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Abstract

Dissolved rare earth elements (REEs) were measured in the water masses upstream from and over the Kerguelen Plateau (Indian sector

of the Southern Ocean). Upstream from the plateau, the REE profiles were consistent with published data from the Southern and Indian

Oceans. Over the plateau (o500m) the following features are observed: (1) higher REE concentrations at most stations, (2) weak Ce

anomalies and HREE/LREE fractionations and (3) positive Eu anomalies similar to those of the Kerguelen and Heard basalts. This

suggests that the high dissolved-REE contents observed in these waters result from the dissolution of lithogenic material from Kerguelen

and/or Heard islands. REE pattern differences between the north and the south of the plateau suggest that both sources could be

involved: Kerguelen Island influence in the north, through sporadic mesoscale intrusion of waters through the Polar Front, and Heard

Island for the remaining stations, consistent with the main current direction over the Kerguelen Plateau.

A one-box model yields a lithogenic-Nd flux, from the dissolution of lithogenic material, of 89720 tNd y�1, and a corresponding

dissolved-iron input larger than 100,000 t Fe y�1. However, despite evidence of this significant lithogenic input, dissolved Fe is strongly

depleted in the upper layers, contrasting with the enriched REE concentrations. This contrast stresses the different behaviours of REE

and iron in the surface waters and the fact that strong fertilization does not imply dissolved Fe-replete waters.

r 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

The Southern Ocean is regarded as a key region in
understanding the role of biogeochemical cycling on the
variation of global climate (Marinov et al., 2006).
Although this ocean is characterized by HNLC (high-
nutrient low-chlorophyll) conditions, areas of high biomass
do occur (De Baar et al., 1995; Moore et al., 2002)
including the Kerguelen Plateau (Indian Sector of the
Southern Ocean; Blain et al., 2008). These bloom
occurrences are attributed to natural fertilization due to
iron inputs from the Kerguelen archipelago and plateau
(Blain et al., 2001). The major goal of the KEOPS project
(KErguelen Ocean and Plateau compared Study program)
e front matter r 2008 Elsevier Ltd. All rights reserved.
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was to study this natural iron fertilization, and in particular
to identify its sources.
Oceanic iron has a lithogenic origin. It is a micro-

nutrient required by phytoplankton for a variety of
metabolic functions including nitrate utilization and
chlorophyll production (Elrod et al., 2004). Dissolved Fe
has two different oxidation states in seawater, Fe(III) and
Fe(II). Fe(III) is the thermodynamically stable form in
oxygenated waters. Studies suggest that 99% of dissolved
iron is bound to organic ligands throughout the world’s
oceans, which maintains it dissolved and therefore bio-
available, by preventing the formation of iron hydroxides
(Gledhill and Van den Berg, 1994; Rue and Bruland, 1997;
Boye et al., 2001). The major dissolved iron sources to the
upper ocean are thought to be the dissolution of atmo-
spheric aerosols and sediment deposited on shelves and
upper slopes (Johnson et al., 1999; Elrod et al., 2004).
Rare earth elements (REEs) in the ocean also have a

lithogenic origin (Goldstein and Hemming, 2003). In some
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cases, dissolved river loads and dissolution of aerosols can
constitute significant dissolved REE sources (Tachikawa
et al., 1999; Barroux et al., 2006). However, recent in situ
and modelling studies suggest that dissolution of lithogenic
sediments deposited on continental shelves and slopes is the
dominant REE source to the ocean (Jeandel et al., 1998b;
Lacan and Jeandel, 2001, 2005; Arsouze et al., 2007). REEs
are an extremely coherent group in terms of chemical
behaviour (Elderfield and Greaves, 1982). Despite this
coherence, several processes cause slight fractionations
within the group. These are displayed by shale-normalized
REE patterns. Typical patterns of open-ocean waters
display: (1) a heavy REE (HREE) enrichment relative to
the light ones (LREE), mainly reflecting scavenging
processes and (2) a depletion of Ce relative to its REE
neighbours, reflecting the low solubility of this element
when oxidized (Elderfield and Greaves, 1982; Bertram and
Elderfield, 1993; Sholkovitz et al., 1994; German et al.,
1995; Tachikawa et al., 1999). In some cases, specific
features of the lithogenic source REE patterns allow tra-
cing the lithogenic element origin in the ocean (Sholkovitz
et al., 1999).

Although the Fe and REE oceanic cycles have some
similarities (same origin, nutrient-like profiles) they mainly
differ by the (i) the complex speciation of Fe and (ii) the
fact that iron is taken up by biology. Dissolution of
lithogenic material constitutes the main source for both
dissolved Fe and REE in the ocean. We therefore propose
here to use the REE concentrations in the Kerguelen
Plateau waters to (i) trace the origin of the observed
iron enrichment and (ii) quantify the fluxes of the
lithogenic inputs. We present filtered seawater REE
concentration profiles from nine stations upstream from
and above the Kerguelen Plateau. The origins of the
C1
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A11

Kerfix

ACC CORE

Fawn Trough Current
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Fig. 1. Station locations of the KEOPS cruise discussed in this study. Station

Kerguelen Plateau are given (Park et al., 2008a, b). Inset: Location of the Kergu

et al., 1995) and CD-1504 (Bertram and Elderfield, 1993), where dissolved RE
dissolved REE found above the plateau, the magnitude of
the associated fluxes and the implications for the iron
sources are discussed.

2. Sampling and method

2.1. Sampling

All the samples were collected during the KEOPS cruise,
in austral summer (January–February 2005), on board the
R/V Marion Dufresne. Three main transects, labelled A, B
and C (Fig. 1), each composed of 11 stations, have been
explored during the cruise. Each transect covered a wide
range of depths from stations on the plateau (depths
o500m) to offshore stations (500modepthso3500m).
Station Kerfix, located upstream from the plateau is
regarded as an ‘‘open-ocean’’ reference. Seawater samples
(500ml) from nine stations (A3, A11, B1, B5, B11, C1, C5,
C11 and Kerfix, Fig. 1) were measured in this study. All the
samples were collected using Niskin bottles mounted on a
rosette frame equipped with a Sea-bird SBE-911 plus CTD
sensor. The samples were filtered through Versapore 0.8 mm
or Durapore 0.65 mm pore size filters, acidified to pH ¼ 2
with twice-distilled HCl, stored at room temperature and
transferred to the laboratory on land (LEGOS, Toulouse,
France).

2.2. Analytical procedure

The purification and preconcentration of REE were
performed following the method published by Tachikawa
et al. (1999) and Lacan and Jeandel (2001). Briefly, the
acidified seawater samples were spiked with 150Nd and
172Yb. Then 2.5mg Fe (dissolved FeCl3) were added. After
C11

B11

Polar Front

names are labelled. Main circulation features of the upper layer above the

elen Plateau in the Southern Ocean, and of the stations AJAX 47 (German

E have been measured in previous studies.
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isotopic equilibration for at least 24h, the pH was increased
to 7–8 by addition of NH4OH, yielding REE–Fe(OH)3
co-precipitation. The precipitate was extracted by centrifu-
gation and rinsed three times with deionized water. An
anion exchange column was used to purify the REE from
the remaining matrix.

REE concentrations were then measured on a Perkin
Elmer Elan 6000 Inductively Coupled Plasma Mass
Spectrometer. All the REEs were determined by the
external standard method, whereas Nd and Yb were
additionally determined by isotopic dilution. Comparison
of these two methods allowed us to determine the chemical
procedure yields for Nd and Yb. They ranged between
80% and 100% for both elements. A linear interpolation
relative to mass was then used to estimate the yields for the
other REE.

We measured one blank in every 12 samples. The
average blank values were less than 2% of the average
signal (5% for the most depleted samples). The internal
standard error was better than 5% (2sn) for all REEs on
average (and equal to 10% for middle REE in the worst
case). Four duplicate samples from station A3 (identified
by their date, in Table 1) provide an estimate of the
measurement reproducibility. For Nd and Yb determined
by isotopic dilution, the mean relative deviation between
duplicates was 2.6%. For the remaining REE, the mean
relative deviation between duplicates was 5%, the highest
value being 13%, excluding one outlier. Accuracy of the
measurements was assessed by comparison of measure-
ments of the SLRS4 certified reference material (riverine
water, NRC Canada, not certified for REE) with a
compilation of 174 measurements made by four indepen-
dent laboratories (Yeghicheyan et al., 2001). The resulting
accuracies were 0.8% for Nd, 6.5% for Yb and 5.6% on
average for all the REE.

3. Hydrographic setting

3.1. Water masses

From surface to bottom, the following water masses
were identified in the Kerguelen area (Park et al., 1998a,
2008a, b): relatively highly oxygenated Antarctic Surface
Water (AASW, O247ml l�1), low-oxygenated upper cir-
cumpolar deep water (UCDW, from 200 to 1400m,
O2o4.5ml l�1), lower circumpolar deep water (1400
oLCDWo2600m) with its deep salinity maximum and
the Antarctic bottom water (2600moAABW) only identi-
fiable at the deeper stations B11 and C11 and characterized
by lower temperature and salinity, whereas oxygen
increases near the bottom. During the austral summer,
the surface mixed layer (SML, �80–100m thickness) is
constituted of relatively warm and fresh AASW, overlying
the Winter Water (WW) characterized by a temperature
minimum (�0.5 to +2.0 1C) and centred around 200m
(Park et al., 2008b). WW have been observed at every
station except C1, which is a shallow station located in
the close vicinity of Heard Island. However, hydrological
characteristics of the WW vary widely indicating different
origins for this specific water mass (Park et al., 2008b).
3.2. Circulation patterns and currents

Two principal current systems surround the Kerguelen
Plateau (Fig. 1): the Antarctic Circumpolar Current (ACC)
and the Fawn Trough Current (McCartney and Donohue,
2007; Park et al., 2008b). Most of the eastward flowing
ACC transport (�100 Sv, 1 Sv ¼ 106m3 s�1) is deflected
north of the Kerguelen Island, a residual fraction of ca.
30 Sv flow through the Antarctic Zone between Kerguelen
and Antarctica (Park et al., 2008b). The Fawn Trough
Current, originating from the eastern Enderby Basin (south
of 581S), bends to the north from 721E to pass the Fawn
Trough. A relatively strong northward branch of the Fawn
Trough Current (up to 18 cm s�1) transports cold Antarctic
waters of southeastern Enderby Basin origin along the
eastern flank of the plateau (Fig. 1). The core of this branch
flows east of transect C, although station C11 is likely
affected by the current. It then flows across Section B,
around station B9 (501420S, 761120E) and extends
northwestward up to 501S (Park et al., 2008b). Over the
plateau, the geostrophic circulation is relatively sluggish
(3–5 cm s�1) and directed to the northwest parallel to the
local bathymetry (Park et al., 2008b). During KEOPS, all
the stations were located south of the Polar Front (PF).
They are likely separated from the direct influence of the
Kerguelen Island by a strong jet, inducing a non-
productive narrow band revealed by satellite images (Park
et al., 1998a; Blain et al., 2007; Mongin et al., 2008).
However, the intrinsic variability of the PF makes that the
northernmost stations of KEOPS could have been spor-
adically influenced by the water masses flowing north of
this front (Rosemary Morrow, personal communication).
Based on Geostrophic Velocity Field analyses, Mongin
et al. (2008) underline the occurrence of strong eddy
activity within the meanders of the Sub-Antarctic front to
the east of Kerguelen Island, and some penetration of
eddies over the plateau. Estimated vertical eddy diffusiv-
ities (3 10�4m2 s�1) at stations A3 and C11 are one order of
magnitude higher than the classical open-ocean value
(0.1 10�4m2 s�1), suggesting possible transfer of bottom
water into the surface mixed layer (Park et al., 2008a).
Station Kerfix is located 100 miles southwest off the

Kerguelen Island coast and upstream from the plateau,
under the main influence of the residual ACC fraction,
south of the PF (Fig. 1; Jeandel et al., 1998a; Park et al.,
1998b). This is a relatively quiet part of the ACC with a
sluggish dynamic. These open-ocean characteristics are
confirmed by recent 230Thxs results, displaying linear
increase with depth, typical of an open-ocean station
(Roy-Barman et al., 1996; Venchiarutti et al., 2008). All
these characteristics led us to consider station Kerfix as the
‘‘open-ocean’’ reference station in this study.
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4. Results

4.1. REE concentrations

Dissolved REE concentrations are reported in Table 1
along with dissolved Fe concentrations (Blain et al., 2008)
and hydrographic data. The REE vertical profiles for
stations KERFIX, C1, C11, B11, A3, A11 are plotted in
Fig. 2A, together with AJAX cruise data (Atlantic sector of
the Southern Ocean, cf. Fig. 1 German et al., 1995). Except
for Ce, the REE profiles are characterized by relatively low
concentrations in the upper part of the water column,
increasing progressively with depth, consistent with the
classical REE oceanic behaviour (Elderfield and Greaves,
1982; De Baar et al., 1983, 1985).

The vertical Ce profiles display a shape that is different
from those of the other REE, reflecting its particular
behaviour (Sholkovitz and Schneider, 1991; Sholkovitz
et al., 1992; Moffett, 1994). Surface waters are character-
ized by relatively high Ce concentrations, remaining nearly
constant at depth.

At the open-ocean station KERFIX, average REE
concentrations are about 25% higher than those measured
in the Atlantic sector of the Southern Ocean and in the
Madagascar basin (Bertram and Elderfield, 1993; German
et al., 1995). Except at 800m, feature discussed later,
KERFIX profile shapes and values are consistent with the
location of this station, farther downstream within the
global thermohaline circulation than stations documented
by these authors. Note that, when considering the full
depth profiles, C11 and B11 (east of the plateau) and C5
(south transect of the plateau) display REE concentrations
similar to those observed at KERFIX. Focusing now on
the layer shallower than 500m depth, which roughly
corresponds to the plateau depth, almost all the REE
concentrations are found larger than or equal to those
measured at KERFIX, as shown in Fig. 2B. The highest
values are found at station C1 (likely reflecting the close
proximity of this shallow station to the Heard Island; see
Fig. 1). These enrichments, relative to KERFIX are
quantified as follows:

½REE�xs ¼ ½REE�m � ½REE�Ker, (1)

where the subscripts xs, m and Ker refer to REE
concentrations in excess, measured in the water mass
above the plateau and within the same water mass at
KERFIX, respectively. Ranges of these relative enrich-
ments (deptho500m) are 15–90% for La, 10–80% for Nd
and 8–20% for Yb. As already underlined, these enrich-
ments are not significant at C5, and in the deep waters
(below 500m) of C11 and B11.

In addition to the generally higher concentrations over
the plateau, significant concentration maxima were found
around 800m depth at station KERFIX and at �200m
depth at station A11. The origins of these features are
discussed in Section 5.4.
4.2. REE patterns

REE patterns are obtained by normalizing the sample to
the Post-Archean Australian Sedimentary rocks REE
contents (Taylor and McLennan, 1985). Two contrasted
REE patterns are displayed in Fig. 3A. The KERFIX
100-m pattern displays the general shape of open-ocean
seawaters, i.e. pronounced Ce anomaly and a clear
HREE/LREE enrichment, whereas the C1 100-m pattern
reveals recent lithogenic contribution identified by an
attenuated Ce anomaly and a flatter pattern. The Ce
anomaly is quantified as follows:

Ce=Ce� ¼ 2½Ce�n=ð½La�n þ ½Pr�nÞ, (2)

where [Ce]n, [La]n and [Pr]n are the shale normalized
concentrations. Heavy versus light REE enrichment is
quantified by (La/Yb)n ¼ [La]n/[Yb]n. Values close to 0
correspond to pronounced Ce anomalies and HREE/LREE
enrichments, whereas values close to 1 correspond to slight
Ce anomalies and HREE/LREE enrichments. Ce anomaly
and (La/Yb)n values are reported in Table 1 and displayed
in Fig. 4A.
The REE patterns of nearly all of the samples display a

slight positive Gd anomaly, and a variable Eu anomaly,
quantified as follows.

Eu=Eu� ¼ 3½Eu�n=ð2½Sm�n þ ½Tb�nÞ, (3)

where [Eu]n, [Sm]n and [Tb]n are the shale normalized
concentrations of these elements. Terbium is used here as a
reference instead of Gd, commonly used. Indeed, since
most of the seawater samples show a slight Gd anomaly,
the use of Gd as a reference would have negatively biased
the estimation of Eu* in these samples.
The origin of this seawater Gd enrichment is not clear

yet, although it has been already observed by many authors
(Alibo and Nozaki, 1999). Because ICP/MS measurements
of Eu and Gd are specifically subject to oxy–hydroxides
interferences, one could suspect analytical artefact. How-
ever, interferences are thoroughly corrected in our protocol
and special care was taken in the validation of these data,
by monitoring the interference levels and the consistencies
of the two Eu and 3 Gd isotope measurements. Using Tb as
reference for the Eu* calculation for the basalts as well as
for the seawater makes the comparison between both
material clearer.

5. Discussion

5.1. Dissolved REE enrichments over the plateau

According to Eq. (1), subtracting the average REE
concentration at Kerfix (o500m) from the average REE
concentration over the plateau yields the average upper-
layer REE excess of the plateau. Resulting average
enrichments are [Nd]xs ¼ 2.870.5(1sn) pmol kg�1 and
[Yb]xs ¼ 0.370.16(1sn) pmol kg�1 . These high REE con-
tents suggest that terrigenous inputs are influencing the
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water column and (D) REE patterns of the enrichment at station A3 averaged on the entire water column.

Y. Zhang et al. / Deep-Sea Research II 55 (2008) 638–652646
chemistry of the plateau surface waters. This assumption,
the source and magnitude of this potential external input
are discussed below.

Cerium anomalies (Fig. 4A) are relatively high at
stations C1, B1, B5 and A3, whereas (La/Yb)n values
are relatively high at stations C1, B5 and A3, with
intermediate values at C11, B11 and A11. These high
values reflect recent dissolution of lithogenic material. The
much higher values measured at C1 likely reflect more
recent lithogenic inputs, likely due to the close vicinity
of the Heard Island. On the whole, despite some differences
in the spatial distribution of these two parameters, these
data confirm the occurrence of recent dissolution of
terrigeneous material over the plateau, in contrast to
station KERFIX.
Flood basalts are the dominant volcanic products on the

Kerguelen archipelago, covering 85% of its surface
(Doucet et al., 2005). PAAS-normalized REE patterns of
these basalts, displayed in Fig. 3B, show an Eu anomaly of
�1.6 (Weis et al., 2002), which can be considered as a
signature of this lithogenic source.
Since Eu is known to behave like the other trivalent REE

in the ocean, positive Eu anomalies are usually not
observed in seawater (Kato et al., 1998; Tachikawa et al.,
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1999). The KEOPS area stands in contrast with this general
feature, significant positive Eu anomalies (Eu/Eu*41.15)
being observed at stations C1 and A3 throughout the water
column, in AASW and WW at A11, in WW at B11 and in
the surface sample of KERFIX (see Table 1, Fig. 4B). On
the other hand, several samples (e.g., stations B1 and C5)
do not display any significant Eu anomaly.

In order to characterize the potential external source, the
REE patterns of the enrichments (calculated by subtracting
KERFIX from plateau data, according to Eq. (1)) are
displayed in Fig. 3C and D for two stations, A3 and C1. Eu
anomalies of these enrichments are observed for the whole
water column of station A3 (2.270.44) and C1 (1.470.07),
in the WW and the UCDW (bottom sample) at B5, and in
the WW at A11 and B11. Again, the occurrence of
significant Eu anomalies in the seawater samples and in
the calculated enrichments suggests that the high REE
contents observed in the filtered waters of the plateau
results from the dissolution of the lithogenic material from
Kerguelen and/or Heard islands.
More surprising is the Eu anomaly observed at the

surface at station Kerfix. Neither the dominant surface
current (eastwards, Fig. 1) nor the dominant wind
directions at this site (Jeandel et al., 1998a) help constrain
the source of this enrichment. Since the extreme surface
only is affected (the two other AASW samples at KERFIX
are not), our favourite candidate would be a sporadic
aeolian input event, carrying dust from the Kerguelen
Island. Actually, such event did occur the day before
sampling: the wind (daily mean of �40 kmh�1) blew
southwestwards from the Kerguelen Island towards
KERFIX (on board data not shown).
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Other tracers led to suspect a significant, although
heterogeneous, lithogenic influence over the Kerguelen
Plateau, together with occurrence of horizontal transports:
228Ra/226Ra, (van Beek et al., 2008), 232Th (Venchiarutti
et al., 2008) and lithogenic suspended Ba (Jacquet et al.,
2008). Although the lithogenic influence on the plateau-
water trace element content is clear and revealed by
different tracers, it is also heterogeneously distributed:
some stations like C1, A3, B5, A11 are affected, whereas
others are not. Such heterogeneity likely reflects the
complex circulation scheme, but the resolution of the
plateau dynamic description prevents us to interpret
the present set of data further (Park et al., 2008b). In
addition, scavenging processes (e.g., oxidation and adsorp-
tion), which likely occur in this particle-rich environment,
may weaken the Eu anomalies and slightly affect the REE
patterns. Further Nd isotope and suspended particle
analyses will help to better constrain dissolved/particulate
processes.

5.2. Sources and fluxes of REE and Fe from Kerguelen

Plateau

Two possible external sources could provide lithogenic
material to the plateau waters: the Kerguelen and Heard
islands, respectively, located in the northwest and south-
west of the plateau. Both belong to the same geological
unit, mainly flood basalts with similar geochemical
characteristics, more particularly their REE patterns and
Eu anomalies (Doucet et al., 2005). However, the Eu
anomalies at station A3 are slightly higher than those
measured at station C1, whereas Ce/Ce* and (La/Yb)n
values at station A3 are significantly lower than at station
C1 (Fig. 4A). These differences could argue for two
different external sources: the Kerguelen Island could
provide material to the northernmost KEOPS stations,
whereas the Heard Island could provide material to the
other stations. Although published basalt Eu* anomalies
do not clearly discriminate between both origins (Weis
et al., 2002), high Eu* anomalies in some Kerguelen island
fields could occur (D. Weis, personal communication).

Although the main current direction over the Kerguelen
Plateau is northwestwards and the KEOPS sampling area
seems to be isolated from any Kerguelen influence by the
strong jet contouring the Kerguelen Island by the south
(Fig. 1; Blain et al., 2008; Mongin et al., 2008), one cannot
exclude that the northernmost stations received waters
enriched in dissolved lithogenic elements, coming from the
Kerguelen shelf, due to sporadic mesoscale intrusions from
north of the PF (Rosemary Morrow, personal commu-
nication). This is also supported by the occurrence of eddy
activities observed by Mongin et al. (2008). A second
possibility for Kerguelen material to reach A3 (or its
vicinity) could be bottom transport of shelf deposits (e.g.,
turbidites, contourities, etc.). The first mechanism would
explain surface and subsurface enrichments without
requiring an additional physical vector. The second
requires enhanced vertical transport to spread the litho-
genic contributions from the sediments up to the surface.
Such vertical processes are supported by the occurrence of
internal waves and significant vertical eddy diffusivities
observed over the plateau (Park et al., 2008a). On the other
hand, the lack of 228Ra bottom enrichment at A3 has led
Van Beek et al. (2008) to conclude that such vertical
transport does not explain the 228Ra enrichment observed
at the subsurface of the same station. These authors favour
the horizontal advection of shallow waters that were in
recent contact with a shelf to explain the observed
subsurface maxima. Similarly, Venchiarutti et al. (2008)
observed 232Th maxima in the subsurface waters of several
plateau stations (including A3) that cannot be directly
related to bottom 232Th enrichment. These two studies
argue against the bottom transport of shelf deposits from
Kerguelen as an REE source for the upper layer of station
A3. Furthermore, the high dissolved 228Ra and 232Th
concentrations measured at station C1, together with the
main current direction, lead van Beek et al. (2008) and
Venchiarutti et al. (2008) to suggest a northwestward
advection over the Kerguelen Plateau of waters that have
interacted with the shallow sediments of the Heard Island
shelf.
To sum up, REE pattern differences between A3 and C1

could argue in favour of a Kerguelen Island influence at
A3, through sporadic mesoscale intrusion of waters
through the PF. On the other hand, the main current
direction over the Kerguelen Plateau (northwestwards,
Fig. 1; Charrassin et al., 2004; Mongin et al., 2008; Park
et al., 2008b) favours the Heard Island as the main source
of dissolved lithogenic material in the plateau waters.
Once again, the complex circulation scheme characteriz-

ing the water transport on the plateau together with the
scarcity of our dataset prevents any detailed identification
of the exact trajectory of these inputs (Park et al., 2008b).
Therefore, a simple one-box model is used to estimate the
input of Nd, provided by this ‘‘external source’’, and
required to account for the larger concentrations found in
the waters overlying the plateau (Fig. 5). The water flux,
Fw, is estimated by multiplying the section of the box
(500m depth and 350 km width, cf. Fig. 5) by the mean
current velocity. The latter, measured between 3 and
5 cm s�1 above the plateau (Park et al., 2008b), is estimated
at 470.5(1s) cm s�1, yielding a water flux (Fw) of
�771.0(1s) Sv (taking into account 5% uncertainties, 1s,
on the box dimensions; 1s corresponding to a 68%
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Table 2

Terms used for the Nd and Fe budget calculations, with their

uncertainties, expressed as 1s (68% confidence level)

Mean Nd concentration at Kerfix (pmol kg�1,

deptho500m)a
11.270.4

Mean Nd concentration over the plateau (pmol kg�1)b 14.070.3

Depth of the water mass (m) 500725

Width of the water mass (m) 350,000717,500

Current velocity (cm s�1)c 470.5

Fe/Nd ratio in the basalt (g g�1)d 33707337

Fe/Nd solubility ratio (g g�1)e 170.25

Mean Fe concentration at Kerfix (pmol kg�1,

deptho500m)f
0.1570.024

Mean Fe concentration over the plateau (pmol kg�1)g 0.2070.029

Water flux (108m3 s�1) 771.0

Nd external input (t y�1) 89720

Fe external input (t y�1) 300,0007100,000

aStandard error, n ¼ 5 for Kerfix.
bStandard error, n ¼ 60, for all the stations on the plateau.
cFrom Park et al. (2008a, b).
dFrom Doucet et al. (2005).
eBonnet and Guieu, (2004), Boyle et al. (2005), Buck et al. (2006),

Jeandel et al. (1995), Tachikawa et al. (1999), Oelkers and Gislason (2001).
fStandard error, n ¼ 7 for Kerfix.
gStandard error, n ¼ 52, for all the stations on the plateau.
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confidence interval). Steady-state hypothesis and mass
conservation imply that the input of external Nd is

F inputðNdÞ ¼ Fw � ð½Nd�plateau � ½Nd�KerfixÞ, (4)

where [Nd]Kerfix ¼ 11.270.4(1sn) pmolkg�1 and [Nd]plateau ¼
14.070.3(1sn) pmol kg�1. These values represent the aver-
age concentrations measured between the surface and
500m, at KERFIX and at all the plateau stations,
respectively. The resulting Nd flux is 89720(1s) t (Nd) y�1.
This value is likely underestimated since the occurrence of
significant Ce anomalies in the plateau waters indicate that
REE scavenging probably already occurred, likely lowering
the REE contents of the plateau waters (Fig. 3; Sholkovitz
et al., 1994; Tachikawa et al., 1999).

Since both iron and Nd are lithogenic, it is tempting to
estimate the amount of iron that would be liberated from
the same lithogenic source as Nd, mostly if direct basalt
dissolution is involved. In most cases, abiotic solubilities of
lithogenic materials have been estimated in the range
1–10% for Fe (Bonnet and Guieu, 2004; Boyle et al., 2005;
Buck et al., 2006) and 2–10% for Nd (Jeandel et al., 1995;
Tachikawa et al., 1999). Although Bonnet and Guieu
(2004) also found Fe solubilities as low as 0.05% for
Saharan dust in seawater, Oelkers and Gislason (2001)
emphasized that basaltic glass dissolution reaches stoichio-
metric dissolution within several hours at neutral condi-
tions. REE and Fe contained in these basalts are expected
to follow this stoichiometric dissolution, allowing us to
consider that they have close abiotic solubilities. In
addition, Haley et al. (2004) suggest that the release of
REE from the sediments is due to the dissolution of
Fe phases. Therefore, we assume that Fe and Nd dissolve
concomitantly and in the same proportion, within
50% uncertainty (2s, 95% confidence interval). Using
the Fe/Nd ratios in the Kerguelen basalts (3370 g g�17
20%, 2s, Doucet et al., 2005) yield an Fe flux of
300,000 t(Fe) y�17200,000 (2s, 95% confidence interval;
overall uncertainty calculated by propagating the uncer-
tainties of all the variables described above, cf. Table 2).
This leads a lower limit of 100,000 t(Fe) y�1 for the external
Fe input. Since this result is based on a likely under-
estimated Nd flux (as described above), it is also likely
underestimated. Overall, this result should be considered
cautiously, keeping in mind the steady-state assumption.

5.3. Different behaviours for REE and Fe on the plateau

Despite these estimations of very significant dissolved
Nd and Fe contributions, dissolved Fe is strongly depleted
in the upper layers of the plateau, in contrast to REE
(Blain et al., 2008). This observation clearly prevents the
direct use of Nd (and REE) as proxy for Fe in seawater.
Dissolved Fe depletion occurs very close to Heard, since at
C1 the dissolved Fe/Nd ratio is of 15.3 g g�1, far below the
basalt ratios (33707337(1s) g g�1). This discrepancy could
reflect different dissolution rates between both elements,
although never observed so far and which would be
surprising if the whole basalt rocks are dissolved, and/or
more likely, different behaviours of the two elements
regarding the removal processes.
Can the biological assimilation of Fe explain the

difference? Phytoplankton uptake estimated from 55Fe
experiments during the cruise was about 2087
77 nmol Fem�2 d�1 over an area of 45,000 km2, which
corresponds to 190770 t (Fe) y�1 (Blain et al., 2007), at
least three orders of magnitude smaller than the estimated
lithogenic dissolved-Fe addition. Unless in vitro experi-
ments greatly underestimate the phytoplankton assimila-
tion rates, or admitting an unlikely 103-fold increase of the
biological activity at the contact of Heard (not revealed by
the satellite images, Mongin et al., 2008), this active
biological process alone cannot account for the observed
dissolved iron ‘‘loss’’.
Another possibility would be that Fe is transferred from

the dissolved phase to other phases. These could include
large particles (via oxidation or adsorption processes) that
would be removed towards the sediment, or complexes,
colloids or small particles that would remain within the
water masses (DFe concentrations reported by Blain et al.,
2008, do not include these Fe fractions). This last
hypothesis (suspended particles, complexes or colloids) is
more likely, since total dissolvable Fe concentrations
(TDFe, measurements made after 18 months at pH ¼ 2;
unpublished data, F. Chever, personal comments) showed
significantly higher values than dissolved Fe concentra-
tions. This suggests that although the external lithogenic
source is the same for Fe and REE, once in seawater, Fe
speciation yields a distribution of the different Fe species,
leaving only a small fraction of DFe; finally, the largest Fe
pool is probably under colloidal or complexed forms.
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These last processes are not thought to affect significantly
the measurements of REE concentrations reported here,
which could explain, at least partially, the Fe/REE cycle
decoupling in seawater. Since the Fe bio-availability of
these non-dissolved phases remains unclear, it is difficult to
conclude on the biological impact of this suspected very
important input of lithogenic iron. Nevertheless, despite a
likely significant addition of dissolved lithogenic iron on
the plateau waters, it appears that dissolved iron is depleted
to rate-limiting levels (Blain et al., 2007). This stresses the
fact that strong Fe fertilization does not imply non-limited
waters.

Another constraint on these input/output fluxes onto the
Kerguelen Plateau waters would be to estimate the tracer
output fluxes by measuring their sedimentation rates. This
is an ongoing work.

5.4. Specific features at 800 m depth at station KERFIX and

in the WW of station A11

The dissolved REE concentration profile at KERFIX
display a pronounced LREE (eg., La, Ce and Nd) maxima
at 800m depth (Fig. 2A). These data are supported by the
underlying sample (1200m depth), ruling out the hypoth-
esis of a contamination. The very small Ce anomaly and
flat REE patterns suggest that dissolution of lithogenic
material could have occurred recently at these depths.
A possible mechanism generating such input could be
lateral transport of a nepheloid cloud. Indeed, submarine
storms, yielding contourities and turbidites, could generate
nepheloid layers off the steep shelf of the plateau. The
likelihood of this hypothesis can be tested in the case of
Nd. Concentration of this element at 800m (23 pmol kg�1)
is about 10 pmol kg�1 greater than what would be expected
from a regular increase with depth. The Nd concentration
in the Kerguelen basalts is about 26� 10�6 g g�1 (Doucet et
al., 2005). Assuming that the nepheloids are composed of
this basalt only—not completely realistic in the relatively
productive KERFIX area—this hypothesis will yield a
lower value if 2–10% of the Nd present on these particles
dissolves, particle concentrations of 550–2750 mg l�1 would
be required to account for the observed increase. Although
these values are lower limits, they are realistic, suggesting
that the dissolution of particles could explain the observed
maximum at 800m depth at KERFIX. This is, however, a
rough estimate. Further data such as the particulate REE
concentrations and Nd isotope compositions could help to
better understand the precise processes occurring in this
water layer.

REE (except Ce) concentration maxima are observed in
the WW (200m) of station A11. The salinity in this layer
(�34.1) is significantly higher than the salinity of the WW
at the other stations (less than 34.0), whereas its
temperature is higher. It is therefore likely that the WW
at station A11 are of different origin than those of the other
stations, consistent with the observations of Park et al.
(2008b). The pronounced REE fractionation observed in
this layer, suggests that scavenging already affected the
distribution of these elements in this water mass. Although
Byrne and Kim (1990) have shown that biogenic silica
is among the most efficient substrate to induce strong
HREE/LREE fractionation during scavenging, the me-
chanism responsible of the observed pattern remains
unclear.
6. Conclusions

Dissolved REE concentrations were determined at nine
vertical profiles upstream from and over the Kerguelen
Plateau. High REE concentrations relative to station
KERFIX (taken as the ‘‘open-ocean’’ reference) character-
ize the upper layers (o500m) at most of the plateau
stations. Relatively slight Ce anomalies and HREE/LREE
enrichments suggest the occurrence of recent dissolution of
lithogenic material. The positive Eu anomaly characteriz-
ing the Kerguelen archipelago basalts and observed in
these enriched waters suggests that this material is
weathered from the Kerguelen and/or Heard islands. On
the one hand, different REE patterns in the southern and
northern parts of the plateau, could suggest that Kerguelen
Island material reaches the northernmost KEOPS stations
within mesoscale structures. On the other hand, the general
circulation scheme, in agreement with radium isotope
distribution together with significant lithogenic enrich-
ments evidenced in the vicinity of the Heard Island,
suggests that this island is the main source of lithogenic
material for the plateau waters.
A simple one-box model was used to quantify a lower

limit for the dissolved Nd external input at 897
20 t (Nd) y�1 and a simultaneous dissolved iron flux larger
than 100,000 t (Fe) y�1. The significant dissolved Nd and
Fe addition contrast with the strong Fe depletion in the
upper layers of the plateau, preventing the direct use of Nd
(and REE) as a DFe proxy within the ocean (Nd was only
used here to estimate dissolved Fe input into the plateau
waters). Phytoplankton uptake alone cannot account for
this discrepancy. The ‘‘missing iron’’ could probably be
found in the colloidal and other iron phases, which are
identified when measuring TDFe, underlining the different
speciations characterizing iron and REE in seawater.
Although significant dissolution of lithogenic material is
likely fueling the waters flowing above the Kerguelen
Plateau, almost all of its iron quickly disappears from the
dissolved phase to either a colloid phase or the solid phase,
yielding an iron limitation in the fertilized waters. Our
results show that dissolved REE in such a coastal
environment could help to understand better the dissolved
Fe supply and consequently removal processes. However,
better documentation on processes yielding Fe and REE
decoupling is needed. Nd isotopic compositions, Fe and
REE concentrations in the particle pool and the sediments
are underway, which will likely help to investigate more
precisely these processes.
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Distribution of rare earth elements and neodymium isotopes in

suspended particles of the Tropical Atlantic Ocean (EUMELI site).

Deep-Sea Research I 46, 733–756.

Taylor, S.R., McLennan, S.M., 1985. The Continental Crust. Its

Composition and Evolution. An Examination of the Geological

Record Preserved in Sedimentary Rock. Blackwell Publishing, Oxford.

van Beek, P., Bourquin, M., Reyss, J.L., Souhault, M., Charette, M.

Jeandel, C., 2008. Radium isotopes to investigate the water mass

pathways on the Kerguelen Plateau (Southern Ocean). Deep-Sea

Research II, this issue [doi:10.1016/j.dsr2.2007.12.025].

Venchiarutti, C., Jeandel, C., Roy-Barman, M., 2008. Particle dynamic

study in the wake of Kerguelen Island using thorium isotopes

(Southern Ocean, KEOPS program). Deep-Sea Research I, submitted

for publication.

Weis, D., Frey, F.A., Schlich, R., Schaming, M., Montigny, R.,

Damasceno, D., Mattielli, N., Nicolaysen, K.E., Scoates, J.S., 2002.

Trace of the Kerguelen mantle plume: evidence from seamounts

between the Kerguelen Archipelago and Heard Island, Indian Ocean.

Geochemistry, Geophysics, Geosystems 3.

Yeghicheyan, D., Carignan, J., Valladon, M., Le Coz, M.B., Le Cornec,

F., Castrec-Rouelle, M., Robert, M., Aquilina, L., Aubry, E.,

Churlaud, C., Dia, A., Deberdt, S., Dupr, B., Freydier, R., Gruau,

G., Henin, O., de Kersabiec, A.M., Mace, J., Marin, L., Morin, N.,

Petitjean, P., Serrat, E., 2001. A compilation of silicon and thirty one

trace elements measured in the natural river water reference material

SLRS-4 (NRC-CNRC). Geostandards Newsletter—The Journal of

Geostandards and Geoanalysis 25 (2–3), 465–474.

dx.doi.org/10.1016/j.pocean.2007.02.008
dx.doi.org/10.1016/j.dsr2.2007.12.039
dx.doi.org/10.1016/j.dsr2.2007.12.039
dx.doi.org/10.1016/j.dsr2.2007.12.027
dx.doi.org/10.1016/j.dsr2.2007.12.030
dx.doi.org/10.1016/j.dsr2.2007.12.025

	Dissolved rare earth elements tracing lithogenic inputs over the Kerguelen Plateau (Southern Ocean)
	Introduction
	Sampling and method
	Sampling
	Analytical procedure

	Hydrographic setting
	Water masses
	Circulation patterns and currents

	Results
	REE concentrations
	REE patterns

	Discussion
	Dissolved REE enrichments over the plateau
	Sources and fluxes of REE and Fe from Kerguelen Plateau
	Different behaviours for REE and Fe on the plateau
	Specific features at 800m depth at station KERFIX and in the WW of station A11

	Conclusions
	Acknowledgements
	References


