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Abstract
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signatures with actual seawater, porewater and corresponding sediment leachates from three stations in front of the Antarctic
Filchner-Rgnne Ice Shelf. Our findings suggest that in contrast previously studied sites on the West Antarctic continental shelf,

the southern Weddell Sea shelf is not a location of pronounced benthic Nd fluxes to the water column.
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Abstract

Radiogenic lead (Pb) and neodymium (Nd) isotope compositions extracted from
authigenic phases in marine sediments are sensitive tracers to reconstruct past ocean circulation
and water mass mixing. Chemical reductive leaching of hydrogenetic ferromanganese
oxyhydroxides from bulk sediments is the most practical way to recover past seawater Pb and Nd
isotope signatures in the Southern Ocean, due to the scarcity of alternative archives. However,
the leached signal could be compromised if substantial quantities of Pb and Nd were released
from non-hydrogenetic sediment fractions during chemical extraction. Here we developed a very
short 10-seconds leaching method to extract reliable seawater Pb and Nd isotope signals from
sediments in the Atlantic sector of Southern Ocean. The effect of a previously recommended
MgCl, prewash, the role of chelate ligands in the leaching solution and length of leaching time
were investigated. The results show that 10 seconds exposure time of sediments to reductive
leaching extracted sufficient and more reliable hydrogenetic Pb and Nd compared with the
commonly used 30-minute leaching approaches. The robustness of our improved leaching
method was validated via direct comparison of Pb and Nd isotope signatures with actual
seawater, porewater and corresponding sediment leachates from three stations in front of the
Antarctic Filchner-Renne Ice Shelf. Our findings suggest that in contrast previously studied sites
on the West Antarctic continental shelf, the southern Weddell Sea shelf is not a location of

pronounced benthic Nd fluxes to the water column.

1 Introduction

Radiogenic Pb and Nd isotope compositions have been successfully applied as sensitive
and powerful palaeoceanographic proxies for the reconstruction of past circulation changes and

water mass mixing for decades (Burton et al., 1997; Christensen et al., 1997; Frank, 2002; Foster

& Vance, 2006; Huang et al., 2020). The radiogenic isotopes **°Pb, *’Pb and ***Pb are produced
by the decay of #*U (T, = 4.47 Ga), *°U (T, = 707 Ma) and **Th (T,, = 14 Ga), while the

radiogenic isotope '*Nd is also produced by a very slow a-decay of 'Sm (T, = 106 Ga).
Because of these long half-lifes, crustal radiogenic/primordial isotopes ratios, i.e. ***Pb/***Pb and
"Nd/'"**Nd (commonly expressed in exe=[('*Nd/***Nd)/0.512638-1]x10%), are constant on

relatively short Cenozoic timescales unless crustal reservoirs were mixed. Dissolved Pb and Nd
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in the oceans are mainly supplied by continental runoff, so Pb and Nd isotope signatures of the
water masses are determined by the average regional crustal compositions of weathered

continental crust (Frank, 2002; Goldstein & Hemming, 2003). Substantial quantities of dissolved

Nd are also delivered to the oceans by sediment-bottom water exchange along continental

margins (Lacan & Jeandel, 2005; Lacan et al., 2012) or oceanic islands (Rempfer et al., 2011;

Stichel et al., 2012b; Pearce et al., 2013) . However, to date such a mechanism has not been

reported for seawater Pb. This is (i) because of difficulties in acquiring reliable seawater Pb
concentration data, and (i1) because Pb released from continental margin sediments is very likely
efficiently re-adsorbed within sedimentary porewaters due to its high particle-reactivity. The

average oceanic Nd residence time between 600 and 2000 years (Tachikawa et al., 1999;

Tachikawa et al., 2003) allows &xq to serve as a quasi-conservative water mass tracer away from

ocean margins. In contrast to Nd, Pb has a much shorter residence time (50-200 years) (Schaule

& Patterson, 1981; Cochran et al., 1990; Henderson & Maier-Reimer, 2002), allowing it to track

local and generally rather proximal weathering inputs (Gutjahr et al., 2009; Kurzweil et al., 2010;
Crocket et al., 2012; Crocket et al., 2013).

Various archives have been successfully employed to recover seawater Pb and Nd isotope
signals in the past, such as fossil fish teeth/debris, fossil foraminifera, Fe-Mn crusts or nodules,
sedimentary ferromanganese (Fe-Mn) oxyhydroxides and cold-water corals. In very early
studies, extracting past seawater Pb and Nd isotope signals were mainly conducted using Fe-Mn
crusts (Abouchami et al., 1997; Burton et al., 1997; Frank & O"Nions, 1998; O'Nions et al., 1998;
Reynolds et al., 1999; Frank et al., 2002; van de Flierdt et al., 2004). However, due to its slow

growth rate, Fe-Mn crusts are not suitable for generating records of (sub-) millennial resolution.
Fossil fish teeth (Staudigel et al., 1985; Martin & Scher, 2004) and fossil foraminifera (Vance &
Burton, 1999; Klevenz et al., 2008; Roberts et al., 2010) in marine sediments are both reliable

archives for (sub-) millennial resolution seawater Nd isotope studies. However, fossil fish debris

was found not to be suitable for Pb isotopic reconstructions (Basak et al., 2011). In addition,

fossil foraminifera and fish debris are often not available in sufficient quantities for a
hydrogenetic Nd isotope reconstruction of high precision and desired temporal resolution,
especially in deep Southern Ocean sediments which are often carbonate-free. Cold-water corals
represent a good alternative because their age can be well constrained. Nevertheless, only

recently cold-water corals were shown to be a robust archive both for extracting seawater derived
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Pb (Lee et al., 2014; Lee et al., 2017; Wilson et al., 2017) and Nd (van de Flierdt et al., 2004;
van de Flierdt et al., 2006; Colin et al., 2010; Wilson et al., 2014; Struve et al., 2017). However,

fossil cold-water corals are usually not found in situ in abyssal water depths below the aragonite
or calcite compensation depths. Furthermore, the extraction of coral-hosted Nd or Pb is tedious
and multi-millennial continuous temporal coverage is often not achievable. Past seawater Pb and
Nd isotope reconstructions generated via reductive leaching of sedimentary Fe-Mn
oxyhydroxides in bulk sediments has also been established as a robust procedure in various deep

marine settings (Gutjahr et al., 2007; Blaser et al., 2016). Since Southern Ocean sediments

usually do not contain sufficient biogenic components, reductive leaching is so far the only
practical option to extract deep sea Pb and Nd isotope signal in deep marine high latitude
settings, which has also been successfully applied in carbonate-free Arctic sediments to obtain

reliable bottom water Pb and Nd signal (Haley et al., 2008; Chen et al., 2012).

The previously rop8HkEd rddderat qas ehingRitettrs ds TbindRis s g authigenic Pb and Nd

isotope signatures from marine sediments are slightly different from each other so some issues

need to be addressed before the establishment of a refined extraction method for authigenic Fe-
Mn oxyhydroxide-sourced Pb and Nd. The first is whether it is necessary to pre-wash a sediment
sample with MgCl, solution. The MgCl, pre-wash was proposed to remove potentially present
contaminating phases prior to reductive Fe-Mn oxyhydroxide leaching. This technique was

introduced decades ago (Tessier et al., 1979) and especially used for leaching sedimentary

seawater-derived Pb (Gutjahr et al., 2007; Gutjahr et al., 2009). However, no study has as yet

assessed the necessity of carrying out a MgCl, pre-wash from an isotopic perspective. Secondly,
chelate ligands, like EDTA, were used in reductive leaching to prevent re-adsorption of released

authigenically sourced trace metals (Gutjahr et al., 2007; Chen et al., 2012; Blaser et al., 2016),

but many other studies did not add chelate ligands to their leaching reagents (Haley et al., 2008;
Basak et al., 2011; Wilson et al., 2013; Du et al., 2016). The benefit of adding EDTA is to

prevent re-adsorption via complexation of dissolved authigenic Pb (Gutjahr et al., 2007), yet

whether adding ligands into the leaching solution may introduce contamination or cause
undesired isotopic fractionation is as yet untested. In more recent studies, 30 minutes exposure

time of sediments to chemical reagents was usually recommended as a suitable leaching time,

without prior chemical carbonate removal (Wilson et al., 2013; Blaser et al., 2016; Du et al.,
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2016). Since shorter leaching time should dissolve less material from the non-hydrogenetic
fraction, a very short contact time, i.e. 10 seconds, should theoretically extract even purer
hydrogenetic Pb and Nd isotope signal than 30 minutes leaching, especially for Southern Ocean
sediments which commonly contain substantial quantities of only physically weathered
continental detritus that is particularly susceptible for unwanted Rare Earth Element (REE)
release during chemical extraction (Middelburg et al., 1988; Diekmann & Kuhn, 1999; Michels
et al., 2002; Diekmann et al., 2003; Yusoff et al., 2013).

In this study, we investigated the effects of MgCl, pre-wash, presence or absence of
chelate ligands and leaching time on extracted authigenic Nd and Pb isotope compositions in the
Atlantic sector of Southern Ocean in order to optimise the leaching method. Since the ability that
chemical extraction of sedimentary Fe-Mn oxyhydroxides can extract seawater Pb and Nd
isotope signals is debated, we also analysed Pb and Nd isotopic compositions in seawater,
porewater and leachates at three sampling stations in the front of Filchner-Renne Ice Shelf in the
southernmost accessible Weddell Sea area. The suggestion that sediment-sourced Nd is a

dominant source for the global oceanic Nd budget (Tachikawa et al., 2003; Arsouze et al., 2009;
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Rempfer et al.. 2011) is revisited for the southern Weddell Sea. We also generated Pb and Nd

isotopic maps via analysis of 70 coretop sediment samples in the Atlantic sector of the Southern
Ocean for a better understanding of the interaction between sediments and seawater in different
geologic settings. These maps also allow identification of most suitable sediment core sites for

palaeoceanographic studies.
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2 Materials and Methods
2.1 Sample sites

The locations of seawater, porewater and sediment samples used in this study are shown
in Figure 1. 70 coretop sediment samples were collected from the Alfred-Wegener-Institut
(AWI) Core Repository in Bremerhaven (Germany) for leaching tests and regional
mapping of sedimentary seawater-derived Nd and Pb isotopic compositions in the
Atlantic sector of the Southern Ocean. Seawater samples for Pb and Nd isotope analyses
were taken from three stations in front of the Filchner-Renne Ice Shelf using Niskin
bottles mounted onto a CTD-rosette during expedition PS111 from January to March
2018 onboard RV Polarstern. Porewater and sediment samples were also retrieved at

these three stations by multicore (MUC) sampling during the same cruise.

2.2 Leaching experiments
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Although chemical reductive leaching has been applied to extract trace metals from

marine Fe-Mn oxyhydroxides since the 1960s (Chester & Hughes, 1967), it is still under

development to date. One major concern is that the leaching solution applied in the
procedure inevitably dissolves both hydrogenetic fractions and non-hydrogenetic
sediment components, such as continental detritus and volcanic ash, potentially
contaminating the seawater-derived signal. There are two effective ways to minimize
contamination: 1) using weak/diluted leaching solution and 2) short leaching time

(Gutjahr et al., 2007; Chen et al., 2012; Wilson et al., 2013; Blaser et al., 2016). A smaller

solution/solid ratio was also suggested to be an option to reduce contaminations (Wilson
et al., 2013). In principal, the leaching reaction consumes chemicals, like hydroxylamine
hydrochloride, in the leaching solution and a lower solution/solid ratio therefore result in
a less aggressive leaching solution. Based on these two principals, a revised leaching
procedure has been recently presented for the gentle extraction of a porewater Nd

isotopic signature from bulk sediments in the Atlantic Ocean (Blaser et al., 2016). In the

following, we refined this method to extract both seawater-derived Pb and Nd from
Southern Ocean sediments. Furthermore, we investigated (i) the effect of the MgCl, pre-
wash which was proposed to remove potentially present exchangeable contaminations

(Tessier et al., 1979; Gutjahr et al., 2007) and (ii) the effect of chelate ligand used to

prevent readsorption.

Six coretop sediment samples, named from S1 to S6 (Table S1), were selected for
sequential leaching tests from different locations in the Atlantic sector of the Southern
Ocean (Figure 1). The NOD-A-1 powder, a pure Fe-Mn oxyhydroxide nodule standard
provided by the USGS, was used as a reference material. The published leaching
procedure (Blaser et al., 2016) described below was used as the analytical protocol to be

modified:
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Conventional leaching: Approximately 0.5 g of wet bulk sediment or 0.05 g reference
material was weighed in prior to chemical extraction. The weighed samples were agitated
in the 15 mL leaching solution for 10 seconds on a vortex shaker to suspend the sediment
and then in a regular shaker for 30 minutes. After centrifugation, 6 mL of the leachate
was pipetted out for concentration and isotope analysis. The leaching solution contained
0.005 M hydroxylamine hydrochloride (HH), 1.5 % acetic acid and 0.001 M EDTA
buffered to pH~4 with suprapure NaOH (corresponding to a final molarity of ~0.033 M
NaOH) in acid-cleaned polypropylene 50 mL centrifuge tubes. The buffering solution
NaOH could also be replaced with suprapure ammonia (cf. Blaser et al. 2019), yet we did

not employ this reagent here.

Following the conventional leaching procedure, a series of control leaching experiments

were carried out on separate set of samples (S1 to S7) as followed:

1) Effect of MgCl, pre-wash: before conventional leaching, samples were mixed with 20
mL 1 M MgCl, solution for 1 hour in a shaker. After centrifugation at 2500 rpm and
decanting of the supernatant, the samples were washed four times with 35 mL MilliQ
water, followed by centrifugation for five minutes at 3000 rpm and decanting of the

supernatant.

2)Effect of chelate ligands: Two different leaching solutions were modified from
conventional leach solution: one used diethylenetriaminepentaacetic acid (DTPA) to
replace EDTA and another without chelating ligands inside. Samples were processed with

the conventional 30-minutes leaching method with these two different leaching solutions.

3) 10-seconds leaching: samples were only exposed to leaching solution for 10 seconds

on the vortexing shaker without further 30 min leaching in the regular shaker.

4)Sequential leaching: after 30 min conventional leaching, samples were centrifuged, the
supernatant extracted, new leaching solution added, and samples were leached again with
15 mL new leaching solution for 60 min. Following centrifugation, removal of the
supernatant, addition of new leaching solution the samples were leached for another 180

min and this last leachate fraction was subsequently collected too.



Global Biogeochemical Cycles

2.3 Seawater Pb and Nd

The best way to validate a leaching method is to directly compare the actual seawater
isotope signal with corresponding leachate isotopic compositions. Unfortunately, the
modern-day natural seawater Pb is entirely contaminated by anthropogenic sources but a
very recent study showed that seawater very close to Antarctica is still relatively

unaffected containing about 95% natural Pb (Ndungu et al., 2016). This suggests that

seawater Pb in remote Antarctic ocean basins protected under sea ice should be more
natural than anywhere else. Therefore, we sampled seawater at around 76° S on the
Antarctic shelf in front of Filchner-Renne Ice Shelf for Pb and Nd isotope analysis

(Figure 1) where seawater is covered by sea ice during most of the year.

Shelf seawater samples used in this study were collected from different depths in the
water column using Niskin bottles mounted on a stainless steel CTD rosette and
multicore (MUC) for shelf bottom water. In order to distinguish seawater sampled by
CTD and MUC, we denote these as CTD seawater and MUC bottom water, respectively.
While seawater sampling for Nd isotopic analyses are commonly undertaken using this
seawater sampling approach, for seawater Pb collection usually trace metal-clean

approaches are necessary (Rijkenberg et al., 2015). Since such a sampling device was not

available during PS111, potential Pb contamination is a concern. The Pb contamination

issue is discussed later in section 4.1.

The seawater samples were filtered through a 0.2/0.8 um Acropak® filter and then
acidified to pH ~2 using double distilled concentrated nitric acid. From each depth, ~10-
20 L seawater was collected in acid-cleaned 20 L LDPE-collapsible cubitainers for Nd
isotopes analysis, 1 L seawater was collected in acid-cleaned 1 L PE bottle for Pb isotope
analysis and 250 mL seawater sample was collected in acid-cleaned 250 mL PE bottles
for Pb and Nd concentration measurements. Besides the 20 L samples for Nd isotope
analysis, all other samples were only filtered and acidified on board and further processed

in the GEOMAR Kiel (Germany) clean laboratory facilities.
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The ~10-20 L seawater samples for Nd isotopic analysis were further processed on board
by adding purified dissolved Fe—chloride solution. After 6 hours equilibration time,
ammonia solution (25%, Mercksuprapur®) was added to raise the pH to 7.5-8.5 in order
to co-precipitate dissolved Nd with iron oxyhydroxides. After settling of the precipitates,
most of the supernatant was discarded and the residue was transferred into 1 L acid-

cleaned PE-bottles for transport to the home laboratory.

After transport to the clean room facilities at GEOMAR Kiel, the iron oxyhydroxide
precipitates were transferred in acid-cleaned 50 mL centrifuge tubes and centrifuged for
10 minutes at 4000 rpm. Subsequently samples were rinsed at least two times with Milli-
Q water followed by centrifugation to wash out major ions (Ca, Mg, K etc.). The
precipitates were dissolved in 2 mL 6 M HCI and transferred into 30 ml Teflon vials to
dry down on the hotplate. Subsequently, 2 mL aqua regia (HNO;: HCI = 1:4) was added,
refluxed for 24 hours and afterwards dried down. Then 2 mL of 6 M HCI was added and
dried down again to transfer back to Cl-form. Before column purification, the excess
amount of Fe is separated from the sample via Fe back extraction. For this step, each
dried sample was re-dissolved in 4 ml of 6M HCI and mixed with a suitable amount

(about 3 mL) cleaned di-ethyl ether (Stichel et al., 2012a). About 90% of dissolved iron

can be extracted into the organic solution phase and discarded. This Fe-extraction
procedure was repeated twice or more often until the sample solutions became pale
yellow. After evaporation, the seawater samples were re-fluxed in 2 ml 6M HCI and dried

down again before the subsequent cation exchange purification step.

For the extraction of Pb and Nd from CTD seawater Pb and MUC bottom water, 5 mL of
concentrated ammonia solution (25%, Mercksuprapur®) is added into 1 L acidified
seawater samples to raise the pH to 10. After 2 days of reaction time, white Mg(OH),
precipitates slowly form. The supernant was then discarded and the white residue
dissolved in 6 mL 2M HB1/0.1M HF solution for further ion chromatographic Pb and Nd

purification.

2.4 MUC sediment and porewater
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All operations for porewater sampling from MUC sediments were undertaken in a glove
bag under oxygen-free conditions in an argon gas atmosphere. The acid-cleaned
centrifuge tubes and sample bottles were also flushed with argon gas before use. After
extraction of overlying seawater via siphoning, the MUC sampling tube was transferred
into the glove bag and MUC sediment was sampled in 2 cm increments on a Teflon
sampling stand. Each 2 cm sub-sample was transferred in a 50 mL centrifuge tube. The
porewater was separated from sediment by centrifugation at 4000 rpm for 60 minutes.
Consequently, the porewater was filtered through a pre-cleaned 0.2 pm Supor®filter and
acidified to pH~2. About 10-20 mL porewater samples were recovered from each depth
from one sample tube. The remaining sediment samples were kept for reductive leaching
experiments. All samples were transported back home for further chemical purification

and isotope measurements at GEOMAR Kiel.

Dissolved Pb contained in sediment porewaters was directly dried down for Pb column
purification without any additional treatment in order to minimize potential blank
contributions. Authigenic Pb in the remaining MUC sediment samples was extracted
using the 10-seconds leaching method (detailed in section 2.2) before purification by ion

chromatography.
2.5 Authigenic Pb and Nd isotopic coretop sediment mapping

A total of 70 coretop sediment samples were processed using the 10-seconds leaching
method described in section 2.2 for the generation of authigenic Pb and Nd isotopic maps
of the Atlantic sector of the Southern Ocean. The Pb and Nd aliquots were purified by ion
chromatography.

2.6 Ion chromatography
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The Pb cuts in the porewater and leachates were purified by ion chromatography on
miniaturized columns containing ~80 pL AG1-X8 resin (Lugmair & Galer, 1992).The
MUC bottom water and CTD seawater Pb cuts, which were pre-concentrated using the
Mg(OH), co-precipitation method, can form substantial quantities of silicate gel and clog
the column during normal Pb chromatography. In order to dissolve the silicate gel, 6 mL
2 M HB1/0.1 M HF was added to the Mg(OH), precipitate from each 1L seawater sample.
The protocol (Table S2) used to purify Pb is modified from an earlier study (Paul et al.

2015a). After Pb purification, the remaining REE cuts were separated by cation exchange
chromatography using SO0W-X8 resin followed by separation of Nd from the other REE
using LN-Spec resin (Cohen et al., 1988).

2.7 Mass spectrometry
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Element concentrations were measured with an Agilent 7500-CE Quadrupole ICP-MS at

GEOMAR Kiel. Two different standard calibrations were employed to cover samples of
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Figure 2 Effect of MgCl, pre-wash. Round dots indicate isotopic compositions and bar charts indicate
recovery concentrations in the leachates. (a) **Pb/**Pb and Pb concentration. (b) 2’Pb/**Pb and Pb
concentration. (c) **Pb/”™Pb and Pb concentration. (d) exs and Nd concentration. The results

conducted by USGS NOD-A-1 standard (S7) are highlighted with stippled bar charts.

high and low trace element concentrations with reproducibility strongly dependent on the
respective element. All concentration results were normalized to the initially used sample

weight (in pg/gram of wet bulk sediment weighed in).
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Seawater Pb and Nd concentration measurements were conducted on a 7 mL sample loop
using an online pre-concentration technique (OP) ICP-MS at GEOMAR employing an
automated "SeaFast" system (Elemental Scientific Inc.) coupled to a Thermo Scientific
Element XR. The Pb and Nd concentration was analyzed with the same established

method used for REE concentration measurements (Hathorne et al., 2012). During

measurements, reference seawater BATS, CAB and MF-20 solutions were used to assess

the reproducibility and accuracy of the data.



Global Biogeochemical Cycles

(a) 40 - 7"‘ (b) 0.84 7

30 0.83—

208p204pp,
Pb concentration, pg/g
207PbIZOGPb
o
0
N
|
Pb concentration, pg/g

0.81—

40 16 12

(C) 19.5 [ o (d) — o

[ DTPA [ DTPA

= [ No chelate 4 [ No chelate
19— 77 i 12 = 8 =4
> o | =
- . o | ] e 2
3 L] 5 s
2 2
& 18.5- t20 £ 2 - £
8 c w Cam T
< 3 8 [y 8
g g [ h s
§ l .3
18-| 2 2
10
T L
. | 4 ’_\
L. |
| B em oo B Jl_ L |, Il S A O H O OH W ”l_ |,
S1 S2 S3 s4 S5 S6 S7 S1 S2 S3 s4 S5 S6 ST

Figure 3 Effect of chelating ligands. Square dots illustrate Pb isotopic compositions or eyq in the
leachates; Bar charts show Pb or Nd concentration values in the leachates. (a) **Pb/**Pb and Pb
concentration. (b) 2’Pb/**Pb and Pb concentration. (c) **Pb/**Pb and Pb concentration. (d) exq and
Nd concentration. The results conducted by USGS NOD-A-1 standard (S7) are distinguished with
stippled bar charts.

Pb and Nd isotope measurements were performed on a Thermo Scientific Neptune Plus
MC-ICP-MS at GEOMAR, Kiel. Mass bias correction during Pb isotope measurements
was done externally using the TI-doping technique (Belshaw et al., 1998; Siifke et al.
2019) with added NIST997 Tl standard solution. Given that T1 and Pb fractionate slightly

differently during ionization, **T1/** Tl were determined on a session-by-session basis so
that NBS981 Pb isotope compositions matched published compositions (Thirlwall, 2002;
Baker et al., 2004; Siifke et al., 2019) . Total Pb procedural blanks in leachates and

seawater samples were below 50 pg (n=30) and are hence negligible. The total Pb

procedural blanks in porewater were below 2 pg (n=2) and the sample were between 50
and 100 pg, so the blank Pb contaminations were lower than 4%. The reproducibility of
the secondary standard USGS NOD-A-1 is listed in Table S3. As shown in the table, all

measured standard Pb isotopic ratios are within the error of published compositions.
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Instrumental mass fractionation during Nd isotopic analyses was corrected by
normalizing the measured ratio of '*Nd/'*Nd to "*“Nd/"**Nd = 0.7219 and '"*Nd/"*Nd =
1.141876 using the mass bias correction procedure of Vance and Thirlwall (2002). The

measured Nd isotope ratios were normalized to the published "“Nd/'*Nd value of
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Figure 4 Effect of leaching time on Pb and Nd isotopic compositions. (a) **Pb/?*Pb, (b) 2*’Pb/**Pb,
(c) 2Pb/**Pb and (d) exg. The round dots show results of 10-s leaching and 30-min conventional
leaching, obtained separately with fresh samples. The square dots show leaching results carried out
by mixing 30-min leaching residues with renewed leaching solution for 60 min, and again with
renewed leaching solution for 180 min. The blue shades indicate the range of expected SO seawater
Pb and Nd isotope signatures (Abouchami & Goldstein, 1995; Stichel et al., 2012a).
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0.
512115 for JNdi-1 (Tanaka et al., 2000). Total procedural blanks for Nd are below 30 pg

and hence negligible (n=20). Secondary standard solution NIST 3135a was run with the
samples to check the external reproducibility. The secondary standard NIST 3135a
reproduced within 0.2 eyq for a 50 ppb solution (n=169, 2 SD), and 1.25 &yq for a 2 ppb
concentration (n=5, 2 SD; see Table S4).

3 Results

3.1 Effect of MgCl, pre-wash
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The Pb isotopic compositions of MgCl, pre-washed samples were all either identical
within error or less radiogenic (lower) in **Pb/**Pb and **Pb/***Pb compared to the
samples processed without MgCl, pre-wash (Figure 2a and ¢). Only sample (S1) was not
affected by MgCl, pre-wash (Figures 3). In contrast to the obtained Pb isotopic results, Pb
concentrations recovered by these two approaches were almost identical. On the other
hand, both exsand Nd concentrations extracted from all samples are within error both

with or without preceding MgCl, pre-wash (Figure 2d).
3.2 Effect of chelate ligand

Leaching solutions containing EDTA and DTPA had a much higher Pb and Nd recovery
rate than solutions without ligands (Figure 3). This result clearly shows that the lack of
chelating ligands in the leaching solution leads to pronounced Pb and Nd re-adsorption
during chemical extraction. Between the two tested ligands, EDTA shows a stronger
complexation ability both towards Nd and Pb than DTPA. Although ligands have a strong
influence on the Pb and Nd recovery rate, all exq values and most **Pb/**'Pb, ***Pb/***Pb
and *"Pb/*"Pb ratios produced from these samples are identical within error, indicating
that the addition of ligands neither introduces contamination nor causes isotopic
fractionation. Only 2**Pb/**Pb of S2 and all displayed Pb isotopic ratios in S4 leachates in

Figure 3 produced divergent results as a function of chelating reagent used.

3.3 Effect of leaching time
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Figure 5 Comparison of seawater Pb concentrations collected from cruise PS111 and two close
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by round dots and recovered by MUC are showed as diamonds. The seawater Pb concentration data
of KH-09-5 (Lee et al., 2015) and GIPY04 (Schlitzer et al., 2018) were taken from the GEOTRACES
database.
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adiogenic (higher) values from 10 seconds to 60 minutes leaching but reversed to less
radiogenic (low) values or increased to very high ex¢>0 of S3 at 180 minutes, indicating
leaching at 180 minutes targeted different sediment fractions with distinct exq

compositions (Figure 4d).

3.4 Filchner-Ronne shelf seawater Pb and Nd
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As evident from Figure 5, seawater Pb concentrations collected by CTD at these three
stations from cruise PS111 match the seawater Pb concentration range sampled in
previous studies using trace metal clean devices at nearby GEOTRACES stations, while
Pb concentrations collected by MUC are extremely high indicating an anthropogenic
contamination. Generally, the seawater Pb and Nd concentrations along the Filchner-
Ronne Ice Shelf (Figure 6a and b) either scatter around mean low concentrations or
increase with increasing water depth, while two Pb concentrations at 150 and 100 meter
water depths of PS111-42-3 and PS111-60-1 are elevated. Correspondingly, the
206ph/2Ph ratios of these two samples are very unradiogenic. The Nd isotope
compositions of Filchner-Ronne shelf seawater showed remarkably little deviation from
an average exg =-9.2540.35 (2 SD), which agree with published Weddell Sea Deep and
Bottom Water exqgsignatures further north between -8.4 and -9.6 (Stichel et al., 2012a).
The seawater °Pb/**Pb ratios of CTD station PS111-80-1 increase from 18.18 to 18.72

with increasing water sampling depth. This station also shows a quasi-linear increase of
Pb concentrations with water depth from 10 pmol/kg in 20 meter water depth to 20 pmol/

kg at 930 meter (i.e., 5 meters above the seafloor).

3.5 Pb and Nd isotopic compositions in leachates and MUC porewater
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Due to insufficient quantities of available Nd in extracted porewater (below 0.2 ng at
each depth), the Nd isotopic compositions in the porewaters were not analyzed.
Porewater Pb concentrations are also depleted but Pb isotopic compositions from some
depths could still be determined. We only compared ***Pb/**°Pb in the porewater because
298Ph and **Pb are the two most abundant Pb isotopes in nature, hence providing the best
possible precision among all Pb isotopic ratios. In Figure 7, the MUC bottom water ***Pb/
2P at three stations are identical (***Pb/**Pb=2.12) and very distinct from seawater
2%8Pb/2%Ph in the water column above. We also noticed more than 10 times higher
recovered Pb concentrations in MUC bottom water than in CTD seawater (Figure 5). The
suspect MUC seawater Pb isotopic signature is evidently overprinted by Pb
contamination sourced from the MUC sampler itself because Pb bricks are used as a
weight mounted on top of the MUC sampling tubes. The ***Pb/**Pb in the upper few
centimeters within the sediment porewater also shifted towards the distinct Pb
contamination signature seen in MUC bottom water, suggesting that Pb derived from the
MUC weights also invaded the top centimeters of the sediment porefluids. However, the
porewater **Pb/*Pb below about 8 cm were resolvably not affected by this downcore Pb
diffusion and agree with **Pb/*Pb values in sediment leachates extracted using the 10-
seconds leaching method. The CTD sampled shelf bottom water **Pb/**Pb at our three
sampled stations is consistently in the range of 2.07, which is only slightly offset from the
coretop leachate (***Pb/**Pb =2.05 to 2.06). Since the seawater sampling setup was not
trace metal clean and recovered porewater Pb concentrations were very low, improved
approaches in the future should lead to a better match between bottom water

compositions and coretop sediment leachates. These results demonstrate that authigenic
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b extracted from Weddell Sea shelf sediments using the improved reductive leaching

approach reflect the porewater Pb isotope signal derived from bottom water.
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The Nd concentrations in MUC bottom water samples, ranging from 21 to 28 pmol/kg
(Figure 6b), are slightly higher than the bottom water sampled by CTD several meters
above, but only 3 liters of filtered seawater were recovered from each MUC station. The
very low quantities of Nd recovered from MUC seawater resulted in highly expanded
measurement uncertainties. The average MUC bottom water exg value of -8.9+2.4 from
these three stations, however, is identical to bottom seawater at all three stations. Similar
to Pb, the average eyqg extracted via reductive leaching from the top 10 cm of sediment are
consistent in all three cores, ranging from -8.4 to -8.8 but are slightly offset from
overlying CTD seawater and MUC seawater exqsignature (Figure 7) on the order of 0.3 to

0.9 ENd.
3.6 Authigenic Pb and Nd isotopic variability in the Atlantic sector of the Southern Ocean

Figure 8 shows three different Pb isotope signature regimes on the map: *°Pb/**Pb<18.5,
206Ph/2Pb>19.0 along the East Antarctic continental margin and other areas with an

average Weddell Sea 2*Pb/**Pb of about 18.8 (Abouchami & Goldstein, 1995).

Authigenic exq coretop compositions also allow defining three areas which are slightly
different from areas defined via **°Pb/**'Pb (Figure 8b). Extracted ey found to the east of
the Drake Passage and in the northeast at the Bovet Triple Conjunction are more
radiogenic than ambient seawater with exs>-6. Coretop sediments near the East Antarctic
continent have the most unradiogenic exq ranging from -10.3 to -12.5, also deviating from
regional bottom water compositions. The rest of the exq values extracted from coretop

sediments agree with published seawater exg signatures (Stichel et al., 2012a).

4 Discussion

4.1 Seawater Pb and Nd on the Filchner-Ronne shelf
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The seawater Pb samples collected for this study were sampled by a standard CTD
approach, which is not trace metal clean, so the samples were potentially contaminated to
some extent. One indicator as to whether the sampled seawater Pb is contaminated is the
dissolved Pb concentration, where high Pb concentration values in the sample is a sign of
contamination. Reported seawater Pb concentrations in the Atlantic sector of Southern
Ocean from previous GEOTRACES cruises GA10 and GIPY04 are lower than 23 pmol/
kg (Schlosser et al., 2019) and 31 pmol/kg (Schlitzer et al., 2018), respectively. Sampled

Pb in all our seawater samples collected by CTD are below 21 pmol/kg (Figure 5), with
minimum concentrations as low as 7 pmol/kg, indicating no significant contaminations,
while the concentrations of the contaminated Pb samples collected via the separate MUC
approach are on the order of 600 pmol/kg or higher. The seawater Pb isotopic
composition is another important indicator for Pb contamination. Anthropogenic Pb
usually has characteristically unradiogenic Pb isotopic signatures (Bollhofer & Rosman

2000; Lee et al., 2015). As shown in Figure 6a, the shelf bottom water **Pb/**Pb ratios at

these three stations are very consistent at around 18.7 which agree with recently reported
Antarctic Bottom Water (AABW) 2Pb/***Pb ratios of 18.68 and 18.78 in the Indian

sector of Southern Ocean (Lee et al., 2015), suggesting that the Pb contamination from

our standard CTD sampling process is negligible.
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However, the authigenic *°Pb/*Pb ratio extracted from the coretop sediments right
below the CTD stations are more radiogenic, ranging from 18.80 to 18.88, than the
bottom water Pb isotope signal (Figure 6a). The slightly less radiogenic bottom water Pb
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Filchner-Renne shelf was also found in an earlier clay mineral assemblage study in the
Weddell Sea (Ehrmann et al., 1992).Modern dissolved Pb in NADW is enriched in
anthropogenic Pb in the South Atlantic (Schlosser et al.. 2019). The MWDW is present

on the Ronne side (western side in Figure 6a) of the Filchner-Renne shelf at ~150 m

water depth (Nicholls et al., 2003). Correspondingly, the dissolved Pb with elevated

concentration and unradiogenic ***Pb/**Pb at depth between 150 and 100 m are observed
at PS111-42-3 and PS111-60-1. Another possible entranceway of anthropogenic Pb is via
atmospheric deposition in surface seawater. The *°Pb/***Pb ratio of surface seawater at
PS111-60-1 and PS111-80-1 are all very low which can be supplied by unradiogenic
anthropogenic Pb derived from dust (Bollh6fer & Rosman, 2000; 2002) as previously

found in a nearby ice core (Planchon et al., 2003). Alternatively it could be released by

ice rafted debris transported across this area, which also contained a very unradiogenic

296ph/2%Ph signature (Flowerdew et al., 2013). Dissolved anthropogenic Pb in the upper

water column can shift the bottom water Pb isotope signal via vertical particle flux

through the water column without direct water mass mixing (Wu et al., 2010), leading to
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he offset between preindustrial authigenic Pb signal in the coretop sediment and bottom

water.

Anthropogenic Pb signals have previously been observed in authigenic Pb extracted from

North Atlantic marine (Crocket et al., 2013) and Swiss Alpine lake sediments (Siifke et

al., 2019). Here this anthropogenic signal seems to disappear at the sediment-bottom

water interface in the three cores in front of Filchner-Renne Ice Shelf since their
authigenic Pb isotope signals are identical to the 20 cm of sediment below that clearly
have an undisturbed natural composition (Figure 7a). Very low sedimentation rates of
Filchner-Renne shelf sediment could explain this feature, where 1 cm of coretop

sediment could cover several thousand years (Hillenbrand et al., 2014), the postindustrial

layer, thus, might only present a rather small fraction at the topmost sediment surface
which has insignificant contribution to the uppermost authigenic Pb isotope signal that

represents the homogenized average composition of the top two centimeters.

The vertical and lateral distribution of Nd concentrations in the studied section (Figure

6b) is similar to the general pattern in the Weddell Sea (Stichel et al., 2012b). The surface
seawater Nd concentrations at Filchner-Reonne shelf, between 14.1 and 18.3 pmol/kg,
agree with the average surface dissolved Nd concentration of 18 pmol/kg in the northern
Weddell Sea. The slightly higher Nd concentrations at depth are also in agreement with
comparable water depth data in the open Weddell Sea, and can be explained by reversible

particle scavenging (Siddall et al., 2008; Stichel et al., 2012a). The benthic flux was

suggested to dominate seawater Nd isotope signatures near the continent in settings such

as the eastern North Pacific (Abbott et al.. 2015a; Abbott et al.. 2015b) or deglacial deep

Labrador Sea (Blaser et al., 2020), similar to our studied area. Strikingly, highly elevated

bottom water Nd concentrations that were observed at various shelf locations in front of
the West Antarctic Ice Sheet that were almost twice the concentration seen at similar

water depths offshore (Carter et al., 2012; Rickli et al., 2014) are not found in the

southernmost Weddell Sea (Figure 6b). This observation suggests absence of pronounced
Nd boundary additions to the bottom water on the Filchner-Renne shelf at the three core

locations.
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Neodymium in Weddell Sea sediments is distributed in two major pools: 1) authigenic
Fe-Mn oxyhydroxides and 2) the terrigenous phase. The mobilization of Fe-Mn
oxyhydroxide-bound Nd should be largely suppressed here because it takes place under
reducing conditions (Haley et al., 2003).The bottom water on the Filchner-Renne shelf,

however, is one of the most oxygen-enriched water masses in the world (Orsi &

Whitworth, 2005). As to the terrestrial detritus, if detrital Nd partially dissolved, it should
first affect local porewater compositions, a process which is bound to be recorded by
concomitantly forming authigenic Nd signatures, before such an elevated Nd flux was
released to local bottom water. As shown in the Figure 6b, only the bottom water at
PS111-60-1 shift towards the authigenic exqextracted in the coretop sediment. Therefore,
a diffusive benthic Nd flux is probably not a major source of dissolved Nd on the
Filchner-Renne shelf. Substantial quantities of Weddell Sea AABW is initially formed on
the Filchner-Renne shelf, then circulating in the Weddell Sea Gyre (Vernet et al., 2019)

and partially laterally returning back as part of MWDW (Nicholls et al., 2009). As a
result, the engsignatures of water masses on the Filchner-Reonne shelf is likely well-
homogenized and isotopically very similar to Weddell Sea Deep Water (i.e., the variety of
AABW that is exported from the Weddell Sea) (Orsi & Whitworth, 2005; Stichel et al.,
2012a).

4.2 Measures for reliable porewater Pb and Nd isotope extraction from Southern Ocean

sediments



Global Biogeochemical Cycles

Most Pb isotope signals extracted from the samples pre-treated with MgCl, were shifted
towards less radiogenic Pb isotope compositions in **Pb/**Pb-2*Pb/**Pb space (Figure
9), with this contribution likely being of anthropogenic origin. Because MgCl, solution is
the only variable factor in this experiment, the external Pb contamination was most likely
sourced from the MgCl, solution itself. As shown in Figure 2 and Figure 9, samples with
low authigenic Pb concentrations (S2 to S5) are more affected due to relatively higher
proportions of Pb contamination from MgCl, solution in the extracted aliquots. However,
neither the most affected sample S4 featured the lowest concentration nor did the least
affected sample S1 yield the highest concentration. As a result, the sample lithology
should also play a role in the process as some samples may contain organic matter, which

can preferentially absorb more Pb (Strawn & Sparks. 2000). Interestingly, we did not

observe substantial changes in Pb concentration while the Pb isotopic composition clearly
was altered. The process might take place under a solution-particle exchange equilibrium
affecting only Pb isotope compositions but not concentrations, as seen in seawater (Wu et

al., 2010). Background Nd concentrations in inorganic chemicals are commonly much

lower than respective Pb contaminations, so neither Nd concentration nor isotopic

compositions were altered by MgCl, pre-wash, which is similar to what has been found

before (Haley et al., 2008). Since we found MgCl, to potentially introduce Pb

contamination into the sample, while we conversely observed no significant improvement
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f extracted Nd signatures, we suggest avoiding the MgCl, pre-wash step preceding

reductive leaching.
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Previous leaching protocols that used EDTA required less than one gram of sediment

(Gutjahr et al., 2007; Blaser et al., 2016) but an alternative approach without ligands

suggested using sometimes more than 10 grams of sediment (Wilson et al., 2013). As
shown in Figure 3, adding EDTA equally strongly prevents re-adsorption of Nd and we
suggest using EDTA in the leaching solution in order to keep sediment usage at a
minimum. We also demonstrated that it is safe to use EDTA because no significant
contamination and isotopic fractionation was found in our experiments. The only
exception is mainly S4 in which Pb isotopic compositions in the leachates were shifted
when using different ligands but exg values remained identical. Re-adsorption of Pb is
unlikely to cause such shifts in Pb isotopic composition since this offset was not observed
in other samples when the re-adsorption effect was equally effective. One possible reason
is that the sample was not perfectly homogenized. As shown in Figure 11, the leachate
without ligands in S4 show lower Al/Pb and AI/Nd ratios than leachate with EDTA, while
in the majority of the other samples the results are reversed. It clearly indicates that the
portion of the S4 sample used for leaching without ligands contains materials that
released substantial extra quantities of Pb and Nd with altered Pb isotope signal but

hydrogenetic Nd signature which could probably be fossil fish teeth (Basak et al., 2011).

Although the reason for this effect is not entirely clear, leaching with EDTA still resulted

in **Pb/**Pb compositions within the seawater signature range and in agreement with
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neighboring coretop sediment sampling stations (Figure 8a) while **°Pb/**Pb are too low

(<18.76) when using DTPA or no reductive the leaching solution without ligands.

One general observation from previous reductive leaching studies for Nd is that shorter
leaching times appear to provide more reliable results by dissolving less non-authigenic

sedimentary phases (Gutjahr et al., 2007; Gourlan et al., 2010; Wilson et al., 2013; Blaser

et al.. 2016). Compared with the 10-seconds leaching approach, both Pb and Nd isotope

signals extracted via the recently recommended 30-minute leaching duration are always
more radiogenic and closer to the subsequent one-hour sequential leaching signals which
contained a higher proportion non-hydrogenetic Pb and Nd (Figure 4), indicating that a
10 second exposure to leaching acquired the purest hydrogenetic signals. Although the exq
in S5 and S6 even for samples with the shortest exposure time are offset by Nd additions

from regional volcanic substrate in the sediment (Latimer et al., 2006), 10 seconds

leaching still led to exg values closer to actual seawater compositions (Figure 4d). A
common reservation towards only leaching sediments for 10 seconds is that the Pb and
Nd recovered may not be sufficient for isotope analysis. However, we found that the 10-
seconds vortexing leaching recovered more or less the same amount of Pb and Nd as

extracted during 30 minutes of leaching (Figure 10a and b).
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It has been found that Nd extracted from authigenic Fe-Mn oxyhydroxides via the
reductive leaching method in many cases provides identical results to Nd extraction from
sedimentary foraminifera, which in turn reflect the porewater origin of the Nd isotope

signal (Blaser et al., 2016). The porewater Nd isotope signal is derived from overlying

seawater and sometimes modified by benthic exchange processes with the detrital phase

(Abbott et al., 2015a). We also observed that the eyq values extracted using the 10-

seconds leaching method from three MUC sediment cores provided compositions slightly
offset from MUC and CTD seawater Nd isotope signature immediately above the
sediment (Figure 7b) within 1 exg. The exg deviation between porewater and overlying
seawater is likely caused by settle release of Nd from IRD and/or clays in the sediment
because these three MUC sediments are all dominantly muddy with substantial quantities

of IRD present inside. Previous studies showed that IRD (Blaser et al., 2019), poorly

weathered material (Howe et al., 2016) and clays (Ohr et al.. 1991) could both release Nd

from the terrigenous fraction during early diagenesis.

Another important finding of this study is that the Pb isotope signal obtained via 10-
seconds leaching of MUC sediments is identical to the porewater Pb isotope signal.
Compositions are only slightly offset from bottom seawater Pb isotope signatures
sampled via CTD (Figure 7a), although the latter may also be induced by the non-trace
metal clean water sampling approach. Although it is generally assumed that the Pb
isotope signature preserved in sedimentary authigenic Fe-Mn oxyhydroxides records a
porewater signal, for the first time this assumption could be validated by actual

corresponding porewater Pb isotope compositions.

4.3 Elemental ratios as proxies for non-hydrogenetic contamination
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Elemental ratios in reductive Fe-Mn oxyhydroxide leachate solutions were previously
used as proxies for monitoring non-hydrogenetic contamination: 1) REE patterns for the

origin of Nd (Bayon et al., 2002; Martin et al., 2010); 2) Al/Pb and Al/Nd for non-

hydrogenetic phases (Gutjahr et al., 2007). REE patterns were not investigated in this
study because these were recently shown to be unreliable for the identification of

contaminating phases (Blaser et al., 2016). Al/Pb and Al/Nd ratios were used to monitor

dissolution of the detrital and potentially present volcanogenic fraction, due to high Al/Pb
and Al/Nd ratios in non-hydrogenetic phases and low ratios in hydrogenetic phases

(Gutjahr et al., 2007). However, care should be taken to compare like with like. If the

degree of re-adsorption affects or even dominates the concentration for highly particle
reactive elements, the application of this proxy may be limited and the Al/Pb and AI/Nd
ratios then only reflect the different re-adsorption behavior of Al, Pb and Nd. As shown
during the tests constraining the efficiency of chelating ligands, the extracted Pb and Nd
isotopic compositions were identical in individual samples (Figure 3) but the Al/Pb and
AI/Nd (Figure 11) fluctuated dramatically, i.e. Al/Pb of S7 ranged from 10 to 10,000.
Leaching without EDTA, in most cases, led to high Al/Pb and Al/Nd, indicating more Pb

and Nd were re-adsorbed during reductive dissolution of the Fe-Mn oxyhydroxide phase.
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When EDTA was used to prevent re-adsorption during leaching, Al/Pb and Al/Nd worked
well in sequential leaching tests with exposure times from 30 min to 180 min (Figure 10a
and b). For example, the Nd isotope signals in S5 and S6 were offset by volcanogenic

contributions leading to high Al/Nd (cf. Blaser et al., 2016). Moreover, the exq values in

30 min sediment leachates (S2, S3 and S6) are consistent with seawater exq yielding
Al/Nd lower than 100, which is similar to a threshold ratio for good quality Nd isotope
data found in previous studies (Gutjahr et al., 2007; Blaser et al.. 2016). However, the 10-

seconds leaching method did not always result in lower Al/Pb and Al/Nd than 30 min
leaching, although 10-seconds leaching extracted a purer hydrogenetic Pb and Nd portion
from the bulk sediments as indicated by the respective isotopic compositions. More
specifically, we found, i.e. in S2, the amount of extracted Pb and Nd are similar during

10-second or 30-minute leaching, but the Al concentration extracted by 10-
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Figure 11. Variations of Al/Pb and Al/Nd of all samples using different ligands in the leaching
solution. (a) Al/Pb. (b) AI/Nd.

seconds leaching was much higher than by 30-minute leaching thus resulted in high

Al/Pb and Al/Nd ratios using the 10-seconds leaching approach. Generally, AI*" in the
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solution starts to precipitate at pH = 3.7 and almost quantitatively precipitates at pH =
4.7. The 30-minute leaching consumed more acetic acid than 10-second which leads to
higher pH value in the solution, so the lowered Al concentration in the 30-minute
leaching was likely caused by preferential Al precipitation due to the pH increase. These
considerations reveal that the elemental behaviour during leaching can be complex so that
the interpretation based on elemental concentrations and ratios should be made very
carefully, even though in the large majority of cases in our experiments the low Al/Pb and

AI/Nd ratio (<100) indicated reliable hydrogenetic Pb and Nd extraction.

4.4 Identifying sampling areas for SO-wide palacocirculation reconstructions away from

localized Antarctic depocenters



Global Biogeochemical Cycles

The Nd isotope composition extracted from bulk sediment can be altered by the partial

dissolution of sedimentary components, such as volcanic ash (Elmore et al., 2011; Blaser

et al., 2016), continental detrital phases (Poppelmeier et al., 2018; Blaser et al., 2019) and

pre-formed ferromanganese coatings (Bayon et al., 2004; Kraft et al., 2013; Péppelmeier

et al., 2018). As shown in Figure 8b, these unwanted Nd disturbances also exist at various

sites in Southern Ocean sediments. However, the potential Pb interferences for reductive
leaching are to date not as well investigated as for Nd. In this study, we generated
corresponding ***Pb/***Pb and exsmaps from coretop sediments to help identifying
potential localized Pb disturbances in Southern Ocean sediments (Figure 8). Firstly, our
data revealed that both *“Pb/**Pb (>19.0) and exq (from -10.3 to -12.5) extracted from
coretop sediments near the East Antarctic continent are offset from nearby seawater exg
and Pb isotope signatures reported from surface scrapings of Fe-Mn nodules (Abouchami

& Goldstein, 1995). These could be caused by partially dissolving continental detritus or/

and pre-formed ferromanganese coatings during leaching. Partial dissolution of detrital
components in the sediment should lead to high Al/Pb and Al/Nd ratios in the leachates
(Gutjahr et al., 2007; Blaser et al., 2016), but the Al/Pb and AI/Nd ratios of the 10-s S1

leachate (Figure 10) are low, indicating that our leaching approach did not significantly
target the detrital fraction. Therefore, regionally or locally supplied continental Pb and
Nd isotope signatures in pre-formed Fe-Mn oxyhydroxides likely overprinted both
extracted seawater-derived Pb and Nd from authigenic Fe-Mn oxyhydroxides in

sediments near the Antarctic continental margin because reductive leaching inevitably

dissolves both authigenic and pre-formed Fe-Mn oxyhydroxides (Bayon et al., 2004). The
pre-formed Fe-Mn oxyhydroxides in the study area could for example be supplied by

nearby ice streams (Rignot et al., 2011).
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Secondly, the extracted eng from sediments located to the east of Drake Passage and in the
Bouvet Triple Conjunction ridge display too radiogenic values compared with ambient
deep water compositions due to Nd release from volcanic components within the

sediments from nearby volcanic sources (Stichel et al., 2012b). The elevated Al/Nd ratios

in S5 and S6 (Figure 10b) also point towards contributions of volcanic material.
Interestingly, Pb in S5 and S6 10-seconds leachates seems to be unaffected by volcanic
contributions as we did not observe equally elevated Al/Pb in samples S5 and S6 (Figure
10a). Furthermore, 2*°Pb/**Pb extracted from sediments in the area enriched in volcanic
materials area did not display compositions offset from expected seawater signals

(Abouchami & Goldstein, 1995). Taken together, these observations suggest that the

extraction of authigenic Pb may be less susceptible to analytically introduced artefacts

than seen for authigenic Nd.

Although extracted Pb is apparently relatively robust against contamination by
sedimentary volcanic material, anthropogenic Pb contributions supplied by dust can alter
the natural seawater signal. Pb extracted from coretop sediments in the northeast of the
research area closest to South Africa are extremely altered by anthropogenic Pb
contamination (Figure 8). The lack of sea ice protection and relative proximity to the
African continent could both result in the strong anthropogenic Pb footprint in these
surface sediments, because winter sea ice does not extend that far north and Pb sourced

from Africa was found in nearby water masses (Paul et al., 2015b). However, as shown in

Figure 7a, anthropogenic Pb only penetrated the topmost few centimeters in the sediment.
Thus, the extracted downcore Pb isotope signals in the lower parts should not be affected.
Overall, the sediment core sites located in the green area in the open ocean (Figure 8) are
recommended for downcore Pb and Nd isotope analysis for the purpose of ocean
circulation reconstructions because the extracted Pb and Nd isotope signals agree with

open Southern Ocean seawater signatures.
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In (near-)glacial settings Pb has been reported to be released incongruently resulting in

more radiogenic Pb isotope signals during early chemical weathering stages (Erel et al.

2004) which has been successfully applied for monitoring deglacial continental
weathering in both North Atlantic (Foster & Vance, 2006; Gutjahr et al., 2009; Kurzweil
etal.. 2010; Crocket et al., 2012) and Antarctica (Basak & Martin, 2013). The sequential

leaching tests carried out on sediments very close to Antarctica (S1, S2 and S4 in Figure
4) under extended leaching conditions in fact represent a good simulation of temporal
chemical weathering trends. More radiogenic Pb isotope signals were extracted from
these sediments with increasing exposure time to reductive leaching. However, these
weathering induced radiogenic Pb signals are efficiently diluted in the open ocean and
deviated from the Fe-Mn nodule recorded seawater Pb signals (Figure 4). On the other
hand, recent studies reported the absence of incongruent weathering effects on the Pb

isotopic runoff signal both in experimental studies (Dausmann et al., 2019) and in a

Holocene Alpine lake sediment record (Siifke et al., 2019). To what extent some or all of

the marginal Antarctic authigenic Pb isotope signatures recorded incongruent supply of

weathered Pb from inland Antarctica therefore requires further research.

5 Conclusions

We developed a fast 10-seconds leaching method to extract authigenic Pb and Nd isotope
signatures from Southern Ocean sediments and validated this method by directly comparing the
Pb and Nd isotope signal in sediment leachates with overlying seawater Nd and Pb isotopic
signatures and corresponding Pb porewater compositions. Utilizing the 10-seconds leaching
method established in this study, we screened coretop sediments in the Atlantic sector of
Southern Ocean for their hydrogenetic Pb and Nd isotope distribution in order to identify suitable

sediment core sites for future paleoceanographic reconstructions.
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The use of a previously employed sedimentary pre-leaching cleaning technique using
MgCl, was evaluated. Furthermore, the effect of using or omitting chelate ligands was assessed,
and the optimal leaching time was determined. Our data show that the MgCl, wash is not
necessary and, on the other hand, may potentially contaminate the authigenic Pb isotope
signature in sedimentary samples. Experiments to constrain the effect of chelating ligands were
carried out by two commonly used ligands, EDTA and DTPA. Adding the chelating ligands
during leaching was confirmed to be very important for leaching. When the leaching process was
carried out without ligands, both Pb and Nd were substantially re-adsorbed back to the sediment.
Between these two ligands, EDTA most efficiently prevented re-adsorption both for Pb and Nd,
while no mass fractionation or contamination was observed. Moreover, the sequential leaching
test indicated that the very short 10-seconds leaching extracted the purest hydrogenetic Pb and
Nd signatures in all tested sediment samples and recovered sufficient quantities of Pb and Nd for
isotope analysis. Therefore, we recommend using the 10-seconds leaching method in
combination with EDTA to extract hydrogenetic Pb and Nd in Southern Ocean sediments.

The analysis of Pb and Nd isotope seawater signatures and porewater Pb isotopic
compositions demonstrated that the extracted hydrogenetic Pb and Nd by 10-seconds leaching in
our settings reflect the porewater isotope signals which may, however, in places be slightly offset
from ambient seawater signal due to early diagenetic porewater processes.

The previously suggested leaching quality assessment proxies, Al/Nd and Al/Pb, also
provide a critical insight regarding the nature of the extracted phase for Southern Ocean
sediments when EDTA is present during leaching. The low Al/Nd and AI/Pb ratios (<100) in our
experiments reflect the predominant extraction of a Fe—-Mn oxyhydroxide phase but the high Al/
Nd and Al/Pb ratios did not necessarily reflect tapping of the detrital phase since slow pH
increase during longer leaching unavoidably induces Al precipitation and complex re-adsorption

reactions.
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The 10-seconds leaching is not omnipotent for extracting hydrogenetic Pb and Nd in all
oceanographic settings due to potential presence of a benthic flux and pre-formed continentally
derived ferromanganese oxyhydroxides. Therefore, we generated authigenic Pb and Nd isotopic
maps for the Atlantic sector of Southern Ocean to avoid areas of altered sediment and localize
suitable sites for generating authigenic Pb and Nd isotope reconstructions for the late
Pleistocene. As a general guide, suitable core sites should be further away from the Antarctic
continental margin to prevent input of significant pre-formed ferromanganese oxyhydroxides. In
the case of authigenic Nd, the sediments should contain no or only minute quantities of volcanic
material as suggested previously. The Pleistocene Nd and Pb isotopic evolution of Southern
Ocean water masses such as AABW and Circumpolar Deep Water are largely unresolved to date
and our approach has the potential to provide reliable new key information at high temporal

resolution in the coming years.
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