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a b s t r a c t

Determining past changes in ocean circulation on the Antarctic margin is important for understanding
the interactions between climate, circulation, and ice sheet retreat. However, the application of neody-
mium isotopes (eNd), a well-known proxy of ocean circulation, is limited on the Antarctic margin, due
to the lack of carbonate preservation and inconsistency in authigenic eNd leached from bulk sediment.
Here we assess the use of the eNd proxy along the continental rise of Wilkes Land, by combining analyses
of seawater with phases extracted using a 10-second reductive leach in co-located surface sediments.
Dissolved seawater eNd values displayed the following water mass signatures; eNd = �8.8 ± 0.2 (n = 1)
for Antarctic Surface Water; eNd = �9.7 ± 0.2 (n = 2) for Winter Water; and eNd = �8.7 ± 0.3 (n = 6) for
modified Circumpolar Deep Water. The sediment leachate did not reproduce a bottom water Nd signa-
ture and yielded a very variable eNd, ranging from �10.4 to �14.4. In contrast, the bulk detrital sediment
eNd fell within a narrow range of �13.1 ± 0.5 (n = 29). Examination of elemental ratios and rare earth ele-
ment (REE) anomalies indicates that the leaching procedure extracts exclusively authigenic phases. The
strong relationship found between phosphorus (P) and REE suggests that a P-associated phase is the main
REE host-phase leached, as opposed to ferromanganese oxyhydroxides. The leached europium anomalies
and eNd indicate that the extracted Nd signature is influenced by two end members, one with a seawater-
like eNd (�-8) and one more negative than the bulk detritus (eNd ��14). Finally, the decoupling between
[Nd] and eNd, as well the distinct middle-REE enrichments measured in the leach implies the authigenic
eNd is controlled by diagenesis. We thus infer that the Nd signature of the leached phosphates is derived
from porewater and influenced by the presence of a reactive detrital component in the sediment.
Unradiogenic reactive sedimentary phases which easily dissolve into porewaters are likely sourced from
the subglacial erosion of ancient metasediments and crustal remnants on the Wilkes Land coast. These
new eNd data contribute to the evaluation of the eNd proxy at complex, dynamic and under-studied inter-
faces such as the East Antarctic margin. However, further work is still needed to develop reliable proxies
of past Antarctic water masses.
� 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Ocean circulation plays an important role in controlling the glo-
bal climate through the redistribution of heat and nutrients
(Lumpkin and Speer, 2007). At the Antarctic margin, ocean circula-
tion can affect the behaviour of the ice sheet and therefore influ-
ence global sea level (Menviel et al., 2010; Golledge et al., 2014).
Modern and paleo evidence has shown that enhanced delivery of
ocean heat by modified Circumpolar Deep Water (mCDW) to the
Antarctic shelf drives grounding line retreat in West Antarctica
(Jacobs et al., 1996; Hillenbrand et al., 2017) due to reduced ice
shelf buttressing (Scambos et al., 2004). In East Antarctica, glaciers
draining regions of the ice sheet grounded below sea level (e.g.,
Ninis, Totten, Denman, Recovery Glacier; Morlighem et al., 2020)
are potentially vulnerable to ocean driven melting. The ability to
trace the presence of mCDW in paleoenvironmental studies of
the Antarctic margin would be a valuable tool to understand the
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links between climate, ocean circulation and ice sheet behaviour.
The neodymium (Nd) isotopic composition of bottom water pre-
served in sedimentary archives could potentially be this tool, how-
ever the application of this proxy on the Antarctic margin is
complicated (Wilson et al., 2018; Huang et al., 2020; Huang
et al., 2021; Wang et al., 2022).

Neodymium is one of the rare earth elements (REE), and its iso-
topic ratio 143Nd/144Nd varies as a function of the initial Sm/Nd
ratio of crustal material, and the time elapsed for the decay of
147Sm into 143Nd (i.e., the age of the rock). The oceanic Nd isotopic
composition (expressed as eNd = [(143Nd/144Nd)/0.512638–1] � 104;
Jacobsen and Wasserburg, 1980) is influenced by external REE
inputs and water mass mixing (Elderfield et al., 1988). Since Nd
has a shorter oceanic residence time (�690 years; Pöppelmeier
et al., 2020b) than the global ocean mixing time (�1000 years),
the dissolved eNd has been used as a quasi-conservative tracer of
ocean circulation (Piepgras and Wasserburg, 1980; Goldstein and
Hemming, 2003).

Our understanding of the sources and sinks of REE to the ocean
is incomplete and inconsistencies remain unresolved, such as the
‘‘Nd paradox” (Goldstein and Hemming, 2003), where dissolved
Nd isotopes behave conservatively during water mass mixing but
Nd concentrations exhibit a nutrient-like profile. Bertram and
Elderfield, (1993) first laid out two hypotheses to explain REE
and Nd isotope cycling that can be summarised as a ‘top-down’
control driven by dust, riverine inputs and reversible scavenging
(Tachikawa et al., 2003; Arsouze et al., 2007; Siddall et al., 2008;
Arsouze et al., 2009; Rempfer et al., 2011); and a ‘bottom-up’ con-
trol driven by boundary exchange (Lacan and Jeandel, 2005a;
2005b) and dissolved benthic flux via the sedimentary porewater
system (Abbott et al., 2015a; Haley et al., 2017). The latest esti-
mates of the oceanic Nd budget suggest that benthic fluxes domi-
nate followed by dissolved riverine and dust inputs (Gu et al.,
2019; Pöppelmeier et al., 2020b; Pasquier et al., 2022;
Pöppelmeier et al., 2022). However, the exact magnitude of these
fluxes, as well as the role of other sources, such as particulate river-
ine inputs (Rousseau et al., 2015) and ground water discharges
(Johannesson and Burdige, 2007) are still unknown.

The eNd signal of deep water masses is thought to be incorpo-
rated into sedimentary authigenic phases (Frank, 2002; Goldstein
and Hemming, 2003), and has been used to reconstruct past water
mass circulation (Rutberg et al., 2000; Roberts et al., 2010;
Piotrowski et al., 2012; Skinner et al., 2013; Wilson et al., 2015;
Williams et al., 2021). Authigenic eNd signals have been extracted
from Fe-Mn crusts or nodules (e.g., O’Nions et al., 1978; van de
Flierdt et al., 2004), fish debris (e.g., Staudigel et al., 1985; Scher
and Martin, 2004), foraminifera (e.g., Vance and Burton, 1999;
Klevenz et al., 2008; Roberts et al., 2010) and cold-water corals
(e.g., Copard et al., 2010; Struve et al., 2017). In the carbonate-
free sediments of the Southern Ocean, where the availability of
these archives is limited, sedimentary leaching based on the proto-
col of Chester and Hughes, (1967) was developed to target ferro-
manganese (Fe-Mn) oxyhydroxides from coatings of bulk
sediment particles (Rutberg et al., 2000; Piotrowski et al., 2005)
and subsequently applied in the Atlantic (Gutjahr et al., 2008;
Pahnke et al., 2008; Crocket et al., 2011; Chen et al., 2012; Bohm
et al., 2015; Pöppelmeier et al., 2018; Blaser et al., 2019;
Pöppelmeier et al., 2020a), Indian (Gourlan et al., 2008; Wilson
et al., 2013) and Pacific Oceans (Wu et al., 2015; Du et al., 2016).

Various leaching methods have been proposed in the field of
paleoceanography for the extraction of Fe-Mn oxyhydroxides
(Bayon et al., 2002; Gutjahr et al., 2007; Martin et al., 2010;
Wilson et al., 2013; Wu et al., 2015; Blaser et al., 2016; Du et al.,
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2016; Huang et al., 2021). Early studies typically included a pre-
treatment for carbonate removal prior to acid-reductive leach
(Bayon et al., 2002; Gutjahr et al., 2007), but these procedures
appear to be the least reliable method, and have been avoided
(Wilson et al., 2013; Molina-Kescher et al., 2014; Wu et al., 2015;
Blaser et al., 2016). In recent years, the extraction of seawater
derived eNd signatures from bulk sediments has seen a move
towards shorter leaching times in order to reduce the risk of
extracting non-hydrogenetic phases (Wilson et al., 2013; Blaser
et al., 2016; Huang et al., 2021). In some cases, however, the lea-
ched eNd seems to be controlled by a lithogenic component, either
through direct dissolution during the leaching procedure (e.g
Bayon et al., 2004; Elmore et al., 2011; Kraft et al., 2013) or through
an in situ control of the porewater on the authigenic eNd (Wilson
et al., 2013; Abbott et al., 2016; Du et al., 2016; Abbott et al., 2022).

The diagenetic control on the eNd signature of authigenic Fe-Mn
oxides has been shown (Palmer and Elderfield, 1985), but often
overlooked in palaeoceanographic reconstructions. The eNd signa-
ture of porewater and the importance of benthic fluxes for the
REE ocean cycle has been further investigated (Abbott et al.,
2015b; Abbott et al., 2015a; Haley et al., 2017), but porewater mea-
surements remain scarce due to the complexity of porewater sam-
pling and the large volumes required for the measurement of eNd.
Despite these challenges, Abbott et al., (2016) demonstrated the
influence of porewater on the eNd signal of authigenic phases,
and a clear preferential contribution from trace mineral phases
within the lithogenic component. Abbott et al., (2019) further
showed that clay mineral dissolution is likely the dominant control
on REE distribution of seawater, porewater and authigenic phases.
Most of these studies were undertaken in the Pacific Ocean, but a
recent review showed that this lithogenic control on the sedimen-
tary authigenic eNd records is widespread in the global ocean
(Abbott et al., 2022). These findings raise concerns about the relia-
bility of the use of authigenic eNd as a paleo-circulation proxy. The
ability of a specific leaching method to extract a seawater-derived
eNd from the bulk sediment should thus be investigated and if pos-
sible adapted on a site-by-site basis.

The few published leaching studies in the Southern Ocean
reported contrasting results. Wilson et al., (2018) measured eNd
in sediment from the Wilkes subglacial basin and found that the
leachate composition did not reflect a bottom water signal and
co-varied with the detrital eNd. Huang et al., (2021) proposed the
use of a weak reductive leach solution, combined with a very short
leaching time to extract past seawater eNd from Southern Ocean
sediments. They showed that a 10-sec leach provides the purest
hydrogenetic signals, extracting a bottom water eNd composition
at the Filchner-Rønne Ice Shelf, in the Weddell Sea, and recovered
a similar amount of Nd as when using a 30-min leach. Wang et al.,
(2022) found the same eNd values using both the 10-sec (Huang
et al., 2021) and the �1 h leach (Blaser et al., 2016) methods in sed-
iment from the Bellingshausen Sea. These authors did not recover a
seawater eNd composition and proposed that the dissolution of
detrital particles in the studied region might control the porewater
eNd, affecting the signature of Fe-Mn oxyhydroxides during early
diagenesis.

Here, we investigated the processes controlling the eNd signa-
ture of leached sediment, and its reliability as a proxy of past bot-
tom water circulation at the East Antarctic margin, along the
continental slope of Wilkes Land. We evaluated the signal
extracted from bulk sediment with the 10-sec leaching method of
Huang et al., (2021), by comparing it directly with the eNd of the
overlying water. Additionally, we present results of trace metals
and REE concentrations from the bulk, detrital and leached
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sediment fractions to characterise the main REE host-phase(s)
extracted from the sediment.
2. Methods

2.1. Study area and sample collection

Seawater and sediment samples were collected from the East
Antarctic margin, aboard the R/V Investigator from January 14th
to March 5th 2017 (IN2017_V01; Armand et al., 2018). Ten litre
seawater samples were collected at 3 stations north of the Sabrina
Coast (CTD-3, CTD-5, CTD-19; Fig. 1) along the continental slope.
Six additional bottom water samples were collected on the conti-
nental shelf within the Dalton Polynya (DP), during another cruise
aboard the Aurora Australis (AU1602 from 8th December 2016 to
21st January 2017). Samples were collected using a SBE9plus
CTD rosette (Seabird Electronics) equipped with Niskin� bottles
and filtered through a 0.45 lm Millipore� capsule filter directly
into acid-cleaned 10 L polyethylene jerrycans. Samples were then
acidified onboard to pH 2 with 2 mL/L of distilled 6 M HCl in a lam-
inar flow hood.

CTD stations on the continental rise show seawater tempera-
tures ranging from �1.8 to 1.4 �C and salinities from 34.0 to 34.7
psu. Results from the CTD sensors highlight three distinct water
masses, previously described by Silvano et al., (2017) and Bensi
et al., (2022): the Antarctic Surface Water (AASW; 0–100 m depth),
the Winter Water (WW; 100–300 m) and the modified Circumpo-
lar DeepWater (mCDW; >300 m) (Fig. 2). AASW is characterised by
a potential density rh < 27.55. Below it sits WW, a colder (�1.8 �C)
and slightly saltier (34.3 psu) water mass, with an ‘intermediary’
density (27.55 < rh < 27.7). At deeper levels, a warmer
Fig. 1. High resolution bathymetry (Armand et al., 2018) of the study area and sample l
dots) were collected during the IN2017_V01 voyage aboard the RV Investigator; while the
during the AU1602 voyage, aboard the Aurora Australis. Windmill Islands mentioned in t
colour in this figure legend, the reader is referred to the web version of this article.)
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(>�0.3 �C) and saline (>34.5 psu) water mass, relatively poor in
oxygen (<250 lmol.L-1) can be identified as mCDW (rh > 27.7).
Our sample set includes one sample of AASW (CTD 3 – 30 m), three
samples of WW (CTD 3 – 150 m; CTD 5 – 139 m and CTD 19 –
124 m) and 10 samples of mCDW. The six bottom water samples
collected within the Dalton Polynya reflect the composition of
WW except the sample DP19 (Fig. 1), which reflects mCDW.

Surface sediment cores were collected using a multi-corer from
five sites: MC01 (2161 m), MC02 (1863 m), MC03 (3099 m), MC04
(3198 m) and MC06 (3322 m) (Fig. 1).

The sample preparation and analytical procedures for Nd iso-
topic composition, REE and trace metal concentrations are summa-
rized in Fig. 3 and outlined in greater detail in the following
sections.

2.2. Materials and reagents

All consumables used in this study were cleaned following GEO-
TRACES protocols (Cutter et al., 2017). All reagents were either
Baseline� ultra-high purity grade (Seastar Chemicals, Canada)
and used as received (29 M hydrofluoric (HF), 12 M perchloric
(HClO4) acids, 11 M ammonia (NH3) and 10 M hydrogen peroxide
(H2O2) or distilled with a Savillex still (DST-1000) (15 M nitric
(HNO3), 11 M hydrochloric (HCl) and 18 M acetic (CH3COOH)
acids).

2.3. Seawater sample preparation

Large-volume seawater samples were pre-concentrated using
pre-packed Nobias� PA1L (Hitachi Technologies, Japan) chelating
resin cartridges following the method of (Pérez-Tribouillier et al.,
(2019). Briefly, cartridges were cleaned with 3 M HNO3 and
ocations. The multi-cores (‘MC’; yellow squares) and CTD seawater samples (green
Dalton Polynya bottom water samples (‘D’; blue dots) were collected the same year

he text, are located to the west of Law Dome. (For interpretation of the references to



Fig. 2. Temperature-Salinity diagram for the studied CTD stations. The colour bar represents the oxygen concentration. The sampled water masses are indicated on the figure:
the Antarctic Surface Water (AASW), the Winter Water (WW) and the modified Circumpolar Deep Water (mCDW). Not all seawater samples were analysed in this study but
full CTD profiles are presented for easier visualisation. Figure made with Ocean Data View (ODV, Schlitzer Reiner, https://odv.awi.de).

Fig. 3. Procedural schematic for the determination of eNd, REE and trace metal concentrations in seawater, sediment leach, bulk and detrital sediment.
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Milli-Q water and conditioned with 60 mL of 0.05 M ammonia
acetate solution (at pH 4.75). Each sample was pH adjusted to
4.75 by adding �210 g of 2.5 M ammonia acetate buffer solution
and �10 mL of HCl. Samples were then immediately pumped
through the Nobias cartridges. The elution of Nd was achieved with
5 mL of 3.5 M HNO3 into a Teflon vial. Pre-concentrated samples
were taken to incipient dryness, oxidised, and dissolved in 1 mL
HCl in preparation for ion-exchange chemistry (Fig. 3). Samples
were first purified for thorium isotopes by anion-exchange chro-
matography (Anderson et al., 2012; results not presented here).
REEs were purified via cation exchange (Struve et al., 2016), and
Nd isotopes were finally isolated using LN-Spec column chemistry
(Pin and Zalduegui, 1997).

Sub-samples of 60 mL seawater were preconcentrated for REE
using Nobias� PA1L cartridges, following the procedure of (Hatje
et al., 2014), and analysed without further purification (Fig. 3). This
method provided high recovery (>80%) of dissolved REE.

2.4. Sediment dating

Twelve sediment samples from each core top (MC01-2-3-4-6)
were dried, ground and submitted to Edith Cowan University
(Joondalup, Western Australia) for 210Pb analysis. Total 210Pb,
which decays into 210Bi, was determined through the analysis of
its granddaughter 210Po by alpha spectrometry after complete
sample digestion using an analytical microwave in the presence
of a known amount of 209Po added as a tracer (Sanchez-Cabeza
et al., 1998). The concentrations of excess 210Pb (Fig. 4) were deter-
mined as the difference between total 210Pb and 226Ra (supported
210Pb), the later determined by gamma spectrometry through the
measurement of its decay products 214Pb and 214Bi using a HPGe
detector (CANBERRA, Mod. SAGe Well). The multi-cores MC01,
MC03 and MC06 were then analysed for 14C.

Radiocarbon dating was carried out on the bulk acid-insoluble
organic carbon fraction of four samples from each core. About
two grams of sediment were acidified for carbonate removal
(Nieuwenhuize et al., 1994) using 2 M HCl at 85 �C. The sediment
was then rinsed, dried, ground, packed into sterilised aluminium
foil and sent to DirectAMS (Radiocarbon Dating Service, USA) for
14C analysis.

The detection of excess 210Pb (t1/2 = 22.3 years) implies that the
surface sediment is modern (<150 years old; Fig. 4), however the
raw 14C ages measured were excessively old (>3300 years BP) at
the sediment surface (0–1 cm) and displayed reversed values at
6 and 12 cm. For this reason, only the shallowest and the deepest
14C ages were used to build the age models (Table 1). The uncali-
brated 14C ages were corrected for ‘‘local contamination offset”
(Hillenbrand et al., 2010), calculated by subtracting the core top
foraminifera radiocarbon age of MC03 (Holder et al., 2020) from
the raw radiocarbon age of each core top. The local reservoir age
(519 ± 119 years) was estimated based on the same foraminifera
Fig. 4. Vertical profiles of excess 210
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radiocarbon age. Radiocarbon dates were calibrated using the mat-
cal function (Lougheed and Obrochta, 2016) with the Marine20 cal-
ibration curve (Heaton et al., 2020). The age models were then
calculated using the undatable function with an xfactor of 0.1 and
a bootpc of 10 (Lougheed and Obrochta, 2019; Supp. Mat. 1). The
resulting sedimentation rates obtained for MC01, MC03 and
MC06 were 7.6 cm.kyr�1, 4.9 cm.kyr�1 and 14.7 cm.kyr�1

respectively.

2.5. Sediment sample preparation

2.5.1. 10-sec reductive leach
First, bulk sediment samples were dried in an oven at 40 �C.

Three hundred mg of dry sediment was then homogenised and
vortexed for 10-sec with 12 mL of a reductive solution of
0.005 M hydroxylamine hydrochloride (HH) /1.5% Acetic Acid
(AA) /0.001 M Na-EDTA /0.033 M NaOH, at pH 4 (Huang et al.,
2021). This reductive leaching solution was designed to target
Fe-Mn oxides phases, with chelating ligand to avoid re-
adsorption of leached REE onto the sediment (Gutjahr et al.,
2007; Huang et al., 2021). The leach mixture was then centrifuged,
and 6 mL of the supernatant solution was collected into a Teflon
vial. This solution was taken to dryness, oxidized with 1 mL
HNO3 + 100 lL H2O2, and redissolved in 4 mL of 7.5 M HNO3. A
0.5 mL aliquot was separated for trace metal and REE analysis.
The remaining solution was taken to dryness before being taken
up with 0.5 mL 3 M HNO3 – 2.5 M HCl (3:1) for cation exchange
and later LN-Spec for Nd purification (Fig. 3).

2.5.2. 12-hour leach
After the initial short 10-sec reductive leach, the sediment was

leached a second time to ensure the removal of all oxides and
excess minerals to isolate the detrital fraction (Fig. 3). Samples
were leached with 15 mL of 0.02 M HH, 25% AA solution and agi-
tated using a rotisserie (20 rpm) overnight (Wilson et al., 2018).
Samples were then centrifuged, rinsed with Milli-Q water 3 times,
and dried in an oven at 50 �C. About 50 mg of resulting dry (detri-
tal) sediment was ground, weighed into a Teflon vial, and digested
with a strong acid mixture (as described below).

2.5.3. Sediment digestion
Untreated bulk sediment and the operationally defined detrital

fraction were weighed into a clean Teflon vial and oxidized with a
mixture of concentrated HNO3 and 30% H2O2 (1:1). Samples were
then digested in open vials using an acid mixture comprising
10 mL HNO3, 4 mL HCl, and 2 mL HF, at 180 �C until close to dry-
ness. Digested residues were converted to nitric form before being
oxidised with a mixture of 1 mL HNO3 and 1 mL HClO4 at 220 �C
until fully desiccated. Samples were finally re-dissolved in 4 mL
7.5 M HNO3. A 400 lL aliquot was separated for trace metal and
REE analysis. The remaining digest solution was taken to dryness,
Pb (210Pbxs) in the multi-cores.



Table 1
Raw and calibrated radiocarbon ages measured in the multi-cores.

Core Sediment depth ID D-AMS Raw 14C age 1r Calibrated 14C age 1r
cm years BP years BP

MC01 0–1 036871 3335 32 91 84
19–20 036874 6315 37 2576 209

MC03 0–1 036875 5161 32 90 96
29–29.5 036878 10,964 47 6010 191

MC06 0–1 036879 4461 32 89 79
29–30 036882 7020 42 2065 217
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oxidized, and converted to 3 M HNO3 – 2.5 M HCl (3:1) form in
preparation for Nd purification using column chemistry (Fig. 3).
2.6. Mass spectrometry

REE concentrations in seawater and sediment samples were
determined using an Element 2 Sector Field Inductively Coupled
Plasma Mass Spectrometer (SF-ICP-MS, Thermo Fisher Scientific,
Bremen, Germany) at the Central Science Laboratory (CSL), Univer-
sity of Tasmania. Samples were introduced to the instrument using
an Aridius� II desolvating nebulizer (CETAC Technologies, USA).
The DSN was tuned daily, and oxide formation for a range of test
analytes (Ba, Ce, U etc) was always <0.05%.

Relevant major and trace metals (e.g. Al, Ca, Fe, Mn, P) were
analysed in sediment samples using the same SF-ICP-MS instru-
ment, employing multiple resolution settings to minimise spectral
overlap of major interferences. Samples were spiked with indium
internal standard and introduced to the instrument in standard liq-
uid aspiration mode, with quantification using the method of
external calibration employing multi-elements calibration solu-
tions (MISA suite, QCD Analysts, Spring Lake, NJ, USA).

Purified seawater and sediment sample Nd concentrations were
checked using SF-ICP-MS prior to isotopic analysis. Dalton Polynya
Nd isotope samples were analysed using a Neptune Plus (Thermo
Scientific) with sample uptake via a CETAC Aridus 2 at the Aus-
tralian National University. Nd isotope ratio measurements of all
the other samples were carried out at the Geochemistry Laboratory
of the School of Geography, Environment and Earth Sciences of Vic-
toria University of Wellington, New Zealand, using a Thermo Finni-
gan Triton thermal ionization mass spectrometer (TIMS).

For the TIMS analyses, Nd samples were dissolved in 1 lL 2.5 M
HCl, then loaded onto outgassed zone-refined double Re filaments
along with 1 lL 0.25 M H3PO4 emitter solution. Samples were mea-
sured using filament currents of 1.2–1.4A on the evaporation side,
and a temperature of 1800–1850 �C on the ionisation side of a dou-
ble filament assembly. A 400 sec electronic baseline was measured
during sample warm-up, then ratios were measured using a static
collection routine consisting of 180 cycles with 10 cycles of 8.389
sec. each per analysis block. The cup configuration used five Fara-
day cups assigned to the following masses; L2 – 143Nd, L1 –
144Nd, C – 145Nd, H1 – 146Nd and H2 – 147Sm. Peak centring and
focussing were carried out automatically at the start of each mea-
surement, then after every 6 blocks during the analysis. Data were
reduced offline for outlier rejection and corrected using 146Nd/144Nd
= 0.7219 (O’Nions et al., 1977) for instrumental mass fractionation
using the exponential law, and 144Sm/147Sm = 0.20667 for the Sm
interference correction on mass 144. Given the range in sample
load sizes between the different sample types considered (from 2
to 108 ng Nd, with seawater samples �24 ng Nd; leached samples
�13 ng Nd vs detrital �95 ng Nd), two different amplifier configu-
rations were used in order to maximise signal-to-noise ratio on the
smallest samples. For the leachates, all Faraday cups were con-
nected to 1013O resistor amplifiers, whereas the detrital samples
used 1011O amplifiers (except that measuring the 147Sm for the
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interference correction which used a 1013O amplifier). JNdi-1 stan-
dard data produced for two load sizes using both amplifier config-
urations were identical: 143Nd/144Nd = 0.512110 ± 24 2sd (46 ppm
2rsd, n = 16) for 1 ng loads using 1013O amplifiers, vs 143Nd/144Nd =
0.512112 ± 3 2sd (6 ppm 2rsd, n = 6) for 100 ng loads on 1011O. All
1013O data were corrected for the decay constant (tau) using the
Thermo Fisher proprietary software. The small offset between the
measured 143Nd/144Nd JNdi-1 ratios and the published 143Nd/144Nd
value of 0.512115 (Tanaka et al., 2000) was used to correct the
batches of low and higher concentration samples. Dalton Polynya
samples were standard bracketed with JNdi-1 at 30 ppb
(143Nd/144Nd 0.512090; 2r 0.000007) to 40 ppb 143Nd/144Nd
0.512080; 2r 0.000014) and corrected to the accepted JNdi-1
value.

Multiple procedural blanks and certified standards (Supp. Mat.
2) were processed and analysed in the same manner as samples.
The GEOTRACES intercalibration seawater BATS at 15 m (Bermuda
Atlantic Time-series Study; van de Flierdt et al., 2012) and the BCR-
2 standard (United States Geological Survey, USA) were used for
REE analysis of seawater and sediment samples, respectively.
Accuracy and precision of the seawater eNd analysis were assessed
using JNdi-1 isotopic reference material (Geological Survey of
Japan, Tanaka et al., 2000); and the obtained 143Nd/144Nd was
0.512110 ± 0.000008 (n = 3), consistent with the published ratio
of this standard.
3. Results

3.1. Seawater eNd

Over the continental rise, the sampled water masses displayed
the following averaged Nd isotopic signatures: eNd = �8.8 ± 0.2
(2r; measurement error) for the AASW (n = 1), eNd = �9.7 ± 0.2;
n = 2 for the WW, and eNd = �8.7 ± 0.3; n = 6 for the mCDW
(Fig. 5). Only a few published eNd values exist for AASW and
WW. Our measured eNd signatures are less radiogenic (i.e., have
lower eNd values) relative to other observations on the Antarctic
margin (south of 59�S), where AASW eNd varies from �8.3 to
�5.6 in the Amundsen and Bellingshausen Sea (60-120�W; Carter
et al., 2012), and has a eNd of �8.1 ± 0.3 off the Adelie Land coast
of East Antarctica (160�E; Lambelet et al., 2018). A similar AASW
eNd signature has been reported in the Indian sector (40�E; Enderby
Land; �8.6 ± 0.4) by Amakawa et al., (2019), but a more radiogenic
WW eNd (�8.1 ± 0.3). To our knowledge, there are no other pub-
lished data of eNd signatures for mCDW.

On the Antarctic shelf, bottom water samples within the Dalton
Polynya have the least radiogenic dissolved eNd signatures of
�10.8 ± 0.2; n = 6 (Fig. 5). These bottomwater eNd values measured
on the Sabrina continental shelf correspond to some of the least
radiogenic dissolved eNd values measured around Antarctica
(Basak et al., 2015; Lambelet et al., 2018; Amakawa et al., 2019).

The water column Nd concentrations measured at CTD-19 were
higher than those from the western sites (CTD-3–5, Fig. 5a). This
station also displayed less radiogenic water column eNd signatures,



Fig. 5. (a) Dissolved Nd concentrations versus depth, (b) Nd isotopic compositions versus depth, and (c) potential density, at stations CTD-3, �5, �19 and DP. Error bars
represent the 2r measurement error. The stars on panel (a) represent the seafloor depth at which the multi-cores (MC) were collected. The sampled water masses are
indicated on panel (c): the Antarctic Surface Water (AASW), the Winter Water (WW) and the modified Circumpolar Deep Water (mCDW).
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with an average of eNd = �10.2 ± 0.8; n = 4 for mCDW (not shown).
We suspect issues with sample filtration for this last CTD station of
the voyage, with the measurements representing a ‘total’ rather
than dissolved fraction. The two years between sample collection
and analysis may have led to the dissolution of lithogenic particles
and colloids not completely filtered out. Higher concentrations of
dissolved 232Th (>200 pg.kg�1) measured in the same samples of
this station support this hypothesis. Since the aim of this study is
to compare the eNd of the leached surface sediment with the dis-
solved eNd of the overlying water mass mCDW, we have removed
the CTD-19 data and further discussion will focus on the mCDW
signature measured at stations CTD-3 and CTD-5 (eNd = �8.7 ±
0.3; SD; n = 6).
3.2. Sediment geochemistry

The geochemistry and phases extracted from the sediment by
chemical leaching were examined through elemental analyses.
Multi-core samples are made up of 70 ± 8% lithogenic (estimation
based on 232Th measurements), about 24 ± 5% biogenic silica, and
generally no carbonate, except for the upper 0–3 cm of MC01
and MC02 (�0.3% and 0.5% respectively; Supp. Mat. 3).

The leachate Ca/Al ratios are much higher (Ca/Al � 61) than
those measured in the bulk and detrital fractions (Ca/Al � 0.2;
Fig. 6). We note significantly higher Ca/Al in the upper bulk and
leachedMC01 andMC02 cores, consistentwith the higher inorganic
carbon (i.e., carbonate) content measured in these samples (Supp.
Mat. 3). The leached Fe/Al are slightly higher (�1.0) than in the bulk
and detrital samples (�0.6). The deepest sample of MC06
(29–30 cm) presents the lowest detrital Fe/Al. The Mn/Al and P/Al
are also higher in the leachate (�3.7 and �0.3) than in the bulk
(�0.02 and �0.01) and detrital (�0.01 and �0.003) fractions.
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3.3. Sedimentary eNd

The detrital sediment eNd composition is relatively constant
across samples: eNd = �13.1 ± 0.5; n = 29 (Fig. 7a). The upper
0–10 cm detrital eNd ranges from �12.7 to �13.6 (n = 22). The
lower 15–30 cm depth eNd composition is more variable, ranging
from�10.7 to�13.9 (n = 7). In general, the detrital eNd tends to less
radiogenic values with depth, except for the deepest sample of
MC06 (29–30 cm, eNd = �10.7) where a low Fe/Al (Fig. 6) may indi-
cate the presence of carbonate phases, rather than purely litho-
genic. We hypothesise that this subsample could represent a
heterogenous part of the sediment, potentially containing a shell
or a fish tooth, which would explain the more radiogenic eNd
measured.

The eNd extracted from the leached sediment is very variable,
ranging from �10.4 to �14.4 (n = 28; Fig. 7b). This eNd composition
does not match the bottom seawater signal (eNd mCDW = �8.7 ±
0.3; Fig. 5 & 7b). The variable leachate eNd does not present a
distinct trend with depth, for either the whole sample suite or
within each sediment core. More than half (18/28) of the leached
eNd fall within the eNd detrital range, while most of the remaining
samples have intermediate values between detrital and seawater
signatures.
3.4. Rare Earth Elements

The averaged concentrations of Nd in the different phases are:
4 ± 1 pg.g�1 (n = 14) in seawater, 35 ± 14 ng.g�1 (n = 29) in the lea-
chate, 24 ± 3 lg.g�1 (n = 29) in the bulk sediment and 28 ± 5 lg.g�1

(n = 29) in the detrital sediment. REE element concentrations were
normalised to Post-Archaean Australian Shale (PAAS; Taylor and
McLennan, 1985) allowing a smooth visualisation of their chemical
fractionation and highlighting any deviation from the continental

http://pg.kg


Fig. 6. Depth profiles of mass ratios Ca/Al, Fe/Al, Mn/Al, Nd/Al and P/Al in the bulk (first row), detrital (second row) and leach (third row) sediment fractions of the multi-
cores. Note differences in ratio scales between the leachate (third row) and the bulk and detrital results.

Fig. 7. eNd measured in (a) the detrital fraction and (b) the leached sediment. The brown and blue shadings on (b) represent the range of detrital and dissolved bottom water
(mCDW) eNd, respectively. Error bars represent the 2rmeasurement error. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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crust source (Supp. Mat. 4). Averaged, minimum and maximum
values are presented for easier visualisation of the data (Fig. 8).

The REE patterns display-three distinct trends (Fig. 8). The sea-
water PAAS-normalised REE display a typical seawater pattern,
with a depletion in the light REE (LREE) relative to the heavy REE
(HREE), and a negative Ce anomaly (Fig. 8a). We also observe a
slightly positive Gd anomaly. In contrast, the bulk and detrital
REE patterns generally present a slight enrichment in LREE
(Fig. 8b & d), with positive Ce, Eu and Dy anomalies. A sharp dis-
crepancy in these patterns is observed for the detrital sample
MC06 29–30 cm (Supp. Mat. 4; Fig. S4); which again stands out
because of its seawater-like HREE enrichment. This unique pattern
is coherent with the more radiogenic detrital eNd signature
(Fig. 7a), reflecting more authigenic components within this
sample. Finally, the REE patterns of the leachates present a domi-
nant middle REE (MREE) enrichment (MREE/MREE* > 1.3;
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Fig. 8c), with various anomalies depending on the sediment core.
Negative Ce anomalies are observed at MC01 and MC02; whereas
MC03, MC04 and MC06 present positive or no Ce anomaly
(Fig. S5). Overall, the REE patterns measured in the leachate are
characterised by the presence of a notable MREE bulge, signifi-
cantly different from the REE patterns of the seawater and detrital
fractions (Fig. 8).
4. Discussion

The sediment leachate displays a wide range of eNd and does not
record a bottom water eNd signature (Fig. 7b). The sediment lea-
chate eNd values are all less radiogenic (eNd = �10.4 to �14.4) than
the Nd isotopic composition of mCDW (eNd = �8.7), and very vari-
able compared to the narrow detrital eNd value (= �13.1 ± 0.5).



Fig. 8. Averaged PAAS-normalised REE concentrations for (a) seawater samples (n = 15), (b) detrital sediment, (c) sediment leaches, and (d) bulk sediment (n = 29). The
dashed lines represent the range obtained in each phase.
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The fact that the eNd of the sediment leachates lies between the
detrital and the seawater signatures (Fig. 7b) suggests we may be
seeing a detrital ‘contamination’ of a seawater signature, with
the wide range of eNd observed representing various degrees of
detrital components dissolved during the leaching procedure.
However, we can rule out partial dissolution of the aluminosilicate
fraction during leaching because the Al/Nd values of the leachate,
which have been used to track non-hydrogenetic sources to the
leach (Gutjahr et al., 2007; Blaser et al., 2016), are all very low
(<100; Fig. 9a & b). The MREE enrichment (MREE/MREE* ranging
from 1.3 to 1.7) observed in the sediment leachate data (Fig. 8)
has been attributed to Fe-Mn oxides (Gutjahr et al., 2007) support-
ing the non-detrital origin of the leach. In addition, there is no cor-
relation between the leached eNd and the detrital eNd (Fig. 9c).
Taken together, these data suggest that the leached signature is
not influenced by dissolution of the bulk detritus. Instead, we sug-
gest that the 10-sec leach likely extracts an authigenic phase asso-
ciated with amorphous or poorly crystalline mineral phases.
Fig. 9. (a) Al/Nd mass ratio versus eNd measured in the leachate and in the detrital sedim
and (c) detrital eNd versus leached eNd.
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The source of the leached signature may be further investigated
using the leached europium anomaly (Eu/Eu*). The leached Eu/Eu*
shows a correlation (R2 = 0.5) with the leached eNd (Fig. 10b). This
relationship cannot be explained by mixing between the seawater
and the bulk detrital end member (Fig. 10a). The leach data can,
however, be reproduced by assuming it represents a mixture
between a seawater-like endmember with an Eu/Eu* of 0.95 and
a eNd of �8.2; and an endmember representing a reactive sedimen-
tary phase with an Eu/Eu* of 0.85 and a less radiogenic eNd of
�14.4. The resulting mixing curve (Fig. 10a) indicates that 87% of
the Nd of the leach comes from this reactive phase, and 13% from
the seawater-derived phase. We propose that the seawater-like
endmember is derived from Fe-Mn oxides while the less radiogenic
endmember represents the eNd of a reactive sedimentary phase,
distinct from the bulk detritus.

Most palaeoceanographic studies extracting REE by bulk sedi-
ment reductive HH leaching for authigenic eNd analysis assumed
that their leached eNd was associated with the dissolution of the
ent fractions; (b) Al/Nd mass ratio versus eNd measured in the leachate (R2 = 0.10)



Fig. 10. (a) Eu anomaly (Eu/Eu*) versus eNd measured in the leachate, detrital sediment and seawater. The DP bottom water samples are represented by the blue diamonds.
The grey dashed line represents the mixing curve between the two assumed endmembers, selected based on the maximum and minimum data from the seawater and the
leach respectively. The resulting seawater-derived endmember has a eNd = �8.2 and Eu/Eu* = 0.95; and the reactive sedimentary endmember a eNd = �14.4 and Eu/Eu* = 0.85.
(b) Eu/Eu* versus eNd measured in the leachate (R2 = 0.5). The Eu anomalies were calculated using PAAS-normalised REE concentrations, as followed: Eu=Eu� ¼ Eu½ �= Sm½ �; Gd½ �
(Blaser et al., 2016). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

L. Creac’h, T.L. Noble, Z. Chase et al. Geochimica et Cosmochimica Acta 344 (2023) 190–206
Fe-Mn oxyhydroxides (e.g. Rutberg et al., 2000; Piotrowski et al.,
2004; Gutjahr et al., 2008; Pahnke et al., 2008; Roberts et al.,
2010). However, a comparison between the geochemical signature
of the leach relative to that expected for ferromanganese crusts
and nodules (negative relashionship; Fig. 11; Hein and
Koschinsky, 2014), suggests that authigenic Fe-Mn oxyhydroxides
are not the main phases extracted on the East Antarctic margin.
While elevated Fe/Al and Mn/Al in the leach indicate that Fe-Mn
oxides may be present (Fig. 6), these phases are clearly not the
main REE carrier phase considering the poor correlation
(R2 = 0.4), between [Fe] and [REE], and particularly between [Mn]
and [REE] (R2 < 0.1; Fig. 12a-b). This result agrees with the findings
of Abbott et al., (2019), who showed that Fe-oxides are not suffi-
ciently abundant to account for all the leached Nd in sediment
from the North Pacific and the Tasman Sea; and with other studies
showing that Fe cycling only plays a minor role controlling the REE
distribution in sediment (Du et al., 2022) and porewater (Deng
et al., 2022). The absence of correlation between [Mn] and [REE]
(Fig. 12b) suggests sedimentary MnO2 reduction and REE transfer
to the porewaters.

If the leached eNd signature is not coming from the dissolution
of bulk detritus, or from the bottom water via dissolution of Fe-
Mn oxyhydroxides, where is it coming from? The elemental com-
position of the leach suggests the presence of a phosphorus-rich
phase (Fig. 6). We observed a strong positive correlation
(R2 = 0.8) between [P] and [REE] (Fig. 12), which suggests that
reductively leachable phosphates are important REE host phases
Fig. 11. Log10(element/nd) comparison between the sediment leachate and fe-mn
crusts and nodules (data from Hein and Koschinsky, 2014).
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in East Antarctic margin sediments. Ca-phosphates (e.g. apatite)
have been proposed as a major REE carrier phase notably in sedi-
ment from the Pacific and Indian oceans (Toyoda et al., 1990;
Yasukawa et al., 2014; Paul et al., 2019; Bi et al., 2021; Kim
et al., 2022; Liao et al., 2022; Ren et al., 2022). Based on sequential
leaching approaches for different forms of phosphate minerals in
marine sediments (Ruttenberg, 1992), we suggest that the leaching
solution applied liberated an exchangeable or loosely sorbed P
pool, which could be associated with organic matter, reactive Fe
minerals (e.g., ferrihydrite), clay minerals and P associated with
Ca via carbonates or calcium phosphates (e.g., hydroxylapatite).
Overall, it is hard to say with certainty which P-REE associated
phase is being extracted using the single 10-sec leach as opposed
to during sequential leaching approaches. However, considering
the positive relationship (R2 = 0.6) observed between the elemental
composition of our leach and the composition of apatite in REE-
rich mud from the Western Pacific (Fig. 13; Kon et al., 2014), authi-
genic apatite could be a candidate.

So far, we showed that (1) the eNd values of the leachate do not
reflect a bottom water signature, but can be explained by mixing
between a seawater endmember and a reactive phase, distinct
from the bulk detrital sediment (Fig. 10); and (2) the main REE-
host phase extracted by the reductive leach seems to be a
phosphate-phase (e.g., apatite) rather than Fe-Mn oxyhydroxides
(Fig. 12). There are few possible explanations for how the leach
acquires its eNd signature. First, the leach may directly extract
the eNd signature of pre-formed phosphate minerals (Bayon et al.,
2004; Kraft et al., 2013) sourced from subglacial erosion of the
Wilkes Land margin, which are distinct from the bulk detrital eNd
signature. Second, the leach may extract authigenic phosphates
that are formed in-situ and acquired their eNd composition through
reactive detrital phases coupled with redox processes within the
sediment porewater (Wilson et al., 2013; Du et al., 2016; Abbott
et al., 2019; Blaser et al., 2019; Wang et al., 2022). A third possibil-
ity is that one of the end members is pre-formed and the other
formed in-situ.

The leached eNd signature may come from ‘pre-formed’ authi-
genic phosphates, such as monazite or rhabdophane, from Wilkes
Land, which would be dissolved by the leach just like hydrogenetic
components precipitated directly from seawater. Monazite grains
have been identified in Neoproterozoic sedimentary rocks which
are interpreted to cover the Mesoproterozoic basement based on
sandstone erratics collected near Windmill Islands (Maritati
et al., 2019). The sparse rock outcrops of metamorphosed granites
exposed in central Wilkes Land have whole rock Eu/Eu* that span



Fig. 12. Averaged (a) Fe, (b) Mn and (c) P concentrations versus PAAS-normalised REE in sediment leaches.
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Fig. 13. Log10(element/nd) comparison between the sediment leachate and (a)
apatite (data fromKon et al., 2014) and (b) monazite (data from Maritati et al.,
2019).

Fig. 14. Europium (Eu/Eu*) versus cerium (Ce/Ce*) anomalies in the leachate, detrital se
monazite from sandstone erratics found near Windmill Island, Wilkes Land (data from M
2012). The DP bottom water samples are represented by the blue diamonds. The ano
Eu=Eu� ¼ Eu½ �= Sm½ �; Gd½ � and Ce=Ce� ¼ Ce½ �= La½ �; Pr½ � (Blaser et al., 2016). (For interpretatio
version of this article.)
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the range observed in the leaches (0.8–1; Figs. 10 & 14), ranging
from 0.4 to 3.1 (average Eu/Eu* = 1.31 (n = 13); Zhang et al.,
2012; Sanchez et al., 2021). More specifically, Maritati et al.,
(2019) analysed authigenic monazite grains (15–50 lm) within
fine grained interstitial muscovite from glacially transported sand-
stone erratics. These authigenic monazites match the Eu/Eu* val-
ues measured in our leaches (Fig. 14). Unfortunately, no eNd have
been measured in these monazites, but their geochemical signa-
ture normalised to [Nd] is relatively similar to the elemental ratios
observed in the leach (Fig. 13). Therefore, the leached eNd may
reflect the isotopic range of pre-formed authigenic P-minerals, pos-
sibly authigenic monazite, which are being dissolved by the 10-sec
leaching procedure.

More information on the occurrence and composition of authi-
genic minerals in glacial melt waters and ice rafted debris would
be needed to confirm the contribution of pre-formed minerals to
the geochemical signature of the leach. One line of evidence that
suggests pre-formed authigenic minerals are not the main driver
of the eNd signature in the leach is the relationship between [Nd]
and eNd (Fig. 15). While the mixing curve between the seawater-
derived endmember ([Nd] = 11 ng.g�1; eNd = �8.2) and the reactive
sedimentary phase endmember ([Nd] = 75 ng.g�1; eNd = �14.4)
broadly fits the observations, there is a lot of scatter around the
line. This decoupling between eNd and [Nd] suggests the existence
of additional processes such as REE precipitation and re-
scavenging possibly occurring within the sediment porewaters
(Wang et al., 2022).

As an alternative to the dissolution of pre-formed authigenic
phosphates, the 10-second leach may be extracting REE from
phosphates that are formed in-situ and acquire their elemental
diment, bulk sediment and seawater from the East Antarctic margin; in authigenic
aritati et al., 2019); and in bedrocks from Windmill Island (data from Zhang et al.,
malies were calculated using PAAS-normalised REE concentrations, as followed:
n of the references to colour in this figure legend, the reader is referred to the web



Fig. 15. Nd concentration versus eNd measured in the leachate and modelled
mixing curve. The two assumed endmembers are a seawater-derived endmember
with [Nd] = 11 ng.g�1 and eNd = �8.2, and a reactive detrital endmember with
[Nd] = 75 ng.g�1 and eNd = �14.4.

Fig. 16. Conceptual diagram to explain the origin of eNd to the authigenic phase
within East Antarctic margin sediment. (1) REE inputs to the sediment pile; (2)
Partial dissolution of Fe-Mn oxides and trace reactive phase, with eNd transfer into
the porewater; (3) eNd incorporation into authigenic phosphate via porewater
exchanges. The eNd in black are measured signatures and the ones in grey are
assumed endmembers modelled by the mixing curve in Fig. 10. We assume that the
eNd of the sediment leachate (extracting leachable phosphates) reflects the
porewater eNd signature. For details and references, refer to the main text.
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and isotopic signature via pore water exchange. There is a growing
body of literature attesting to the role of porewater processes in
REE cycling and impacts on leached eNd (Abbott et al., 2016; Du
et al., 2016; Abbott et al., 2019; Blaser et al., 2019; Patton et al.,
2021; Abbott et al., 2022; Wang et al., 2022). We observe a MREE
enrichment in all the leaches (Fig. 8), which suggests fractionation
of REE associated with redox processing in the porewater (Haley
et al., 2004). MREE enrichments have been attributed to the prefer-
ential release of MREE via Fe-oxide reduction (Haley et al., 2004)
but also to the weathering of phosphate minerals (Hannigan and
Sholkovitz, 2001).

On the West Antarctic margin Wang et al., (2022) suggested
that Nd dissolved from fine-grain reactive detrital particles may
get incorporated into Fe-Mn oxyhydroxides via porewater
exchange. A similar mechanism of REE incorporation into authi-
genic phosphates (instead of Fe-Mn oxyhydroxides) could explain
the eNd signatures observed in our leachate. Indeed, it has been
shown that the REE budget of authigenic apatite is mostly derived
from porewater rather than seawater (Toyoda and Tokonami,
1990; Chen et al., 2015; Trotter et al., 2016; Paul et al., 2019). Addi-
tionally, it has been shown that Mn-oxides transfer their REE to
phosphates during early diagenesis (Takahashi et al., 2015), which
could explain why the P-associated phase seems to carry a larger
proportion of REE compared to Mn oxides (Fig. 12). This explana-
tion agrees with the model simulation of Du et al., (2022) which
found that MnO2 reduction is the main source of Nd in porewater,
while phosphate precipitation is the main sink. We thus suggest
that the seawater-like endmember is derived from Mn oxides that
initially host the seawater-sourced REE, which are then transferred
to the porewater through reduction during early diagenesis. We
further propose that the less radiogenic endmember is a reactive
minor component of the detritus, which is also transferred to pore-
water during early diagenesis (Fig. 16). Zhang et al., (2012) and
Möller et al., (2002) reported the presence of ancient (Pale-
oarchean) metasedimentary crustal remnants at Windmill Islands
with very low eNd values of �18.1 and �26.1 respectively, which
are sufficiently ‘unradiogenic’ to represent the isotopic composi-
tion of our reactive sedimentary end member (eNd = 14.4; (Fig. 10a)
affecting the eNd composition of the leach. This is consistent with
other studies suggesting that the signature of the reactive detrital
particles may have more extreme eNd than the detrital sediment
itself (Abbott et al., 2016; Du et al., 2016; Wilson et al., 2013;
Wu et al., 2015). The presence of such reactive phases is expected
in this setting; sediments on the Antarctic margin contain minerals
that have undergone extensive physical but limited chemical
weathering, similar to what has been observed in the Labrador
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Sea (Howe et al., 2016), supplying reactive mineral components
with large surface areas that readily dissolve or exchange cations
within the porewater.

We suggest that the same process, that is early diagenesis,
occurs within the continental shelf sediments above the Dalton
Polynya and shifts the bottom waters from eNd = �8.7 values to
��11 (Fig. 5). The unradiogenic source of eNd released by the reac-
tive sedimentary phase into the porewaters on the continental
shelf is likely more pronounced than on the continental rise due
to the high productivity occurring in the polynya (Moreau et al.,
2019), which would result in more reducing conditions; but also
due to the closer proximity to the source of chemically reactive,
freshly eroded, fine glaciogenic sediment. However, eNd measure-
ments of porewaters or leached eNd from the shelf sediments
would be required to explore these processes.

Further work investigating the origin of this trace reactive detri-
tal phase and isotopic values of outcrops and erratics from Wilkes
Land would be useful for understanding their control on the eNd
signatures of sedimentary porewater and authigenic records. The
correlation between Eu/Eu* and eNd (Fig. 10) suggests that the Eu
anomaly might be a good proxy allowing to identify the source
of these reactive phases, assuming that Eu/Eu* is preserved
through the processes of dissolution in porewater and incorpora-
tion into authigenic phases. The measurement of Eu/Eu* combined
with mineralogy of the sample might thus help to identify the
reactive detrital components present in the studied sediment.
However, this may not be possible since trace reactive components
are not easily separable from the bulk sediment, and often have
concentrations below detection limit for other analyses
(e.g., XRD; Ruttenberg and Berner, 1993; Abbott et al., 2019).
Overall, complementary tests should also be undertaken in
sediment cores collected further away from the Antarctic margin,
as well as more porewater analyses.

To sum up, we suggest that the wide range of eNd measured in
the leaches (Fig. 7) and the observed decoupling between [Nd] and
eNd (Fig. 15) can be best explained by partial dissolution of a reac-
tive detrital component and porewater exchange with authigenic
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phases formed in-situ (Wilson et al., 2013; Du et al., 2016; Abbott
et al., 2022;Wang et al., 2022). We propose the following processes
occur at the East Antarctic margin (Fig. 16): (1) inputs of REE via
Fe-Mn oxides, organic matter and lithogenic particles into the sed-
iment pile (Sholkovitz et al., 1994; Schijf et al., 2015); (2) partial
dissolution of a trace reactive detrital component, Fe-Mn oxide
reduction and transfer of eNd signatures into the porewater
(Abbott et al., 2016; Du et al., 2016; Abbott et al., 2019; Abbott
et al., 2022; Du et al., 2022); (3) P precipitation (authigenic mineral
formation; Byrne and Kim, 1993) and diagenetic incorporation of
the eNd signatures into authigenic phosphates (Takahashi et al.,
2015; Bi et al., 2021; Du et al., 2022); (4) REE re-scavenging
responsible for the decoupling between the eNd and [Nd] in the
leach (Wang et al., 2022).

The 10-sec leach is a suitable method to extract authigenic
phases from Southern Ocean sediment but the authigenic record
does not preserve the seawater eNd signatures from sediments on
the Wilkes Land margin. The ability of reductive leaches to extract
a bottom water eNd is highly dependent on the location. Huang
et al., (2021) obtained leached sediment eNd matching bottom
water eNd in the Weddell Sea. However, this study, as well as
Wang et al., (2022) showed that reactive detrital components can
prevent the extraction of a seawater eNd signal at the East andWest
Antarctic margins respectively. In some locations, it may be that
the reactive detrital component matches the bottom water eNd
(Patton et al., 2021). A better understanding of interactions
between bottomwater, pore water and authigenic and detrital sed-
iment phases is essential to evaluate the reliability of existing
proxies, and to develop and improve the calibration of new ones.
Finally, our results confirm the importance of undertaking this type
of study before carrying out palaeoceanographic reconstructions.
5. Conclusions

We tested the application of sedimentary authigenic eNd as a
proxy of paleo-circulation on the East Antarctic margin. We
applied a short 10-second leaching procedure (Huang et al.,
2021) in surface sediment, and compared the eNd in the leach with
the eNd of the overlying bottom water. The eNd measured in the
leach did not match the seawater signal, preventing its use as a
paleo-circulation proxy in this region. The leach and sedimentary
elemental ratios and REE results show that the leaching procedure
extracts an authigenic phase with REEs predominantly associated
with a phosphate-phase (possibly apatite and/or monazite). We
suggest that the leached eNd is influenced by a seawater-derived
signal which is overprinted by a trace, reactive and isotopically dis-
tinct component present within the sediment, that transfers its eNd
to the authigenic phase through porewater processes. This study
confirms the importance of phosphates as sedimentary REE
carrier-phases and the dominance of diagenetic processes for the
control of the signature of authigenic eNd. Further work is needed
to develop proxies of paleo-circulation around Antarctica.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgements

We would like to acknowledge the crew and captain of the RV
Investigator, as well as the chief scientists Leanne Armand and Phi-
lip O’Brien for their support during the IN2017_V01 voyage. We
thank Delphine Lannuzel and Matthew Corkill for the seawater
203
sample collection during the AU1602 voyage. We also thank Pere
Masqué for the multi-core 210Pb analyses. We are grateful to Pam
Quayle and Axel Durand for their help and support in the lab; to
Matthew Corkill for his assistance with MATLAB and to Patrick
Blaser for helpful discussions. We are grateful to Martin Frank for
sharing seawater from BATS to assess the accuracy of our seawater
REE method. Finally, we would like to thank the two reviewers for
their valuable constructive comments which significantly
improved this manuscript.

This project was funded by the Australian Antarctic Program
Project 4419, with access to ICP instrumentation supported
through ARC LIEF funds (LE0989539). 210Pb analyses were funded
through an ARC LIEF project (LE170100219). The PhD scholarship
of L.C. was provided by the University of Tasmania.

Appendix A. Supplementary material

Research data associated with this article can be access at the
Australian Antarctic Data repository: 210Pb (https://doi.org/10.
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xs50); Rare Earth Elements concentrations measured in seawater
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(https://doi.org/10.26179/m11r-q560), in the detrital sediment
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