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Abstract In the central Arctic Ocean, dissolved rare earth element concentrations ([dAREE]) and the
neodymium (Nd) isotope compositions are constant throughout the deep water column (>1,000 m water
depth), indicating unique conditions among the ocean basins and therefore requiring an investigation of
seawater-particle interactions. Here, we present the first high-resolution particulate REE and Nd isotope
data from the Arctic Ocean and discuss the possible seawater-particle processes affecting the Arctic Ocean.
Our results show that particulate [REE] are on the same order of magnitude as in other ocean basins,
suggesting that particle composition is the main cause for a lack of pREE release to the dissolved pool. The
lithogenic fraction dominates throughout the water column while the biogenic material contribution is
very small. This paucity of biogenic material results in reduced particle-seawater exchanges of REEs and
Nd isotopes. Moreover, we note only slight differences in the dissolved Nd isotope composition between
the Eurasian and Canadian Basins. This is due to the different source regions supplying different dissolved
and particulate Nd isotope signatures to both basins. The dissolved [REE] and Nd isotope composition of
Atlantic waters are modified during their flow paths through contributions from the Kara Sea, lowering
the salinity and increasing [{REE] and dNd isotope compositions. Hydrothermal influence from the
Gakkel Ridge on dissolved and particulate [REE] and Nd isotopes could not be detected.

Plain Language Summary The Arctic Ocean is strongly affected by climate change. Due

to rising temperatures, the sea-ice is melting und the river input is increasing. This will also change the
chemical composition of the Arctic Ocean and biological activity, since many trace elements added by
rivers are essential for algal growth. In order to understand these changes and effects, the environmental
conditions and processes need to be understood. We investigated rare earth element (REE) concentrations
and Nd isotope compositions in seawater and in suspended particles in the central Arctic Ocean. The
data show that the release of REEs from particles to seawater is lower in the Arctic Ocean than in other
ocean basins and that this is due to the lower amount of biogenic relative to terrestrial-derived particles
in the Arctic Ocean. This leads to constant dissolved REE concentrations in the Arctic water column, in
contrast to increasing concentrations with depth in other oceans. We further investigated the potential
modification of REEs and Nd isotopes in the hydrothermally influenced deep waters over the Gakkel
Ridge. In this study, we did not find an impact of the hydrothermal activity on REESs or the Nd isotope
composition.

1. Introduction

The sensitive and marked response of the Arctic to current climate warming requires a robust understand-
ing of the natural conditions and biogeochemical processes in this area to allow for future evaluations of
the impact of these changes on this unique environment (e.g., IPCC, 2014). Particularly, the nutrient and
trace metal composition of the Arctic Ocean, that is, expected to change due to changes in, for example, sea
ice cover, river discharge, and melting of the Arctic permafrost, are of high interest due to their high rele-
vance for Arctic ecosystems. Through waters emerging from the Arctic Ocean through the Fram Strait, any

PAFFRATH ET AL.

1of 21


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://orcid.org/0000-0001-9725-3167
https://orcid.org/0000-0001-9114-8411
https://orcid.org/0000-0003-1393-3742
https://orcid.org/0000-0003-1406-0701
https://orcid.org/0000-0003-2057-5795
https://orcid.org/0000-0002-2235-5158
https://doi.org/10.1029/2021JC017423
https://doi.org/10.1029/2021JC017423
https://doi.org/10.1029/2021JC017423
https://doi.org/10.1029/2021JC017423
https://doi.org/10.1029/2021JC017423
http://agupubs.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)2169-9291.CHNGARCTIC1
http://agupubs.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)2169-9291.CHNGARCTIC1
http://agupubs.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)2169-9291.CHNGARCTIC1
http://agupubs.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)2169-9291.CHNGARCTIC1
http://agupubs.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)2169-9291.CHNGARCTIC1
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2021JC017423&domain=pdf&date_stamp=2021-07-29

A7
ra\%“ 19
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Oceans

10.1029/2021JC017423

Investigation: Ronja Paffrath
Resources: Katharina Pahnke
Supervision: Katharina Pahnke
Visualization: Ronja Paffrath
Writing - original draft: Ronja
Paffrath, Katharina Pahnke, Philipp
Boning, Michiel Rutgers van der Loeff,
Ole Valk, Sandra Gdaniec, Héléne
Planquette

Writing - review & editing: Ronja
Paffrath, Katharina Pahnke, Philipp
Boning, Michiel Rutgers van der Loeff,
Ole Valk, Sandra Gdaniec, Hélene
Planquette

such changes will also have downstream effects on the North Atlantic and the composition of deep waters
formed there.

Given their terrestrial origin and biological inactivity, rare earth elements (REEs) and neodymium (Nd) iso-
topes can be used to study inputs, transport and cycling of trace elements to and within the ocean. REEs in
seawater show a fractionation between light REEs (LREEs) and heavy REEs (HREESs) due to their differenc-
es in complexation strength with carbonate ions from seawater (e.g., Byrne & Kim, 1990; Schijf et al., 2015).
It has been reported for several oceans that dissolved REE concentrations ([dREE]) are low at the surface as
a result of particle scavenging, and the dLREEs are preferentially scavenged over the dHREEs (e.g., Byrne
& Kim, 1990; Sholkovitz, 1995). There are very few studies on incorporation of dREEs by plants or animals,
and the processes for incorporation and possible fractionation are not well understood (e.g., Akagi & Edan-
ami, 2017; Lagarde et al., 2020; Roberts et al., 2012).

Deeper in the water column, [dREE] increase due to REE release from particles and input from sediments/
pore waters (e.g., Abbott et al., 2015; Elderfield, 1998). In addition to the vertical processes controlling
[dREE] in the ocean, lateral transport of dREEs must also be considered (Basak et al., 2015; Behrens,
Pahnke, Schnetger, & Brumsack, 2018; Stichel et al., 2015; Zheng et al., 2016). REEs in suspended marine
particles are associated with the lithogenic and/or an authigenic fraction, where the authigenic fractions
that REEs preferentially adsorb to are organic and/or Fe/Mn-oxide particles (Sholkovitz et al., 1994; Ta-
chikawa et al., 1999).

Nd isotope ratios (**Nd/"**Nd, expressed as exa = [[(**Nd/**Nd)sampie/(**Nd/***Nd)cpur] — 1] x 10, with
CHUR: Chondritic Uniform Reservoir, Jacobsen & Wasserburg, 1980) have been used to trace water mass
transport, mixing of water masses, and continental input (e.g., Behrens, Pahnke, Paffrath, et al., 2018; Lacan
& Jeandel, 2001; Lambelet et al., 2016; Osborne et al., 2014). They are often used in combination with
REEs to provide insight into trace element sources and particle-seawater exchange (e.g., Garcia-Solsona
et al., 2014; Molina-Kescher et al., 2014; Rousseau et al., 2015).

In order to use [REE] and Nd isotopes as tracers, it is crucial to identify their sources and sinks as well as
their behavior in the ocean. One important aspect is the interaction between the dissolved and particulate
phase. The degradation of particles while sinking through the water column typically results in increasing
[dREE] and decreasing dHREE/LREE ratios with depth as the preferentially scavenged LREE are released
back to the dissolved pool (e.g., Sholkovitz et al., 1994). Dissolution of lithogenic particles can result in
different Post-Archean Australian Shale (PAAS)-normalized dREE patterns in seawater that are typically
flat (equal normalized concentrations for all REEs) but depend on the source material. For example, Pearce
et al. (2013) showed positive dEu-anomalies (anomaly is defined as the deviation of a single elements in
comparison to its theoretical concentration calculated by the neighbor elements, all normalized to shale,
for details see Method section), reduced dCe-anomalies and flat dREE patterns in seawater as the result of
the dissolution of basaltic material. Furthermore, Grenier et al. (2013) explained a positive dEu-anomaly
in subsurface, intermediate and deep-water masses in the Pacific Ocean by REE inputs due to submarine
weathering of basaltic sediments deposited on the margins. Particle-seawater exchange of Nd isotopes with-
out a significant net change in [dNd] is key to the “boundary exchange” concept (e.g., Jeandel et al., 2013;
Lacan & Jeandel, 2005) and has also been suggested as a mechanism explaining suspended particles in the
open ocean that typically show the same eyq as surrounding seawater (e.g., Tachikawa et al., 1999; van de
Flierdt et al., 2012). Similarly, a change in deyg was observed in a hydrothermal plume due to exchange with
hydrothermal Fe-Mn-oxide particles (Stichel et al., 2018) and in laboratory experiments where particles
were exposed to seawater (Pearce et al., 2013) despite a net removal of dNd from seawater in both studies.
However, due to a lack of samples of suspended particles overall, these interactions are barely studied and
PREE data for the Arctic Ocean have so far been missing.

In the Arctic Ocean, [dREE] depth profiles are very different from those observed in other ocean basins:
instead of an increase with depth, the [dREE] in the Arctic Ocean below the surface, where [dREE] are
extremely high, are very constant (Andersson et al., 2008; Porcelli et al., 2009; Westerlund & Ohman, 1992;
Yang & Haley, 2016; Zimmermann et al., 2009). The authors of these previous studies attributed this to
low particle release of REEs due to generally low suspended particle concentrations. In contrast to other
ocean basins, it was suggested that there is less scavenging at the surface due to fewer particles as a result
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of limited biological productivity (Ferndndez-Méndez et al., 2015), result-
ing in low particle fluxes. However, direct [pREE] or pNd isotope data
in combination with the dREE pool were not available from the Arctic
Ocean for these studies.

In this study, we present dissolved and particulate [REE] and eyq from
the Atlantic water layer to the deep waters in the Arctic Ocean (water
depths below 200 m) along a transect in the central Arctic Ocean through
the Nansen, Amundsen, and Makarov Basins. We investigate their com-
position in the different water masses and their modification in the Arc-
A tic Ocean. These results allowed us to test the hypothesis, formulated by
S ; N | Yang and Haley (2016), that constant [dREE] with depth are explained by
s low particle concentrations and hence little REE release at depth.

2. Materials and Methods
2.1. Sampling and Onboard Procedures

Seawater samples were collected at 10 stations in the central Arctic Ocean
during R/V Polarstern cruise PS94 (ARKXXIX/3, Tromse-Bremerhav-
en, August-October 2015) as part of the European GEOTRACES sec-
tion GNO4. The sample locations are shown in Figure 1. Seawater was

Figure 1. Map of the study area. Sampled stations of cruise PS94 are sampled from 24L-Niskin bottles using GEOTRACES protocols (Cutter
shown with blue dots for dissolved samples and orange circles for particle et al., 2017) and directly filtered through AcroPak™ 500 Capsules with
samples. The crossover station with USCGC Healy cruise HLY1502 is Supor® Membrane (pore size 0.8/0.2 um) into acid-cleaned LDPE con-

marked by a cross. Dark blue arrows show the schematic circulation of
subsurface and intermediate waters after Rudels (2009). The deep-water
circulation is nearly identical to the intermediate circulation. The map was

tainers for Nd isotope analyses (10 L), and HDPE bottles for [REE] anal-
yses (100 mL) using Teflon-lined Tygon® tubing. The AkroPak™ 500 car-

produced using Ocean Data View (Schlitzer, 2018) and modified manually. tridges were precleaned with seawater before sampling and rinsed with

MQ water in between the stations. Samples for Nd isotopes were acidified

with 6 N ultrapure distilled HCI to a pH of ~3.5 and Nd was precon-

centrated using one SepPak® C18 cartridge (Waters Inc.) per 5 or 10 L
sample onboard. The cartridges were preloaded with 300 mg of 2-ethylhexyl phosphate (HDEHP, Merck)
using a method modified after Shabani et al. (1992) and Jeandel et al. (1998) and previously used in our lab
(Behrens, Pahnke, Schnetger, & Brumsack, 2018; Frollje et al., 2016). Samples for REE concentrations were
acidified onboard to a pH < 2 using 6 N ultrapure distilled HC1. Milli Q water from the onboard system used
to wash the filters was collected to obtain total procedural blanks.

Samples from stations 69 and 70 from the Gakkel Ridge were taken from the ultra-clean sampling system as
described by Slagter et al. (2017) and Rijkenberg et al. (2018) and kindly provided by Michael Staubwasser
(University of Cologne, Germany). For the suspended particle samples from these stations, ~10 L of water
from the ultra-clean sampling system were filtered through 0.45 um Supor® (polyethersulfone) filters.

Particles from all other stations were sampled using in situ pumps (McLane and Challenger Oceanic). The
seawater was pumped through acid-precleaned 142 mm diameter, 0.45 um pore size Supor® filters. Filters
were dried and cut into subsamples onboard under a laminar flow hood on an acid-cleaned cutting board
using tweezers and scalpels. Until further processing, they were kept at 4°C.

2.2. Digestion of Suspended Particles

The filters containing suspended particles were processed at the Alfred-Wegener-Institute in Bremerhaven
(stations 50-125; Valk et al., 2018) and at the LSCE in Gif-sur-Yvette, France (station 32 and 101, Gdaniec
et al., 2020) as described in Gdaniec et al. (2018). Briefly, after drying, the filters were cut using ceramic
scissors, placed into closed Teflon beakers and leached with 25-30 mL of 3 M HCI in an ultrasonic bath for
5 h at 45°C. After repeated leaching, the sample solution was decanted and evaporated to <1 mL. Organic
substances were dissolved through addition of 8 M HNO; and concentrated H,0,, remaining particles were
separated by centrifugation and dissolved with concentrated HF. The two solutions were combined and
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passed through anionic exchange columns following the protocol described in Anderson et al. (2012). Upon
separation of Th and Pa, the “iron fraction” was used for further processing for Nd isotope analysis at the
ICBM as described above. Prior to the column chemistry, an aliquot of 2% of the digest was removed for
REE concentration analysis.

The suspended particles from stations 69 and 70 were digested with 8M HNO; and 1.4 M HF at 130°C, dried
down and taken up in diluted HNO; using the method after Planquette and Sherell (2012). A fraction of this
solution was used for REE concentration analysis.

2.3. Nd Isotope Analysis

In the home laboratory at the ICBM in Oldenburg, Germany, the C18 cartridges were rinsed with 5 mL of
0.01 N ultrapure distilled HCI per cartridge to remove remaining Ba. Afterward, the REEs were eluted using
35 mL ultrapure distilled 6 N HCI per cartridge. Dissolved Nd and the particulate Nd was separated from the
other REEs in a two-step column chemistry (Pin & Zalduegui, 1997). The first column filled with TrisKem
TRU resin (particle size 100-150 um) was used to remove remaining HDEHP from the cartridge. In a sec-
ond step, the Nd was separated from the other REEs using TrisKem LN resin (particle size 100-150 um).
The acids (HCI and HNO3) used for these procedures were all ultrapure distilled. The Nd isotopes were
analyzed using a Thermo Scientific Neptune Plus™ multi-collector inductively coupled plasma mass spec-
trometer (MC-ICP-MS) in combination with a Cetac Aridus II™ desolvating nebulizer system for sample
introduction. The Nd standard JNdi-1 was measured every 2-3 samples adjusted in concentration to that
of the samples. The measured **Nd/**'Nd ratios were corrected for the instrumental mass fractionation
using an exponential law and '**Nd/***Nd = 0.7219 (O'Nions et al., 1977). If possible, a secondary mass bias
correction using a linear correlation of **Nd/***Nd and **Nd/***Nd was applied (Vance & Thirlwall, 2002).
All data were normalized to the accepted value for the INdi-1 standard of **Nd/***Nd = 0.512115 (Tanaka
et al., 2000). Repeated measurements of JNdi-1 during the measurement sessions yielded "**Nd/'**Nd ratios
from 0.512058 + 0.000011 to 0.512167 % 0.000016 (2 SD, n = 190) depending on conditions during the meas-
urement sessions over 15 months. External reproducibility based on repeat analyses of INdi-1 were typically
better than + 0.4 eyq units (2 SD, n = 4-16 per session). The measurements of 16 duplicates showed agree-
ment within the analytical uncertainty. The lab is intercalibrated for Nd isotope measurements through
analysis of GEOTRACES intercalibration samples BATS and SAFe (Behrens, Pahnke, Schnetger, & Brum-
sack, 2018). Additionally, two replicate samples from the Fram Strait (sample ID: PS100, station 125, 10 and
150 m, provided by G. Laukert, GEOMAR) measured at the ICBM show agreement within the analytical
uncertainty to the results measured by G. Laukert at GEOMAR (Kiel, Germany) (G. Laukert, R. Paffrath,
unpubl. data). Blanks were processed in the same way as the samples and spiked with a ***Nd spike for Nd
quantification via MC-ICP-MS. Total procedural blanks (n = 3) from the shipboard MQ system were <37 pg
Nd, the procedural laboratory blanks were <6 pg Nd (n = 16), which represents <3% and <1% of the lowest
sample concentration, respectively.

2.4. REE Analysis

For the determination of REE concentrations in seawater, the method described in Behrens et al. (2016)
was applied. In summary, 10-20 mL of each seawater sample was spiked using a multi-element REE spike
and REEs were preconcentrated and separated from the seawater matrix with the automated seaFAST pico
system (Elemental Scientific Inc.) in offline mode. For REE quantification, isotope dilution ICP-MS analysis
was applied, using a Thermo Finnigan™ Element sector field inductively coupled plasma mass spectrome-
ter and a Cetac Aridus II™ desolvating nebulizer system for sample introduction. Nitrogen supply through
the Aridus II™ reduced the oxide formation to <0.03% for Ce-oxide, oxide corrections were therefore not
applied. The seawater standard SAFe 3,000 m was measured repeatedly (n = 13) for accuracy and external
reproducibility. The values ranged from 45.4 to 48.1 pmol/kg for Nd with a reproducibility of 1.8% (1 RSD),
<5.1% (1 RSD) for the other REEs and 17.6% (1 RSD) for Ce and agreed well within 7% with the published
average REE concentrations (Behrens et al., 2016). The blanks were spiked after the preconcentration and/
or prior to the measurement to quantify the REEs. Total procedural blanks from shipboard MQ water, proce-
dural lab blanks (2% distilled HNOs, seaFAST preconcentration), and analytical blanks (2% distilled HNOs)
were <1.4% (<10% for Ce) of the lowest sample concentration.
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The ratios of HREE/LREE as a measure of REE scavenging (strong scavenging = high HREE/LREE) were
calculated as HREE/LREE = (Ery + Tmy + Yby + Luy)/(Lay + Pry + Ndy + Smy) (Martin et al., 2010),
where subscript N indicates normalization to PAAS (Rudnick & Gao, 2003). The standard deviation of
the standard SAFe 3,000 m (n = 13) for HREE/LREE was 2.3% (1 RSD). Furthermore, several anomalies
were calculated. Anomalies display the deviation of an normalized element or element group concentration
relative to its theoretical normalized concentration calculated by the neighbor elements. In this study, all
anomalies are calculated based on PAAS-normalized concentrations. Values >1 indicate a positive anomaly
(higher PAAS-normalized element concentrations than expected from interpolation of the neighbor ele-
ments), values <1 indicate a negative anomaly. The gadolinium (Gd)-anomaly was calculated according to
Bau and Dulski (1996) as Gd/Gd* = Gdy/(0.33-Smy + 0.67-Tby) and the standard deviation of the standard
SAFe 3,000 m for Gd/Gd* was 5.3% (1 RSD). The europium (Eu)-anomaly was calculated as Eu/Eu* = Euy/
(0.67-Smy + 0.33-Tby) with a standard deviation of SAFe 3,000 m of 4.4% (1 RSD). The MREE-anomaly was
calculated after Martin et al. (2010) as MREE/MREE* = 2-(Gdy + Tby + Dyy)/(Lay + Pry + Ndy + Tmy
+ Yby + Luy) and the standard deviation of SAFe 3,000 m was 2.6% (1 RSD). The uncertainties of the SAFe
standard for these ratios and anomalies are plotted in the figures.

For the particle samples, the digest was taken up in 2% HNO; and measured using a Thermo Finnigan™ EI-
ement II sector field ICP-MS. Europium and Gd concentrations were corrected for interferences with oxides
of Ba, La, and Ce. The concentrations were determined using an internal standard (indium) and an external
calibration. The particulate [REE] are provided in pmol per kg of filtered seawater. The reproducibility of
BCR-2 was 2.6% (1 RSD, n = 3) for Nd and generally <8% (1 RSD) for all other REEs. The standard devia-
tions for the Eu-anomaly and HREE/LREE ratios were 5.9% and 2.8% (1 RSD), respectively.

3. Results
3.1. Hydrography

All hydrographic and geochemical data are available on PANGAEA® (Paffrath et al., 2021a, 2021b). Only
samples from >200 m water depth are considered, representing the water masses (Dense) Atlantic Wa-
ter ((D)AW), (Dense) Arctic Atlantic Water ((D)AAW), upper Polar Deep Water (uPDW), Eurasian Basin
Deep Water (EBDW), and Canadian Basin Deep Water (CBDW) according to the definitions by Rudels
et al. (2012). The samples are classified using density anomalies (o), potential temperature (8), and salinity.
This water mass classification was chosen in agreement with Laukert et al. (2017) for a better comparability
of the dNd isotope composition and concentration endmembers. For an overview, samples are shown in a
plot of salinity versus potential temperature in combination with their deyq signatures (Figure 2) and as-
signed water masses are further listed in the data set available on PANGAEA® (Paffrath et al., 2021a). Shal-
lower samples are discussed in Paffrath, Laukert, et al. (2021) and Charette et al. (2020). The hydrographic
data of the cruise can be found on PANGAEA® (Rabe et al., 2016).

Atlantic Water and (D)AAW are located at <500 m water depth and are underlain at some stations by uPDW
at 1,000 and 1,400 m water depth. All samples below that depth range are either CBDW (stations 96, 101,
and 134) or EBDW (all other stations).

3.2. Nd Isotope Composition

The dNd isotope composition ranges from —8.0 to —12.5 (see Figures 3 and 4). The highest variability is
found in the AW with lowest eyq in the Nansen Basin (stations 32, 40, and 58) and highest deyq at stations
81-125, at 200 m depth (shallowest depth presented in this study, see Figures 3 and 4). The intermediate and
deep-water deyq signals are vertically and spatially invariant at dexg = —10.3 & 0.4 (1 SD, n = 64), with only
a slightly more positive deyq signal in the Canadian Basin (average dexg = —10.0 = 0.4, n = 16) compared
to the Eurasian Basins (average dexg = —10.4 + 0.4, n = 48, see Figures 3 and 4). The peyng compositions of
—9.0 to —12.1 show a similar range as the dexq (Figures 3 and 5). Similar to the deyq distribution, pexg shows
the largest range in the upper 500 m with minor differences generally for the different water masses. There
is no significant correlation between the dissolved and particulate exq (R* = 0.23, not shown).
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Figure 2. Salinity versus potential temperature. The colors of the dots represent the dNd isotope signatures. Water
mass classifications are based on salinity, potential temperature, and density anomalies after Rudels et al. (2012). AW,
Atlantic Water; AAW, Arctic Atlantic Water; D(A)AW, Dense (Arctic) Atlantic Water; uPDW, upper Polar Deep Water;
EBDW, Eurasian Basin Deep Water; CBDW, Canadian Basin Deep Water. Note the different scales for the main figure
and the inlet. The figure was produced using Ocean Data View (Schlitzer, 2018) and modified manually.

3.3. REE Concentrations and Ratios

The [dREE] are higher in the AW than in the deeper waters (Figure 3). The [dNd] (representative for LREEs)
of AW and AAW found in the central Arctic Ocean in this study range between 15.8 and 30.8 pmol/kg, and
the [dEr] (representative for HREESs) range between 4.5 and 6.1 pmol/kg Er. In deeper waters (>1,000 m
water depth), the [dNd] are in the range of 13.3-17.8 pmol/kg and [dEr] from 4.0 to 5.0 pmol/kg with no
significant trend with depth and no consistent differences between the stations or the basins (Figures 3
and 4). All samples show a typical PAAS-normalized seawater dREE pattern with a negative dCe-anomaly
in the range of 0.1-0.3 and no systematic lateral or vertical differences. The dHREE/LREE ratios are 2.8-4.7
in AW and 3.8-4.9 in deeper waters (Figure 4c). They do not correlate with water depth and do not show a
systematic spatial pattern, there is a negative correlation of dHREE/LREE versus [dNd] but not versus [dEr]
(Figure S1). Dissolved Eu-anomalies are in the range of 0.9-1.3 for all water masses. The dGd-anomalies
are slightly positive with 0.9-1.6 and exhibit values of up to 7 at some depths of stations 117, 125, and 134
(Figure S2).

The [REE] of suspended particles show a wide range of 0.01-4.0 pmol/kg Nd and 0.01-0.4 pmol/kg Er
(Figures 3 and 5). Highest [pREE] are found at stations 32, 117, and 125 close to the slope of the Barents Sea
Shelf, the Gakkel Ridge and the Lomonosov Ridge, respectively. In contrast, [pREE] are consistently low
throughout the water column at stations 50, 96, and 101, with station 81 showing intermediate values. In-
consistencies in the profiles can occur due to irregular and/or inhomogeneous particle loading on the filters
or incomplete dissolution during leaching. Furthermore, only a small fraction of the leachate was used for
measurement of the [pREE] resulting in a low total amount of pREEs and therefore high relative standard
deviations of the measured counts.

Ratios of pHREE/LREE also show a wide range from 0.2 to 6.9 with a mean of 1.4 + 1.2 (1 SD). The pM-
REE-anomalies are in the range of 0.4-1.3 (average 1.0 £ 0.2, 1 SD) (not shown, see Paffrath et al., 2021b).
The pCe-anomaly is close to 1 in most samples with a range of 0.4-2.1 and an average of 1.1 + 0.3, with
the most negative pCe-anomalies at stations 69 and 70 (see Paffrath et al., 2021b). For all particulate ratios
and anomalies there is no systematic association with water depth, basin, or dissolved or particulate [REE].
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Figure 3. Profiles of dissolved (upper panel) and particulate (lower panel) neodymium (Nd) concentrations (representative for light rare earth element (REE)),
erbium (Er) concentrations (representative for heavy REE), and exgq.

4. Discussion

In the following, we first discuss the unique distribution of [dREE] and deyq in the central Arctic Ocean be-
fore focusing on potential particle-seawater interactions to further evaluate the dissolved seawater composi-
tions. We then discuss the potential hydrothermal influence on seawater [{REE] and deyg and the observed
exceptionally high dGd-anomalies in deep waters at some of the stations.
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4.1. Evolution of deng and [dREE] of Arctic Intermediate Waters in the Central Arctic Ocean:
Atlantic and (Dense) Arctic Atlantic Water

Along its transport path from the Atlantic and throughout the Arctic Ocean, the AW (27.7 < gp < 27.97) is
modified through mixing with surface or intermediate waters or admixture of shelf waters (e.g., Rudels
et al., 2015). This can be seen not only in salinity and temperature but also in the dNd isotope compo-
sition and concentration: Atlantic waters entering through Fram Strait have a dNd isotope signature of
deng = —11.7 (Laukert et al., 2017) is in line with the dNd isotope composition at stations 32 and 40 with an
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average of dexg = —11.4 + 0.3, where pure Atlantic Water (based on potential temperature > 2°C) is found.
Further into the central Arctic Ocean, temperature and salinity decrease due to addition of river water from
the Kara Sea (Laukert et al., 2017) and precipitation, and admixture of these shelf waters. This modified
Atlantic Water, so-called (Dense) Arctic Atlantic Water ((D)AAW, 0 < 6 < 2°C), is seen at all other stations
and shows an average of deyq = —10.3 £ 0.8, which is higher than the Atlantic Water (Figures 2 and 4). This
change is consistent with admixture of Kara Sea water that is influenced by freshwater input from the Yeni-
sei (deng = —5.2) and Ob rivers (deng = —6.1) (Laukert et al., 2017; Zimmermann et al., 2009). Similarly, the
[dNd] is higher in the (D)AAW (dNd = 19.3 + 3.5 pmol/kg) than in the AW (dNd = 17.9 * 2.2), consistent

PAFFRATH ET AL.

9of 21



A7
ra\%“ 19
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Oceans 10.1029/2021C017423

with addition of river water with high [dREE] (Charette et al., 2020; Paffrath, Laukert, et al., 2021; Zimmer-
mann et al., 2009). Addition from the Siberian shelf seas to (D)AAW has also been suggested by Liguori
et al. (2020) based on heavy dissolved Si isotopes. The [dREE] are highest for samples in the transition to
the overlying Polar Mixed Layer that carries the river signal and most of these samples show a low salinity
in line with highest river inputs. Along the flow path, the dHREE/LREE ratios decrease in the AW and show
a negative correlation with [dNd], in agreement with LREE input from the shelves.

4.2. Constant deyg and [dREE] in Eurasian and Canadian Basin Deep Waters

The deep waters of the Arctic Ocean are mainly sourced by waters of Atlantic origin (e.g., Jones et al., 1995).
The only deep-water inflow is Nordic Sea Deep Water through Fram Strait with dexqof —10.0and 16.1 pmol/kg
dNd in the Fram Strait (Laukert et al., 2017). The other source for deep waters are cold, saline and dense
shelf water plumes sinking down the slope of, for example, the Barents Sea Shelf (e.g., Aagaard, 1981; Midt-
tun, 1985; Swift et al., 1983). The resulting Barents Sea Atlantic Water (dexqg = —11.9, 15 pmol/kg dNd, Lauk-
ert et al., 2019) flows between Franz Josef Land and Novaya Zemlya and then continues into the central
Arctic Ocean via the St. Anna Trough (Rudels et al., 2012), where it can sink to intermediate or deep-water
depths of equal density. The average deep-water deyq composition in the central Arctic Ocean along our
transect is —10.3 + 0.4 (with a d[Nd] range of 13.3-17.8 pmol/kg Nd), which is in the range of mixing of
the possible endmembers mentioned above. A difference can be seen in the Eurasian and Canadian (in this
study only Makarov) Basins due to input of water masses originating from different areas and therefore
showing different Nd isotope compositions: the EBDW is with dexq = —10.4 + 0.4 less radiogenic than the
CBDW (deng = —9.9 £ 0.4). The deyg composition in the CBDW in the Makarov Basin is in line with the one
from the Canadian Basin sampled in the same year (Grenier et al., 2019). While deep waters in the Eura-
sian Basin have deyq in the range of the deep inflow from Fram Strait and Barents Sea, the Makarov Basin
deep-water deyg requires an additional radiogenic source (Figure 2). A likely radiogenic source is modified
Pacific water (dexg = —5.5) sinking down the slope of the Chukchi Shelf (Dahlqvist et al., 2007; Porcelli
et al., 2009). Smethie et al. (2019) used **C (from the parallel US GEOTRACES cruise GNO1 in 2015) to
estimate the deep-water age in the Canadian Basin to be about 450 years. In order to explain this age, they
suggest the age is in steady state with the renewal time of the deep waters, or that the water is not or slowly
renewed, which would be in line with the theory of an overturning event about 500 years ago suggested by
Macdonald et al. (1993) and confirmed by Timmermans et al. (2003). This supports the suggestion that the
radiogenic deyg values in the Makarov Basin originated from the Chukchi Shelf and were preserved in the
CBDW. Even though there is exchange of deep waters between the Canadian and Eurasian Basins (Timmer-
mans et al., 2005) across the Lomonosov Ridge (1,870 m, Bjork et al., 2007), the different Nd isotopic compo-
sitions are maintained in the two basins also above the sill depth. Dissolved [Nd] are on average 15.3 pmol/kg
(n = 88) (similar for EBDW and CBDW) and thus similar to the [dNd] of inflowing AW of 16 pmol/kg dNd
(Laukert et al., 2017). There is little (max. 1.5-2 pmol/kg Nd over the last 500-1,000 m water depth at some
stations) to no (HREE) increase of [dREE] toward the seafloor, suggesting only minor LREE and no HREE
flux from pore fluids, in contrast to some sites in the Northeast Pacific, where significant REE fluxes from
bottom sediments to the deep waters have been suggested (Abbott et al., 2015). At the same time, this indi-
cates no or very little release of (previously adsorbed) REEs from particles, in agreement with previous ob-
servations in the Canadian Basin (Yang & Haley, 2016). The residence times of the dREEs in deep waters of
the Arctic Ocean were calculated to be similar to the age of the waters (Yang & Haley, 2016), consistent with
the vertically and spatially homogenous [dREE] at depth. As no significant increase of REEs is observed
with water depth, the [dREE] are probably a result of the mixing of their source waters. However, a quan-
titative assessment of the conservative behavior of REEs in the deep Arctic Ocean is strongly hampered by
the lack of information on the shelf water constituents contributing to the deep-water masses in the Arctic
Ocean. Deep water is formed on the Arctic shelves through surface cooling and brine rejection during sea
ice formation and little is known about the hydrographic parameters, [IREE] and deyq incorporated into
these waters and their seasonal and interannual and also spatial variability. Defining the deep-water end-
members to separate conservative from non-conservative behavior of REEs is therefore not possible.
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4.3. Interaction Between Particulate and Dissolved REEs

The [dNd] in Arctic deep waters (>1,500 or 2,000 m; in the range of 13.3-17.8 pmol/kg Nd), are lower than
in the deep waters of most other ocean basins, where [dNd] increase on average to 29 pmol/kg dNd (Atlan-
tic) or 37 pmol/kg dNd (Pacific) below 4,000 m water depth (e.g., van de Flierdt et al., 2016 and references
therein). This is in line with a lack of inflowing bottom waters with high [dREE] into the Arctic Ocean and
suggests little to no addition of REEs to Arctic seawater through release from particles falling through the
water column, resuspended from the ocean floor, or through diffusive porewater flux into the water column.
Constant [dREE] are in line with previous studies in the Arctic Ocean, that explained the lack of a vertical
increase in [dREE] with low particle concentrations due to low primary production and a lack of transfer
from the surface to the deep waters (Yang & Haley, 2016). With the first [pREE] at hand, we are now able
to test this hypothesis.

The vertical exchange of water in the Arctic Ocean is strongly limited due to stratification of the upper water
column as a result of high river discharge, seasonal meltwater supply and seawater inflow at depth (Ru-
dels, 2009). Hence, it was suggested that particles introduced to surface waters by river input or biological
production are removed by surface advection (Yang & Haley, 2016) and possibly recycled/remineralized in
the mixed layer, minimizing export to the deeper water column. Our new [pREE] data, however, show pREEs
are still present in the deeper water column and that the pREE concentration range is similar to that at sev-
eral locations in the Atlantic Ocean, for which [pREE] data exist (e.g., Garcia-Solsona et al., 2014; Lagarde
et al., 2020; Sholkovitz et al., 1994; Tachikawa et al., 1999; van de Flierdt et al., 2012). The pREE concentra-
tion range in this study over the entire water column at the open ocean stations (stations 50-101) is from
0.1 to 0.9 pmol/kg Nd. At stations 32, 117, and 125, the [pREE] are partly even higher (up to 4.0 pmol/kg).
These stations are close to the slope of the Barents Shelf, the Gakkel Ridge or the Lomonosov Ridge, respec-
tively, and could therefore be influenced by lateral particle addition. The concentration range of pREEs for
the open ocean stations is comparable to the ranges found in the Sargasso Sea (0.1-0.8 pmol/kg Nd, down
to 2,000 m, Sholkovitz et al., 1994; 0.2-0.4 pmol/kg Nd, 30 and 2,000 m, van de Flierdt et al., 2012). In the
Southeast Atlantic, Garcia-Solsona et al. (2014) reported [pNd] of 0.2-0.8 pmol/kg, with sharp increases to
up to 19 pmol/kg near the bottom (15-180 m above the seafloor). Highest [pREE] are found in eutrophic
areas with 0.7-10 pmol/kg pNd compared to oligotrophic areas with 0.1-0.7 pmol/kg pNd in the tropical
northeastern Atlantic (Tachikawa et al., 1999). Recently, Lagarde et al. (2020) reported [pNd] in the range of
0.15-6.08 pmol/kg in the North Atlantic (Figure 6a). Leaching or digestion methods vary in these studies,
which limits the comparability, but overall it suggests that the [pREE] in these areas are of the same order
of magnitude as those in the central Arctic Ocean despite previous suggestions of very low particle fluxes in
the Arctic Ocean (Yang & Haley, 2016). Furthermore, we do not find evidence for enhanced REE scavenging
at the surface (e.g., high dHREE/LREE ratios or low [dREE], Paffrath, Laukert, et al., 2021), which may be
due to low concentrations of biogenic particles suggested by other studies (e.g., Liguori et al., 2020). These
findings do not exclude particle removal by surface advection, but processes other than a lack of particles
must be responsible for the uniform [dREE], dREE ratios, and deyq in the deep Arctic Ocean. As the [pREE]
are in the same range as in other oceans (Figure 6a), we discuss reasons for the different seawater-particle
processes in the Arctic Ocean compared to other oceans in the following.

One aspect that may explain the different behavior of particles in the Arctic Ocean compared to other ocean
basins may be the relative importance of authigenic and lithogenic associated REEs. The relative propor-
tions of authigenic and lithogenic REEs can be calculated using particulate **>Th or Al concentrations, as
presented, for example, in Garcia-Solsona et al. (2014) and Tachikawa et al. (1997) with continental crust
concentrations from Rudnick and Gao (2003). Particulate >**Th and Al serve as conservative tracers of the
lithogenic fraction. If available, **Th is preferred to Al as Al can also have a non-crustal source (Dymond
et al., 1997). The ***Th-based calculated lithogenic fractions exceeding 100% only at station 50 could also
be due to an excess of ***Th in the particles caused by ***Th in the authigenic fraction (Hayes et al., 2015;
Lagarde et al., 2020), but the effect is smaller for **Th than for Al. Therefore, we used particulate ***Th con-
centrations from Valk et al. (2018) and Gdaniec et al. (2020) (same cruise as this study) for the calculation
of the lithogenic REE fraction. At most stations, the lithogenic [Nd] are constant throughout the water col-
umn (Figure 7a), whereas the authigenic fractions show a larger range from 0 to 3.5 pmol/kg pNd (see Paf-
frath et al., 2021b). The relative contribution of lithogenic and authigenic fractions to the total particulate
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concentration (presented as % lithogenic, Figure 7b) show a dominance (>50%) of the lithogenic fraction at
most stations except a few samples from stations 50 and 125. The lack of any trends with water depth in the
authigenic fraction are a result of the total [pNd] that vary with depth without showing systematic trends. In
contrast to what is observed in the Arctic Ocean, most open-ocean settings show a dominance of biogenic/
authigenic material in the particle composition (Lam & Marchal, 2015 and references therein), while for
areas closer to the margins or with dust deposition, the lithogenic material can be the dominant contributor
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to the particle composition (Lam et al., 2015). Specifically for pREEs, authigenic particles dominate most
stations in the Southeast Atlantic (Garcia-Solsona et al., 2014), whereas a dominance of the authigenic or
lithogenic fraction is hard to determine in the Northeast Atlantic (Tachikawa et al., 1999) due to high errors
in the calculated authigenic fraction (caused by the small difference between the measured total and the
authigenic exg). In the North Atlantic, the lithogenic fraction is especially high at the margins and decreases
toward the open ocean (Lagarde et al., 2020). Model tests revealed that the authigenic Nd scavenged by par-
ticles is completely remineralized in the deep ocean (Tachikawa et al., 2003), whereas the influence of lith-
ogenic sources, for example, dust is often restricted to the surface waters (e.g., Stichel et al., 2015). Different
types of particles dissolve differently with depth and also show different scavenging behavior depending on
the scavenged element (Siddall et al., 2008) and the scavenger (e.g., Schijf et al., 2015).

These findings are consistent with the PAAS-normalized pREE patterns as an indicator for the lithogenic/
authigenic fractionation and the seawater-particle exchange in general (Figure 8). The flat PAAS-normal-
ized patterns of the pREEs in our study and the absence of negative pCe-anomalies point to a dominant
lithogenic origin of the particles (Figures 6b, 6¢c and 8). In contrast, at stations in the Atlantic where au-
thigenic phases are dominant, the bulk particle PAAS-normalized pREE patterns show a marine signa-
ture with negative pCe-anomalies and high pHREE/LREE ratios (Garcia-Solsona et al., 2014), which is
not found in the particulate samples in this study (Figure 6). A dominance of lithogenic material over bio-
genic and authigenic material is supported by low biological productivity in the central Arctic Ocean (e.g.,
Fernandez-Méndez et al., 2015) and comparably high lithogenic inputs from the large Siberian rivers. As
the amount of authigenic particles makes up a small amount of the total particle load in the Arctic Ocean,
scavenging to authigenic particles followed by a release of REEs at greater depth is limited. This results in
almost constant [dREE] in deep waters in contrast to the other major oceans. This is in agreement with the
dissolved Si concentrations and isotopic signatures in the deep Arctic Ocean (>200 m) that indicate a lack of
biogenic Si dissolution likely caused by the overall low biogenic silica concentrations (Liguori et al., 2020).
The authors suggested both low pelagic diatom production and reduced export of biogenic Si to the deeper
water column due to the strong density stratification of the upper water column (Liguori et al., 2020). The
minor role of the lithogenic fraction in transporting (and releasing) REEs to the deep ocean is in line with
Stichel et al. (2015), who found that the influence of Saharan dust on the dNd isotope composition was
limited to the very surface layer for their sampling locations in the Eastern North Atlantic.

Another parameter to describe seawater-particle interactions are the dHREE/LREE ratios. If scavenged
REEs are increasingly released with depth, the dHREE/LREE ratios should decrease with increasing depth
due to release of preferentially scavenged LREEs. The dHREE/LREE ratios are in a narrow range (2.8-4.9,
deep waters 3.8-4.9) and only show a small dHREE/LREE decrease below 1,500 m water depth of on aver-
age 0.3 that coincides with a very small [dNd] increase (Figure S1), in line with low input of REEs at depth
through release of previously scavenged REEs from particles falling through the water column. This is in
contrast to other oceans, where the dHREE/LREE ratios clearly decrease and [dNd] increases with depth
(e.g., Behrens, Pahnke, Paffrath, et al., 2018; Garcia-Solsona et al., 2014; Molina-Kescher et al., 2014). Low-
est dAHREE/LREE ratios and highest d[Nd] in the central Arctic Ocean are confined to AW at stations 32-96,
likely suggesting Nd (and other REE) input from the Barents Sea shelf (Laukert et al., 2019).

An additional aspect for the constant and comparably low [dREE] in the Arctic deep water may be the
age of these waters in comparison to the residence time of the dREEs. The age (isolation time) of the deep
waters in the Arctic Ocean ranges from about 250 years (Eurasian Basin) to 450 years (Canadian Basin)
(Schlosser et al., 1994). Yang and Haley (2016) calculated the residence time of REEs in the Canadian Basin
to be 450-700 years for the Canada Basin. This estimate is comparable to the age of the deep waters. How-
ever, the authors assume that the only renewal of CBDW occurs from the Eurasian Basin over the Lomon-
osov Ridge. This is in contrast to the theory of Macdonald et al. (1993) (supported by Smethie et al., 2019;
Timmermans et al., 2003) who suggested that the CBDW is a relic of an overturning event 500 years ago.
Therefore, the residence time estimate of Yang and Haley (2016) could be taken as a minimum estimate.
In general, the ages of the deep waters are young with respect to the scavenging residence time of dREEs
which is 360-1900 years for Nd in the world ocean (e.g., Arsouze et al., 2009; Jeandel et al., 1995; Tachikawa
etal., 1999, 2003). Calculations of the residence time are based on the inventory in the ocean and the supply
or removal rate of an element. As our data suggest scavenging to be smaller in the Arctic Ocean compared
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Figure 8. PAAS-normalized patterns of particulate rare earth elements (REEs) of this study showing flat or light REE and MREE enriched patterns compared

to the seawater-like, heavy REE enriched particulate REE patterns reported from the southeast Atlantic (station S4) by Garcia-Solsona et al. (2014).
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to other oceans, the residence time might be longer in the Arctic Ocean than the estimated global residence
time. This supports the homogenous distribution in the deep waters due to largely conservative behavior
of REEs.

The Nd isotopic composition of the particles is close to the dissolved one for most samples and also shows
the largest range in the upper 1,000 m (peng = —9.3 to —12.1) (Figures 3-5). This could be a result of ex-
change of Nd between the dissolved and particulate phase or a similar eyq composition of the lithogenic
source and the seawater. For the authigenic fraction, a similar Nd isotope signature as the dissolved pool
can be expected. A large particle source to the central Arctic Ocean are the rivers Yenisei, Ob and Lena with
ena values of the riverbed sediments of —6.4, —8.2, and —14.8, respectively (Schmitt, 2007). Other possible
lithogenic sources, for example, from the shelves, are not characterized for Nd isotope composition. With
the given sources, we cannot distinguish if the pNd isotope composition is caused by mixing of the possible
lithogenic sources or by exchange with the dissolved pool or a combination of both.

To summarize, [pREE] in the Arctic Ocean are similar to those in other oceans. In contrast, there is no pro-
nounced increase in [dREE] with depth. We suggest that this is due to the dominant lithogenic origin of the
particles, whereas in other areas, for example, in the southeast Atlantic at open ocean stations, authigenic
particles dominate (Garcia-Solsona et al., 2014), releasing REEs previously scavenged in the upper water
column. Furthermore, the age of the deep waters is shorter or similar to the residence time of the REEs,
contributing to the homogenous dREE distributions. Exchange processes among the dissolved and particu-
late phase can possibly alter the Nd isotopic composition, but this study cannot provide evidence due to the
variety of Nd isotope compositions of the possible sources.

4.4. Hydrothermal Influence of the Gakkel Ridge Plume on dREEs and deyng

Hydrothermal fluids are strongly enriched in [REE] in comparison to seawater, with a strong positive
Eu-anomaly (Mitra et al., 1994). Upon mixing with seawater, Fe-Mn-oxyhydroxides precipitate and scavenge
REESs, not only effectively removing the vent fluid REEs, but also leading to a depletion of seawater REEs in
the hydrothermal plume (e.g., Chavagnac et al., 2018; German et al., 1990; Klinkhammer et al., 1983; Mitra
et al., 1994; Stichel et al., 2018).

More recently, some studies showed that hydrothermal influence can alter the Nd isotope composition
and/or concentration of seawater: for example, Jeandel (1993) found a change in the dNd isotope signature
toward more radiogenic values in the vicinity of the East Pacific Rise without a change in [REE] or REE
shale-normalized pattern (one sample). Similarly, Stichel et al. (2018) showed that the seawater Nd isotope
signal in the plume of the TAG hydrothermal vent in the North Atlantic is shifted by up to 0.7 eyxq units
to more radiogenic values. Additionally, these authors reported removal of dNd (1.8 pmol/kg), increased
dEu-anomalies, and increased dHREE/LREE ratios within the plume relative to over- and underlying sea-
water and adjacent stations.

At the ultraslow spreading Gakkel Ridge, various active venting sites were found (Edmonds et al., 2003;
Michael et al., 2003) defying previous assumptions that hydrothermal venting would be extremely low.
Cruise PS94 transected the Gakkel Ridge and encountered a hydrothermal plume at station 70 around
2,500 m water depth that was marked by a positive temperature anomaly (Rabe et al., 2016) and elevated Fe
and Si concentrations in the interval from 2,400 to 2,800 m (Interval 1 of Stranne et al., 2010) (Rijkenberg
et al., 2018; van Ooijen et al., 2016, respectively). High dissolved Fe concentrations have also previous-
ly been reported and associated with the hydrothermal plume of the Gakkel Ridge (Klunder et al., 2012).
Methane (Ellen Damm, pers. comm.) and particulate Fe and Mn concentrations (Héléne Planquette, pers.
comm.) also show maxima at the plume depth. At station 68/69 at a deeper depth interval of 3,000-3,800 m
(Interval 2 of Stranne et al., 2010), only a small positive or no anomalies for Si (depending on the station
used as “background” signal) and smaller positive anomalies of particulate Fe and Mn were observed (Mi-
cha Rijkenberg, Héléne Planquette, pers. comm.), whereas dissolved Fe and methane do not show anoma-
lies (Rijkenberg et al., 2018; Ellen Damm, pers. comm.), pointing to a smaller or no hydrothermal influence.
Valk et al. (2018) found a decrease in the dissolved ***Th below 2,000 m at station 68 as a result of scavenging
of *°Th to hydrothermal particles released from steady venting. In comparison to 2007, the dissolved **Th
concentrations were lower below 2,000 m across the Nansen Basin in 2015, which the authors assigned to
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a scavenging event that must have occurred in that timespan and could potentially have also affected the
[REE].

There is a small decrease in [dREE] at station 70 at 2,500 m water depth relative to over- and underlying
water that could be related to REE scavenging by Fe-Mn-oxides. A second [dREE] decrease of the same
amplitude is seen toward the seafloor at 2,900 m water depth, which could be due to REE scavenging onto
resuspended particles. A hydrothermal origin of the [dNd] depletion at the plume depth, however, is not
supported by dHREE/LREE ratios or dEu-anomalies, as those values do not show systematic changes out-
side the analytical uncertainty (Figure S3). At stations 68 and 69, [dNd] and dHREE/LREE ratios do not
differ throughout the profile, only a slight positive dEu-anomaly (1.15) is found at 3,500 m at station 68
that is higher than for the samples above and below (Figure S3). This might hint at a small hydrothermal
influence that has no detectable effect on the [dREE]. For the particulate fraction, a slight increase in [pNd]
and Eu-anomaly may be the result of scavenging onto hydrothermal particles like Fe-Mn-oxides, but the
increases are very small. The low [*°Th] due to enhanced hydrothermal scavenging are also seen at other
stations in the Nansen Basin (Valk et al., 2018). The slightly lower [dREE] below 2,000 m water depth in the
Nansen Basin (Figures 3 and 4a) are within the analytical uncertainty to concentrations in the Amundsen
and Makarov Basins and can therefore not be attributed to scavenging by hydrothermal particles in the
Nansen Basin. Comparison with [dNd] measured at two stations in the Nansen Basin in 2001 (Andersson
et al., 2008) does not show a significant difference to the concentrations in 2015 (this study), indicating
that the hydrothermal scavenging event suggested based on [*°Th] (Valk et al., 2018) did not affect [dREE]
noticeably.

Even if the hydrothermal influence is not seen in dissolved and particulate REE concentrations and pat-
terns, it could influence the dNd isotope composition through exchange with Fe-Mn-oxides as suggested by,
for example, Stichel et al. (2018), Chavagnac et al. (2018), and Jeandel (1993). However, no shift in the dNd
isotope composition toward more radiogenic values is observed at stations 68 and 70 relative to over- and
underlying samples nor adjacent stations.

In summary, the [dREE] and deyg composition are not significantly influenced by hydrothermal activity at
the sampled sites. In comparison to the TAG hydrothermal plume, this can be related to the slow spreading
rate at Gakkel Ridge (e.g., Michael et al., 2003). At the same time, Rijkenberg et al. (2018) showed that the
hydrothermally induced increase in dissolved Fe concentrations from the same cruise in 2015 was smaller
than observed in 2007 (Klunder et al., 2012) and related this to the difference in sampling location. Even
though the REEs have a longer residence time than, for example, Fe and therefore the effects of hydrother-
mal influence can accumulate over time, the hydrothermal activity was not high enough to leave a substan-
tial imprint on [dREE] and deyy at the stations in the hydrothermal plume (68, 69, 70) or downstream in the
Nansen Basin (as reported for [**°Th], Valk et al., 2018).

4.5. Positive dGd-Anomaly at Stations 125 and 134

At station 125 and partly 134, there is a positive dGd-anomaly of up to 7 that is correlated with elevated
[dCe] (Figure S2, for station 125: R* = 0.65, p-value < 0.05). The other dREEs and other trace metals, for
example, dissolved Fe (Rijkenberg et al., 2018) do not show any conspicuous features or deviations at the
same stations and depths.

Positive dGd-anomalies have been reported before in marine surface and coastal waters (e.g., Kulaksiz &
Bau, 2007; Paffrath et al., 2020; Pedreira et al., 2018) and river water (e.g., Bau & Dulski, 1996; Kulaksiz
& Bau, 2007). They are a result of anthropogenic influence as Gd is used in contrast agents for magnetic
resonance imaging since the 1980s. These contrast agents contain Gd in strong complexes that pass the
wastewater treatment plants unaffected and release Gd to the rivers and the oceans (Bau & Dulski, 1996).
Therefore, positive dGd-anomalies in surface samples could be expected due to large river inputs and urban
areas along these rivers, but surprisingly, they are found throughout the water column at stations 125 and
134 down to 3,788 m water depth. This makes anthropogenic contamination via contrast agents unlikely
as they have been used for only about 40 years and the deep waters are older than that (250-450 years;
Schlosser et al., 1994). Furthermore, in surface samples with high river contributions of up to about 21%
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(Charette et al., 2020; Paffrath, Laukert, et al., 2021), a positive dGd-anomaly exceeding the natural one was
not observed and the rivers are therefore an unlikely source of the high [dGd].

Natural sources of the high dGd-anomalies and elevated [dCe], such as sediments or hydrothermal input,
can be excluded as no selective Ce and Gd release from minerals or elevated concentrations of these ele-
ments in minerals or hydrothermal vent fluids have been reported so far and [pCe] and [pGd] at station 125
are not elevated.

Contamination of these samples in the lab during sample processing or analysis is excluded as these sam-
ples were processed two to three times at different times, but the positive dGd-anomaly and elevated [dCe]
were present in every subsample analyzed. Furthermore, these samples were prepared together with other
samples in one batch that do not show a positive dGd-anomaly nor elevated [dCe]. Invoking contamination
during sampling is also hampered by the lack of a potential source of high Gd and Ce on board that would
selectively contaminate only some of the samples, but not others.

This leaves an in situ anthropogenic contamination as the most likely cause of the observed anomalies. The
input of anthropogenic Gd from contrast agents is unlikely, as discussed above, but Gd is also used in indus-
try in shielding of nuclear reactors and improvement of the workability and of the resistance to high tem-
perature and oxidation of iron, chromium, and related alloys (Voncken, 2016). Further applications of Gd
include the usage for optical and magnetic detection, ceramics, glasses, crystal scintillators (Naumov, 2008),
and magnetic coolants (Eliseeva & Biinzli, 2011). Input of Gd due to reprocessing plants is unlikely as
1291/%%9U ratios at the stations and depths with positive dGd-anomalies are low (Casacuberta et al., 2018).
A further discussion of potential sources for the high [dGd] and [dCe] is beyond the scope of this study.
Overall, due to the regional occurrence of the dGd-anomaly, an in situ anthropogenic nearby point source,
maybe on the nearby Lomonosov Ridge, is suggested to cause the increased [dGd] over a large depth range.

5. Conclusions

Deep waters from the central Arctic Ocean show uniform [dREE] as a result of very little REE input from
particles, despite [pREE] in the same range as in other ocean basins. Estimates of the relative lithogenic
and authigenic [REE] indicate a dominance of the lithogenic fraction. We suggest that the low concentra-
tion of biogenic particles and active recycling in the surface layer suggested by other studies (e.g., Liguori
et al., 2020), are responsible for the reduced release of REEs from particles in the deep waters. The dNd iso-
tope composition is also constant in the deep central Arctic Ocean, with only slightly more radiogenic deep
water in the Canadian compared to the Eurasian Basin due to additional radiogenic input most likely from
the Chukchi Shelf to the Canadian Basin. Atlantic waters evolve upon their transport from Fram Strait, as
contributions from the Kara Sea lower the salinity and increase the [dREE] and dNd isotope signatures. A
hydrothermal plume sampled close to the Gakkel Ridge has no influence on dissolved and particulate REE
concentrations, REE patterns nor the Nd isotope composition. A positive dGd-anomaly was found at two
stations probably due to a nearby point source.

Data Availability Statement

The data used in this study are available on the PANGAEA® database (www.pangaea.de) under https://doi.
org/10.1594/PANGAEA.933493 (dissolved data; Paffrath et al., 2021a) and https://doi.org/10.1594/PAN-
GAEA.933484 (particulate data; Paffrath et al., 2021b).
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