcoe mantle xenoliths, Washington, USA. Chemical
Geology 160, 387–407.

Bravo, M. S. & O’Hara, M. J. (1975). Partial melting of
phlogopite-bearing synthetic spinel- and garnet-lherzolites.
Physics and Chemistry of the Earth 9, 845–854.

Brearley, M. & Scarfe, C. M. (1986). Dissolution rates of upper
mantle minerals in an alkali basalt melt at high pressure: an
experimental study and implications for ultramafic xenolith
survival. Journal of Petrology 27, 1137–1182.

Breton, T., Pichat, S., Moine, B., Moreira, M., Rose-Koga, E. F.,
Auclair, D., Bosq, C. & Wavrant, L.-M. (2013). Geochemical
heterogeneities within the Crozet hotspot. Earth and
Planetary Science Letters 376, 126–136.

Brey, G. P., Bulatov, V. K. & Girnis, A. V. (2011). Melting of K-
rich carbonated peridotite at 6–10 GPa and the stability of K-
phases in the upper mantle. Chemical Geology 281,
333–342.

Bryan, W. B., Finger, L. W. & Chayes, F. (1969). Estimating pro-
portions in petrographic mixing equations by least-squares
approximation. Science 163, 926–927.

Chevallier, L., Nougier, J. & Cantagrel, J. M. (1983).
Volcanology of Possession Island, Crozet Archipelago. In:
Oliver, R. L., Jago, J. B. & James P. R. (eds) Antarctic Earth
Science. New York: Cambridge University Press, pp.
652–658.

Clague, D. A. & Frey, F. A. (1982). Petrology and trace element
geochemistry of the Honolulu Volcanics, Oahu; implications
for the oceanic mantle below Hawaii. Journal of Petrology
23, 447–504.

Class, C. & Goldstein, S. L. (1997). Plume–lithosphere interactions
in the ocean basins: constraints from the source mineralogy.
Earth and Planetary Science Letters 150, 245–260.

Class, C., Goldstein, S. L., Altherr, R. & Bachèlery, P. (1998). The
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