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[1] The Amsterdam—St Paul (ASP) oceanic plateau results from the interaction between the ASP hot spot
and the Southeast Indian ridge. A volcanic chain, named the Chain of the Dead Poets (CDP), lies to its
northward tip and is related to the hot spot intraplate activity. The ASP plateau and CDP study reveals that
ASP plume composition is inherited from oceanic crust and pelagic sediments recycled in the mantle
through a 1.5 Ga subduction process. The ASP plateau lavas have a composition (major and trace elements
and Sr-Nd-Pb-Hf isotopes) reflecting the interaction between ASP plume and the Indian MORB mantle,
including some clear DUPAL input. The Indian upper mantle below ASP plateau is heterogeneous and
made of a depleted mantle with lower continental crust (LCC) fragments probably delaminated during the
Gondwana break-up. The lower continental crust is one of the possible reservoirs for the DUPAL anomaly
origin that our data support. The range of magnitude of each end-member required in ASP plateau samples
is (1) 45% to 75% of ASP plume and (2) 25% to 55% of Indian DM within 0% to a maximum of 6% of
LCC layers included within. The three end-members involved (plume, upper mantle and lower continental
crust) and their mixing in different proportions enhances the geochemical variability in the plateau lavas.
Consequently, the apparent composition homogeneity of Amsterdam Island, an aerial summit of the plateau,
may result from the presence of intermediate magmatic chambers into the plateau structure.
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1. Introduction

[2] The isotopic ratios of Sr, Nd, Pb and Hf of vol-
canic rocks in the oceans shed light on the source of
the magmatism from which they formed. The man-
tle source of mid-ocean ridge basalts (MORB) has
been shown to be quite different and more homo-
geneous than the mantle source of ocean island
basalts (OIB). However, at a global scale, numerous
studies revealed that Indian MORBs are isotopically
distinct from the Pacific and North Atlantic MORB
[Dupré and Allegre, 1983; Hart, 1984; Hamelin and
Allégre, 1985; White et al., 1987; Ito et al., 1997].
Indeed, Dupré and Allégre [1983] reported that
volcanic rocks of the Indian Ocean ridges are vari-
ably enriched in Sr and Pb radiogenic isotopes. Such
isotopic compositions, found along the Indian
and South-Atlantic ridges, are referred as DUPAL
anomaly [Dupré and Allégre, 1983; Hart, 1984].

[3] The plume/ridge interactions can be described
by three successive and possible geometries: (1) a
ridge approaching a plume, (2) a ridge above a
plume, and (3) a ridge moving away from a plume.
The latter geometry has long-term consequences on
the interaction dynamics as ridge and plume melting
zones may remain connected for a long time [/to
et al., 1997, Ribe and Delattre, 1998; Maia et al.,
2001]. When a ridge is located above a plume, the
excess heat results in enhanced melting and longer
and more voluminous magmatic production. Such
increased magmatic production leads to the con-
struction of an axial plateau comparable to the
Azores and Iceland oceanic plateaus (Atlantic Ocean)
[Hart et al., 1973; Schilling, 1991; Searle et al.,
1998; Cannat et al., 1999; Gente et al., 2003].
However, all oceanic plateaus do not result from a
plume-ridge interaction. For example, in the Indian
Ocean, the Kerguelen plateau has been interpreted as
formed from the initial volcanism associated with
the Kerguelen mantle plume [Duncan and Storey,
1992; Coffin et al., 2002]. The Amsterdam—St. Paul
(ASP) system successively underwent the three
geometries, which makes it a target of major interest
for a global study of plume-ridge interactions.

[4] The MDI57/PLURIEL cruise (N/O Marion
Dufresne, September/October 2006, P. 1.: M. Maia)
was dedicated to the mapping and sampling of the
plateau and of a chain of seamounts built on the
Australian plate, and named the Chain of “Dead
Poets” (CDP; Figure 1). The geochronological study
resulting from this sampling and the geophysical data
have been presented elsewhere [Courreges, 2010;
Janin et al., 2011; Maia et al., 2011]. These previous
studies revealed the complexity of (1) this ridge-hot
spot interaction, resulting in a multistage con-
struction of the plateau, and (2) of the regional
geodynamics due to the diffuse boundary within the
Indo-Australian plate. Observations revealed that
the ASP plateau activity was due to two temporally
distinct magmatic phases (1) an on-axis stage due to
the interaction between ASP hot spot and the
Southeast Indian Ridge (SEIR) and leading to the
formation of a thick oceanic crust and (2) an off-axis
stage allowed the construction of seamounts over
the pre-existing plateau. To the northeast, the Chain
of Dead Poets (CDP), is parallel to the ASP hot spot
modeled track and could be linked to ASP hot spot
intraplate activity prior to its interaction with the
SEIR. However, Janin et al. [2011] revealed a rather
complex dynamic. This volcanic chain is composed
of two generations of seamounts related to (1) an
excess of heat in the mantle caused by ASP plume
activity for the oldest events and (2) a later pulse of
ASP plume and an erupting process favored by the
tectonic consequences of the diffuse divergence
between the Capricorn and Australian plates for the
younger stage. This work on new dredged samples
of both the CDP and ASP plateau samples is related
to those previous studies and focuses on the geo-
chemical and isotopic aspects. In this frame, the main
goal of this paper is to understand and characterize
the sources of the magmatism and their interactions.

2. Geological Settings
[5s]1 The construction of the ASP plateau began

about 10 Myr ago [Maia et al., 2008, 2011] and
resulted in two separate magmatic stages: on-axis
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Figure 1. Bathymetry of ASP plateau with a focus on the Chain of Dead Poets mapped during the MD157/PLURIEL
cruise (adapted from Janin et al. [2011]). White squares (in transparency) represent basaltic samples with the related
dredge (PLU DR) number. On the Chain of Dead Poets the name of the seamounts are noted. Two seamounts are
named without dredge number because no basalt samples were available. Black squares are the location of Amsterdam
(AMS) and St Paul (SP) islands. Dotted lines are the Fracture Zones limiting ASP plateau. Geochronological data are

from Janin et al. [2011].

and off-axis successively. The difference between
on- and off-axis magmatism is highlighted by the
morphology of the structure with (1) on-axis mag-
matism, building a thicker oceanic crust, and (2) off-
axis magmatism, occurring later, and resulting into
the construction of seamounts on the oceanic floor.
The ASP plateau supports Amsterdam and St. Paul
islands and several seamounts. Those islands have
been the object of early studies [von Hochstetter,
1866; Velain, 1878; Reinisch, 1909]. In the 1970s,
Gunn et al. [1971], Watkins and Nougier [1973],
Watkins et al. [1974], Hedge et al. [1973], and
Watkins et al. [1975] provided an extensive geo-
logical study of the islands and revealed that they
were globally less that 0.7 Ma old for Amsterdam
and 0.4 Ma old for St. Paul. In addition, recent
paleomagnetic and Ar geochronology on the most
recent lava flows have produced much younger ages
of 26 +/— 15 ka and 18 +/— 9 ka for Amsterdam
Island [Carvallo et al., 2003]. Johnson et al. [2000]
described the seamount Boomerang discovered and
mapped during the eponym cruise (R/V Melville,

1996) and located northward of Amsterdam Island,
next to the SEIR axis. The presence of fresh
hydrothermal sediments and *'°Po-*'°Pb zero age
for one seamount basalt provided evidence that
Boomerang seamount may be the current active
ASP plume location.

[6] Amsterdam and St Paul islands belong to ASP
plateau and are located close to 38°30'S and 77°50'E.
They and constitute the only emerged part in the
vicinity of the SEIR. This plateau, resulting of the
interaction between the SEIR and the ASP plume, is
located between Amsterdam and St. Paul fracture
zones and is crosscut by several SEIR segments
(Figure 1), e.g. 11 to J2 segments, according to
Royer and Schlich [1988].

[71 The SEIR shows a prominent U-shaped shift to
the southwest on the plateau and southward (from
77°E to 79°E). This geometry is due to a ridge jump
of four segments (J4 to K segment) toward the
Kerguelen hot spot (i.e. SW) shortly after the ridge
rifted the Kerguelen plateau 40 Myr ago [Miiller
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etal., 1993; Frey et al., 2000]. However, there is no
clear evidence so far that the Kerguelen hot spot is
still interacting with the SEIR. The geochemical
variations revealed by the lavas of the J4 to K seg-
ment, when compared to those located northward of
the ASP plateau, may simply reflect intrinsic
heterogeneities of the Indian upper mantle [Mahoney
et al., 2002; Nicolaysen et al., 2007]. It seems thus
very unlikely to find some Kerguelen hot spot sig-
nature in ASP plateau lavas. Doucet et al. [2004]
showed that the Amsterdam and St. Paul islands
have distinct geochemical characteristics and dis-
tinct from the Kerguelen hot spot. In addition, their
characteristics are inconsistent with a simple binary
mixing between the heterogeneous ambient Indian
upper mantle and an ASP plume radiogenic in Pb
end-member. These authors then proposed that
Amsterdam and St. Paul islands were formed by
melts derived from laterally isotopically distinct
zones of the ASP plume.

[8] The isotopic compositions of Sr-Nd-Pb-He of
the SEIR segments close to ASP plateau reveal the
influence of the nearby hot spot [Graham et al.,
1999; Nicolaysen et al., 2007]. These authors
showed that the heterogeneous isotope ratios of the
MORB erupted on the ASP plateau could be mod-
eled by a mixing between the mantle end-member
“C” [Hanan and Graham, 1996] and DUPAL-like
material [Hart, 1984]. The DUPAL anomaly is a
shift of composition known in the Indian Ocean
lavas when compared to Pacific and north Atlantic
MORB. The cause of this anomaly, revealed by
Dupré and Allegre [1983], is still debated today
and several models exist in the literature. The dif-
ferent models and our preferred interpretation will
be developed in section 6.2.

[o] Literature data belong to the most recent part
of the ASP plateau (ridge axis, islands and nearby
seamounts [Graham et al., 1999; Burnard et al.,
2002; Doucet et al., 2004; Nicolaysen et al.,
2007]) whereas the ASP hot spot/SEIR interaction
system results from a much longer period of activity
of the plateau (presently in the early stage of
breakup [Maia et al., 2001]). The Chain of Dead
Poets (CDP) may also be due to ASP hot spot
activity and has to be taken into account to under-
stand the dynamics of such interaction and its
evolution. This work therefore presents the first
attempt to describe and model in space and time the
evolution of a ridge hot spot/interaction within the
surrounding mantle. We will show that ASP plateau
lavas results from the mixing of three distinct
components: (1) ASP hot spot, (2) the Indian

MORB mantle and (3) a lower continental crust
component giving the DUPAL flavor to the mixing.

3. Samples

[10] The sample set is composed of both on- and
off-axis samples (Figure 1). The off-axis samples
come either from the plateau itself or from identified
seamounts. The on-axis magmatic stage, responsi-
ble for the construction of the plateau is represented
by three samples: PLU DR 6-1-1, PLU DR 6-2-2
and PLU DR 34-1-1. The northeastern part of the
plateau, located on the Australian plate, supports a
volumetrically limited volcanic chain of seamounts,
which shows a variety of morphologies ranging
from small volcanoes (PLU DR 10-1-1, PLU DR
10-2-2) to large seamounts (PLU DR 39-1-1/
Rimbaud). They were either built onto the plateau or
on its edge and represent a later off-axis magmatic
stage [Janin et al., 2011].

[11] The seamount Chain of the Dead Poets (CDP)
lies northeastward of the ASP plateau and consists
in two groups of seamounts: (1) two 8—10 Ma old
large flat-topped seamounts, and (2) six smaller
conical seamounts formed during the last 2 Myr.
Those eight seamounts are, from SW to NE, Apol-
linaire, Lamartine, Chateaubriand, Sand, Voltaire,
La Bruyére, Boileau and La Fontaine (Figure 1).
Boileau and La Bruyére seamounts, which are
related to the first stage of activity of ASP plume on
the Australian plate, are two to four times bigger
than the others. Insufficient bathymetric data
northeastward, in the vicinity of Ronsard and Du
Bellay seamounts, do not allow us to confidently
relate these edifices to this early phase of volcanism.
However, taking into account their position at the
northeastern tip of the CDP tip, we consider them as
part of this alignment.

4. Methodology

[12] Some of the samples have been exposed to
seawater for some Myr. Therefore, only the freshest
samples were chosen for geochemical investiga-
tions after macroscopic and microscopic observa-
tion. Weathered parts, such as altered rims and/or
filled vesicles were mechanically removed. Then,
the samples were powdered in an agate grinder and
prepared following the required chemical protocols.
When possible, we also performed analyses on
glass chips. K-Ar datings on rocks of these samples
have been presented elsewhere [Janin et al., 2011].
The main samples have been described in Janin
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et al. [2011] and do not exhibit major evidence of
secondary mineralization. Some alteration phases
were clearly aggregated in a small area for the oldest
samples, and have been mechanically removed. The
L. O. L. (Loss on Ignition) of the samples is gener-
ally lower than 1.5%. Consequently we are confi-
dent in excluding post-eruption modification of the
sample compositions.

4.1. Analyses of Major and Trace Elements

[13] The bulk rock major elements were analyzed
by Inductively Coupled Plasma Atomic Emission
Spectrometer (ICP AES) Horiba Jobin Yvon
Ultima 2 (PSO/IUEM, Plouzané, France), follow-
ing the protocol adapted from Cotten et al. [1995].
Each powdered sample was digested in Teflon vials
within HF 32N and HNO; 14.4N and the dry resi-
due was dissolved in a H3;BO; solution. PMS,
BELC and ACE internationals standards were used
as internal and external control. The precision of
measurements performed on that instrument is usu-
ally better than 1% for both SiO, and TiO,, 2% for
Al,O3 and Fe,O3, and better than 4% for the other
major oxides. In our case, replication of measure-
ments gives relative standard deviation better than
1.5% for all the elements.

[14] Trace element concentrations were determined
using a High Resolution Inductively Coupled Plasma
Mass Spectrometer (HR ICP-MS) Thermo Finnigan
Element II (PSO/IUEM, Plouzan¢é, France), fol-
lowing a method adapted from Barrat et al. [2007].
About 100 mg of sample were digested in Teflon
vials within distilled HF 32N and HNO5 14.4N. The
dry residue was dissolved in HNO3 14.4N and then
in HCI 3N. An aliquot of the solution was diluted in
HNO; 0,3N and spiked with Tm spike. BCR2 and
BIR1 were used as external control and BHVO-2
was used for internal control. The precision of
measurements was better than 5% for all elements.

4.2. Radiogenic Isotopes

[15] Prior to the chemical separation all powders of
submarine samples were leached by adding 4 ml of
6N HCI and kept at 85°C for a period of 20 to
40 min. The leached samples were rinsed thrice
with de-ionized water to eliminate potential sea-
water contamination.

[1s] Hf and Pb isotopes were measured on a
Thermo Fischer Neptune MC-ICP-MS (PSO/
Ifremer, Plouzané, France). For Hf separation each
sample powder was dissolved with a HF -HNO;
3:1 mixture at 85°C for 48 h and evaporated to

dryness. Hf of the dry residue followed the pro-
cedure of Blichert-Toft et al. [1997]. IMC 475
standard was used for internal control (mean value
(n=17) "°Hf/'""Hf = 0.282154 + 0.000013 (20)/
recommended value '°Hf/'""Hf = 0.282163). Blanks
were less than 50 pg.

[17] For Pb separation, samples were dissolved
with a HF-HBr 3:1 (Romil-UpA™ - [Pb < 1 ppt])
mixture for 48 h and then evaporated to dryness.
Chemical chromatography was performed on
anionic AG1X8 200—400 mesh columns following
the procedure of Manhes et al. [1978]. The Pb
fraction was purified a second time on the same
column. The non-retained fraction was kept for Sr
and REE separation. Later, the Pb fraction was
dissolved in HNOj3; 2% and spiked with TI prior to
analysis. NIST 981 standard was used for internal
control (mean values (n = 36) 2°°Pb/**Pb =
16.931 + 0.006 (20); *°’Pb/***Pb = 15.488 +
0.005 (20); 2°*Pb/2**Pb = 36.692 + 0.014 (20)/
recommended values 2°°Pb/**'Pb = 16.937 =+
0.006; **’Pb/***Pb = 15.491 + 0.008; **°Pb/***Pb =
36.721 £ 0.016). Blanks were less than 100 pg.

[1s] Sr and Nd isotopes were determined on a
Thermo Electron™ Triton T1 (PSO/IUEM, Plou-
zané, France) using procedures adapted from White
and Patchett [1984] and Richard et al. [1976].
Fractions eluted from the Pb protocol were evapo-
rated to dryness then re-dissolved twice in HNO;
14N and dried again. The Sr separation on ion
exchange resin was performed on cationic AG50X8
columns. Sr fractions of highly alkaline samples
were purified a second time. REE were eluted from
the same solution. Nd was then separated using
LnSpec Eichrom resin. Sr isotopes determinations
were run on a single W filament coated with Ta
activator [Birck, 1986]. NBS 987 was used for
internal control (mean value (n = 31) ¥’Sr/*°Sr =
0.710262 + 0.000016 (20)/recommended value
87Sr/%°Sr = 0.710248). Blanks were less than
600 pg. Nd isotopes determinations were run on Re
double filament. La Jolla standard was used for
internal control (mean value (n = 16) **Nd/"**Nd =
0.511845 + 0.000017 (2o)/recommended value
4Nd/"*Nd = 0.511850). Blanks were less than
400 pg.

5. Results

[19] Major and trace elements, and isotope compo-
sitions are presented in Tables 1 and 2.
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Figure 2. Alkalis versus silica diagram (wt%) illustrating the range of petrological compositions for samples from
the Chain of Dead Poets (diamond symbol) and the ASP plateau. On ASP plateau, on-axis magmatism is symbolized

by squares. The fields used are from Le Bas et al. [1992].

The black line separates alkaline fields from tholeiitic fields.

Data from Johnson et al. [2000] and Doucet et al. [2004] are plotted for comparison. 2¢ error bars are smaller than

symbol size.
5.1. Major Elements

[20] The SiO, contents range between 44% and
56 wt% for 3% < MgO < 8%. A plot of total alkalis
versus silica (TAS diagram [Le Bas et al., 1992];
Figure 2) reveals that the plateau samples are
mostly tholeiitic while the samples from the CDP are
highly alkaline, with a tephrite or basanite compo-
sition. Some samples from ASP plateau, precisely
from St. Paul Island [Doucet et al., 2004], have a
mildly alkaline to transitional composition. Our
plateau samples are similar to those of Boomerang
seamount [Johnson et al., 2000] and Amsterdam
and St. Paul Island [Doucet et al., 2004]. However,
the new data set display a larger range in com-
positions from alkaline primitive lavas to typical
N-MORB.

[21] In the CDP samples, the alkalis contents range
between 6% and 7.42% and co-vary with SiO,
within one seamount, which suggests an influence

of fractional crystallization processes. At a given
Mg# value, the CDP samples are systematically
enriched in AlLOs;, Na,O, K,O and P,0s, and
depleted in SiO,, when compared to ASP plateau
samples. This implies that the samples of the sea-
mount chain have common characteristics, and a
common source, despite the temporal dispersion
evidenced by Janin et al. [2011]. The enrichment of
the seamounts is particularly striking in K,O with
contents higher than 1.5% and reaching 2.2%.
On the plateau, the maximum K,O concentration
reaches 1.3% for one sample from the current SEIR
but the published values typically range between
0.1% and 1% [Girod et al., 1971; Gunn et al., 1971,
1975; Doucet et al., 2004].

5.2. Trace Elements
[22] The trace elements compositions of the samples
are plotted in primitive mantle — normalized spi-

dergrams (Figure 3). The CDP and ASP plateau
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Figure 3. Trace elements patterns of (a) CDP and (b—f) ASP plateau samples normalized to primitive mantle
[McDonough and Sun, 1995]. To facilitate the reading, samples were plotted according to their geodynamical context.
The CDP samples are on the same diagram while ASP plateau samples are divided into off- axis, on-axis and fracture
zones magmatism. PLU DR24 samples were separated because of a peculiar isotopic signature discussed in the next
paragraph. 20 error bars are smaller than symbol size.

samples exhibit a wide range of contents. To ease
the reading we decided to present separate dia-
grams, according to their geodynamical context.

could be related to a higher degree of partial melting.
Surprisingly for oceanic lavas, Lamartine and Sand
seamounts exhibit an enrichment in Pb (Pb/Ce > 0,1)
but we exclude any possible contamination of the
samples because those two seamounts also exhibit
enrichment in U and Sr, and in Sr respectively,
which could be related to the involvement of a

[23] The CDP samples exhibits similar patterns
with low Cs and HREE contents compared to LREE.
In addition, Boileau and La Bruyere seamounts
have lower contents in incompatible elements which
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continental component. This will be discussed later
in section 6.2.2.

[24] On ASP plateau, PLU DR6 and PLU DR34
samples represent, respectively, the expression of
current and ancient magmatism at the SEIR axis.
All the samples exhibit similar patterns suggesting
a similar partial melting and/or mantle source.
PLU DR 1, 2, 4, 8 and 37 samples are related to
off-axis magmatism and have close trace elements
contents to those of on-axis magmatism. There is
no major difference between on- and off- axis
magmatism in terms of trace elements contents
(except a small depletion in Sr and Eu for off-axis
samples) which suggests similar melting processes.
The samples exhibit a negative anomaly in Ba, Pb
and Sr. The other off-axis magmatism samples have
peculiar compositions. PLU DR21 and PLU DR35
are indeed characterized by low contents in incom-
patible elements and positive anomalies in U and Pb.
PLU DR24 have small, but significant positive
anomalies in Ta, Sr and Eu. PLU DR28 is a peculiar
sample since it exhibits a typical N-MORB compo-
sition. This sample is also characterized by a negative
anomaly in Ba and positive anomalies in Cs, Pb et Sr.
The samples coming from fracture zones appear rel-
atively heterogeneous but all of them exhibit almost
flat trace elements patterns. In addition, PLU
DR39 is characterized by positive anomalies in U
and Pb, while PLU DR10 samples always exhibit a
negative anomaly in Ba and a variable anomaly in
Pb.

5.3. Isotope Ratios

[2s] Whatever the isotopic ratios used, the samples
from ASP plateau and from the CDP do not fall in a
homogeneous field. *’Sr/*®Sr ranges from 0.703525
to 0.705451, '®Nd/'*'Nd from 0.512464 to
0.512975, 2%Pb2%%Pb from 17.375 to 19.617,
297Pb/***Pb from 15.532 to 15.658, ***Pb/***Pb
from 38.121 to 39.892 and '"°Hf/'”’Hf from
0.282645 to 0.283209 (Figure 4). However, our
results are consistent with previous studies since
Amsterdam and St Paul islands’ data [Doucet et al.,
2004] systematically fall in the field defined by our
extreme data.

[26] On the ¥'Sr/®%Sr versus **Nd/!**Nd diagram
(Figure 4), all the samples, including the CDP
samples, lay on a trend between the typical Indian
MORB DM source and PLU DR24 samples.
A simple binary mixing could explain all the observed
composition but if so, ASP hot spot cannot be
one of its end-members since the CDP exhibits an

intermediate composition in such trend. Anyway,
the '°Hf'Hf versus 2°°Pb/%Pb dlagram
(Figure 4) excludes a simple binary mixing since
ASP plateau samples fall between the MORB DM
and the CDP samples. The extreme CDP compo-
sitions are given by the Apollinaire seamounts in
terms of 206Pb/204Pb but the CDP samples are
homogeneous in '"°Hf/'’’Hf. Again, PLU DR24
samples seem to be an extreme component with a very
low '"°Hf/'”’Hf. Among others, PLU DR2 samples
seem to be shifted toward PLU DR24 extreme com-
position. Such trends are more clearly evidenced in
the Pb isotopic space.

[271 On the 2°®Pb/?**Pb versus 2°°Pb/>**Pb diagram
(Figures 4 and 5) the CDP samples lie on a trend
between the Indian MORB DM source and the most
radiogenic component, measured in the Apollinaire
samples, which would thus represent an extreme
hot spot signature. All the other samples (CDP +
plateau) are distributed toward less radiogenic Pb
isotopes. However, they do not fall on the single
line trend but display some funnel shaped trend.
This trend points toward two less radiogenic com-
ponents namely (1) the Indian DM (represented by
a large number of Indian MORB) and (2) the
composition of PLU DR24). In other words, in the
Pb isotopic space, the samples are distributed in a
triangle having as summits Apollinaire seamount,
PLU DR24 and the Indian DM.

6. Discussion

[28] The results presented in the previous section
indicate that the origin of ASP plateau lavas is
geochemically complex. Our goal here is to dis-
criminate the different components and their origin,
in the frame of the “mantle zoo” [Stracke et al.,
2005], i.e. C component, HIMU, and EM end-
members. The C component, as defined by Hanan
and Graham [1996], is the common component to
every hot spot and corresponds to the lower and
primitive mantle. This primitive composition is
influenced by several end-members leading to the
complexity of OIB signatures. Those end-members
are related to recycled material with various orlgms
like (1) HIMU (high p = ***U/***Pb ratio), associ-
ated to recycled oceanic crust, (2) EM1 (Enriched
Material), related to old pelagic sediments, recycled
continental lithosphere, ... and (3) EM2, related
to recycled detritical sediments, metasomatized
lithosphere, ...

[20] In the following paragraph, we will first con-
strain the composition and origin the ASP hot spot
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Figure 4. Sr-Nd-Pb-Hf isotope ratios of CDP (diamond symbols) ASP plateau (all other symbols) samples. We
added for comparison the global OIB values (gray circle), the SEIR, SWIR and EPR values (respectively white, gray
and black squares) (compiled files from the GEOROC database available at http://georoc.mpch-mainz.gwdg.de/
georoc/), and the literature data on ASP plateau [Dosso et al., 1988; Graham et al., 1999; Johnson et al., 2000],
and Amsterdam and St. Paul Islands [Doucet et al., 2004], and Kerguelen plateau. The literature data on ASP plateau
include data coming from the SEIR segments crossing ASP plateau. 20 error bars are smaller than symbol size.
All isotopic components discussed in the text are shown on the diagrams (C = common component from
Hanan and Graham [1996], DM = Depleted Mantle, EMs = Enriched mantle, HIMU = high ***U/***Pb ratio —
see text for discussion), as well as pelagic sediments (PS) As in Figures 2 and 3, similar symbols means similar
geodynamical context (see text for details). The color code is related to the relative enrichment in 2**Pb/2**Pb in
the 2*Pb/***Pb versus 2°°Pb/***Pb diagram. Samples from the ASP-DM trend are represented with cold colors
while samples from the ASP-DR24 trend are symbolized with hot colors.
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Figure 4. (continued)

itself through these possible end-members. Then,
in the second, we will focus on the influence of the
DUPAL anomaly on ASP plateau lavas, and we
will constrain its origin regarding this new data
set.

6.1. Chain of the Dead Poets, an Extreme
Hot Spot Component

[30] As shown earlier, the Pb isotopic diagrams
(Figure 4) seem to be the most discriminating so the

Pb isotopes will be principally used in the discus-
sion. Other isotopic and trace elements constraints
will be considered when necessary to strengthen the
demonstration.

6.1.1. Pb-Pb Systematic and Plume-Ridge
Interaction

[31] Linear Pb-Pb isotopes correlations can be
interpreted either as isochrons or as binary mixing
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208p,294py, = 4().

lines [Tatsumoto, 1978; Abouchami et al., 2000].
In Figure 4, the straight line delineated by most
of the CDP samples would define a 5 Ga isochron,
which, regarding the age of the Earth, allows to rule
out any chronological correlation. Therefore, given
the geodynamical context, this line will be regarded
as a mixing line in the frame ridge-hot spot inter-
action in the following discussion.

[32] As evoked earlier in section 5.3, the trian-
gular shape defined by the data set in the Pb isotopic
space requires at least three distinct components to
account for the isotopic variations of ASP lavas.
All but two (Boileau and Lamartine seamounts)
CDP samples lie on a single mixing line between a
rather radiogenic Pb component (*°°Pb/***Pb =
19.6) and the Indian DMM as defined elsewhere
[Dupré and Allegre, 1983; Hart, 1984; Mahoney
et al., 1992; Rekhdmper and Hofmann, 1997;
Chauvel and Blichert-Toft, 2001; Hanan et al.,
2004]. The CDP samples are characterized by a
higher 878r/%Sr and 2°*Pb/***Pb for a given
205pp/2%*Pb and their dispersion along this trend
reflects either an intrinsic heterogeneity of the
mantle plume, or a mixing with the surrounding
upper mantle. The first case is rather unlikely as it
requires a highly depleted component in the plume,
similar to the Indian MORB mantle. The first sea-
mount generation of the CDP (Boileau and La
Bruyére >8 Ma [Janin et al., 2011]), which belongs
to ASP plume intraplate activity, lies on this mixing
line but do not exhibit the most radiogenic compo-
sition. This probably reveals some early off-axis
interactions between the mantle plume and the local
DM. Such interaction, occurring during the relative

rapprochement of a ridge and a hot spot, has been
observed in some seamounts of the Foundation
chain [Maia et al., 2000]. It is therefore conceivable
that the same process may have occurred when the
early CDP seamounts formed. The second seamount
generation (<2.1 Ma) displays much more variable
isotopic signatures and the youngest seamount
even exhibits the most extreme composition
among our new data set. Apollinaire is therefore,
in composition, the closest sample to ASP hot spot
end-member. Considering those samples as repre-
sentative of the bulk composition of the seamounts,
we can explain this observation as follows: (1) the
large old seamounts may result from larger degrees
of melting, and therefore exhibit a more dilute
enriched signature because of mixing with local
depleted mantle melts and (2) the youngest sea-
mounts, which formed above lithospheric cracks
[Janin et al., 2011], would result from lower
degrees of melting of more enriched materiel left
by the plume under or in the lithosphere. Maia et al.
[2011] suggested an episodic activity of ASP mantle
plume. In the frame of Maia et al. models, the
youngest seamounts are related to the second pulse
which constructed the ASP plateau [Janin et al.,
2011]. Some plume material could have been
ponded underneath the plateau, enhancing melt
eruption through a weaker lithosphere, and the
construction of the young seamounts along the
Capricorn and Australian plate diverging boundary.
Such material migration can occur prior or after the
plume melting, that is to say in a solid or liquid
state. The survival of extreme isotope signature,
and the survival small scales heterogeneities within
a single seamount, rather suggest a solid state for
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the migration of ASP plume material under the
lithosphere. Indeed, melt transport would have
contributed to a better homogenization within the
material and then diluted such extreme signature.
The plume melting then occurs in relationship with
tectonic weaknesses of the lithosphere.

[33] As established earlier, the hot spot must have a
Pb isotopes composition at least as radiogenic as
Apollinaire, but can also be more radiogenic as
well. We will try now to use the shift in 2°*Pb/***Pb
for a given °°Pb/***Pb of the ASP plateau samples
to bring further constraints on the composition of
the plume end-member. In Figure 5, the dispersion
of the ASP plateau (this study and Nicolaysen et al.
[2007] for the present ridge samples) can be used to
define another linear trend with a flatter slope
passing through the most radiogenic samples of the
plateau in 2°*Pb/?**Pb for a given *°°Pb/***Pb: on
axis and slightly off-axis samples, Amsterdam
island [Doucet et al., 2004], PLU DR24 which is a
small seamount on 1.5 Ma old crust (red dotted line
in Figure 5). In other words, the youngest ASP
plateau samples require the addition of a third
component (discussed in section 6.2). We can
speculate that the influence of the plume composi-
tion is present in both trends, and therefore that its
Pb composition is likely to be represented by the
intercept of both trends (Figure 5): 2°°Pb/***Pb =
19.7 and 2°*Pb/2**Pb = 40. This leads us to discuss
now the composition of ASP plume and its origin.
To facilitate the reading of the diagrams, we
decided to give the samples a color code following
the influence (or not) of the PLU DR24 compo-
nents. The plateau samples, lying on the trend
between ASP end-member and the Indian DM in the
208pp/204ph versus 2°°Pb/2**Pb, are in blue squares
and called ASP-DM trend in all diagrams; while the
samples enriched in *°*Pb/***Pb are in red circles
and called ASP-DR24 trend. The CDP samples
remain apart with yellow diamonds.

6.1.2. ASP End-Member, Composition
and Link With Pelagic Sediments

[34] In the other isotopic systems, the CDP samples
exhibit a relative homogeneity, when compared to
Pb isotopic ratios (Figure 4), which suggest less
fractionation of Rb/Sr, Sm/Nd and Lu/Hf parent/
daughter ratios. The plume component deduced
from this study compares well with the C compo-
nent from [Hanan and Graham, 1996] in terms of
206Pb/204pb, 87Sr/868r, 143Nd/144Nd, 176Hf/177Hf.
However, it requires a mantle source with a higher

208pp2%4ph, which suggests a higher time-integrated
Th/U ratio. Two major components have been shown
to have high *°*Pb”%Pb at a low 2°°Pb/**Pb:
pelagic sediments and granulitic lower continental
crust [Ben Othman et al., 1989; Rudnick and
Goldstein, 1990; Rudnick and Fountain, 1995; Plank
and Langmuir, 1998].

[35] The circum-Indian Ocean granulites (African,
Australian, Indian) have a high *’Sr/*°Sr and low
"3Nd/M**Nd and 2°°Pb/2°®Pb ratios ("**Nd/'**Nd <
0.5124 and 2°°Pb/*%®Pb < 18 [Cohen et al., 1984;
Huang et al., 1995]) as seen in Figure 6. Conse-
quently, none of them have the required composi-
tion to account for the ASP plume isotopes
composition.

[36] Pelagic sediments have high Th/U evolving to
high 2°*Pb/2**Pb ratios but their low U/Pb ratio
limits the increase of °°Pb/>**Pb through time
with a range of composition of *°°Pb/***Pb < 19
[Ben Othman et al., 1989; Plank and Langmuir,
1998; Stracke et al., 2003]. Pelagic sediments’
time-integrated 2°°Pb/***Pb is thus too low to
account for ASP plume composition. At global
scale, it is established that Pb is more mobile during
subduction than U and a fortiori than Th [Johnson
and Plank, 1999]. Therefore, the recycled crustal
material (magmatic section + sediments) must have
elevated U-Th/Pb ratios and evolve through time
to a higher 2°°Pb/***Pb. Chauvel et al. [1992]
calculated that oceanic crust recycled through a
0.5 to 2 Ga process could reach a Pb ratio of
206pp/294pp = 19 to 23. Following the model of
Chauvel et al. [1992], recycled pelagic sediments
can therefore account for ASP plume composition
into the Pb-Pb isotopes space as well as Sr-Nd
isotopes space. Indeed, the CDP field in the Sr-Nd
isotopic diagram (Figure 4) is quite homogeneous
when compared with the ASP plateau samples.
Consequently, they result from a process that do
not create Rb/Sr and Sm/Nd decoupling, hence no
enrichment in the parent-daughter ratios through
isotopic decay. Kelley et al. [2005] have estab-
lished that Rb is highly mobile during subduction,
generating low Rb/Sr ratios in any recycled material.
Consequently, old recycled pelagic material mixed
with an average MORB mantle is a possible source
for the composition of the CDP samples, according
to their ¥’Sr/*®Sr signature.

[37]1 Regarding Lu/Hf and Sm/Nd ratios, Patchett
et al. [1984] and Vervoort et al. [1999] demon-
strated that pelagic sediments display a significant
decoupling between them and thus in Hf and Nd
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Figure 6. ASP plateau and CDP samples ’Sr/**Sr versus '**Nd/'**Nd and 2°*Pb/***Pb versus **°Pb/***Pb diagrams
compared to worldwide (compiled files from the GEOROC database available at http://georoc.mpch-mainz.gwdg.de/
georoc/) and African granulites [Cohen et al., 1984; Huang et al., 1995].

isotopes. Pelagic sediments, which are deprived in
Hf-rich zircons, have higher Lu/Hf ratios relatively
to their Sm/Nd ratios [Chauvel et al, 2008].
Through isotopic decay, these constraining parent-
daughter ratios lead to isotopic compositions dis-
placed above the mantle field in Hf-Nd space. Old
recycled pelagic sediments would therefore have
Nd and Hf isotopic compositions displaced to the
left of the mantle array in Figure 4, where the CDP
samples are clearly displaced above the mantle
array. Mixing of old pelagic material with an aver-
age mantle can therefore account for the composi-
tion of the CDP samples in Nd-Hf isotopic space
(Figure 4). This supports the presence of old pelagic
sediments in ASP plume end-member, as suggested
by the Pb isotopic ratios.

[38] To summarize, the incorporation of old recycled
pelagic sediments into the mantle can account for
ASP plume Hf-Pb-Sr-Nd isotope signatures. Nev-
ertheless, those sediments were recycled within
the mantle, together with the magmatic section of the
slab, i.e. oceanic crust. In addition, this composite
component must have been mixed later within the
Indian Ocean upper mantle. The following paragraph
will discuss the proportions of such mixing to
reproduce the ASP sample compositions.

6.1.3. Mixing Model and Proportion of Pelagic
Sediments

[39] Recycling of oceanic crust in the mantle
during subduction processes is commonly
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considered as having created the HIMU-like end-
member [Hofmmann, 2004] but this recycling may be
accompanied by small amount of sediments. The
HIMU end-member is characterized by a high
tirne—inte%rated U/Th (and hi%h U/Pb) resulting in
a high 2°°Pb/?**Pb for a given “**Pb/***Pb (Figures 4
and 5). The ASP end-member does not have such
characteristics but derives from a time-integrated high
Th/U. Nevertheless, Chauvel et al. [1992] demon-
strated than only a few percents of sediments in the
recycled crust-sediments mixture would mask the
characteristic radiogenic Pb signature of the recycled
crust (i.e., the HIMU end-member). Consequently, it
is likely that oceanic crust recycled with a small
amount of sediments will not develop a HIMU sig-
nature. A mixture of basalt + pelagic sediments
evolves in the Pb-Pb space toward (1) a 2*°Pb/***Pb
ratio that is lower than the one which would be
achieved by the oceanic crust alone and (2) to higher
208pp/2%Ph than those of present-day MORB, which
are the characteristics of ASP plume end-member
(Figure 5). Recycled oceanic crust mixed with a small
amount of pelagic sediments could account for ASP
plume composition. Using the method of Chauvel et
al. [1992], we determined that less than 1% of
pelagic sediments with oceanic crust recycled
through a 1,5 Ga old subduction process could
account for the CDP samples compositions. Such
timing of recycling confirms the deep-seated ASP
plume evidenced by Janin et al. [2010, 2011] using
geochronological data.

[40] The interaction between ASP end-member
(with a “pelagic sediment + oceanic crust” signature)
and the Indian upper mantle can be constrained
using the mixing equation of Langmuir et al. [1978].
The resulting mixing lines (Figure 7) show that the
incorporation of 10% (Apollinaire seamount) to
50% of Indian upper mantle within the mantle
plume could account for the CDP samples disper-
sion. Some of the ASP-DM trend lies over this
single mixing line between ASP plume and the
Indian upper mantle. Their composition requires
the incorporation of 25% to 55% of Indian DM
within ASP plume.

[41] However, at the scale of the plateau, the lavas
exhibit a second trend shifted toward higher
208pp/20%pp for a given 2°°Pb/***Pb. This trend
implies the addition of a third end-member (in
addition to ASP plume and the Indian upper mantle)
to account for ASP plateau samples distribution.
The nature of this end-member is discussed in the
following paragraph.

6.2. PLU-DR 24 and Samples
With a DUPAL-Flavor

6.2.1. Plume-Ridge Interaction and Influence
of the DUPAL Component on the ASP
Plateau Basalts

[42] In Figure 4, some 2plateau samples are dis-
placed toward higher “**Pb/°*Pb for a given
206pp/2%4Ph and belong to the ASP-DR24 trend in
Figure 5. Those samples, together with J1 and J2
SEIR segment (the segments crossing the ASP pla-
teau, i.e. small black crosses in Figure 4) samples
(data from Nicolaysen et al. [2007]), require the
addition of a rather “homogeneous” third com-
ponent to the mixing between ASP plume and the
Indian upper mantle. The extreme samples of this
trend is PLU DR-24 with a *®Pb*/%Pb* = 1.07
(O Pb*/2%Pb* = (*%*Pb/2%Pb — 29.475)/(**°Pb/***Pb
— 9.307) i.e., the measured 2°*Pb/*°°Pb ratios cor-
rected from primordial Pb. A 2°*Pb*/2°°Pb* > |
correspond to an enrichment in 2**Pb for a given
205pp). PLU DR 24 and the samples delineating the
ASP-DR24 trend exhibit higher *’Sr/*®Sr and
208pp/296pp and lower '**Nd/'**Nd at a given
206pp/2%4Ph, including some ASP plateau lavas from
previous studies [Dosso et al., 1988; Doucet et al.,
2004; Nicolaysen et al., 2007]. This third compo-
nent could be either related to the ASP plume
itself (intrinsic heterogeneity) or to some hetero-
geneity of the Indian upper mantle. As presented
in previous sections, ASP-DR24 trend samples
are found in the thicker part of the ASP plateau
(i.e., related to the interaction with the ridge)
while the CDP samples are related to the ASP
intraplate activity (>8 Ma) and do not exhibit,
for most of them, a DR24-flavor. Graham et al.
[1999] and Nicolaysen et al. [2007] revealed that
the H segment of the SEIR was contaminated by
ASP hot spot derived material. However, they do
not exhibit any PLU DR24 flavor either, which
suggests that the PLU DR24 end-member is not
related to ASP plume material. /to et al. [2003]
demonstrated that, in a ridge-hot spot interaction
system, the plume signature dominates the compo-
sition of the resulting lavas. PLU DR6 and PLU
DR34 represent the current and old on-axis mag-
matic phases respectively, and none of them appear
as the extreme DR24-like component recorded on
ASP plateau, which confirms that the PLU DR24
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(graduations from 1 to 10%). The LCC end-member composition is *’Sr/**Sr = 0.7085, [Sr] = 500 ppm, '*Nd/'*'Nd =
0.51165, [Nd] = 20 ppm, 2%°Pb/2*Pb = 17, 2°*Pb/***Pb = 39, [Pb] = 15 ppm, values adapted from the literature (included
African granulites by Cohen et al. [1984] and Huang et al. [1995]) The ASP hotpot composition is *’St/*°Sr = 0.7039,
[Sr] = 600 ppm, "*Nd/"**Nd = 0.5128, [Nd] = 40 ppm, 2°°Pb/***Pb = 19.7, 2*®Pb/***Pb = 40, [Pb] = 5 ppm, values
adapted from the CDP samples. The Indian DM composition is *’Sr/*¢Sr = 0.7025, [Sr] = 50 ppm, '**Nd/'**Nd =
0.5132, [Nd] = 1 ppm, 2°°Pb/**Pb = 17.4, 2**Pb/***Pb = 37, [Pb] = 1 ppm, values adapted from the literature
[Hofmann, 2004, and references therein].

signature is related to heterogeneity within the a global process. Therefore, the nature of PLU
Indian mantle. In addition, those characteristics are ~ DR24 component must be discussed within the
similar to those of 39-41°E segments of the SWIR,  frame of the DUPAL anomaly origin. The DUPAL
as well as DUPAL-like localities. Consequently, the =~ component has been attributed to diverse origins
origin of PLU DR24 characteristics seems related to  including, among others, ancient recycled sediments
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[Rekhdmper and Hofmann, 1997] and delaminated
continental crust [Douglass et al., 1999; Escrig
et al., 2004; Hanan et al., 2004; Meyzen et al.,
2005]. In the following paragraph, we will discuss
the various assumptions evoked for the nature of
PLU DR24 component and the origin of ASP-DR
24 trend characteristics.

6.2.2. The Lower Continental Crust
as an Origin for the DUPAL Anomaly

[43] The literature data did not reach a consensus
about the origin of the DUPAL anomaly [Dupré
and Allegre, 1983; Hamelin and Allegre, 1985,
1986; Mahoney et al., 1992; Chauvel and Blichert-
Toft, 2001; Frey et al., 2002; Hanan et al., 2004;
Ingle et al., 2003; Janney et al., 2005; Meyzen et al.,
2005; Regelous et al., 2009]. Therefore, we used
trace elements contents to better constrain the
mantle source of PLU DR24. As shown in Figure 4,
PLU DR24 lavas have high Sr and Eu relatively
to REE of similar incompatibility with Sr/Nd and
Eu/Eu* ratios higher than in other plateau samples.
Sr and Eu are highly compatible in plagioclase and
Ba and Sm are less incompatible in plagioclase than
Nb and Hf respectively, therefore, plagioclase-rich
components have relatively high Ba/Nb and Sm/Hf,
like PLU DR24. The plagioclase-rich source is
also illustrated by the Ba/La versus La diagram
(Figure 8) where PLU DR24 samples exhibit an
enrichment in Ba. These characteristics might thus
result either (1) from the assimilation of plagioclase
or plagioclase-rich cumulates within the oceanic
lithosphere by N-MORB or (2) from the presence of
a plagioclases-rich component in the mantle source.
The following paragraph will discuss the different
models for those characteristics as proposed in the
literature for the DUPAL anomaly origin.

6.2.2.1. Oceanic Crust?

[44] Along the pathway from the mantle source to
the surface, the magmas cross the oceanic litho-
sphere including the oceanic crust. Gabbros, rich in
plagioclase cumulates, represent the lower part of
the oceanic crust and the assimilation of gabbro has
been evoked to explain the plagioclase signature of
lavas from Iceland [Hemond et al., 1993] or from
the Kerguelen plateau [Yang et al., 1998]. The iso-
topic signature of the oceanic crust is related to its
mantle source and is mainly accessible through the
MORB isotopic composition. The ®’Sr/*®Sr ratio of
PLU DR24 is higher than those of Indian MORB,
and therefore, is not readily explained by the even-
tual assimilation of oceanic gabbros although

gabbros could be contaminated easily by seawater
Sr ®’Sr/*°Sr (=0.7092) and then acquire higher
87Sr/%Sr to account for PLU DR24 signature.
However, seawater contamination will move the
data point to the right of the mantle array at constant
"Nd/'"**Nd. On the contrary, PLU DR24 lavas
have relatively low '**Nd/'**Nd and lie close to the
mantle array, excluding the assimilation of altered
oceanic gabbros as a potential source. Similarly, the
assimilation of gabbro would not explain the higher
208pp/2%Ph for a given 2°°Pb/***Pb of PLU DR24
since the Indian Oceanic crust does not exhibit such
extreme compositions. The plagioclase signature of
ASP-DR24 trend samples must therefore be inher-
ited from the mantle source.

[45] High Sr/Nd ratios in lavas of some intraplate
islands have been interpreted as an evidence for
recycled oceanic gabbro under the form of eclogite
within the mantle [Hofmann and Jochum, 1996;
Chauvel and Hémond, 2000; Sobolev et al., 2000].
Oceanic gabbros have low Rb/Sr, U/Pb, Th/Pb and
Th/U ratios [Hart et al., 1999], which over time will
result in relatively unradiogenic Sr and Pb istopes
ratios (ex: 2°*Pb/2**Pb < 37 [Stracke et al., 2003])
unlike PLU DR24 (*°*Pb/***Pb > 38). Conse-
quently, oceanic crust can be excluded as a possible
source of the PLU DR24 lavas neither through
assimilation by the ascending melts nor as recycled
crust within the mantle.

6.2.2.2. Pelagic Sediments?

[4] The PLU DR24 isotopic composition is
intermediate between the Indian MORB and the
EM1-end-member. The trace elements and isotopic
characteristics of some EM1-type lavas have been
attributed to the melting of a mantle source con-
taining a small amount of ancient subducted pelagic
sediments [Hamelin and Allegre, 1985; LeRoex
et al., 1989; Weaver, 1986, 1991; Andres et al.,
2002]. The composition of PLU DR24 samples
is comparable to lavas of the 39—41°E SWIR seg-
ment, but with a higher 2**Pb/?°°Pb. Meyzen et al.
[2005] showed that none of the sediments has the
U/Pb and Th/Pb ratios leading through time to
the compositions of the peculiar basalts from the
39-41°E SWIR segment, especially to its enrich-
ment in 2°®Pb/2%*Pb. On the same basis, we exclude
pelagic sediments as the source of PLU DR24 lavas.
The low Sm/Nd and high Lu/Hf of pelagic sedi-
ments will create through time a decoupling in the
isotopic compositions, which will be displaced
above the mantle array in Hf-Nd space [Patchett et
al., 1984; Vervoort et al., 1999]. However, PLU
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Figure 8. Variations of St/Nd with Eu/Eu*, of Ba/La with Ba (in ppm) and variation of Pb/Ce with Ce (in ppm).
Euw/Eu* is defined as Eun/(Sma*Gdy)™” where N indicated abundances normalized to Chondrites [McDonough
and Sun, 1995]. PLU DR24 samples exhibit a higher St/Nd and Eu/Eu*, as well as a higher Ba/La suggesting
the presence of plagioclases in the lavas source. Its high Pb/Ce indicates a continental origin for the PLU
DR24 geochemical signature. 20 error bars are smaller than symbol size.

DR24 samples are located on the mantle array in
such diagram (Figure 6), therefore excluding
pelagic sediments as the source of PLU DR24 lavas.
In addition, pelagic sediments would not account
for the PLU DR24 trace elements compositions
since, for example, the average Sr/Nd ratio of sedi-
ments recycled through subduction process is 12,
which is too low to account for the Sr/Nd ratio of
PLU DR24 (>18). Consequently, the incorporation
on pelagic sediments in the mantle source, which

not account for PLU DR24 signature, can be
excluded as the origin of ASP-DR24 trend.

6.2.2.3. Metasomatic Subarc Mantle

[47] In the Indian Ocean, an isotopic signature
resembling PLU DR24 characteristics is also found
in the Australian-Antarctic Discordance (AAD)
basalts. Kempton et al. [2002] argued that the dis-
tinct signature of the AAD basalts may be caused
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by the presence of recycled material arising from
subduction modified mantle embedded within the
shallow asthenosphere. Consequently, an alterna-
tive origin for PLU DR24 source is the incorpora-
tion of subduction modified subarc mantle. Such
mantle would then have undergone metasomatism
and melting during subduction leading to peculiar
characteristics before being recycled into the mantle.
Kempton et al.’s [2002] model is based on Hf-Nd
systematics and could account for the composition
of PLU DR24 in Hf and Pb isotopes. In addition, the
high mobility of Pb within fluids during subduction
processes would lead to high Pb/Ce in the metaso-
matized mantle, in agreement with the high Pb/Ce
observed in PLU DR24 samples. However, the
incorporation of metasomatized mantle is inconsis-
tent with the Pb isotopes. Meyzen et al. [2005] cal-
culated the evolution through time of such material
and established that they were not a plausible end-
member to account for the 2**Pb/***Pb enrichment
seen in the peculiar basalts from the 39—41°E SWIR
segment, whatever the age of the subduction was.
Since PLU DR24 lavas have even higher
295pb/>**Pb for the same *°°Pb/***Pb than 39-41°E
SWIR basalts, metasomatic processes are unlikely
to explain the PLU DR24 end-member as well.
Metasomatic sub-arc mantle may also be excluded
as a possible source component for ASP-DR24
trend signature.

6.2.2.4. Lower Continental Crust

[48] As discussed above, the trace elements com-
positions of PLU DR24 lavas show that a plagio-
clase-rich component may have contributed to the
source of the lavas. Plagioclase is known to be an
important phase from the lower continental crust
(LCC) and such rocks exhibit high Sr/Nd and
EwEu* [Rudnick et al., 1986; Rudnick and Fountain,
1995; Rudnick and Gao, 2003]. Throughout the
1980s, Hofmann, Jochum, and coworkers studied a
series of trace element ratios that are globally more
or less uniform in both MORBs and OIBs [Hofinann
and Jochum, 1996, Hofimann, 2004, and references
therein]. Pb/Ce is one of those with a range of about
0.033 but which is much higher by factors of about
5-10 in the continental crust [Hofmann et al., 1986;
Hofmann, 2004]. PLU DR24 exhibits a Pb/Ce
anomaly suggesting a continental origin (Figure 8).
Whether or not the LCC is a suitable component for
PLU DR24 lavas can be assessed from the isotopic
composition of lower crustal granulite xenoliths
(Figure 6). The isotopic compositions of such
xenoliths vary from one region to another but at a
worldwide scale most of the granulites are

characterized by higher Z°®Pb/***Pb, higher
87S1/*°Sr and lower '“Nd/'*'Nd for a given
206pp/294pp when compared to Indian MORBs. In
addition, a few granulite sites, such as Southern
Africa or Tanzania, are characterized by extremely
low 2%°Pb/***Pb [Cohen et al., 1984; Huang et al.,
1995]. These African granulitic xenoliths have a
composition close to the hypothetical end-member
required in ASP-DR24 trend in Pb-Pb isotopes
space and the dispersion observed in Sr-Nd or Sr-Pb
spaces may easily be explained by intrinsic vari-
ability in the granulites compositions at a worldwide
scale. This assumption is also coherent with litera-
ture data, which pointed garnet fractionation (a
possible major phase of granulites) as an explana-
tion for the high ¢Hf of the Indian MORBs [Hanan
et al., 2004; Graham et al., 2006].

[49] Delamination of LCC represents an alternative
mechanism for recycling continental material into the
convective upper mantle [Arndt and Goldstein, 1989;
Turcotte, 1989; Kay and Kay, 1993; Regelous et al.,
2009]. Remnants of LCC from the craton margin
could have been stripped off and incorporated into
the Indian upper mantle during the breakup of
Gondwana around 120 Myr ago [Escrig et al.,
2004]. Similar scenarios have been proposed by
several investigators to explain the compositions of
lavas with DUPAL characteristics, such as PLU
DR24, formed on spreading centers [Mahoney et al.,
2002; Hanan et al., 2004; Escrig et al., 2005;
Janney et al., 2005; Meyzen et al., 2005] and intra-
plate oceanic volcanoes [Douglass et al., 1999;
Mahoney et al., 1996; Borisova et al., 2001; Frey
et al., 2002; Regelous et al., 2009]. In addition,
PLU DR24 compositions are really closed to data
from site 747 from the Kerguelen plateau [Frey
et al., 2002] and from Heard Island [Barling et al.,
1994] (Figures 4 and 5). The authors of those
studies reached a similar interpretation about the
origin of such signature. In particular, Frey et al.
[2002], using similar trace element ratios, suggested
that lavas from site 747 (Kerguelen plateau) have
compositions originating from a plagioclase-rich
component, similarly to this study. In site 747,
the trace elements composition of the lavas dis-
play much higher Sr, Eu and Ba, clearly indicating a
strong crustal input. In this study, this trace element
signature seems to be a little bit more diluted in
the PLUDR24 samples but remains significant.
In petrography as well as in isotopic composition
the LCC remains the most likely component
responsible for PLU DR24 origin.

[s0] The required contribution of the lower conti-
nental crust, in ASP lavas, and its implications, will
be evaluated in the following paragraph.
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6.2.3. Proportion of LCC

[51] ASP plateau sample dispersion is thus related
to a three components mixing: (1) ASP plume,
(2) the Indian DM upper mantle, and (3) some
lower continental crust layers probably delaminated
during the Gondwana break-up. The proportions
of the first two components have been evaluated
in section 6.1.1. To modeled the mixing between
the three components the following three end-
members are required: (1) high '*Nd/'"**Nd, low
8751/86Sr -2%°Pb/2%Pb-22%Pb/2%Pb Indian DMM,
(2) an ASP end-member close to the C component
from Hanan and Graham [1996] but with a higher
208p/2%4pD, and (3) a low 2°°Pb/2**Pb-'**Nd/'**Nd
component with relatively high ®*’Sr/*°Sr and
208ph/294pb. As discussed above, we argue that the
origin of the DUPAL flavor (low 2°°Pb/**Pb —
high 2°*Pb/?°*Pb) is derived from the lower conti-
nental crust, which was delaminated and incorpo-
rated into the upper mantle.

[s2] The end-member required for PLU DR24
extreme composition resembles to African Granu-
lites, which are nevertheless not even high enough
in 2°*Pb/%*Pb or *’Sr/*°Sr (see Figure 6). At a
worldwide scale, the LCC component is highly
heterogeneous, and extremely high 2°*Pb/***Pb
ratios for a given 2°°Pb/***Pb have been found in
Australia or north America [Leeman et al., 1985;
Tilton and Bareiro, 1980; Rudnick and Goldstein,
1990; Putirka et al., 2009]. Since granulitic xeno-
liths are surely not representative for the whole
LCC, we have chosen an ad hoc LCC end-member
composition close to the African granulites com-
position [Cohen et al., 1984; Huang et al., 1995] but
slightly higher in 2**Pb/2**Pb (=39, seen in Figure 7
caption). This allowed us to establish an order of
magnitude for the LCC end-member contribution
into the mixing, using the equation of Langmuir
et al. [1978], to account for the ASP samples dis-
tribution (mixing lines in Figure 7). Approximately
0-3% of LCC explain the ASP plateau distribution
when added to a simple Indian DM-ASP plume
mixing (discussed in section 6.1), with a maximum
contribution of 6% to account for the composition
of the extreme sample PLU DR24 (Figure 7). The
calculated proportions are comparable for all the
isotopes (see Figure 7 caption for the concentration
and compositions used in the mixing models).

[s3] Mixing models for the whole Indian Ocean
usually invoke a two stage mixing event, in which
the asthenosphere experienced a widespread con-
tamination by a low Z°°Pb/?**Pb, before being
mixed with OIB type material [Hanan and Graham,
1996; Douglass and Schilling, 2000; Chauvel and

Blichert-Toft, 2001; Escrig et al., 2004; Meyzen
et al., 2005; Rooney et al., 2012]. Our model also
consists in a two-stage and three components involv-
ing the lower continental crust as low 2°Pb/***Pb
component. In our calculation, a maximum of 1% of
recycled lower crust in the Indian DM is sufficient to
explain the Indian Ocean MORB distribution. This
is in agreement with previous studies which have
attributed the DUPAL anomaly to lower continental
crust in the Indian [4rndt and Goldstein, 1989; Frey
et al., 2002; Escrig et al., 2004; Hanan et al., 2004;
Meyzen et al., 2005] and South Atlantic Oceans
[Kamenetsky et al., 2001; Escrig et al., 2005;
Regelous et al., 2009].

[s4] However, although the proposed model can
account for most of the isotopic features of ASP
plateau lavas, the '**Nd/"**Nd versus ®’Sr/*°Sr
trend requires a larger amount of high %7Sr/*¢Sr
material. These features might be explained if the
low 2°°Pb/2**Pb — high 2°*Pb/***Pb (i.e. the LCC
component) and/or if the ASP end-member is
more heterogeneous than considered in the mixing
model. Even if such small scale variations cannot
be perfectly modeled, this conclusion would there-
fore be consistent with the isotopic characteristics
of granulites as well as others mantle plumes at a
worldwide scale. Granulites, as well as mantle
plumes, are indeed known to be more or less het-
erogeneous reservoirs. Consequently, some small
dispersion in the mixing models remains plausible
and allows us to give an order of magnitude of
each end-member required in ASP plateau samples
(1) 45% to 75% of ASP plume derived material
and (2) 25% to 55% of Indian DM within 0—6% of
LCC layers included within.

[s5s] Previous studies revealed the homogeneity of
Amsterdam and St. Paul lavas isotopic compositions,
respectively. A new data set on Amsterdam lavas is
consistent with those results [Janin et al., 2010]. This
homogeneity seems paradoxical when compared to
the complete ASP plateau data set, and small scale
heterogeneities observed on some seamounts. A few
samples of Amsterdam Island have been dated.
Carvallo et al. [2003] provided ages of 18 +/—
9kaand 26 +/15 ka and Janin [2010] of 19 +/— 7 Ka.
Others samples revealed themselves too young to be
dated by K-Ar [Janin, 2010], implying that they were
younger than 50 ka. According to their geographical
location, those samples belong to the recent activity
of Amsterdam Island, i.e. La Dives volcano. The
apparent homogeneity in Amsterdam Island lavas
may result from the presence of intermediate

21 of 26



5 - Geochemlstry
~  Geophysics (
Geosystems \ s

JANIN ET AL.: AMSTERDAM-ST. PAUL PLATEAU ISOTOPES

10.1029/2012GC004165

magmatic chambers into the plateau structure and is
thus more probably due to a bias of sampling than to
an homogeneous lava source through time.

7. Conclusion

[ss] The ASP plateau results from the interaction
between the ASP plume and the SEIR, and its lava
compositions present a strong variability in Sr, Nd,
Pb and Hf isotopic ratios, requiring the incorpora-
tion of three main components: (1) the ASP plume,
(2) the Indian DM and (3) a clear DUPAL input.
The volcanic Chain of the Dead Poets (CDP), lies
to the northward tip of the plateau and is related to
the plume intraplate activity. The study of the ASP
plateau and the CDP reveals that the ASP plume is
composed of oceanic crust and pelagic sediments
recycled within the mantle through a 1.5 Ga sub-
duction event. Such ancient recycling age suggests
that the ASP plume is a deep plume and supports
the conclusion of Janin et al. [2011] based on
geochronological data.

[s71 The ASP plateau lavas have a composition
reflecting the interaction between ASP plume, and
the Indian MORB mantle, with some strong
DUPAL input. The study of PLU DR24, the
extreme DUPAL-like sample, and of the entire
plateau data set reveals the existence of a conti-
nental component into the lava source. This conti-
nental component exhibits isotopic compositions
resembling to those of other locations in the Indian
Ocean and of African granulites. We thus interpret
the shift of ASP samples toward PLU DR24 as the
influence of a lower continental crust component,
probably delaminated during the Gondwana break-
up and incorporated into the Indian upper mantle
around 120 Ma ago. Only 0-3% of recycled LCC
is sufficient to explain the ASP plateau lavas by
derivation from a simple Indian DM-ASP plume
mixing, while a maximum of 6% is required to
account for the composition of the extreme sample.

[ss] At a global scale, the lower continental crust
is a possible reservoir for the DUPAL anomaly
origin and our data support this model. Only 0—1%
recycled lower crust within the Indian DM can
account for the Indian Ocean MORB distribution,
when mixed with a Pacific-like upper mantle.

[59] The three end-members involved in ASP
plateau lavas (plume, upper mantle and lower
continental crust) and their mixing in various
proportions (45% to 75% of ASP plume + 25%
to 55% of Indian DM within 0% to 6% of LCC
layers included within) results in a large

geochemical variability in the plateau samples.
Consequently, the apparent composition homoge-
neity of Amsterdam Island, an aerial summit of
the plateau, is surprising and may result from the
presence of intermediate magmatic chambers into
the plateau structure.
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