
HAL Id: hal-02410112
https://hal.science/hal-02410112v1

Submitted on 25 May 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Differentiating Lithogenic Supplies, Water Mass
Transport, and Biological Processes On and Off the

Kerguelen Plateau Using Rare Earth Element
Concentrations and Neodymium Isotopic Compositions

Melanie Grenier, Ester Garcia-Solsona, Nolwenn Lemaitre, Thomas Trull,
Vincent Bouvier, Philippe Nonnotte, Pieter van Beek, Marc Souhaut, François

Lacan, Catherine Jeandel

To cite this version:
Melanie Grenier, Ester Garcia-Solsona, Nolwenn Lemaitre, Thomas Trull, Vincent Bouvier, et al..
Differentiating Lithogenic Supplies, Water Mass Transport, and Biological Processes On and Off the
Kerguelen Plateau Using Rare Earth Element Concentrations and Neodymium Isotopic Compositions.
Frontiers in Marine Science, 2018, 5, pp.UNSP 426. �10.3389/fmars.2018.00426�. �hal-02410112�

https://hal.science/hal-02410112v1
https://hal.archives-ouvertes.fr


ORIGINAL RESEARCH
published: 20 November 2018

doi: 10.3389/fmars.2018.00426

Frontiers in Marine Science | www.frontiersin.org 1 November 2018 | Volume 5 | Article 426

Edited by:

Sunil Kumar Singh,

Physical Research Laboratory, India

Reviewed by:

Ed Hathorne,

Christian-Albrechts-Universität zu Kiel,

Germany

Maxime M. Grand,

Moss Landing Marine Laboratories,

United States

Vineet Goswami,

Colorado State University,

United States

*Correspondence:

Melanie Grenier

melanie.grenier@legos.obs-mip.fr;

melaniegrenier14@yahoo.fr

†Present Address:

Ester Garcia-Solsona,

GRC Geociències Marines,

Departament de Dinàmica de la Terra i

de l’Oceà, Facultat de Ciències de la

Terra, Universitat de Barcelona,

Barcelona, Spain

Nolwenn Lemaitre,

Department of Earth Sciences,

Institute of Geochemistry and

Petrology, ETH-Zürich, Zurich,

Switzerland

Vincent Bouvier,

GET, Université de Toulouse, CNES,

CNRS, IRD, Toulouse, France

‡Francois Lacan

orcid.org/0000-0001-6794-2279

Specialty section:

This article was submitted to

Marine Biogeochemistry,

a section of the journal

Frontiers in Marine Science

Received: 04 December 2017

Accepted: 24 October 2018

Published: 20 November 2018

Differentiating Lithogenic Supplies,
Water Mass Transport, and Biological
Processes On and Off the Kerguelen
Plateau Using Rare Earth Element
Concentrations and Neodymium
Isotopic Compositions
Melanie Grenier 1,2*, Ester Garcia-Solsona 1,3†, Nolwenn Lemaitre 1,4†, Thomas W. Trull 2,5,

Vincent Bouvier 1†, Philippe Nonnotte 6, Pieter van Beek 1, Marc Souhaut 1,

Francois Lacan 1‡ and Catherine Jeandel 1

1 LEGOS, Université de Toulouse, CNES, CNRS, IRD, Toulouse, France, 2 Antarctic Climate and Ecosystems CRC, University

of Tasmania, Hobart, TAS, Australia, 3 Institut de Ciència i Tecnologia Ambientals, Universitat Autònoma de Barcelona,

Bellaterra, Spain, 4 Laboratoire des sciences de l’environnement marin (LEMAR), Université de Bretagne Occidentale, Brest,

France, 5CSIRO Oceans and Atmosphere, Hobart, TAS, Australia, 6 Laboratoire Géosciences Océan, Université de Bretagne

Occidentale, CNRS, IRD, UMR6539, IUEM, Technopole Brest Iroise, Plouzané, France

Distributions of dissolved rare earth element (REE) concentrations and neodymium

isotopic compositions (expressed as εNd) of seawater over and off the Kerguelen Plateau

in the Southern Ocean are presented. The sampling took place during the austral spring

bloom in October–November 2011 (KEOPS2 project, GEOTRACES process study) and

aimed to further the investigations of the KEOPS1 austral summer study in terms of

sources and transport of lithogenic material, and to investigate the impact of local

biogeochemical cycles on the REE distributions. The REE signature of the coastal eastern

Kerguelen Islands waters was characterized by negative europium anomalies (Eu/Eu∗)

and negative εNd in filtered samples. By contrast, the unfiltered sample showed a positive

Eu/Eu∗ and more radiogenic εNd. These distinct signatures could reflect either differential

dissolution of the local flood basalt minerals or differential leaching of local trachyte veins.

The dissolved Kerguelen coastal REE patterns differ from those observed close to Heard

Island, these latter featuring a positive Eu/Eu∗ and a less radiogenic εNd (Zhang et al.,

2008). These differences enabled us to trace the transport of waters (tagged by the

Kerguelen REE signature) 200 km downstream from the coastal area, north of the Polar

Front. Northward transport of the central Plateau shallow waters, enriched by both local

vertical supplies and lateral advection of inputs from Heard Island, was also evident.

However, the transport of Kerguelen inputs southeastward across the Polar Front could

not be discerned (possibly as a result of rapid dilution or scavenging of REE signatures),

although evidence for such transport was found previously using Ra isotopes (Sanial

et al., 2015). Comparison of the REE patterns at stations sampled prior, during and at the
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demise of the bloom revealed diverse fractionations, including production of significant

lanthanum and europium anomalies, which are tentatively ascribed to chemical reactions

with various inorganic and biogenic phases, including surface coatings, barite crystals,

and biogenic silica.

Keywords: Southern Ocean, Kerguelen Islands, rare earth elements, fractionation, anomalies, lithogenic, biologic,

GEOTRACES

INTRODUCTION

The Southern Ocean is recognized as the major high-nutrient,
low-chlorophyll (HNLC) oceanic region, where phytoplankton
growth is limited by a low availability of the micronutrient
iron (Fe; Martin, 1990; de Baar et al., 1995; Boyd et al., 2007).
Nevertheless, natural iron fertilization occurs in some locations
of the Southern Ocean, as a consequence of the release of Fe from
the shelf sediments (Tagliabue et al., 2009, 2014). Thus, patches
of high phytoplankton biomass can be observed off the Antarctic
continental shelf (Moore and Abbott, 2002; Arrigo et al., 2008) or
around subantarctic islands (Blain et al., 2001; Korb et al., 2004;
Pollard et al., 2007; Tarling et al., 2012; Measures et al., 2013).
A recurrent annual phytoplankton bloom is notably observed in
the Indian sector of the Southern Ocean, in the vicinity of the
Kerguelen Plateau (Blain et al., 2001, 2007). This bloom—one of
the largest of the Southern Ocean—extends more than 1,000 km
downstream of the Kerguelen Islands, on either side of the Polar
front (PF; Figure 1). The northern branch extends northeast of
the island, off the Northern Kerguelen Plateau, while the larger
southern part mostly extends over the Central Kerguelen Plateau
(Mongin et al., 2008). The KEOPS1 and KEOPS2 (KErguelen
Ocean and Plateau compared Study, PI: S. Blain) projects aimed
at understanding the physical, chemical and biological processes
that are responsible for the phytoplankton bloom observed over
and downstream of the Kerguelen Plateau. The KEOPS1 cruise
was conducted in the Central Kerguelen Plateau area in austral
summer 2005, during the decline of the bloom (Blain et al., 2007).
The complementary KEOPS2 cruise was mostly conducted in the
Northern Kerguelen Plateau area in spring 2011, during the onset
of the bloom (Carlotti et al., 2015; Figure 1).

The major dissolved Fe sources to the upper ocean are
considered to be the dissolution of atmospheric aerosols and of
sedimentary particles deposited onto continental margins (Coale
et al., 1996; Johnson et al., 1999; Elrod et al., 2004; Blain et al.,
2008; Tagliabue et al., 2009; Jeandel et al., 2011; Labatut et al.,
2014). Similarly to Fe, rare earth elements (REEs) are supplied to
the oceans from the continents (Goldstein and Hemming, 2003),
notably from the dissolution of sedimentary particles deposited
onto shelves and upper slopes (Jeandel et al., 1998; Lacan and
Jeandel, 2001, 2005; Grenier et al., 2013). As in many other
areas (Arsouze et al., 2007; Jeandel et al., 2011; Radic et al.,
2011), the sedimentary source was suggested to be the dominant
source of Fe and REEs in seawater in the central part of the
Kerguelen Plateau, refueling the stocks through vertical supplies
from the plateau sediments (Blain et al., 2008; Zhou et al., 2014)
or through lateral advection of supplies from the continental shelf

of Heard Island (van Beek et al., 2008; Zhang et al., 2008; Chever
et al., 2010). KEOPS1 results revealed that marine Fe and REEs
had the same main sedimentary origin in the Kerguelen area,
underlining the relevance of the use of REEs to trace the local
lithogenic sources and their transport along the circulation for
the complementary KEOPS2 project.

REEs are a set of elements with similar atomic structure
and chemical properties and hence behave coherently in natural
systems (Elderfield and Greaves, 1982; Elderfield, 1988). They are
mostly found in the 3+ oxidation state and are particle reactive,
exhibiting increasing concentrations with depth (e.g., Elderfield,
1988). Despite their chemical coherence, several processes (e.g.,
adsorption, re-mineralisation, scavenging, oxidation, etc.) may
cause slight fractionations within the group with respect to
the average continental source, which are revealed by shale-
normalized REE patterns. A typical open-ocean shale-normalized
REE pattern displays a heavy REE (HREE; Tb-Lu) enrichment
relative to the light REE (LREE; La-Gd) that has commonly
been attributed to preferential LREE scavenging by marine
particles (Elderfield, 1988; Byrne and Kim, 1990; McLennan,
1994). However, it was also recently attributed to dissolution of
HREE-enriched diatom opal (Akagi et al., 2011). In addition, the
shale-normalized REE pattern is typically depleted in dissolved
cerium (Ce3+) relative to its neighboring REEs, due to the
low solubility of the oxidized form of this element (Ce4+;
Elderfield, 1988; Byrne and Kim, 1990; Moffett, 1990; Bertram
and Elderfield, 1993; Sholkovitz et al., 1994; German et al.,
1995; Tachikawa et al., 1999b). Variations from this typical
pattern can provide information on the types of processes
occurring during particulate-dissolved exchange. Close to a
lithogenic source, the Ce anomaly will tend to be much
smaller and the shale normalized Ndn/Ybn ratio much higher
than in the open-ocean; however, the dissolved REE pattern
may also reveal specific characteristics of the geological nature
of the weathered lithogenic matter (Sholkovitz et al., 1999;
Chavagnac et al., 2007, 2008; Zhang et al., 2008; Grenier
et al., 2013). The dissolved REE pattern may be influenced
by additional processes occurring in situ in the water column,
i.e., exchanges between the dissolved phase and authigenic
inorganic or biological particles such as calcium carbonate,
opal, barite, organic matter, or Fe/Mn oxy-hydroxide coatings
(Sholkovitz et al., 1994; Lerche and Nozaki, 1998; Alibo and
Nozaki, 1999; Tachikawa et al., 1999b; Nozaki and Alibo,
2003; Haley et al., 2004, 2014; Hara et al., 2009; Akagi
et al., 2011; Stichel et al., 2012; Garcia-Solsona et al., 2014;
Molina-Kescher et al., 2014; Strady et al., 2015; Shiller et al.,
2017).
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FIGURE 1 | (A) Location of the REE samples collected during KEOPS1 (yellow crosses and upper case names; Central Kerguelen Plateau area) and KEOPS2 cruises

(white dots and upper case names; Northern Kerguelen Plateau area), in the Indian sector of the Southern Ocean. White italic names refer to topographical features.

(B) Zoom on the KEOPS2 area [defined in (A) by the black square], which details the station names. The stations are superimposed on the composite chlorophyll-a

surface concentration map, derived from chlorophyll satellite images from 19 October to 19 November 2011, overlaid in (B) by the mean surface velocity field over the

same period (arrows, scale shown in yellow on the Kerguelen Islands) and the hydrography-derived climatological Polar Front (thick black line), by courtesy of

Young-Hyang Park and co-authors (Figure 6 of Park et al., 2014, reproduced with permission).

Among the LREEs, neodymium (Nd) is studied to a
greater extent because its radiogenic isotopic composition (IC),
expressed as εNd

1, is a useful tool to trace oceanic processes
given that it is not affected by biological or thermodynamic
fractionation. As the εNd of the rocks varies according to their
nature, and more specifically according to the age and samarium
content of the rock, the εNd of the rocks outcropping around
the ocean margins is heterogeneous and tags the seawater
accordingly, mostly through particle dissolution (Jeandel et al.,
2007). Furthermore, because Nd has an oceanic residence time
long enough to be transported within the global thermohaline
circulation without complete homogenization (Tachikawa et al.,
1999a; Siddall et al., 2008; Arsouze et al., 2009), εNd variations of a
watermass along its circulation are a powerful tracer of lithogenic
supplies to the ocean and/or tracer of mixing with a water mass
tagged by a distinct εNd signature (Piepgras et al., 1979; Frank,
2002; Goldstein and Hemming, 2003; Tachikawa et al., 2003,
2004; Lacan and Jeandel, 2004, 2005; Carter et al., 2012; Grenier
et al., 2013, 2014; Jeandel et al., 2013; Garcia-Solsona et al., 2014;
Osborne et al., 2014).

Recent publications of lithogenic tracer distributions
measured in the framework of the KEOPS2 project have already
brought complementary information to the KEOPS1 results.
Notably, high contents of radium isotopes (including the
short-lived nuclides) were observed in the eastern Kerguelen
coastal waters and also further east both north and south of the

1εNd = [(143Nd/144Nd)SAMPLE/(143Nd/144Nd)CHUR – 1] × 104, where
(143Nd/144Nd)CHUR = 0.512638 (Wasserburg et al., 1981). CHUR, Chondritic
Uniform Reservoir; present day average Earth value.

PF indicating recent input of waters that had interacted with
the shallow sediments of the Kerguelen plateau, and suggesting
rapid transport of these waters across the PF (Sanial et al., 2015).
These results led to the conclusion that the PF does not act as
a complete physical barrier for the south-eastward transport of
lithogenic material of Kerguelen origin. These observations were
corroborated by the dissolved Fe and particulate trace metal
distributions (Quéroué et al., 2015; van der Merwe et al., 2015).
These latter studies have also presumed a contribution from
direct fluvial runoff and/or glacial melting from the Kerguelen
and Heard Islands. Other works characterized different spatial
and temporal systems of production, remineralization, and
export associated with the Kerguelen phytoplankton bloom (e.g.
Christaki et al., 2014; Jouandet et al., 2014; Lasbleiz et al., 2014;
Jacquet et al., 2015; Laurenceau-Cornec et al., 2015; Planchon
et al., 2015; Trull et al., 2015). Discerning the impacts that
these different processes may have on local REE distributions
is very useful given the expanding use of REEs to explore
biogeochemical cycles.

The KEOPS2 work presented here seeks to complement the
KEOPS1 observations of Zhang et al. (2008) regarding the
REE distributions in the Kerguelen Plateau area during the
productive season, focusing on the sources, transport and fate
of the dissolved REEs in this naturally fertilized region. More
precisely, this paper presents the dissolved REE concentrations
and Nd IC of 13 supplementary stations collected upstream,
over and downstream of the Northern Kerguelen Plateau, from
coastal areas to deep offshore stations, north and south of
the PF, in and outside of the phytoplankton bloom core. This
diverse sampling aims to characterize the REE features in
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the different environments that compose the area in order to
investigate the lithogenic supplies and authigenic processes—
inorganically or biologically mediated—that shape the local REE
distribution. This work contributes to the larger KEOPS objective
to characterize the Kerguelen Plateau, a key area of the Southern
Ocean in terms of ecosystems and the carbon dioxide biological
pump.

HYDROLOGICAL FEATURES OF THE
STATIONS

Location of the Stations in the Regional
Physical and Biological Context
Station locations are represented in Figure 1 on the composite
chlorophyll-a surface concentration map, derived from
chlorophyll-a satellite images from 19 October to 19 November
2011, overlaid in Figure 1B by the mean surface velocity field
over the same period, by courtesy of Young-Hyang Park and
co-authors (Figure 6 of Park et al., 2014). The largescale view
(Figure 1A) shows the location of stations sampled for the REE
analysis—hereafter “REE stations”—during the two KEOPS
cruises. The KEOPS1 sampling (Zhang et al., 2008) mostly
documented the central part of the plateau, extending as far
south as the Heard Island coastal station, whereas the KEOPS2
cruise (austral spring 2011) mostly documented the northern
part of the plateau, and offshore waters east of the Kerguelen
Islands. West of the Kerguelen Islands, KERFIX and R2 were
chosen as reference stations for Antarctic Circumpolar Current
waters prior to contact with the Kerguelen Plateau for KEOPS1
and KEOPS2, respectively. Over the Central Plateau, at the
location displaying the highest chlorophyll-a content, station A3
was sampled twice during KEOPS1 and reoccupied and sampled
twice again during KEOPS2, around the beginning and the
end of each cruise. This repeated sampling of the same site at
four different times of the bloom season provides a time series
perspective.

Zooming in on the area delimited by the black square in
Figure 1A allows us to focus on the location characteristics of
the KEOPS2 stations (Figure 1B). Kerguelen coastal waters were
sampled at two stations, TEW1 and G2, which were the only
stations located north of the Polar Front (PF; thick black line,
from Park et al., 2014). Four stations were located in the PF
vicinity: R2, west of the Kerguelen Plateau; TEW3, northeast of
the coastal stations, over the plateau, surrounded by chlorophyll-
a-rich waters on its western side and a tongue of low surface
chlorophyll concentration on its eastern side; TEW7 and F-L,
in the eastern part of the cyclonic meander structure of the PF,
marked by high surface chlorophyll concentrations.

All the other stations were located south of the PF. Two
stations were sampled over the plateau: A3 (visited twice: A3-
1 and A3-2), and G1, north of A3 and located in the same
high surface chlorophyll-a concentration patch that extends
northward (Figure 1). The other stations were sampled in the
PF cyclonic meander area. Turning clockwise from the west,
E4-W, TNS4, and TEW6 were located within the strong flow
of the recirculation, marked by a decreasing gradient of surface

chlorophyll concentrations from high to moderate (from ∼3.5
to ∼1mg m−3). Going from E5 to E3 to E1, the chlorophyll-
a concentration decreased from moderate to low, similarly
to the flow strength, E1 being located in the vicinity of the
recirculation center. The complex topography and circulation
scheme characterizing the Kerguelen Plateau region have been
suggested to play an important role in the mosaic structure of the
phytoplankton bloom observed in Figure 1 (Lasbleiz et al., 2014;
Park et al., 2014; d’Ovidio et al., 2015; Sanial et al., 2015). They
also largely explain the variety of water masses observed locally,
as described below.

Water Mass Characteristics
The water masses observed at the stations sampled during
KEOPS2 were characterized with potential temperature-salinity
θ-S and theta-oxygen θ-O2 diagrams (Figure 2), from surface to
bottom.

The coastal stations TEW1 and G2 were very shallow stations
(<100m) that exhibited homogeneous waters, relatively warm
and distinctly fresher than the offshore stations (θ = [2.5–
3.5] ◦C; S = [33.6–33.7]; Figure 2A). This feature likely reflects
freshwater supplies from the Kerguelen Islands (van der Merwe
et al., 2015). However, they have the same range of oxygen
concentrations than all the other surface waters (O2 = [320–
350] µmol kg−1; Figure 2B). These coastal waters were clearly
distinct from the surface mixed layer waters of station TEW3,
which exhibited saltier, colder, and thus denser waters, these
hydrological characteristics being in the ranges typical of the
Antarctic Surface Water (AASW) that flows south of the PF (S
∼ 33.85; θ = [2.0–2.5] ◦C; Figure 2C). Thus, TEW3 is likely
located in the vicinity of the southern side of the PF (Park et al.,
2014). Among the other stations located in the vicinity of the
PF, the reference station R2 exhibits fresher AASW than TEW3
(S ∼ 33.8). Stations F-L and TEW7 exhibit surface waters as
fresh as R2 but warmer than all the other surface waters of
the REE stations (θ = [3.0–4.0] ◦C; Figure 2A), revealing some
influence of Subantarctic Surface Water (SASW), flowing in the
Polar Frontal Zone (PFZ), between the Polar Front (PF) and the
Subantarctic Front (SAF; Park et al., 2014). The surface waters
of the stations located south of the PF were mainly AASW.
The “purest” AASW hydrological characteristics were observed
at the southernmost station (i.e., station A3; S ∼ 33.9; θ ∼

2.0◦C). Northward, closer to the PF in the recirculation area,
the influence of the warmer and fresher SASW was observed
(Figure 2C).

Below the surface waters lies the Winter Water (WW), likely
advected into the study area from the southeast of the Kerguelen
Islands (Park et al., 2014) and characterized by a temperature
minimum centered at approximately 180m depth (potential
density σθ ∼ 27.15 kg m−3; Figure 2C). All the stations located
south of the PF show similar WW features (S∼ 33.95; θ ∼ 1.7◦C;
O2 = [260–325]µmol kg−1). By contrast, the stations sampled in
the vicinity of the PF show distinct patterns around this density:
the WW found at station R2 was significantly fresher and colder
in its core (S ∼ 33.85; θ ∼ 1.6◦C; z = 180m) than the one found
at the stations south of the PF. However, it warms more quickly
with depth (θ ∼ 2.0◦C at 250m). The WW at station TEW3
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FIGURE 2 | (A) Potential temperature (θ, in ◦C)-salinity (S) plots and (B) potential temperature (θ, in ◦C)-oxygen (O2, in µmol kg−1) for the stations indicated in

Figure 1B. Water masses are identified in black (SASW, Subantarctic Surface Water; AASW, Antarctic Surface Water; WW, Winter Water; UCDW & LCDW, Upper &

Lower Circumpolar Deep Water; AABW, Antarctic Bottom Water). REE samples are identified by colored dots. Potential density contours are shown by the gray lines.

The red and blue dashed squares in (A) define the θ-S zooms of the surface/subsurface waters and deep waters that are shown in (C,D), respectively.

was slightly fresher and warmer (S ∼ 33.90; θ ∼ 2.0◦C; O2 ∼

300 µmol kg−1) than the one found at the stations south of the
PF. The most distinguishable features around this density are
however observed at stations TEW7 and F-L, which exhibit much
warmer, saltier and less oxygenated subsurface waters (θ = [2.5–
3.5] ◦C; S ∼ 34.10; O2 = [225–260] µmol kg−1). Following Park
et al. (2014), these waters were likely associated with intrusion of
PFZ subsurface waters occurring during recent frontal exchange
with the SAF. The warmer and saltier contents found at R2 and
TEW3 may also be, although to a lesser extent, imprints of some
PFZ water influence.

These PFZ exchanges seem to be able to impact the profiles of
the stations of this PF area until depths >1,000m, as suggested
by the “noisy” warmer θ-S profile of stations TEW7 and F-L at
the depth range of the Upper Circumpolar DeepWater (UCDW;
Figure 2D; Park et al., 2014). The UCDW is characterized by
typical oxygen concentration minima and local temperature

maxima between 500 and 1,000m depth (θ ∼ 2.3◦C; O2 ∼

[170–180] µmol kg−1). The deeper salinity maximum (S ∼

34.75) centered on 1,800m characterizes the core of the Lower
Circumpolar Deep Water and was, as for the UCDW, sampled at
all the stations located off the plateau. Finally, the fresher, colder
andmore oxygenated Antarctic BottomWater (AABW; S∼ 34.7;
θ∼ 0.8◦C; O2 ∼ 210µmol kg−1) was sampled only at the bottom
of the two deepest stations TEW7 and F-L.

ANALYTICAL METHODS

Each station was sampled at several depths covering the
whole water column. All sample handling, processing and
measurements were performed in accordance with general
GEOTRACES protocols (http://www.geotraces.org/, http://
www.geotraces.org/images/stories/documents/intercalibration/
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Cookbook_v1_2010.pdf). Water samples were collected using
12 L Niskin bottles equipped with Teflon-coated springs and
mounted on a rosette frame with a CTD sensor. The samples
were filtered on-board through SARTOBRAN 150 0.45/0.2µm
pore size filters, these latter being pre-cleaned with 10 L of Milli-
Q water (except one coastal sample that remained unfiltered and
had afterwards to be digested to dissolve or eliminate matter
prior to be loaded on the first chromatographic columns).
The filters were preconditioned with 500mL of the seawater
sample before the beginning of the filtrate collection. About
10 L of filtrate were recovered in an acid-cleaned cubitainer
for Nd IC analysis, then an aliquot of 500mL was collected
in an acid-cleaned 500mL Nalgene low-density polyethylene
bottle for dissolved REE concentrations. All water samples were
acidified to pH = 2 with twice-distilled HCl and stored at room
temperature.

Rare Earth Element Concentrations
All sample treatments were performed in a clean lab. Similarly to
KEOPS1 REE analyses (Zhang et al., 2008), the REE purification
and preconcentration of KEOPS2 samples were performed
following the method published by Tachikawa et al. (1999b) and
Lacan and Jeandel (2001). Briefly, the acidified seawater samples
were spiked with 150Nd and 172Yb. Then 2.5mg of Fe (dissolved
and purified FeCl3) were added, and samples were vigorously
shaken. After isotopic equilibration for at least 24 h, the pH was
increased to 7–8 by addition of Suprapur NH4OH, yielding REE–
Fe(OH)3 co-precipitation. The precipitate was then extracted
by centrifugation and rinsed 5 times with deionized water in
order to remove salts. After dissolving the precipitate in 1mL
of 6M HCl, an anion exchange column (AG 1X8; 2mL) was
used to extract the REE from the remaining matrix (mostly Fe).
REE concentrations were then measured on a high resolution
(sector field) Inductively Coupled Plasma Mass Spectrometer
(ICP-MS; Thermo Scientific Element XRTM) by the external
standard method, while Nd and Yb were additionally determined
by isotopic dilution. Comparison of these two methods allowed
us to determine the analytical recovery, equal to 83% for
Nd and to 79% for Yb on average. Linear interpolation and
extrapolation relative to mass was then used to estimate the
recoveries for the other REEs. A desolvating nebulizer (Aridus
II) was coupled to the Element XR in order to minimize oxide
formation and, thus, oxide interferences (CeO < 0.05%; Chung
et al., 2009; Pahnke et al., 2012). Notably, this substantially
reduced interferences of barium oxides (BaO) on 151Eu, 152Sm,
and 153Eu (BaO interferences equal to 0–1% of the Eu signal;
see Grenier et al., 2013), which are otherwise too high to be
accurately corrected, leading to potential miss-estimations of
Eu and Sm concentrations. Note that REE measurements of
KEOPS1 samples were done without the use of a desolvating
system and might have resulted in less accurate corrections
of BaO interferences (Zhang et al., 2008); nevertheless, several
arguments make us believe that the comparison of some KEOPS1
REE characteristics with the KEOPS2 dataset, including Eu, is
legitimate and valuable, as discussed further. The accuracy of
our analyses was assessed using the certified river water reference
material SLRS-5. Our measurements were characterized by a bias

on Nd between 0.5 and 3% and a precision on Nd concentration
of 4%, both with a 95% confidence interval (2σ), based on
replicates (A3-2 354m and E4-W 1,382m; Table 1). The average
total procedural blank (n = 15) was equal or lower than 0.3%
of the analyzed REE3+ signal (averaged on 109 measurements)
except for Ho (0.8%) and for Ce4+ (4.5%). The whole analytical
procedure was validated through our successful participation in
the GEOTRACES intercalibration exercise (van de Flierdt et al.,
2012; Behrens et al., 2016).

Neodymium Isotopic Compositions
Pre-concentration for Nd IC was performed either on board
or in the land-based laboratory (LEGOS, Toulouse, France).
To do that, Suprapur ammonium hydroxide was added to
each 10 L sample to obtain a pH of 3.8 ± 0.2, necessary to
quantitatively pre-concentrate all the REEs by slowly (max flow
rate of 20mL min−1) passing the water sample through SEP-
PAK C18 cartridges (2 per sample), previously impregnated with
300mg of complexing agent HDEHP.H2.MEHP (Shabani et al.,
1992). The pre-concentrated REE on C18 cartridges were later
eluted in the LEGOS laboratory. For that, 5mL of 0.01M HCl
(flow rate of 20mLmin−1) were first passed through the cartridge
to eliminate the remaining major salts and barium. Then, 35mL
of 6M HCl were used to elute the REE (and some remaining
traces of other elements). The eluted sample was evaporated and
treated with 0.1mL of 16M HNO3 to eliminate organic matter
via further evaporation. Subsequently, two chemical extractions
were performed: (i) a chromatographic extraction using cationic
resin (Dowex AG 50WX8, 200–400 mesh; 1.4mL) to separate the
REEs from the remaining ions (traces of Fe, Ca, Sr, Ba, Mg) and
(ii) a final separation of Nd from the other REE using a second
cation exchange column with alpha-hydroxyisobutyric acid (α-
HIBA) as the eluent (Choppin and Silva, 1956). This α-HIBA
separation method was beforehand validated by comparison
with the Ln Spec separation method (Pin and Zalduegui, 1997).
All measurements were made using Thermo Ionization Mass
Spectrometers (TIMS) equipped with multicollectors (THERMO
MAT 261 in Toulouse and THERMO Triton in Brest) and
were mass bias corrected using 146Nd/144Nd ratio of 0.7219.
External precision and accuracy of both mass spectrometers were
determined using La Jolla international Nd reference material.
Thirteen analyses of La Jolla standard were performed tomonitor
instrumental drift and gave 0.511853 ± 0.000010, within the
uncertainty of the generally accepted reference value of 0.511860
± 0.000020. Blank contributions to the Nd isotopic measurement
were of 6 pg on average, i.e., lower than 1% of the total signal.
As for the REEs, the performance of our seawater Nd isotopic
analyses was certified through the GEOTRACES intercalibration
exercise (van de Flierdt et al., 2012).

RESULTS

Results are given in Table 1 and are displayed in Figures 3–5.
For the sake of simplicity, we have shown the concentration
vertical profiles of only some REEs: the lightest (La), the most
particle-reactive REE in seawater (Ce), the two ones used for the
isotope dilution (Nd and Yb –Yb being also representative of
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Grenier et al. REE Distribution Around the Kerguelen Plateau

FIGURE 3 | Vertical profiles of the concentrations (in pmol kg−1) of the lightest REE La, the most particle-reactive REE in seawater Ce, the two ones used for the

isotope dilution Nd and Yb—Yb being also representative of the heavy REEs—and the middle REEs Eu and Dy, for (A) the deep stations R2, TEW7, and F-L, in the

vicinity of the PF; (B) the coastal and plateau stations TEW1, G2, TEW3, G1, A3-1, and A3-2; and (C) the stations located in the meander area TNS4, E1, E3, E4-W,

and E5. The data of the station R2, station defined as the high-nutrient low-chlorophyll reference station, are reported for comparison in (B,C) (profile represented by

the red dots and gray dashed line). Note the larger scale for La, Ce, and Nd concentrations associated with the samples of the coastal stations TEW1 and G2 [yellow

secondary horizontal axis in (B)]. Error bars represent the ICP-MS method uncertainty associated with each sample measurement.

the heavy REEs) and two middle REEs (Eu and Dy; Figure 3).
The REE fractionation patterns are shown by normalizing their
concentrations to the average post-Archean upper continental
crust (Post Archean Australian Shale, referred as the acronym

“PAAS” hereafter; McLennan, 1989) to highlight changes from
the crustal input (Elderfield, 1988). Such normalization allows
us to eliminate the effect of Oddo-Harkin’s Rule (whereby
even atomic-numbered elements are more abundant than odd
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Grenier et al. REE Distribution Around the Kerguelen Plateau

FIGURE 4 | PAAS-normalized REE patterns (PAAS, Post-Archean Australian Shale; McLennan, 1989; logarithmic scale) of the surface waters, the Winter Water

(WW)/Polar Frontal Zone (PFZ) Water, the upper and the lower Circumpolar Deep Water (UCDW and LCDW), from top to bottom, for, as in Figure 3, (A) the deep

stations R2, TEW7, and F-L, in the vicinity of the PF; (B) the coastal and plateau stations TEW1, G2, TEW3, G1, A3-1, and A3-2; and (C) the stations located in the

meander area TNS4, E1, E3, E4-W, and E5. As in Figure 3, the patterns of the station R2 are reported for comparison in (B,C) (red pattern). For the sake of clarity,

associated error bars are shown for some patterns only. They represent the ICP-MS method uncertainty associated with each sample measurement.

atomic-numbered elements; Schmidt et al., 1963), making any
fractionation of an individual REE more discernible (Figure 4).
Finally, some of these fractionations—for La, Ce, Eu, and Yb—are
converted into anomalies that are calculated as follows:

La

La∗
=

[La]n
3 [Pr]n − 2 [Nd]n

(1)

Ce

Ce∗
=

[Ce]n
2 [Pr]n − [Nd]n

(2)

Eu

Eu∗
=

4 [Eu]n
3 [Sm]n +

[

Dy
]

n

(3)

Yb

Yb∗
=

[Yb]n
2 [Er]n −

[

Dy
]

n

(4)

where [X]n refers to the concentration of the element X
normalized to the concentration of this same element X in
the PAAS standard [Equations (1) and (2) from Bolhar et al.
(2004); Equations (3) and (4), respectively derived from the Gd
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Grenier et al. REE Distribution Around the Kerguelen Plateau

FIGURE 5 | Vertical profiles of the anomalies of La (La/La*), Ce (Ce/Ce*), Eu (Eu/Eu*), and Yb (Yb/Yb*), calculated following Garcia-Solsona et al. [2014; Equations

(1–4) in the text], and of Ndn/Ybn, from the PAAS-normalized REE patterns shown in Figure 4. The vertical profiles of the dissolved Nd isotopic composition,

expressed as εNd, are also shown. These six parameters complement the vertical profiles of the concentrations shown in Figure 3. As in Figures 3, 4: (A) deep

stations R2, TEW7, and F-L, in the vicinity of the PF; (B) coastal and plateau stations TEW1, G2, TEW3, G1, A3-1, and A3-2; and (C) stations located in the meander

area TNS4, E1, E3, E4-W, and E5. Also, as in Figures 3 and 4, the data of station R2 are reported for comparison in (B,C) (profile represented by the red dots and

gray dashed line). Note the larger scale of Ce/Ce*, of Eu/Eu*, and of Ndn/Ybn associated with the coastal sample parameters of stations TEW1 and G2 [yellow

secondary horizontal axis in (B)]. Error bars are given for each parameter, representing the TIMS method uncertainty (2σ) for εNd and the uncertainty propagation from

the anomaly Equations (1–4) for the other profiles (see the Supplementary Material for details).
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anomaly expression of Bau et al. (1996), and from the Lu anomaly
expression of Garcia-Solsona et al. (2014)]. The propagation of
uncertainty is determined from these equations for each anomaly
and detailed in the Supplementary Material. We refer to positive
anomalies when they are >1, negative when lower than 1.
Anomalies are defined as weak if close to 1, strong if much below
or much above 1.

Along with these anomalies, two complementary parameters
are also shown: (i) the Ndn/Ybn vertical profiles, which give
information about the slope of the normalized pattern, and thus,
information about the relative importance between potential
recent lithogenic supplies and authigenic processes; (ii) the
vertical profiles of Nd isotopic composition εNd, which give
information about the potential occurrence of elemental inputs
or water mass mixing.

All the results are similarly displayed, divided into three
groups of stations: (i) the deep stations R2, TEW7, and F-L,
in the vicinity of the PF; (ii) the coastal and plateau stations
TEW1, G2, TEW3, G1, A3-1, and A3-2; and (iii) the stations
located in the PF cyclonic meander area TNS4, E1, E3, E4-W,
and E5 (subplots a, b, and c of Figures 3, 5, respectively). Because
station R2 was considered as the high-nutrient low-chlorophyll
reference station, R2 data were also reported in the subplots of
the shallow (coastal and plateau) stations and meander stations
for comparison (Figures 3–5).

On a broad geographical scale, our results are consistent
with the dissolved REE concentrations and εNd data from the
literature that are measured upstream in the Southern Ocean, in
the southeast Atlantic Ocean, and especially with those measured
between the Polar Front and the southern Antarctic Circumpolar
Front (see Table 2 for comparison with German et al., 1995;
Stichel et al., 2012; Garcia-Solsona et al., 2014; Hathorne et al.,
2015). Our results are also in agreement with those found by
Zhang et al. (2008) in the same area, during KEOPS1 (Table 2).
The main difference between the REE dataset reported upstream
and in the Kerguelen area is observed for the Ce concentrations,
which reach much higher values in the coastal environment
of KEOPS1 and KEOPS2 areas compared to the open ocean
environment of the upstream stations. These locally high Ce
concentrations will be discussed in the following section.

Deep Stations, On the Edges of the PF
Above 500m depth, we observe three distinct features when
considering the deep stations located on the edges of the PF.
The first one is the convex shape of the R2 concentration profiles
between 100 and 500m depth, especially pronounced for the light
and middle REEs (LREE—La to Nd—and MREE—Sm to Dy,
respectively), which is not observed in stations TEW7 and F-L.
These subsurface R2 samples are also characterized by a weaker
Ce anomaly (higher Ce/Ce∗ value) and a weaker Ndn/Ybn slope
(higher Ndn/Ybn value; Figure 5A). All these characteristics
suggest that recent lithogenic supplies are influencing the area
of station R2, which challenges its definition as a “reference
station.” The second distinct feature in the upper layer of the
deep stations is the high LREE concentrations observed in
the first 100m at TEW7 and F-L, which are higher than in
the underlying subsurface waters, especially pronounced in Ce

(Figure 3A). These high Ce concentrations are associated with
weak Ce anomalies (∼0.3), weak Ndn/Ybn slopes and slightly
negative Eu anomalies, especially for the surface water sampled
at station F-L (Surface Water subplot of Figure 4A, 5A). The εNd
of the F-L surface water is also relatively high, compared to that
measured at R2 (F-L: εNd = −6.8 ± 0.1; R2: εNd = −7.9 ± 0.1).
Similar to the WW at station R2, these SASW also seem to be
tagged by recent lithogenic inputs. The origin of these supplies
will be discussed in the next section. The third distinct feature
is the very low concentrations found between 200 and 500m at
F-L and TEW7 compared to all the other stations. These low
concentrations, the lowest of our study, may reflect the different
origin of the waters flowing at these depths. As discussed in the
hydrological section, these waters are significantly warmer than
the waters flowing at the same depth range at the other stations
and are therefore thought to come from the SAF area. Their REE
contents are in the same range as those found in the SAF area of
the southeastern Atlantic Ocean (German et al., 1995: Nd= [9.5–
11.0] pmol kg−1; Hathorne et al., 2015: Nd = [9.6–10.9] pmol
kg−1; Stichel et al., 2012: Nd = [10.3–11.8] pmol kg−1; Garcia-
Solsona et al., 2014: Nd= [9.5–11.0] pmol kg−1; this study: Nd=
[10.6–12.2] pmol kg−1).

Below 500m, the deep stations exhibit increasing REE
concentrations with depth, commonly observed in deep open-
ocean profiles (e.g., Elderfield, 1988; Sholkovitz et al., 1994;
German et al., 1995; Figure 3A). East of Kerguelen, as the depth
increases, stations TEW7 and F-L exhibit a positive Eu anomaly
that progressively increases and a smooth accentuation of Ce
anomaly, together with a smooth decrease in La anomaly and a
Ndn/Ybn slope becoming weaker with depth (Figures 4A, 5A).
Anomalies of La and Eu show jerkier variations at station R2,
although weakly constrained due to higher standard deviations
(i.e., error bars), especially for Eu and below 500m depth, and
thus, only significant in the surface layer compared to those
at 1,500m. εNd values measured for some R2 and F-L samples
between 1,500m and the bottom are in similar ranges, between
−8.8 and−10.5.

Coastal and Plateau Stations
Compared to other stations, coastal stations are highly
concentrated in REE, especially in LREE (note the extended
scales in Figures 3B, 5B for coastal stations), which leads to a
much flatter PAAS-normalized pattern (SurfaceWater subplot of
Figure 4B). These patterns typically highlight recent substantial
lithogenic supplies. Surprisingly, they are characterized by a
prominent negative Eu anomaly (discussed below). They are also
associated with the most radiogenic dissolved εNd values of the
study (−2.6± 0.2;−3.4± 0.2; Figure 5B).

Over the plateau, concentrations are higher than at the
reference station R2, even between 200 and 500m depth
where R2 exhibits—although to a lesser degree—concentrations
abnormally high for a so-called HNLC station. Station A3
exhibits significantly higher Ce concentrations in the upper
200m than below, with a maximum at 200m, a feature also
noticeable but much less marked for Nd, Eu, and La, even less in
Yb and Lu (Figure 3B). Ce concentrations are significantly higher
at station A3 than at G1 or TEW3 (∼2–9 pmol kg−1 higher),
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TABLE 2 | Comparison of our data with those from the literature.

La Ce Nd

(pmol kg−1)

Eu Yb εNd

German et al., 1995 (station 47) [10.8–50.8] [3.0–14.6] [7.7–37.3] [0.4–1.7] [2.2–8.3] –

Zhang et al., 2008 (excluding

their coastal station)

[14.8–42.6] [2.9–27.5] [10.3–27.6] [0.4–1.2] [4.5–7.6] [(−11.1)–(−6.3)]

Stichel et al., 2012 (station 113:

150-2400m)

– – [15.0–24.5] – – [(−8.7)–(−8.0)]

Hathorne et al., 2015 (station

113: 381-1001m)

[28.0–33.6] [3.4–3.9] [16.6–21.2] [0.8–0.9] [6.5–7.0] –

Garcia-Solsona et al., 2014

(station S4)

[17.2–40.2] [2.4–3.6] [11.3–23.9] [0.6–1.1] [5.2–7.9] [(−9.5)–(−7.0)]

This study (excluding our coastal

stations)

[18.4–41.2] [2.8–13.7] [10.6–27.1] [0.5–1.3] [4.3–7.7] [(−10.5)–(−5.4)]

German et al. (1995), Stichel et al. (2012), Hathorne et al. (2015), and Garcia-Solsona et al. (2014) measured dissolved REEs in seawater collected upstream in the Southern Ocean, in

the southeast Atlantic Ocean. The stations from Stichel et al. (2012), Hathorne et al. (2015), and Garcia-Solsona et al. (2014) reported here were sampled between the Polar Front and

the southern Antarctic Circumpolar Front; the station reported in German et al. (1995) was sampled further north, south of the Southern Tropical Front. Data from Zhang et al. (2008)

come from the KEOPS1 cruise and document the area just south of the one studied here. Except Ce concentrations that reach high values in the coastal environment of KEOPS1

(Zhang et al., 2008) and KEOPS2 (this study), we observe consistent ranges of REE data among the different studies.

and La concentrations are significantly higher during the first
visit to station A3 (A3-1, ∼2–5 pmol kg−1 higher) than at G1,
TEW3, and A3-2; otherwise, all plateau stations exhibit similar
REE vertical profiles. The weak Ce anomaly associated with the
weak Ndn/Ybn slope (i.e., high Ndn/Ybn ratio) in the first 200m
depth of station A3 suggests relatively strong and recent inputs
of lithogenic material (Figures 4B, 5B). Two features make the
second visit to station A3 (A3-2) distinguishable from the first
visit (A3-1): station A3-1 exhibits higher positive La anomalies
than A3-2 and almost no Eu anomaly over the whole profile,
while A3-2 shows significant positive Eu anomalies. However,
considering the anomaly uncertainties, these features are more
significant for the La anomalies than for the Eu ones (Figure 5B).
The εNd values measured for station A3-1 and A3-2 are in the
same range as the surface samples of the deep stations and are
also similar to those found during KEOPS1 at this same station
A3, varying between−6 and−8 (Figure 8B).

Meander Stations
In the meander region, above 500m depth, vertical profiles
behave differently depending on which REE is considered.
HREE (Ho to Lu) concentrations mostly increase with
increasing depth. LREE except Ce, and MREE exhibit quite
constant concentrations (Figure 3C). Ce is roughly twice more
concentrated in the first 200m than in the underlying waters,
especially at stations E4-W and TNS4, which are located in
the strongest streamline of the meander recirculation (see
Figure 1B). This feature, associated with relatively low Ce
anomalies and weak Ndn/Ybn slopes, is similar to the upper
part characteristics of some other stations (TEW7, F-L, TEW1,
G2, and A3; Figures 3, 5). Eu anomalies are low and variable
from one station to the other, from slightly negative at E1 and
E3 to slightly positive at E4-W, in the surface waters. Finally,
εNd values are in a relatively narrow range [−9; −7], similarly
to the surface waters sampled at R2 and at A3, and slightly less
radiogenic than F-L surface waters. However, WW sampled at

TNS4 is characterized by a more radiogenic value (εNd =−5.4±
0.6).

Between 500m depth and the bottom, vertical profiles of REE
concentrations show general trends similar to those of the deep
stations: a progressive increase with depth, less pronounced in
Ce (Figure 3C, compared to Figure 3A). The REE concentrations
are equivalent to or slightly higher than those observed at the
reference station R2. Concerning the REE fractionations, the
deep waters at station E5 exhibit the most pronounced Ce
anomalies, even slightly more pronounced than in deep waters
of R2, together with constant low La anomalies and positive
Eu anomalies, slightly increasing with depth (Figure 5C). These
characteristics resemble those observed in the deep waters at
stations TEW7 and F-L. In contrast, the deep waters at stations
E1 and E3—located in the vicinity of themeander center—exhibit
jerky profiles of pronounced La anomalies (the highest of the
study, albeit with relatively high error bars) and no clear Eu
anomalies, similar to the characteristics of station R2. The εNd
values, determined only for the LCDW, are constant (ranging
from −10 to −9) and similar to those measured at the deep
stations R2 and F-L.

DISCUSSION

The results described above highlight that the distribution of
dissolved REEs and εNd in the Kerguelen Plateau area are
influenced by the following factors:

1) Recent lithogenic supplies, deduced from concentration
increases (especially LREEs) and from weakening of Ce
anomaly and of Ndn/Ybn slope, which impact most of the
waters sampled between the surface and 500m depth;

2) Two kinds of fractionation processes observed below 500m
depth: (i) constant low La anomalies and positive Eu
anomalies, and (ii) high jerky La anomalies and no Eu
anomalies. We hypothesize that these features—although less
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significant for Eu than for La due to weaker overall variations
relatively to the associated uncertainties—are related to
authigenic processes operating within the water column.

The signatures of the lithogenic supplies are spatially and
vertically nuanced. Surface lithogenic inputs are unequivocally
observed at the coastal stations TEW1 and G2, at all stations
sampled above the Central Kerguelen Plateau (e.g., A3, G1), at
the deep stations TEW7 and F-L and at the meander stations E4-
W and TNS4. The lithogenic signal imprint is much less obvious
in the surface waters of the recirculation center (stations E1,
E3, and E5), although higher than in the surface waters of R2,
almost not impacted. By contrast, this latter station exhibits a
clear imprint of lithogenic supplies at 200m. Such subsurface
input is also observed at the plateau stations, especially A3, and
at the meander stations E4-W and TNS4. Between 200 and 500m
depth, lithogenic supplies are still observed -although to a lesser
degree- at every station except at TEW-7, F-L, E3, and E5. Finally,
below 500m depth, only a minor remnant lithogenic signature
could be suggested in the UCDW for stations E4-W and TNS4,
compared to the other deep stations.

Such lithogenic signatures raise two questions: (i) Where
do these supplies come from? (ii) Do they all exhibit similar
REE characteristics? The relative REE fractionations could help
to investigate further. The parameters showing the strongest
variations when comparing the coastal samples—likely the most
impacted by source effects—to the other sites are the Ce and Eu
anomalies and the Ndn/Ybn ratio (Figure 5). While the intensity
of the Ce anomaly and of the slope Ndn/Ybn are good indicators
of the freshness of the lithogenic supplies, the direction and
intensity of the Eu anomaly could help revealing the nature of
the lithogenic supplies. These three parameters are displayed in
Figure 6 and discussed below. For comparison, we also report
these parameters for the KEOPS1 station C1, from Zhang et al.
(2008), which characterizes Heard Island coastal waters (see
yellow dots circled in red in Figure 6). Zhang et al. (2008) did
not use a desolvating system for their REE analyses; therefore,
they had to apply a more important correction of oxy-hydroxide
interferences on their measurements, mainly impacting Eu (CeO
∼ 3–4%; BaO interferences ranging from 20 to 40% of the Eu
signal). However, the similarity of the Eu anomaly range between
their study and ours ([0.97–1.15] and [0.98–1.13] pmol kg−1,
respectively) for the off-plateau stations and the consistency of
the variations observed in their dataset (notably between their
2 stations A3, both characterized by higher Eu anomalies than
at the other stations of their study) make us believe that the
comparison of our Eu data with theirs is legitimate.

Characterization of the Lithogenic Sources
We consider the imprint of lithogenic supplies as significant if
Ce/Ce∗ > 0.2 and Ndn/Ybn > 0.2 (see Figure 6). Following
the general statements of the dissolved oceanic REE behavior
(Elderfield, 1988; Byrne and Kim, 1990; Moffett, 1990), the
freshest lithogenic supplies are tagged by the weakest Ce anomaly
and Ndn/Ybn slope (see the red arrow in the xy plane, in
Figure 6). As expected, they are observed on coastal samples
near the Kerguelen and Heard Islands, which likely suggests a

recent release of lithogenic material into the dissolved phase.
More surprisingly, these coastal samples exhibit distinct Eu
anomaly signatures: while Kerguelen Islands samples exhibit
a prominent negative Eu anomaly, Heard Island samples are,
as previously noted by Zhang et al. (2008), characterized by
a significant positive one (z-planes in Figure 6; see TEW1
and G2 dots for Kerguelen samples and C1 dots for Heard
samples). This latter pattern could reflect REE release from
Heard margin basaltic sediments, characterized by a positive Eu
anomaly (dotted light gray pattern in Figure 7B; Weis et al., 2002;
Doucet et al., 2005; Arevalo and Jr, 2008). Such basaltic imprint
was also suggested to explain the positive Eu anomaly observed
in seawater in several areas of the equatorial and tropical
Pacific, in the vicinity of basaltic islands (Grenier et al., 2013;
Fröllje et al., 2016; Molina-Kescher et al., 2018). However, the
Kerguelen samples are characterized by a REE pattern displaying
a negative Eu anomaly. To our knowledge, such significant
negative Eu anomalies were observed only once before, by
Elderfield and Greaves (1982), in the surface and deep waters
of the Eastern Equatorial Atlantic, and in deep Mediterranean
outflow water. These authors attributed this negative Eu anomaly
to be the result of leaching of aeolian loess particles of Saharan
origin.

Using the online geological database EarthChem (www.
earthchem.org/), we compared the PAAS-normalized REE
patterns and εNd of the Kerguelen coastal samples to those
of the sediments and rocks of the Kerguelen Plateau area
(Figures 7A,B). We also reported the REE patterns and εNd of
two beach water samples collected from a zodiac during the
KEOPS2 cruise. One was collected in the Golfe du Morbihan,
W-SW of station G2, and was filtered, like the other samples
reported in this work. The other one was collected in the Baie
des Baleiniers, near TEW1 (S-SE of it) and was not filtered, in
order to get the total “particulate+ dissolved” signal. The filtered
beach water sample exhibits a REE pattern very similar to those
observed at TEW1 and G2—although logically slightly more
concentrated and flatter—with a similar prominent negative Eu
anomaly (brown pattern in Figures 7A,B; G2 pattern shown in
Figure 4B). By contrast, the unfiltered beach water sample shows
a much more concentrated PAAS-normalized REE pattern,
increasing from La to Eu and decreasing from Eu to Lu (orange
continuous pattern in Figure 7B). This pattern is very similar in
shape to the average PAAS-normalized pattern for the Kerguelen
flood basalt (light gray pattern in Figure 7B; Doucet et al., 2005;
Xu et al., 2007). This could suggest that the unfiltered beach
water is tagged by a release of basaltic REEs, consistent with the
signature of some particulate trace metal ratios measured at the
Kerguelen coastal stations (van der Merwe et al., 2015). But how
to explain the negative Eu anomaly in the dissolved phase if it
results from basaltic release, while most of the studies reporting
dissolved REE patterns in the vicinity of basaltic islands observed
a positive Eu anomaly (e.g., Zhang et al., 2008; Grenier et al.,
2013; Fröllje et al., 2016; Molina-Kescher et al., 2018)? To our
knowledge, such negative Eu anomaly in the dissolved fraction
during exchanges between basaltic sediments and seawater was
only observed in laboratory experiments (Pearce et al., 2013).
While performing particulate dissolution experiments on marine

Frontiers in Marine Science | www.frontiersin.org 15 November 2018 | Volume 5 | Article 426

www.earthchem.org/
www.earthchem.org/
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles


Grenier et al. REE Distribution Around the Kerguelen Plateau

FIGURE 6 | Inter-comparisons of REE fractionations appearing to best inform about the freshness and the nature of the lithogenic supplies. xy plan: Ndn/Ybn =

f(Ce/Ce*); xz plan: Ndn/Ybn = f(Eu/Eu*); yz plan: Ce/Ce* = f(Eu/Eu*). The station C1 samples from Zhang et al. (2008; KEOPS1), which characterize the Heard Island

coastal waters, are also reported here, for comparison (yellow dots circled in red). Note the larger scale associated with the fractionation parameters of the coastal

samples (stations TEW1, G2 and C1; yellow scales). The black lines in the xy plan represent the thresholds above which an imprint of lithogenic supplies is defined in

the study as significant (i.e., for Ce/Ce* > 0.2 and Ndn/Ybn > 0.2), determined from the vertical profiles of Ce/Ce* and of Ndn/Ybn in Figure 5. Eu anomalies included

in the areas delimited by the red squares at the bottom and top of the plans xz and yz are considered as significantly negative (Eu/Eu* ≤ 0.95) and positive (Eu/Eu* ≥

1.05), respectively (corresponding to the thresholds 1 ± 0.5, 0.5 being the average of the standard errors determined by propagation of uncertainty on the Eu/Eu*

equation for each sample).

sediments taken from a core top collected at C1 during the
KEOPS1 cruise, Pearce et al. (2013) observed the formation of a
negative dissolved Eu anomaly within the first 14 days of their
experiment, presumably caused by the stronger incorporation
of Eu during the initial precipitation of the over-saturated
rhabdophane, a secondary REE-phosphate mineral (dashed dark
red patterns in Figure 7A). However, this negative Eu anomaly
was eroded within 1 month and eventually turned to be positive
(Figure 5 of Pearce et al., 2013; dotted dark red patterns in
Figure 7A). Thus, according to these experimental results, if the
lithogenic inputs impacting the Kerguelen Islands waters are pure
basaltic release, they would have to be very fresh to explain the
concomitant opposed Eu anomalies observed in the dissolved
and total REE patterns of our coastal samples. Nevertheless, the
rock/water ratio of the in vitro experiments performed by Pearce
et al. (2013) was most likely higher than in the environment of
the coastal samples studied here and potentially led to formation
of minerals that may not occur in natural settings. These setting
differences may explain why the REE pattern and εNd of the
Heard Island coastal C1 sample measured by Zhang et al. (2008)
differ significantly from those acquired by Pearce et al. (2013) at
the end of their experiment (Figure 7A).

As such, the basaltic origin of the lithogenic signature is
more strongly presumed in the total phase than in the dissolved
phase of the coastal Kerguelen samples and is likely mainly
derived from the particulate fraction. In order to remove this
particulate basaltic imprint, we normalized the unfiltered beach
water to the average Kerguelen flood basalts, assuming that the
remaining signal would reveal information about the dissolved
fraction included in this total phase. This basalt-normalization
leads to a pattern enriched in LREE and marked by a significant
negative Eu anomaly, indeed reminding the characteristic of the
dissolved Kerguelen coastal samples (orange dashed pattern in
Figure 7B). The only geological formations that look like to
these patterns are trachytes and rhyolites (discontinuous pattern
with gray squares and continuous thick dark gray pattern in
Figure 7B, respectively; Ingle et al., 2002; Gagnevin et al., 2003).
Fedele et al. (2015) showed that the negative Eu anomaly of
trachytes comes from the dominant glassy matrix, the minerals
(dominated by alkali feldspars and plagioclases) being rather
characterized by a positive Eu anomaly. Numerous veins of
trachytes and rhyolites are present in the Kerguelen flood basalts
(Bitschene et al., 1992; Damien Guillaume, LMV, Saint-Etienne,
and Léandre Ponthus, GET, Toulouse, personal communication).
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FIGURE 7 | (A) PAAS-normalized REE patterns and εNd of the dissolved fraction of the TEW1 coastal sample and of a beach water sample collected during the

KEOPS2 cruise in the Golfe du Morbihan, W-SW of station G2. For the readability of the Figure, G2 is not reported here, as it is similar to TEW1. The pattern of the

Heard Island coastal water (station C1, Zhang et al., 2008) is also reported here, for comparison. We also reported the PAAS-normalized REE patterns obtained 7

days (C#7) and 121 days (C#24) after the beginning of an experiment performed by Pearce et al. (2013) that investigated the dissolution of marine sediments taken

from a core top collected at C1 during the KEOPS1 cruise. (B) PAAS-normalized REE patterns and εNd of the sediments and rocks characterizing the Kerguelen

Plateau area (average patterns of the Kerguelen and Heard basalts and of the trachytes and rhyolites of the area, from the geological database EarthChem www.

earthchem.org; right gray scale). We also added the REE patterns and εNd of TEW1 and of an unfiltered beach water sample collected in the Baie des Baleiniers,

close to TEW1 (S-SE of it; left black scale). The dashed orange pattern results from the normalization of the unfiltered beach water REE concentrations to the

averaged REE concentrations of the Kerguelen basalts.

Interestingly, Mungall and Martin (1994) observed a significant
leaching of trachyte lava without devitrification at ambient
groundwater conditions in Azores area. This differential leaching
between trachytes and basalts could explain why the dissolved
seawater off the Kerguelen coast exhibits an imprint of trachytic
glass leaching, while the total seawater (dissolved + particulate)
exhibits a dominant basalt signature, with a positive Eu
anomaly and decreasing PAAS-normalized concentrations from
Eu to Lu.

This hypothesis is strengthened by the εNd results. The
unfiltered beach water has a radiogenic εNd value of +0.6 ± 0.1.
As the εNd of surface offshore seawater varies between −7 and
−8, this beach water must have been strongly enriched by a more
radiogenic source. Lithogenic particles have presumably been
dissolved during the etching process of this unfiltered sample.
Among trachytes, rhyolites and basalts, the sole candidate
characterized by εNd values higher than +0.6 are the basalts

(< εNd > = +1.3 ± 2.2; Figure 7B; Dosso and Murthy, 1980;
White andHofmann, 1982; Storey et al., 1988; Gautier et al., 1989;
Barling and Goldstein, 1990; Reisberg et al., 1993; Weis et al.,
1993, 1998; Barling et al., 1994; Weis and Giret, 1994; Salters and
White, 1998; Yang et al., 1998; Frey et al., 2000, 2002; Doucet et al.,
2002, 2005; Kieffer et al., 2002; Weis and Frey, 2002; Xu et al.,
2007; Scoates et al., 2008; Nobre Silva et al., 2010). The filtered
beach water has a less radiogenic value, consistent with a higher
contribution of the less radiogenic trachytes or rhyolites (see
values in Figure 7B). Finally, the Kerguelen coastal waters are
the freshest waters of the study, suggesting a supply of meteoric
water runoff or groundwater that could erode the local lithogenic
material (Figure 2A). The ongoing measurements of εNd and
REE concentrations of the particulate phases of the coastal
samples will help us to determine which of these hypotheses–
signature of basalts only or of both trachytes and basalts—is the
most plausible.
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By contrast, the REE patterns of the Heard Island coastal
samples do not reveal such evidence of trachyte imprint in their
lithogenic signature (Zhang et al., 2008; Figure 7A). Compared
to the Kerguelen coastal area, the marine influence seems to be
more pronounced in the Heard Island area, as supported by
the lower REE concentrations, especially LREE, added to the
less radiogenic εNd. This suggests a more efficient water mass
renewal in the coastal area of Heard Island, consistent with the
proximity of this area to the Fawn Trough, a favored zonal
passage for the circumpolar flow (Park et al., 2008). Alternatively,
the REE patterns of Heard Island coastal water samples could
also reflect hydrothermal input. Indeed, hydrothermal activity—
which was recently discovered between Heard and McDonald
Islands (Holmes et al., 2017), a shoal area of maximum depth
of 300 m—is known to (i) preferentially scavenge the LREEs
from the surrounding waters, thus becoming a sink rather than
a source of REEs dissolved in seawater; and (ii) result in a
rapidly weakening Eu enrichment in the surrounding waters
(Klinkhammer et al., 1983; Olivarez and Owen, 1991).

Transport of the REE Lithogenic Signature
as Tracer of Water Mass Pathways
Although less pronounced than at coastal stations, lithogenic
signatures were also observed offshore, both above and off the
Plateau, in various depth ranges. This presumes a transport of
lithogenic supplies, laterally or vertically, away from the sources.

The slight negative Eu anomaly observed north of the PF, in
the surface samples of the easternmost stations F-L and, at a lower
degree, TEW7, hints at the signature of the Kerguelen coastal
dissolved samples (Figures 5A, 6). This suggests that surface
waters freshly enriched in lithogenic supplies were transported
relatively quickly from the north-eastern Kerguelen coast to the
location of these offshore stations, along a path confined to north
of the PF. This is in agreement with (i) the PF location and the
circulation of the surface/subsurface waters (Figure 1; Figure 15
of Park et al., 2014; d’Ovidio et al., 2015), (ii) the water mass
characteristics displayed in Figure 2A, and (iii) the trajectories
of the drifters launched during KEOPS2 (Sanial et al., 2015).
This interpretation is also supported by the KEOPS2 radium data
(Sanial et al., 2015) and particulate trace metal data (van der
Merwe et al., 2015).

Based on the distance from the eastern Kerguelen coast, we
could expect stronger surface lithogenic imprints at stations
located in the meander area, south of the PF, than at the further
stations TEW7 or F-L. Yet, the lithogenic imprints observed in
the core of the meander, at E1, E3, and E5, are negligible. They
are at best as pronounced as at TEW7 and F-L at stations further
away from the core of the meander, where surface currents
were stronger, but by contrast, they do not show any visible
Eu anomaly (E4-W and TNS4; Figures 5A, 6). Sanial et al.
(2015) reported significant short-lived Ra isotope activities in this
region located downstream of Kerguelen Islands, south of the
PF, indicative of recent continental supplies. Using Ra isotopes
as a chronometer, these authors estimate a transit time for the
surface waters between the shelf and stations E4-W or TNS4
of the order of 1–2 months. Considering the transit times and

pathways of the surface waters, they presumed that these recent
supplies were coming from the Kerguelen shelves—rather than
from Heard Island or from the Central Kerguelen Plateau—and
were sporadically transported through the PF. It is therefore
highly plausible that the initial negative Eu anomaly of the
Kerguelen supplies was quickly eroded within this time interval,
either by authigenic process, or by dilution with water tagged
by a different REE pattern. Since F-L and E4-W show similar
biological characteristics, any biogenic scavenging could be ruled
out (Cavagna et al., 2015; Jacquet et al., 2015; Laurenceau-Cornec
et al., 2015; Planchon et al., 2015). In addition, F-L surface
waters were advected slower than E4-W ones from the Kerguelen
coast (in ∼2 months for F-L; Sanial et al., 2015), while they
preserve their Eu anomaly. As such, the erosion of the negative
Eu anomaly more likely results from dilution with water tagged
by a null to positive Eu anomaly, presumably coming from the
south, than from a local authigenic process. This hypothesis is
consistent with the back-trajectories of water parcels as calculated
from altimetry (d’Ovidio et al., 2015).

Central Plateau stations eexhibit strong lithogenic signatures
characterized by null to positive Eu anomalies (Figures 5B,
6). The difference of Eu anomaly between A3-1 (first visit)
and A3-2 (second visit) will be discussed in the following
subsection. As suggested by other lithogenic tracers, vertical
supplies from the Central Kerguelen Plateau sediments likely
contribute dominantly to the signatures observed from the
bottom to 200m depth (Bowie et al., 2015; Sanial et al., 2015;
van der Merwe et al., 2015). However, lithogenic imprints are
more pronounced in the first 200m of our stations A3 than
in the underlying waters, suggesting that lateral supplies are
added to the vertical ones, especially in the upper layer. The
signature of these upper supplies shares no similarities with
those characterized in the eastern Kerguelen coastal samples,
and circulation investigations rather suggest a southern source,
most likely from the Heard Island area (Charrassin et al., 2004;
Park et al., 2008; Figures 6, 15 from Park et al., 2014; Figure
9 from Sanial et al., 2015). This advective supply of southern
origin was already suggested from the KEOPS1 results, first by
the dissolved radium-228 distribution observed on the Central
Kerguelen Plateau, and confirmed by the REE distribution at
station A3 (van Beek et al., 2008; Zhang et al., 2008). This
southern advection is also supported by the particulate trace
metal distribution (van der Merwe et al., 2015). Overall, our REE
results support the hypotheses for regional circulation drawn by
Park et al. (2014, their Figure 15): a surface/subsurface southern
source—of water and of lithogenic material—that is transported
toward the Central Plateau (A3), with its lithogenic signature
fading along its northward pathway, as shown by the weaker
imprint at G1. As it reaches the meander area, just south of the
PF and East of Kerguelen Islands, this southern flow mixes with
the western flow, itself tagged by Kerguelen continental material,
explaining the enhanced lithogenic signature in the REE data
at E4-W and TNS4 compared to G1 or TEW3 (Figures 3B,C,
5B,C, 6). The residual signal observed between 500 and 1,000m
at stations E4-W and TNS4 (meander area) can be explained by
supply of sediments from the Kerguelen plateau and their partial
lateral advection. The core of the meander area (stations E1, E3,
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and E5) seems to be more affected by a local recirculation, being
therefore likely more isolated from the area of lithogenic material
transit, as previously explained.

The sporadic “permeability” of the PF (i.e., transport across
it) is not only confirmed by data of the off-core meander
stations but also by the subsurface data obtained at station R2.
Samples collected at 200m depth and, to a lesser degree, at
500m depth, exhibit a clear lithogenic imprint that contrasts
with shallower and deeper samples (local maxima of LREE and
MREE concentrations, of Ce/Ce∗ and of Ndn/Ybn; Figures 3A,
5A). Local maxima were not only observed in REEs but also
in other lithogenic tracers (Lasbleiz et al., 2014; Quéroué et al.,
2015; Sanial et al., 2015; van der Merwe et al., 2015). The closest
upstream source is Leclaire Rise (or Skiff Bank; Kieffer et al.,
2002;Weis and Frey, 2002), a seamount located west of Kerguelen
Islands, just northwest of station R2, which rises up to 200m
depth below the sea level and is on the northern border of
the PF circulation, following Park et al. (2014; their Figure 15).
Therefore, and as suggested by the KEOPS2 tracer studies cited
above, lithogenic supplies seem to be transferred through the PF,
from its northern border to its southern one, to be detected at
station R2.

Relationship Between REE Distribution
and Authigenic Processes
Zhang et al. (2008) found a pronounced positive Eu anomaly
at their twice-visited station A3 that was attributed to basaltic
signature from Heard Island sediments. Station A3 was also
sampled twice during the KEOPS2 study but negligible or much
weaker positive Eu anomalies were observed, this time. Although
the 1st/2nd and 3rd/4th samplings at station A3 occurred 6
years apart, similar profiles of εNd and weak Ce anomalies were
observed at this station during four different visits, suggesting a
relatively constant flux of lithogenic supplies likely coming from
the same source (Figure 8). In addition, the circulation patterns
show similar southern origin of the A3 waters during KEOPS1
and KEOPS2 (Park et al., 2008, 2014). These observations led us
to suggest that the lithogenic fraction observed at this station was
similar during the four visits and thus that concentration and
fractionation differences observed between these four profiles
were rather related to authigenic processes occurring during
the different stages of the phytoplankton bloom. The section
below is dedicated to the identification of these processes. Note
that some features, notably the Eu anomaly variations, remain
to be confirmed due to their overall weak variations relatively
to their associated uncertainties—although still significant. In
addition, the time series proposed below is built on the results of
two cruises conducted 6 years apart. Therefore, the preliminary
interpretations discussed in the following have to be cautiously
considered and mainly aim at giving food for thought for future
investigations.

We defined the stations A3-1, A3-2, A3-3, and A3-4, following
the seasonal chronology rather than the date of sampling (spring
first—KEOPS2, then summer—KEOPS1). Similar circulation
scheme and chl-a distribution—positioning A3 in the core of
the chl-a maximum—argue in favor of a seasonal (spring vs.

summer) rather than interannual (2005 vs. 2011) interpretation.
This seasonal approach was followed in several other studies (e.g.,
Bowie et al., 2015; Jacquet et al., 2015). A3-1 was sampled just
before the development of the spring bloom; A3-2 was sampled
during the maturing phase of a fast growing and large diatom
bloom (Lasbleiz et al., 2014; Carlotti et al., 2015; Trull et al.,
2015), in an autotrophic mixed layer production system, with
photosynthesis exceeding respiration (Christaki et al., 2014). A3-
3 and A3-4 correspond to the visits at station A3 at the beginning
and at the end of the austral summer cruise KEOPS1 during the
bloom decline, in a heterotrophic system (Lefèvre et al., 2008).

During the development of the bloom (from A3-1 to A3-2,
KEOPS2), MREE slightly decreased, except Eu, leading to the
formation of a small positive Eu anomaly; both La concentrations
and the positive La anomaly substantially decreased, especially
below 200m depth (Figure 8). In summer, most of the REE,
notably the LREE andMREE, were significantly less concentrated
than in spring, especially in the first 200m, except Eu, which
was instead equivalently or slightly more concentrated (Figure 8;
Zhang et al., 2008). Therefore, the upper layer REE pattern
slope was more pronounced in summer and the weak positive
Eu anomaly observed during the bloom development was
much more marked over the whole water column as the
bloom was declining. Also, the positive La anomaly was, in
summer, similar to A3-1 pre-bloom values (Figure 8). These
characteristics significantly differ from the REE pattern features
observed by Haley et al. (2014) in the upper Gulf of Alaska,
defined by these authors as “bio-reactive” REE patterns and
suggested to be mediated by microbial processes. Our hypothesis
is that the REE distribution variations observed at these different
stages of the Kerguelen Plateau bloom are mainly related to
interactions between these elements and marine particulate
phases (carbonated and/or oxidized surface coatings, diatoms
and barite), as discussed in the following subsections.

Positive Eu Anomaly

We speculate that the positive Eu anomaly results from the
combination of two processes: a net removal of the REEs
(especially LREEs and MREEs) onto particles, increasing as
the bloom ages, and a constant REE supply from the basaltic
sediments. LREE and MREE are preferentially scavenged onto
surface coatings such as ferro-manganese oxy-hydroxides and
carbonate phases in the upper water column and preferentially
released at depth, compared to theHREE (Sholkovitz et al., 1994).
Such coatings might have developed onto organic matter and
tests before their export, contributing to the LREE and MREE
depletion of the upper layer observed in the summer period (A3-
3 and A3-4; Figure 8A). This hypothesis is consistent with the
decrease of dissolved inorganic carbon observed in the upper
layer between spring and summer (Figure 8B; Jouandet et al.,
2008; Lo Monaco et al., 2014). However, based on the MREE-
enriched patterns of the acetic acid leaching of suspended and
sinking particles (Sholkovitz et al., 1994; Lerche and Nozaki,
1998), Eu concentrations should decrease as the other LREEs
and MREEs in the upper layer between spring and summer
at A3, instead of being preserved as observed. A compensative
source of dissolved REEs such as the Heard Island sediments,
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FIGURE 8 | Comparison of the dissolved REE distributions of station A3 for the four different visits: A3-1 and A3-2 refer to the two spring visits (KEOPS2) and A3-3

and A3-4 refer to the 2 summer visits (KEOPS1). (A) Concentration vertical profile of some of the REEs (in pmol kg-1), as in Figure 3; (B) Vertical profiles of some REE

fractionations and of Ndn/Ybn, from the PAAS-normalized REE patterns shown in (C). The associated Nd isotopic composition, expressed as εNd, and the

concentrations of dissolved inorganic carbon (DIC, in µmol kg−1) are also shown. Error bars are defined as in Figures 3, 5.

enriched in Eu (light gray pattern in Figure 7B; Zhang et al.,
2008), would allow the Eu stock to be maintained throughout the
bloom development and balance its removal through the LREE
and MREE scavenging onto coatings.

Interestingly, there seems to be a relationship between some
REE fractionations and the export efficiency at the investigated
stations that would be consistent with the two processes
described above. A positive Eu anomaly seems to progressively
be formed with depth for stations characterized by low export
efficiency (e.g., station F-L; Figures 4, 5; Laurenceau-Cornec
et al., 2015). This might result from the progressive dissolution
of Eu-enriched secondary minerals included in the basaltic
lithogenic particles (such as rhabdophanes) that settle to the
seafloor. In case of increasing export, we could expect an
erosion of this Eu lithogenic signature in seawater through

the preferential removal of Eu onto the sinking particles.
This may explain the absence of Eu anomaly observed at
stations characterized by a high export, such as R2 and E1
(Figure 5; Laurenceau-Cornec et al., 2015). Nevertheless, further
investigations are necessary to verify the link between the REE
fractionation processes and the export efficiency relative to the
ocean dynamics of the area.

La Behavior

The KEOPS2 dissolved samples display ubiquitous positive La
anomalies. This feature is commonly observed in the ocean and
presumably results from the empty 4f electron shell of La that
increases its relative stability in solution (de Baar et al., 1985;
Byrne and Kim, 1990; Byrne et al., 1996). Nevertheless, both
La concentration and La anomaly variations throughout the
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four visits to A3 are surprisingly different from the other LREE
variations. The sharp decrease of La concentrations between
A3-1 and A3-2 over the whole water column is not observed
for the other REEs, which explains the associated decrease of
La anomalies. Thus, unless a real difference of kinetics exists
for a preferential adsorption and desorption of La onto and
from carbonated and/or oxidized surface coatings, these latter
patterns might not be the sole driver to explain the marine
La distribution and fractionation in the Kerguelen area. Barite
(BaSO4), which is known to incorporate more La than the other
LREEs when precipitating in the water column (Guichard et al.,
1979; Hein et al., 2007), could also contribute to the observed
differential behavior of La. An enhancement of barite formation
over the water column during the KEOPS2 bloom stage could
contribute to the observed diminution of the La concentrations
and anomalies. It is currently believed that barite crystals mainly
precipitate within supersaturated micro-environments, mostly
constituted by aggregates of organic material (Dehairs et al.,
1980; Bishop, 1988; Stroobants et al., 1991; Ganeshram et al.,
2003; van Beek et al., 2007). During remineralization of these
aggregates through heterotrophic bacterial activity, suspended
barite crystals are released (Ganeshram et al., 2003). Jacquet
et al. (2008, 2015) characterized the distribution of biogenic
barite during KEOPS1 and KEOPS2 by measuring the amount of
particulate barium in excess (denoted by BaXS), which is the total
Ba corrected for the Ba associated with the lithogenic fraction
(Dehairs et al., 1980, 1990). The decrease of La concentrations
between A3-1 and A3-2 is not accompanied by an increase in the
particulate Baxs concentrations, which suggests that there is no
significant increase in the synthesis of suspended barite between
the two visits. However, barite may also be included in the dense
fast-sinking particles, a pool that was not investigated by Jacquet
et al. (2008, 2015), since their sampling techniques (Niskin
bottles and in situ pumps) allowed them to only characterize the
suspended fraction of barite. We know that the sinking particles
were not the dominant fraction at A3-2, but were still present
(Laurenceau-Cornec et al., 2015). The differential behavior of
La between A3-1 and A3-2 might thus be related to a slight
enhancement of barite crystallization within large aggregates, a
pool of particles that was not studied at A3-2.

In summer, the slowing down of productivity and aggregate
formation might have led to a slowing down of barite formation
and La incorporation, explaining why La concentrations only
slightly decreased, compared to spring. However, La anomalies
increased again, compared to A3-2. This indicates a process that
allowed the dissolved stock of La to be better maintained in the
water column than the Pr and Nd stocks. Therefore, another
factor contributing to the REE fractionation may be involved, in
addition to surface coatings, to explain the differential behavior
of La compared to Pr and Nd. We again presume an impact
from the barite cycle, and more precisely, some La release from
the suspended barites, which were more abundant at that time
(Jacquet et al., 2008, 2015). Once released from the aggregates
into the undersaturated waters of the Southern Ocean (Monnin
et al., 1999), suspended barites are more susceptible to be
redissolved and therefore to release their La. The hypothesis
linking La distribution and barite cycle has already been recently

FIGURE 9 | Vertical profiles of La anomaly (La/La*) compared to the vertical

profiles of particulate non-lithogenic barium concentrations (BaXS, pM; from

Jacquet et al., 2015) at the meander core stations E1 and E3. These plots

highlight the mirroring of La/La* and BaXS variations (local minima of La/La*

associated with local maxima of BaXS and vice versa).

suggested, upstream in the Southern Ocean (Garcia-Solsona
et al., 2014).

The role of barite production or dissolution on dissolved La
depletion or enrichment compared to the other LREE is also
suggested at other KEOPS stations. A mirror effect between BaXS
and La/La∗ vertical profiles is notably observed over the whole
water column at the meander stations E1 and E3 (Figure 9).
Jacquet et al. (2015) suggested from these BaXS profiles that
remineralization processes were not ongoing anymore at these
stations and were resulting from a previous bloom. Thus, the
high La concentrations and anomalies might represent a post-
remineralization state, where barite has been released following
disaggregation and then dissolved.

HREE Behavior

The HREE vertical profiles at the deep and meander stations
show a slope break at around 600m, with a slower increase
of their concentrations below this depth. This vertical structure
looks strikingly similar to the vertical profiles of silicic acid; a
clear relationship appears from the comparison of the evolution
of Yb concentrations with the dissolved silicon ones (H4SiO4 or
DSi; Figure 10). In addition, the Ndn/Ybn profiles of the deep and
meander stations exhibit a pronounced re-increase with depth
below their inversion of slope, compared to the rate we usually
observe in the ocean (e.g., Jeandel et al., 2013; Haley et al., 2014;
Molina-Kescher et al., 2014; Figures 5A,C).We propose here that
HREE uptake-remineralization processes are more linked to the
Si cycle than the MREE and LREE are, in agreement with Akagi
and co-authors’ hypotheses (Akagi et al., 2011; Akagi, 2013)
and with REE profiles sampled in other areas of the Southern
Ocean (Garcia-Solsona et al., 2014; Molina-Kescher et al., 2014).
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FIGURE 10 | (A) Vertical profiles of the H4SiO4 concentrations (DSi, in µmol L−1; from Closset et al., 2014) of the deep and meander stations; (B) Relationships

between Yb concentrations (in pmol kg−1) and DSi concentrations (in µmol L−1) of these same stations, excluding the samples tagged by lithogenic signatures. Two

linear regressions are given to characterize the distribution above and below 500m depth, which corresponds to the slope break depth of the [DSi] vertical profile

shown in (A).

FIGURE 11 | Synthesis of the main processes that control the REE distribution in the Kerguelen Plateau area: (A) schematic summary of Figure 6 identifying the

dominance of lithogenic vs. authigenic processes in REE fractionations; (B) schematic representation of the different sources of lithogenic material -Kerguelen Islands,

Heard Island, Central Plateau sediments- and their transports via the different oceanic pathways identified in Park et al. (2014), north of, south of, and across the Polar

Front.
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The slower dissolution rates of biogenic silica compared to the
remineralization/dissolution rates of the LREE andMREE carrier
phases could thus explain the pronounced slope inversion.

CONCLUSIONS

The shallow and coastal environments of the Kerguelen
Plateau strongly modify the dissolved rare earth element (REE)
distributions and neodymium isotopic compositions (expressed
as εNd) of the upstream offshore waters. Consequently, the
KEOPS2 sampling covers a large range of REE concentrations,
depending on whether they were sampled upstream, on,
or downstream the Kerguelen Plateau. The concentration
and fractionation variations of the dissolved REE result
from significant lithogenic supplies and authigenic processes
(Figure 11A).

Eastern Kerguelen coastal samples clearly reveal a local source
of lithogenic material, most likely coming from some weathering
and/or dissolution of the shallow sediments. Moreover, the
comparison of REE patterns of filtered and unfiltered samples
reveals distinct features, with negative europium anomalies
(Eu/Eu∗) and εNd in the filtered samples but a positive
Eu/Eu∗ and more radiogenic εNd in the unfiltered one.
These discrepancies presumably reflect differential dissolution
and/or weathering processes of the local flood basalts and/or
trachyte veins from which the margin sediments mainly result.
Interestingly, these REE coastal signatures contrast with those
observed close to Heard Island, although also attributed to the
interaction of seawater with the margin sediments (Zhang et al.,
2008). Thus, the nature or the supply processes of lithogenic
material from the Kerguelen Islands likely differ from those
from Heard Island. Coastal environments are not the sole
areas enriching seawater with dissolved lithogenic supplies in
the vicinity of the Kerguelen Plateau: contributions are also
presumably coming from seamounts like the Leclaire Rise,
upstream from the Kerguelen Islands (this study; Quéroué et al.,
2015; Sanial et al., 2015), and Gallieni Spur (Grenier et al., 2015),
downstream. The Central Kerguelen Plateau also plays a key
role in terms of lithogenic supplies, likely providing a vertical
enrichment from the sediments to the overlying water.

The REE and εNd distributions allow us to identify two main
routes for the transport of these supplies (Figure 11B). The
atypical signature of the dissolved Kerguelen coastal samples
traces an eastward transport of the enriched waters north of the
Polar Front (red route on Figure 11B). This signature rapidly
vanishes, likely through mixing, and precludes us to identify
the Kerguelen contribution among the lithogenic signatures
observed across and south of the Polar Front, although indicated
by other tracers (e.g., radium isotopes; Sanial et al., 2015). The
sediment/particulate signature of Heard Island is presumably
advected north-westward, toward the Central Kerguelen Plateau
where it mixes with the signature of the vertical supplies from the
sediments. These signatures are likely advected up to themeander
area where they can mix with Kerguelen supplies sporadically
crossing the front (light pink and yellow routes on Figure 11B,
respectively).

Variations in REE concentrations and fractionations are also
partly driven by authigenic processes, both inorganically and
biologically mediated. More particularly, the REE behavior seems
to be closely related to biogeochemical cycles resulting directly
and indirectly from the recurrent diatom-dominated bloom
observed in austral spring/summer above and downstream the
Plateau. The more pronounced decrease of the concentrations of
light REEs with the bloom aging seems to mainly reflect their
preferential scavenging by surface coatings, such as carbonate
phases and/or (ferro)manganese oxides. A more important
involvement of La in the barite cycle could explain an additional
differentiation compared to the other light REEs. Fractionation
of the heavy REEs seems to be more closely related to the opal
cycle. A difference of reversible scavenging kinetics between the
surface coatings and opal could explain the evolution changes of
the Ndn/Ybn ratio with depth, decreasing in the upper layer and
increasing below.

This study highlights the role of the lithogenic and authigenic
particles on the dissolved REE distributions in the Kerguelen
Plateau area. It raises the importance of a future complementary
work to compare dissolved and particulate REE fractions in order
to better describe and understand the main active processes that
govern the oceanic cycle of the REEs.
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