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Highlights:

e First comprehensive seawater Nd isotope and REE data set for the Barents Sea.
e Water masses traced with Nd isotopes, salinity and stable oxygen isotopes.

e No release of particulate REEs to the dissolved load except for cerium.

e Transformation of Atlantic Water accompanied by pronounced REE removal from the

dissolved phase.

ABSTRACT

Nearly half the inflow of warm and saline Atlantic Water (AW) to the Arctic Ocean is
substantially cooled and freshened in the Barents Sea, which is therefore considered a key
region for water mass transformation in the Arctic Mediterranean. Numerous studies have
focused on this transformation and the increasing influence of AW on Arctic climate and
biodiversity, yet geochemical investigations of these processes have been scarce. Using the
first comprehensive data set of the distributions of dissolved radiogenic neodymium (Nd)
isotopes (expressed as eyq), rare earth elements (REE) and stable oxygen isotope (5'%0)
compositions from this region we are able to constrain the transport and transformation of
AW in the Barents Sea and to investigate which processes change the chemical composition
of the water masses beyond what is expected from circulation and mixing.

Inflowing AW and Norwegian Coastal Water (NCW) both exhibit distinctly
unradiogenic eng signatures of -12.4 and -14.5, respectively, whereas cold and dense Polar
Water (PW) has considerably more radiogenic eng signatures reaching up to -8.1. Locally
formed Barents Sea Atlantic Water (BSAW) and Barents Sea Arctic Atlantic Water
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(BSAAW) are encountered in the northeastern Barents Sea and have intermediate eng values
resulting from admixture of PW containing small amounts of riverine freshwater from the Ob
(< ~1.1 %) to AW and NCW. Similar to the Laptev Sea, the dissolved Nd isotope
composition in the Barents Sea seems to be mainly controlled by water mass advection and
mixing despite its shallow water depth. Strikingly, the BSAW and BSAAW are marked by the
lowest REE concentrations reaching 11 pmol/kg for Nd ([Nd]), which in contrast to the Nd
isotopes, cannot be attributed to the admixture of REE-rich Ob freshwater to AW or NCW
(INd] = 16.7, and 22 pmol/kg, respectively) and instead reflects REE removal from the
dissolved phase with preferential removal of the light over the heavy REEs. The REE removal
is, however, not explainable by estuarine REE behavior alone, suggesting that scavenging by
(re)suspended (biogenic) particles occurs locally in the Barents Sea. Regardless of the exact
cause of REE depletion, we show that AW transformation is accompanied by geochemical

changes independent of water mass mixing.

1. INTRODUCTION

Over the past 30 years, the volume of warm and saline Atlantic Water (AW) present in the
Barents Sea (BS) has more than doubled at the expense of Arctic-derived cold and fresh Polar
Water (PW) (Oziel et al., 2016). The enhanced advection of warm AW has been regarded the
main driver of the marked sea-ice retreat observed in the BS (Arthun et al., 2012) and more
recently also in the Eurasian Basin of the Arctic Ocean (AO) (Polyakov et al., 2017). Among
the Arctic regions the BS has experienced the strongest sea-ice loss in winter (Onarheim et
al., 2018), which is consistent with the growing impact of oceanic heat loss. The exact causal
relationship between increasing AW inflow and decreasing sea-ice extent is still under debate
but the overall change to more temperate conditions in the Eurasian part of the Arctic through
increased influence of AW on the upper water column is well documented. In fact, due to the

extensive sets of hydrographic data (S, T, density and nutrients) collected over the last



decades, the hydrography and dynamics of the BS are amongst the best known of the Arctic
shelf seas (cf. Korablev et al., 2014; Oziel et al., 2016). The ongoing “Atlantification” of the
AO 1is accompanied by an alteration of the marine ecosystems, which in the BS is mainly
reflected by a shift in spring and summer phytoplankton blooms to the Northeast (Oziel et al.,
2017) and an increase in the amount of krill (Eriksen et al., 2017). The BS accounts for ~40 %
of the primary productivity of the Arctic shelf regions (Ardyna et al., 2013; Arrigo and van
Dijken, 2015; Sakshaug, 2004), such changes thus are expected to have broad implications for
the marine ecosystem state of the entire AO.

In contrast to the significant progress made in oceanographic and biological research,
little is known about the (bio)geochemical processes affecting the chemical composition of
the water column in the BS and their response to the observed recent changes. This is because
only limited trace metal and rare earth element (REE) data are available from this region. In
detail, no comprehensive trace metal concentration data have been obtained from the BS to
date and concentrations and radiogenic isotope compositions of the REE neodymium (Nd)
have so far only been reported for seawater collected at one station in the northwestern BS
(Andersson et al., 2008). However, in other regions of the Arctic Mediterranean (i.e. the
Arctic Ocean and the Nordic Seas) the Nd isotope system has been successfully applied as a
tracer of water mass circulation and mixing (Andersson et al., 2008; Charette et al., 2016;
Lacan and Jeandel, 2004a, b; Laukert et al., 2017a, b, c¢; Porcelli et al., 2009; Zimmermann et
al., 2009). This isotope system is characterized by slow decay of the samarium (Sm) isotope

7Sm to the radiogenic Nd isotope 143

Nd, whose ingrowth together with the differentiation of
Sm and Nd during partial melting or fractional crystallization cause characteristic "N/ M*Nd
ratios of rocks. These specific signatures vary as a function of rock age and lithology and are
commonly expressed as eng, which denotes the deviation of a measured Nd/"Nd ratio

from the ‘Chondritic Uniform Reservoir’ (CHUR) ratio of 0.512638 in parts per 10000

(Jacobsen and Wasserburg, 1980). The exq signatures of rocks are introduced into the oceans
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via riverine or aeolian inputs of weathered continental material and are subsequently advected
and preserved in water masses of the open ocean due to the quasi-conservative behavior of Nd
(Frank, 2002; Goldstein and Hemming, 2003) and its intermediate average oceanic residence
time of several hundred years (Arsouze et al., 2009; Rempfer et al., 2011; Tachikawa et al.,
2003). Apart from water mass circulation and mixing, water mass eng signatures can only be
modified through seawater-particle interactions occurring either within the water column or at
the land-ocean boundaries (e.g. Abbott et al., 2015a, b; Jeandel, 2016; Johannesson and
Burdige, 2007; Johannesson et al., 2017; 2011; Lacan and Jeandel, 2001; 2005; Nozaki and
Alibo, 2003; Siddall et al., 2008). The Nd isotope system therefore not only has a high
potential for providing important information beyond that deducible from hydrographic
parameters, but recently has also become a useful tool to determine REE fluxes between the
different pools present in seawater and marine sediments.

In the open Arctic Mediterranean, the seawater Nd isotope distribution can generally
be explained by water mass circulation and mixing (Andersson et al., 2008; Lacan and
Jeandel, 2004a, b; Laukert et al., 2017a, c; Porcelli et al., 2009; Zimmermann et al., 2009).
Seawater-particle interactions change the dissolved Nd isotope compositions only on the
North-East Greenland Shelf (Laukert et al., 2017a) and in the Chukchi Sea (Charette et al.,
2016; Dahlqvist et al., 2007; Porcelli et al., 2009), whereas on the vast Siberian shelves such
interactions are dominated by removal of riverine REEs and no significant REE release from
particulate phases or any associated change in the seawater Nd isotope composition is
observed (Laukert et al. 2017b). As shown in Figure 1, the REE budget of the Arctic
Mediterranean is dominated by AW, which is characterized by enq signatures of -13 and -12.6
at the Iceland-Scotland Ridge and the Denmark Strait, respectively (Laukert et al., 2017a and
references therein). Pacific-derived waters entering the AO through the Bering Strait have
distinctly more radiogenic eng signatures around -2 to -3 (Charette et al., 2016), which are

altered close to the Bering Strait via seawater-particle interactions resulting in exq values near



-5.5 for modified Pacific-derived waters entering the AO through the Chukchi Sea (Dahlqvist
et al., 2007, Porcelli et al., 2009). The Norwegian Coastal Water (NCW) is another important
source for the marine REE budget of the Arctic Mediterranean and is characterized by an eng
signature of -14.5 in the southern BS (Laukert et al., 2017a; this study). The discharge of
freshwater from the different Arctic rivers is characterized by a wide range of Nd
concentrations and isotope compositions (Laukert et al., 2017a, b; Persson et al., 2011;
Porcelli et al., 2009; Zimmermann et al., 2009). Additional contributions of REEs via glacial
meltwater and runoff are generally confined to the shelf regions of Greenland (e.g. Lacan and
Jeandel, 2004a; Laukert et al., 2017a), whereas aeolian inputs have not been reported to date
but will likely only be of limited importance for permanently and seasonally ice-covered
areas.

In this study we present dissolved radiogenic Nd isotope compositions, dissolved REE
concentrations and stable oxygen isotope compositions together with hydrographic data to
refine the knowledge on the transport and transformation of AW in the BS and to identify
(bio)geochemical processes occurring in the water column. The data reported here were
obtained from samples collected in 2014 in the central and northeastern BS and besides a
refinement of the water mass components and their distribution indicate that AW

transformation is associated with a pronounced removal of dissolved REEs.

2. HYDROGRAPHIC SETTING

Compared to the freshwater-dominated Siberian Arctic seas the BS is characterized by high
salinities (S > ~30) resulting from the inflow of relatively warm and saline AW and
comparatively little river runoff (Fig. 1). The volume transport of AW across the BS amounts
to ~2 Sverdrup (Sv) (Skagseth, 2008), which corresponds to approximately ~40 % of the total
AW inflow into the AO considering an AW volume flux of ~3.2 Sv via the eastern Fram

Strait (Mauritzen et al., 2011). The AW inflow is complemented by the inflow of NCW,



which originates in the Baltic Sea (Bjork et al., 2001; Gascard, 2004) and is advected into the
southern BS via the Norwegian Coastal Current (Loeng, 1991). The volume transport of
NCW is ~1.8 Sv (Skagseth et al., 2011), which is similar to that of AW entering the AO via
the BS.

The advection of AW into the Arctic Mediterranean (i.e. AO and Nordic Seas) is an
integral part of the Atlantic thermohaline overturning circulation, which in the BS is
represented by AW transformation into colder and denser water and which from there on is
referred to here as Barents Sea Atlantic Water (BSAW). The BSAW flows eastwards across
the passage between Novaya Zemlya and Franz Josef Land and mainly enters the deep AO
through the St. Anna Trough (e.g. Loeng, 1991). The formation and admixture of BS-derived
waters to the intermediate layers of the open AO is well documented (e.g. Dmitrenko et al.,
2009; Lien and Trofimov, 2013; Lind et al., 2016; Oziel et al., 2016). However, most of the
observational research conducted over the last few decades focused on the western and central
part of the BS, while the northeastern part including the region between Novaya Zemlya and
Franz Josef Land is still comparably understudied due to difficult ice conditions prevailing
there most of the year. Latest research efforts investigating the hydrography in this region
indicate that exchange between the open AO and the northern BS is more complex than
previously suggested, in particular due to the previously unconsidered presence of Arctic
Atlantic Water (AAW) entering the BS from the Kara Sea (Makhotin and Ivanov, 2016). The
factors controlling temporal changes in the advection and distribution of AW in the BS are
also subject of ongoing research. Variability in AW advection has been attributed to changing
atmospheric patterns (e.g. Ingvaldsen et al., 2004; Proshutinsky and Johnson, 1997) and more
recently has also been linked to the Atlantic Multi-Decadal Oscillation (Levitus et al., 2009),
whereby overall warming of waters was observed in different regions north of 60 °N (Seidov
et al., 2015). Understanding the role of atmospheric interannual variability in controlling AW

advection remains challenging due to the fact that temperature, salinity and density



characteristics are decoupled in the BS during AW transformation. This is because salinity
anomalies are mainly established and sustained by horizontal advection, while temperature
anomalies are subject to air-sea interactions resulting in their separate propagation

(Yashayaev and Seidov, 2015).

3. METHODS

The samples of this study were recovered between 1% and 29™ June 2014 aboard the Russian
research vessel RV Professor Molchanov in the frame of the Russian project “Arctic Floating
University”. Continuous CTD (conductivity, temperature, depth) profiles were obtained in the
central BS along a latitudinal transect between 70.0 °N and 79.3 °N at approximately 33.5 °E,
and in the eastern BS along several transects between Novaya Zemlya and Franz Josef Land.
For the recovery of all seawater samples along the transects a rosette water sampler equipped
with a SBE19plus CTD and Niskin-type sample bottles was used.

Oxygen isotope compositions were analyzed at the Stable Isotope Laboratory of the
College of Earth, Ocean, and Atmospheric Sciences at Oregon State University (Corvallis,
USA) applying a CO,-water isotope equilibration technique (Epstein and Mayeda, 1953) on at
least two subsamples on a DeltaPlusXL instrument at an external reproducibility of +0.04 %o
or better. The measured '*0/'°0 ratios are provided as deviation from Vienna Standard Mean
Ocean Water in the 6-notation (Craig, 1961). Sample salinity (Sp,) was determined with an
AutoSal 8400A salinometer at GEOMAR with a precision of +0.003 and an accuracy better
than +0.005. The S and §'%0 data were combined to determine the fractions (f) of meteoric
water (which is essentially only riverine freshwater, RF, given that precipitation can be
neglected), sea-ice meltwater (SIM; negative values are proportional to the subsequent
addition of brines to the water column) and marine water (SW) by applying mass balance
equations (Ostlund and Hut, 1984). The end-member values for SIM were taken from Bauch

and Cherniavskaia (2018) and those for SW were calculated by averaging the values of AW



samples of this study (S = 35.02, §180 = 0.3, n = 6). For RF, a 8180 value of -15.5 %o was
adopted from Dubinina et al. (2017) representing freshwater discharged into the Kara Sea.
Following Laukert et al. (2017b), we use S,, and 580 to determine the initial salinity So,
which is the expected salinity without contributions from sea-ice formation and melting.
Nutrient concentrations (silicate and phosphate) were analyzed on board following standard
procedures (Grasshoff et al., 2009).

For Nd isotope and REE concentration analyses 10 L of seawater were directly filtered
through AcroPak ™500 Capsules with Supor Membrane (pore size: 0.8/0.2 um) filter
cartridges and collected in acid-cleaned LDPE containers. After transport to the Otto-Schmidt
Laboratory in St. Petersburg, Russia, the samples were acidified to pH ~2.2 with ultra-pure
concentrated HCI and aliquots of 1 L were separated into acid-cleaned LDPE-bottles for
concentration analyses. About 100 mg of Fe were added to the remaining large volume of the
samples as a purified FeCl; solution and after equilibration for 48 hours the pH was adjusted
to ~8 leading to co-precipitation of the dissolved REEs with FeOOH. The supernatant was
discarded and the Fe-precipitates were transferred into 1 L acid-cleaned LDPE-bottles for
further treatment in the home laboratory at GEOMAR. After pre-concentration and
evaporation, the samples were treated with aqua regia at 110 °C for at least 24 h to destroy
organic components. Precleaned diethyl ether was then used to separate the Fe from the
samples following Stichel et al. (2012). Further separation of the major element cations and
high field strength elements from the REEs was achieved through cation exchange
chromatography (BIORAD® AGS50W-X8 resin, 200-400 um mesh-size, 1.4 mL resin bed)
following the separation scheme of Barrat et al. (1996). Neodymium was then purified by a
second column chemistry step using Eichchrom® LN-Spec resin (50-100 uym mesh size, 2 mL
resin bed) and a modified separation scheme of Le Fevre and Pin (2005) and Pin and
Zalduegui (1997). Finally, the samples were treated with H,O (~30 wt.%) for at least 2 hours

to avoid possible contamination by traces of resin and to prevent disturbing matrix effects.



The Nd isotope compositions were measured on a Neptune Plus (Thermo Scientific)
MC-ICP-MS at the ICBM (University of Oldenburg) and a Nu Plasma (Nu Instruments
Limited) at GEOMAR. For correction of instrumental mass bias an exponential mass
fractionation was applied using a MONd/"**Nd ratio of 0.7219 and the measured '*Nd/"*'Nd
sample ratios were normalized to the accepted value of 0.512115 for the JNdi-1 standard
(Tanaka et al., 2000). The 2¢ external reproducibility ranged between 0.2 and 0.4 engq units for
the individual measurement runs based on repeated measurements of JNdi-1 and in-house
standards with concentrations similar to those of the samples.

The REE concentrations were determined using an online pre-concentration (OP) ICP-
MS technique at GEOMAR by directly coupling a “seaFAST” system (Elemental Scientific
Inc., Nebraska, USA) to an ICP-MS (Agilent 7500ce) (Hathorne et al., 2012). This method
was recently improved by using an 8 ml sample loop and calibration standards with a mixed
REE solution of a seawater-like composition in a natural seawater matrix (see also Osborne et
al., 2015). Repeated measurements of GEOTRACES inter-calibration sample BATS 15m
(van de Flierdt et al., 2012) were used to monitor the external reproducibility. Neodymium
concentrations were in addition determined using an isotope dilution (ID) method following
Rickli et al. (2009). In brief, a pre-weighed B ONd spike was added to 0.5 L of each sample
and sufficient time was given for equilibration. After addition of the purified FeCls solution,
co-precipitation was achieved at pH ~8. Pre-concentration and REE separation was then
performed identically to that of the large volume samples (see above), except that only the
cation exchange chromatography (BIORAD® AG50W-X8 resin, 200-400 pm mesh-size, 1.4
mL resin bed) was applied.

The entire pre-concentration, purification and measurement techniques regarding the
determination of Nd isotopes and REE concentrations strictly followed approved
GEOTRACES protocols and were confirmed through participation in the international

GEOTRACES intercalibration study (van de Flierdt et al., 2012).
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4. RESULTS

All Nd isotope, REE concentration and 5'°0 data presented here are reported in table 1
together with corresponding hydrographic information, and in addition are accessible through
the PANGAEA database (LINK WILL BE PROVIDED ONCE THIS MS WILL BE
ACCEPTED). The complete hydrographic data set of our study has previously been discussed
by Makhotin and Ivanov (2016) along with hydrographic data from 2012 and 2013 and all
data are accessible through the PANGAEA database (LINK WILL BE PROVIDED BY
MAKHOTIN ET AL. ONCE THE MS WILL BE ACCEPTED). Water masses were mainly
classified based on the basis of constant 6-S end-member definitions after Rudels et al. (2012;
2005). However, this classification had to be extended to the regional hydrography by slightly
adjusting the ©-S properties and by adding locally present water masses according to
observations made in this study and based on literature results (Harris et al., 1998; Lien and
Trofimov, 2013; Loeng, 1991; Makhotin and Ivanov, 2016; Oziel et al., 2016; Pfirman et al.,
1994). The 6-S characteristics of the water masses are reported in table 2 along with their Nd
isotope and REE signatures. We note that our 6-S definitions of the water masses slightly
differ from those suggested by Oziel et al. (2016) who recently provided a comprehensive
assessment of the BS hydrography and water mass dynamics as well as their changes over the
last 30 years. Our classification, however, mainly aims at a better understanding of the
distribution of the tracers applied in this study and is not supposed to be fully comparable

with previous hydrographic studies.

4.1 Hydrography and water masses based on 6'°0 and S
Overall a relatively narrow range in S (33.5 < Sj,, < 35) but strong temperature gradients (-2 <

0 < 6 °C) are observed for the waters circulating in the BS. In 6-S space, warm (6 > 4 °C) and

relatively fresh (S;, < 34.9) NCW clearly is separated from colder (6 < 0 °C) but similarly
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fresh PW through the presence of relatively warm (~0 < 6 < 4.5 °C) and saline (Sp > 35) AW
(Fig. 2). In contrast to AW and PW that both exhibit a wide vertical and horizontal spread
(see Figs. 3 and 4), the NCW based on 6-S properties is encountered only in the upper water
column (< 150 m) of the southern BS (south of 72 °N). The ~400 km wide body of AW is
located further north (centered at ~74 °N) and is marked by constant Sy, (~35) throughout the
water column but comprises variable temperatures that generally decrease towards the north
(Figs. 3 and 4).

In the northeastern BS, temperatures near zero and S,, ranging between 34.90 and
34.95 indicate the presence of BSAW at 50 to 250 m depth along the northwestern slope of
Nowaya Zemlya (at ~75-77 °N) (Fig. 4). A water mass with similar 6-S characteristics is
located further north (mainly at ~79 °N) spreading below 150 m depth (Fig. 4). Hydrographic
data from 2012 and 2013 obtained further to the East indicate that this water is the
transformed continuation of relatively warm (up to ~1.4 °C in 2013) AAW advected from the
open AO through the Kara Sea via the St. Anna Trough (Makhotin and Ivanov, 2016). These
waters were significantly colder (below 0 °C) in 2014 compared to the AAW observed in
2012 and 2013 further east, suggesting that substantial cooling must have occurred during
AAW transport across the northeastern BS. Therefore, we distinguish between the precursor
AAW circulating in the open AO or the Kara Sea and the transformed AAW in the BS by
referring to the latter as Barents Sea Arctic Atlantic Water (BSAAW). The BSAAW is
observed as far north as 79.5 °N (e.g. at the southern end of Franz Victoria Through) and to
the south separated from BSAW by a ~100 km wide and ~150 m deep body of cold and less
saline PW (Fig. 4). Waters comprising the latter generally have lowest temperatures at 50 to
200 m depth (6 ~ -2 °C), while at the surface they are marked by somewhat higher
temperatures (0 reaching ~0 °C). In the northernmost BS close to Spitsbergen they are

identifiable by the lowest Sy, (reaching ~33.5) of the data set (Fig. 4).
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The overall ranges in frr and fsp are low but significant to identify differences for the
individual water masses. While the 8'*0 and S,, values of samples representing the core of
AW were used to determine the SW end-member and thus the frr of AW is set to zero by
definition, samples representing NCW, PW and BS(A)AW are marked by higher frg values
reaching 1.1 % for PW (Fig. 2). Only one sample representing PW (station 54, 11 m) has
exceptionally low frr compared to what can be expected based on its Sy, value (Fig. 2). This
sample also has the highest fsp of the data set (~2.7 %), which together with the low frr
suggests that its lowered Sy, resulted from addition of sea-ice meltwater rather than river
water. No correlation is found between frr and fsp for PW or any other water mass and
essentially all samples have positive fsn suggesting the absence of significant brine
contribution. The §'*0-based parameters do also not correlate with nutrient concentrations,

which generally are depleted at the surface and increase with depth.

4.2 Nd isotopes, REE concentrations and REE distribution patterns

As shown in Figure 5a, the separation of NCW from PW observed in 6-S space (section 4.1)
is also reflected by the distribution of the REE concentrations (here represented by the Nd
concentration determined via isotope dilution, i.e. [Nd]p). Samples reflecting NCW have the
highest dissolved REE concentrations at an average [Nd]p of 22.5 pmol/kg (1 SD=0.3,n =
2), whereas the average [Nd]p of AW samples collected further north is significantly lower at
16.6 pmol/kg (1 SD = 1.3, n = 5) (see also Fig. 2). Three samples that cannot clearly be
attributed to either NCW or AW but have 0-S characteristics intermediate between these
water masses and hence are termed AW-NCW (Fig. 5). Samples obtained from the
northeastern BS with 6-S characteristics of PW have slightly more variable but generally
lower REE concentrations than AW and NCW. As shown in Figures 2 and 5, the lowest
[Nd]ip were found in BSAAW reaching 11 pmol/kg for the deepest sample of the entire data

set (station 126, 350 m).
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The general trends observed for [Nd]ip apply to all dissolved REEs, yet different
gradients are found for each REE resulting in different REE distribution patterns for each
sample after normalization to Post-Archean Australian Shale (PAAS, McLennan, 2001).
Despite the general progressive enrichment from light (L)REEs to heavy (H)REEs and the
pronounced negative Ce anomaly typical for seawater REE patterns, the samples exhibit
systematic changes in HREE/LREE ratios (here: [Yb]y /[Nd]n, whereby “N” refers to PAAS-
normalized concentrations). Samples representing NCW have the lowest HREE/LREE ratios
near ~3 in contrast to BSAAW samples that reach values of up to 5. Samples representing
AW, AW-NCW, NCW, BSAW and PW have intermediate HREE/LREE ratios. As shown in
Figure 5b, the increase in HREE/LREE ratios is accompanied by a decrease in [Nd]m.
Similarly, the MREE/MREE* ratio (here: ([Gd]x + [Dy]n)/([Yb]x + [Nd]~)) and the cerium
(Ce) anomaly (i.e. Ce/Ce*, defined as the [Ce]n/[([La]n +[Pr]x)/2]) decrease with increasing
HREE/LREE (Figs. 5c and d). Only the BSAAW sample with the highest HREE/LREE ratio
(station 129, 200 m) has elevated Ce/Ce* (~0.25) compared to what can be expected based on
these correlations (~0.05).

The Nd isotopic compositions for all samples range between eng = -14.5 and -8.1
(Figs. 2-4 and 6). The least radiogenic eng signatures were found for samples representing
NCW, whereas samples obtained from the core of AW have more radiogenic Nd isotopic
compositions with an average eng of -12.4 (1 SD = 0.4, n = 6). Distinctly more radiogenic but
also more variable eng signatures were measured in BSAW (average exng =-11.9, 1 SD = 0.2,
n =4), BSAAW (average eng =-9.9, 1 SD = 0.4, n = 2) and PW (average eng =-9.8, 1 SD =
1.3, n = 13) prevailing in the northeastern BS (Figs. 3 and 4). The most radiogenic Nd
isotopic compositions are found for PW samples collected about 200 km north of northern
Nowaya Zemlya (station 119), where the 100 km wide, cold and less saline body of PW
separates BSAW from BSAAW (Fig. 4). In general, the water column in the northeastern BS

is marked by constantly decreasing eng signatures with depth reaching values of -12.1 for
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bottom waters located in the vicinity of Nowaya Zemlya (station 115, 180 m depth), and -10.2

for bottom water prevailing south of Franz Josef Land (station 126, 350 m depth).

5. DISCUSSION
5.1 Conservative versus non-conservative Nd isotope behavior
The release of REEs from the particulate to the dissolved phase accompanied by a change in
the seawater Nd isotope composition is a common feature observed for different marine
settings throughout the world’s ocean (e.g. Abbott et al., 2015a, b; Grasse et al., 2017; Grenier
et al., 2013; Haley et al., 2017; Jeandel, 2016; Lacan and Jeandel, 2005; 2001; Nozaki and
Alibo, 2003; Rousseau et al., 2015; Siddall et al., 2008). This process challenges the use of
Nd isotopes as a water mass tracer near continental margins because water masses acquire
new eng signatures and hence the relationship between eng and hydrographic water mass
properties is altered. In the Arctic Mediterranean the release of particulate REEs was
suggested to change the dissolved eng signature and [Nd] of Pacific-derived waters entering
the AO across the Bering Strait (Charette et al., 2016; Dahlqvist et al., 2007; Porcelli et al.,
2009) and to change the Nd characteristics of bottom waters circulating on the North-East
Greenland Shelf (Laukert et al., 2017a). In addition, boundary exchange (i.e. modification of
ena Without significant changes in [Nd]) was suggested to modify the Nd isotope composition
of intermediate and deep waters (> ~500 m depth) in the Iceland and Norwegian Seas (Lacan
and Jeandel, 2004b; Laukert et al., 2017a). In contrast to these observations, the eng
distribution in the upper ~500 m of the open Arctic Mediterranean and on the vast Siberian
Arctic shelves was shown to be unaffected by particulate REE release and was interpreted to
be mainly the result of lateral advection of water masses and their mixing (Laukert et al.,
2017a, b, ¢).

The observed modification of the Nd isotope composition of intermediate and deep

waters in the Arctic Mediterranean is likely caused by interaction between seawater and
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young basaltic rocks of Late Neogene and Quaternary age exposed at the margins of the
Iceland and Norwegian Seas (cf. Lacan and Jeandel, 2004b). The BS is predominantly
surrounded by Caledonian rocks of Ordovician to Early Devonian age and significant changes
in the dissolved Nd isotope composition through partial dissolution of deposited sediments are
thus less likely. Once the waters with the relatively radiogenic eng signatures (eng ~ -8)
resulting from boundary exchange near Iceland are introduced into the large-scale circulation,
their signatures are only altered due to water mass mixing but overall well preserved below
~500 m depth throughout the entire Arctic Mediterranean (average exg ~ -10) likely due to the
residence time of the REEs exceeding the ventilation time of the intermediate and deep waters
(Laukert et al., 2017a). The upper water column (< ~500 m depth) of the Arctic
Mediterranean is marked by comparatively low (< ~40 years) ventilation times (Tanhua et al.,
2009) and strong lateral advection of water masses in addition to riverine runoff continuously
supplying ‘new’ REEs to the water column, which excludes any significant influence of
Icelandic sources on the water column of the shallow BS (average depth ~230 m).

In addition to deep sea boundary exchange, the discharge of large amounts of
continental freshwater has been shown to change the dissolved Nd isotope composition
through release of river-borne particulate REEs (e.g. Grasse et al., 2017; Rousseau et al.,
2015), which was even suggested to be one of the main supply mechanisms of REEs into
seawater. The dissolved eng signatures in the BS change towards less radiogenic values along
the transport of PW towards the west. This observation would be consistent with the influence
of particulate (lithogenic or colloid-bound) Nd from the suspended load of the Yenisei and Ob
rivers (dissolved eng of Yenisei and Ob is —5.2 and —6.1, respectively, Zimmermann et al.,
2009; riverbed surface sediment eng of Yenisei and Ob on average is —6.4 and —8.2,
respectively, Schmitt, 2007) decreasing towards the west. A comparison with shallow Arctic
and sub-Arctic shelf regions where changes in the seawater Nd isotope composition and

concentration were observed that are beyond what can be expected from water mass
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circulation and mixing, provides further insights. Major differences in the REE dynamics
observed between these regions (particularly the North-East Greenland Shelf and the Bering
and Chukchi Seas) and the release-unaffected Siberian Arctic shelves may be attributed to the
different components contained in the dissolved and particulate phases carried by locally
supplied freshwaters. Experiments simulating Arctic estuarine mixing recently showed that
release of REEs bound to previously coagulated riverine nanoparticles and colloids (NPCs)
only occurs when the freshwater end-member is rich in inorganic and poor in organic NPCs
(Tepe and Bau, 2016). While this is most likely the case for Greenland-derived freshwater
supplied to the North-East Greenland Shelf, the freshwater from the different Siberian rivers
in contrast is rich in organic and poor in inorganic NPCs (Dittmar and Kattner, 2003 and
references therein). In addition, the content of suspended particulate matter (SPM) transported
by the western Siberian rivers including Severnaya Dvina, Yenisei, Ob and Lena is very low
(Gordeev, 2006; Gordeev et al., 1996), reducing the potential for dissolution of SPM solid
phases (cf. Rousseau et al., 2015). In contrast, the SPM content of the North American rivers
(including the Yukon River discharging into the Bering Sea) and that of the Greenland-
derived freshwater discharged to the North-East Greenland Shelf is relatively high and hence
for these regions SPM dissolution may be another important mechanism changing the
dissolved Nd isotope composition. The BS receives comparably little freshwater mostly
originating from the Yenisei and Ob rivers and their runoff is both, rich in organic and poor in
inorganic NPCs and marked by relatively low SPM concentrations. Based on these
considerations it is highly unlikely that the dissolved REE pool in the BS is affected by
dissolution of riverine SPM or by remobilization of REEs bound to previously coagulated
riverine NPCs.

To support these considerations, we constrain the potential release of Nd from
deposited or suspended particles by performing mixing calculations based on salinity, eng,

[Nd]pp, 80 and the end-member values listed in table 3. Note that, despite being considered
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individual water masses, the PW and the BS(A)AW are not distinct REE end-member water
masses but instead are mixtures between (A)AW and freshwater derived from the open Arctic
Mediterranean and the Kara Sea. For simplification we assume that the freshwater is either
pure Ob water or a mixture between Ob and Yenisei water. Harms et al. (2000) have shown
that extensive mixing between Ob and Yenisei freshwater may occur in the surface layer of
the Kara Sea, which is supported by observations from the western Laptev Sea (Laukert et al.,
2017b). However, their modeling results also indicate that below the surface layer (> 5 m
depth) freshwater from the Ob River may preferentially be advected to the northwestern part
of the Kara Sea. Indeed, northward advection of a freshwater component consisting of pure
Ob freshwater has recently been confirmed through hydrographic data obtained for the year
2011 (Osadchiev et al., 2017), which justifies our selection of Ob freshwater as the primary
riverine end-member. Given that contributions of Yenisei cannot be entirely excluded, we
additionally use the Kara Sea freshwater end-member (i.e. mixed freshwater from Ob and
Yenisei), which was previously applied by Laukert et al. (2017b) to determine water mass
circulation and mixing in the Laptev Sea. In fact, the composition of these rivers likely differs
only with regard to their [REE], which in the case of Nd may be more than 10 times higher
for the Ob River than for the Yenisei River based on the only available data from two samples
(Zimmermann et al., 2009). The riverine end-member Nd isotope signature in our mixing
calculation is therefore relatively well constrained while the exact [Nd] value does not affect
our conclusions. For all samples and the NCW end-member we also use the initial salinity So
instead of the measured salinity Sy, to correct for salinity changes related to sea-ice formation
or melting. We assume that the ice-related processes do not significantly affect the dissolved
Nd isotopic composition (Laukert et al., 2017b).

Essentially all samples plot within the compositional field defined by the three end-
members in S-eng space for the case that pure Ob freshwater is used as the freshwater end-

member (Fig. 6). In addition, the 8'%0-based frp for each sample is similar to the fraction of

18



Ob freshwater estimated from the Nd isotope-based mixing calculation. Both observations
confirm our considerations that the Ob River must be the main source of freshwater advected
to the northeastern Barents Sea. Only the deepest sample of the data set (station 126, 350 m
depth) has a fgrp, which is too low (0.24 %) compared to the fraction of Ob freshwater (~0.5
%) estimated from the Nd isotope based mixing calculation. However, this sample represents
BSAAW, which is formed through transformation (i.e. mostly cooling) of AAW, a process
that is not considered in our mixing calculations because AAW is not defined as an end-
member. Hence, the compositions of this and the other BSAAW sample by definition cannot
be attributed to mixing between the three end-members used. However, the average Nd
isotope signature of BSAAW (eng = -9.9, 1 SD = 0.4, n = 2) is identical to that of AAW
advected along the Laptev Sea margin (eng = -9.9, 1 SD = 0.2, n = 2; Laukert et al., 2017b),
indicating that the Nd isotope composition of the latter is not changed through particulate Nd
release during advection into the BS and subsequent transformation to BSAAW. For all other
samples the consistency between the 8'°0 based fgr and the fraction of Ob freshwater
calculated from the Nd isotope based mixing calculations clearly argues against significant
release of Nd from particles, which supports our theoretical considerations regarding the
dominant control of water mass circulation and mixing on the dissolved Nd isotope
distribution in the BS. The release of REEs from other particulate sources is unlikely as well,
except for Ce which is found to be elevated in one BSAAW sample (station 129, 200 m
depth). The release of particulate Ce is indicated by the deviation of this sample from the
negative correlation between Ce/Ce* and HREE/LREE ratios observed for the entire data set
(Fig. 5) and attributed to preferential removal of the LREEs over the HREEs from the
dissolved phase (section 5.3). In detail, the Ce/Ce* ratio for this sample is too high compared
to what can be expected based on this correlation, indicating release of Ce* from reduced

sediments (cf. Haley et al., 2004; Molina-Kescher et al., 2014). Cerium release was also
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observed in the Laptev Sea (Laukert et al., 2017b), and likely occurs prior to the release of
other REEs when dissolved oxygen falls below a threshold concentration (Haley et al., 2004).

In contrast to our observations, Andersson et al. (2008) suggested that contributions of
particulate Nd from Svalbard changed the Nd characteristics of waters circulating in the
northwestern BS in 2001. These authors suggested that the [Nd] of the four samples was too
high (up to 16.2 pmol/kg) compared to what they had expected from water mass circulation
and dilution through sea-ice melt (< ~15 pmol/kg). Our PW sample showing the highest fsm
(~2.7 %) also has a too high [Nd]p (15.1 pmol/kg) if we consider that addition of sea-ice melt
will decrease the [Nd] (Andersson et al., 2008; Laukert et al., 2017b), and if we assume that
the [Nd] of AW entering the BS is ~15 pmol/kg (cf. Andersson et al., 2008 and references
therein). However, based on our new REE data the average [Nd]mp of AW entering the BS is
16.6 pmol/kg (1 SD = 1.2 pmol/kg), suggesting that the composition of all samples with [Nd]
lower than 16.6 pmol/kg can in fact still be entirely attributed to water mass mixing and
addition of sea-ice melt whereas contribution of particulate Nd from Svalbard does not have
to be considered as an additional Nd source. In fact, the REE concentrations in PW samples
that exceed those of AW (e.g. 16.8 pmol/kg for Nd in 2014) may simply reflect the addition
of REE-rich Ob freshwater (section 5.2) despite that most of the riverine REEs are removed
before the PW reaches the BS (section 5.3).

The absence of significant release of REEs from particles originating from Svalbard to
waters circulating in the BS is in line with observations from the western Svalbard Shelf,
where waters presumably advected from the BS are also characterized by relatively low [Nd]
reaching 14.8 pmol/kg in 2012 (Laukert et al., 2017a). These shelf waters likely have been
transported northward within the Sgrkapp Current, an extension of the East Spitsbergen
Current (Walczowski, 2013 and references therein). Their Nd isotope composition near -11 is
similar to that of PW circulating in the northern BS, which not only supports their advection

from the BS but also provides further evidence that the BS waters have not been significantly
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affected by particulate REE input from Svalbard. In contrast, surface waters north of Svalbard
indeed may be affected by inputs of particulate Nd, given that they were characterized by high
[Nd] (reaching ~30 pmol/kg) and relatively high salinities in 2001 (Andersson et al., 2008).
However, potential seawater-particle interactions north of Svalbard do most likely not affect

the dissolved Nd isotope composition in the BS.

5.2 Water mass circulation and mixing in the BS based on Nd isotopes and salinity

We use our data and mixing calculations to refine the understanding of the circulation and
mixing of water masses in the BS (cf. Fig. 1). In the central BS, inflowing AW is marked by
slightly less radiogenic eng signatures (average exg = -12.4, 1 SD = 0.4, n = 6) compared to
AW entering the AO through the Fram Strait (average exg = -11.7, 1 SD = 0.4, n = 11;
Laukert et al., 2017a), which implies that the Fram Strait inflow branch is subject to stronger
lateral exchange with intermediate waters circulating in the Nordic Seas (average eng = -10.3,
1 SD = 0.9, n = 17; Laukert et al., 2017a) than the BS branch. This is in line with generally
lower AW temperatures observed in the Fram Strait, which have been shown to not only
result from heat exchange with the atmosphere but also from lateral water mass mixing
(Nilsen et al., 2006). In the BS, the least radiogenic signatures are found in the upper ~50 m
of the AW core (Fig. 4), providing further evidence that mixing with intermediate waters
changes the composition of AW from below (cf. Laukert et al., 2017a). We also observe that
the Nd isotope distribution mirrors the salinity distribution within the core of AW whereas the
temperature distribution is strongly decoupled (Fig. 4). This indicates that the temperature
distribution in the BS indeed is subject to strong air-sea interactions (Yashayaev and Seidov,
2015) and confirms that salinity and Nd isotopes are more suitable to trace water mass
circulation and mixing in this region. Decoupling of the temperature can be observed even
further south where the core of NCW was present in the upper ~150 m in 2014. Mixing

between NCW and AW occurs throughout the entire water column (i.e. down to 250 m depth)
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as indicated by the deepest sample of station 42 that has an exg of -13.6+0.4 and therefore is
significantly less radiogenic than the average exg of the AW core. Further to the North more
radiogenic signatures and lower salinities mark the presence of PW. Even though data from
Andersson et al. (2008) were obtained on samples collected in 2001, the eng signatures of
these samples agree remarkably well with the signatures expected in this region in 2014 (Fig.
4), suggesting that significant changes in the circulation did not occur in the recent past.

In the northeastern BS, the BS(A)AW bodies are separated by PW with the highest frr
and the most radiogenic Nd isotope compositions (Fig. 4), indicating that most of the Kara
Sea freshwater is advected into the BS at ~78 °N. North of this PW front, the Nd isotopic
compositions of PW and BSAAW (stations 126 and 129 at 79.5 °N) are more radiogenic
compared to those of PW and BSAW circulating near Novaya Zemlya (station 115 at ~73
°N). Based on our mixing calculations this difference results from admixture of small
amounts of NCW to the waters circulating south of ~78 °N (i.e. PW and BSAW), even though
NCW and PW appear to be separated by AW based on the 6-S (Fig. 2) and [Nd]mp
distributions (Fig. 5). However, the separation in 6-S space is mainly attributed to differences
in the temperature, which, as mentioned above, is affected by air-sea interactions and hence is
actually not suitable to determine water mass circulation and mixing. Similarly, the [Nd] is
modified by processes occurring within the water column and hence should not be used to
assess the circulation in the BS (section 5.3). Based on our conservative mixing calculations,
elevated NCW contributions can also be found in PW samples collected further west (station
99 at 77.7 °N). This supports our observation that part of the NCW is advected away from the
coast of Norway and Russia and transported to the northern and northeastern BS mainly by
the Novaya Zemlya Current (see Fig. 1). The fraction of NCW transported to the Kara Sea via
the Kara Strait (i.e. south of Novaya Zemlya) is unconstrained, but hydrographic observations
indicate that the overall volume flux through this passage is ~0.7 Sv (Panteleev et al., 2004).
This is significantly lower than the volume flux of NCW that enters the BS via the Norwegian
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Coastal Current (~1.8 Sv), supporting our hypothesis that NCW is also advected to the
northern BS and eventually leaves the BS to the North or the Northeast.

As mentioned in section 4.1, the different origins of BSAW and BSAAW are only
detectable from hydrographic data obtained in 2012 and 2013 further to the east of our eastern
section. These data show that relatively warm AAW, which originates from the open AO and
which is advected to the Kara Sea via the St. Anna Trough, is transformed into BSAAW
before or shortly after entering the BS (Makhotin and Ivanov, 2016). Our deepest samples in
the northeastern BS (station 129, 200 m and station 126, 350 m) represent BSAAW and
clearly support the open ocean origin of this water mass, given that their Nd isotopic
compositions are identical to that of AAW advected along the Laptev margin in the open AO
(see also section 5.1). The fate of BSAAW in the northern BS cannot be assessed due to the
limited tracer data available from this region, though our data indicate that no BSAAW is
present at station 99, which is in line with hydrographic observations (Makhotin and Ivanov,
2016). Most of the BSAAW therefore must be transported either back into the Kara Sea or to
the north where it exits the BS through the Franz Victoria Trough (cf. Makhotin and Ivanov,
2016). The Nd isotopic composition of the BSAAW sample collected from the southern end
of the Franz Victoria Trough at 200 m depth (station 129) supports this circulation scheme.
The BSAW is likely in addition advected to the region west of Franz Josef Land, which can
be inferred from hydrographic properties similar to those of inflowing AW and relatively
unradiogenic Nd isotope signatures (average eng = -11.8, 1 SD = 0.2, n = 2) encountered in
bottom waters at station 99. Advection of AAW from the north was also suggested to occur
via the Franz Victoria Trough (Lind and Ingvaldsen, 2012) indicating that complex mixing
involving open ocean AAW as well as BSAW and BSAAW must occur in this region.
However, based on our limited tracer data this mixing is not unambiguously resolvable and

therefore requires dedicated future studies.
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5.3 Removal of dissolved REEs during AW transformation

From a geochemical point of view, the most striking feature regarding water mass circulation
and mixing in the BS is the removal of dissolved REEs linked to the transformation of
(A)AW to BS(A)AW. This process is evident from lower [REE] (reaching only ~11 pmol/kg
for [Nd]p) determined for BS(A)AW compared to those determined for (A)AW or PW (Fig.
5). Surprisingly, the BSAW and BSAAW both exhibit the lowest [REE] reported to date for
any water mass present in the Arctic Mediterranean. The mixing between (A)AW and PW not
only results in a decrease of [Nd] but also causes increasing HREE/LREE and decreasing
MREE/MREE* and Ce/Ce* ratios due to stronger removal of the LREEs over the HREEs
(Fig. 5). Similar REE dynamics were found in the Laptev Sea where the removal efficiency of
dissolved REEs also follows LREEs > MREEs > HREEs and is controlled by estuarine
mixing (Laukert et al., 2017b).

To examine REE depletion in the BS, the [Nd] expected prior to REE removal is
calculated based on its enxg value and the conservative relationship between [Nd] and exg
shown in Fig. 6. We assume that the dissolved Nd isotope composition is not affected by
particulate REE release (section 5.1) and that the composition of BSAW samples essentially
only reflects a mixture between AW and PW. For each sample the calculated [Nd] therefore is
the lowest concentration expected prior to REE removal because the unconsidered admixture
of NCW would result in even higher [Nd]. Thus, the removal of Nd calculated represents the
minimum fraction of Nd removed. Removal for the BSAAW samples is calculated based on
the assumption that AAW circulating along the Laptev margin (Laukert et al., 2017b) is the
precursor water mass and that the transformation of AAW is mainly driven by cooling (i.e. no
significant change in salinity and the Nd isotopic composition is observed). Note that samples
representing mixing between AW and NCW (i.e. AW-NCW) do not exhibit depleted [Nd]ip
compared to expected [Nd] (Fig. 6), which is why REE removal for these samples is not

discussed.
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The calculated Nd removal amounts to ~75 % (Fig. 7), which is identical to the
removal observed in the Laptev Sea (~75 %, Laukert et al., 2017b) and similar to the mean
Nd removal of ~70 % calculated for estuaries globally (Rousseau et al., 2015). The highest
removal is determined for the BSAAW samples and for PW samples with the lowest Sy, the
highest frr and the most radiogenic eng signatures. The Nd removal in PW samples is
positively correlated with frp (R* = 0.57), which contrasts with observations from the Laptev
Sea where REE removal is apparently positively correlated with Sy and negatively with the
frr (Laukert et al., 2017b). However, the samples collected from the Laptev Sea exhibit a
wide range of initial salinities including the low-salinity range (~5 < Sp < ~35), whereas the
waters in the BS define a narrower range in Sy (33.5 < Sp < 35). On closer examination, a
negative correlation between Sy and Nd removal can also be observed for the marine Laptev
Sea samples with Sg > ~34 (Laukert et al., 2017b). We suggest that the inversion of the
relationship between Sy and Nd removal occurring at S ~34 documents the point where
maximum salt-induced estuarine REE removal is reached (for PW circulating in the BS this
occurs predominantly in the Ob estuary in the Kara Sea) and any further increase in salinity
solely reflects admixture of removal-unaffected marine water masses characterized by high
salinities. The observed decrease in the Nd removal in the BS is therefore ultimately a
consequence of water mass mixing.

The BSAW samples exhibit REE removal similar to that of PW samples with lowest
fre (for Nd < ~30 %) but compared to the latter plot at slightly lower frp (Fig. 7). A
significantly stronger deviation from the PW trend line is found for the two BSAAW samples.
The low [REE] of the BS(A)AW samples thus cannot be related to the estuarine REE removal
that occurs in the Kara Sea and instead are likely due to local scavenging by (re)suspended
particulate constituents supplied by (A)AW and PW. This is also supported by the
HREE/LREE ratio that is highest for the BSAAW samples suggesting that the locally induced

REE removal (from 66 to 76 %) results in even stronger preferential LREE depletion than that
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occurring during estuarine REE removal in the Kara Sea (Fig. 7). The role of locally formed
biogenic particles cannot be directly assessed but a pronounced nutrient depletion is observed
at the surface in the formation region of BS(A)AW, which indicates high primary productivity
and subsequent lateral transfer of biogenic particles. The latter process thus potentially also
contributes to the local REE removal occurring at greater depths. Open ocean removal of
REEs through (biogenic) particle scavenging is a common feature observed in all of the
world’s oceans (e.g. Behrens et al., 2018; Lambelet et al., 2016; Molina-Kescher et al., 2014;
Stichel et al., 2012; 2015) and may also generate REE concentrations that fall below those of
the REE sources (e.g. Grasse et al., 2017). Our new observations indicate that such processes
can occur in semi-enclosed shallow shelf regions such as the BS and may also affect the

distribution of other dissolved seawater constituents.

5.4 Implications for the large-scale circulation in the AO based on Nd isotopes

Admixture of dense and cold Kara Sea waters with low [REE] to the AW layer of the open
AO was suggested to change the seawater Nd isotope composition towards more radiogenic
ena values without significantly changing the [Nd] (Laukert et al., 2017a). In that study the
authors argued that the Kara Sea waters would have acquired the eng signature of Yenisei
and/or Ob freshwater but at the same time would have low [Nd], since most of the riverine Nd
would have been removed from the water column through coagulation of REE-bearing NPCs.
Our data from the BS confirm the presence and admixture of such shelf waters, given that
Kara Sea sourced PW in the BS on average exhibits more radiogenic Nd isotope compositions
(exnda = -9.7) than AW entering the AO (exg = -11.7 and -12.4 at Fram Strait and at BS,
respectively) but similarly low [Nd]ip ranging between 14.0 and 16.8 pmol/kg. In addition to
PW, denser BS(A)AW is also exported through the Kara Sea via the St. Anna Trough, or
through the northern BS via the Franz Victoria Trough. These waters also have more

radiogenic Nd isotope compositions (average exg = -11.2) and similar [Nd]p (ranging
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between 11.0 and 17.7 pmol/kg) than the inflowing AW indicating that their admixture to the
AW layer of the open AO also contributes to the shift towards more radiogenic eng values.
The fate of shallow, freshwater-enriched PW in the open AO is subject of ongoing
research. The transport of variable amounts of Siberian freshwater with the Transpolar Drift
to the central AO and further to the western Fram Strait was documented by various
observational studies (e.g. Alkire et al., 2007; Anderson et al., 2004; Bauch et al., 2011; Jones
et al., 2008; Karcher et al., 2006; Rabe et al., 2013; 2009; Taylor et al., 2003). However, the
extent of mixing between the distinct Siberian freshwaters could not be conclusively clarified.
Recently, Laukert et al. (2017c) suggested that freshwaters from all Arctic rivers are well
mixed before being exported via the East Greenland Current through the western Fram Strait.
This suggestion is mainly based on a semi-quantitative mixing calculation applied to PW
samples from the Fram Strait (Laukert et al., 2017a), and is supported by the observation that
extensive mixing between freshwaters supplied by Lena, Yenisei and Ob occurs north of the
Laptev Sea (Laukert et al. 2017b). The mixing calculation indicates that the relatively
radiogenic Nd isotope composition (eng = -9.9, 1 SD = 0.7, n = 7) of PW that left the AO in
summer 2012 may be explained by mixing between AW and Pacific-derived waters and
admixture of small amounts of freshwater supplied by all Arctic rivers. However, the
possibility that the composition may simply reflect pure mixing between relatively
unradiogenic AW and more radiogenic Kara Sea freshwater could not be excluded based on
the calculations performed by Laukert et al. (2017a). Our new data from the BS now allow to
exclude this scenario, given that mixing between AW and PW in the BS results in similar Nd
isotopic compositions but much lower [Nd] (~16 pmol/kg) compared to what has been
determined for PW that left the AO across Fram Strait in 2012 (average [Nd]p = 27.1
pmol/kg, Laukert et al., 2017a). This implies that admixture of Pacific-derived waters with
higher [Nd] and of freshwaters from other rivers are necessary to explain the [Nd] of the

outflow at Fram Strait, as suggested by Laukert et al. (2017a, c).
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6. CONCLUSION

This work presents dissolved neodymium (Nd) isotope compositions, rare earth element

(REE) concentrations and stable oxygen isotope compositions obtained on samples collected

across the Barents Sea (BS) during summer 2014. The data allow to constrain the transport

and transformation of Atlantic Water (AW) in this region and to identify changes in the

chemical composition of the water masses beyond what is expected from circulation and

mixing alone.

Similar to observations from the Laptev Sea, no clear evidence is found for the release
of REEs from suspended or deposited particles in the BS, which supports the use of
Nd isotopes to assess water mass circulation and mixing and to determine the behavior
of REEs in this shallow Arctic shelf sea.

The AW entering the BS through the Nordic Seas dominates the circulation in the BS.
Its Nd isotope composition is only slightly less radiogenic (exg = -12.4) than that of
AW entering the Arctic Ocean (AO) through the Fram Strait (exg = -11.7) and its core
is clearly identifiable by its salinity and the Nd isotope characteristics.

The core of Norwegian Coastal Water (NCW) is encountered in the southern BS (exg
= -14.5) and mixes with AW throughout the entire water column. The admixture of
NCW to waters as far north as ~78 °N is clearly indicated by mixing calculations
based on Nd isotopes but not discernable in hydrographic properties.

Barents Sea Atlantic Water (BSAW) and Barents Sea Arctic Atlantic Water
(BSAAW) are formed in the northeastern BS through transformation of AW and
Arctic Atlantic Water (AAW), respectively. This transformation is mainly driven by
heat loss to the atmosphere (in the case of AW) or to the cold Arctic halocline layer
(in the case of AAW), but also by admixture of more radiogenic (eng = -9.7) Polar
Water (PW) advected mainly from the Kara Sea. The BSAW is transported mainly
along the northern coast of Novaya Zemlya via the Novaya Zemlya Current, while the
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BSAAW is observed further north and separated from BSAW by a sharp front of PW.
The two newly formed water masses cannot be distinguished based on their
hydrographic properties in 2014 but differ significantly in their Nd isotope
composition due to the different precursor water masses (i.e. AW and AAW) and due
to differing admixture of NCW and PW. This results in a less radiogenic Nd isotope
signature of BSAW (eng = -11.9) than that of BSAAW (eng =-9.9).

The transformation of (A)AW to BS(A)AW is accompanied by strong REE removal
from the dissolved phase, which occurs in addition to and after salt-induced removal
of river-borne REEs in the Kara Sea. The removal observed in BSAW (reaching ~30
%) and BSAAW (reaching ~75 %) is most likely due to scavenging by (re)suspended
(biogenic) particles that is not accompanied by subsequent REE release.

The Nd isotope data from the BS confirm the advection of dense and cold Siberian
shelf waters to the open AO. The admixture of BS(A)AW and PW to the AW layer of
the open AO contributes to the shift towards more radiogenic Nd isotope signatures
observed in the AW layer of the Arctic Mediterranean without significantly changing

its REE concentrations.
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Table 2: Water masses and their characteristics in the Barents Sea in 2014. Uncertainties are

provided as 1 SD in brackets.

Water masses n’ o, s 8 e [Nd)p pmol/kg® HREE/LREE' MREE/MREE*' Ce/Ce*
NCW - Norwegian Coastal Water (S < 34.7, 8> 2 °C) 2 27.28{0.19) 3452({0.09) 5.04{1.07) -145{0.0) 22.5{0.3) 3.0{0.0) 1.0{00) 03{0.0)
AW - Atlantic-derived Water {S > 35; 8 > 0 °C; 27.70 < 05 < 28.09) 6 27.93{0.13) 35.02({0.02) 2.50{1.45) -12.4{0.4) 166{L.2) 3.6{0.3) 1.0{00) 03{0.0)
PW - Arctic-derived Polar Water {S < 34.8;8<0°C) 13 27.80{0.19) 34.58{0.21) -0.87{0.66) -9.8{1.3) 15.2{0.8) 4.1{0.3) 10{01) 02{0.0)
BSAW - Barents Sea Atlantic Water {34.8 <5 < 35.0; 8 < 2 °C; 65 >27.8) 4 28.05{0.02) 34.95{0.03) 0.26{0.26) -11.9{0.2)  15.0{2.0) 4.0{0.1) 10{01) 02{0.0)
BSAAW - Barents Sea Arctic Atlantic Water {34.8 < S < 35.0;0<2 °C; Gg> 27.8) 2 28.04{0.04) 34.89{0.08) -0.56{0.57) -9.9{0.4) 11.8(1.2) 5.0{0.2) 0.9{0.0) 0.2{0.1)

* Number of measurements.
® Bottle salinity
¢ Determined via the isotope dilution method.

4 Normalized to PAAS (McLennan, 2001).

Table 3: End-member compositions used in this study.

Table 3: End-member compositions of the REE sources applied in this study.

REE sources S End [Nd] watertypes” 5§
NCW - Norwegian Coastal Water 34.70° -14.5° 22.5° -
AW - Atlantic-derived Water 35.02° -12.4° 16.6° SW 0.3°
KS - Kara Sea freshwater (Ob and Yenisei) 0 -6.0° 963" RF -15.5"
Ob freshwater 0 -6.1° 2152° RF -155°
Sea ice 48 - - SIM 28

* Water types defined for the mass balance calculation based on S and 5'°0.
b Average of the initial salinity So of NCW samples.

¢ Average of samples from this study.

4 Values taken from Laukert et al. (2017b)

¢ Values taken from Zimmermann et al. (2009).

" Values taken from Dubinina et al. (2017).

& Values taken from Bauch and Cherniavskaia (2018) and references therein.
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o™ Data

i O 2014: end, [REE), 60
(this study)

© 2001: eNd, [Nd]

(Andersson et al. 2008)
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" / raag
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.e_nim / {:/'/
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Currents: : /

NWAC Norwegian Atlantic Current
NC North Cape Current
NZC Novaya Zemlya Current NWAC
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PC Persey Current AW /_'/i.y .
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Water masses:

AW Atlantic Water

AAW Arctic Atlantic Water . —
BSAW  Barents Sea AW PW  Arctic-derived Polar Water 30 20°E 50
BSAAW Barents Sea AAW NCW Norwegian Coastal Water

Figure 1: a) Bathymetric map (IBCAO, Jakobsson et al., 2012) of the Arctic Mediterranean
(i.e. AO and Nordic Seas) with circulation scheme of the upper layers (dashed blue lines) and
subsurface Atlantic and intermediate layers (solid red lines) (modified after Rudels et al.,
2012). The REE sources with known enq signatures and [Nd] are Atlantic-derived Water
(AW) advected through the Iceland—Scotland Ridge (AW-ISR) and the Denmark Strait (AW-
DS), Norwegian Coastal Water (NCW), Pacific-derived Water (PAC), modified Pacific-
derived Water (PACmod) and the major Arctic rivers Ob, Yenisei, Lena, Kolyma and
Mackenzie (Charette et al., 2016; Dahlqvist et al., 2007; Lacan and Jeandel, 2004a, b; Laukert
et al., 2017a, b; Persson et al., 2011; Porcelli et al., 2009; Zimmermann et al., 2009). The
change in the Nd isotopic composition within the AW layer is shown at key sites. Circled
crosses indicate sites of convection or sinking from intermediate and AW layers to deeper
levels. The area shown in b) is highlighted in yellow. b) Barents Sea region with locations of
the water samples obtained in 2014 (this study) and 2001 (Andersson et al., 2008) shown
together with their station numbers. Information on the classification of the water masses is
given in the main text. The circulation scheme shown here was adopted from Loeng (1991)

and Pfirman et al. (1994) but further refined according to observations made here and in other
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studies focusing on the hydrography of the BS (Harris et al., 1998; Lien and Trofimov, 2013;
Makhotin and Ivanov, 2016; Oziel et al., 2016). Figures were produced using Ocean Data

View (Schlitzer, 2018) and modified manually.

a)
¢ | ENd Nd]ID
' ® (pmol/kg)  * -
4 "'2”‘“ y
%) -10 ©
=2 =2
(o] [es]
O35 -12
.-" . 5
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135 34 . 355
c)
¢ | HREE/LREE
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4
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) C
3 <
[es ] [es]
0 o 2
® n"‘.
2 PW
335 34 345 35 355

S

Figure 2: Potential temperature versus salinity plots with potential density isopycnals,
together with a) exg values, b) Nd concentrations determined via isotope dilution ([Nd]p), ¢)
PAAS-normalized HREE/LREE ratios and d) fractions of riverine freshwater (fgrg) shown as
color-coded circles. In addition, all CTD data are shown from the 2014 cruise (Makhotin and
Ivanov, 2016). Water masses are classified based on the basis of constant 6-S end-member
definitions (after Rudels et al., 2012; 2005) and observations made in this study and by
Makhotin and Ivanov (2016) and Oziel et al. (2016). Water masses are labeled as follows:

Norwegian Coastal Water — NCW, Polar Water — PW, Atlantic Water - AW, Arctic Atlantic
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Water — AAW, Barents Sea Atlantic Water — BSAW and Barents Sea Arctic Atlantic Water —
BSAAW. Note that BSAW and BSAAW cannot be distinguished based on the hydrographic
data from 2014 alone. Plots produced using Ocean Data View (Schlitzer, 2018) and modified

manually.

a)

numbers:
surface eNd

335

b)

numbers:
surface [Nd]
(pmol/kg)

40°E

Figure 3: Surface distribution of a) exqg data together with sample salinities (color-coded stars)
and CTD salinity for 2014 (Makhotin and Ivanov, 2016), and b) Nd concentrations

determined via isotope dilution ([Nd]ip) and the PAAS-normalized HREE/LREE ratios
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(color-coded stars). Figures were produced using Ocean Data View (Schlitzer, 2018) and

modified manually.
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Figure 4: Distribution of the salinity and the potential temperature (all CTD data, Makhotin

and Ivanov, 2016) along the longitudinal sections in a) the central Barents Sea (section A-B)
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and b) the northeastern Barents Sea (section C-D) with the Nd isotopic composition shown as
numbers in the salinity sections. The distribution of water masses as defined in the main text
and in Fig. 2 is indicated in addition. The numbers of the stations where Nd isotope samples
were taken are given above the sections. Station #1 (white numbers) is from Andersson et al.

(2008). Sections were produced using Ocean Data View (Schlitzer, 2018) and modified

manually.
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Figure 5: a) Nd concentration determined via isotope dilution ([Nd];p) versus measured
salinity Sy, and the PAAS normalized HREE/LREE ratio against b) [Nd]p, ¢) the PAAS
normalized MREE/MREE* ratio and d) the PAAS normalized Ce/Ce* ratio. Error bars
represent the external 2-sigma error for repeat measurements of calibration standards (see

main text for further information).
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Figure 6: a) Salinity versus exg, and b) [Nd] versus eng. The end-member (table 2) mixing
lines are shown between Norwegian Coastal Warter (NCW), Atlantic-derived Water (AW)
and Kara Sea freshwater (KS, grey mixing lines) and Ob freshwater (Ob, black mixing lines).
Note that Polar Water (PW) is not a distinct REE source but instead a mixture of AW and Ob
freshwater. The measured data are given by the grey symbols, while the color-coded symbols
represent data with the initial salinity So instead of the measured salinity S;, and with
corrected [Nd] determined with the conservative end-member mixing calculation (i.e. based
on eng and the initial salinity Sg). The correction was not performed for the two samples
representing BSAAW, given that this water mass is transformed AAW that was not

considered in our mixing calculations. Error bars represent the external 2-sigma error.
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