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PREFACE

This PhD project was conducted in the framework of GEOTRACES, a global program to
investigate the biogeochemical cycles of trace elements and their isotopes (TEIs) in the ocean,
and was funded by the Alfred Wegener Institute Helmholtz Centre for Polar and Marine
Research (AWI), in Bremerhaven, Germany. The PhD project was supervised by Dr. Michiel M.
Rutgers van der Loeff (AWI), Dr. Walter Geibert (AWI) and Prof. Dr. Sabine Kasten (AWI).

The outcome is submitted as a cumulative doctoral thesis.

Each individual chapter in this dissertation is designed to stand alone. Therefore each chapter is
given an abstract and introduction of its own in greater detail and more specific on the individual
topic than the initial one. Specific references and acknowledgements are also presented at the

end of each chapter.

The dissertation starts with a general introduction about the working area and scientific aims,
giving broad scientific background information, as well as the motivation and aims of the thesis

(Chapter 1).

First-author manuscripts published in (ISI) peer-reviewed journals (Chapters 2+3) and a first-
author manuscript in preparation (Chapter 4) are presented before selected published co-author
manuscripts (Chapters 5 + 6). (Co-) Author contributions for each manuscript are stated at the
end of the Introduction in section [.6.1 Declaration of Co-Author Contributions. The
dissertation ends with the conclusion of the key findings and perspectives on open research

questions, which might require further investigation (Chapter 7).
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THESIS SUMMARY

The currently ongoing climate change can be ascribed without exaggerating as one the most
important topics and threats for humanity. Understanding its mechanisms and consequences is
an important step to target and manage arising problems, which accompany a rapidly warming
climate.

The oceans play a crucial role in the Earth’s climate controlling and response mechanism. Its
physical and biological carbon pump systems are crucial regulators for the atmospheric CO,
content. Biological primary production is an important part of the Oceans CO, uptake capability.
Some trace elements are important (micro-) nutrients in oceanic primary production. Therefore it
is important to investigate and understand the reaction of those elements to changing
environmental conditions.

Particle fluxes and ocean circulation contribute to their distribution in the water column. ***Th

21pa are suitable tracers for both particle fluxes and deep water circulation. Their well-

and
known sources and production ratio, as well as their fractionation by particle fluxes and deep
water circulation, enables their use as tracers. Their water column distribution serves as an

21pa/POTh activity ratio is

indicator for recent environmental changes, while their sedimentary
used as a paleoceanographic tool. Therefore 29Th and *'Pa are standard parameters of
GEOTRACES, an international programme with the goal to improve understanding of the
cycling of trace elements and their isotopes in the Ocean.

Different areas of the World’s Ocean react in different velocities and intensities to climate
change. The Arctic Ocean is the most sensitive one to climate change. Climate change related
consequences are already visible, e.g. the retreat and thinning of sea ice. Other consequences,
like increasing particle fluxes and changing particle composition, as well as potentially changing
circulation patterns and ventilation times are less obvious. It is expected that climate change will
cause significant changes on the Arctic Oceans’ primary production and particle input. The
consequences of these changes are not well understood and known. Therefore it is important to
investigate changes in particle fluxes and composition, already in an initial stage of these

changes. *°Th and **'Pa are valuable tools to gain insights into changes, which will potentially

influence the global climate in the near future.

In order to derive information about trace element cycling from **°Th and **'Pa in a changing

Arctic Ocean, it is therefore crucial to investigate and understand the processes that control the
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distribution and concentrations of >*°Th and **'Pa in the Arctic Ocean. To achieve this, a time

series of this tracer pair, consisting of data from 1991, 2007 and 2015, was created to investigate



the temporal development of *°Th and **'Pa over the past three decades. This new time series
revealed quite variable *°Th and *'Pa inventories, indicating changing removal processes,

caused by changing environmental conditions.

This thesis consists of three first author manuscripts that are either published or in preparation
for submission to international peer-reviewed journals. Additionally, two co-author manuscripts,
published in international peer-reviewed journals, are part of this thesis. This section assigns the

role of each manuscript, presented in this thesis, in the context of the general introduction.

Changes in scavenging behaviour of “*°Th need not necessarily have to be related to a changing
climate. Hydrothermal activity and submarine volcanic eruptions at the ultra-slow spreading
Gakkel Ridge caused a significant reduction of dissolved *°Th in only eight years in the deep
Nansen Basin, contributing to sporadically increased removal and sedimentation rates of **Th.
The role of hydrothermal activity in the variation of scavenging behaviour of **°Th in the

Eurasian Basin is described in CHAPTER 2 (Valk et al., 2018).

Changing environmental conditions caused a significant decrease of dissolved *‘Th
concentrations in the entire Eurasian Basin between 2007 and 2015. Those changes include
elevated particle fluxes at the shelves and margins of the deep basins, specifically the Barents
Sea shelf and the Nansen Basin margin. Those increased particle fluxes caused increased

230 . 231 . g . . . .
Th and to a minor degree of “° Pa, indicating an increasing sink for

scavenging removal of
particle reactive trace elements. Increased scavenging removal of *°Th at the Barents Sea shelf
and at the margins of the Nansen Basin caused a drastic decrease of dissolved **Th in the
central Amundsen Basin (CHAPTER 3, Valk er al., 2020). This highlights the increasing
importance of shelf-basin interactions in the Arctic Ocean, due to rapidly increasing particle
fluxes at the shelves and margins. Even before particle fluxes within the central basins increase,
climate change already causes notable changes in trace element distributions and probably in
their export to the North Atlantic. This is important for the nutrient availability in the North
Atlantic as well as the paleoceanographic application of the *'Pa/*°Th sedimentary activity

ratio.

Distribution and concentrations of dissolved 2*°Th and **!

Pa can change significantly within less
than ten years in the central Arctic Ocean. In CHAPTER 4 (Valk ef al., in preparation) new
budgets for dissolved »*°Th and **'Pa, based on a water column data from 1991 over 2007 to
2015, as well as box models, are presented to illustrate scavenging removal and sedimentation

patterns for these tracers. The model results are discussed in the context of boundary scavenging

II



of #°Th and **'Pa in the Eurasian Basin and their export to the GIN Seas (Greenland, Iceland
and Norwegian Seas). Consequences of the identified removal processes of >**Th and **'Pa from
CHAPTER 1 and CHAPTER 2 on the sedimentary **'Pa/**°Th activity ratios in the Eurasian
Basin, its margins and the GIN Seas are discussed in the context of the paleoceanographic use of

these tracers.

It is an open question whether Z*°Th and **'Pa are subject to boundary scavenging in the Arctic
Ocean. The study presented in CHAPTER 5 (Gdaniec et al., 2020) investigates the influence of
boundary scavenging and shelf-basin interactions on the observed distribution of **°Th and **'Pa
in the Arctic Ocean. A modelling approach adapted from Roy-Barman (2009) is used to
constrain the scavenging behaviour of Z*°Th and **'Pa between the Arctic margin and the inner
ocean. This study links very well to CHAPTER 3 and CHAPTER 4, giving detailed insight in
particulate and dissolved radionuclide data from 2015.

The study presented in CHAPTER 6 (Grenier et al., 2019) investigates the temporal 29T and
21pa developments in the Amerasian Basin of the Arctic Ocean, based on **°Th and **'Pa time
series and therefore links well to CHAPTER 2, CHAPTER 3 and CHAPTER 4 which focus on
the Eurasian Basin. The Amerasian Basin time series reveal a large scale decrease in dissolved
29Th and *'Pa concentrations, indicating intensification of scavenging removal, especially in
coastal areas. This study illustrates how dissolved *°Th and **'Pa combined with eNd, can give
insights into changes in particle fluxes, as well as into the evolution of ocean circulation and
mixing.

Thus the research presented in this thesis contributes to the understanding of trace element
cycling and the tracer application of #%Th and *'Pa in the Arctic Ocean under changing

environmental conditions.

III



ZUSAMMENFASSUNG

ZUSAMMENFASSUNG DER THESIS

Der derzeitige Klimawandel kann ohne Ubertreibung als eines der wichtigsten Themen und eine
der groBten Bedrohungen fiir die Menschheit bezeichnet werden. Das Verstindnis seiner
Mechanismen und Konsequenzen ist ein wichtiger Schritt, um auftretende Probleme, die mit
einem sich schnell erwdrmenden Klima einhergehen, anzugehen und zu bewiltigen.

Die Ozeane spielen eine entscheidende Rolle im Klimakontroll- und Reaktionsmechanismus der
Erde. Thre physikalischen und biologischen Kohlenstoffpumpensysteme sind entscheidende
Regulatoren fiir den atmosphérischen CO,-Gehalt. Die biologische Primérproduktion ist ein
wichtiger Bestandteil der CO,-Aufnahmeféhigkeit der Ozeane. Einige Spurenelemente sind
wichtige (Mikro-) Nihrstoffe in der marinen Primidrproduktion. Es ist daher wichtig, die
Reaktion dieser Elemente auf sich dndernde Umweltbedingungen zu erforschen und diese zu
verstehen.

Partikelfliisse und Ozeanzirkulation steuern ihre Verteilung in der Wassersiule. >*Th und **'Pa
sind geeignete Tracer fiir beide Prozesse. Thre Wassersdulenverteilung dient als Indikator fiir
rezente Verinderungen, wihrend das *'Pa/*°Th Verhiltnis in Sedimenten als
paldoozeanographisches Werkzeug verwendet wird. Aufgrund der Bekanntheit ihrer Quellen-
und ihres bekannten Produktionsverhéltnisses, sowie ihrer Fraktionierung durch Prozesse, die
direkt mit Partikelfliissen und der Tiefenwasserzirkulation verbunden sind, also wichtige
Prozesse fiir die Primarproduktion und die Verteilung von Spurenelementen, eigenen sich >*°Th
und *'Pa als Tracer. Daher sind *°Th und **'Pa Standardparameter des internationalen
Programms GEOTRACES, das das Ziel hat, die Zyklen von Spurenelementen im Ozean besser
zu verstehen.

Verschiedene Gebiete des Weltozeans reagieren mit unterschiedlichen Geschwindigkeiten auf
den Klimawandel. Der Arktische Ozean ist am empfindlichsten fiir den Klimawandel.
Konsequenzen im Zusammenhang mit dem Klimawandel sind bereits sichtbar, z.B. der Riickzug
des Meereises. Andere Konsequenzen wie erhdhte Partikelfliisse und Anderungen in der
Partikelzusammensetzung, sowie moglicherweise Zirkulations- und Ventilationsdnderungen sind
weniger offensichtlich. Es ist zu erwarten, dass der Klimawandel die Primérproduktion und den
Partikeleintrag in den Arktischen Ozean erheblich beeinflussen wird. Die Folgen dieser
Anderungen sind noch nicht ausreichend bekannt und verstanden. Es ist daher wichtig,
Anderungen in Partikelfliissen und —Zusammensetzung bereits in einem Anfangsstadium zu

untersuchen. *°Th und **'Pa sind daher wertvolle Indikatoren, um Einblicke in Verinderungen
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ZUSAMMENFASSUNG

zu gewinnen, die in naher Zukunft Auswirkungen auf das Klima auf globaler Ebene haben
werden.

21pa in einem sich verindernden

Um Informationen iiber Spurenelementzyklen aus **°Th und
Arktischen Ozean abzuleiten, ist es daher wichtig, die Prozesse, die die Verteilung und
Konzentration von *°Th und *'Pa im Arktischen Ozean steuern, zu untersuchen und zu
verstehen. Um dieses Ziel zu erreichen, wurde eine Zeitreihe dieses Tracer-Paares, basierend auf
Daten von 1991, 2007 und 2015, erstellt, um die zeitliche Entwicklung von ***Th und **'Pa in
den letzten drei Jahrzehnten zu untersuchen. Diese Zeitreihe ergab recht variable Inventare von
#9Th und *'Pa, was auf, durch verindernde Umweltbedingungen verursachte, Anderungen in
Entfernungsprozessen hinweist. Diese Prozesse sind eine verstirkte Entfernung durch
Scavenging an den Réindern des Eurasischen Beckens, was auf eine zunehmende Senke fiir
partikelreaktive Spurenelemente hinweist. Dies fithrte zu einer Verringerung von geldsten >*°Th
im zentralen Amundsen-Becken. Diese Erkenntnis unterstreicht die zunehmende Bedeutung von
Schelf-Becken-Wechselwirkungen im Arktischen Ozean, aufgrund der schnell zunehmenden
Partikelfliisse auf den Schelfen und an den Rindern der zentralen Becken. Dies deutet darauf
hin, dass der Klimawandel bereits vor dem Anstieg der Partikelfliisse in den zentralen Becken zu

erheblichen Verdnderungen der Spurenelementverteilung und wahrscheinlich auch zu

Verinderungen in deren Export in den Nordatlantik, fiihrt.

Diese Arbeit besteht aus drei Erstautor-Manuskripten, die entweder verdffentlicht wurden, oder
sich in der Vorbereitung fiir die Einreichung in internationale Fachzeitschriften befinden.
Dartiber hinaus sind auch zwei Co-Autor-Manuskripte, die in internationalen Fachzeitschriften
veroffentlicht wurden, Teil dieser Arbeit. In diesem Abschnitt wird die Rolle der einzelnen

Artikel im Kontext der allgemeinen Einleitung beschrieben.

Anderungen des Scavenging-Verhaltens von **°Th miissen nicht unbedingt mit klimatischen
Verdnderungen zusammenhédngen. Hydrothermale Aktivitit und submarine Vulkanausbriiche am
sich extrem langsam spreizenden Gakkel Riicken fiihrten in nur acht Jahren zu einer
signifikanten Verringerung von geldsten **°Th Konzentrationen im tiefen Nansen Becken, was
zu sporadisch erhohten Entfernungssraten von >°Th beitrug. Beide Prozesse beeinflussen den
Spurenelementkreislauf im Arktischen Ozean. Die Rolle der hydrothermalen Aktivitdt fiir die
Variation des Scavenging-Verhaltens von *°Th im Eurasischen Becken wird in KAPITEL 2

beschrieben.
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Verdanderte Umweltbedingungen fiihrten zwischen 2007 und 2015 zu einer signifikanten
Reduzierung von geldsten *°Th Konzentrationen im gesamten Eurasischen Becken. Diese
Verianderungen umfassen erhohte Partikelfliisse auf den Schelfen und an den Rédndern der tiefen
Becken, genauer gesagt am Barentssee Schelf und am Rand des Nansen Beckens. Diese
erhohten Partikelfliisse verursachten eine erhohte Entfernung von **°Th und in geringerem MaBe
von »*'Pa, was auf eine zunehmende Senke fiir partikelreaktive Spurenelemente hinweist. Eine
erhéhte Entfernung von *°Th an den Rindern des Nansen Beckens fiihrte zu einer drastischen
Abnahme von geldsten 2*°Th Konzentrationen im zentralen Amundsen Becken (KAPITEL 3).
Dies unterstreicht die zunehmende Bedeutung von Schelf-Becken-Wechselwirkungen im
Arktischen Ozean aufgrund der schnell zunehmenden Partikelfliisse auf den Schelfen und an den
Réndern der zentralen Becken. Noch bevor die Partikelfliisse in den zentralen Becken
zunehmen, filhrt der Klimawandel Dbereits zu erheblichen Verdnderungen der
Spurenelementverteilung und wahrscheinlich zu einem veridnderten Export in den Nordatlantik.
Dies ist wichtig fiir die Nihrstoffverfiigbarkeit im Nordatlantik sowie fiir die

paldozeanographische Anwendung des Sedimentaktivititsverhiltnisses *'Pa/**°Th.

Verteilung und Konzentrationen von gelostem *°Th und **'Pa konnen sich im zentralen
Arktischen Ozean innerhalb von weniger als zehn Jahren erheblich d@ndern. In KAPITEL 4
werden neue Budgets fiir gelostes “°Th und *'Pa sowie Box-Modelle, die auf
Wassersdulendaten von 1991, 2007 und 2015 basieren, zur Veranschaulichung der Scavenging
Situation und Sedimentationsmustern fiir diese Tracer vorgestellt.. Die Modellergebnisse werden
im Zusammenhang mit Boundary Scavenging von **°Th und **'Pa im Eurasischen Becken und
deren Export in die GIN-Meere (Gronland, Island und Norwegische Meere) diskutiert. Die
Konsequenzen der identifizierten Entfernungsprozesse von **°Th und **'Pa aus KAPITEL 1 und

KAPITEL 2 auf die Sedimentaktivititsverhiltnisse >>!

Pa/*°Th im Eurasischen Becken, seinen
Réndern und in den GIN-Meeren werden im Zusammenhang mit der paldozeanografischen

Verwendung dieser Tracer diskutiert.

Es ist eine offene Frage, ob “Th und *'Pa im Arktischen Ozean Boundary Scavenging
unterliegen. Die in KAPITEL 5 vorgestellte Studie untersucht den Einfluss von Boundary
Scavenging und Wechselwirkungen zwischen Schelfbecken und Becken auf die beobachtete
Verteilung von 2Th und **'Pa im Arktischen Ozean. Ein von Roy-Barman (2009) adaptierter
Modellierungsansatz wird verwendet, um das Scavenging-Verhalten von *'Pa und **°Th an den

Rindern des Arktischen Ozeans und dem inneren Arktischen Ozean zu ermitteln. Diese Studie
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ist sehr gut mit KAPITEL 3 und KAPITEL 4 verkniipft und bietet detaillierte Einblicke in Daten
zu Partikeln und gelosten Radionukliden aus dem Jahr 2015.

Die in KAPITEL 6 vorgestellte Studie untersucht die zeitlichen Entwicklungen von *°Th und
2!pa im Amerasischem Becken des Arktischen Ozeans auf der Grundlage von *°Th- und **'Pa-
Zeitreihen und ist daher gut mit KAPITEL 2, KAPITEL 3 und KAPITEL 4, die sich auf das
Eurasische Becken konzentrieren, verkniipft, . Die Zeitreihen des Amerasischen Beckens zeigen

21pa Konzentrationen in grofem MaBstab, was auf

eine starke Abnahme der geldsten >*°Th- und
eine Intensivierung der Entfernung durch Scavenging hinweist, insbesondere in Kiistenndhe.
Diese Studie zeigt, wie geloste *°Th und *'Pa, in Kombination mit €Nd, Einblicke in
Anderungen der Partikelfliisse sowie in die Entwicklung der Zirkulation und Vermischung der

Ozeane geben konnen.

Die in dieser Arbeit vorgestellten Forschungsergebnisse tragen somit zum Verstdndnis des
Spurenelementzyklus und der Tracer-Anwendung von **°Th und **'Pa im Arktischen Ozean,

unter sich aufgrund des modernen Klimawandels dndernden Umweltbedingungen, bei.
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using Ocean Data View" (Schlitzer, 2016).

Figure 2: Cross-over station depth profiles for dissolved **°Th (A), dissolved *'Pa (B) dissolved
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the locations of the TPD (Trans Polar Drift) according to AO stages (white dashed lines), AO-
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Mendeleev-Ridge, BC= Boundary Current, BG = Beaufort Gyre, BS = Barents Sea, CB =
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Lomonosov Ridge, MB = Makarov Basin, NB = Nansen Basin, WSC = West Spitzbergen
Current. Map was created using Ocean Data View" (Schlitzer, 2016).
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Figure 5: Transmission data section from the Barents Sea shelf to the central Nansen Basin
(Lerner et al., 2020). The figure was created using Ocean Data View" (Schlitzer, 2016).

Figure 6: Schematic water column distribution profiles and range of activities in dpm/m’ of
natural uranium isotopes (left), #Th (middle) and **'Pa (right) in seawater. The figure was
modified after Rutgers van der Loeff and Geibert (2008).

Figure 7: Schematic illustration of the boundary scavenging process between the high
productivity ocean margins and the low productive open ocean, showing the different
sedimentary activity ratios of **'Pa/**’Th at the margins and in the open ocean, due to
scavenging removal of >°Th in the open ocean and lateral transport of *'Pa to the margins, in
relation to their production ratio of 0.093.
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ice cover (right) and under sea ice free conditions (left). The figure was modified after Grenier et
al. (2019).
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circulation patterns after Rudels (2009). Red is the Atlantic inflow through Fram Strait (FSBW)
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(Rudels, 2010) and Fram Strait 2016 (Kanzow et al., 2017). (C) Dissolved ***Th from 2015 (81
= dashed, 117 = dashed dotted, 125 = solid) and 2007 (309 = green) and 2007 margin (400 =
pink) (D) Particulate ***Th from 2015 in percent of total >**Th.

Figure 3: (A) Dissolved 20Th, (B) 'PI/*°U (Casacuberta et al., 2018) from the Amundsen
Basin, 2015
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Figure 4. Comparison of pCFC and pSFs ages from 2005 (red) and 2015 (blue) in the Amundsen
Basin at stations located in the return flow along the Lomonosov Ridge, distinguishing the depth
ranges of FSBW (solid box) and BSBW (dashed box). Locations of 2015 stations are marked in
the map as blue symbols (81 = dots, 85 = squares, 89 = diamonds) and 2005 stations in red (41 =
dots, 42 = squares, 46 = diamonds).

Figure 5: (A) Circulation pathways of Atlantic waters to the central Amundsen Basin. (B)
Conceptual drawing of scavenging and mixing of water masses close to St Anna Trough (black
line in A represents the section of B). LR = Lomonosov Ridge, GR = Gakkel Ridge, BSS =
Barents Sea Shelf, FS = Fram Strait). (C) Development of dissolved **°Th concentrations from
the North Atlantic to the Amundsen Basin. Atlantic values: (open symbols, Hayes et al., 2015;
Vogler et al., 1998; Moran et al., 1995) represented by a deep box flowing in through Fram
Strait and a shallow box with lower activities flowing in over the Barents shelf and exposed to
additional scavenging on the shelf (horizontal black arrow) before it is subducted and mixed
with deeper Atlantic inflow to form the observed reduced concentrations in the central
Amundsen Basin. Stations 32 and 40 (red) are from Gdaniec ef al. (submitted).

Figure 6: Modelled dissolved 20Th distribution in the Amundsen Basin, 0, 2, 4, 6, 8, 10, 15, 20
years after reduction of concentration in upper layer (0-1500 m) by continuous exchange with
2Th-free surface water. Model was modified after Rutgers van der Loeff ez al. (2018).

CHAPTER 4: Short-Term vs. Long-Term Removal Processes of dissolved B%Th and *'Pa
in the Eurasian Basin

Figure 5: In-situ production and inventory changes for dissolved **Th and **'Pa for the three
time periods.

Figure 2: Beam attenuation section from the Barents Sea shelf to the central Nansen Basin from
PS94 (2015) (Gardner et al., 2020). The figure was created using Ocean Data View® (Schlitzer,
2016).

Figure 3: Box model for the steady state situation for #%Th under scenario-a (upper panel) and

21pa (lower panel) in the Eurasian Basin. Red arrows indicate scavenging removal or
sedimentation fluxes, black arrows indicate net transport. Sed. = sedimentation, scav. =
scavenging, FS = Fram Strait.

Figure 4: Box model for the 1991-2007 situation for **°Th under scenario-a (upper panel) and
»!pa (lower panel) in the Eurasian Basin. Red arrows indicate scavenging removal or
sedimentation fluxes, black arrows indicate net transport. Sed. = sedimentation, scav. =
scavenging, FS = Fram Strait.

Figure 5: Box model for the 2007-2015 situation for 2*°Th under scenario-a (upper panel) and

2!pa (lower panel) in the Eurasian Basin. Red arrows indicate scavenging removal or
sedimentation fluxes, black arrows indicate net transport. Sed. = sedimentation, scav. =
scavenging, FS = Fram Strait.

Figure 6: Box model for the 2007-2015 situation of **°Th under scenario-b. Red arrows indicate
scavenging removal or sedimentation fluxes, black arrows indicate net transport. Sed. =
sedimentation, scav. = scavenging, FS = Fram Strait.
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Figure 7: Scavenging removal processes and sedimentation fluxes of *°Th between 2007 and
2015 in the Eurasian Basin under scenario-b. LR = Lomonosov Ridge, GR = Gakkel Ridge.
Circulation patterns from Rudels (2009).

CHAPTER 5: *'Pa and »°Th in the Arctic Ocean: Implications for Boundary Scavenging
and 2'Pa->**Th Fractionation in the Eurasian Basin

Figure 1: Samples for the analysis of dissolved and particulate **'Pa, 2*°Th and ***Th were
collected at 9 stations along the GEOTRACES GNO04 section in the Arctic Ocean. Crossed
symbols denote sampling for particulate and dissolved samples and non-crossed points are
stations which were sampled for the analysis of dissolved concentrations.

Figure 2: Dissolved concentrations of *'Pay,, ***Thys and **Th for shelf stations (upper panel) and
deep stations (lower panel). Diamonds: Nansen Basin, squares: Amundsen basin, triangles:
Makarov Basin and circles: shelf stations.

Figure 3: Particulate concentrations of **'Pay,, >**Thy, and ***Th for shelf stations (upper panel)
and deep stations (lower panel). Diamonds: Nansen Basin, triangles: Makarov Basin and circles:
shelf stations.

Figure 4: Pa-Th Fractionation factors. Diamonds: Nansen Basin, triangles: Makarov Basin and
circles: shelf stations.

Figure 5: Depth profiles of (a) the particulate/total ratios of 21pa,, and (b) particulate/total ratios
for 2 OThxs. Diamonds: Nansen Basin, triangles: Makarov Basin and circles: shelf stations.

Figure 6: Schematic representation of the boundary scavenging profile model: the margin and
open ocean boxes exchange a total flux of water (F). Vertical mixing is neglected. Particles are
introduced in the surface waters of the ocean margin and interior and at all depths in the margin
box (bent arrows). Particles are then transported by currents between the margin and ocean
Interior.

Figure 7: Boundary scavenging model outputs. Modelled profiles of (a and d): particle
abundance and the >*°Th particulate fraction, (b and e): dissolved and particulate 2T, and ¢
and f): dissolved and particulate 231PalXS in comparison with measured data obtained at station 32
(margin) and 50 (interior). Pink open diamonds (st. 32) and orange diamonds (st. 50) represent
measured data while the pink lines represent the margin model and orange lines represent the
interior ocean model. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Figure 8: Dissolved *'Pay, versus DSi measured during PS94 (Van Ooijen et al., 2016).
Diamonds: Nansen Basin, squares: Amundsen basin, triangles: Makarov Basin and circles: shelf
stations.
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CHAPTER 6: Changes in Circulation and Particle Scavenging in the Amerasian Basin of
the Arctic Ocean over the Last Three Decades Inferred from the Water Column
Distribution of Geochemical Tracers

Figurel: Location of the deep stations (>500mdepth) where >**Th, **'Pa, or eNd were measured
in the Amerasian Basin of the Arctic so far. This study adds nine new stations in the Canada
Basin (CB; 2007: pink dots; 2009: blue-green dots; 2011: cyan square; 2015: brown dots), one
new on the Mendeleev Ridge (MR; 2005: green square), five in the Makarov Basin (2005: green
square; 2007: purple inverted triangle; 2015: black dots), and one on the Alpha Ridge (2007:
purple square). The red arrows show the circulation schematics of the upper layers; the blue &
and arrows show the formation area and circulation schematics of the Atlantic layer, respectively
(after Bluhm et al., 2015; Rudels et al., 2013). CP = Chukchi Plateau; NR = Northwind Ridge.
This map and the following were created with the software Ocean Data View (Schlitzer, 2015),
using the IBCAO bathymetry (version 3; Jakobsson et al., 2012).

Figure 2: Schematic representation of dissolved 2Th concentration profiles (a, ¢) following

equation (3), that is, neglecting advection and turbulent diffusion and assuming steady state, in
(a) a seasonally ice-free area, where the surface value is lower and the increase with depth is
weaker due to higher scavenging and particulate sinking rates than in (c) a permanently ice-
covered area. Profiles with deviations from linearity are expected in (b) areas where lateral
advection of »*°Th from (a) (low grey dotted line) and (c) (high grey dotted line) occurs (grey
arrows).

Figure 3: Vertical profiles of hydrological parameters of the Canada Basin stations. (a) Location
of the stations. Vertical profiles of potential temperature (°C; b—e) and practical salinity (f-i) of
the 12 stations, in grey, superimposed by the colored profiles of stations sampled in 1995 and
2000 (b, f), 2007 (c, g), 2009 and 2011 (d, h), and 2015 (e, 1). Hydrological references: Carmack
et al. (1996) (1995: AO-1); Porcelli et al. (2009) (2000: 3, 4); McLaughlin et al. (2009) (2007:
500, 2000, 2700); Rail et al. (2011) (2009: L1.1, L2); Mosher (2012) (2011: UNCI11-6);
Amundsen Science Data Collection (2016) (2015: CB2, CB3, CB4). Symbols on the colored
profiles represent the samples collected at each station. For the sake of clarity, horizontal and
vertical axes are stretched in order to better visualize the properties of the Atlantic layer, and a
zoom on this layer, defined by the black square, is shown in an inset for each plot.

Figure 4: Vertical profiles of hydrological parameters of the Makarov Basin and ridges stations.
(a) Location of the stations. Vertical profiles of potential temperature (°C; b—d) and practical
salinity (e—g) of the 11 stations, in dark grey, superimposed by the colored profiles of stations
sampled in 1983, 1991, and 1994 (b, e), 2005 and 2007 (c, f), and 2015 (d, g). Canada Basin
light grey profiles are also reported in the background, for comparison. Hydrological references:
Jones and Anderson (1986) (1983: CESAR); Anderson et al. (1994) (1991: 176); Swift et al.
(1997) (1994: 18, 25); Darby et al. (2006) (2005: 11, 18A); Schauer (2008) (2007: 328, 342);
Rabe ef al. (2016) (2015: 96, 101, 134). Symbols on the colored profiles represent the samples
collected at each station. For the sake of clarity, horizontal and vertical axes are stretched in
order to better visualize the properties of the Atlantic layer, and a zoom on this layer, defined by
the black square, is shown in an inset for each plot.
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Figure 5: Potential temperature (in °C)—practical salinity (8-S) profiles of the Canada Basin
stations (a—d) and of the Makarov Basin and Mendeleev/Alpha Ridge stations (e—h), showing the
hydrological evolution of the shallow (b, f), intermediate (c, g), and deep and bottom (d, h) water
masses between the ~1990s and ~2010s. Hydrological references are given in Figures 3 and 4.
The symbols on the profiles represent the samples. Potential density contours 60 are shown in
solid grey. Canada Basin profiles are reported in light grey in the background of the Makarov
Basin and ridges plots (e—h) to facilitate comparison.

Figure 6: Vertical distribution of (b) **°Thy concentrations (in fg kg™), (c) *'Pag concentrations
(in fg kg™") and (d) eNd of the Canada Basin stations (shown in a). The white, light grey, and
dark grey backgrounds refer to the surface, intermediate Atlantic, deep uPDW and bottom
CBDW layers, respectively, as subdivided in Figures 5b, 5c, and 5d. To facilitate the comparison
between unfiltered and filtered profiles, dissolved profiles of **°Th and *'Pa were estimated at
stations where samples were unfiltered, by multiplying the measured total concentrations by 0.8
for °Th and by 0.95 for **'Pa (from the average dissolved/total ratios of the **°Th and *'Pa
water column database http://climotope.earth.ox.ac.uk/data_compilations, by considering only
Arctic stations, i.e., for station latitudes greater or equal to 75°N). These estimated dissolved
profiles are represented by dashed lines.

Figure 7: Vertical distribution of (b) 2Thy concentrations (in fg kg'l) and (c) *'Pag

concentrations (in fg kg'l) of the Makarov Basin and Mendeleev/Alpha Ridges stations (shown
in a). The white, light grey, and dark grey backgrounds refer to the shallow, intermediate, and
deep and bottom layers, respectively, as subdivided in Figures 5f, 5g, and Sh. As in Figure 6,
dissolved profiles of *°Th and **'Pa were estimated at stations where samples were unfiltered to
facilitate the comparison between unfiltered and filtered profiles, by multiplying the measured
total concentrations by 0.8 for >*Th and by 0.95 for *'Pa. These estimated dissolved profiles are
represented by dashed lines.

Figure 8: *'Pa/>"Th activity ratio as a function of depth (top) and of Pa concentrations (bottom;
in fg kg') at the Canada Basin stations (a, b) and at the Makarov Basin and Mendeleev-Alpha
Ridge stations (c, d), in color, superimposed on the Canada Basin ones, in grey, for comparison.
The dotted black line represents the production rate ratio (**'Pa/*°Th = 0.093; Anderson et al.,
1983). The red line in (b) and (d) is the linear regression of the colored dots (excluding samples
shallower than 50 m). In a steady state system, the slope of this red line reflects differences in
the relative adsorption of Pa and Th. Steeper slopes reflect more intense scavenging of Th
(higher k,) than for Pa. This is discussed further in the text.

Figure 9: Dissolved oxygen concentrations (in pmol kg"') measured at the different stations
shown in (a) and (c), for (b) the Canada Basin and for (d) the Makarov Basin and Mendeleev-
Alpha Ridges, in color, superimposed on the Canada Basin ones, in grey, for comparison.
References are given in Figures 3 and 4.
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Figure 11: Comparison of >**Thg concentrations (in fg kg™) and 6-S profiles (with superimposed
isopycnal c0) at stations of very close location but of different sampling year. (b) Schematic
representation of the Canada Basin (CB) areas as defined from the **°Th profile features. Each
station location is characterized following its degree of impact by coastal processes: weak,
strong, or intermediate (white, black, and black/white filled circles, respectively), closely related
to the extension of the boundary, northern, and mixed water areas. Color contours refer to the
year of station sampling (same color code as in Figure 1). Larger circles, cut in two halves,
represent temporal variability of the spatial extension of boundary processes from the stations
visited twice (a).

Figure 10: Vertical distribution of **°Thy concentrations (in fg kg™'; grey curves) and particulate
Fe concentrations (pFe, in nM; black lines, from Li, 2017) in the Canada Basin in 2015, at (a)
station CB2 (eastern CB), (b) station CB3 (northern CB), and (c) station CB4 (western CB).
2%Th and pFe ranges are kept the same for the three stations to highlight differences.

Figure 12: Comparison of geochemical (***Thy and **'Pagy concentrations, as shown in Figures 5
and 6, in fg kg™') and hydrological (potential temperature © vertical profiles, in °C, and 6-S
profiles with superimposed isopycnal c0) properties at stations of very close location but of
different sampling year (also referred in the text as “twice visited,” except for the Alpha Ridge
stations that are too far apart to be considered as such). Concerned stations are identified in the
map shown in (a) and properties are shown in (b) for the Mendeleev and Alpha Ridge stations
and in (c) for the Makarov Basin ones. The 6-S plot insets show a zoom on the 6-S bottom water
characteristics delimited by the black squares.

Figure 13: Schematic representations of Amerasian Basin circulation layers: (a) Atlantic water
layer (~250-1,000 m); (b) uPDW layer (~1,000-2,500 m); (c) bottom layer (~2,500 m bottom;
flow direction not given, due to uncertainties). The 250, 1,000, and 2,500 m isobaths are
represented by grey, white, and black lines, respectively. EB = Eurasian Basin; AB = Amerasian
Basin; MB = Makarov Basin; CB = Canada Basin; LR = Lomonosov Ridge; AR = Alpha Ridge;
MR = Mendeleev Ridge; NR = Northwind Ridge; CP = Chukchi Plateau. Dotted red pathways—
within the MB in (a), over the MR toward the CB in (b), and over the LR toward the MB in
(c)—are paths that were likely dominant in the past but are likely minor nowadays.
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CHAPTER 1: Introduction

1.1 The changing Arctic Ocean

The Arctic Ocean experiences changes with ongoing climate warming. Due to a phenomenon
called Arctic amplification the Arctic Ocean is especially vulnerable to climate change. Arctic
amplification causes warming rates up to twice as high as the global average (Serreze et al.,
2009; Serreze and Francis, 2006; Serreze et al., 2007). Air temperature in the Arctic increased
by 10%, averaged over 30 years (Proshutinsky et al., 2015). Probably the most visual and
prominent change in the Arctic Ocean is the decline of sea ice extent and thickness in recent
decades (Perovich et al., 2019). The decadal perennial loss is about 11% of the sea ice extent
(Comiso et al., 2017). This trend is expected to continue and will eventually lead to an ice free
Arctic summer and thinner sea ice in winter (Haine and Martin, 2017). This might already be the
case in 2050 (Collins et al., 2014) or even earlier (Liu ef al., 2013). Even an only seasonally (in
summer) ice free Arctic Ocean will have an impact on the Arctic Ocean’s oceanography and its
marine ecosystems, but will also affect the climate on a global scale (Timmermans and Marshall,
2020), e.g. due to reduction of the Earth's planetary albedo (Pistone ef al., 2014). Thinning and
retreat of Arctic sea ice (Perovich, 2011; Perovich et al., 2019; Rothrock et al., 1999) causes
changes in particle fluxes and concentrations (Boetius et al., 2013). Especially at the margins of
the Arctic Ocean, such as the Barents Sea, long term observations show prolonged growing
seasons and increased annual NPP (Net Primary Production) since the late 1990s, due to
decreasing sea ice cover (Dalpadado et al., 2020). Additionally global warming causes increased
particle fluxes by permafrost thawing (Giinther ef al., 2013), which leads to an increasing input
of terrestrial matter to the Arctic Ocean (Schuur et al., 2013; Schuur et al., 2015). The large
riverine discharge to the Arctic Ocean (McClelland ef al., 2012) is also increasing since the last
decades (Peterson et al., 2002), e.g. by approximately 14% averaged over 30 years in the
Eurasian Arctic (Proshutinsky ef al., 2015). Release of Fe and Mn from Arctic shelves causes
increased scavenging of trace metals throughout the water column, due to the mobilization of
these redox-sensitive metals (Jensen ef al., 2020). This can be linked to the increasing presence
of Fe-rich particles or aggregates at the Nansen Basin margin, compared to the central basins,
indicated by relatively high dissolved iron (dFe) values (Rijkenberg et al., 2018). Furthermore
beam attenuation data from PS94 show increased particle freight along the Nansen Basin
margin, relative to the central Nansen Basin (Gardner et al., 2020).

These developments can have an impact on the (re)distribution of particle reactive elements

within the Arctic Ocean and changes in their export to the Atlantic Ocean with potential



consequences for lower latitude areas. This implies e.g. changes in the export of micronutrient
elements like Fe. Changes in circulation or ventilation can affect the export non scavenging
prone waste materials, like artificial radionuclides, such as 2 and 2 6U, which can be used as a
circulation tracer (Smith et al.,, 2011) and whose ratio is used as a circulation age tracer
(Casacuberta et al., 2016), may affect the interpretation of the distribution of elements and
isotopes that are used as tracers for a variety of processes occurring in the Atlantic Ocean.

The tracer pair of the particle reactive isotopes **°Th and **'Pa has been used extensively to
study particle fluxes and circulation changes in the ocean (Anderson et al., 1983a, b; Hayes et
al., 2015b; Marchal et al., 2000). As a result of their high particle reactivity they can be used as
indicators of changing particle fluxes in the Arctic Ocean, already in an early stage of these

changes.

1.1.1 Data Origin and Reliability

This section briefly describes the 2015 GEOTRACES Arctic Ocean sampling campaign and
gives information on data quality and availability. In summer 2015 three simultaneous
GEOTRACES cruises to the Arctic Ocean took place. A wide array of particulate and dissolved
GEOTRACES parameters was sampled over the entire water column, covering the entire central
Arctic Ocean. The US operated USCGC Healy focused on the Amerasian Basin (GEOTRACES
section GNO1), the Canadian CCGS Amundsen covered the Arctic Archipelago and the southern
Canada Basin (GN02), while German RV Polarstern focused on the Eurasian- and the Makarov
Basin (GN04). Two cruises respectively conducted cross-over stations, in order to intercalibrate
data, granting reliable and comparable results. This unprecedented sampling campaign of the
Arctic Ocean water column and the resulting international collaborations are the basis of the
studies presented in this thesis. Cruise tracks of the 2015 GEOTRACES expeditions, including

locations of cross-over stations, are shown in figure 1.
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Figure 1: Cruise tracks of the 2015 GEOTRACES Arctic Ocean expeditions: GN04 (yellow), GNO1 (black),
GNO3 (white). And the GEOTRACES 2007 expedition: GIPY11 (red). Orange stars indicate locations of
cross-over stations. AB = Amundsen Basin, BS = Barents Sea, CB = Canada Basin, FS = Fram Strait, MB =
Makarov Basin, NB = Nansen Basin. Map was created using Ocean Data View® (Schlitzer, 2016).

Naturally occurring radionuclide samples (dissolved and particulate 2*°Th, **'Pa and ***Th) from
GNO04 were additionally divided, in a close cooperation, between the A WI and a combined group
of Stockholm University and the Laboratoire des Sciences du Climat et de |’Environnement
(LSCE) in Gif-sur-Yvette, France. This collaboration allowed focussing on individual tasks and
research questions. The AWI part focused on the central Eurasian Basins, while the LSCE
analysed the samples from the Barents Sea and the margin of the Nansen Basin.

To allow comparison with data analysed from the partner laboratories, all samples were sampled
and analysed according to standardized GEOTRACES methods (Anderson et al., 2012).
Additionally an intercalibration exercise between the RV Polarstern and the USCGC Healy
cruises was conducted. Intercalibration sampling took place at the same location and
approximately same time, with an offset of ca. two weeks between USCGC Healy and RV
Polarstern sampling. A station in the central Makarov Basin (figure 1) was chosen as the cross-
over station (RV Polarstern station 101, USCGC Healy station 30). The whole water column was
sampled by participants from both the RV Polarstern and the USCGC Healy cruises. AWI and



LSCE samples were taken at the same time on board RV Polarstern. This was done in order to
compare results and to evaluate the agreement between the participating parties, in order to

ensure reliability of the data. Figure 2 shows the results of this intercalibration exercise for

dissolved OTh, 21pa and #°Th.
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Figure 2: Cross-over station depth profiles for dissolved 2*°Th (A), dissolved >*'Pa (B) dissolved **>Th (C).
There is a generally good agreement between the three participating laboratories, especially
below 500 m. Data obtained in 2007 from GEOTRACES section GIPY11 on RV Polarstern,
combined with published data from Scholten et al. (1995) from 1991 enables creating a time
series of dissolved *°Th and **'Pa over the last three decades. All AWI data from first and co-
author manuscripts are available at the online data publisher PANGAEA® (www.pangaea.de)
and are shown in the Appendix. Individual data links are given in the respective sections. A W/
data of dissolved 230Th, 21pa and **Th was also submitted for the GEOTRACES intermediate
data product 2021.



1.2 The Arctic Ocean: Hydrography and Particle Fluxes

1.2.1 General Setting

The Arctic Ocean, the world’s northern most ocean, is almost landlocked, comparable to the
Mediterranean Sea. It is surrounded by North America, Asia and Europe, as well as Greenland.
The only deep water passage from the Atlantic and Pacific Oceans to the Arctic Ocean is the
Fram Strait, located between Svalbard and Greenland and with a maximum sill depth of ca. 2500
m connecting the Atlantic and the Arctic Ocean. The Arctic Ocean is, compared to other ocean
basins, relatively small and consists of a large proportion of shallow shelves (<300 m),
approximately 53% (Jakobsson et al., 2003). The Arctic Ocean can be divided into two major
basins, the Amerasian- and Eurasian Basin, separated by the ca. 1600 m deep Lomonosov Ridge,
which builds a topographic barrier. This barrier is only passable below 1600 m through the intra
Basin with a sill depth of ca. 1800 m, where an exchange flow between the two major basins is
possible (Bjork et al., 2010; Bjork et al., 2007). The exchange flow through the Intra-Basin from
the Eurasian Basin into the Amerasian Basin is estimated to be 0.25 Sv (Sverdrup, 1 Sv = 10°
m’/s) (Timmermans et al., 2005). A flow in the reverse direction through this pathway (Bjork et
al., 2007) and above 1600 m (Middag et al., 2009) is possible.

Both the Eurasian Basin and the Amerasian Basin are divided into two basins. The Amerasian
basin is separated by the Alpha-Mendeleev Ridge into the Makarov- and the Canada Basin,
while the mid-ocean Gakkel Ridge geographically divides the Eurasian Basin into the Nansen-
and the Amundsen Basin, with the latter one being the deepest of all Arctic Ocean basins. A
geographic overview is given in figure 3.

Water masses of the Arctic Ocean have mainly an Atlantic origin, about 90% of the total inflow
of waters to the Arctic Ocean are derived from the Atlantic Ocean, the remaining proportions
consist of ~9% of Pacific Waters entering through Bering Strait and ~1% freshwater from
continental discharge and precipitation (Woodgate, 2013). Atlantic waters enter from the Nordic
Seas through the Fram Strait and the shallow Barents Sea (ca. 200 m deep). The Pacific water
component enters through the only 45 m deep and 50 km wide Bering Strait. Nevertheless the
Bering Strait is an important fresh water and heat source of the Arctic Ocean (Haine et al., 2015;
Woodgate et al., 2010). Outflow occurs primarily through the Fram Strait (Woodgate et al.,
1999) and to a small degree through the Canadian Archipelago (Leblond, 1980; Miinchow et al.,
2006).

The Arctic Ocean receives a significant freshwater input from riverine discharge (~1 Sv) and net

precipitation (~0.07 Sv) (Rudels, 2009). More than 10% of the world’s total river discharge



reaches the Arctic Ocean, which comprises only 1% of the world’s ocean volume (McClelland et
al., 2012). Therefore the Arctic Ocean is strongly stratified by salinity depth gradients with the
low-salinity surface layer being able to form sea ice in winter and (Rudels, 2009), although sea
ice extent and thickness are decreasing in recent decades (Perovich and Richter-Menge, 2009).
The fresh water content of the central Arctic Ocean varies with time, currently it is at the highest
level since the early 1980s, and is expected to further increase in the future (Rabe et al., 2014).
An increase in fresh water content would lead to a stronger stratification of the water column.

The strong stratification of the Arctic Ocean water column allows dividing the water column into
five distinct depth layers. Due to the topographic division between the Amerasian- and the
Eurasian Basin it is possible to distinguish between Eurasian- and Amerasian deep and

intermediate waters, according to Rudels (2009):

1. The uppermost low salinity Polar Mixed Layer (PML) varies in its thickness between
winter and summer, due to melting and freezing of sea ice. Salinity ranges from 30-32.5
PSU (Practical Salinity Unit) (Amerasian Basin) to 32-34 PSU (Eurasian Basin). The
upper 10-20 m of the PML are diluted by sea ice meltwater in summer and homogenized
in winter by haline convection and freezing.

2. Below the PML is the 100250 m-thick halocline in which salinity increases sharply with
depth from approximately 32.5PSU to 34.5 PSU. Water temperatures are close to the
freezing.

3. The underlying Atlantic Layer is characterized in salinity and temperature by waters of
Atlantic origin and is usually found between 400 m and 700 m water depth, salinity is
34.5-35 PSU and water temperatures are around 0°C.

4. Intermediate waters, under the Atlantic layer, down to 1500 m, have a salinity of 34.87-
34.92 PSU and are still able to exchange over the Lomonosov Ridge. Water temperatures
are -0.5-0°C.

5. Deep and bottom waters vary in the Eurasian Basin (salinity: 34.92-34.945 PSU) and the
Amerasian Basin (34.92-34.96 PSU), while temperatures range from -0.55°C to 0.5°C
PSU in the Canadian Basin and from -0.97°C to -0.5°C in the deep Eurasian Basin.

These layers are affected by lateral circulation and mixing processes changing their

characteristics regionally (Rudels, 2009; Timmermans and Marshall, 2020).



1.2.2 Surface Circulation and Sea Ice Motion

The strongly stratified surface waters of the Arctic Ocean follow wind driven ice motion
(Aagaard et al., 1980). This is expected to be influenced by climate change since geostrophic
wind speeds over the Arctic Ocean increased by about 15% as a 30 years average (Proshutinsky

etal.,2015).

Atlantic water moves cyclonically around the deep basins (Rudels, 2012). Sea-ice motion and
surface geostrophic flow in the Arctic Ocean is generally wind driven and follows the
anticyclonic flow of the Beaufort Gyre and the Transpolar Drift Stream in the Amerasian Basin
and is cyclonical in the Eurasian Basin. The Beaufort Gyre is the most important upper-ocean

circulation feature in the Canadian Basin (Timmermans and Marshall, 2020).

Among many other environmental parameters, the Arctic Oceans’ wind driven surface
circulation is controlled by atmospheric pressure and temperature gradients between the cold
Arctic and the more temperate North Atlantic, a system called the Arctic Ocean Oscillation
(AOQO). The AOO is closely coupled to the North Atlantic Oscillation (NAO) (Dukhovskoy et
al., 2004; Proshutinsky and Johnson, 1997; Proshutinsky et al., 1999) and is described by the
Arctic Ocean Oscillation Index (AOOI) (Proshutinsky and Johnson, 1997). Figure 3 shows

major surface currents of the Arctic Ocean for the early twenty first century.
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Figure 3: Circulation pattern of major surface currents (Beszczynska-Moeller ef al., 2011) and the locations
of the TPD (Trans Polar Drift) according to AO stages (white dashed lines), AO- represents the 2015
situation (Charette et al., 2020). AB = Amundsen Basin, A-M-R = Alpha-Mendeleev-Ridge, BC= Boundary
Current, BG = Beaufort Gyre, BS = Barents Sea, CB = Canada Basin, EGC = East Greenland Current, FS =
Fram Strait, GR = Gakkel Ridge, LR = Lomonosov Ridge, MB = Makarov Basin, NB = Nansen Basin, WSC
= West Spitzbergen Current. Map was created using Ocean Data View® (Schlitzer, 2016).

The AOOI determines whether the Arctic Ocean surface layer is dominated by Cyclonic- (CCR)
or Anti-Cyclonic (ACCR) circulation regimes. In times of a positive AOOI circulation regimes
are in a clockwise ACCR stage and in a counter clockwise CCR mode during periods of negative
AOOI (Proshutinsky and Johnson, 1997; Proshutinsky et al., 1999). During ACCR stages ice
drift and surface currents in the Eurasian Basin are expected to flow towards the Fram Strait
along the shelf-break, while during CCR stages they are shifted northwards more to the centre of
the Eurasian Basin (Proshutinsky et al., 2015). Additionally, upwelling can occur during ACCR
stages, causing a flow of deeper waters (from down to ca. 500 m) from the interior basins to the
shelves, (Proshutinsky and Johnson, 1997; Randelhoff and Sundfjord, 2017). ACCR and CCR
stages change in a rhythm of approximately 5- to 7-year intervals (Proshutinsky et al., 2015).
Since 1997, the AOOI is in a permanently positive stage. It is expected that the AOOI remains
positive over longer periods with short phases of negative (CCR) stages in the future, contrasting

the twentieth century conditions (Proshutinsky et al., 2015). In addition, the environmental



consequences of AOOI stages seem to differ in recent times, especially surface circulation at the
shelves and shelf-breaks might change their reaction to differing AOOI stages in the future
(Armitage et al., 2018).

A major surface current in the Arctic Ocean is the Trans Polar Drift (TPD). It is the most
important transport mechanism for shelf water and sea ice from the Laptev and East Siberian
Seas toward the central basin and subsequently to the Fram Strait (Ekwurzel et al., 2001; Rigor
et al., 2002; Rudels, 2015; Schlosser et al., 1994). This Trans-Arctic current crosses the Arctic
Ocean in 1-3 years (Pfirman et al., 1997).

The Arctic Oscillation (AO) controls the location of the TPD (Mysak, 2001), shown in figure 3.
Low or negative AOOI stages lead to an expansion of the anticyclonic Beaufort Gyre and in
these phases the TPD flows from the Laptev- and East Siberian Seas over the Lomonosov Ridge
(Morison et al., 2006; Woodgate et al., 2005). Positive AO phases scale down the Beaufort Gyre
and the TPD shifts eastward towards the Alpha-Mendeleev Ridge (Mysak, 2001). Like the entire
Arctic Ocean the TPD system is expected to change, however it is unclear whether it might
intensify in the next decades, due to wind forcing by thinned ice cover (Newton ef al., 2017) or

slow down due to decreasing sea ice cover (Krumpen ef al., 2019).

1.2.3 Intermediate- and Deep Water Circulation

Before entering the Arctic Ocean, Atlantic Waters flow across the Scotland-Greenland Ridge
and through the Nordic Seas in the North Atlantic Current extension of the Gulf Stream. Their
northward propagation in the Norwegian Sea consists of a western and an eastern branch of the
Norwegian Atlantic Current, which are topographically determined (Orvik and Niiler, 2002).
Atlantic waters from the Norwegian Atlantic Current enter the Arctic Ocean via the Fram Strait
and the Barents Sea Opening. The Fram Strait Branch Water (FSBW) is supplied through the
northward directed West Spitsbergen Current (WSC) (Rudels, 2012). It brings relatively salty
and warm Atlantic Water into the Arctic Ocean (~7 Sv) and recirculation within the Fram Strait
can occur (Beszczynska-Moller ef al., 2012; Schauer et al., 2004). Outflow of Arctic waters in
the Fram Strait is transported by the southward flowing East Greenland Current (EGC) (~9 Sv)
(de Steur et al., 2014) contributing to a southward net flow through the Fram Strait of several Sv,
with a huge monthly variability (Schauer and Beszczynska-Moeller, 2009). The Barents Sea
Branch Water (BSBW) enters through the Barents Sea (~2 Sv) (Ingvaldsen et al., 2002) and
consists of Atlantic water that undergoes strong modifications in Barents- and Kara Seas by
cooling and mixing with continental runoff and meltwater (Rudels et al., 2015). Heat flow to the

Arctic Ocean is expected to be higher in the BSBW than in the FSBW (Schauer and



Beszczynska-Moeller, 2009). The BSBW enters the Nansen Basin through the St. Anna Trough,
where limited mixing with the FSBW occurs (Rudels et al., 2015). Atlantic Water entering the
Arctic Ocean causes sea ice melt and its surface experiences modifications, such as cooling and
freshening. Therefore the distinct temperature maximum of Atlantic waters within the Arctic
Ocean consists only in deeper parts of the water column (Rudels et al., 1996). BSBW and FSBW
flow to the east forming a cyclonic boundary current along the continental slopes of the Nansen
and Amundsen Basin (Rudels, 2009; Woodgate et al., 2001). Transient tracer studies indicate
circulation times of Atlantic waters from the Barents Sea opening through the Arctic Ocean and
back to the Fram Strait of 15-30 years (Karcher et al., 2011; Smith et al., 2011).

Atlantic inflow into the Arctic Ocean is likely to gain more importance, as warming of
these waters is partly responsible for warming of Arctic Waters since the 1990s (Karcher et al.,
2003). This increasing importance also holds beyond hydrographic features as accelerating
Atlantic currents are expected to cause an expansion of Atlantic phytoplankton polewards (Oziel
et al., 2020). Together with sea ice melt caused by warm Atlantic Waters (Arthun et al., 2019;
Polyakov et al., 2005; Polyakov et al., 2017) an increased accumulation of anthropogenic CO, in
the central Arctic Ocean is observed (Terhaar et al., 2020; Ulfsbo et al., 2018). These
developments of stronger Atlantic influence on the Arctic Ocean are usually referred to as
“Atlantification”, which is especially relevant for the Eurasian Basin of the Arctic Ocean.The
BSBW and the FSBW return in the Atlantic- and intermediate water layers along the
Lomonosov Ridge at depths of ~1025 m and ~425 m, respectively (Tanhua et al., 2009), towards
the Fram Strait (Rudels et al., 2013). Recirculation within the Eurasian Basin is possible (Rudels
et al., 1994). One branch of the BSBW crosses the Lomonosov Ridge entering the Canada Basin
following the Arctic Ocean Boundary Current (AOBC) (Rudels, 2009) and circulates
cyclonically along the basin margins following isobaths (Woodgate ef al., 2001). Figure 4 shows
circulation patterns of intermediate waters of Atlantic origin in the Arctic Ocean after Rudels

(2009). Observations and modelling of anthropogenic 129

I (129-Iodine) indicate a flow direction
reversal of intermediate Atlantic Waters in the Canada Basin, linked to AOOI controlled
circulation (Karcher ef al., 2012). This can imply a potential decoupling of flow regimes in the
Canada- and Eurasian Basins, reducing exchange times between the two major basins of the
Arctic Ocean (Karcher et al., 2012).

Deep and bottom water circulation, below the Atlantic Water layer, is cyclonic in the Eurasian-
and Canadian Basin, similar to the intermediate water circulation, yet deep and bottom water

circulation is much less understood (Aagaard, 1981; Rudels, 2015). Renewal rates of Arctic deep

waters are slow, which is also evident from recent CFCs and SF4 data (Smethie, 2017). Eurasian
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and Canadian basin bottom waters are topographically isolated and therefore show mean ages
based on '*C measurements, of 250 and 450 years, respectively (Schlosser ef al., 1997). It seems
still to be an open question to which degree deep water renewal in the Eurasian Basin is a
continuous process or controlled by sporadic and relatively short-lived events (Bjork and
Winsor, 2006). Parts of the Eurasian Basin Bottom Waters (EBBW) originate from sinking high-
density waters from the neighbouring shelves of the Barents- and Kara Seas (Aagaard ef al.,
1985; Arthun et al., 2011). Deep water masses in the Eurasian Basin are also influenced by the
inflow of Atlantic Water via the Fram Strait, indicated by CFC distributions (Smethie et al.,
1988). Deep waters of the Amerasian Basin consist partly of brine rejection induced density

flows of waters from the continental slopes (Jones et al., 1995; Rudels, 2012).

Figure 4: Circulation pattern of intermediate waters (~500-1500 m) and inflow of Atlantic waters through the
Barents Sea (BS) (Rudels, 2009). Crossed circle indicates subsidence and mixing with ambient waters of
BSBW (~500m) at the St. Anna Through. AB = Amundsen Basin, A-M-R = Alpha-Mendeleev-Ridge, CB =
Canada Basin, FS = Fram Strait, GR = Gakkel Ridge, LR = Lomonosov Ridge, MB = Makarov Basin, NB =
Nansen Basin. Map was created using Ocean Data View® (Schlitzer, 2016).
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1.2.4 Particle Fluxes, Composition and Transport

Particle inputs into the Arctic Ocean have a variety of sources. First of all continental sources
such as riverine discharge (Klunder et al., 2012a) and coastal erosion, due to permafrost thawing
(Schuur et al., 2013; Schuur et al., 2015), are important components of particles transported to
the central Arctic Ocean. Resuspension of slope and shelf sediments add to this source (Klunder
et al., 2012a). Additionally, biological production within the central basins plays a role in Arctic
Ocean particle fluxes (Arrigo et al., 2008). A particle source, exclusive to the Eurasian Basin,
are hydrothermal vents at the Gakkel Ridge (Edmonds et al., 2003). Sea ice melt induced release
of particulate matter, both biogenic and lithogenic, adds to these sources as a transport
mechanism of particles to the central basins (Boetius et al., 2013).

Particle concentration, fluxes, and composition in the Arctic Ocean are very different at the
margins compared to the ice-covered central deep basins and also differ between the Amerasian-
and the Eurasian Basin (Xiang and Lam, 2020), and to a lesser degree also between the Nansen-
and Amundsen Basin (N6thig e al., 2020). Generally, vertical particle fluxes in the sea ice—
covered central Arctic Ocean are low, with the Canada Basin showing the lowest biogenic fluxes
reported for any region of the world’s ocean (Honjo et al., 2010).

In the central Arctic Ocean close to the Eurasian continental margin above the southern
Lomonosov Ridge ice cover used to be about 95% throughout most of the year and even in
summer above 90% (Haas and Eicken, 2001), although it is declining by about 6-10% per
decade (Jansen et al., 2020) and is locally only covered by 35-55% in recent summers (Piontek
et al., 2020). In this nearly permanently ice-covered region reduced light penetration restricts
biological primary production to about only three summer months (Sakshaug, 2004). Therefore,
lithogenic material dominates the particle composition there due to the relatively high input of
terrigenous matter by the Eurasian and Amerasian rivers combined with the relatively low
primary production. This is also reflected in most sediments of the central Arctic Ocean (Fahl
and Nothig, 2007). Low primary production in the central basins is also reported from ***Th-
derived POC exports (Cai et al., 2010).

In contrast to lithogenic material, carbonate is of minor importance in suspended particles and
sediments of the central Arctic Ocean (Stein et al., 1994), leading Fahl and Noéthig (2007) to
conclude that the central Arctic Ocean seems to be a ‘‘terrigenous, low-productivity ocean’’.
This is in contrast to the Arctic shelves and margins like the Kara- (Gaye et al., 2007) and
Beaufort Seas (O’Brien et al., 2006), where organic carbon fluxes are up to nine times higher

than at the Lomonosov Ridge, due to river discharge (Fahl and Nothig, 2007).
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Net Primary Production (NPP) is changing in the Arctic Ocean, especially at the shelves and in
waters around the shelf break, e.g. the Barents Sea and the Nansen Basin margin (Arrigo and van
Dijken, 2015). Large under-ice phytoplankton blooms have been observed under less solid sea
ice (Arrigo et al., 2012; Arrigo et al., 2014; Assmy et al., 2017). The reasons are reduced ice
cover and therefore prolonged growing seasons due to increased light transmission (Dalpadado
et al., 2020) as well as an increasing availability of nutrients (Tremblay and Gagnon, 2009).
Nevertheless, it is still unknown whether these changes will directly lead to enhanced primary
productivity in the central Arctic Ocean. Lund-Hansen ef al. (2020) suggest, based on model
results, that primary production rates in the Amundsen Basin will increase 10- to 14-fold under
ice free summer conditions in the future. While Slagstad et al. (2015) predicted that productivity
in Arctic waters will remain low until approximately 2100. According to the latter authors, only
some margins and shelves where surface water column stratification is weak, such as the
northern Barents Sea and the Kara Sea shelf break, will experience significant NPP increases in
the near future (Slagstad et al., 2015). A freshening of Arctic surface waters due to enhanced ice
melt (Morison et al., 2012) and larger riverine input (Peterson et al., 2002) as well as warming
by warmer Atlantic inflow (Beszczynska-Moller et al., 2012; Polyakov et al., 2017), will
stabilize the upper water column by stratification (Ardyna ef al., 2013; Tremblay and Gagnon,
2009). Intensified stratification of the water columns can prevent nutrient transport into the sunlit
surface layers, if no nutrient-rich waters are brought to the surface by regional upwelling
(Codispoti et al., 2005; Tremblay and Gagnon, 2009). Hence under the presence of low vertical
particle fluxes from the surface, lateral particle transport processes play an important role in the
particle transport of the Arctic Ocean (Fahl and Nothig, 2007, Honjo et al., 2010; Hwang et al.,
2008).

One important and rapid lateral transport mechanism for shelf-derived particulate matter in the
central Arctic Ocean is the TPD (Kipp et al., 2018; Letscher et al., 2011). As discussed in more
detail in section /.1.2 Surface circulation and sea ice this drift system is expected to undergo
changes with changing climate conditions. Any change, acceleration or slowing down of the
TPD will have an impact on particle transports to the central basins and therefore the ecosystem
dynamics of the central Arctic Ocean. The TPD is responsible for higher amounts of both
lithogenic material and diatoms in the Amundsen Basin compared to the Nansen Basin (Nothig
et al., 2020), which is less influenced by the TPD than the Amundsen Basin (Rutgers van der
Loeff et al., 2018). Still particle fluxes are low compared to the margins and shelves (Cai et al.,
2010). Approximate location of the TPD in 2015 following Charette et al. (2020) is shown in

figure 3. Sea-ice transport of particles to the central basins will increase with increasing summer
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ice melt (Charette et al., 2020). Particles that used to be transported to Fram Strait and released
at lower latitudes (Granskog et al., 2012) are going to be released within the central basins
(Charette et al., 2020).

Recent GEOTRACES studies based on Radium isotopes have shown that the TPD is already
changing. For example, changes of its chemical composition indicate potentially significant
changes in nutrients and carbon fluxes from the Siberian shelves (Kadko et al., 2019; Kipp et al.,
2018; Rutgers van der Loeff et al., 2018). An increase of dissolved iron (dFe) at TPD influenced
stations (Rijkenberg et al., 2018) additionally indicates stronger release and mobilization of trace
elements such as Fe or Mn (Manganese), as observed for Amerasian Basin shelves (Jensen ef al.,
2020).

Additionally, Benthic Nepheloid Layers (BNLs) can add lithogenic material by sediment
resuspension to the deep water column, as observed in the Canada Basin (Hwang et al., 2015)
and suggested to occur at least sporadically at the Nansen Basin slope and margin (Scholten et
al., 1995). Increased particle fluxes at the Eurasian Basin margins are already indicated by
locally elevated particulate *°Th and ***Th values close to Svalbard (Gdaniec er al., 2020),
pointing at resuspension or at particles transported by glacier and/or coastal erosion leading to
increased *°Th scavenging. These particles are reflected in transmission data as shown in figure
5 (Gardner et al., 2020). The distribution of these particles along the margins of the Nansen
Basin is probably affected by eddies causing exchange between the boundary current and the

more central parts of the Nansen Basin (Vage et al., 2016).
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Figure 5: Transmission data section from the Barents Sea shelf to the central Nansen Basin (Gardner ef al.,
2020)). The figure was created using Ocean Data View® (Schlitzer, 2016).

Similar processes are expected for intermediate waters, Intermediate Nepheloid Layers (INLs)
originate from the continental slopes, carrying lithogenic material to the interior Arctic Ocean
(Xiang and Lam, 2020). In the Nansen Basin deep water particles can also have a significant

admixture of hydrothermal particles, containing trace elements such as Fe and Mn (Klunder et
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al., 2012b; Middag et al., 2011), due to hydrothermal venting at the Gakkel Ridge (Baker et al.,
2004; Edmonds et al., 2003). Large explosive volcanic eruptions occur sporadically in addition
to the constant hydrothermal venting (Sohn et al., 2008). The importance of these hydrothermal
features is explained in section 1.4.3 Role of Hydrothermal vents for *°Th and **' Pa scavenging

in the Arctic.
1.3 °Th and **'Pa in the Ocean and their Application as Tracers

1.3.1. U-Series and 230Th, 21p,,

Uranium isotopes ~**U and *°U, as well as the thorium isotope ***Th, are long-lived radioactive
isotopes occurring in all rocks of the Earth. Long lived radioactive isotopes, like some naturally
occurring radionuclides from the uranium and thorium decay-series are important for
understanding the Earth system on geological timescales (>millions of years) (Moore and
Sackett, 1964). Daughter isotopes have activities equal to the activity of their parent isotope at
secular equilibrium. If parent and daughter isotopes have different chemical behaviour, this
creates differences between their activities, hence radioactive disequilibrium. This
disequilibrium reflects the removal or addition of a daughter isotope by a geochemical process
and in many cases allows quantifying the rate of this process (Roy-Barman and Jeandel, 2016;
Rutgers van der Loeff and Geibert, 2008). The chemical behaviour of the parent isotope
determines the daughter isotopes’ oceanographic input function. Soluble elements, such as
uranium, produced by radioactive decay of insoluble parent isotopes have a continental source
and are released to the ocean from continents or sediments (Rutgers van der Loeff and Geibert,
2008). Isotopes from the U- and Th-decay series are distributed in the ocean according to their
parent isotopes distribution and their chemical behaviour, half-lives (ti,). Therefore, different
isotopes of the same element differ in their oceanographic distribution, allowing the use of
isotope ratios as tracers for materials with the same origin as the parent isotopes (Roy-Barman
and Jeandel, 2016).

230-thorium, (*°Th, ty: 75.69 kyrs (Cheng ef al., 2000)) and 231-protactinium (*'Pa, ti,5: 32.57
kyrs (Jerome et al., 2020)) are two of these isotopes. They are produced by the radioactive decay

U and *°U, respectively, which are homogeneously

of their dissolved parent isotopes
distributed in sea-water, at a constant rate and at a well-known **'Pa/>*°Th activity ratio of 0.093
(Andersen et al., 2010; Delanghe et al., 2002; Robinson et al., 2004). Their production depends
on the uranium concentration in seawater, which varies with salinity (Chen et al., 1986). Thus

231

there is a uniform and steady source of **Th and **'Pa everywhere in the ocean.
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1.3.2 mTh, 21pa Fractionation in the Ocean

Particles in the ocean can be produced in the water column by biological production or
authigenic mineral precipitation or are derived externally from terrigenous material released
from the continents and added to the ocean by atmospheric transport, rivers or coastal erosion
(Jeandel et al., 2015). Removal of particle reactive elements from the dissolved phase by
adsorption to settling particles and the subsequent transport to the seafloor is a process called
scavenging (Goldberg, 1954). Scavenging of particle reactive elements onto constantly settling
suspended particulate matter and subsequent removal from the water column is a key component
of biogeochemical cycles in the ocean (Rutgers van der Loeff and Geibert, 2008). Residence
times of many elements in the ocean are controlled by particle formation, remineralization and
transport (Geibert, 2018; Jeandel et al., 2015; Lal, 1977). 20Th is about 10 times more particle

21pa and therefore the residence time of *°Th in the ocean is shorter compared to

reactive than
21pa (<40 yrs and <200 yrs, respectively) (Anderson et al., 1983Db). 29Th and *'Pa are both
particle reactive and insoluble in sea water, in contrast to their soluble uranium parent isotopes.
In fact, Th is one of the elements with the lowest solubility in seawater (Turner et al., 1981).
Their insolubility causes their removal to sediments by adsorption onto settling particles. Their
scavenging removal is much faster than removal by their radioactive decay (Bacon and

231

Anderson, 1982; Nozaki ef al., 1987). The scavenging intensity of **°Th relative to *'Pa can be

described using their fractionation factor Frypa) (Anderson et al., 1983b), which is described as:
F(Th/Pa) = (230Th/231Pa)particulate/(230Th/23IPa)dissolved

If *'Pa and *°Th had the same scavenging behaviour, the dissolved and particulate **'Pa/*°Th
ratio would be equal, resulting in a fractionation factor of 1, and there would be no scavenging
removal intensity information in the **'Pa/*"Th ratio.

29T is quickly removed from the water column and transported to the seafloor, due to its high
particle reactivity (Henderson et al., 1999). Therefore, one might expect an increase of

230

particulate **°Th with depth and uniformly low dissolved **°Th, due to quick removal of the

Th produced homogeneously throughout the water column from the dissolved phase.
However, many reported >*°Th depth profiles show an increase of both particulate and dissolved
20Th with depth (Gdaniec et al., 2017; Hayes et al., 2015a; Moore and Sackett, 1964;
Venchiarutti et al., 2011). This can best be explained by reversible scavenging (Bacon and
Anderson, 1982; Nozaki et al., 1981). Reversible scavenging is a process of adsorption onto
particles of an element with following desorption, hence an exchange between the dissolved and

the particulate phase as the particles sink through the water column. The reversible scavenging
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process leads to a general increase of dissolved and particulate >*°Th and **'Pa concentrations
with depth (Bacon and Anderson, 1982; Roy-Barman et al., 1996). Hence in the absence of
lateral input or removal fluxes it is expected that concentrations of *°Th and **'Pa are controlled
by an adsorption-desorption equilibrium with sinking particles, leading to a linear increase with
depth (Bacon and Anderson, 1982; Krishnaswami et al., 1976; Nozaki et al., 1981). Figure 6
shows idealized water column distributions of natural long-lived uranium isotopes ***U, *°U,

234U, as well as >*°Th and **'Pa.
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Figure 6: Schematic water column distribution profiles and range of activities in dpm/m3 of natural uranium
isotopes (left), 2B0Th (middle) and Blpa (right) in seawater. The figure was modified after Rutgers van der
Loeff and Geibert (2008).

All deviations from such a linear radionuclide profile (like the nonlinear behaviour of **'Pa in
Fig. 6) therefore can give information about changing scavenging intensities or the influence of

lateral transport by ocean circulation. Therefore, the sediment **'Pa/***

Th activity ratio can be
used as a tracer for ocean circulation (Marchal ef al., 2000; Yu ef al., 1996), as well as marine
particle fluxes (Moore and Sackett, 1964; Roy-Barman, 2009). Relatively linear depth profiles of
Th and *'Pa do not necessarily exclude lateral fluxes entirely (Roy-Barman, 2009;
Venchiarutti et al., 2008). The distribution of *°Th and **'Pa in the water column, as well as
their sedimentary ratio can be used as proxies for biological production, scavenging processes

and past ocean circulation (Chase ef al., 2002; McManus et al., 2004).

1.3.3 2°Th, ®'Pa Fractionation in the Ocean: Boundary Scavenging

Due to their different particle reactivity and subsequent fractionation, the removal of °Th and
»'pa from the water column is controlled by different transport processes, representing two
model types of trace metal removal. 2*°Th is primarily removed from the water column in the

open ocean by the uptake onto settling particles, while >'

Pa is mainly transported to
environments with higher particle fluxes (Anderson ef al., 1983b) and removed there enabled by

the longer residence time of 2lpa compared to #Th (Anderson ef al., 1983a). Continental
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margins and ocean boundaries in general are among the areas where high biological production
and high input of terrestrial inputs (Roy-Barman and Jeandel, 2016) causes much higher particle
fluxes than in the open ocean (Nittrouer and Wright, 1994). This process of *°Th, **'Pa
fractionation is called boundary scavenging (Bacon et al., 1988). Boundary scavenging
fractionates **°Th and **'Pa on a basin-wide scale (Anderson et al., 1983b; Bacon et al., 1988).
This fractionation causes different »*'Pa /~*°Th activity ratios in open ocean and ocean margin
sediments. The boundary scavenging process and the sedimentary consequences of it are
illustrated schematically in figure 7. Open ocean sedimentary **'Pa/>*’Th ratios are below the
21pa/P'Th production ratio of 0.093 and are above their production ratio in ocean margin
sediments or sediments in other high particle flux areas (Anderson et al., 1983a; Luo et al.,

2010).
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Figure 7: Schematic illustration of the boundary scavenging process between the high productivity ocean
margins and the low productive open ocean, showing the different sedimentary activity ratios of >*'Pa/>'Th
at the margins and in the open ocean, due to scavenging removal of Z*"Th in the open ocean and lateral
transport of *'Pa to the margins, in relation to their production ratio of 0.093.

1.3.4 2'Th, »*'Pa Fractionation in the Ocean: Particle Composition

In addition to the aforementioned specific particle reactivities and importance of particle fluxes,
particle composition controls trace element scavenging from seawater (Chase et al., 2002).
Scavenging intensities of »*°Th and **'Pa in the ocean depend highly on particle composition,
because not all marine particle types scavenge ~°Th and **'Pa equally. Z°Th and **'Pa have
distinct affinities for adsorption onto different specific particle types (Chase ef al., 2002; Geibert
and Usbeck, 2004; Hayes et al., 2015; Kretschmer et al., 2011). 230Th tends to be removed by

231

lithogenic material and CaCOj3 primarily, while “° Pa prefers biogenic opal rich particles, both of
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them show a strong adsorption affinity for Fe and Mn oxides (Chase et al., 2002; Geibert and
Usbeck, 2004; Pavia et al., 2018). For example a deviation from a linear depth profile can result
from changing F factors with depth, due to changing particle composition, e.g. a change in opal
content of settling particles (Scholten et al., 2008). Due to their different particle reactivity and
preferred scavenging types of particles, fractionation of **'Pa and *°Th by chemical particle
composition is important to interpret scavenging intensities and sedimentary **'Pa/~*°Th ratios

(Lippold et al., 2012; Rutgers van der Loeff and Geibert, 2008).

1.3.5 2°Th, 2'Pa Fractionation in the Ocean: Deep Water Circulation

As mentioned earlier *'Pa is more prone to be advected by ocean currents compared to **°Th.
Mean scavenging residence times in deep waters of **'Pa (~200 years) are much longer
compared to >*°Th (~30 years) (Yu et al., 1996). If the scavenging residence time of an element
or isotope exceeds or is in the order of water mass ventilation times, it can be exported from an
ocean basin or area by circulation currents. For example Marchal et al. (2000) report that in the
deep Atlantic Ocean the mean ventilation time is similar to the mean scavenging residence time

of #*'Pa. This enables a quite big proportion of the *'

Pa, produced within the Atlantic Ocean, to
be exported to the Southern Ocean by the southward directed flow of the North Atlantic Deep
Water (Marchal et al., 2000). This substantial southward net export of *'Pa from the Atlantic
Ocean is represented in sedimentary **'Pa/?°Th activity ratios below their water column
production ratio, in Atlantic Holocene sediments (Walter et al., 1999; Yu et al., 1996). Due to
deep water circulation, about 45% of the dissolved **'Pa, produced in the Atlantic Ocean are

exported to the Southern Ocean, in contrast to only around 15% of the Atlantic Z°Th (Yu ef al.,

231 230
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1996). This deep water fractionation o Pa an Th is reflected in sediments from the
Southern Ocean, where the **'Pa/?"Th activity ratio is above their production ratio (Walter et
al., 1999). Hence the *'Pa exported from the Atlantic Ocean is partly deposited there (Marchal
et al., 2000; Rutgers van der Loeff et al., 2016). This example shows the importance of deep and

intermediate water circulation on 231Pa, 230

Th fractionation in addition to particle fluxes, particle

composition and lateral gradients in particle fluxes.
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1.4 2°Th and **'Pa in the Arctic Ocean

1.4.1 Water Column

Several studies have investigated the water column distribution of dissolved *°Th and **'Pa in
the Arctic Ocean in relation to particle fluxes and water mass residence time over the past
decades. Still, some key points in removal processes of dissolved *°Th and **'Pa are not entirely
understood and the sensitivity of dissolved **°Th and **'Pa especially to environmental changes
in the Arctic Ocean is still not explained sufficiently. Bacon et al. (1989) observed high **°Th
and *'Pa concentrations at the perennially sea ice-covered Alpha Ridge and the northern
Makarov Basin and concluded that scavenging of particle reactive elements in the central Arctic
Ocean was significantly lower than in other parts of the world’s ocean. Edmonds et al. (1998),
later confirmed by Trimble et al. (2004), showed that 29Th and *'Pa activities in the deep
southern Canada Basin were much lower, and residence times correspondingly shorter, than at
the Alpha Ridge (Bacon et al., 1989). Dissolved ***Th depth profiles in the central Arctic Ocean
show higher surface concentrations under permanent sea ice cover and less steep profiles in
general, due to low particle fluxes and conseqently reduced scavenging. Figure 8 shows a
simplified theoretical comparison between sea ice covered dissolved >*°Th profiles and dissolved
29T profiles under sea ice free conditions. Both are shown in absence of lateral transport. The
perennial ice covered situation would represent the location of the Alpha Ridge, with high

230 . . . . . . .
Th concentrations, while the ice free situation would explain lower concentrations

dissolved
in areas with less sea ice cover, like the southern Canada Basin with lower dissolved 230Th

concentrations (Edmonds et al., 1998).
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Figure 8: Schematic representation of dissolved Th concentration profiles under perennial sea ice cover
(right) and under sea ice free conditions (left). The figure was modified after Grenier ez al. (2019).

Cochran et al. (1995) found residence times of dissolved **°Th of 18-19 years in the central
Nansen Basin and of 10—12 years on the Barents Sea slope. >°°Th concentrations in the Nansen

Basin were lower than those from the Alpha Ridge reported by Bacon et al. (1989), and deep
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waters in the central Nansen Basin showed higher dissolved *°Th concentrations and lower
particulate concentrations than near the slopes (Cochran et al., 1995). Scholten et al. (1995)
reported that the shallower Eurasian Basin Deep Water (EBDW) is rather more influenced by
ventilation than the deeper Eurasian Basin Bottom Water (EBBW) and suggested resuspension
of slope sediments as the cause for the increased scavenging rates in the EBBW.

Gdaniec et al. (2020) showed that elevated particle fluxes at the margins of the Eurasian Basin
cause increased scavenging of 2°Th and **'Pa. Recent investigations on time series of water
column *Th and *'Pa show that concentrations have changed significantly on decadal
timescales in the Amerasian Basin, attributed to increased particle fluxes by sea ice retreat and
increased transport of shelf particles to the central basins in the Amerasian Basin (Grenier et al.,

2019; Yu et al., 2020).

1.4.2 Sediments

The sedimentary 21pa/POTh activity ratio is a well-known and frequently applied
paleoceanographic tool applied as a proxy for particle fluxes and composition, biological
productivity or overturning advective circulation (Chase et al., 2002; Walter et al., 1999; Yu et
al., 1996). In the Arctic Ocean, the **'Pa/*°Th sedimentary activity ratio was used to identify
basin wide fractionation (Moran et al., 2005), boundary scavenging (Edmonds et al., 2004),

production of **°Th and *!

Pa related advective export (Moran et al., 2005), scavenging rates
(Edmonds et al., 2004) or past advective export (Hoffmann et al., 2013). Some questions remain
unanswered, for example if boundary scavenging occurs in the Arctic Ocean, and were evaluated
differently over time by Huh ef al. (1997), Moran et al. (2005) and Hoffmann and McManus
(2007). More information on the boundary scavenging discussion in the Arctic Ocean is
provided in section 1.5 (Motivation and objectives - Why studying >*’Th and **'Pa in the Arctic
Ocean?). Additionally, it still remains unknown why there is a *'Pa deficit in Arctic sediments.

Gdaniec et al. (2020) found high **'Pa/*°Th activity ratios in sediments of the Nansen Basin

margin, which might be a so far overlooked sink of #1Pa in the Arctic Ocean.

1.4.3 Role of Hydrothermal Vents for B%Th and *'Pa Scavenging in the Arctic Ocean

Hydrothermal plumes are sources of many trace elements, for example, Fe and Mn
(Klinkhammer et al., 1977; Resing et al., 2015; Saito et al., 2013) and sinks for others due to
scavenging onto particles or mineral co-precipitation (German et al., 2002; German et al., 1991),
including **°Th and **'Pa, as observed by ***Th and **'Pa removal in the South East Pacific even

several thousand kilometres off axis (Pavia ef al., 2018). Especially hydrothermal particulate Fe
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is an effective 2°Th scavenger (Hayes et al., 2015b; Pavia et al., 2018). These hydrothermal
plumes can travel over large distances affecting an entire ocean basin over time (Fitzsimmons et
al.,2014).

In the Arctic Ocean, the ultra-slow spreading Gakkel Ridge, dividing the Amundsen- and
Nansen Basin, is the only hydrothermally active ridge. Along the Gakkel Ridge constant
hydrothermal venting (Baker et al., 2004) as well as huge explosive eruptions in conjunction
with earthquakes can occur, which release huge amounts of dissolved and particulate trace
elements (Schlindwein and Riedel, 2010; Sohn et al., 2008). Among these trace element
particles are Fe rich particles, which are effective 2*°Th scavengers (Geibert and Usbeck, 2003;
Pavia et al., 2018). Frequencies of explosive eruptions might increase in the future, due to a
potential opening of a volcanic conduit (Riedel and Schlindwein, 2010). It is possible that those

events trigger significant scavenging removal of **°Th.
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1.5 Motivation and Objectives - Why studying BTh and *'Pa in the Arctic Ocean?

This section describes and explains the overall motives and aims of this thesis and briefly states
how the research questions are targeted and why it is important to investigate them. Even though
the Arctic Ocean undergoes vast and partly obvious changes, as stated in the previous sections,
yet the consequences of environmental changes are still not fully understood. *Th and **'Pa are
sensitive indicators of particle fluxes and composition as well as of changes in circulation and
ventilation of water masses. The main aims of this thesis can be broken down to the following

questions:

I) What are the natural background processes affecting **'Pa and *°Th in the Arctic

Ocean?

II) Do ongoing environmental changes in the Arctic Ocean already result in
measurable changes in *°Th and **'Pa concentrations and distributions and what

are the implications?

IIT) To which extent can the budgets of **'Pa and **°Th in the Arctic Ocean be used

to trace important environmental processes in time?

These guiding questions determine the structure of our study. They require a new understanding,
based on new and historical data, of the impact of changes in Arctic Ocean circulation, its
outflow to the Atlantic Ocean, as well as changes in particle flux characteristics on the use of
these isotopes as tracers for other fundamental processes like paleoproductivity or ocean
circulation.

Therefore, it is needed to constrain changes in **°Th and **'Pa concentrations and distribution in
the water column, both particulate and dissolved, as well as their distribution within the different
basins. In order to determine whether climate change is influencing ***Th, *'Pa and their activity
ratio, it is crucial to identify and understand removal processes of 2*°Th and **'Pa in the Arctic
Ocean and to identify changes over time. The dissolved ***Th and *'Pa time series from 1991
over 2007 to 2015 was established in order to investigate temporal changes. Investigating
distributions of particulate and dissolved >*°Th and **'Pa in high spatial resolution is crucial to
understand how their removal processes work in detail and whether those removal processes are
controlled by changing particle fluxes and composition or by ventilation or circulation changes.
Therefore, a first step of investigation and an important aspect of this understanding is to identify

time scales of changes in *°Th and **'Pa distribution and concentrations.
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After identifying spatial and temporal patterns of changes in *°Th and **'Pa distribution and
concentration, it is necessary to investigate if those changes are accompanied by changes in
water mass properties, in order to identify the influence of potential circulation or ventilation

2!pa developments. A change in circulation and ventilation time scales of

changes on **°Th and
Atlantic derived intermediate waters would affect 2*°Th and moreover **'Pa in the Arctic Ocean,
as well as general export of waters from the Arctic Ocean. Therefore, other parameters obtained
from the 2015 GEOTRACES Arctic Ocean campaign are included. To identify if a circulation

21p, in the central Arctic

and/or ventilation change controls temporal developments of 2*°Th and
Ocean, the ratio of anthropogenic '*’I/**°U, a circulation tracer (Casacuberta et al., 2016), is
included in combination with water mass properties, such as salinity and potential temperature.
Furthermore, water mass ages evident from ventilation tracers such as CFCs
(Chlorofluorocarbons) and SF (Sulfur Hexafluoride) are compared with temporal developments
of #*°Th and *'Pa.

Identifying changes in water mass ventilation and circulation in the Arctic Ocean is an important
topic. Export of water masses from the Arctic Ocean to the Atlantic Ocean is crucial for
ecosystems in both the North Atlantic and the Arctic Ocean. If ventilation times exceed or are in
the order of scavenging residence times of any given element, its distribution is likely to be
affected by advection. Hence, the time scales of Arctic intermediate water circulation have an
influence on the export of 2°Th and **'Pa to the Atlantic Ocean and therefore influence the
paleoceanographic use of >*°Th and **'Pa in the Arctic Ocean and the North Atlantic.

In addition to the question if environmental changes in the Arctic Ocean have influence on *°Th

231
and

Pa as paleoceanographic tools, the development of their spatial distribution in the Arctic
Ocean over the past two decades can give insights in trace element cycling in the Arctic Ocean
and potential changes of it.

Trace elements, such as Fe, are essential nutrients in the ocean controlling biological production
(Bruland et al., 1991) and are affected by scavenging (Boyd and Ellwood, 2010). In order to
understand effects of climate change on sources and sinks, hence cycling of trace elements it is
important to investigate how particle reactive isotopes change over time to estimate how e.g. Fe
in the Arctic Ocean might change its distribution and removal mechanisms. Therefore, it is

f 2°Th and the controlling processes

helpful to include investigations on how scavenging o
change in the Arctic Ocean. That means looking at particle fluxes at the time of sampling, which

would be reflected in any particle reactive element investigated in suspended matter.
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In order to investigate changing scavenging intensities in the Arctic Ocean the inclusion of other
thorium isotopes, such as long lived **Th (t;,,: 1.405%10' yrs (Holden, 1990)) and short lived
24Th (t12: 24.1 d (Knight and Macklin, 1948)) widens the information that can be gained from a

232Th, the way most abundant thorium isotope has, in contrast to 20Th and 231Pa,

single sample.
a continental source and thus can be used as a tracer for lithogenic material (Hsieh et al., 2011).
As described in section /.1.4 Particle fluxes, composition and transport, lithogenic material
plays an important role in the Arctic Ocean. Therefore #2Th is a suitable tracer for identifying
terrestrial material from the shelves and continents and has the same source in the Arctic Ocean
as some nutrients and trace elements such as Fe (Klunder ez al., 2012a; Rijkenberg et al., 2018).
23*Th, which is highly particle reactive often serves as tracer for the removal rate of particles,
especially for Particulate Organic Carbon (Buesseler, 1998) from the surface ocean. To this end
the total concentration is expressed as fraction of the parent ***U activity (Owens et al., 2011).

234
f

But because of the reversible nature of Th adsorption, the fraction o Th associated with

particles can also be used as a measure for particle concentrations, particularly in deep water.

GEOTRACES expeditions are a valuable source of comparable parameters, since most of these
were sampled at the same time and at the same locations. Hence it is possible to compare
temporal developments of “°Th and *'Pa with developments of e.g. Fe. For example the
comparison of Fe data obtained from PS70 (2007) and PS94 (2015) can indicate presence of
hydrothermal plumes, which are sources of many trace elements (German et al., 2016) and sinks
for 2°Th and *'Pa (Pavia et al., 2018). The importance of hydrothermal vents in the Arctic
Ocean for trace element cycling is not well understood. It is a source of Fe and Mn in the
Eurasian Basin (Klunder et al., 2012b; Middag et al., 2011), but there is little knowledge of the
ineraction between hydrothermal plume particles and scavenging of particle reactive elments.
The semi enclosed nature of the Arctic Ocean, especially its deep basins, as well as the small
size of the deep basins point at maybe unique conditions, different to other ocean basins. Hence
the influence of hydrothermal vents on *°Th and **'Pa in the Arctic Ocean is important to
understand the variability of deep water 2*°Th and **'Pa inventories, which in turn can give
information about cycling of trace elements in the deep Arctic Ocean. Furthermore scavenging
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removal o Th, due to hydrothermal activity or explosive eruptions, can impact the

sedimentary **'Pa/*"Th activity ratio on decadal timescales.

Findings about the scavenging behaviour of e.g. *°Th help understanding and identifying the
impact of changing particles fluxes on other, more biologically important trace elements, e.g. Fe.

An important process in terms of trace element cycling is boundary scavenging (Boyd and
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Ellwood, 2010). It is still an open question if boundary scavenging occurs in the Arctic Ocean or
not. It used to be assumed that boundary scavenging plays a role as reported by Huh et al. (1997)
on basis of sedimentary Plutonium isotopes combined with 2'°Pb and #*°Th. This assumption
was also supported by Moran ef al. (2005) who investigated budgets of 2*°Th and **'Pa based on
their sedimentary activities in relation to their in-situ production. Hoffmann and McManus
(2007) later falsified this assumption, as they found no evidence for boundary scavenging in
sedimentary *°Th inventories. Nevertheless there is evidence for increasing boundary
scavenging along the margins of the Amerasian Basin of the Arctic Ocean based on margin
sedimentary *'°Pb and *’Cs (Kuzyk et al., 2013). Smith et al. (2003) reported relatively high
scavenging efficiencies of 2'’Pb based on the comparison between water column *'°Pb and *'°Pb
sediment inventories. They concluded that an observed *'°Pb deficit in the Arctic Ocean is
probably due to the contribution of boundary scavenging to the removal of *'°Pb along the
inflow pathways of Atlantic waters in the Barents Sea and along the Nansen Basin margin,

leading to a net export of *'°

Pb from the central Eurasian Basin. Additionally Gdaniec et al.
(2020) and Costa et al. (2020) suggested that boundary scavenging of >*°Th does occur at the
margins of the Eurasian Basin.

Boundary scavenging or its intensity in the Eurasian Basin might be changing, due to the
aforementioned changes in particle fluxes in the Barents Sea and the Nansen Basin margins. The
evaluation of this question might depend on the timescales of observations. Sediment core
21pa/P'Th data does not show evidence for boundary scavenging in the past (Hoffmann and
McManus, 2007), but might be developing under the influence of climate change. Furthermore
phases of more pronounced boundary scavenging, as recently indicated for the Eurasian Basin
(Gdaniec et al., 2020), could potentially be hidden under background situations in bulk sediment
records, given the low sedimentation rates of 1 cm/kyrs (Backman et al., 2004) to 5 cm/kyrs
(Gard, 1993) and a bioturbation depth of 2-10 cm (Clough ef al., 1997) in the Eurasian Basin.
Therefore, in order to investigate changes over time, time series are a crucial instrument to
identify changes on time scales of years and decades.

The different preferences of *°Th and **'Pa to react with certain particles, as well as their

general particle reactivity, leading to a fractionation of **°Th and *'

Pa, can give information
about removal processes, such as boundary scavenging, of these isotopes, which in turn can be
related to environmental changes. Boundary scavenging in the Arctic Ocean would have
significant impact not only on scavenging removal and distributions of particle reactive trace
elements, but also on the export of those to the Atlantic Ocean. Boundary scavenging would

affect the ratio of »*'Pa and *°Th in waters leaving the Arctic Ocean if boundary scavenging
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would lead to a basin wide fractionation of **°Th and **'Pa. This would again have impact on the

interpretation of their paleoceanographic use, depending on the time scale of this process.

In order to identify basin wide changes and fractionation of **°Th and **'Pa it helps to calculate
basin inventories of >*°Th and **'Pa to constrain time scales and the importance of these changes
in addition to changes of individual profiles, which can be influenced locally. Due to its almost
enclosed nature, with only one deep opening at the Fram Strait, the Arctic Ocean also seems to

21pa in a semi closed system. Any

be suitable to investigate and constrain budgets of **°Th and
evidence of relatively fast occurring changes of **°Th and *'Pa inventories might imply a
complication of the interpretation of **°Th, **'Pa as well as the *'Pa/*°Th activity ratios in
sediments. These consequences depend on the timescales of processes controlling the removal of
these isotopes. Figure 9 shows a simplified overview of processes potentially controlling
distribution and concentration changes of **°Th (and **'Pa) in the Eurasian Basin of the Arctic

Ocean, which will be investigated in the following chapters of this thesis.
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Figure 9: Simplified illustration of the Eurasian Basin and processes with a potential for controlling removal
of ?*Th and *'Pa. Blue shaded layer indicates 2000 m depth and distinguishes between deeper and shallower
processes.

Summarized, the main objective of this thesis is identifying the temporal and spatial
developments of 2*°Th and **'Pa in order to link them to environmental changes and climate
change. These findings serve reaching the overlying goal of linking radionuclide-based
conclusions to broader scale processes such as scavenging removal and advective export of other
trace elements and to determine to what extent the identified removal processes of ***Th and

>!pa influence their application as paleoceanographic tracers.
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Key Point:
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Abstract

In this study we present dissolved and particulate *°Th and ***Th results, as well as particulate
2*Th data, obtained as part of the GEOTRACES central Arctic Ocean sections GN04 (2015) and
IPY11 (2007). Samples were analysed following GEOTRACES methods, and compared to
previous results from 1991. We observe significant decreases in >°°Th concentrations in the deep
waters of the Nansen Basin. We ascribe this non-steady state removal process to a variable
release and scavenging of trace metals near an ultra-slow spreading ridge. This finding
demonstrates that hydrothermal scavenging in the deep-sea may vary on annual time scales and

highlights the importance of repeated GEOTRACES sections.

Plain Language Summary

This study presents new results of thorium isotopes from the central Arctic Ocean. Thorium-230
is produced continuously in seawater by radioactive decay of ***U and subsequently removed by
particle scavenging. We show that observed changes in **°Th concentrations compared to earlier

20Th data from three different

times are related to submarine volcanic eruptions. We use
expeditions conducted in 1991, 2007 and 2015. The Nansen Basin is part of the Eurasian Basin
of the Arctic Ocean. It is divided from the Amundsen Basin by the Gakkel Ridge. The Gakkel
Ridge is a region where the Eurasian and the North American plates spread apart, triggering
volcanism. Submarine volcanos and hydrothermal vents release trace elements such as iron. Iron

is known to be oxidized to particles that react with **°

Th. Thus, when iron particles sink they
remove ~’Th from the water column. In the Nansen Basin this process took place between 2007
and 2015, triggered by earthquake-induced volcanic eruptions in 2001. In this study, we present

a conceptual hydrothermal scavenging process and plume dispersal by deep water circulation.

1. Introduction

20T (ty, = 75,690 yrs) is produced in the ocean by the radioactive decay of dissolved **U and
removed from the water column by scavenging onto sinking particles (Bacon and Anderson,
1982). Its water column distribution is the result of scavenging, circulation and in-growth
(Henderson et al., 1999; Scholten et al., 1995). **Th (t;, = 1.4 x 10" yrs) in seawater is
supplied by lithogenic materials (Santschi et al., 2006). Thorium isotopes are widely used tracers

for particle fluxes and water mass advection (Coppola et al., 2006; Roy-Barman et al., 2002).

A recent study shows the importance of hydrothermal activity in Th removal in the South East
Pacific (Pavia et al., 2017). Hydrothermal plumes are sources of many trace elements, e.g. Fe

and Mn (Klinkhammer et al., 1977; Resing et al., 2015; Saito et al., 2013) and sinks for others,
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including Th, due to scavenging onto particles or mineral co-precipitation (German et al., 2002;
German et al., 1991). Hydrothermal particulate Fe scavenges °Th (Hayes et al., 2015).
Hydrothermal plumes can travel over large distances (Fitzsimmons et al., 2014) and can cause
29T deficits even several thousand kilometers off axis (Pavia et al., 2017).

The ultra-slow spreading Gakkel Ridge (Schlindwein, 2012) separates the Nansen- and the
Amundsen Basins. Hydrothermal vents release trace metals (Edmonds et al., 2003) constantly
(Baker et al., 2004). Additionally, sporadic explosive eruptions occur (Sohn et al., 2008); the
biggest known such event was in 1999 at the 85°E volcanic complex (Schlindwein, 2012) and
continued as earthquake swarms until 2001 (Schlindwein and Riedel, 2010). Eruptive phases are
rare but can last over decades (Schmid et al, 2017). Deep water circulation disperses
hydrothermal plumes. Deep waters in the Nansen Basin flow cyclonically while the general
circulation direction in the Amundsen Basin is westwards (Fig. 3) (Rudels, 2009). The only deep
water pathway to the Atlantic Ocean is through Fram Strait, which has a less than 2500 m sill
depth.

Deep water in the central Nansen Basin has been reported to have lower particulate and higher
dissolved **°Th concentrations than over the slope region (Cochran et al., 1995). Residence
times of »*°Th were reported to be 18-19 years in the central Nansen Basin and 10-12 years on
the Barents Sea slope (Scholten er al., 1995). Almost 90% of the in-situ produced **°Th is

estimated to be removed within the Arctic by scavenging (Moran et al., 2005).

We present dissolved, particulate and total Z*°Th and ***Th results, as well as particulate ***Th
data, from expedition ARKXXIX/3 (GEOTRACES section GN04) conducted in 2015 and
dissolved and total >*°Th data from expedition ARKXXII/2 (GIPY11) in 2007 and compare our
results with those from 1991 (Scholten et al., 1995). We further investigate whether
hydrothermal activity at the Gakkel Ridge leads to similar observations as in the Pacific, and
provide a new interpretation of how changes in this activity may affect trace element

230

distributions in the Arctic Ocean. The first " Th time series allows us to assess the variability of

hydrothermal scavenging over time.

2 Materials and Methods

2.1 Sampling and Analysis of Th in Samples collected in 2007
Dissolved samples were filtered directly from the 24 L CTD-Niskin® bottles into cubitainers
(LDPE) using 0.45 pm pore size Acropaks®. Samples were collected in volumes of 1 L, 2 L, and

10 L and acidified with concentrated ultraclean HNO; Seawater for the analysis of total 230ThH
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was sampled without filtration. The analyses were done at the University of Minnesota,
Minneapolis, following methods described by Shen et al. (2003). The concentrations were
measured using Inductively Coupled Plasma Mass Spectrometry (ICP-MS, Thermo Finnigan,
Neptune) equipped with an secondary electron multiplier (SEM) and a Retarding Potential
Quadrupole (RPQ) energy filter.

2.2. Sampling and Analysis of Th in Samples collected in 2015

Analysis of *°Th and **Th were performed in clean laboratories of the Alfred-Wegener-
Institute (AWI), following GEOTRACES methods (Anderson ef al., 2012). Water samples were
filtered directly from the 24 L CTD-Niskin® bottles into cubitainers (LDPE) using 0.45 um pore
size Acropaks”. Seawater was sampled in volumes of 10 L (>2000 m) and 20 L (<2000 m),
according to the expected concentrations (Nozaki ef al., 1981).

Seawater samples were spiked with *’Th and *°U to prepare the isotope dilution analyses by
ICP-MS. Spikes were calibrated against the reference standard material UREM11, a material in
state of radioactive equilibrium (Hansen and Ring, 1983).

Particles were sampled using in-situ pumps (McLane and Challenger Oceanic). 208 L to 772 L
seawater were pumped through a 142 mm w, 0.45 pm pore size Supor”™ (polyether sulfone) filter
(Anderson et al., 2012). Filters were cut aboard for subsamples under a laminar flow hood on a

cutting board using tweezers and scalpels. 5/6 of the filters were used for Thorium and **!

Pa (not
shown in this study) analysis. A subsample (23mm =) was dried, placed onto plastic mounts,
covered with Mylar and aluminum foil and directly measured by beta decay counting of ***Th
(ti2=24.1 days) for at least 12 h. Background measurements were performed six months later.

Filters were leached following the procedure described by Gdaniec ef al. (2017). Filters were cut
into pieces using ceramic scissors and placed into Teflon® beakers and then leached in 25 — 30
mL of 3 M HCI in ultrasonic baths). Samples were spiked with ***Pa, **’Th and **°U before
leaching. After leaching, the sample solution was evaporated to less than 1 mL. Organic
substances were dissolved by adding 8 M HNO;3 and H,O, to the samples. Any remaining
particles were separated by centrifugation and dissolved in concentrated HF. The two solutions
were mixed and passed through anionic exchange columns following the protocol described in

(Anderson et al., 2012). Measurements were performed using an ICP-MS (Thermo Scientific™

ELEMENT-2™) equipped with an Apex-Q (Elemental Scientific®).
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3 Results
29Th results are unsupported excess “°Th (*°Thy); for simplification, here *°Th refers to

29T, Corrections were done following Hayes ef al. (2015).

3.1 Dissolved Th Concentrations

Concentrations of dissolved **°Th are listed in Table Al. Both 2015 Nansen Basin profiles at
stations 50 and 58 show a linear increase down to 2000 m, followed by a sharp decrease below
this depth (Fig. 1A). Station 68/69 (2015) from the Gakkel Ridge shows a similar feature; high
concentrations down to 1500 m followed by a sharp decrease (Fig. 1B). In 2015, dissolved >*°Th
concentrations from the Amundsen Basin (station 81 and 117) increased linearly (Fig. 1C) over
the entire water column. Results from the Nansen Basin at station 260 (2007) show a similar
profile compared to 2015, without a decrease below 2000 m. Concentrations from three stations
in the Makarov Basin in 2015 (shown as a scatter plot against dissolved iron (DFe) in Fig. 2A)

increased with depth and were much higher than in the Eurasian Basin (Fig 2A).

3.2 Particulate and Total Th Concentrations

Particulate >*°

Th concentrations from 2015 are only available for station 50 (Fig. 1D). At this
station, up to 50% (3000 m) of total *°Th was particulate. The profile shows the highest values
in the deep water (> 2000 m), reaching up to 6.5 fg/kg. Particulate ***Th from 2015 (station 50)
is shown as the relative amount of particulate ***Th (Fig. 1F), calculated from 281 activities,
assuming equilibrium of 2*Th with total ***U in deep water (Owens et al., 2011). Between 2600
m and 3500 m the particulate fraction is higher than above.

Total 2°Th concentrations (dissolved + particulate) decreased noticeably with depth in the
Nansen Basin below 2000 m in 2015 (Fig. 1E). Station 260 (2007) shows a similar profile to
2015, without the decrease below 2000 m. Total >**Th at station 50 (2015) is lower and relatively

constant below 2000 m towards the ocean bottom (Fig. 1G).

3.3 Changes in BOTh Distributions Between 1991, 2007 and 2015

We compare data from 1991 (Scholten ef al., 1995) with our 2007 and 2015 data (Fig. 1A).
Dissolved **°Th concentrations in the Nansen Basin are generally lower in 2015 (station 50, 58)
compared to 1991 and 2007. Only at 2000 m depth at station 50 are dissolved **°Th
concentrations higher compared to samples from 1991 and 2007. The decrease in dissolved **°Th
concentrations in 2015 compared to 1991 and 2007 is most prominent below 2000 m (Fig. 1A).

230

Particulate “"Th concentrations at station 50 (2015) were similar to those from station

239 (1991) (Scholten et al., 1995) (Fig. 1D). Data from 2015 only exceed the 1991 data in the
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deepest samples (>3000 m). Changes in total >*°Th in the Nansen Basin reveal almost the same
pattern as dissolved *°Th: above 2000 m values observed in 2007 and 2015 are similar to or
lower than those from 1991. Values below 2000 m from 2007 were in the range of the 1991

values. Values in 2015 were much lower (Fig. 1E).
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Figure 6: (A) Nansen Basin dissolved BOTh concentrations from 1991, 2007 and 2015. (B) Gakkel Ridge
dissolved °Th data from 2015. (C) Amundsen Basin dissolved °Th data from 2015. (D) Nansen Basin
particulate *°Th data from 1991 and 2015. (E) Total >*"Th data from 1991, 2007 and 2015. (F) Nansen Basin
particulate 24Th as a percentage of total 24Th. (G) Total ***Th data from 2015 (station 50). (H) Map of the
location of the profiles shown in figures 1A-G ; 1991 data are from Scholten ez al. (1995).
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4 Discussion

4.1 Possible Reasons for Temporal Changes

Total #°Th in the Nansen Basin below 2000 m decreased significantly after 2007 (Fig. 1E).
Advection could cause this decrease. We rule out advection from the Amundsen Basin as the
reason, because dissolved >*Th concentrations below 2000 m in the Amundsen Basin are higher
than at station 50 in the Nansen Basin. Moreover, deep waters in the Nansen Basin have lower
CFC-11 concentrations than in the Amundsen Basin (Smethie, 2017). We exclude enhanced
biological productivity because no significantly elevated net community production was found
in the central Nansen Basin in 2011 (Ulfsbo et al., 2014). Scavenging removal induced by
surface generated particles would evoke removal over the whole water column. We only observe
depletion below 2000 m.

Alternative particle sources are the Barents Sea shelf and slope. Sea ice formation in the Barents
Sea produces dense waters (Rudels ef al., 2000) that mix with the boundary current, collecting
particles from slope sediments (Moran and Moore, 1991; Rudels et al., 2000). CFC-11 data
shows no evidence for shelf water cascading at station 50, in fact values were even slightly
lower compared to respective depths of surrounding stations (Smethie, 2017). We also do not
observe an enhancement in the fraction shelf/slope waters as indicated by radium isotopes. At
3000 m, the ***Ra/**°Ra activity ratio at station 50 was 0.017 + 0.004 (Rutgers van der Loeff et

al., 2018) and similar to prior measurements by Rutgers van der Loeff ef al. (1995).

At station 50, the relative amount of particulate ***Th and **°Th below 2000 m was
higher than above (Fig. 1D, F) indicating relatively high particle load at depth. Scholten et al.
(1995) already reported elevated particulate **°Th, interpreted, together with a slight decrease in

. 230
dissolved

Th, as a consequence of periodically occurring nepheloid layers. This change did
not affect total **°Th (Scholten ef al., 1995). In our study, a sudden increase in particle load will
affect a shift of *°Th distribution on the time scale set by its scavenging coefficient, but for
>*Th the time scale is controlled by the time scale of >**Th decay. The particle load at the time
of sampling will be reflected rather by the particulate ***Th profile. These are signals on the time
scale of »*Th decay, very ephemeral in comparison with the distribution of **°Th which is
controlled by the cumulative scavenging effect of particles during the years preceding sampling.
The larger particulate/dissolved ratio of **°Th compared to ***Th shows that **°Th adsorption
occurs on a much longer time scale. The difference in depth distribution therefore illustrates the

variability of particle loads. We conclude that a lateral supply of suspended particles at depth
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does play a role in Th scavenging in the Nansen Basin but we see no evidence for an increase in

this process.

Dissolved *°Th concentrations in the Makarov Basin are much higher than in the Nansen Basin,
which implies a low scavenging regime in the Makarov Basin due to low particle inputs in
addition to long water mass residence time (Scholten et al., 1995). In 2007, Klunder et al. (2012)
observed that dissolved iron (DFe) was lower in the Makarov- than in the Eurasian Basin and
explained this by the absence of Fe sources that affect the Nansen Basin. High concentrations of
DFe coincide with low concentrations of dissolved *°Th (Figure 2A), pointing at different
scavenging regimes in the Eurasian- and Makarov Basin. The higher inputs of DFe in the
Eurasian Basin enhance Fe oxy-hydroxide production and subsequent scavenging of particle
reactive elements. We cannot conclude that the two scavenging regimes are only due to the
presence or absence of hydrothermal vents, but we argue that the difference is controlled by DFe

inputs. Therefore any additional Fe input would change the scavenging situation.

Continuous hydrothermal venting at the Gakkel Ridge (Baker ef al., 2004; Edmonds ef al., 2003;
Michael et al., 2003) is reflected by a small DFe containing hydrothermal plume at Station 68/69
(Gakkel Ridge) in 2015 in the immediate vicinity of a known vent (Rijkenberg et al., 2018).
Hence we assume that continuous venting is part of the background steady state situation as

29T at Station 68/69 as a consequence

observed in 1991. We interpret the decrease at depth in
of scavenging by this steady venting. This decrease fits to observations from the East Pacific
Rise (Pavia et al., 2017). Since DFe was much higher in 2007 and dispersed over a larger area
than in 2015 we conclude that the 2007 plume must have had another source than permanent
venting and we hypothesize that it was caused by explosive volcanic eruptions at the Gakkel
Ridge (Sohn et al., 2008).

29Th decreased below 2000 m at station 50, consistent with the plume depth from the eruptions
in 2001 (Baker et al., 2004; Stranne et al., 2010). These eruptions release large amounts of

material (Sohn et al., 2008) and can cause “mega plumes” (Cann and Strens, 1989; Clague et al.,

2009). Hence explosive eruptions may overprint the steady state situation.
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4.2 Hypothesis of Transient Scavenging by Eruptional Hydrothermal Fe

Elevated DFe concentrations at discrete depth horizons in the Eurasian Basin in 2007 with
highest concentrations at the Gakkel Ridge and in the south western Nansen Basin in 2000-3500
m were described as a hydrothermal plume from continuous venting (Klunder et al., 2012;
Middag et al., 2011). Based on our **°Th time series and new DFe from 2015 we interpret the
high DFe data from 2007 as a plume released by huge eruptions. That means that after dispersal
of the eruptive plume the scavenging regime in the Nansen Basin was no longer in a steady state.
After 2007 until 2015, when only much smaller Fe peaks were observed and *°Th decreased
below 2000 m, a scavenging event must have taken place.

We hypothesize that formation of Fe oxy-hydroxides by e.g. precipitation or co-precipitation
caused by the Fe input increased particle concentration and changed their composition.
Therefore we think that DFe removal triggered “°Th scavenging. Between 2007 and 2015

£ 2°Th occurred and resulted in DFe and *°Th removal by 2015. Figure 2B shows a

scavenging o
conceptual model about this process.

The negative imprint of removed **°Th persists for many years, as production from **U and
supply from above 2000 m is only 2.34 fg/kg in 4 years (half the time between 2007 and 2015),

230Th flux into and out

following the approach of Pavia ef al. (2017), and using the difference in
of the plume (2000-3990 m) and a settling rate from Rutgers van der Loeff ef al. (2018).

By 2015 the additional eruptive Fe has been removed together with parts of dissolved *°Th.
Particulate **°Th in 2015 is similar to 1991, while total and dissolved **°Th are significantly
lower now. The extreme DFe peaks vanished but DFe is still higher in the Nansen- than in
Makarov Basin. Our Nansen Basin °Th profile from 2007 suggests that any additional

scavenging caused by removal of eruptive Fe had not yet caused 29Th removal by 2007.

While measurements of particulate iron (PFe) and other potential scavengers in the plume are
not available, we can estimate their contribution to adsorption of **°Th from analogies to the
South East Pacific (GEOTRACES Section GP16), based on the observed distribution of DFe in
the Arctic in 2007 and 2015. To this end we establish a PFe/DFe ratio within and outside the
plume in the Pacific and apply this to the Arctic. With this estimate of PFe in the Arctic, we use
published estimates of distribution coefficients for Th in the presence of natural Fe(OH); to

2%Th scavenging. DFe data from the Arctic are

determine the possible contribution of PFe to
quite comparable to GP 16 in the distant plume: For 2007, Klunder et al. (2012) report ~1.25
nmol/L, similar to the Pacific plume (Fitzsimmons et al., 2014). For 2015, 0.5 nmol/L is

reported, similar to background concentration at the depth of the plume at GP16. PFe/DFe ratios
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at GP16 range from unity to three, both at the distant plume sites and for the background below
2500 m (Fitzsimmons et al., 2014; Lam et al.,, 2018). This results in an estimated PFe
concentration in the deep Nansen Basin of 1.25-3.75 nM (2007) and 0.5-1.5 nM (2015)
corresponding to Fe(OH)3 concentrations of 134-402 ng/L PFe for 1.25 nM DFe (2007), or
53.5-160.5 ng/L PFe for 0.5 nM DFe (2015). We now apply the Kd-value of »*°Th for Fe(OH);
from Hayes et al. (2015) of 32.8*107, and learn that 4.4%-13.2% of **°Th in 2007 (1.75%-5.25%
in 2015) would be expected to be found on particles in the Arctic, solely due to PFe.

In 2007, about 25% of **°Th is particulate (based on the difference of total and dissolved **°Th
from alternating depths), which means that the above estimate (up to 13.2% of *°Th on the
Fe(OH); phase) explains up to half of particulate *°Th. In 2015, the high fraction of particulate
Th isotopes, up to 50% particulate *°Th at the plume depth, indicates the presence of a
suspended particulate phase with either high mass concentrations or with a very high K4. The
high percentage particulate **°Th cannot be explained by Fe(OH); scavenging using the analogy

£ 2°Th removal

to GP16. In this year, hydrothermal Fe(OH); can only explain a small fraction o
and the precise mechanisms which have led to the situation observed in 2015 remain unclear and

require further investigation of other potential scavengers, e.g. MnO,.

4.3 Plume Dispersal

Klunder ef al. (2012) reported a vent at 37°E or a plume from probably 85°E as a possible plume
source. Klunder ef al. (2012) and Middag et al. (2011) explained the horizontal dispersion of the
plume as a combination of eddy diffusion and scavenging removal following the 1-dimensional
first-order scavenging model of Weiss (1977). Their best fit was achieved using 5-15 years
scavenging residence time for Fe (Klunder ef al., 2012) and 0.4-2 years for Mn (Middag et al.,
2011) on basis of the horizontal eddy diffusion coefficient K, = 5 x10% cm?s™ (Weiss, 1977).
They explained the much longer residence time of Fe compared to Mn by Fe complexation with
organic ligands (Thurdczy et al., 2011). Their models show that the basin wide dispersal could
be due to horizontal diffusion from a single source over many years, although deep water
circulation and multiple plume sources (Baker et al., 2004; Edmonds ef al., 2003) complicate
their calculations. They assumed a steady state distribution and based their calculations on the
model of Weiss (1977), developed to describe the Mn field around a constant vent. Our new

29T} data are in conflict with a scavenging process at steady state.
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CHAPTER 2: Importance of Hydrothermal Vents in Scavenging Removal of *°Th in the
Nansen Basin

4.4 Plume Dispersal by Deep Water Circulation

Until 2015, the eruptive plume affected water masses must have spread over larger areas of the
Nansen Basin by eddy diffusion and (re)circulation within the basin. We interpret our 2015 data
from station 50 and 58 as fully affected by the plume. Figure 2B shows a theoretical concept of
how plume intensity and subsequent scavenging can differ between Amundsen- and Nansen
Basins due to circulation. Fe from eruptions in 2001 was dispersed, by the deep water circulation
(Fig. 3). There might be recirculation (dashed white arrows in Fig. 3) within the Nansen Basin
that retains hydrothermally influenced water masses in this basin (yellow dashed oval in Fig. 3).
Plume signals in the Amundsen Basin in 2007 could be due to eddy diffusion, smaller plume
branches, or both, and could have given rise to some hydrothermal scavenging. But the major
part of the plume in the Amundsen Basin is expected to be transported out of the basin towards
Fram Strait (Fig. 3). Therefore “°Th profiles from the Amundsen Basin do not represent

hydrothermal scavenging as those from the Nansen Basin (Fig. 1B).
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Figure 3: Model of plume dispersal and Eurasian Basin deep water circulation (black dashed lines (Rudels,
2009)) including potential recirculation (white dashed line). Locations of stations from 2015, 2007 and 1991
are indicated with colored dots (see legend). Solid black lines are transects where in 2007 elevated Fe
concentrations were observed (Klunder ez al, 2012). Two plume circulation pathways are presented: the
yellow dashed line represents a plume circulation confined to the Nansen Basin, and the red dashed line
shows a plume dispersal to the Amundsen Basin where the plume is removed faster by circulation. Map was
created using Ocean Data View (Schlitzer, 2016).
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5 Conclusions

We provide evidence in support of hydrothermal activity as a potential trigger mechanism for
scavenging of particle reactive elements in the Nansen Basin. Specifically, 2*°Th activities below
2000 m have changed between 2007 and 2015 as a result of a scavenging event, interpreted as
hydrothermally induced. The **°Th time series suggests that Th scavenging in the Nansen Basin
is not in steady state following submarine volcanic eruptions. The mechanism explaining the
dispersal of the hydrothermal plume throughout the Nansen Basin will require further
investigation, as well as the precise mechanism of eruptive Fe cycling leading to the 2015
situation. This proposed role of episodic hydrothermal input provides new insights on the nature
of hydrothermal scavenging in the Arctic and how other trace elements may be removed from
the Arctic. Submarine volcanic eruptions may also influence the distribution of other trace
elements in the Nansen Basin, perhaps more than in other oceans, due to the small size and
enclosed nature of the Eurasian Basins. The concurrence of geochemical and geophysical data
may also improve interpretations of other trace element distributions from the Eurasian Arctic
Ocean. Time variable signals, as seen in *°Th and DFe, complicate the interpretation of tracer
data in the Arctic as being at steady state and show the value of repeated GEOTRACES

occupations in understanding variability of scavenging processes in the deep ocean.
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Abstract. This study provides dissolved and particulate >°Th and ***Th results as well as
particulate 2**Th data collected during expeditions to the central Arctic Ocean on ARK-XXIX/3
(2015) and ARK-XXII/2 (2007) (GEOTRACES sections GN04 and GIPY11, respectively).
Constructing a time-series of dissolved »*°Th from 1991 to 2015 enables the identification of
processes that control the temporal development of >*°Th distributions in the Amundsen Basin.
After 2007, *°Th concentrations decreased significantly over the entire water column,
particularly between 300 m and 1500 m. This decrease is accompanied by a circulation change,
evidenced by a concomitant increase in salinity. Potentially increased inflow of water of Atlantic
origin with low dissolved **°Th concentrations leads to the observed depletion in dissolved >*°Th
in the central Arctic. Because atmospherically derived tracers (CFC, SF6) do not reveal an
increase in ventilation rate, it is suggested that these interior waters have undergone enhanced
scavenging of Th during transit from the Fram Strait and the Barents Sea to the central

230

Amundsen Basin. The “"Th depletion propagates downward in the water column by settling

particles and reversible scavenging.

1 Introduction

The Arctic Ocean is one of the most rapidly changing parts of the Earth’s ocean-atmosphere
system as a result of climate change. Underlying the potential anthropogenic changes is a large
natural variability of the Arctic. Due to the limited observations in this extreme environment,
establishing datasets that allow an assessment of its variability is important. Natural tracers of
physical, chemical and biological processes provide an integrated description of the changing
state of the system. They are therefore key tools to investigate processes, monitor environmental

changes, and provide an observational baseline against which models can be tested.
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90°E

Ocean Data View

Figure 8: Map of the Arctic Ocean and station overview. AB = Amundsen Basin, NB = Nansen Basin, GR =
Gakkel Ridge, MB = Makarov Basin. BS = Barents Sea, FS = Fram Strait, LR = Lomonosov Ridge, (X) =
subduction at St. Anna Trough (St.A) with intermediate water circulation patterns after Rudels (2009). Red
is the Atlantic inflow through Fram Strait (FSBW) and return flow through the Nansen Basin; purple is the
inflow through the Barents Sea (BSBW). Atlantic layer circulation in the Amundsen Basin (orange), the
Makarov Basin (black) and Canada Basin (blue) are indicated as arrows.

1.1 Hydrography and Circulation Patterns of the Central Arctic Ocean

The central Arctic Ocean is divided into the Amerasian Basin and Eurasian Basin by the
Lomonosov Ridge (Fig. 1). The Gakkel Ridge separates the Eurasian Basin further into the
Nansen Basin and the Amundsen Basin, while the Amerasian Basin is separated into the
Makarov and Canada Basin by the Alpha-Mendeleev Ridge.

Water masses of the Arctic Ocean are commonly distinguished as five layers (Rudels, 2009).
The uppermost low salinity Polar Mixed Layer (PML) varies in thickness between winter and
summer, due to melting and freezing of sea ice. Salinity ranges from 30 to 32.5 (Amerasian
Basin) to 32-34 (Eurasian Basin). Below the PML is a 100-250-m-thick halocline in which
salinity increases sharply from approximately 32.5 to 34.5. The underlying Atlantic Layer is
characterized in salinity and temperature by waters of Atlantic origin and is usually found

between 400 m and 700 m water depth. Its salinity is 34.5-35. Intermediate waters down to 1500
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m, with a salinity of 34.87-34.92, are still able to exchange over the Lomonosov Ridge. In
contrast, deep and bottom waters differ between the Eurasian Basin (salinity: 34.92-34.945) and
the Amerasian Basin (salinity: 34.92-34.96) due to the topographic barrier.

Atlantic waters from the Norwegian Atlantic Current enter the Arctic Ocean via the Fram Strait
and the Barents Sea. Fram Strait Branch Water (FSBW) is supplied through the West
Spitsbergen Current (WSC) (Rudels, 2012) (Fig. 1). Barents Sea Branch Water (BSBW) enters
through the Barents Sea and consists of Atlantic water that undergoes strong modifications in
Barents- and Kara Seas by cooling down and mixing with continental runoff and meltwater
(Rudels et al., 2015). The BSBW enters the Nansen Basin through the Santa Anna Trough,
where limited mixing with the FSBW occurs. Once in the polar ocean, surface waters follow
wind driven ice motion (Aagaard et al., 1980), whereas deeper Atlantic water branches (FSBW
and BSBW) flow cyclonically to the east forming a boundary current along the continental
slopes of the Nansen and Amundsen basins.

BSBW (around approx. 1025 m depth, Tanhua, 2009) and FSBW (approx. 425 m) return in the
Atlantic and Intermediate water layers along the Lomonosov Ridge towards Fram Strait (Rudels
et al., 2013) (Fig. 1) and a second branch crosses the Lomonosov Ridge entering the Canada
Basin following the Arctic Ocean Boundary Current (AOBC) (Rudels, 2009).

Deep waters of the Arctic Ocean have similar structure, with a thick intermediate layer stratified
in temperature but with salinity almost constant with depth (Rudels, 2009). Yet, the Amerasian
Basin deep water is warmer, saltier and less dense than the Eurasian Basin Deep Water (EBDW)
(Aagaard, 1981;Worthington, 1953). The deepest exchange of Makarov Basin water, part of the
Amerasian Basin, with Eurasian Basin water occurs through a depression of the ridge, called the
Intra-Basin with sill depth of approximately 1800 m (Bjork et al., 2007; Jones et al., 1995; Bjork
et al., 2010). Water from the Amundsen Basin flows over the Lomonosov Ridge into the deep
Makarov Basin and in the reverse direction (Middag et al., 2009).

Another important component of the Arctic Ocean is the freshwater content, coming from the
melting of sea-ice and from river runoff. The fresh water content of the central Arctic Ocean is
currently at the highest level since the early 1980s, and is expected to increase in the future
(Rabe et al., 2014) which could lead to a stronger stratification of the water column. This
process is supported by sea ice decline, as observed in the Beaufort Gyre (Wang et al., 2018).
Karcher ef al. (2012) suggest a reversal in flow direction of Atlantic Water in the Canada Basin
at intermediate water depths on basis of '*°I observations and modelling. This could lead to a
decoupling of flow regimes in the Canada and Eurasian Basins and reduce exchange times

between the two major basins of the Arctic Ocean (Karcher et al., 2012).
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1.2 Particle Fluxes, Shelf Input and Biological Productivity

Biological productivity in the central Arctic Ocean and related particle fluxes are lower than in
other oceans due to the perennial sea ice cover (Clark and Hanson, 1983). This is expected to
change in the future when light limitation is relieved by sea ice retreat (Pabi ef al., 2008). Arctic
sea-ice extent is declining (Serreze et al., 2016) and ice is becoming thinner (Serreze and
Stroeve, 2015). Biological productivity may increase and begin earlier in the year, at least in the
Pacific part of the Arctic, depending on nutrient supply (Hill et al., 2017). Recent studies show
that productivity is still low in the central Arctic Ocean, limited by both light and nutrient
availability (Arrigo and van Dijken, 2015). Highest net community production (NCP) is found at
the ice edge of the Nansen Basin and over the shelves, while the Amundsen Basin shows the
lowest NCP (Ulfsbo et al., 2014). Apart from the possible effect on NCP, the declining sea-ice
cover will also enhance ice derived particle fluxes (Arrigo et al., 2008; Boetius et al., 2013). The
Arctic Ocean has the largest relative amount of shelves of all World Ocean, approximately 50%
of area in total (Jakobsson, 2002). Shelf sediments and large volumes of riverine input add trace
metals and carbon among other terrestrial components to Arctic shelf areas, some of which are
transported to the central Arctic by the Transpolar Drift (TPD) (Wheeler et al., 1997; Rutgers
van der Loeff ef al., 2018; Rutgers van der Loeff et al., 1995). On the basis of an increase of
22Ra supply to the interior Arctic Ocean, Kipp ef al. (2018) suggested that the supply of shelf
derived materials is increasing with a following change in trace metal, nutrient and carbon
balances. Thawing permafrost and subsequent increasing coastal erosion (Giinther et al., 2013)
may increase terrestrial input to the central Arctic Ocean (Schuur ef al., 2013; Schuur et al.,

2015).

1.3 Th as a Tracer of Water Circulation and Particle Fluxes

Thorium isotopes have been extensively used to study and model physical oceanographic
processes, such as advection, water mass mixing and particle flux (Bacon and Anderson, 1982;
Rutgers van der Loeff and Berger, 1993; Roy-Barman, 2009; Rempfer et al., 2017). In seawater,

230 234y, Without lateral

Th (t12,=75380 yrs) is produced by the radioactive decay of dissolved
transport by currents, the vertical distribution of *°Th in the water column is controlled by
reversible exchange with sinking particles and increases with depth (Bacon and Anderson, 1982;
Nozaki et al., 1981). Deviations from a linear increase with depth profile of 29T (Bacon and

230

Anderson, 1982) suggest that oceanic currents transport =" Th away from the production area, or

that ventilation, upwelling, or depth-dependent scavenging processes play a role for the **°Th
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distribution in the water column (e.g., Rutgers van der Loeff and Berger, 1993; Moran et al.
1995; Roy-Barman, 2009).
22T (tip=1 405x10"° yrs) is known as a tracer for shelf/continental derived signatures (Hsieh et

al.,2011), while 234Th (t12=24.1 d) serves as a tracer for particle flux (Moran and Smith, 2000).

1.3.1 ®*Th in the Arctic Ocean

Several studies have addressed the regional distribution of dissolved **°Th in the Arctic Ocean in
relation to particle fluxes and water mass residence time over the past decades. Yet several key
points related to removal processes of dissolved *°Th are not entirely understood and the
sensitivity of dissolved ***Th to environmental changes is still not explained sufficiently.

Bacon et al. (1989) hypothesized that scavenging of reactive elements in the central Arctic
Ocean was significantly lower than in other parts of the world to explain the high *°Th
concentrations observed at the Alpha Ridge and the northern Makarov Basin (Bacon et al.,
1989). Edmonds et al. (1998), later confirmed by Trimble er al. (2004), showed that 207
activities in the deep southern Canada Basin were much lower, and residence times
correspondingly shorter, than observed by Bacon et al. (1989) at the Alpha Ridge.

Cochran et al. (1995) calculated residence times of dissolved ***Th of 18-19 years in the central

230 . .
Th concentrations in the Nansen

Nansen Basin and 10-12 years on the Barents Sea slope.
Basin were found to be lower than those from the Alpha Ridge reported by Bacon ef al. (1989)
and deep water in the central Nansen Basin had lower particulate and higher dissolved 20Th
concentrations than near the slopes (Cochran et al., 1995). Scholten ef al. (1995) found that the
shallower Eurasian Basin Deep Water (EBDW) is influenced by ventilation, in contrast to the
deeper Eurasian Basin Bottom Water (EBBW) and suggested resuspension as the cause for the
increased scavenging rates in the EBBW. Valk ef al. (2018) showed that the deep Nansen Basin
is influenced by volcanic and hydrothermal inputs that lead to scavenging removal of ***Th over
several years, at least episodically.

Sedimentary 21pa,/**Thy, from the Canada Basin provided new insights into the relevance of
scavenging removal and the horizontal redistribution of these tracers as well as the fractionation
between the low productivity, sea ice covered interior basins and the seasonally high particle
flux areas at the margins. Low surface sediment 23 1PaXS/BOThXS ratios were interpreted as a result
of chemical fractionation of *°Th and *'Pa in the water column resulting in preferred a2
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export out of the Arctic. Almost all of the “"Th produced in-situ (ca. 90 %) was estimated to be

removed within the Arctic by scavenging onto particles (Moran et al., 2005), while Hoffmann et
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al. (2013) suggested that the deep waters of the Arctic are exchanged through the Fram Strait on
centennial timescales.

Roy-Barman (2009) presented a boundary scavenging profile model, showing that linear >*°Th
concentration profiles do not necessarily imply that circulation is negligible. They suggested that
the difference between the Arctic and other oceans is a considerable lateral transport of **°Th

from the interior to the margins.

1.4 Motivation

Global warming is triggering profound changes in the ocean, and the Arctic Ocean is especially
vulnerable to such environmental forcing. Summer ice cover is rapidly declining, while the
supply of terrestrial material (Glinther et al, 2013) and particle flux (Boetius et al., 2013)
increases and ocean circulation is changing (Karcher et al., 2012). These developments are
expected to leave an imprint on the distribution of particle-reactive radionuclides, such as Th
isotopes. A central motivation for this GEOTRACES study is to use the Th isotopes to depict
changes in circulation and particle fluxes in the Arctic Ocean from 1991 to 2015. The basis of
this study is a time series consisting of natural radionuclide data from various previous studies

combined with new data from 2007 and 2015.

2 Methods

2.1 Sampling and Analysis of Th in Samples collected in 2007

Sea water samples were filtered directly from the 24 L CTD-Niskin® bottles into acid cleaned
cubitainers (LDPE) using 0.45 um pore size Acropaks®. Samples were collected in volumes of 1
L, 2 L, and 10 L and acidified with concentrated ultraclean HNO;3. Samples for the analysis of
total “°Th were taken without filtration. Analyses were performed at the University of
Minnesota, Minneapolis, following methods from Shen ef al. (2003). Measurements were done
using Inductively Coupled Plasma Mass Spectrometry (ICP-MS, Thermo Finnigan, Neptune)
equipped with a Secondary Electron Multiplier (SEM) and a Retarding Potential Quadrupole
(RPQ) energy filter.

2.2 Sampling and Analysis of Dissolved Th samples collected in 2015
Samples were filtered directly from the 24 L CTD-Niskin® bottles into cubitainers (LDPE)
through 0.45 um pore size Acropaks” in volumes of 10 L (>2000 m) and 20 L (<2000 m),

according to the expected concentrations (Nozaki et al., 1981). Acropaks® were used for half of
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the cruise and then replaced by new ones. Subsequently water samples were acidified to a pH of
1.5-2 by addition of 1 mL (acid)/L (seawater) of concentrated double distilled HNOs.
Preconcentration and analysis of 29Th and #*Th were performed following GEOTRACES
methods in clean laboratories of the Alfred-Wegener-Institute (AWI), (Anderson et al., 2012).
Samples were spiked with “Th and **°U, calibrated against the reference standard material
UREMI11, a material in radioactive equilibrium (Hansen et al., 1983), followed by addition of a
purified Fe-carrier solution (FeCls). The next day, the pH of the samples was raised to 8.5 by
adding double-distilled NH4OH, to induce Fe(OH); precipitation. After 72 h, when the Fe(OH);
had settled to the bottom of the cubitainer, the precipitate was transferred from the cubitainers to
acid cleaned 1 L Teflon® bottles, after syphoning off the supernatant water. After dissolution of
the sample in concentrated HCI, the pH was raised again to 8.5 to allow the Fe(OH); precipitate
and settle. The supernatant water was syphoned off and the preticipate was transferred into acid
cleaned 50 mL Falcon® tubes the following day. The samples were then washed by
centrifugation four times at 4000 rpm for 12 minutes, where the supernatant was decanted before
addition of new ultrapure Milli-Q® water. Finally, the precipitation was dissolved in
concentrated HCI and evaporated to a drop (>10 L) in an acid cleaned 15 mL Savillex® beaker.
After evaporation, the fractions of Pa, Th, U and Nd were separated using chromatographic
columns filled with anion exchange resin (AG1X8, 100-200 mesh) according to GEOTRACES
methods (Anderson et al., 2012). All fractions were collected in acid cleaned 15 mL Savillex®™
beakers and columns were washed and conditioned before the samples were loaded onto the
columns using concentrated HCI and HNO;.

Procedural blanks for >**Th and ***Th were run with each batch of 10-15 samples. Average **Th
and °Th blank corrections are 0.24 fg/kg and 0.003 pmol/L, respectively. At station 81, a
sample (2000 m) was divided into two samples and resulted in different dissolved ***Th
concentrations, probably due to Th attached to the walls of the original cubitainer. Here, an

average value considering the volumes of both parts of the divided samples was calculated.

2.3 Sampling and Analysis of Particulate >**Th Samples collected in 2015

Particulate samples were taken using in-situ pumps (McLane and Challenger Oceanic). 268 L to
860 L seawater were pumped through a 142 mm =, 0.45 pm pore size Supor” (polyether sulfone)
filter (Anderson et al., 2012). Filters were cut aboard for subsamples under a laminar flow hood
using tweezers and scalpels. Subsamples (23 mm =) were dried, put on plastic mounts, covered
with Mylar and aluminium foil and directly measured by beta decay counting of ***Th for at least

12 h. Six months later, background measurements were performed at the AWI in Bremerhaven.
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2.4 Model

The model of Rutgers van der Loeff et al. (2018) was used to analyse the downward propagation
of a ventilation signal in the Atlantic layer by settling particles and radioactive ingrowth. The
2Th model is based on the reversible exchange model of Bacon and Anderson (1982) and
Nozaki et al. (1981) and solved with programming language R. We first let the **°Th model run
with the base parameters as given for the Amundsen Basin in Table 1 of Rutgers van der Loeft et
al. (2018), but without exchange with the Kara Sea, until dissolved **°Th reaches a linear steady
state profile. We then simulate a hypothetical strong ventilation of the intermediate water with
29Th-depleted shelf water by introducing an exchange process down to 1500 m with a **°Th-free
water mass on a time scale of 4 years, which causes a rapid reduction of **°Th in this upper
layer. The **°Th profile is determined over the full water column over time since the beginning

of this ventilation. Parameter values used in the simulation are listed in Table 1.

Table 1: Parameters of the Profile Model adapted from Rutgers van der Loeff ef al, 2018, representing
transient **Th in the Amundsen Basin

Parameter Symbol | Value | Unit
Vertical Eddy Diffusion Coefficient K, 4100 |m’y"
Exchange Time 0-1500m with Kara Sea

Initial tx ) y
During Ventilation tx 4 y
“'Th Kara Sea “The |0 fg/L
C,/Cq ”°Th (*) Ksso 0.5
C,/Cq ”*Th (*) Koss 0.12 | --
Adsorption Rate Constant k; 159 |y'
Desorption Rate Constant k, 318 |y!
Particle Settling Rate S 582 my’

*Valk et al. (2018)
C, = particulate concentration; C4 = dissolved concentration

3. Results

20T results are expressed as unsupported excess > Th (***Thy,); for simplification, hereinafter
SOTh refers to *°Thy,. Excess corrections were done following Hayes et al. (2015). *°Th
concentrations are corrected for a proportion of **°Th released by dissolution of lithogenic

232
f

particles. This is based on parallel measurements o Th, considering a lithogenic ratio

20Th/*2Th = 4.0x10™° mol/mol (Roy-Barman et al., 2009).

3.1 Dissolved ***Th in 1991, 2007 and 2015

Data obtained in 1991 by Scholten et al. (1995) constitute the baseline for the time series

230
d

presented in this study (Fig. 2A). Dissolve Th activities increased with depth in the

Amundsen Basins in 1991, 2007 and 2015.
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Station 400 (2007), located at the south eastern margin of the Eurasian Basin showed lower

concentrations than the open ocean stations.

3.2 Dissolved *Th in 2007 and 2015

The concentrations of dissolved **Th from 2007 and 2015 were similar. In 2015, dissolved
#2Th concentrations observed in the Amundsen Basin showed a decreasing trend with depth.
Surface concentrations were relatively high at station 117 (100 pg/kg) and 125 (>200 pg/kg). At

#2Th showed a relatively constant depth distribution, where surface ***Th

station 81, dissolved
concentrations were lower compared to station 117 and 125. At stations 125 and 117 dissolved
#2Th decreased as well slightly with depth, with station 117 showing a mid-depth maximum at
2000 m (Fig. 2C). 2007 values (station 309) decreased with depth until 2500 m and then slightly
increased towards 4500 m. Close to the shelf (at station 400) concentrations were lower than in

the open basin in 2007.

3.3 Particulate 2**Th from 2015

24Th from 2015 is shown as the relative amount of particulate ***Th (Fig. 2D)

1 234 238

Particulate

compared to total “"Th, calculated from “~"U activities, assuming equilibrium of total 24Th with

28U in deep water (Owens et al., 2011). All profiles show rather low concentrations of

234

particulate ***Th in the Amundsen Basin. Especially below 2000 m particulate ***Th is much

higher in the Nansen Basins (Valk ef al., 2018).

4 Discussion

4.1 Temporal Evolution of Dissolved 2%Th in the Amundsen Basin

Figure 2A shows *°Th concentrations from 2015 and the temporal development since 1991.
Temporal changes are manifest over the entire water column since 2007. With one exception, the
2015 concentration range is below 2007 and 1991 (Scholten et al., 1995). This difference is
larger than the concentration range for the three 2015 profiles (Fig. 2A). The three stations from
2015 (81, 117 and 125) are distributed over a wide area of the Amundsen Basin (Fig. 1).
Because all stations show lower concentrations in 2015, this points to a temporal rather than a

230Th in the Amundsen Basin

regional variability over the entire basin. The decrease in dissolved
started after 2007, considering the similar concentrations in 1991 and 2007. Dissolved *°Th
decreased by 0.32 fg/k/y in 300-500 m water depth, and by 0.52 fg/kg/y in 1000-1500 m. >*°Th
is known to respond to particle fluxes as well as ocean circulation (Anderson et al., 1983b, a). A

. . . 230 . . .
reduction in dissolved “"Th concentrations can therefore be caused by either increased

73



scavenging (Anderson et al., 1983b) or by changing circulation (Anderson et al., 1983a).
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Figure 9: (A) Amundsen Basin dissolved *'Th from 2015 in blue (81 = dots, 117 = squares, 125 = triangles),
2007 in green (309), 2007 margin in pink and 1991 in grey (173). (B) Amundsen Basin salinity profiles from
2015 (Rabe et al., 2016), 2007 (Schauer and Wisotzki, 2010), 1991 (Rudels, 2010) and Fram Strait 2016
(Kanzow et al., 2017). (C) Dissolved 2**Th from 2015 (81 = dashed, 117 = dashed dotted, 125 = solid) and 2007
(309 = green) and 2007 margin (400 = pink) (D) Particulate 24Th from 2015 in percent of total 24T,

4.2 Scavenging in the Central Amundsen Basin

Biological production in the central Arctic Ocean in 2011 was not higher than in 2007 (Ulfsbo et
al., 2014). Therefore, enhanced biological production in the Amundsen Basin and subsequent
sinking particles can be excluded as a reason for the changing Th distributions. Enhanced
scavenging by lithogenic material at these stations can also be excluded because for all three

stations from 2015, dissolved ***Th values at 1000 m are in the same range or lower than
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observed in 2007 (Fig. 2C). Low dissolved ***Th is taken here as an indicator of low amounts of
lithogenic material. Enhanced particle loads would result in high concentrations of particulate
24T, as observed in the deep Nansen Basin where particulate ***Th ranges between 3.3 and 9.1
% of total »**Th (Valk ef al., 2018). In the Amundsen Basin only station 125 (2015), located at
the slope of the Lomonosov Ridge shows relatively high values of particulate ***Th in the deep
water from 1500m downwards (Fig. 2D). This feature could be explained by the resuspension of
slope sediments along the Lomonosov Ridge, as no increased scavenging was observed in the
deep Amundsen Basin (Slagter et al., 2017). Slagter et al. (2017) argue that similar riverine
surface influence of humic substances in the Amundsen Basin and in the Makarov Basin did not
lead to increased scavenging at depth in the Amundsen Basin, even at stations influenced by the
TPD (e.g. station 125) (Slagter et al., 2017; Rutgers van der Loeff et al., 2018). This is in
contrast to the Makarov Basin, where they observed a slight increase of dissolved Fe-binding
organic ligand concentrations, and reduced dissolved Fe concentrations that may point to more
intense scavenging or lower Fe inputs (Slagter ef al., 2017; Klunder ef al., 2012), while the high
#2Th observed at the surface of station 125 points to a notable continental component, a signal
that is not observed below (Fig. 2C). Hence, our observations are consistent with Slagter et al.
(2017). To summarize, dissolved **Th generally did not increase since 2007, except for station
117 at 2000 m and station 81 at 3500 m. Recent studies about Ra isotopes, Fe binding ligands,

234 232
3Th,3

NCP estimates and the particulate data ( Th) do not point at enhanced particle fluxes in

the central Amundsen Basin. Therefore, and putting all these different parameters together, it can

230

be concluded that scavenging of " Th within the Amundsen Basin is unlikely to be the primary

factor for the observed reduction between 2007 and 2015 in the Amundsen Basin.

4.3 500-1500 m: Intermediate Water Mass Changes

The decrease of dissolved *°Th at depths between 500 m and 1500 m for stations 81, 117 and
125 in the Amundsen Basin (2015) is most prominent at 1000 m, where concentrations
decreased to half of the value in 2007 (Fig. 2A). This depth range in the Amundsen Basin is
ventilated on considerably shorter time scales than in the Nansen and Makarov Basin by a
westward boundary circulation (Tanhua ef al., 2009).

The drop in dissolved **°Th at 1000 m corresponds to an increase in the '*I/**°U ratio (Figure 3),
implying a higher Atlantic influence of younger waters (Casacuberta et al., 2018), which in turn
is in agreement with an increase in the circulation/ventilation rate between 750 and 1500 m. For
station 81, in the central Amundsen Basin, Rutgers van der Loeff er al. (2018) estimated a

ventilation age based on SF¢ data of 15-18 years at 1000 m. This estimate fits to time scales
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based on “**Ra data and is supported independently by the '*’I/*°U ratio (Rutgers van der Loeff
etal.,2018).
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Figure 3: (A) Dissolved 2*°Th. (B) '*I/*°U (Casacuberta et al., 2018) from the Amundsen Basin, 2015

While anthropogenic radionuclides (Fig. 3) imply exchange with young shelf waters of Atlantic
influence, it is unclear to what extent the change in *°Th may be caused by exchange with the
Makarov Basin. Tanhua et al. (2009) found notable changes in CFC tracer ages at the North
Pole, indicating older waters in 1994 compared to 1991 and 2005 at 400 m; a change that was
also documented in silicate concentrations (Tanhua et al., 2009). This feature probably reflected
a shift in the front of Eurasian and Canada Basin water around the year 1994, with Canadian
Basin water penetrating deeper into the central Amundsen Basin (Tanhua ef al., 2009).

Unfortunately, there is no **°

Th data from this phase of penetration of Canada Basin water
around 1994. If the **°Th data from 1991 are connected to CFC data from the same year, while
the *°Th data from 2007 are connected to CFC data of 2005 (Tanhua ef al., 2009) they are both
representative of periods of low intrusion of Canada Basin water over the Lomonosov Ridge.
Renewed intrusion of Canada Basin water in 2015 can be excluded as mechanism for the

230Th because this would increase rather than decrease dissolved **°Th

observed change in
concentrations in the Amundsen Basin (Scholten et al., 1995; Edmonds et al., 2004; this study).
Moreover, intrusion of Canada Basin water would not match the ventilation age estimated by
Rutgers van der Loeff et al. (2018), since the Canada Basin water is known to be much older
than Amundsen Basin water at this depth (Tanhua ef al., 2009). Hence, it is suggested that the
changes in the Amundsen Basin cannot be explained by interaction with the Makarov Basin. On

the contrary, salinity distributions imply that the influence of Atlantic waters in the Amundsen
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CHAPTER 3: Decrease in °°Th in the Amundsen Basin since 2007: far-field effect of increased
scavenging on the shelf?

Basin has increased at 500-1500 m by 2015 indicating that water masses have changed after
2007 (Fig. 2B). Figure 2B shows salinity profiles for three stations from the Amundsen Basin
from 2007 (Schauer and Wisotzki, 2010), three from 2015 (Rabe et al., 2016), one from 1994
(Swift, 2006a) and one from 1991 (Rudels, 2010). In 2015, the intermediate waters of the
Amundsen Basin have a stronger Atlantic contribution (Polyakov et al., 2017; Rabe ef al., 2016).

This change is correlated with the decrease in dissolved **°Th.
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Figure 4: Comparison of pCFC and pSF¢ ages from 2005 (red) and 2015 (blue) in the Amundsen Basin at
stations located in the return flow along the Lomonosov Ridge, distinguishing the depth ranges of FSBW
(solid box) and BSBW (dashed box). Locations of 2015 stations are marked in the map as blue symbols (81 =
dots, 85 = squares, 89 = diamonds) and 2005 stations in red (41 = dots, 42 = squares, 46 = diamonds).

Anthropogenic tracers can help determine whether the increased Atlantic water contribution had
resulted in increased ventilation rates of the intermediate waters in the Amundsen Basin. A
comparison of CFC and SF¢ ages between 2005 and 2015 (Fig. 4) shows that both the FSBW
(approx. 425m) and the BSBW (approx. 1025m) ventilation age did not decrease after 2005. SFg
age for the Atlantic Water (BSBW around 1000 m) at the northern end of the section in figure 4
is 12-15 years in 2005 and 15-18 years in 2015, suggesting perhaps a slowdown of transport of
Atlantic Water in the boundary current. That would indicate that a change in scavenging along
the flow path of the Atlantic water must be responsible for the observed decrease in dissolved

29T, rather than a change in ventilation.
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4.4 "Th Removal Process in Intermediate Waters on Circulation Pathways

In order to judge the scavenging intensity it is useful to compare dissolved *°Th concentrations
at various locations along the flow paths of the Atlantic waters. Arctic Intermediate Water
(AIW) is comprised of water from the Greenland Sea and the Nordic Sea via the West
Spitzbergen Current (WSC) (Rudels, 2009). In the North East Atlantic at 25°N (GEOTRACES
section GA03_W, station 20), dissolved **°Th concentrations are 8.23 fg/kg at 1000 m and 13.17
fg/kg at 1500 m (Hayes et al., 2015) (Fig. 5). At 55°N, dissolved *Th concentrations in 1995
were 3.47 fg/kg at 500 m and 6.8 fg/kg at 1625 m (Vogler et al., 1998) (station L3). In the
Norwegian Sea, dissolved *°Th concentrations in 1993 were 5.81 fg/kg at 872 m and 7.04 fg/kg
at 1286 m (Moran et al., 1995) (station 13). These values are above the highest value of
dissolved **°Th at 1000 m in the Amundsen Basin in 2015 (5 fg/kg). That means that these
waters have lost Z°Th during their transit to the central Amundsen Basin, through the productive
North Atlantic, the Fram Strait (FSBW) and over the Barents Sea shelf (BSBW). These
pathways are influenced by an increased input of terrestrial matter (Giinther et al., 2013) and/or
increased primary production at the shelf and the ice edge compared to previous years (Arrigo
and van Dijken, 2015; Ulfsbo et al., 2018). Relatively high concentrations of Fe at the margin
indicate the possibility of enhanced scavenging by iron oxides (Rijkenberg et al., 2018).

At station 400, located at the south eastern margin of the Eurasian Basin, the deepest water is in
the influence of BSBW, downstream of the Barents and Kara Sea shelf and slope. At the largest
depth of ~1200m, **°Th the concentration is low and similar to concentrations in the central
Amundsen Basin in 2015. This is consistent with the hypothesis that Atlantic waters that were

B9Th on the shelf contribute to the decrease in dissolved >*°Th in the central

depleted in
Amundsen Basin. Such a relic scavenging signal implies that scavenging occurs on pathways of
inflow waters along the shelves rather than locally within the central basin. The high surface
values of dissolved **Th at station 400 are in line with low export production at this station

compared to shallower stations over the shelf (Cai ef al. 2010).
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Figure 5: (A) Circulation pathways of Atlantic waters to the central Amundsen Basin. (B) Conceptual
drawing of scavenging and mixing of water masses close to St Anna Trough (black line in A represents the
section of B). LR = Lomonosov Ridge, GR = Gakkel Ridge, BSS = Barents Sea Shelf, FS = Fram Strait). (C)
Development of dissolved 2*°Th concentrations from the North Atlantic to the Amundsen Basin. Atlantic
values: (open symbols, Hayes et al., 2015; Vogler et al., 1998; Moran et al., 1995) represented by a deep box
flowing in through Fram Strait and a shallow box with lower activities flowing in over the Barents shelf and
exposed to additional scavenging on the shelf (horizontal black arrow) before it is subducted and mixed with
deeper Atlantic inflow to form the observed reduced concentrations in the central Amundsen Basin. Stations
32 and 40 (red) are from Gdaniec et al. (2020).

Hence, the observed reduction in dissolved 20Th in the intermediate water of the Amundsen
Basin is attributed to a combination of scavenging and advection. Scavenging takes place locally
on the shelves and along the slopes of the Barents, Kara and Laptev Seas, causing the removal of
2Th observed downstream in the central Amundsen Basin. Figure 5 shows pathways of
intermediate waters and dissolved *°Th profiles from 2015, illustrating the mechanisms
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controlling the relatively low dissolved “"Th concentrations observed in the central Amundsen
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Basin. Atlantic waters flowing over the Barents and Kara shelves lose *°Th by increased
scavenging. “°Th depleted BSBW is subducted and gradually mixes with deeper Atlantic
inflow. The closer the stations are to the Lomonosov Ridge, the younger the ventilation age (Fig.
5), and the more the salinities are shifted towards Atlantic values. Variability in temperature and
salinity plots indicates that this branch interacts with ambient waters (Rudels ef al., 1994). This
is consistent with dissolved Z*°Th concentrations observed at stations 81, 117 and 125 (2015),
with station 125, located in the TPD and closest to the Lomonosov Ridge, showing the lowest
concentrations. The low *°Th concentrations at station 125 may also be affected by additional

scavenging due to resuspension on the slope of the Lomonosov Ridge.

4.5 Vertical Transport of Circulation derived B07h Scavenging Signal and Effects in Deep
Waters

Intermediate waters in the central Amundsen Basin have a lower dissolved **°Th in the depth
range up to 1500 m, due to increased scavenging during transport of Atlantic water over the
shelves and along the slope. The time series data also reveal changing conditions below the

29T} in the deeper water column (Fig.

intermediate waters, indicated by a decrease of dissolved
2A).

This raises the question as to whether a change, as observed for 500-1500 m, might cause a
decrease in concentrations in the water column below that depth within just 8 years.
Theoretically, such a decreasing signal could be manifest by sinking particles via reversible
scavenging of sinking particles. With particle settling rates of 582 m/y (Rutgers van der Loeff et
al., 2018) an average particle needs approximately six years from the depth of strongest
depletion (1000 m) to reach the bottom of the water column. That would match the time scale of

29Th observed between 2007 and 2015. The time for particle transport to depth

the decrease in
is the limiting step, because the time scale for particle settling is longer than for adsorption and
desorption of thorium (Rutgers van der Loeff et al., 2018). On the basis of these parameters,
Rutgers van der Loeff ef al. (2018) created a model to illustrate the development of 22%Ra and
*Th over time. This model is modified here to simulate how the full water column profile of
dissolved *°Th in the Amundsen Basin reacts to a sudden change in circulation transport of
water with low Z*°Th into the intermediate depth layer (Tab. 1). The model should be seen as a
description of the downwards penetration of the removal signal, rather than a precise retrace of
profiles from the central Amundsen Basin. The exchange process used to introduce the
ventilated water mass is not meant to reproduce the actual ventilation with water from

Kara/Barents Seas, but merely serves the purpose to create a rapid reduction of *°Th in the
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upper 1500m in order to model the downward propagation of such a signal by reversible
scavenging. The model results in figure 6 show how fast a decrease of >*°Th in the ventilated
layer (500-1500 m) is propagated into the deep water. Uncertainties in the model assumptions,
such as particle sinking speed and exchange between dissolved and particulate phases might
cause the difference between model and data. This may also explain why the downward
penetration of the ventilation signal is slower in the model, where it has not yet reached the
seafloor after 8 years (Fig. 6) than in the observed data. But the model results underpin the
notion of a dissolved **°Th decrease due to circulation and scavenging along the circulation
pathways, and account for the reduction of dissolved **"Th below the circulation influence. This
temporal change can therefore be explained by a significant reduction in the input of low->"Th

waters from shallower depths, even if the scavenging rate in the deep basin remains constant.
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Figure 6: Modelled dissolved >**Th distribution in the Amundsen Basin, 0, 2, 4, 6, 8, 10, 15, 20 years after
reduction of concentration in upper layer (0-1500 m) by continuous exchange with >**Th-free surface water.
Model was modified after Rutgers van der Loeff ez al. (2018).

Hydrothermal plumes released by volcanoes at the Gakkel Ridge could also decrease dissolved
29Th efficiently and periodically, as suggested by Valk et al. (2018) for the deep Nansen Basin.
However, these plumes probably do not affect the Amundsen Basin as much as the Nansen
Basin, due to recirculation in the Nansen Basin that retains most of the hydrothermal plume
affected waters in the Nansen Basin (Valk ef al., 2018). Additionally, the depths where the major

changes occurred in the Amundsen Basin are too shallow (the hydrothermal scavenging starts
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below 2000 m) and the deep water decrease of dissolved **°Th in the Amundsen Basin since

2007 is much weaker than in the Nansen Basin (Valk et al., 2018).

5. Conclusion

Concentrations of dissolved **°Th throughout the entire water column in the Amundsen Basin
decreased since 2007. There is no indication of increased scavenging removal of **°Th due to
increased particle flux within the Amundsen Basin. An increase in salinity of intermediate water
(at 500 - 1500m) points to the influence of Atlantic derived waters, though SF data suggest that
the ventilation of this layer has not increased. The reduction in dissolved 29T concentration in
the Amundsen Basin intermediate waters is therefore attributed to increased scavenging from
source waters and transport of this relict scavenging signature by advection. Thus, these
downstream waters reflect a scavenging history over the Siberian shelves and slope that results
in a reduction of »°Th relative to Atlantic source waters and, in turn, reduced dissolved *°Th in

the central Amundsen Basin. The low->>*

Th signal is propagated to deeper central Arctic Ocean
waters by reversible scavenging. These findings highlight the close interaction of horizontal
transport by advection and particle scavenging removal, which combine to generate far-field

distributions of reactive trace elements.
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Abstract

The Arctic Ocean experiences changes in particle fluxes and particle composition, due to
changing environmental conditions related to climate change. Particle reactive tracers *°Th and
2!pa can reveal consequences of these changes on scavenging behaviour and removal of particle
reactive elements. Distribution and concentrations of dissolved **°Th and **'Pa can change
significantly within less than ten years in the central Arctic Ocean. In this study we present new
budgets for dissolved **°Th and **'Pa, as well as box models to illustrate scavenging removal and
sedimentation patterns for these tracers, based on a water column time series from 1991 over
2007 to 2015. Based on GEOTRACES data we find indications for boundary scavenging of
29T and partly *'Pa in the Eurasian Basin, contrasting previous studies. The conclusions of the

231

models and their discussion are that = Pa advective export from the Arctic Ocean might be less

important than previously thought and that the margins of the Nansen Basin are a sink for Arctic

230 231

Th and possibly " Pa. While increased scavenging removal due to changing environmental

230

conditions can be fully observed in the 2015 “*"Th data, those developments are not yet visible in

a dissolved **'Pa reduction, since changing **'Pa scavenging removal might be in an initial stage.

21p4 in the Arctic Ocean

Climate change triggered or intensified removal processes of >**Th and
cause reduced export of **°Th to the GIN Seas. Implications for sedimentary **'Pa/*"Th activity
ratios in the Arctic or GIN Seas depend on the timescales and duration of the identified and

hypothesised processes.

1. Introduction

1.1 2'Pa/*"Th in the Arctic Ocean

U and **U are homogeneously distributed in seawater, their radioactive decay produces **'Pa

230 231, 230
Pa/

and “"Th, respectively, at a constant ratio of 0.093. The Th sedimentary ratio is a well-
known and frequently applied paleoceanographic tool. In addition to the age information it
provides, it can serve as a proxy for particle fluxes and composition, biological productivity or
overturning advective circulation (Chase ef al., 2002; Walter et al., 1999; Yu et al., 1996). In the
Arctic Ocean, some studies have applied the *'Pa/**°Th sedimentary ratio for identifying basin
wide fractionation (Moran et al., 2005), boundary scavenging (Edmonds et al., 2004), advective
export in relation to the production of »*°Th and **'Pa (Moran et al., 2005), scavenging rates
(Edmonds et al., 2004) or past advective export (Hoffmann ef al., 2013). Open questions remain,
such as why there is a 31pg deficit in Arctic sediments (Gdaniec et al., 2020; Moran et al.,

2005).
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1.2 Increased Particle Fluxes at Margins and Boundary Scavenging

Previous 2*°Th and **'Pa budgets were primarily based on **'Pa/*°Th sedimentary ratios and
production estimates (Hoffmann and McManus, 2007; Hoffmann et al., 2013; Luo and Lippold,
2015; Moran et al., 2005). These studies tried to the answer the question what the sedimentary
ratio of 2*°Th/*'Pa reveals about boundary scavenging and circulation in the Arctic Ocean and
the Nordic Seas. A major finding was that 39% of the in situ produced **'Pa are removed from
the Arctic Ocean by advection through the Fram Strait, and 61% are removed by scavenging
within the Arctic Ocean, while only 10% of the produced **°Th are exported by advection
(Moran ef al., 2005). Huh et al. (1997) estimated that about one third of the ?*°Th produced in
the Arctic Ocean was removed by scavenging within the central Arctic Ocean and two thirds at
the margins. Therefore Moran et al. (2005) concluded that short ventilation times were
responsible for the advection removal of *'Pa while *°Th was removed primarily at the margins
by boundary scavenging. However, a new interpretation of the data of Huh ef al. (1997) showed
£230

that there is no evidence for basin scale removal o

(Hoffmann and McManus, 2007).

Th to the margins by boundary scavenging

The margins of the Eurasian Basin (Nansen Basin slope and Barents Sea) experience increased
particle fluxes, due to permafrost thawing (Giinther ef al., 2013) and sea ice melt (Dalpadado et
al., 2020). Tt is expected that such changes are reflected in scavenging of *°Th and *'Pa.
Scavenging of *"Th is elevated at the Nansen Basin slope relative to the central basins (Gdaniec
et al., 2020), probably due to increased mobilization of trace metals in Arctic shelves and slopes
(Jensen et al., 2020). Gdaniec et al. (2020) confirmed that boundary scavenging of *°Th does
occur at the margins of the Eurasian Basin, and also concluded that the Barents Sea and the
Nansen Basin margins can be a sink for the in-situ produced **'Pa amounts, assumed to be
missing in Arctic deep-sea sediments. Similarly, there is evidence for increasing boundary
scavenging along the margins of the Amerasian Basin of the Arctic Ocean, based on margin
sedimentary *'°Pb and "*’Cs (Kuzyk et al., 2013). Recent studies on >*°Th and **'Pa in the Arctic
Ocean water column (Gdaniec et al., 2020; Grenier et al., 2019; Valk et al., 2020) indicate that
the extent of boundary scavenging may not follow the sedimentary record used by Huh et al.
(1997) and Hoffmann and McManus, 2007, but may indeed be changing. Therefore an important
point in this study is discussing whether the observed scavenging behaviour of Th and Pa is in
line with recent environmental changes in the Arctic Ocean. The *Th, **'Pa scavenging
removal models in this study will therefore be used to evaluate different boundary scavenging

scenarios.
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1.3 Aim of Paper

Time series of water column observations have shown that ***Th and **'Pa concentrations have
changed significantly over decadal timescales. The water column inventory of *°Th decreased
over the last three decades in the Eurasian Basin (Valk et al., 2020; Valk et al., 2018). Some
changes were related to changing hydrothermal activities (Valk et al., 2018) while others were
related to climate change through increased particle fluxes at the margins (Gdaniec et al., 2020;
Valk et al., 2020) or, in the Amerasian Basin, increased particle fluxes due to sea ice retreat and
transport of shelf particles to the central basins (Grenier ef al., 2019; Yu et al., 2020).

In this study we connect time series of water column observations from the Eurasian Basin as
reported in Valk et al. (2018) and in Valk ef al. (2020) to calculate inventories and inventory
changes of dissolved **°Th and **'Pa in the various basins, in order to identify sources and sinks
of these radionuclides and to determine regional budgets. As not all parts of the budgets are
known, we consider two scenarios based on a simple box model to test the plausibility of
different assumptions on the Arctic system. These scenarios then enable us to better predict the
effect of a changing environment on the proxy record of the Eurasian Basin and the Greenland-

Iceland and Norwegian Seas (GIN Seas).

2. Methods

2.17'pa Analyses and Sampling
This section describes the sampling and analyses of unpublished dissolved **'Pa data in 2007

and 2015. Procedures for dissolved *°Th are described in published manuscripts (Gdaniec et al.,

2020; Grenier ef al., 2019; Valk et al., 2020; Valk et al., 2018).

2.1.1 Dissolved *'Pa Sampling and Analyses in 2015

During Polarstern cruise PS94 (GEOTRACES Section GN04) sampling was performed
according to the GEOTRACES standard methods (Anderson et al., 2012). Sea water was
filtrated directly from the 24 L Niskin®-bottles into pre-cleaned cuitainers (LDPE, 10 L >2000 m
and 20 L <2000 m) using 0.45 pm pore size Acropaks®. Samples were acidified to a pH of 1.5-2
using concentrated double distilled HNO3 and subsequently were sealed with Parafilm® in
double plastic bags and stored until analyses.

Analyses were performed following GEOTRACES methods (4Anderson et al., 2012). Pre-
concentration and analysis of dissolved **'Pa were performed following GEOTRACES methods

(Anderson et al., 2012) in the clean laboratories of the Alfred-Wegener-Institute (AWI). Samples
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were spiked with *Th, **Pa and **°U, calibrated against the reference standard material
UREM11. Purified FeCl; was used added and after 24 h double-distilled NH4,OH was added, to
induce Fe(OH); precipitation. 72 h later the precipitate was transferred from the cubitainers to
acid cleaned 1 L Teflon® bottles. After dissolution of the sample in concentrated double distilled
HCIl, the pH was raised again to 8.5 and the Fe(OH); precipitate was transferred into acid
cleaned 50 mL Falcon® tubes. Samples then were washed in ultrapure Milli-Q® water four times
by centrifuging (4000 rpm for 12 minutes) and decanting of the supernatant in between.
Afterwards samples were dissolved in double distilled concentrated HCI and evaporated to >10
pL in an acid cleaned 15 mL Savillex® beakers. Pa, Th, U and Nd were separated using
chromatographic columns filled with anion exchange resin (AG1X8, 100-200 mesh) according
to GEOTRACES methods (Anderson ef al., 2012). All fractions were collected in acid cleaned
15 mL Savillex” beakers and columns were washed and conditioned before the samples were

loaded onto the columns using double distilled concentrated HCl and HNO;,

2.1.2 Dissolved >*'Pa Sampling and Analyses in 2007

In 2007, during RV Polarstern expedition ARKXXII/2, water samples were collected along all
transects of the cruise. Samples for total >*'Pa and **°Th were collected at 6 stations, and samples
for dissolved *'Pa and *°Th were collected at 9 stations. Stations were distributed across the
basins and margins visited during ARKXXII/2 (figure 1). Samples were collected in volumes of
1L, 2L, and 10L and acidified with ultraclean concentrated HNOs. Analyses were performed
according to Shen et al. (2003). Measurements were done using a Finnigan MAT-262 equipped
with an electron multiplier and a Retarding Potential Quadroupole (RPQ) energy filter (Shen et
al.,2003).

2.2 Budget Calculations and Results

Inventory calculations were performed for three time periods: the period until 1991, assumed to
be in steady state; 1991-2007 and 2007-2015. These periods define the time which is referred to
when later applying scenarios, which represent environmental settings. Dissolved *°Th data
from the Nansen- and Amundsen Basin (2007 and 2015) were taken from (Valk et al., 2020;
Valk et al., 2018), obtained during GEOTRACES cruises IPY11 and GNO3. The 1991 data
originate from Scholten e al. (1995). Dissolved **'Pa data from the Nansen- and Amundsen
Basin (2007 and 2015) were obtained during the same cruises. 1991 *'Pa data are from
(Scholten et al., 1995). Dissolved **'Pa data from stations 32 and 50 are from Gdaniec ef al.

(2020). Volumes of the Nansen- and Amundsen Basin were calculated in a simplified way:
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surface areas were defined, with the shelf-break serving as an outer boundary and the Gakkel
Ridge as an internal one. An average depth of 4000 m was chosen and narrowing by the slopes
ignored. The models are divided into three main boxes: the upper Eurasian Basin (<2000 m)
(EUB), the deep Amundsen- (AB) and the deep Nansen Basin (NB) (>2000 m). The 2000 m
depth division follows the deepest sill of the Lomonosov Ridge, separating the Amerasian- and
Eurasian Basin, preventing exchange between the two major basins below ~1870 m (Bjork et al.,
2007), while waters above can exchange freely (Rudels, 2009). Furthermore hydrothermal
scavenging of 2°Th was only detected below 2000 m (Valk ef al., 2018), while direct
consequences of °Th depleted inflowing waters were observed above (Valk et al., 2020).
Different **°Th developments in the deep Nansen- and Amundsen Basin (Valk et al., 2020; Valk
et al., 2018), as well as a restriction of the hydrothermal plume to the Nansen Basin, due to
recirculation in the deep Nansen Basin (Valk ef al., 2018), indicate that the deep basins can be
seen as isolated, in a simplified illustration of the Eurasian Basin.

Calculating a budget requires the sources and sink terms, hence quantification of in- and
outflow. As inflowing *°Th and *'Pa concentrations we chose average North Atlantic
concentrations in 0-500 m water depth for the Barents Sea inflow (**°Th: 2.80 fg/kg, **'Pa: 0.70
fg/kg) and average concentrations down to 2000 m for the Fram Strait inflow (**°Th: 8.65 fg/kg,
21pa: 2.35 fg/kg) (Hayes et al., 2015). Outflow concentrations are dissolved Z°Th and **'Pa
concentrations above 2000 m from the respective time periods from the central Amundsen
Basin. This outflow is expected to represent the Eurasian Basin outflow out of the Arctic Ocean.
Water fluxes are 1.5 Sv for the Barents Sea inflow (BS;,), 6.7 Sv for the Fram Strait inflow
(FSin) and 8.2 Sv for the Fram Strait outflow (FS,y) (Beszczynska-Moller et al., 2012).
Exchange through both the Canadian Archipelago and the Bering Strait were neglected, due to
low volumes and lack of data. These exchanges are limited to shallow waters. Surface
concentrations of *°Th and **'Pa are much lower than in deep waters (Nozaki et al., 1981),
hence these straits do not affect the budgets significantly. In- and outflow **Th and *'Pa
concentrations converted to total fluxes in kg/y are shown in table 1. Another source is the in-
situ production (ISP) of dissolved **°Th and **'Pa. It was calculated (in dpm/m’/y) using the U-
Salinity relationship in seawater (***U = (0.100 x S — 0.326), (Owens ef al., 2011) and adapted to
the respective Volumes (V). Salinities are from Rabe et al. (2016) and Wisotzki (2008):

2307 . 238 23ty
[SP Th Ux).234xm xV

Seawater

CUP Useaater = 6.26 x 107 (mol/mol) (Andersen et al., 2010))
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238 235U
UxAyzs x 78y, X xV
Natural

ISP P pa:

CPUPP Unaswrar= 1/137.88 (mol/mol) (Condon et al., 2010))

Where 1,3, and A,35 are the decay constants of 24U and *°U: 2.79°° (y") and 9,721 v,

respectively.

2.2.1 Description of the Budget Box Model
The basis for the *°Th and **'Pa scavenging removal calculations are concentration changes
between the sampling years (1991, 2007 and 2015), given as inventory changes, shown in figure

1 and summarized in table 1. Concentrations were summed up in average concentrations per

basin and depth range. Inventory changes are:

Eq.1: Inventory changes = Inventory period A - Inventory period B

230Th 231?3
Steady State (1991) EUB Steady State (1991) EUB
ISP 230Th: inventory?3°Th: ISP 231pa: inventory?'Pa:
1.01 kg/fy 13.48 kg 0.04 kg/ly 2.86 kg
2000M f— — — ——_——_——— -I— ———————— ot ————_——_——— —l ————————
15P 230Th- inventory | || 5P Z°Th: inventory ISP 21pa: inventory | || ISP *'Pa: inventory
0.49 ke/y 230Th: I 0.52 kg/y 230Th: 0.02 kg/y 231pg | 0.02 kg/y 231pg:
9.55 kg | 9.33 kg 2.55 kg | 1.57 kg
1991 - 2007 EUB 1991 - 2007 EUB
ISP 239Th: inventorychange?3°Th: ISP 231pa: inventorychange??'Pa:
1.01 kg/y +3.85kg 0.04 kg/y -0.94 kg
2000M f— — — — ——_——_—— -I— ———————— b ——————— —I ————————
ISP 23°Th: Inventory || sP 230Th: Inventory 15p 231pa: inventory || P 231pa: Inventory
0.49 kg/fy change I 0.52 kgfy change 0.02 kg/fy change | 0.02 kg/y change
20Th; +1.67 kg | 30Th: + 0.61 kg 1py: - 0.94 kg | 1pa: + 0,00 kg
2007 - 2015 2007 - 2015
{SP 230Th: inventorychange?*°Th: ISP 231pa: inventorychange?!Pa:
1.01 kg/fy -6.52 kg 0.04 kg/y +0.07 kg
2000mf— — — — — — — — -I— ———————— 4 —_————— —— —l ————————
iSP 230Th: inventory || 1sP 230Th; inventory 5P 231pa: Inventory ||| isP Blpg; inventory
0.49 kg/y change I 0.52 kg/fy change 0.02 kg/fy change | 0.02 kgfy change
30Th: - 3.25 kg | 230Th; -3.80 kg 21pg: - 0.15 kg | 231pg: + 0.32 kg

Figure 10: In-situ production and inventory changes for dissolved ~*"Th and **'Pa for the three time periods.




2.2.2 Total *"Th Removal Rates and Locations

The total removal rate of **°Th has increased over time. In the upper Eurasian Basin (<2000 m)
the dissolved *°Th inventory decreased by - 6.52 kg (- 0.82 kg/y) between 2007 and 2015
(figure 1). From 1991 to 2015 dissolved *°Th removal doubled, with an intermediate reduction
of removal from 1991-2007 and then increased threefold from 2007 to 2015.Removal rates of
dissolved **°Th and **'Pa, as well as underlying data for the calculations are summarized in table
1.

Volumes of shelf waters are small compared to the volume of the central Eurasian Basin, even
when restricting it to 2000 m depth. Furthermore there is no evidence in the sedimentary record
for any appreciable boundary scavenging in the Arctic Ocean (Hoffmann and McManus, 2007).
Hence the obvious area of *’Th removal is within the deep basins. This scavenging removal
situation is represented by a box model where all of the *°Th scavenging removal happens
within the central basins. This setting, scenario-a, is applied to all time periods, steady state,
1991-2007 and 2007-2015. Scenario-a requires a large or even dramatic change in scavenging
flux in the central basin. However no direct evidence for the increased particle fluxes or
concentrations, that could explain the dissolved *°Th decrease after 2007, were observed in the
Amundsen Basin and particle fluxes are expected to be similar to previous years (Valk ef al.,
2020).

Additionally no increase of ventilation times after 2007 is evident from circulation and
ventilation tracers such as CFCs (Smethie, 2017) and '*1/*°U (Casacuberta et al., 2018) in the
Eurasian Basin. Hence the depletion of dissolved **°Th after 2007 is most likely due to mixing

with inflowing Atlantic waters that have lost a significant part of dissolved **°

Th while traveling
along the Nansen Basin margin and through the Barents Sea. In these areas increased particle
fluxes are expected due to permafrost thawing (Giinther ef al., 2013) induced increasing
terrestrial input to the Arctic Ocean (Schuur ef al., 2013; Schuur et al., 2015) and sea ice melt
triggered release of particulate matter to the water column (Arrigo et al., 2008; Boetius et al.,
2013; Dalpadado et al., 2020). Especially in the Barents Sea long term observations show that
decreasing sea ice cover prolongs the growing season and increases the annual NPP since the
late 1990s (Dalpadado et al., 2020).

Increasing release of Fe and Mn from the shelves leads to increased scavenging of other trace
metals throughout the water column, due to the mobilization of these redox-sensitive metals

(Jensen et al., 2020). At the Nansen Basin margin particles contain Fe-rich particles or

aggregates, which are effective *°Th scavengers (Geibert and Usbeck, 2003; Pavia et al., 2018),
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indicated by relatively high dFe values (Rijkenberg et al., 2018). High particulate **°Th and
22T} values close to Svalbard (Gdaniec et al., 2020) indicate particles transported by glacier and

22Th concentrations at the

coastal erosion causing “°Th scavenging. Elevated particulate
Nansen Basin slope (Gdaniec ef al., 2020), indicate **°Th scavenging removal by particles from
Barents Sea or resuspended slope sediments along the Fram Strait inflow passage. Figure 2
shows a transmission section rom the Barents Sea shelf to the central Nansen Basin (Gardner et
al., 2020), where elevated particle freight above 2000 m is visible close to the slopes of the

Nansen Basin.
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Figure 2: Beam attenuation section from the Barents Sea shelf to the central Nansen Basin from PS94 (2015)
(Gardner et al., 2020). The figure was created using Ocean Data View® (Schlitzer, 2016).

Therefore Valk ef al. (2020) argued that the decrease of dissolved *°Th in the central Amundsen
Basin is due to mixing with “°Th depleted waters, after undergoing increased scavenging
removal at the inflow pathways of Atlantic Waters. Since no increased scavenging removal
within the central basin is evident, removal must have occurred along the inflow passages of
Atlantic Waters, the Barents Sea and along the Nansen Basin margin, referred to as removal on
the margins. Therefore, we propose a second scenario for the 2007-2015 period, scenario-b.
Scenario-b shall represent a climate change influenced “modern” scavenging removal situation
assuming that boundary scavenging of *°Th occurs in the Eurasian Basin (Costa et al., 2020;
Gdaniec ef al., 2020). In scenario-b vertical particle fluxes to the deep basins are assumed to be
similar to the 1991-2007 period, and the associated radionuclide scavenging flux was
consequently derived from the flux in the 1991-2007 period, reduced by the factor of the
inventory decrease above 2000 m between 1991-2007 and 2007-2015 (- 38%).The underlying
assumptions of scenario-b are increasing particle fluxes at the margins, as stated above, as well
as a potential increase of exchange between the margins and the central basin, explained in the
following. It is possible that the exchange between the central basins and the margins changes

over time. The Arctic Oceans’ wind driven surface circulation is controlled by the stages of the
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Arctic Ocean Oscillation Index (AOOI) (Dukhovskoy et al., 2004; Proshutinsky and Johnson,
1997, Proshutinsky et al., 1999). The AOOI decides whether the Arctic Ocean is dominated by
Cyclonic- (CCR) or Anti-Cyclonic (ACCR) circulation regimes (Proshutinsky et al., 2015).
Since 1997 the AOOI is in a positive (ACCR) stage. Surface waters flow southwards along the
Barents Sea shelf break in ACCR stages (Dukhovskoy et al., 2006). Additionally upwelling of
interior basin waters (ca. down to 500 m) to the shelves, during ACCR stages (Proshutinsky and
Johnson, 1997; Randelhoff and Sundfjord, 2017) might contribute to an 20Th decrease when
these waters undergo scavenging removal while creeping up the slopes. The intensity of FSBW
flow through the St. Anna trough into the Kara/Barents Sea and back is also increased in ACCR
phases (Lind and Ingvaldsen, 2012). All of this could contribute to enhanced boundary
scavenging in ACCR phases, or even to the establishment of it. Scenario-b contains a boundary

scavenging component in contrast to scenario-a.

2.2.3 Scavenging Removal and Sedimentation Calculations: Scenario-a

2.2.3.1 Steady State Period
Boxes without volume and ISP for the Barents Sea the Nansen Basin margin illustrating
scavenging removal before waters enter the Eurasian Basin, were added to the model.

Scavenging removal in the upper 2000 m of the Eurasian Basin must balance in- and outflow

and ISP:
Eq.2: Scavenging Removal EUB = ISP(EUB < 2000m) + FS;,, + BSin - FSous

This scavenging removal is divided into two fractions. One is transported vertically to the deep
basins. The other fraction is removed at the margins. Scenario-a represents a no boundary
scavenging setting, following Hoffmann and McManus (2007). In scenario-a 100% of ***Th
scavenging removal in the Eurasian Basin occurs within the central basin and 0% at the margins.
The fraction that goes to the deep part of each basin (scavenging removal in figure 3) is half of
the EUB scavenging removal adapted by the fraction assumed to be scavenged within each
basin. For *°Th, the Amundsen- and Nansen Basin fractions, f4B and fNB, were calculated
assuming that the particulate vertical nuclide flux at 2000 m is proportional to the dissolved

concentration at 2000 m:

_ conc.?** Thygoom (NB)
~ conc.23% Thypoom (AB + NB)

fNB
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_ conc.?** Thyggom(AB)
~ conc.23° Thypoom (AB + NB)

fAB

21pa was treated the same way. The flux to the deep parts of each basin is:

Scavenging Removal EUB

Eq.3: Flux to deep(NB) = 5

x1.0x fNB

Scavenging Removal EUB

Eq.3.1: Flux to deep(AB) = 5

x1.0x fAB

For the deep NB and AB (>2000 m) we estimate that all of the dissolved *°Th and **'Pa
produced in these boxes is scavenged and removed there, assuming that lateral exchange with
the Atlantic Ocean or the margins at this depth is negligible. ISP (> 2000 m) plus the flux from

231

above 2000 m yields the amount of >**Th and **'Pa buried in deep basin sediments:

Eq.4: deep central (NB)sedimentation = ISP(NB > 2000m) + Flux to deep(NB)

Eq.4.1: deep central (AB)sedimentation = ISP(AB > 2000m) + Flux to deep(AB)

Figure 3 shows *°Th and **'Pa steady state box models under scenario-a. The net sum of
scavenging removal from inflowing waters and scavenging removal by exchange between the
central Eurasian Basin and the margin is given as “Net inflow and scavenging removal margin

exchange flux”.

100



230Th Steady State RGN OUTBS IN BS
scenario-a 230Th: 230Th:
i . 0.14 k
OUT FS 230Th: ISP 239Th: Net inflow ?nd Scav. gly 0.14 kg/y
< : «€— removal margin exchange p=
2.01kgly 1.01kgfy 230Th-
flux 23°Th: 1.98 kg/y
< IN FS 2°Th: |
Scav. removal Scav. removal o~ 1.85kg/y
230Th: 0.35 kg fy 230Th: 0,63 kgfy
| I
—_—— — — = = — — — — — — — — — 2000m — —
ISP 23°Th: ISP 23°Th:
0.49kg/y 0.52 kg/y
| |
Scav. removal Scav. removal
230Th: 0.84 kg/y 230Th: 1.14 kg/y
A J
231pa Steady State - Gl OUT BS
2GIN IN BS
m 231 - 231 .
€ Pa: Pa:
pos P Net inflow and Scav. 0.03 kg/y 0.03 kg/y
< OUT F5*Pa: ISP ="Pa: €= removal margin exchange
0.39 ke/y 0.04 ke/y flux 23'Pa: 0.53 kg/y
& IN FS 231Pa: |
Scav. removal Scav. removal - 0.50 kg/y
231pa: 0.08 kg/y 231pa: 0.11 kg/ly
1 I
—_——— = = = = — — — = — — — — 2000m — —
ISP 231Pa; ISP 231Pa;
0.02 kg/y 0.02 kg/y
| |
Scav. removal Scav. removal
231pg: 0.10 kg/y 231pa: 0.13 kg/y
| |
A4 v
Figure 3: Box model for the steady state situation for 2*Th under scenario-a (upper panel) and **'Pa (lower

panel) in the Eurasian Basin. Red arrows indicate scavenging removal or sedimentation fluxes, black arrows

indicate net transport. Sed. = sedimentation, scav. = scavenging, FS = Fram Strait.

2.2.3.2 1991-2007 Period:

Dissolved **°Th inventory changes (figure 1) are calculated using Eq./ and yield an increase of +
3.85 kg in the EUB (<2000 m), an increase of + 0.61 kg in the deep NB (>2000 m) and an

increase of +1.67 kg in the AB (>2000 m). Dissolved **'Pa decreased in the entire Eurasian

Basin except in the deep Nansen Basin. Scavenging removal of dissolved >*°Th and **'Pa from

the upper EUB is calculated after Eq.2, including the inventory change:

Eq.5: Scavenging Removal EUB(91 — 07) = ISP(NB > 2000m) + FS;,, + BS;,, —

FS,,: + Inventorychange(91 — 07)

The inclusion of the inventory change also applies to the deep basin scavenging removal where

sedimentation 1is:
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Eq.6: deep central (NB) sedimentation = ISP(NB > 2000m) + Flux to deep(NB) +

Inventorychange(91 — 07)

Eq.6.1: deep central (AB) sedimentation = ISP(AB > 2000m) + Flux to deep(AB) +

Inventorychange(91 — 07)

Fluxes from the EUB (<2000 m) to the deep basins are calculated similarly to the steady state
situation using the fractionation factor for the 1991-2007 period, f4B91-07 and fNB91-07. All

other scavenging removal and sedimentation fluxes are calculated as for the steady state. Figure

4 shows the >*°Th and **'Pa box models for 1991-2007.

230Th 1991-2007 GIN OUTBS IN BS
scenario-a 230Th: 2307
i . 0.14 k
OUT ES 230Th: ISP 59Th: Net inflow énd Scav. gly 0.14 kg/y
<— : €= removal margin exchange =
2.06 kg/y 1.01 kgfy 230Th -
flux 23°Th: 1.98 kg/y
< IN FS 20Th: |
Scav. removal Scav. removal - 1.85kg/y
230Th: 0.29 kg/y 230Th: 0.40 kg/y
1 I
- — — — — — — — — — — — 2000m — —
ISP 230Th: ISP 230Th:
0.49 kg/y 0.52 kgfy
| |
Scav. removal Scav. removal
230Th: 0.68 kg/y 230Th; 0.87 kg/y
LA LA
v
231pg 1991-2007 - -
IGIM OUT BS IN BS
m 231Pa: 231Pa.
i 0.03k -
ing; < Bipa, Net inflow and Scav. .03 kg/y 0.03 kg/y
< OUT FS *'Pa: a: €= removal margin exchange =
0.28 ke/y 0.04ke/y flux 23'Pa: 0.53 kg/y
P IN FS 231pa: |
Scav. removal Scav. removal - 0.50kg/y
231p3: 0.17 kg/fy 231pa: 0.19 kg/y
1 1
—_——— = — — = = — = — — — — 2000m — —
ISP 231Pa: ISP 231pa:
0.02 kg/y 0.02 kg/y
| |
Scav. removal Scav. removal
231pa: 0.24 kg/y 231pa: 0.21 kg/y
| |
A4 A4
Figure 4: Box model for the 1991-2007 situation for >**Th under scenario-a (upper panel) and *'Pa (lower

panel) in the Eurasian Basin. Red arrows indicate scavenging removal or sedimentation fluxes, black arrows

indicate net transport. Sed. = sedimentation, scav. = scavenging, FS = Fram Strait.
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2.2.3.32007-2015 Period:

Between 2007 and 2015 dissolved *°Th decreased significantly in the Eurasian Basin (figure 1)
above and below 2000 m. Dissolved *'Pa increased marginally above 2000 m and decreased in
the deep Amundsen Basin, while it increased in the deep Nansen Basin between 2007 and 2015.

Figure 5 shows the 2*°Th and %*'Pa box model.

230Th 2007-2015 OUT BS 15 IN BS
scenario-a 230Th- <€ 230Th;
770 Net inflow and Scav. 0.14 kg/y 0.14 kg/y
OUT FS 230Th: ISP 239Th:- -
< : €= removal margin exchange =
1.62 kg/fy 1.01 kg/fy
: flux 23°Th: 1.98 kg/y
< IN FS 25Th: |
Scav. removal Scav. removal - 1.85kgly
230Th: 0.82 kg/y 230Th: 1.36 kg /y
1 I
— = = = — — — — — — — — — — 2000m — —
ISP 230Th: ISP 230Th:
0.49 kg/y 0.52 kgly
| |
Scav. removal Scav. removal
230Th: 1.76 kg/y 230Th: 2.35 kg/y
3L T
v 4
231pa 2007-2015 -
OUT BS > IN BS
m ¢ 231pg; € Bipy:
P Py Net inflow and Scav. 0.03 kg/y 0.03 keg/y
y OUT F5 *Pa: ISP **Pa: €= removal margin exchange =
0.23 kgly 0.04 ke/y flux 23'Pa: 0.53 kg/y
& IN FS 23%Pa: |
Scav. removal Scav. removal o~ 0.50 kg/y
231pa: 0.14 kg /ly 231pa: 0.20 kg/y
1 |
—_ = — — — — — — —— — — —  — 3000m — —
ISP 231Pa: ISP 23'Pa;
0.02 kg/y 0.02 kg/y
] ]
Scav. removal Scav. removal
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Figure 5: Box model for the 2007-2015 situation for >**Th under scenario-a (upper panel) and *'Pa (lower
panel) in the Eurasian Basin. Red arrows indicate scavenging removal or sedimentation fluxes, black arrows
indicate net transport. Sed. = sedimentation, scav. = scavenging, FS = Fram Strait.
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Table 1: Summary of data used in the models and calculated removal rates of dissolved ***Th and »*'Pa in the
upper 2000 m. 2*°Th, 2*'Pa data in inflow are from Hayes ef al. (2015), water fluxes are from Beszczynska-
Moller et al. (2012), 1991(steady state) 21pa and 2°Th are from Scholten et al. (1995).

kg kgly kgly | kgly | kgly | kgly | kegly

23Th | Steady State | 13.48 0.00 0.14 | 1.85 |2.01 1.01 | 0.98
1991-2007 17.35 0.24 0.14 | 1.85 [2.06 | 1.01 | 0.69
2007-2015 10.81 -0.82 0.14 | 1.85 | 1.62 | 1.01 |2.18
Blp, | Steady State | 2.86 0.00 0.03 | 0.50 | 0.39 | 0.04 | 0.19
1991-2007 1.92 -0.06 0.03 | 0.50 | 028 |0.04 |0.36
2007-2015 1.99 0.01 0.03 | 0.50 | 023 | 0.04 | 0.34

2.2.3.4 Scavenging Removal and Sedimentation in 2007-2015: Scenario-b

In scenario-b we calculated the basin/margin scavenging removal ratio that yields vertical fluxes
from the EUB (<2000 m) to the deep basins similar to the 1991-2007 period, only changed by
the inventory change above 2000 m (- 38%). Distribution of dissolved ***Th between the NB and
the AB above 2000 m has shifted towards the Nansen Basin in 2015 from a ~50/50 distribution
in 1991 and 2007. The vertical flux in the AB serves a reference for these adapted fluxes in
scenario-b, as the effects of increased margin scavenging and the lack of increased particle
fluxes in the central basin was mainly described for the Amundsen Basin (Valk et al., 2020).
Under these assumptions the margin scavenging fraction during 2007-2015 must have been 78%
to achieve a vertical flux from 1991-2007 reduced by ~38%. Therefore a basin/margin
scavenging ratio of 78%/22% was applied, causing a reduction of vertical *Th fluxes by - 38%
in the AB and - 25% in the NB. Vertical fluxes to the deep basins under scenario-b are:

Scavenging Removal EUB
2

Eq.7: Flux to deep (NB) = x 0.22 x fNB15
Scavenging Removal EUB

Eq.7.1: Flux to deep (AB) = 5

x 0.22 x fAB15

The fraction that is buried in margin and shelf sediments is:

Eq.8: Flux to margin = Scavenging Removal EUB — Flux to deep(AB + NB)

This flux is further divided into a Nansen Basin margin and a Barents Sea fraction, using the
relation of inflowing water volumes (V) (FS;, and BS;,) and applying 230Th(p/d) ratios, the ratio
between particulate and dissolved °Th, from the NB margin and the BS from 2015 (Gdaniec et
al., 2020), in order to precise scavenging removal areas for dissolved 23OTh, called fNBargin and

231 . .
/BS. For *'Pa we assume no margin scavenging.
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FSi,

Eq.9: Flux to NByargin = flux to margin x fNByargin X VFSin + BS;,

BSin

Eq.9.1: Flux to BS = flux to marginx fBS x V—FSin T BS,,

Both are the amounts of 2*°Th removed from inflowing waters, shown in figure 3 as scavenging
removal and sedimentation in the BS and the margin box. Scenario-b is illustrated in figure 6.
Table 2 summarises basin/margin scavenging estimates, as well as scavenging removal and

sedimentation fluxes for both scenarios.

230Th 2007-2015 - " .
MARGIN ouT BS IN BS
scenario-b m \—‘ 230Th: E 230Th.
Net infl d Scav. € 0.00 k Scav. removal
OUT ES 230Th: ISP 7Th: et inflow én cav. gly 250Th: 0.14 kel 0.14 kg/y
€ 1ok y €= removal margin exchange f= |
. ey 1.01 kefy flux 23°Th: 0.28 kg/y ‘vl‘
< IN FS 29Th; |
Scav. removal Scav. removal - . 1.85 kg/y
230Th: 0.18 kg/y 230Th; 0.30 kg/y Sed on margin
I : = =P <2000m
—_—————— —— — — — — — — — 2000m — — | 23°Th:1.56 kg/y
ISP 230Th: ISP 230Th:
0.49 kg/y 0.52 kg/y
| |
Scav. removal Scav. removal
230Th: 1.11 kg/y 230Th: 1.29 kg/y
o0, A

Figure 6: Box model for the 2007-2015 situation of >*Th under scenario-b. Red arrows indicate scavenging
removal or sedimentation fluxes, black arrows indicate net transport. Sed. = sedimentation, scav. =
scavenging, FS = Fram Strait.

Table 2: Basin/margin percental scavenging removal ratios, scavenging removal and sedimentation fluxes for
dissolved **Th and *'Pa.

period scenario | basin/margin | vertical flux | Z'Th shelf/slope | Z’Th deep
scavenging EUB at | sedimentation sedimentation

removal 2000m
NB AB BS NB,agin | NB AB
% kgly kgly | kgly | kgly kgly | kgly
BTh | Steady state | a 100/0 0.63 |035 |0.00 |0.00 1.14 | 0.84
1991-2007 a 100/0 0.40 0.29 | 0.00 0.00 0.87 | 0.68
2007-2015 a 100/0 1.36 0.82 0.00 0.00 2.35 1.76
2007-2015 b 22/78 0.30 0.18 0.14 1.56 1.29 1.11
2!Pa | Steady state | a 100/0 011 | 008 000 |0.00 0.11 | 0.08
1991-2007 a 100/0 0.19 [ 0.17 |0.00 |0.00 0.19 | 0.17
2007-2015 a 100/0 0.20 0.14 | 0.00 0.00 0.20 | 0.14
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3. Discussion
3.1. Scenario Discussion

3.1.1 Factors controlling B0p Scavenging Removal

>%Th inventories can change on decadal time scales or even less in the central Arctic Ocean.
Especially in the Eurasian Basin inventories decreased by up to 40% within only 8 years, e.g. in
the deep Nansen Basin (Grenier et al., 2019; Valk et al., 2020; Valk et al., 2018). Different
processes are responsible for inventory changes in different parts of the Eurasian Basin, from
hydrothermal scavenging in the deep Nansen Basin (Valk et al., 2018), over inflow scavenging
removal affecting the central Amundsen Basin above 2000 m to the consequence from the latter
for deep waters by reversible scavenging (Valk ef al., 2020). Hence climate changes as well as

. . . . . . 230
seismic processes change concentrations and distributions of dissolved

Th rapidly in the
Eurasian Basin. The in our calculations fixed amounts of **°Th and *’'Pa entering the Arctic
partly control how much *°Th and **'Pa is removed per year in the EUB (0-2000 m). The most
decisive factor in terms of where scavenging removal occurs in our scenarios is the basin/margin
scavenging removal variable that decides if removal occurs in the central basins or at the
margins, expressed as a relative fraction. In scenario-a, all removal takes place in the deep
basins. In scenario-b a large fraction of *°Th scavenging removal occurs at the margins. Part of
this margin removal is in fact scavenging in inflowing waters on the margins, as discussed in
Valk ef al. (2020), because waters trespass an area and undergo scavenging removal, but do not
pass there again, as in the Barents Sea. But especially in the FSBW, removal in the inflow and

removal related to basin-margin exchange cannot be distinguished, implying that scenario-b

includes actual boundary scavenging.

3.1.2 Scenarios vs. Reality

It is an ongoing discussion to which extent 230

Th is subject to boundary scavenging in the Arctic
Ocean. The two scenarios were introduced to investigate what boundary conditions are actually
compatible with the observed spatial and temporal structure of the particle-reactive radionuclides
29T and **'Pa. Scenario-a is based on the assumption that no boundary scavenging occurs in
the Arctic Ocean (Hoffmann and McManus, 2007), contradicting the assumption that 62% of
29T is removed at the margins (Huh ef al., 1997). In scenario-a, inventory changes of **°Th
can only be due to removal within the central basins, corresponding to a 100%/0% basin/margin

scavenging removal ratio.

106



No scavenging removal in the Barents Sea and at the margins seems unlikely given the, relative
to the central basin, particle rich margins of the Arctic Ocean in general (Wells et al., 2006), and
specifically the Nansen Basin margin (Gdaniec et al., 2020; Nothig et al., 2020b), the Fram
Strait (Nothig et al., 2020b; Sanchez-Vidal ef al., 2015) and the Barents Sea (Dalpadado et al.,
2020; Schuur et al., 2015). Moreover, 24Th analyses show that Thorium removal is more
efficient in the Barents Sea and Laptev Sea than in the central basin (Cai et al., 2010; Coppola et
al., 2002). This might indicate that our scenario a does not represent the steady state situation,

unless the previous stated particle fluxes increased significantly after 1991.

Scenario-b, only presented for the 2007-2015 period, shall illustrate modern climate change
conditions. We included a basin/margin scavenging removal ratio for 2*°Th, matching the margin
removal process from Valk et al. (2020). Therefore scenario-b is based on increasing
scavenging removal of »*°Th at the margins, due to the aforementioned increased particle fluxes
(Arrigo et al., 2008; Boetius ef al., 2013; Dalpadado et al., 2020; Schuur ef al., 2013; Schuur et
al., 2015) and potentially increased exchange between the margins and central basins. This is
represented by applying a 22%/78% basin/margin scavenging removal ratio, an even more
pronounced boundary scavenging than the 38%/62% from Huh et al. (1997). Nevertheless,
22%/78% ratio in scenario-b does not necessary contradict Hoffmann and McManus (2007),
given the different time scales represented by sediment and water column data. Phases of more
pronounced boundary scavenging, or even only phases of high scavenging rates at the margins,
can be overprinted and hidden in bulk sediments by longer phases without boundary scavenging.
Scenario-b provides a change in scavenging removal patterns compared to scenario-a. There is
significant scavenging removal in the Barents Sea and the Nansen Basin margin, removing most
inflowing **°Th directly at the inflow passages and a small amount by exchange with the central

basin.

3.1.3 Comparison of Model Parameters with Moran et al. (2005)

The chosen inflow concentrations of dissolved **'Pa and **°Th are important for the outcome of

the model calculations, especially for **!

231

Pa. Since we did not include a margin scavenging

231
13

removal component for “* Pa in the model calculations, all “"" Pa removal occurs within the deep

231
f3

basins. Therefore the scavenging removal fluxes and sedimentation of “°'Pa is more uncertain

than for 2*°Th.

Inflowing **'Pa concentrations used in this study are not too different from those used by Moran

et al. (2005), 2.35 fg/kg for FS;, (this study) and 0.7 fg/kg in the much less voluminous BS;; (this
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study) compared to 2.33 fg/kg (Moran et al., 2005). Inflowing concentrations of **°Th are
different, 8.65 fg/kg (FSi,, this study) and 2.8 fg/kg (BS;,, this study) versus 7.04 fg/kg (Moran
et al., 2005). We chose concentrations from recent GEOTRACES cruises (GA_03) from Hayes
et al. (2015) in order to make the data more consistent in terms of sampling years with the 2015

Arctic GEOTRACES data.

Moran et al. (2005) focused on intermediate and deep waters below 1000 m entering and exiting
the Arctic Ocean and used concentrations from the GIN Seas obtained in 1993 as a reference.
They neglected shallower inflows, such as the Barents Sea. In this study we include shallow
inflow through the Barents Sea and Fram Strait leading to different in- and outflow volumes,
based on newer results of Fram Strait and Barents Sea water fluxes from Beszczynska-Mdller et
al. (2012). In this study the shallow inflow through the Barents Sea and Fram Strait was included

. 2 231
because we put a focus on scavenging removal of *°Th and *

Pa in inflowing waters and have
indications that these processes are important for the central basin inventories, due to a depletion
signal they carry when looping around the Arctic and mixing after sinking to greater depth with
Arctic ambient waters (Valk et al., 2020), hence these waters matter because of their reducing
concentrations. (Moran et al., 2005) additionally already suggested that scavenging over the
Barents Sea shelves would further reduce the radionuclide content of inflowing waters, which
might gain importance due to changing particle input at the shelves and therefore will be
discussed in this study as a factor contributing to **°Th and **'Pa removal in the Arctic Ocean.
Gdaniec et al. (2020) report dissolved **°Th concentrations in the Barents Sea, close to its
Opening to the Atlantic, in the same range as in the north eastern Atlantic, supporting the
decision to use those values. Outflowing concentrations in this study differ from those used by
Moran et al. (2005) who used average intermediate/deep water dissolved radionuclide activities
from the entire central Arctic Ocean, here converted to concentration units, of 13.86 fg/kg for
Th and 2.33 fg/kg for *'Pa. In this study we use intermediate depth Amundsen Basin
concentrations as averages from the respective periods. This might be an advantage compared to
the previous budget, given the quite high regional variance in **°Th and **'Pa concentrations in
the central Arctic Ocean. Makarov Basin dissolved **°Th concentrations are twice as high from
below 500 m throughout the water column as in the Eurasian Basin and Makarov **'Pa
concentrations being two to four times higher than in the Eurasian Basin below 1000 m (Grenier
et al., 2019; Valk et al., 2018). The Eurasian Basin itself shows a rather ununiform distribution
of dissolved *°Th and **'Pa concentrations, with on average lower concentrations of **°Th in the

Amundsen Basin than in the Nansen Basin, above 2000 m, and lower values in the Nansen Basin
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below 2000 m. This continues within the individual Basins of the Eurasian Basin, where two
stations from the same Basin can show notable different concentrations, due to their location and
rather locally restricted processes (Valk et al., 2020; Valk et al., 2018). Additionally 1291236y
derived circulation times show much faster circulation times for intermediate waters in the
Amundsen Basin than in the Amerasian Basin, indicating a faster transport of the FSBW than the
BSBW (Wefing et al., 2020), hence a higher contribution of waters from the Amundsen Basin
than from the Amerasian Basin in the Fram Strait outflow. Additional to the decision of how to
define outflow concentrations, there is no depth division in the model from Moran et al. (2005),
which could lead to an overestimate of outflow concentrations when averaging concentrations of
29Th and *'Pa below 1000 m for the entire central Arctic Ocean. The sill depth of the
Lomonosov Ridge of maximum 1870 m (Bjork et al., 2007) prevents deeper waters from the

Makarov or Canada Basin to flow into the Eurasian Basin and towards the Fram Strait, hence the

231 230
f d

highest concentrations of “°'Pa an Th in the Arctic Ocean do not contribute to outflowing
#%Th and **'Pa values. Additionally the sill depth of the Fram Strait hinders waters below 2500
m from leaving the Arctic by advective export through the Fram Strait. Hence a part of the in-
situ produced *°Th and **'Pa is excluded from export by advection.

Of course the chosen inflow values influence the budgets and their outcome. Since we use the
same inflow concentrations for each period, our results are more suitable to estimate rates and
patterns of changes rather than finding concrete values for sedimentation fluxes. The aim of this
study is to investigate changes over the past 24 years, with a focus on the past decade, therefore
we include inflow waters flowing through areas where changes in particle flux or composition

are expected to occur first.

3.2 Scavenging Removal and Sedimentation

Results of the models will be discussed in context of the influence of removal processes of >*°Th
in the Eurasian Basin on sedimentary **°Th accumulation in the Eurasian Basin and the GIN
Seas to evaluate their effects on the paleo-oceanographic interpretation of those records. We
focus on the 2007-2015 period under scenario-b. Figure 7 sums up scavenging removal,
sedimentation fluxes and removal processes for the 2007-2015 period following scenario-b.
Developments of **'Pa will then be compared to 2*°Th and **'Pa/*°Th sedimentary activity ratios

will be discussed.
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Figure 7: Scavenging removal processes and sedimentation fluxes of BOTh between 2007 and 2015 in the
Eurasian Basin under scenario-b. LR = Lomonosov Ridge, GR = Gakkel Ridge. Circulation patterns from
Rudels (2009).

3.2.1 The Eurasian Basin (<2000 m)

3.2.1.1 3'Th

230Th decreased from 1991 to 2015 with an intermediate increase in 2007. Increased
scavenging removal of *°Th from 2007 (0.69 kg/y) to 2015 (2.18 kg/y) reduced the **°Th

inventory in the EUB (<2000 m).

Dissolved

1.70 kg/y of the 2.18 kg/y are removed at the Nansen Basin margin and in the Barents Sea. In the

Barents Sea 0.14 kg/y **

Th of the 1.70 kg/y are removed from inflowing waters to sediments.
1.56 kg/y **°Th are removed along the Nansen Basin margin from inflowing waters, causing a
net flow of 0.28 kg/y dissolved **°Th from the Nansen Basin margin and the Barents Sea into the
central Eurasian Basin, shown in figure 6 and 7 as “net scavenging removal margin exchange”.
29T outflow into the GIN Seas decreased from 2.06 kg/y (1991-2007) to 1.62 kg/y (2007-
2015), following the inventory decrease. Therefore, following the model calculations and the
findings of Valk ef al. (2020), a recent increase of particle fluxes in the Barents Sea and at the
Nansen Basin margin has made these areas a sink for >*°Th. The intensity of this process likely
depends on short term climate changes. On longer time scales, exceeding the time series by far,
eustatic and even isostatic sea level changes can influence the intensity of this process given the

high sensitivity of arctic surface circulation patterns to sea level changes, due to the vast shelves

(Jakobsson et al., 2004).
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3.2.1.2'Thvs. ”'Pa
Advective export of 'Pa through the Fram Strait is considered to be of high importance for

2!pa distribution in the Arctic sediments (Hoffmann et al., 2013). Earlier work had concluded

#'Pa in the Arctic Ocean is due to preferential export of *'Pa by

that fractionation of **°Th and
advection of about 39% of the in-situ produced **'Pa, contrasting advective export of only 10%
of #°Th from in-situ production (Moran et al., 2005). Now we discuss if this has changed, due to
changing environmental conditions.

The dissolved **'Pa development in recent years (2007-2015) in the upper Eurasian Basin is
opposite to *Th. Dissolved *°Th scavenging removal increased reducing inventories, while
dissolved **'Pa inventories in the EUB (<2000 m) increased slightly by + 0.08 kg between 2007
and 2015, implying little change in **'Pa scavenging after 2007. Apparently, *'Pa scavenging
removal in the Arctic Ocean reacts differently to the processes controlling the removal of ***Th.

231

The assumed export of 39% of “° Pa from ISP (Moran ef al., 2005) is in contrast to our results.

Besides the aforementioned differences in budget calculations this is due to the 30% decrease in
>1pa inventories from 1991 to 2015. Due to this inventory change scavenging removal from the
upper Eurasian Basin, as well as outflow through the Fram strait decreased by more than 40%
since 1991. An obvious explanation for the inventory change from 1991 to 2007, 2015 would be
increased scavenging removal of *'Pa, either within the central basin or at the margins, as

230
assumed for

Th. Valk et al. (2020) could not find evidence for increased particle fluxes within
the central basin that would explain the decrease of >*°Th from 2007 to 2015. Hence increased
scavenging removal of **'Pa within the central basins seems to be unlikely. Furthermore no

231
Pa export, was found as

change in ventilation or circulation times, which could affect
summarized in Valk et al. (2020).

Another option which could theoretically explain the temporal discrepancies in >*°Th and **'Pa
developments, worth discussing, is a change in particle composition. Diatoms built from
biogenic opal are effective scavengers of *'Pa (Chase ef al., 2002; Lao et al., 1992; Walter et
al., 1997). Diatoms contribute up to more than 40% of sea ice released algae in the central
Nansen- and Amundsen Basin (Boetius et al., 2013). Exclusively ice-associated algae, including
Arctic diatoms Nitzschia frigida or Melosira arctica, make up a large proportion of annual
Phytoplankton Carbon (PPC) fluxes in the central Eurasian Basin (Lalande et al., 2019), but only
play a minor role at Arctic slopes and shelves (Juul-Pedersen ef al., 2010). Elevated presence of

sea-ice diatoms transported by the Trans-Polar-Drift (TPD) (No6thig ef al., 2020), contributing up

to70% of the annual new primary production in the Eurasian Basin (Roca-Marti ef al., 2018)
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could give a possible explanation for the decreasing dissolved **'Pa inventories in the Eurasian
Basin over time.

Additionally the Amundsen Basin receives larger lateral input from the BSBW than the Nansen
Basin (Rudels et al., 2004; Schauer et al., 2002). The BSBW could transport diatoms from
Barents Sea, known for its diatom blooms (Wassmann et al., 1990), into the Amundsen Basin,
causing enhanced, albeit just slightly enhanced, scavenging removal of **'Pa, both above and
below 2000 m. Based on 8°°Si-DSi and §*°Si-bSiO, Liguori ef al. (2020) argue that waters in the
Amundsen Basin indeed show a diatom production signature. It is possible that this increased
opal flux is not represented in some particulate tracers, such as particulate >**Th, because diatom
shells can efficiently form rapidly sinking aggregates. Therefore we might observe a
consequence of enhanced biogenic silica particle fluxes which were not present at the time of
sampling, maybe due to the seasonality of blooms. Theoretically it is possible that in 2015 or
before, waters carrying a signal from the Barents Sea NPP peak in 2007, 2008 (Dalpadado ef al.,
2020) reached the central Amundsen Basin, given surface tracer ages, evident from '*I/>°U of
7-9 years (Wefing et al., 2020). Unfortunately this explanation falls apart for two reasons.

f 2'Pa they also must affect dissolved *°Th.

First of all, if diatoms contribute to scavenging o
This could indicate that the assumption that vertical particle fluxes remained equal in the central
Eurasian Basin between 1991-2007 and 2007-2015 is incorrect. A significant increase in diatom
shell fluxes would also be represented in particulate ***Th, which was not the case in 2015 (Valk
et al., 2020). One could conclude therefore that **'Pa scavenging within the central basins did
not change due to higher abundance of diatoms. Second, the distribution and concentrations of
#%Th and **'Pa in the Arctic Ocean are much more variable than maybe thought previously, not
only in time, as shown by the time series, but also in their spatial distribution. To simplify the
budget calculations we chose to present the upper 2000 m of the Eurasian Basin as one box e.g.
(figure 1). This could indicate a caveat of the models. Nevertheless, given the lack of
information about exchange between the upper Amundsen and Nansen Basin we chose to
combine them into one basin. In order to identify processes controlling the distribution of **'Pa,
or how it reacts to processes driving *°Th distribution we might now have to look in detail at the
two basins (Nansen and Amundsen) separately before we discuss if there are indications for
»1pa scavenging in the central Eurasian Basin or even a pronounced margin scavenging.

Dissolved *'Pa did not decrease above 2000 m in the Eurasian Basin seen as a single basin
between 2007 and 2015 but decreased by 18% in the upper Amundsen Basin (<2000 m),
contrasting to its 24% increase in the upper Nansen Basin (<2000 m). A development similar to

20Th, which decreased in both basins above 2000 m, but much more in the Amundsen Basin (-
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50% AB vs. - 26% NB). For both basins no evidence for increased particle presence relative to
2007 above 2000 m was found in 2015 data. Particulate >**Th and **°Th (Nansen Basin) (Valk ez

2*Th was generally well

al., 2018) were not higher than in 2007 and the particulate fraction of
below 5% in the Amundsen Basin in 2015 (Valk ef al., 2020), besides one station (125), located
close to the Lomonosov Ridge and in the influence of the TPD. This station 125 rather shows an
input of lithogenic material, given its high surface dissolved ***Th concentrations (Valk et al.,
2020). Hence an increase of diatom fluxes is unlikely.

Another option explaining the Amundsen Basin decrease of *'Pa is scavenging removal of *'Pa
at the margins, as reported for 2°°Th (Gdaniec ef al., 2020; Valk et al., 2020). The Barents Sea is
known for diatom blooms (Wassmann et al., 1990) and sea ice retreat enhances algae growth

f 2'Pa there would be likely, as

(Arrigo and van Dijken, 2015). Hence scavenging removal o
already suggested by Moran et al. (2005). Though, detailed temporal trends indicate that total
diatom production in the Barents Sea increases less than total NPP (Dalpadado et al., 2020;
Orkney et al., 2020). Likewise, spatial distribution of diatom blooms shows that inflow of
Atlantic waters at both the Fram Strait and the Barents Sea rather leads through areas with
decreasing diatom abundances (Orkney et al., 2020). Nevertheless this option needs to be

discussed in detail, since margin scavenging removal of both radionuclides is of huge

importance for the model calculations.

Fractionation factors Fth/pa) ((230Th/23 1Pa)p/(mTh/23 lPa)d) are 11.80 at the Nansen Basin margin
(station 32) above 2000 m and 6.30 (one outlier sample at 1000 m was excluded) in the central
Nansen Basin above 2000 m (Gdaniec ef al., 2020). Taking only the uppermost 500 m of the
water column yield F(tnp,) of 3.43 at the margin and 4.33 in the central basin. S1pa/ZTh activity
ratios in suspended particles above 2000 m in 2015 were 0.04 at the margin and 0.05 in the
central Nansen Basin (Gdaniec et al., 2020). This could indicate that, besides the uppermost 500
m that Th/Pa fractionation is lower in the central Nansen Basin than on the margins.

A F(mnpa of 10 represents lithogenic particles (Moran et al., 2002), while a F(typ, of <5
represents significant admixture of diatoms. 40% diatoms of sinking particles cause a F(tnpa) of
1.86 = 0.43 (Walter et al., 1997). This would fit to the Frypa) of 6.30 above 2000 m and to the
4.33 above 500 m, since Arctic particles contain a significant proportion of terrestrial material,
e.g. from the TPD (Charette ef al., 2020) but still contain a notable diatom proportion there.

The different Frypa) above 2000 m at the margin and the central Nansen Basin might indicate
that indeed scavenging removal of **'Pa occurs rather in the central basins, while *°Th is

scavenged at the margins, due to different particle composition. Furthermore particle size and
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moreover settling speed could fractionate 2*°Th and **'Pa, with *'Pa being less prone to react on
fast settling particles (Kretschmer et al., 2011). This could in turn indicate that the assumption
that vertical particle fluxes remained equal between 1991-2007 and 2007-2015 is not correct or
that the Firnpa), given no reduction in dissolved BIpa over time, is rather the beginning of a
future development, also suggested by Nothig et al. (2020) who suggest that ice algae fluxes will
increase. This development would first affect the Amundsen Basin where a reduction of

. 231
dissolved

231

Pa after 2007 was observed. This would make sense to some degree, given that
Pa needs more time than **°Th to adapt to increasing or changing particle fluxes and due to the
seasonality of diatom fluxes, which rather is less pronounced for terrigenous particle inputs at
the margins. Hence removal of *°Th from inflowing waters would likely affect the entire
Eurasian Basins >*°Th inventories, while **'Pa is more regionally affected, by diatom blooms and
the TPD location. Then even a slight increase of diatom fluxes per year, by either higher export

230

or prolonged export seasons, would affect dissolved 21pa there, while dissolved »*°Th also reacts

to this change, but it might be less visible in the case of **°

Th, due to the much stronger decrease
at the margins upstream. Hence elevated diatom fluxes would affect both **'Pa and **°Th, but
would be more crucial for scavenging removal of >*'Pa.

Even if the assumption that particles in the central Eurasian Basin maintain their 1991-2007
vertical fluxes is not correct, it would still mean that scavenging removal of **°Th happens
mostly at the margins, due to high particle fluxes in combination with particle composition
favouring **°Th over *'Pa. Vertical **°Th fluxes in the central basins would still be equal or even
reduced compared to 1991-2007, due to the reduction of source **°Th in the upper 2000 m. *'Pa
vertical fluxes in the central basins would increase, due to the lack of margin scavenging and
higher diatom fluxes in the central basin than at the margins. Therefore increasing diatom fluxes

231
f3

can cause increased scavenging removal o Pa in the Eurasian Basin, but combining all

findings and parameters this process is not yet fully in progress but might be crucial in the near
future and currently we observe its consequences in an initial stage, and locally restricted. An
extension of the *°Th and **'Pa time series might be required in order to investigate the

continuity of observed changes as well as the effects on **'Pa, given that 8 years (2007-2015)

231

might not be enough to fully observe the reaction of *'Pa to changes already affecting **°Th.

Calculated scavenging residence times for

Pa in the steady state in the upper Eurasian Basin
are 15 years, which is in the order of circulation times of intermediate waters in the Amundsen
Basin (Rutgers van der Loeff et al., 2018; Smith et al., 2011; Wefing et al., 2020). This is in line
with the implications from low sediment *'Pa/*°Th ratios, which were explained by advective
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f

export of ©*'Pa being its main removal mechanism in the Arctic Ocean (Moran et al., 2005).
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Suspended particles in the upper 2000 m of the central Nansen Basin (station 50) show an
average > 'Pa /*°Th activity ratio of 0.05 and a Fernpay of 6.30 (Gdaniec et al., 2020). In the
uppermost 500 m, the F(rnpa) is 4.33 and particulate B1pa/B0Th slightly higher, 0.06. Particulate
21pa/5°Th is below the production ratio in the central Nansen Basin and its slope above 2000 m,
while dissolved *'Pa/*"Th is well above the production ratio, especially in the upper 2000 m of
the Nansen Basin margin (station 32) (Gdaniec ef al., 2020). This can lead to the conclusion that

231
31Pa seems to be

»%Th is removed by scavenging along the margin in the FSBW, while
scavenged in the upper 500 m potentially in Barents sea derived waters, but these particles are
not yet found in deep (>2000 m) particulate activity ratios, which are 0.03 m at the margin
(Gdaniec et al., 2020).

Interestingly, particulate **'Pa/?°Th activity ratios in the Barents Sea are 0.084 on average (0-
~400 m), hence much higher than at the Nansen Basin margin (0.053, 0-500 m to 0.033, >2000
m). The highest particulate 21pa/2OTh ratios in the Barents Sea are observed at the surface
(0.125 on average) and close to the seafloor (0.14 on average) (Gdaniec et al., 2020). F(tipa) In
the Barents Sea is 10.28 on average, with lower values towards the sea floor (6.22 and 8.85 in
350-400 m) (Gdaniec et al., 2020). These high values of Firyp, indicate a high proportion of
lithogenic material and only the deepest and the surface samples show indication for a
significant diatom contribution. This might represent recent scavenging of **'Pa by present

21pa/POTh activity ratios between the surface and the

diatom blooms, but given the lower
bottom and the higher F values at intermediate depths, this might represent a seasonal feature,
given the temporal variations of phytoplankton blooms in the Barents Sea. Over the growing
season phytoplankton blooms change from diatom dominated blooms in May to coccolithophore
blooms in August (Signorini and McClain, 2009). Hence during the Barents Sea sampling of
GEOTRACES section GN_04 in October 2015 possibly the latter bloom was present in surface
waters. Theoretically, the with depth decreasing F(tnps), as well as the high particulate
21pa/» Th ratios in bottom waters around 350 m could be a relic of the May diatom blooms,
where fast sinking diatom particles already made their way towards the seafloor. Gdaniec et al.
(2020) calculated a particle settling rate of 600 m/y for the margins of the Eurasian Basin.
Sinking velocities of diatoms can vary (Miklasz and Denny, 2010), but are often even much
faster, especially when forming aggregates (Iversen and Ploug, 2013; Ploug and Grossart, 2000).
This could point at a seasonal *'Pa scavenging and rather constant >*°Th scavenging in the

Barents Sea. Dissolved **'Pa/*Th ratios at these stations are 1.029 on average (Gdaniec et al.,

2020), supporting the hypothesis of seasonal *'Pa scavenging and constant “**Th scavenging.
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An explanation for this could be the much higher volumes of terrigenous material from erosion
and riverine input relative to biomass from diatom production.

. 231
Surface sediment 2>

Pa/~°Th activity ratios in Barents Sea are even higher (0.4) than particulate
ratios. It could indicate that the Nansen Basin margin and especially the Barents Sea could be a
sink for Arctic »*'Pa, on time scales longer than represented by suspended particles collected
using in-situ pumps. Hence possibly the assumption that *'Pa is not preferentially removed at
the margins and on the shelves could be wrong and inflow amounts to the central Eurasian Basin
need to be adapted accordingly. If such a process can leave an imprint on the central basin **'Pa
inventories depends on the scavenging removal residence times of *'Pa and water mass

residence times. The latter is rather short in the Barents Sea, given an estimated circulation time

scale for waters flowing through the Barents Sea of approximately 2 years (Smith ez al., 2011).

Individual dissolved **°Th profiles from 2015 in the Amundsen Basin show a negative peak at
1000 m correlating with a peak in 21260 (Casacuberta et al., 2018; Valk et al., 2020)
indicating a fast advective removal, which would be even more important in terms of **'Pa
advective removal. This is due to faster circulation rates of the Amundsen Basin compared to the
Nansen Basin (Tanhua et al., 2009; Wefing et al., 2020) and could transport any Barents Sea

derived depletion signal relatively fast to the central Amundsen Basin. **!

230

Pa therefore might be

removed within the Barents Sea seasonally, while “"Th is removed along the margins of the

Nansen Basin, probably all along its way around the Eurasian Basin along its margins and shelf

breaks, as argued by Valk ef al. (2020). The consequences on the central basin inventories

therefore are much more pronounced for 230

230

Th, due to the much higher inflowing volume

231

through the Fram Strait, assuming that Pa in the Barents Sea.

231

Th is scavenged there and

Hence it might be possible that the “° Pa reduction since 2007 in the Amundsen Basin might be

231
f3

due to changing scavenging removal of “* Pa in the Barents Sea or waters derived from there.

As mentioned earlier, dissolved 21

Pa did not decrease in the upper Nansen Basin, but increased
by 24%. One explanation could be that, due to its slower circulation rates compared to the
Amundsen Basin any depletion signal needs more time to arrive in the central Nansen Basin,
which could explain lesser *°Th reduction between 2007 and 2015. The longer scavenging

21pa could explain why no decrease of dissolved **'Pa was observed in the

residence time of
upper Nansen Basin whatsoever. It does not explain the increase of dissolved **'Pa in the upper
Nansen Basin, though. One explanation, albeit highly speculative, for this opposite development

in the two basins upper 2000 m water masses is recirculation.
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Mean water mass ages based on Transient Tracer Distribution (TTD) based on anthropogenic
radionuclide ratio "*’I/**°U are older in the Nansen Basin than in the Amundsen Basin, even at
stations located close to the tracer sources in the Fram Strait and the Barents Sea, pointing at
recirculation in the Nansen Basin north of the Fram Strait (Wefing ef al., 2020). This could mean
that the upper Nansen Basin receives a part of the dissolved **'Pa removed from the Amundsen
Basin by advection, from recirculation before these waters leave the Arctic through the Fram
Strait. This recirculation from the Amundsen Basin and/or the Nansen Basin would transport
waters, carrying a strong “°Th depletion signal from margin scavenging removal in inflow
waters back to the central Eurasian Basin (Nansen Basin). Those waters would have lost a major
part of their dissolved >°Th content, but relatively less dissolved **'Pa, hence are relatively

231

enriched in dissolved **'Pa. This would increase the time available for *'Pa to react with

particles and subsequently to be removed from the dissolved phase. Therefore increased

231
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scavenging removal o Pa might be expected to occur in the near future. The longer

circulation times of the Nansen Basin combined with recirculation would not change the
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assumption that removal of ~"'Pa in the Arctic is mainly controlled by circulation times rather

than scavenging residence times of *'Pa (Moran e al., 2005), but it would change the

231
f

implications of it in terms of “°'Pa export. The results and interpretation of our budget based on

f 2*'Pa to circulation and variable

recent water column time series indicate that the response o
particle fluxes in the Arctic Ocean might be more complex than previously assumed. Especially
the change in distribution of **'Pa between the upper Amundsen and the upper Nansen Basin

231
f

point at a deviation from the previously assumed export of “° Pa from the Arctic Ocean, at least

in recent years.

3.2.2 The Deep Basins
3.2.2.1 The Deep Nansen Basin

3.2.2.1.17'Th

Hydrothermal activity can act as a sink for >*°Th and **'Pa (Pavia et al., 2018). Hydrothermal
plumes can travel over large distances affecting an entire ocean basin (Fitzsimmons ef al., 2014).
The ultra-slow spreading Gakkel Ridge, separating the Amundsen- and Nansen Basin, is the
only hydrothermally active ridge in the Arctic Ocean. Constant venting (Baker et al., 2004) but
also explosive eruptions due to earthquakes can occur there (Schlindwein and Riedel, 2010;

Sohn et al., 2008). These explosive eruptions release huge amounts of dissolved and particulate
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trace elements that cause significant scavenging removal of >°Th on over time (Valk et al.,
2018).

Dissolved **°Th increased during the 1991-2007 period by + 0.61 kg (+ 0.04 kg/y) in the deep
Nansen Basin (>2000 m) and decreased by - 3.80 kg (- 0.48 kg/y) during 2007-2015 (figure 1).
This results in a 2°Th scavenging removal flux of 0.99 kg/y and a subsequent sedimentation of
1.29 kg/y. This hydrothermal scavenging event increased scavenging removal of *Th
significantly between 2007 and 2015 (Valk ef al., 2018). This event was restricted to the deep
Nansen Basin, not affecting the deep Amundsen Basin (Valk ef al., 2018).

29Th sedimentation during 1991-2007 was significantly higher than before, regardless which
scenario is applied. Hence hydrothermal scavenging clearly increased *°Th scavenging removal
and sedimentation fluxes in the deep NB in just 8 years. That implies that the total amount of
2Th buried in the deep Nansen Basin is significantly higher during or at the end of volcanic
eruption phases at the Gakkel Ridge. It is important to distinguish between constant
hydrothermal venting (Baker et al, 2004), contributing to the steady state situation, and
explosive eruptions (Sohn et al., 2008), overprinting the steady state situation, causing the

drastic inventory decrease of dissolved **°Th after 2007 (Valk et al., 2018).

3.2.2.1.2 The Deep Nansen Basin: B0Thvs. B'Pa

The dissolved **°Th inventory of the deep Nansen Basin decreased by almost 40% between 2007
and 2015, while the dissolved **'Pa inventory increased by 20%. The oppositional development
of °Th and **'Pa in this case is much more pronounced than e.g. in the EUB (<2000 m).

One explanation for the lack of **'Pa scavenging removal by the hydrothermal scavenging event
that removed significant amounts of **°Th in the deep Nansen Basin between 2007 and 2015
(Valk et al., 2018) is a temporal delay of 2lpy scavenging removal due its lower particle
reactivity in general and its lesser preference for Fe oxy-hydroxide particles in hydrothermal

plumes in particular (Pavia ef al., 2018).

Particulate **'Pa was indeed elevated in the Nansen Basin at station 50 below 2000 m, relative to
the slope of the Nansen Basin but somehow did not yet reduce the dissolved concentrations, as
observed for »°Th at the same station over the same time (Gdaniec et al., 2020; Valk et al.,
2018). Particulate **'Pa/**Th activity ratios in the deep Nansen Basin were 0.08 by the sampling
time, higher than above 2000 m (0.05) (Gdaniec et al., 2020), indicating a stronger o
scavenging after *°Th was removed in the deep before. This is in contrast to the Nansen Basin

231

slope where *'Pa/*°Th is lower below 2000 m than above. This excludes the option that **'Pa in

the deep Nansen Basin is transported by deep water circulation towards areas with higher
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particle fluxes, the Nansen Basin slope or the Fram Strait, and is removed there primarily. The
2015 particulate *'Pa profiles from the central Nansen Basin and the slope indicate that
resuspended slope particles scavenge ~°°Th over **'Pa while the hydrothermal relic particles
might now scavenge >°'Pa. This could mean that after a strong **"Th scavenging removal event,
which was over or in its dying phase in 2015, now relic particles from the submarine eruptions
scavenge ~'Pa. If this was the case we expect a decrease of dissolved **'Pa in the near future.
Calculated scavenging residence times of **°Th and **'Pa in the deep Nansen Basin in a steady
state are ~18 and 75 years respectively, assuming that vertical fluxes bypass the deep inventory.
This supports the explanation of the absence of a dissolved **'Pa decrease compared to 2*°Th, by
a delayed reaction of 231Pa, due to its relatively smaller particle reactivity. F(ti/pq) at station 50 in
the Nansen Basin shows an average value below 2000 m of 11.20 (Gdaniec et al., 2020), which
fits to exactly an Frypa) for Fe(OH); (Hayes et al., 2015). Despite the generally lower residence
time of Mn compared to Fe in the ocean (Bruland et al., 1994), pFe and pMn decouple with
plume traveling distance and time and seem to have fundamentally different settling properties
(Fitzsimmons ef al., 2017). This could mean that somehow after Fe particles scavenged *°Th a
second scavenging phase with primarily MnQO, particles will start in the near future, scavenging
21pa, while #°Th, due to its higher particle reactivity is already removed and just a relic of this

231

removal event is observed, maybe just before dissolved “* Pa also starts to decrease.

231

Another option could be that " Pa just slightly reacted to the hydrothermally released particles,

but is scavenged onto sinking silicate rich particles, from e.g. under ice diatom blooms. Due to

21pa, without a notable decrease in

reversible scavenging, it can cause an increase of particulate
its dissolved phase. This could be supported by up to 35% diatoms from total taxonomic entities
below 3000 m (Nothig et al., 2020). These particles would affect dissolved *°Th as well, but
since a major part of it has been removed by hydrothermal particles before it might not be visible
in a decrease of dissolved Z*°Th. However Liguori et al. (2020) did not find differences in
Silicate isotopes, indicating diatom abundances, in deep waters between the Nansen Basin and
its slope. Therefore it is unlikely that the elevated **'Pa particulate concentrations in the deep

Nansen Basin are due to the presence of diatom shell particles, but rather to a, relative to >*°Th,

delayed consequence of hydrothermal particles.

3.2.2.1.3 The Deep Nansen Basin: Influence of Deep Water Exchange with the Atlantic
We decided to limit the inflow of Atlantic waters to 2000 m for simplification reasons for the
box model. Nevertheless it is important to discuss the potential influence of waters entering the

Nansen Basin below 2000 m down to ca. 2500 m through the Fram Strait. Based on salinity and

119



temperature data from 2007 (Wisotzki, 2008) and 2015 (Rabe et al., 2016) there are no
indications for a shift of water masses in the central deep Nansen Basin, which could contribute
to the decrease of dissolved »*°Th. Especially an increase in temperature would be expected if
significant changes in Arctic deep waters occurred due to advection flow from the Atlantic
Ocean. Additionally North Atlantic (Hayes et al., 2015) and Norwegian Sea (Moran et al., 1995)
deep water *°Th concentrations are higher than those from the deep Nansen Basin, where the
major 2°Th depletion was observed. Hence it is unlikely that a deep water inflow contributed

significantly to the observed depletion.

3.2.2.2 The Deep Amundsen Basin

3.2.2.2.1'Th

The deep (>2000 m) Amundsen Basin **°Th scavenging situation has changed since 1991.
Dissolved *°Th decreased between 2007 and 2015 by 3.25 kg (0.44 kg/y), while during the
1991-2007 period the dissolved **°Th inventory increased by 1.67 kg (figure 1). The decrease
since 2007 was explained previously by scavenging removal at the margins and subsequent
inflow of *°Th depleted waters above 2000 m leading to a reduction in the deep due to
reversible scavenging, transporting the depletion signal downwards (Valk et al., 2020).

29T scavenging removal in the deep AB has increased by a factor of more than two since 1991,
and by more than 2.5 since 2007, following scenario-a. Even after applying scenario-b to the
2007-2015 period the sedimentation fluxes are still higher than in the steady state and 1991-2007
period under scenario-a. Hence even when removing a significant part of dissolved *°Th at the
margins and therefore decreasing vertical fluxes from above 2000 m, the inventory changes of
dissolved **°Th require increased scavenging removal at depth. This has not been considered by
Valk et al. (2020). Maybe particle fluxes contribute slightly more to the inventory change than
assumed, while still the reduced vertical input mainly contributes to the inventory change, with a
potential deep water exchange. This scavenging removal by deep water circulation would be in
conflict with the models, which do not represent such a process since Hoffmann and McManus
(2007) neglect it and no further indications were found. Never the less ventilation of Eurasian
Basin deep waters is slow, in the order of 250 years (Schlosser ef al., 1994), hence reduction of

#%Th by deep water circulation or formation on decadal time scales can be ruled out.
3.22.2.2 ' Thvs. *'Pa

Dissolved **'Pa inventories in the deep Amundsen Basin decreased since 2007 by ~10%, equal

to 0.02 kg/y, which is in the order of ISP of **'Pa in the deep Amundsen Basin. Vertical input of
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dissolved **'Pa decreased, as for 20Th, with the difference that vertical **°Th fluxes decreased
due to a reduction in the source inventory above 2000 m, while vertical fluxes of *'Pa decreased
because scavenging removal in the EUB above 2000 m was lower during 2007-2015 than
before. Therefore the vertical input of **'Pa decreased and subsequently the deep water inventory
as well. The deep Amundsen is the only box in the model where dissolved **'Pa decreased
between 2007 and 2015. Since it is unlikely that increased vertical fluxes of opal containing

#1pa is

particles are responsible for the observed depletion a potential explanation is that
removed from the upper 2000 m of the water column by scavenging from inflowing waters in
the Barents Sea, as discussed in section 3.2.1.2. This would result in lower 21py vertical fluxes
in the Amundsen Basin. This margin removal would decrease the deep **'Pa inventory by
reversible scavenging, similar as modelled for 2*°Th (Valk ef al., 2020), but takes more time to
fully affect dissolved and particulate **'Pa profiles in the Amundsen Basin, which is represented

230

by a deep water dissolved **Th inventory decrease of 31% and just 10% for **'Pa.

3.3 Implications for Sedimentary B07h, 21Pa and *'Pa/*"Th

Vertical and spatial distribution and concentrations of dissolved Z°Th and **'Pa in the Arctic
Ocean can change rather quickly, on decadal or even shorter time scales (Grenier ef al., 2019;
Valk et al., 2020; Valk et al., 2018). Hence it might be taken into account that sedimentation of
the two isotopes also differs regionally, at least on time scales shorter than average surface bulk
sediments can reveal. The following sections conclude the discussed *°Th and *'Pa
developments in the Eurasian Basin and put them in context to expected **Th/*'Pa sedimentary

activity ratios.
3.3.1 Nansen Basin Margin and Barents Sea

According to our calculations scavenging removal fluxes from the EUB (<2000 m) to the deep
NB and AB show extremely high **'Pa /*°Th activity ratios of 1.54 (NB) and 1.76 (AB), way
above the production ratio of 0.093. It is worth noting that this ratio strongly depends on the
chosen inflow *'Pa and »*°Th concentrations (FSi, + BSin), leading to a #1pa/»9Th activity ratio
of 0.61.

As a trend, following the model calculations *°Th, is preferentially removed from the water
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column and buried at the margins, while “° Pa is almost exclusively buried within the deep

basins or exported by advection. The removal of **'Pa depends probably heavily on the

230

abundance of biogenic opal particles in the central Eurasian Basin, while “""Th removal in the

central upper Eurasian Basin is due to increased particle fluxes at the margins. However, there
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are indications for a potential >*'Pa margin removal in the Barents Sea during diatom blooms in
spring. This possibility needs further investigation, since it could be important for temporal
changes in »*'Pa inventories, given that besides seasonal variations in diatom production there is
also a large inter annual phytoplankton production variability in the Barents Sea (Dalpadado et

al., 2020; Ellingsen et al., 2008).
3.3.2 Nansen Basin

Sporadically occurring submarine volcanic eruptions cause a reduction of dissolved °Th in the

231

deep Nansen Basin, but not on “°'Pa. Hence these phases should contribute to sedimentary

21pa/2OTh ratios with an input way below the production ratio in the deep Nansen Basin. This
sedimentation flux ratio is, applying scenario-b for **°Th, 0.32 in 2007-2015. Sedimentary
231pa/39Th ratios in the Nansen Basin, accumulated over thousands of years, are in the order of

0.05, below their production ratio of 0.093 (Moran et al., 2005). So the question where the

s 231 231

Pa went is open. It could be that
230

“missing Pa is affected by deep water circulation and

deposited somewhere else than “"Th, due to longer scavenging residence times. These

deposition areas can be the margins of the Eurasian Basin, or beyond Fram Strait.

Explosive eruptions at ultra-slow spreading ridges are rare (Pontbriand et al., 2012) but release
huge volumes that build up volcanic formations (Cann and Smith, 2005; Cochran, 2008; Smith
and Cann, 1993) and can last over decades (Schmid et al., 2017). Hence this process probably
does not affect the »*'Pa/*"Th sedimentary ratio on timescales of tens or hundreds, not even
thousands of years, due to the low sedimentation rates of the Eurasian Basin (1 cm/kyrs — 5
cm/kyrs) (Backman et al, 2004; Gard, 1993) in addition to a bioturbation depth of
approximately 2-10 cm (Clough ef al., 1997). Only if explosive eruptions occur more frequently
or induce sporadically significantly increased sedimentation rates, then these scavenging events
would also measurably affect sedimentary **°Th accumulation in the deep Nansen Basin and,

due to the lower effect on !

Pa, potentially also their sedimentary ratio.

Hydrothermal plumes, containing trace metals such as Fe or Mn, can travel over long distances
and times (Fitzsimmons et al., 2014) before or while forming particles, scavenging 29T, and
cause ~Th deficits even several thousand kilometres off axis (Pavia et al., 2018). Therefore
these volcanic induced hydrothermal scavenging removal events might have to be considered
when investigating sedimentary **'Pa/>*°Th records in sediments of the Nansen Basin, even
without an apparent layer of volcanic material. It is supposed that voluminous eruptions occurred

at several sites along the Gakkel Ridge during the past 2 Ma (Cochran et al., 2003) with a higher
frequency than traditionally thought (Edwards et al., 2001). Those eruptions might occur more
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frequently in the future if the 1999-2001 earthquake swarms at the Gakkel Ridge has opened a
volcanic conduit leading to more intense volcanism as proposed by Riedel and Schlindwein

(2010) and maybe generally higher removal rates of **°Th in deep waters of the Nansen Basin.
3.3.3 Amundsen Basin

According to the models, sedimentation of **°Th in the Amundsen Basin increased since 1991,
with an intermediate decrease in 2007. Since 2007 **°Th sedimentation increased by more than
40 % from 0.68 kg/y to 1.11 kg/y. While **'Pa sedimentation decreased from 0.24 kg/y to 0.18
kg/y in 2015 in the Amundsen Basin. If this situation remains in the future it will shift
sedimentary **'Pa/*°Th ratios towards >*°Th. Sedimentary **'Pa/**°Th in the Amundsen Basin

are 0.061 — 0.089 (Scholten et al., 1995). Sedimentation ratios according to our models are much
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higher, which is probably due to the absence of margin scavenging for ©° Pa and a lower outflow

out of the Arctic Ocean, potentially indicating a missing **'Pa removal process. Nevertheless the
sedimentation developments of *°Th and **'Pa in the Amundsen Basin, evident from the time
series, show that the deep Amundsen Basin will probably develop a 21pa/%*Th ratio even lower

than it is now reported. If there is actually a recirculation feature transporting a certain amount of

»!pa from the Amundsen Basin to the Nansen Basin than this could lead to higher **'Pa

sedimentation at the Nansen Basin or at margin, but this is not yet visible in our inventories and

2311, 230
Pa/

in particulate and dissolved **'Pa data. Surface sediment Th activity ratios are above

their production ratio at the margin of the Nansen Basin (0.18, station 32) (Gdaniec et al., 2020).
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The only sediment *'Pa/**°Th ratio close to the production ratio reported by Scholten et al.

(1995) is located close to the Fram Strait and significantly higher than ratios from the central

231

Amundsen and Nansen Basins. This could indicate that “° Pa scavenging removal took place in

this area already in the past. This sediment ratio would increase if there is an establishment of

recirculation from the Amundsen Basin. This recirculation process could support an enhanced

231

removal of *'Pa to sediments relative to **°Th on longer time scales. Until such a development

is visible in sediment data it takes time, due to sedimentation rates and bioturbation, as well as

231

due to the long “° Pa scavenging residence times.
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3.4 Exchange with the GIN Seas and the Amerasian Basin
3.4.1 GIN Seas

Advective export of both dissolved **Th and **'Pa from the Eurasian Basin to the GIN Seas was
reduced by ~20% from the 1991-2007 period to 2007-2015. During the 2007-2015 period the
outflow **'Pa/**°Th ratio was 0.32. Outflow concentrations in our calculations are average values
per period. Taking only the respective years, 2007 and 2015, outflow **'Pa/**"Th ratios changed
from 0.25 (2007) to 0.54 (2015), due to the decrease by 38% of dissolved **°Th and a small
increase of dissolved *'Pa in the EUB (<2000 m). A potential future development of outflow
21pa/» Th ratios will probably increase to the 2015 ratio (0.54) or even higher if the trends from
the 2007-2015 period maintain, or even increase. The decreasing *°Th inventories in the
Eurasian Basin lead to a lower accumulation of **°Th in GIN Sea sediments.

Increased scavenging removal at arctic margins will affect the sedimentary inventory of **°Th far

away from those scavenging removal areas, while export of **

Pa is affected differently or might
react with a temporal delay in a similar manner. There are indications that **'Pa scavenging
removal in the Barents Sea and areas affected by waters from the Barents Sea will increase. This

would lead to a reduced export of **'!

Pa in the future. For all periods presented in this study there
is no significant export of *'Pa, following the model calculations, not even for the 1991
situation. This is in contrast to previous budgets. This is due to in and outflow values based on
recent water column data and the focus of the model on the Eurasian Basin. If this finding
represents the reality it would have impact on the interpretation of **'Pa/**°Th sedimentary ratios
in the Gin Seas.

21pa/>°Th ratios in surface sediments in the GIN Seas are below or around the production ratio
of 0.093 (Scholten et al., 1995), the Arctic component adding to it is well above the production
ratio, according to the model calculations, and might shift even more towards **'Pa. Therefore
we expect that climate change alters scavenging removal of >*°Th in the Eurasian Basin, which
leads to an increase of *'Pa/*°Th in outflowing waters from the Arctic Ocean. Even if the
consequences of enhanced margin or boundary scavenging in the Arctic are not directly
measurable in GIN Sea sediments, due to bioturbation and/or due to the relatively small volume
of the Arctic Ocean outflow compared to the GIN Seas, it might be worth noting that such
signals can be buried in sediments overprinted by larger scale processes and situations. That

. . . .. . . 230
means that changing scavenging intensities or scavenging behaviour of

231

Th at the margins of

the Eurasian Basin may still affect the *'Pa/*°Th ratio of advective export to the GIN Seas on
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longer time scales and total accumulation of **°Th on decadal time scales, especially under
rapidly changing climate conditions, such as the current global warming.

Past changes could show such patterns of changed **'Pa/*°Th ratios in Arctic export, such
changes as initial forming of continental ice sheets transporting erosion material to the Arctic
Ocean and of course the melting phases of those when particle input and composition changes
(Azetsu-Scott and Syvitski, 1999) and release particles from e.g. Greenland to the central Arctic
Ocean (Gillard et al., 2016). Maybe even phases of higher rainfalls in North Europe, North Asia
and North America e.g. during the late Holocene (Berntsson et al., 2014) which can change on
decadal timescales (Zhan et al., 2018) leading to higher riverine particle discharge to the Arctic
Ocean, could cause a notable change in **°Th scavenging removal. All of which will only be
visible in sediment core data if their duration is long enough to leave an imprint that is not buried
under a background situation or mixed with it by bioturbation. Additionally it is possible that
#%Th and **'Pa get removed by scavenging in the Fram Strait and in the East Greenland Current
(EGC), due to particle input from the Greenland’s shelves and higher biological production

compared to the ice covered Arctic Ocean (Sanchez-Vidal ef al., 2015).
3.4.2 Exchange with Amerasian Basin

The division of the budget into two depth ranges is based on the assumption that the topography
of the Lomonosov Ridge disconnects deep water exchange between the Eurasian- and the
Amerasian Basin. The deepest connection between the two major basins is via the Intra Basin,
located in the middle of the Lomonosov Ridge, with a sill depth shallower than 1870 m (Bjork et
al.,2007). This is in contrast to circulation of shallow and intermediate waters, which are able to
exchange between the Eurasian and the Amerasian Basin (Rudels, 2009).

The Amerasian Basin developments of *°Th and *'Pa show a decrease for both isotopes,
especially in intermediate waters. This decrease is due to increased scavenging and variability in
circulation and mixing. Especially the Canada Basin experiences an increasing margin-basin
transport of lithogenic and terrigenous material and enhanced biological production due to sea
ice retreat (Grenier et al., 2019). This margin-basin transport might be comparable to the margin
scavenging process from the Eurasian Basin. In the Amerasian Basin the particle transport from
the margins to the central basin already caused a reduction of both >*°Th and **'Pa until 2015.
Increased scavenging removal is accompanied by increased mixing of water masses (Yu et al.,
2020). We assume that reduced *°Th and *'Pa concentrations from the Eurasian Basin add to a
reduction of the two tracers in the Amerasian Basin by mixing with ambient waters. Yu et al.

(2020) combined a modelling study, including a circulation model, with measured tracer data
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from the 2015 GEOTRACES Arctic Ocean campaign (Grenier et al., 2019) and discussed the
influence of Atlantic Waters on *°Th developments. Such a valuable approach using a
circulation model should be done for the Eurasian Basin and extended to the entire Arctic Ocean,

in order to understand >**Th and 2*'

Pa reactions to climate change on an Arctic Ocean wide scale
and the connections between its two major basins. Additionally the impact of Trans Polar Drift
carried riverine, coastal and shelf particulate material to the central Arctic Ocean (Charette ef al.,
2020; Kipp et al., 2018; Rutgers van der Loeff ez al., 2018) on **°Th and **'Pa on both sides near
the Lomonosov Ridge needs to be investigated in further detail in order to understand the

connection of variabilities in both the Amerasian and the Eurasian Basin in relation to *>°Th and

#1pa developments.
4. Conclusions

Generally inventories of *°Th and *'Pa can change rather quickly in the Arctic Ocean.
Especially »*°Th is highly reactive to environmental changes and decreased significantly in just 8
years. >'Pa seems less dynamic, most likely due to its lower particle reactivity and could react to
the same processes differently or with a temporal delay.

The central Eurasian Basin (>2000 m) experienced a significant depletion of the dissolved ***Th

inventory due to increased scavenging at inflow pathways of Atlantic waters in only 8 years.

231

Therefore the margins of the Eurasian Basin are a sink of 2*°Th in the Arctic Ocean. **'Pa is

mainly removed within the central Eurasian Basin. Nevertheless dissolved **'Pa decreased only
in the Amundsen Basin part of the Eurasian Basin above 2000 m. Shorter ventilation times than
in the Nansen Basin are a possible explanation, together with a higher influence of BSBW,

which has undergone, at least seasonally, scavenging of *'Pa. The developments of *'Pa

230

relative to “""'Th are more difficult to identify. If there is recirculation north of the Fram Strait of

waters leaving the Amundsen Basin, it might lead to stronger scavenging removal of **'Pa
relative to >°Th, which already has been removed from these waters upstream. Areas of high

particle fluxes or export of diatoms from the Barents Sea where these waters pass can therefore

231 f 230

be a possible sink for Arctic “ Pa. The increased scavenging removal of “*'Th at the margins of

the Nansen Basin could point at increased boundary scavenging or its onset, due to recent

climate changes.

230

Scavenging removal and subsequent sedimentation of “*"Th in the deep Nansen Basin increases

231

during or after volcanic eruptions at the Gakkel Ridge. It is possible that “° Pa reacts in a later

stage of the same process with a temporal delay and most likely to a lesser extent. Hence

231

periodically the **'Pa/*°Th activity ratio in sediments of the deep Nansen Basin decreases
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during these phases. Environmental changes, due to climate warming, in the Arctic Ocean cause
a higher *'Pa/*"Th ratio in outflowing waters, due to strong decrease of dissolved **°Th, while
2!pa did not decrease and has partly even increased. This also indicates that the central Arctic
Ocean and especially its margins are or become a sink for **°Th. Therefore export of >*°Th
reduced between 2007 and 2015 and will probably continue to decrease in the future, which
would over longer time scales lead to reduced sedimentation of **°Th in the GIN Seas or the
Fram Strait. The main result of our models and discussion is that we do not find indications for
export of ?'Pa in the order suggested by Moran ef al. (2005) and rather conclude that the Arctic
Ocean is or becomes a sink for *'Pa. This is not necessarily in contrast to Moran et al. (2005),
given the different timescales of investigation, it rather points at changing environmental
conditions and the importance of processes happening in the upper parts of the water column,
such as scavenging removal in inflowing Atlantic Waters. The inclusion of shallow inflow as

well as outflow concentrations averaged for time periods leads to the absence of *'

Pa export
through Fram Strait even for the 1991 situation, although export through the Canadian
Archipelago is also neglected in this study.

A remaining question is where **'Pa is eventually buried in the Arctic Ocean or its neighbouring

231

seas. Our model does not yield “° Pa sedimentation numbers that are consistent with published

sediment core data. This can indicate a missing margin or boundary scavenging component of
>1Pa in the Eurasian Basin and its margins or an unidentified removal process. Finally the **'Pa
scavenging situation might be changing currently. Concluding the discussion of **'Pa scavenging
removal in the upper 2000 m of the Eurasian Basin we hypothesize that the margins of the

Eurasian Basin are a sink for Arctic !

Pa rather than advective export to the GIN Seas.
Data Accessibility

Data wused in this study is available at https://doi.org/10.1594/PANGAEA.893871,
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Abstract

21pa, #°Th and ***Th were analysed in filtered seawater (n = 70) and suspended particles (n =
39) collected along a shelf-basin transect from the Barents shelf to the Makarov Basin in the
Arctic Ocean during GEOTRACES section GN04 in 2015. The distribution of dissolved **'Pa
and *Th in the Arctic Ocean deviates from the linear increase expected from reversible
scavenging. Higher **Th concentrations were observed at the shelf, slope and in surface waters
in the deep basin, pointing at lithogenic sources. Fractionation factors (Frpp,) observed at the
Nansen margin were higher compared to Fryp, in the central Nansen Basin, possibly due to the
residual occurrence of hydrothermal particles in the deep central Nansen Basin. Application of
a boundary scavenging model quantitatively accounts for the dissolved and particulate *°Th
distributions in the Nansen Basin. Modelled dissolved **'Pa distributions were largely
overestimated, which was attributed to the absence of incorporation of water exchange with the
Atlantic Ocean in the model. 2*'Pa/*°Th ratios of the suspended particles of the Nansen Basin
were below the 2*'Pa/*’Th production ratio, but top-core sediments of the Nansen margin and

231

slope have high **'Pa/**Th-ratios, suggesting that scavenging along the Nansen margin partly

acts as a sink for the missing Arctic *'Pa.

1. Introduction

Particle reactive isotopes in the natural uranium and thorium decay series are useful tracers of
particle flux and scavenging in the oceans (e.g. Edmonds et al., 2004; Roy-Barman, 2009;
Rutgers van der Loeff and Berger, 1993). In seawater, *'Pa and **Th are produced at a constant
rate by the decay of homogeneously distributed *°U and ***U, respectively. Both *'Pa and ***Th
are particle reactive elements, which means that they get scavenged onto settling particles and
removed from the water column to the sediments. However, due to differences in their particle

21pa/PTh ratio of seawater, marine particles and sediments often differs from

reactivity, the
that of the production ratio (Rutgers van der Loeff and Berger, 1993). The distribution and
dispersion of 21pa and °Th in the water column and their ratio in sediments are of interest for
processes controlling spatial and temporal variations in ocean biogeochemistry. The difference
in the chemical behaviour of the two tracers can result in large scale deviation of the **'Pa/*°Th
ratio of marine sediments compared to the production ratio of these nuclides in the overlying
water column, with higher sedimentary **'Pa/*Th ratios at ocean margin and lower *'Pa/*°Th
to the inner ocean compared to the production ratio. Differences in particle concentration,

composition and flux influence scavenging rates of **'Pa and **°Th in the water column (Chase

et al., 2002). Environments governed by high particle flux, such as ocean margins are very
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effective sinks for *'Pa and 2*°Th (e.g. Scholten ez al., 1995; Gdaniec et al., 2017). This process,
usually referred to as boundary scavenging has previously been thought to be pronounced in the
Arctic Ocean (Bacon et al., 1989; Cochran et al., 1995; Scholten ef al., 1995). However, despite
the contrasted particle fluxes over large shelf areas (receiving high river inputs) and the inner
Arctic with its perennial sea ice cover, the *'Pa/*°Th ratio of arctic sediment does not vary
much and is on average lower than the production ratio (e.g. Edmonds et al., 2004; Moran ef al.,

21pa/>OTh ratios slightly exceeding the production ratio

2005). Not many studies have reported
(e.g. Luo and Lippold, 2015). The overall low *'Pa/*Th ratios casted some doubts on
mechanisms driving the boundary scavenging in the Arctic Ocean. While boundary scavenging
does occur in the Arctic Ocean (Roy-Barman, 2009), the net export of **'Pa to the Atlantic
Ocean through the Fram strait plays a key role in the Pa and Th budget of the Arctic Ocean
(Edmonds et al., 2004; Hoffmann et al., 2013; Moran et al., 2005). However, the low vertical
resolution, the relatively large analytical uncertainties and sometimes lack of particulate data
limits the water column constraints on boundary scavenging in Arctic Ocean (Bacon ef al.,
1989; Cochran et al., 1995; Edmonds et al., 2004; Scholten et al., 1995) and more data are
required for a proper modelling of boundary scavenging (Luo and Lippold, 2015).

In this study, dissolved and particulate 23 1Pa, 23OTh, and **’Th concentrations measured along
GEOTRACES section GN04 in the Barents Sea, Nansen Basin, Amundsen Basin and Makarov
Basin are presented. The objective was to explore the influence of boundary scavenging and
shelf-basin interactions on the observed distribution of **'Pa and *°Th in the Arctic Ocean. We
revisit boundary scavenging modelling using a model adapted from Roy-Barman (2009) that we
compared to the current dataset and used to constrain the scavenging behaviour of Pa and Th

between the Arctic margin and the inner ocean.

2. Methods

2.1. Sampling

Samples were collected on R/V Polarstern during expedition PS94 in 2015, at seven stations
located in the Barents Sea, Nansen, Amundsen and Makarov Basins along the GEOTRACES
GAO04 section in the Arctic Ocean (Fig. 1). The samples were collected along a shelf-basin
transect from the Barents shelf to the Makarov Basin to study the exchange between the margin
and interior ocean. Stations 4, 161, 153 and 18 represent the shelf, station 32 represents the
margin, while station 40, 50, 125 (Amundsen basin) and 101 (Makarov basin) represent the

interior ocean.
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Water samples were collected in 24 1 Niskin® bottles mounted on a General Oceanic® rosette
equipped with a Sea-Bird Electronics CTD system (SBE911plus). The CTD-system was
equipped with sensors allowing measurements of salinity, temperature and transmission (Rabe
et al., 2016; van Ooijen ef al., 2016). For the analysis of dissolved **'Pa, 2*°Th and ***Th, 51 of
water were filtered directly from the Niskin bottles into sampling containers using
Acropak500™ cartridges (0.45 um pore size), which were cleaned in between stations. After
filtration, water samples were acidified using concentrated ultra-pure HCI (~1 ml of acid per 1 1
of seawater). Samples were stored in double plastic bags until analysis.

Particulate samples were collected using in-situ pumps (McLane and Challenger Oceanic) at
six stations along the GA04 section (Fig. 1). Particles (0.8 um pore size) were collected on
Supor” polyethersulfone filters with a diameter of 142 mm. At two locations (N 84° 6' 51.64",
E 12° 4" 11.69" and N 84° 31.40", E 11° 6 11.43"), “dirty ice” (ice rafted sediments
incorporated into sea ice when it forms on the Arctic shelf) was collected from deck using a
plastic spade and container. At station 161, 32 and 101, surface sediment cores were collected
using a Multi-corer (Fig. 1). The top (0—1 cm interval) of each core was analysed for ***U, 2*U,

21pa, 22Th and »°Th at LSCE.

CANADA
BASIN

=
.53
=
@
_':,:'.J
=
=
Q@
=

stations along the GEOTRACES GNO04 section in the Arctic Ocean. Crossed symbols denote sampling for
particulate and dissolved samples and non-crossed points are stations which were sampled for the analysis of
dissolved concentrations.
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2.2. Chemical Preparation of Pa and Th in Seawater, Suspended Particles, Surface
Sediments and Dirty Ice

#1pa, °Th and ***Th were determined by isotope dilution and mass spectrometry. Seawater
samples were processed as described in (Gdaniec et al.,, 2017). For filtered particles,
approximately 1/5 (corresponding to ~25-200 1 seawater) of the total filter material was cut on
board in a laminar flow bench and used to determine the concentrations of **'Pa and Th isotopes
in suspended particles. The leaching of filter samples was performed at the Swedish Museum of
Natural history followed by spiking and analysis at LSCE. The filters were submerged in 3 N
HCI and heated to > 50 °C to wash the particles off the filters without dissolving the filters. The
leachate, containing the suspended particles, was then dissolved in a mixture of concentrated
HNO; and HF following the method described in Gdaniec et al. (2017). Surface sediments were
dried and an aliquot (0.2 g) of crushed bulk sediment was spiked with **’Pa, **Th and **°U,
followed by total dissolution in a HNO3; and HF mixture. Pa, Th and U were separated by anion
exchange chromatography (Guihou et al., 2010). The dirty ice samples were melted and particles
were separated by centrifugation at the clean laboratory of Laboratoire des Sciences de
I'Environnement Marin (LEMAR). Total dissolution of the particles (~0.2 g) was carried out at
the Swedish Museum of Natural History using microwave oven digestion using HF, HNO3 and
HCI followed by spiking, chemical separation and analysis of **'Pa, *°Th and **Th at
Laboratoire des Sciences du Climat et de I'Environnement (LSCE). *'Pa, *°Th and ***Th
concentrations in seawater, particles and sediment samples were analysed at LSCE by Multi
Collector Inductively Coupled Plasma Mass Spectrometry (MC-ICP-MS) on a Thermo
Scientific™ Neptune Plus™ instrument equipped with an Aridus II™ desolvating nebulizer and
a Jet interface (Burckel et al., 2015, Gdaniec et al., 2017).

Uranium concentrations in seawater were estimated using the bottle salinity measured from the
CTD and the U-Salinity relationship in seawater (U = (0.100 * S — 0.326), Owens et al., 2011).
The conservative behaviour of uranium in the Arctic Ocean can be questioned due to the surface
and mixed layer of the Arctic contain a significant portion of a mixture of river and ice melt
water. However, in the study of Not ef al. (2012) the investigators apply the U vs. salinity
relation- ship over a salinity range of ~0—135, and showed that the U-salinity relationship
exhibits the conservative behaviour over the entire range investigated.

Procedural blanks for seawater samples were determined by per- forming a complete chemical
procedure on 3—11 bottles of 250 ml of Milli-Q® water with each batch of samples. Total
procedural blanks for seawater samples ranged between 7.3 pg and 29.9 pg for >

15 + 6 pg), 0.07 and 8.42 fg for “*°Th (average = 1.02 + 1.80 fg) and 0.05 and 0.26 fg for >*'Pa

Th (average =
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(average = 0.17 + 0.18 fg). These blanks were equivalent to 0.9—14% of the measured ***Th,
0.2-21% of the measured ***Th and 0.1-42% of the measured **'Pa.

For particles, procedural blanks were prepared in the same way as for samples by using acid
cleaned filters (0.5 N HNOs3) mounted onto the pump and deployed but not connected to the
pumping system. Total procedural blanks ranged between 3.3 pg and 29.1 pg for ***Th (average
=4.3 + 1.2 pg), 0.02 and 0.36 fg for **°Th (average = 0.15 + 0.03 fg) and 0.004 and 0.7 fg for
21pa (average = 0.27 + 0.34 fg). These blanks were equivalent to 0.1-16% of the measured
2 zTh, 0.1-19% of the measured *°Th and 0.1-89% of the measured **'Pa.

All measured *'Pa and **Th concentrations were corrected for the in-growth of *'Pa and **°Th
by uranium decay during the time period between sample collection and the U-Th/Pa separation.
All un- certainties are expressed as 2 standard errors on the mean (2 o,) including the propagated
contribution from sample weighting, spike impurities, spike contributions, blank corrections and
mass spectrometric measurements.

Replicates for dissolved **'Pa, **°Th and ***Th concentrations were measured (Table S1). It was
initiated because the first analysis of *°Th at 1000 m depth for station 32 seemed obviously
overestimated. An additional aliquot of the 1000 m sample was analysed and 2 additional
samples (500 m depth at St. 32 and 40) were replicated to check the method reliability. They

230

confirmed that the first analysis of “"Th at 1000 m depth had suffered from contamination, but

showed a good agreement (within or close to analytical uncertainties) for the other **'Pa and

22T replicates can vary by as much as 30% indicating small ***Th

“Th measurements. The
contaminations, but it will have no significant impact on the discussion.

An inter-comparison of dissolved and particulate Pa-Th measurements between LSCE and AWI
at stations 101 and 125 is given in Fig. ES1. Seawater samples at station 101 (GEOTRACES
crossover station of the USCGC Healy HLY 1502 (GNO1) and R/V Polarstern PS94 (GN04)
cruises) and station 125 were duplicated and analysed for dissolved **'Pa, **°Th and **Th in
order to provide an intercomparison between AWI and LSCE. These samples were obtained
from the same casts, but not always the same bottle, so some differences in concentrations were
expected (Fig. ES1). Concentrations of dissolved **'Pa, *°Th and ***Th at station 50 (Fig. 1)
have been published in Valk et al., 2018 and will be used here to investigate the relationship
between the Nansen margin and interior. Moreover, an intercomparison of dissolved and

particulate Pa-Th measurements with AWI (Alfred Wegener Institute)) UMN (Minnesota
University) and LDEO (Lamont Doherty Earth Observatory) at station 101 is in progress.
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3. Results

3.1. General Circulation and Hydrography

The Arctic Mediterranean, like the Mediterranean Sea, transforms and exports Atlantic water of
lower density entering from the adjacent ocean into high density intermediate and deep waters.
The Arctic Ocean comprises two major basins, the Amerasian Basin and the Eurasian Basin,
separated by the Lomonosov Ridge (Fig. 1). The Eurasian Basin is divided into the Nansen and
Amundsen Basin by the Gakkel Ridge, while the Amerasian Basin is separated by the Alpha-
Mendeleyev Ridge into the Makarov and the Canada Basins (Fig. 1). The inflow of Atlantic
Water (AW) over the Barents Sea was re- cognized at stations 161 and 153, where high salinity
(> 35.1) and high temperatures (~2—7.6 °C) were observed (Rabe ef al., 2016) (Fig. ES2). Close
to the Barents Sea shelf break (St. 04 and 18), the polar waters (Polar Mixed Layer and
Halocline) were significantly colder (<0.8 °C) and fresher (<34.8) compared to the inflow of AW
(Fig. ES2). AW enters the central Arctic Ocean mainly by two branches; the Fram Strait Branch
Water (FSBW) and the Barents Sea Branch Water (BSBW) (Rudels, 1994). The FSBW enters
the Nansen Basin through the Fram Strait and then forms the Boundary current that flows around
the Nansen Basin along the Gakkel Ridge (e.g. Rudels, 2009) (Fig. ES3). As AW enters the
Arctic Basin, it encounters sea ice and the upper water masses cool (—1.8 °C) and become less
saline (~34.9-35.0) compared to underlying waters (Fig. ES2). The BSBW flows over the
Barents Sea shelf and enters the Nansen Basin through St. Anna Trough (~1000 m depth), where
limited ex- change with FSBW occurs (e.g. Rudels, 2009) (Fig. ES3). At the eastern Siberian
margin, the BSBW is divided into 3 branches: one branch flows into the Amundsen Basin while
the second branch of the BSBW continues to flow towards the Fram Strait, as well as the
ventilated inter- mediate water masses (Tanhua et al., 2009) (Fig. ES3). The third part of the
BSBW prolongs into the Makarov Basin as part of the Arctic Ocean Boundary Current that
travels anti-cyclonically around the Arctic Ocean (Rudels, 1994; Rudels ef al., 2012). In the
Nansen Basin (St. 32 and 40), the warm FSBW was observed between ~100 and ~1000 m (Rabe
et al., 2016) (Fig. ES2). In these waters, the Atlantic layer typically has maximum temperature
of ~2.5 °C and the salinity ranges between 34.9 and 35.05 (Fig. ES2). Station 50, in the central
Nansen Basin is influenced by the return flow of colder (—2 °C) and less saline FSBW along the

Gakkel Ridge (Rabe et al., 2016) (Fig. ES2).
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Figure 2: Dissolved concentrations of Blpa.,, P*Thy, and 2**Th for shelf stations (upper panel) and deep stations
(lower panel). Diamonds: Nansen Basin, squares: Amundsen basin, triangles: Makarov Basin and circles:
shelf stations.

The Eurasian Basin communicates with the Canada Basin through the boundary current that
enters the Canada Basin north of Siberia and through the intra-Basin located at the central part of
the Lomonosov Ridge, with a sill depth of ~1850 m (Bjork ef al., 2007) (Fig. ES3). A reverse
flow from the Makarov Basin to the Amundsen basin has also been identified (Bjork et al., 2010,
2007). Above 1700 m, stations 125 and 101 show similar water mass characteristics that fit to
the BSBW (Rabe et al., 2016) (Fig. ES2). Below this depth range, the deep waters of the
Amerasian Basin are warmer and saltier compared to the Eurasian Basin Deep Water (EBDW)
(Fig. ES2) (e.g. Aagaard et al., 1981).The deep waters from the Eurasian Basin exit the Arctic
through the Fram Strait and contribute to the deeper layers in the Nordic Seas (e.g. Rudels,
2015).

3.2. Dissolved and Particulate >**Th Concentrations

. . 232
Concentrations of dissolved

Th in the Arctic Ocean ranged between 11 and 205 pg/kg and
were generally decreasing with depth (Fig. 2). Elevated concentrations of ***Th were observed
close to the Nansen shelf break at station 04 and 18 (72-205 pg/kg) and in surface waters of

station 101 (139-194 fg/kg). Below ~500 m depth, concentrations of dissolved ***Th were
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higher closer to the Nansen margin (24-80 pg/kg) compared to the Nansen interior (11-60
pg/kg) (Fig. 2). Concentrations of particulate “**Th in the Barents Sea display elevated
concentrations at depth, where concentrations up to ~2500 pg/ kg were observed at station 04
(Fig. 3). At the deep stations, particulate >**Th ranged between 10 pg/kg and ~80 pg/kg, where
lower concentrations were observed at the ocean interior (St. 101 and 50) compared to the

margin (St. 32) (Fig. 3).

3.3. Dissolved 231PaXs and 230ThXs Concentrations

f #'Pa and *°Th must be corrected for the presence of detrital

Measured concentrations o
components due to the presence of U in lithogenic particles. The concentration of lithogenic U is
estimated from the measured concentrations of “**Th, which is entirely of lithogenic origin
(Brewer et al., 1980). As U is assumed to be at secular equilibrium in lithogenic phases, the
unsupported *'Pa and *°Th (*'Pay, and *°Thy) produced solely by radioactive decay of

dissolved U-isotopes can be calculated:

230

Th M230

230Thxs — 230Thm _ 232Thm X 55 % (1)
Th Litho M232

2307 235y pl 2 M231
231Paxs — 231Pam_ 232Thm X ( ) X ( > X 230 X 235 X (2)
Nat

238y X238 Ap31 M232

where the subscript m refers to measured concentrations of *'Pa, #°Th (fg/kg) and 23ITh (pg/kg)
in seawater and particles. The (235U 38U)Nat is the natural **U/®U ratio of 1/137.88
(atom/atom) (Condon et al., 2010) and the (**’Th/*’Th).m, was estimated from the average
activity ratio [°°*U/**Th] = 0.6 + 0.3. This range is relatively large compared to values used
previously for the Arctic Ocean ([***U/4*Th] = 0.6 + 0.1, Moran ef al., 2005). It allows covering
the high value ([***U/*’Th] = 0.9) deduced from the *°Th/**Th (=4.75 x 10™® mol/mol)
measured in the dirty ice, as well as the low ratio ([Z*U/*?Th] = 0.3) inferred from the filtered
particles at station 04 to avoid “negative >*'Pay-values” in (see Section 3.4). The secular
equilibrium in the lithogenic fraction of marine sediment is at has been questioned due to the

231

possible loss of >**U (through ***Th, its parent isotope), >**Th and **'Pa (through **'Th, its parent

isotope) by a-recoil (Bourne-Worster ef al., 2012).
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Figure 3: Particulate concentrations of Blpa, ®*Thy and *’Th for shelf stations (upper panel) and deep
stations (lower panel). Diamonds: Nansen Basin, triangles: Makarov Basin and circles: shelf stations.

At present, it is unclear if this process is sufficient to explain the discrepancy between the 2

estimates of the [Z*U/**?

Th] activity ratio presented here. Therefore, we conservatively consider
the range [Z*U/~*Th] = 0.6 + 0.3 as possible and to propagate the resulting uncertainties. The
same lithogenic corrections have been made for the dissolved concentrations of *'Pa and ***Th
at stations 50 and 125 measured by Valk ef al. (2018).

A2s30, A231, A23s and M35 are the decay constants for 20T (A230 = 9.16 % 1076 yﬁl), Blpy (M231 =
211 x 107y, 2°U (hazs = 9.85 x 107 y™') and 2*U (a3 = 1.55 x 107" y"), respectively
(Cheng et al., 1998; Condon ef al., 2010). M230, M231 and M232 are the atomic masses of >*°Th
(230.033 g/mol) *'Pa (231.036 g/mol) and ***Th (232.038 g/mol). The concentrations of **'Pa
and °Th can be converted to radioactivity units (uBq/kg) by using the conversion factors
0.5724 and 1.3110, respectively. 2**Th concentrations can be converted to pmol/kg using the
atomic mass of **Th (232.038). Higher lithogenic content was observed in particles and
seawater collected at the shelf, margin and in bottom waters of the deep basins. On average, the
lithogenic contribution ranged between 0.04 and 33% for dissolved **'Pa, between 2.3 and 72%
for particulate **'Pa, between 0.3 and 34% for dissolved ***Th and between 1.0 and 58% for

230

particulate *°Th. In the deep Arctic Basin, the observed dissolved concentrations of **'Pa,, and
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20Th,, are increasing with depth until ~2000 m, followed by decreasing or invariant
concentrations approaching the seafloor. This depletion at depth was more pronounced at the
Nansen Basin stations (32, 40, 50) compared to the Makarov Basin station (101). The depletion
of Z*Thy, in the Nansen Basin was greater compared to the decrease of dissolved *'Pay in
waters below 2000 m depth (Fig. 2). In the Makarov Basin, dissolved **'Pay, ranged between
0.02 and 4.0 fg/kg and concentrations of dissolved ***Thy, ranged between 0.9 and 27.9 fg/kg. In
contrast, lower concentrations of dissolved *'Pay (0.19-1.9 fg/kg) and **°Thy, (2.1-8.9 fg/kg)
were observed at the deep stations of the Eurasian Basin (Fig. 2). In the Barents Sea,
concentrations of dissolved **'Pay,s were lower in the polar waters of stations 04 and 18 (0.1-0.2
fg/kg) compared to the inflowing Atlantic Water stations 153 and 161 (0.23-0.6 fg/kg), while the
dissolved **'Pay in shallow waters (< 500 m) over the slope (St 32) and in the Nansen Basin
(stations 40 and 50) (**'Pays = 0.20-0.4 fg/kg) are intermediate between the Atlantic inflowing
water (St. 153, 161) and close to Svalbard (St. 4). The distribution of dissolved **°Thy, was
similar for all four shelf stations (0.5-1.99 fg/kg) (Fig. 2) and generally lower compared to water
at corresponding depth of the interior basin (2.3-3.8 fg/kg) (Fig. 2). At station 125, located in the
Amundsen Basin, the water column distribution of dissolved **'Pa was similar compared to the
stations located in the Nansen Basin, while concentrations of dissolved 20Th in the Nansen
Basin (St. 32, 40, 50) were similar or higher compared to the distribution of dissolved 29Th from

500 m to 2000 m depth at station 125 (Fig. 2).

3.4. Particulate 231PaXs and 230ThXs Concentrations

The filtered particles from station 04 (Table ES2) and the dirty ice (Table ES3) were used to

238 7,232
U/

determine the range of [ Th] activity ratios of the lithogenic material. There was a high

abundance of lithogenic particles at station 04 (***Th = 46-2400 pg/kg) and these particles have

238[J/232

low *'Pa/***Th ratios that must be supported by a [ Th] activity ratio of ~ 0.3 (to avoid

negative values of 23 lPaXS), a value that we take as the lower limit of the [238U/232

Th] activity
ratio of the lithogenic material. Ice rafted sediments embedded in sea ice (called “dirty ice”) are
an important source of lithogenic particles in the Arctic Ocean (Pfirman and Thiede, 1987). As
dirty ice is formed on the shelf, it may contain shelf sediments that have been incorporated into
the ice as anchor ice or by sediment resuspension. This means that the dirty ice could contain
some 2**Thy, that has been scavenged over the shelf. Here, the 20Th/*2Th ratio (=4.75 % 10°¢

2387 1,232
U/

mol/mol) of dirty ice is supported by a [ Th] activity ratio of ~ 0.9, a value in good

agreement with the estimate of the average continental crust suggesting that dirty ice is free of

238[J/232

29Th,,. Therefore, we take 0.9 as the upper limit of the [ Th] activity ratio of the
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lithogenic material. Concentrations of particulate 231PaXS and 23OThxs in the Arctic Ocean
generally display an increasing trend with depth. Particulate concentrations of **'Pay ranged
between 0.0004 and 0.08 fg/kg and particulate >**Th,, concentrations ranged between 0.001 and
5.6 fg/kg. Elevated particulate 2 1PaXS and 230ThXS concentrations were observed close to the
seafloor at stations 04, 153 and 161 and in deep waters of the Nansen and Makarov Basins (Fig.
3). Due to the high abundance of particulate **>Th at station 04 (***Th = 46-2400 pg/kg), it was
not possible to estimate the unsupported particulate **'Pa,, concentrations for this station (see
above). In the interior Nansen (Station 50), the distribution of particulate Blpy « and POThy,
displayed an increase with depth until ~3000 m, followed by a decrease in particulate
concentrations approaching the seafloor. At station 32, concentrations of particulate **°Thys
ranged between 0.02 and 5.6 fg/kg, which was similar to concentrations observed at station 50
(0.28-5.9 fg/kg). In contrast, particulate **'Pay, (> 2000 m) was lower at the slope (0.05-0.08
fg/kg) compared to the interior (0.13-0.18 fg/kg) (Fig. 3). The distribution of particulate 20T,
observed at station 101 was very similar to the slope and interior of the Nansen Basin, while,
below 1500 m, the particulate 231pa . concentrations were lower in the Makarov Basin compared
to the stations located in the Nansen Basin (Fig. 3). As this manuscript was already submitted,
the intercomparison work revealed that the particulate *'Pa concentrations at station 101 are ~
50% lower than at the nearby station of the USCGC Healy HLY 1502 (GNO1) cruise in 2015
(while particulate Th isotopes are essentially similar at the 2 stations). Therefore, the
interpretation of particulate Pa data requires caution Before we can compare particulate **°Thy,
and 231PaXS in the water column with measurements in the surface sediment, we must first
evaluate if an age correction is required for the sediment samples, as the sedimentation rate in
the Arctic Ocean can be very low. Sedimentation rate estimates in the Makarov Basin range
from 0.4 to 4 cm/ky (e.g. Nowaczyk et al., 2001). It corresponds at most to a mean age of 1.2 ky
for the 1st cm of the sediment core, so that it is not necessary to correct the 231Paxs/BOThxs ratio
for radioactive decay in the sediment. The higher sedimentation rates encountered over the
Barents Sea and slope make age corrections negligible (Ivanova et al., 2002). We have
determined the **U and **U content of the 3 sediments (Table ES3). The [**U/**U] activity
ratio of the 3 sediments is slightly below equilibrium suggesting the absence of seawater derived
U, in agreement other arctic sediments (Hillaire-Marcel ef al., 2017). Hence, we can estimate the

238U/232

[231Paxs/23 OThXS] activity ratio more precisely than based on the [ Th] range determined for

the suspended particles.
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3.5. The Fractionation Factor

The fractionation factor (Fryp,) was calculated as follows:
FTh/Pa = (ZBOThXS/Zglpaxs)p/( 230Thxs/23lpaxs)d (3)

Fractionation factors obtained in this study ranged between 2.7 and 25.4 (Fig. 4). They are
comparable to values reported from other ocean basins (e.g. Hayes et al., 2015a; Moran et al.,
2002, 2001; Scholten et al., 2008). The distribution of Fryp, with depth was rather constant (Fig.
4). Below 1000 m depth, fractionation factors were consistently lower at station 50 in the interior
of the Nansen Basin (2.7-13.3) compared to the Nansen margin (3.7-22.3) and the Makarov
Basin (7.2-25.4) (Fig. 4).
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Figure 4: Pa-Th Fractionation factors. Diamonds: Nansen Basin, triangles: Makarov Basin and circles: shelf
stations.

4. Discussion

4.1. 230ThXS and 2’Th Scavenging in the Arctic Ocean

Early studies of *'’Pb,, and **°Th,, in Arctic sediments highlighted that their inventory in the
sediments exceeded the supply from the overlying water column near the slopes and shelves and
were greater at the margins compared to the interior basins (Huh et al., 1997; Smith et al., 2003).
This process, usually referred to as boundary scavenging was expected to be pronounced in the
Arctic Ocean due to the high proportion of shelf areas with the associated high particle flux
versus the low particle flux regions in the ice-covered interior basins (Bacon et al., 1989;
Cochran et al., 1995; Edmonds et al., 2004; Scholten et al., 1995). Early studies estimated the

Th scavenging rates using a simple 1D production-vertical scavenging model (Bacon et al.,
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1989; Edmonds, 1998; Scholten et al., 1995), but this view was later challenged to include the
effect of lateral transport, the effect of deep water ventilation (Scholten et al., 1995) and
boundary scavenging (Roy-Barman, 2009). Box-modelling using sedimentary and dissolved
23 OThXS and 2 1PaXS data suggests that ~90% of the in-situ produced 230ThXS was removed within
the Arctic Ocean by particle scavenging and that a large fraction of the scavenged ***Thy, was
removed by boundary scavenging along the Arctic margins (Moran et al., 2005; Roy-Barman,
2009). The dataset presented here will be used to revisit our understanding of the scavenging
processes in the Arctic Ocean. We start the discussion with **°Th because it is highly particle
reactive (relative to Pa) and currently used to study and identify variations in scavenging

intensity (e.g. Roy-Barman, 2009; Hayes et al., 2015a, 2015b).

4.1.1. The Makarov Basin

When lateral transport can be neglected, the 1D reversible scavenging model predicts a linear
increase of both dissolved % 0ThXS (23 OThXS_d) and particulate 23OThXS (230Thxs_p) concentrations with
depth and consequently produces a constant 230Thxs_p/23 OThye.q ratio throughout the water column
(Bacon and Anderson, 1982). Among all stations re- ported here, these conditions seem best
fulfilled at station 101 in the Makarov Basin, particularly above 2000 m depth (Figs. 2 and 3).
Station 101 is located in the Makarov Basin at high latitude isolated from continental margins.
Therefore St. 101 can be used as a reference station to evaluate the effect of continental margins
on the scavenging in the interior ocean. Neglecting horizontal transport, the 230Thxs_]D con-
centration is a function of the settling rate (S) of small particles and of the water depth (4):

P Xh
§ = ppamxt @
Thys—p

>%Th in the water column (0.56 fg/kg/y). The settling

where the P,;gz is the production rate of
rate (S) of particles (> 0.8 um) in the Makarov Basin ranged between 340 and 440 m/y, which is
consistent with earlier estimates in the central Arctic Ocean (e.g. Edmonds et al., 2004; Scholten
et al., 1995) and very close to new estimates e.g. S = 434 m/y (Rutgers Van Der Loeff ef al.,
2018) However, it may represent an upper limit for the particle settling speed in the central
Arctic, because this calculation neglects the possible role of boundary scavenging (Roy-Barman,
2009). The scavenging residence time of *°Thy (~55 y) is much shorter than the water
ventilation residence time in the Makarov Basin (e.g. Scholten et al., 1995). Since particle fluxes

in the Makarov Basin are low and the water residence time is high, dissolved 230ThXS

concentrations have more time to build up by the decay of uranium and stay in solution (Fig. 2).
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The particulate/total ratio of **"Thy, is relatively low (6—16%) and tends to increase with depth at
station 101 (Fig. 5).

Below 2000 m depth, dissolved »Thy, displayed more invariant concentrations followed by
decreasing concentrations approaching the seafloor (Fig. 2). The ventilation of the deep Arctic
could contribute to produce such concave profiles (Scholten et al, 1995). However, the
ventilation age of the deep Makarov Basin is hundreds of years, which is much longer compared
to the 2°Th scavenging residence time (e.g. Rutgers van der Loeff ef al., 2018). These depleted
concentrations of dissolved 230ThXS and 2’Th close to the seafloor were accompanied with
elevated concentrations of particulate *°Thy, and **Th (Fig. 3), suggesting enhanced removal of
dissolved *"Thy close to the seafloor. No benthic nepheloid layer was detected by transmission
(Fig. ES4). However, even a slight increase in resuspended sediments (not detectable by the
transmissometer) may be sufficient to enhance scavenging and removal of dissolved *°Th close

to the seafloor.
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Figure 5: Depth profiles of (a) the particulate/total ratios of 2 lPa,‘s and (b) particulate/total ratios for 23'OThxs.
Diamonds: Nansen Basin, triangles: Makarov Basin and circles: shelf stations.

4.1.2. The Eurasian Basin

A sharp depletion of **°Th, observed in deep waters (> 2000 m) of the Nansen was recently
attributed to removal of 230Thxs related to release of dissolved iron from hydrothermal vents at
the Gakkel Ridge (Valk ef al., 2018). Therefore, the following discussion will mainly be divided

into water masses above and below 2000 m depth.
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4.1.2.1. Waters above 2000 m

On the Barents shelf, the temperature and salinity at station 153 and 161 clearly indicate the
inflow of saltier and warmer AW (Fig. ES2). As a consequence, the dissolved ***Thy
concentrations (Fig. 2) compare well to surface concentrations from the northern Atlantic Ocean
(Hayes et al., 2015a). Close to the seafloor at station 153 and 161 elevated particulate ***Thy, and
#2Th concentrations were observed (Fig. ES2). The increased particulate fraction of **°Thys at
the bottom of the water column accompanied with reduced dissolved 23 0ThXS indicates bottom
scavenging over the shelf (Figs. 2 and 3). The low beam transmission (300—450 m depth) reflects
resuspension of bottom sediments resulting in enhanced scavenging (Fig. ES4). This probably
happens due to the inflow of AW over the Barents Sea shelf which disrupts the sediments close
to the seafloor (Lukashin and Shcherbinin, 2007). At stations 04 and 18, the polar waters was
less salty and colder compared to the Atlantic inflow, suggesting influence of ice melt and runoff
close to the coast of Svalbard (Fig. 3). This was also reflected by the low beam transmission in
the surface and bottom waters over the Barents shelf, indicating the presence of suspended
particulate material (Fig. ES4). In addition, extremely high concentrations of particulate ***Th
(up to ~2400 pg/kg) and elevated concentrations of dissolved ***Th (100-200 pg/kg) were
observed at station 04 and 18, suggesting that the particulate material is dominated by lithogenic
inputs and partial dissolution of these particles (Fig. 2). Nevertheless, the dissolved 20T h
concentrations at stations 04 and 18 compare well with those of stations 153 and 161 suggesting
that the water flow rate does not leave enough time for net scavenging to occur. Station 32 and
40 are located within the FSBW, where the modified Atlantic inflow (~2.5 °C) can be recognized
between ~100 and 1000 m depth, followed by colder and less salty deep waters (Fig. ES2).
Concentrations of dissolved ***Thy, in surface waters at station 32 and 40 (2.3-2.7 fg/kg) were
within the range but on the high side of North Atlantic (*"Thy, = 0.76-3.4 fg/kg, Hayes et al.,
2015a, 2015b) and Norwegian Sea (**°Thy = 0.6-2.3 fg/kg, Moran et al., 1995) values. At
station 32 and 40, dissolved *’Thy, increases linearly with depth until ~1500 m and then
becomes constant (Fig. 2). This departure from the equilibrium profile suggests the possibility of
enhanced scavenging at the margin. By contrast, Station 50 (Valk et al., 2018) is located within
the return flow of the FSBW (Fig. ES2 and ES3). Dissolved 230ThXS concentrations increase
linearly down to 2000 m and they are higher than at station 32 and 40 indicating a lower
scavenging rate. Surprisingly, the distribution of particulate 29T, was very similar at stations

32 and 50 (and also at station 101) (Fig. 3). Elevated concentrations of particulate ***Th at the
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margin (St. 32) compared to the inner ocean (St. 50) are likely due to the advection of shelf
waters (St. 4) transporting 2**Th into the interior basin.

The dissolved 230ThXS concentrations were considerably lower in the Amundsen basin (station
125) compared to the Makarov basin (station 101) (Fig. 2), as shown previously (Scholten et al.,
1995; Valk et al., 2018). This reflects the large difference in water residence times be- tween the
Makarov and Amundsen Basins (Schlosser et al., 1997), where the longer water residence time
in the Makarov Basin allows the concentrations of “**Thy to build up over time by the decay of
U, whereas waters from the Amundsen Basin were submitted to boundary scavenging while
flowing along the eastern Siberian margin.

Except the surface samples (< 100 m), the dissolved **°Thy concentrations are significantly
lower in the Nansen and Amundsen Basins (St. 50, 40, 32,125) compared to the Makarov Basin
(St. 101). Within the Eurasian Basins (above 2000 m), a horizontal gradient of dissolved **Thys
content between stations 125, 32, 40 and 50 was observed (Fig. 2). At station 50, dissolved
29T, concentrations were highest, followed by intermediate concentrations at the Nansen
margin (St. 32, 40) and the lowest dissolved ***Th,, were observed at station 125. This suggests
that 2*°Th,, is scavenged along the boundaries as the dissolved 20Thy, is decreasing towards the
margin. The water at station 125 has probably experienced more scavenging on the Kara and
Laptev shelf compared to the Barents shelf. Another possible reason for the low ***Thy
concentrations observed at 125 is scavenging onto particles carried by the TPD (Trans Polar

Drift) (Charette, pers. com.).

4.1.2.2. Below 2000 m

Below 2000 m, the 230ThXs concentrations are relatively constant and identical within the
Eurasian Basin. The sharp decrease at station 50 is clearly due to hydrothermal scavenging (Valk
et al., 2018). In 2015, there was no sign of a strong hydrothermal activity in the beam
transmission data suggesting that the hydrothermal event was over at the time of sampling and
that the hydrothermal plume had faded away (Fig. ES4). The major part of the hydrothermal
plume in the basin is expected to be transported out of the Nansen Basin along the Gakkel Ridge
directly towards Fram Strait (Fig. ES3). Therefore, the distribution of dissolved ***Thy at
stations 32, 40 and 125 are not directly downstream of station 50 and their **°Thy do not
necessarily represent hydrothermal scavenging conditions. Valk et al. (2018) identified
hydrothermal plume water by their high dissolved Fe content. The dis- solved Fe content of the

deep waters at station 32 are higher than at station 50: it does not correspond to an hydrothermal
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source, but to sediment resuspension at the slope as a source of dissolved Fe (Klunder et al.,
2012, Rijkenberg et al., 2018).

232

An additional argument for deep enhanced scavenging comes from “°“Th. In general, dissolved

22T concentrations increases with depth in the deep ocean (e.g. Moran et al., 2002; Scholten et
al., 2008; Okubo et al., 2013). In the present study, ***Th decrease with depth, a feature that was
already observed in the Arctic (Edmonds et al., 2004), but remained unexplained. The lack of
increasing dissolved ***Th concentrations towards the seafloor suggests enhanced bottom

scavenging. The lowest dissolved **

Th in the deep basins occurs at station 50 suggesting the
involvement of scavenging by the hydrothermal plume. However, low deep dissolved **Th is
also found in the Makarov Basin, where scavenging by a hydrothermal plume is not suspected.
Note that the higher concentrations at station 32 do not necessarily represent a lower scavenging
rate because a high scavenging rate can be balanced by a high input flux by particle
resuspension/dissolution as suggested by the relatively low beam transmission and high

232

particulate ~°“Th at this station.

4.1.2.3. The Particulate Fraction

Despite different dissolved **°Thy profiles at stations 32, 50 (Nansen Basin) and 101 (Makarov
Basin), the particulate >**Thys concentrations above 2500 m depth were similar at these stations
(Fig. 3). By contrast, particulate 22Th concentrations were higher at station 32 compared to
stations 50 and 101, highlighting the role of the continental margins in providing high levels of
particulate matter into the low productivity interior ocean. The particulate fraction of ***Thy
increases with depth at stations 32 and 50 from 1% to 45% with a local maximum (20%) around
200 m (Fig. 5). This subsurface maximum particulate fraction can be related to the high **Thy
particulate fractions associated to the bottom nepheloid layers on the shelf at station 153 and 04.
Despite the high concentrations of particulate *°Thy in the Makarov Basin, the ***Thy,
particulate fractions are higher at stations 32 and 50 because the dis- solved ***Thy
concentrations are much lower in the Nansen Basin compared to the Makarov Basin. At station

230ThXS at the bottom of the water column ac-

32 and 101, the increased particulate fraction of
companied with reduced dissolved **°Thy indicates bottom scavenging in deep waters of the
open basin as it was already observed over the shelf (Figs. 2 and 3). At station 50, the increased
29T, particulate fraction of the bottom waters is the relic of a hydrothermal plume induced
scavenging event, possibly at a stage where the steady state situation is being achieved again

(Valk et al., 2018).
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4.2. Modelling B0Th Scavenging in the Arctic Ocean

Several features listed in previous sections of this paper (increasing >*°Thy particulate fraction
with depth; decreasing dissolved *°Thy content in the deepest waters of the ocean margin) are
not consistent with the 1D scavenging models that predict a linear increase of dissolved and
particulate *°Thy, concentrations with depth and a constant *°Thys particulate fraction with
depth (e.g. Bacon and Anderson, 1982, Roy-Barman et al., 1996). They are not consistent with
the boundary scavenging model of Roy-Barman (2009) either, because this model predicts a
rather linear increase of dissolved 230ThXS with depth at the margin and a constant 230ThXS
particulate fraction with depth. This is certainly due to an oversimplification of the particle
dynamics: particles were assumed to have a constant vertical flux and their transport be- tween
the margin and the ocean interior was neglected. To overcome these assumptions, we propose a
boundary scavenging model where particles are introduced both at the ocean surface and also
throughout the water column at the margin (hypothesis 1) and where particles are transported
between the margin and the ocean interior (hypothesis 2). The input of particles at all depths of
the ocean margin can be viewed as a result of nepheloid layers on the shelf or on the slope
and/or to the chemical evolution of particles as they settle through the water column
(precipitation of Fe-Mn oxyhydroxides at depth for example). A key point is that the particles
introduced at depth are assumed to be free of 230ThXS and 2 1PaXS when they are introduced in the
water column, so that the input of particles will not be associated with an input of *°Thy, and
#1pa,s (hypothesis 3). This means that the particles are not merely resuspended local bottom
sediments, which are known to contain 230Thxs. Instead, we hypothesize that nepheloid layers
flow downward as turbidity currents along the slope with no or little mixing with sur- rounding

#%Th until they detach from the slope. Only then, particles

waters so that they may not scavenge
spread and scavenge “*°Thy, from the deep waters. This view differs from Rutgers van der Loeff
and Boudreau (1997), who assumed equilibration between seawater and particles. Hypothesis (3)
is required because a dissolved Thy, depletion compared to the equilibrium profile cannot be
produced by resuspension of sediments that would already be “equilibrated” with overlying
seawater. Hypothesis (3) is crucial for creating a water column ***Thy profile as observed in this
study. Transport of particles between the margin and the inner ocean (hypothesis 2) allows that

most particles in the ice-covered central Arctic are advected from the margins.
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Figure 6: Schematic representation of the boundary scavenging profile model: the margin and open ocean
boxes exchange a total flux of water (F). Vertical mixing is neglected. Particles are introduced in the surface
waters of the ocean margin and interior and at all depths in the margin box (bent arrows). Particles are then
transported by currents between the margin and ocean interior.

4.2.1. Transport of Water

In this box model, the Arctic Ocean is divided into 2 boxes: the ocean margin and the ocean
interior (Fig. 6). The water volumes of the margin and of the ocean interior are V,, and V; (m?)
(Jakobsson, 2002). These 2 boxes exchange a total flux of water F (m’/s). For simplicity, we
assume that the water flows horizontally between the boxes. Vertical mixing and ventilation of
water by inputs through Fram strait and Barents Sea are neglected. Hence, at any depth in the
water column the residence time of the water with respect to horizontal exchange is T, = Vi /F at
the margin and 1; = V;/F at the ocean interior (Table 1). The time constant associated to water
transport are k,, = 1/1, and k = 1/1. The time constant associated with water exchange between
the ocean margin and the ocean interior are ky, = 1/t for the ocean margin and k = 1/t for the

ocean interior.

4.2.2. Particle Transport

In this study, the concentration of particles was not measured. The particle concentration is
embedded in the dissolved-particulate partition coefficient K, introduced in the following
section. We scale the impact of particle concentration on the partition coefficient K with a

parameter m assumed to be proportional to the particulate concentration:

m = P(z)/P™(0) )
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where P is the particle concentration (at the margin or in the ocean interior) and P"(0) is the

particle concentration in the surface water of the ocean margin.

Table 1: Parameters of the boundary scavenging profile model.

Parameter Ocean Ocean
interior margin

V (m’) 6.5 x 10" V (m’)

T (y) 50 10

k 0.02 0.1

S (m/y) 300 600

K*Th 0.11

K*'Pa 0.0075 0.0075

p”’Th (fg/m’/y) 0.056 0.056

p*'Pa (fym’/y) 0.025 0.025

n(y") 0.5

m (0) 1.5 1

Hence, m" = 1 in the surface water of the ocean margin and m is proportional to the particle
concentration elsewhere. The conservation equations for m” and m' at the ocean margin and in
the inner ocean include particle production throughout the water column at the margin
(hypothesis 1) and particle transport between the margin and the inner ocean (hypothesis 2) and

are given by:

dm™ dm™ i

7=—5m?+km(ml—mm)+,uxmm (6)
dmt - dmt .

o = ~St +l(m™ —m') Y

where S” and §' are the settling velocities of the particles at the margin and in the inner ocean.
They are both assumed to be constant with depth. We expect higher particle settling rates at the
margin compared to the interior due to increased production and the associated particle flux
(Anderson ef al., 1983). p is an arbitrary parameter aimed to produce an exponential increase of
the particle concentration in the deep waters. p operates as if (1) increasing turbulence towards
the seafloor and increases the particle concentration by formation of ne- pheloids and/or (2) a
diffusive flux of dissolved Manganese (Mn) from the sediment which allows precipitation of Mn

oxides (that scavenges Pa and Th) towards the sea floor. Assuming a steady state, we obtain:

d;nzm =I;—T";(mi—mm)+simxmm (8)
dd_ﬂzl‘ _ %(mm —mb) 9)

Bulk dissolution of particles was not considered. The observed increasing particulate *°Th

fraction with depth points to an addition of particles with depth rather than a significant
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dissolution with depth, which would induce a concave shaped *°Th profile (Roy-Barman e al.,

1996). Moreover, there is no direct constraint on the particle dissolution in the present study.

4.2.3. Transport of 230ThXs and 231PaXS

In each box, 2*°Th and **'Pa re produced by in-situ decay of U at a constant rate P. The produced
29Th,, and *'Pay, are then transported towards the seafloor by reversible scavenging onto
sinking particles and transported horizontally by the flow of water (Fig. 6). Considering the long
half-life of **°Th (75,000 y) and **'Pa (32,700 y), the radioactive decay of the two isotopes was
neglected. Dissolved and particulate concentrations are noted as C;” and C" for the margin and
C' and C' for the ocean interior. The conservation equation of total >*°Th is given by:

The ocean margin:

AL - —5m2E 1 k(G + Gl = [ + G + P (10

The ocean interior:

a(ch+c})
de

= 515 4 e ([C3r + €] — [Ch + CL]) + Paso (11)

At the margin (eq. 10), the only source term is the in-situ production because the particles
introduced in the water column of the margin do not contain **°Thy (hypothesis 3). The
relationship between C; and C, is obtained by assuming a reversible equilibrium between

dissolved and particulate Th:

Ci=Kxm'xC} (12)

Cpt =K xmmx (g (13)

where K is the equilibrium coefficient of Th or Pa between the particulate fraction (mass of
radionuclide carried by particles per 1 of seawater) and the dissolved fraction (mass of
radionuclide in solution per 1 of seawater) (K = concentration in particles/concentration in the

dissolved phase).
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Figure 7: Boundary scavenging model outputs. Modelled profiles of (a and d): particle abundance and the
BOTh particulate fraction, (b and e): dissolved and particulate 2**Th, and ¢ and f): dissolved and particulate
Blpa, in comparison with measured data obtained at station 32 (margin) and 50 (interior). Pink open
diamonds (st. 32) and orange diamonds (st. 50) represent measured data while the pink lines represent the
margin model and orange lines represent the interior ocean model. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

K is assumed to be constant with depth and particle concentration. Assuming a steady state, we

obtain:
_d(m;c;n) = Sim{km ((1 +Kxm')Ci— (1+K x mm)C,f{‘) + P230} (14)
—d(md;cd) = %{ki ((1 +Kxm™)C— (14K x mi)Cc"i) + P230} (15)

Egs. (10), (11), (14) and (15) are solved numerically. We use circulation parameters already
obtained for modelling the boundary scavenging in the Arctic Ocean (Roy-Barman, 2009). The
water residence time with respect to horizontal exchange is 10 y for the ocean margin and 50 y
for the ocean interior (Table 1). All the other para- meter are adjusted by trial and error in order
to obtain a reasonable agreement (Fig. 7) with the dissolved and particulate profiles of station 32
(Nansen margin) and station 50 (Nansen interior, above 2000 m to avoid the hydrothermal
scavenging that is not represented in the model). Qualitatively equivalent results were obtained
for station 32 and station 101 (not shown). The boundary conditions for the particle
concentration are m"(0) = 1 (by definition of m) and m'(0) = 1.5 to obtain a reasonable fit

230

between the model and the “"Th profile (see discussion below). This implies that there is an
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input of particles in the surface waters at the margin and in the interior ocean. We use u = 0.5
y ', As the particle settling speed at the margin is set a 600 m/y, it corresponds to an increase of
the particle concentration at the margin of a factor 2.71 every 1200 m of depth. By default, we
choose the same value for K (= 0.11), at the margin and in the inner ocean. If we want to
reproduce the similar vertical 230Thp gradients observed at the margin and in the inner ocean

(Fig. 3), the settling velocity of the particles must be higher at the margin (600 m/y) compared to

m

the ocean interior (340 m/y. Indeed, if dd% ~ %, Egs. (14) and (15) can be combinedtoyield:

st P23°_ki(ct§l+p‘czﬁp) (16)

sm P230+km(C,L1+p—CZﬁp)

As CCin — Cit, > 0, it follows that S* < S™.

In other words, S' < S™ because at the margin, an excess of >*°Th advected from the inner ocean
must be removed by settling particles with the same vertical ** 0Thp gradient as in the inner

. . 230
ocean. Conversely, in the inner ocean, less

Th must be removed by settling particles with the
same vertical 23OThp gradient as at the margin. Note that S' = S™, only if ki = ky = 0. This
corresponds to the 1D reversible scavenging model that would not account for the increasing

20Th particulate fraction with depth and for the non-linear dissolved **°

Th profiles. Given the
simplicity of the model, we do not expect a full agreement with the data despite some tuning of
the parameters. For example, the hydrothermal scavenging of ***Thy below 2000 m depth,
possibly occurring at station 50 is not represented in the model. Nevertheless, we believe that the
model captures some effects of particle accumulation and scavenging at depth. This is in line
with 3D modelling results showing that dissolved Th and Pa profiles in the Atlantic Ocean are
better simulated when a parametrization of boundary and bottom scavenging is introduced
(Rempfer et al., 2017). As observed in the data, the modelled dissolved ***Th,, concentration
profiles increase with depth followed by a decrease in concentration approaching the seafloor
(Fig. 7). The model also captures the linear increase of the particulate **°Thy, concentrations with
depth, as observed in the data (Fig. 7). Despite the reversible scavenging equilibrium hypothesis,

dissolved and particulate ***Thys are not proportional because the mass of particles “m” increases

with depth (eq. 1).
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Figure 8: Dissolved Blpa,, versus DSi measured during PS94 (Van Ooijen ef al., 2016). Diamonds: Nansen
Basin, squares: Amundsen basin, triangles: Makarov Basin and circles: shelf stations.

Therefore, the linear particulate *°Thy profiles result from the gross linear increase of the
20Th,, in-situ production with depth (it is not perfectly linear due to lateral transport). Despite
this linear increase of the particulate 23OThxs, the dissolved **°Th,, concentrations can de- crease
with depth due to the increased particulate scavenging. As a consequence of the dissolved and
particulate profile shapes, the particulate/total fraction of **°Thy increases with depth as
observed in the data (Figs. 5 and 7). The measured particulate 29Th,, concentrations are
relatively similar at stations 32, 50 and 101 (Fig. 3). This is surprising and probably
circumstantial: the high particle mass equilibrating with a low dissolved 23 OThXS content at the
margin balances the lower mass of particles equilibrating with a higher dissolved **°Thy
concentration at the interior ocean. A direct consequence of these similar particulate *Thy
profiles is that the vertical flux of »**Th, is increased at the margin where the particle settling

velocity is higher compared to the ocean interior. Hence, boundary scavenging occurs.

4.3. 2'Pa,, Profiles: Scavenging versus Circulation
#1pay, is less particle reactive compared to ***Thys, as indicated by the lower **'Pay particulate
fraction compared to the 20T, particulate fraction (Fig. 5). As a consequence, 1pay profiles
generally deviate more strongly from the linear increase expected from reversible scavenging
due to a significant transport by advection (e.g. Hayes et al., 2015a, 2015b; Gdaniec et al.,
2017). In the Arctic, Moran et al. (2005) estimated that 39% of the %' Pay, produced in the Arctic
Ocean is expected to be exported to the Atlantic Ocean through the Fram Strait. However, in the

. . . . 231 . .
Makarov Basin, ventilation cannot account for the non- linear **'Pa profile, as the residence time

of the deep water is several hundreds of years (e.g. Rutgers van der Loeff er al., 2018).
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Therefore, this non-linear profile may be related to scavenging along the basin boundaries (Roy-
Barman, 2009).

On the Barents Shelf (St. 153 and 161), representing the inflow of unmodified Atlantic waters,
the dissolved **'Pay is in the same range as the concentrations (*'Pay = 0.33-0.68 fg/kg)
measured in the north- eastern Atlantic (Hayes et al., 2015a, 2015b). At stations 04 and 18, the
dissolved *'Pay (0.19-0.36 fg/kg) becomes slightly lower, possibly reflecting scavenging of
»'pa,, on the Barents Shelf (Fig. 2). Pa scavenging over the Barents Self is not surprising
because the area is known for its diatom blooms (Wassmann et al., 1990). The dissolved 231PaXS
in shallow waters (< 500 m) over the slope (St. 32) and the Nansen Basin (stations 40 and 50)
(**'Pays = 0.20-0.4 fg/kg) are intermediate between the Atlantic inflowing water (stations 153

and 161) and close to Svalbard (St. 4).

As for the 2°Thy, (and 23 2Th) in bottom waters of station 153 and 161, depleted concentrations
of dissolved **'Pay were accompanied with elevated particulate **'Pay, concentrations (Figs. 2
and 3), indicating removal of 21pa, at the Barents shelf, close to the seafloor. The particulate
fraction of **'Pay, in deep waters of the interior Nansen was very small (0.2—-0.9%) compared to
Thy (25-48%), which is expected due to the overall lower particle reactivity of **'Pa

20Th). Extremely low dissolved »*'Pay concentrations (0.02 + 0.005 fg/ kg) were

232

(compared to
observed in surface waters (10—-100 m) of station 101 (Fig. 2). As the high ““Th content of these
waters was attributed to advection by the transpolar drift (e.g. Rutgers van der Loeff et al.,

21pa over the shelf and that

2018), it is likely that these waters were completely depleted of their
during their transit to station 101 reversible scavenging has acted to build up a linear equilibrium
profile. The sea-ice cover has prevented this equilibrium profile (> 100 m) from re-
homogenization by wind-induced mixing. In the deep basins, deep/bottom scavenging also
occurs, as suggested by the elevated particulate *'Pay concentrations below 2000 m depth
observed at station 32 and 50 that indicate removal of *'Pa, in deep waters of the Nansen Basin
(Fig. 3). However, in contrast to *’Thy,, higher **'Pa,, particulate fractions were observed at
station 50 relative to station 32 (Fig. 5), suggesting the presence at station 50 of hydrothermal
particles which are known to have a high affinity for Pa. Unlike dissolved **°Thy profiles, the
dissolved **'Pa,, profiles in the Nansen and Amundsen Basin have similar shapes probably due
to the much longer scavenging residence time of Pa relative to Th. By contrast, 2*'Pay
concentrations are higher in the intermediate/deep Makarov Basin (St. 101) than in the Eurasian

Basin due to the long term isolation of these 2 basins by the Lomonosov ridge (Fig. 2).

Interestingly, there are two distinct correlations between dissolved silica (DSi) and dis- solved
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2!pa, in the deep waters of the Nansen and the Makarov Basins (Fig. 8). These positive
correlations are likely due to the high affinity of **'Pa for biogenic silica (BSi) (e.g. Chase et al.,
2002). We propose that **'Pa is scavenged by BSi formed in surface waters. As these particles
settle through the water column, BSi dissolves and releases 2*'Pa into solution again. The steeper
slope of the dissolved **'Pay, versus DSi correlation in the Makarov Basin compared to the
Nansen Basin is likely due to accumulation of in-situ produced **'Pa (in addition to the BSi

dissolution effect) during the longer aging of the deep Makarov/Canadian waters.

4.4. Applying the Boundary Scavenging Model to Pa

The boundary scavenging model developed for *°Th is now applied to *'Pa with the appropriate
changes (Table 1). The production rate is changed (0.025 fg/kg/y) and the dissolved-particulate
partition coefficient is divided by 12 because we have estimated that Fryp, ~12 (Fig. 4). Several
similarities and differences arise between the model and measured data. The model reproduces
the non-linear shape of the dissolved **'Pay, profiles (particularly at St. 50) and the relatively

231

linear particulate 231PaXs profiles of station 32 and 50. However, the modelled dissolved = Pay;

231

concentrations are overestimated by a factor 2 to 4 (Fig. 7). Modelled particulate “ Pay

concentrations at the margin are also overestimated. The reason for the overestimated dissolved
21pa, concentrations is probably a mix of previously discussed processes and because of the
possible underestimation of the particulate Pa con- centration revealed by intercomparison work
at station 101 (higher particulate Pa concentration would result in a higher removal rate by
scavenging on setting particles). Scavenging of **'Pay, by hydrothermal plumes can severely
deplete the concentrations of **'Pay in the deep Arctic Ocean (Valk ef al., 2018). Export of **'Pa
through advection has been proposed to have a significant importance in several studies (e.g.
Hoffmann et al., 2013; Moran et al., 2005). The dissolved 21pa concentrations of the deep
inflow through the Fram Strait Branch (**'Pa ~1-1.5 fg/kg) agrees well with the value (**'Pa =
1.5 fg/kg) used in Moran et al. (2005). The **'Pa concentrations reported here for the return in

231

the Nansen Basin at station 50 (" Pa ~ 1-1.5 fg/kg) is close to the Fram Strait Branch. By

contrast, in the deep Makarov Basin, above the sill on the Lomonosov ridge is (231Pa ~1.5-3.0
fg/kg) consistent with Moran ez al. (2005) estimates. This *'Pa gradient between the inflow and

outflow supports a net export of '

Pa into the Atlantic. Finally, boundary scavenging along the
slopes of the Eurasian Basin can reduce the dissolved **'Pa in the deep Arctic Ocean. Probably,
21pa/ Th ratios of the suspended particles of the Nansen Basin were below the *'Pa/~°Th
production ratio, but top-core sediments of the Nansen margin and slope have high **'Pa/*°Th-

231

ratios, suggesting that the Nansen margin is in fact a large sink for " Pa in the Arctic Ocean.
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Roy-Barman (2009) proposed a balanced Arctic budget of **'Pa between the inner ocean and the
margin without export of 21py through the Fram Strait. However, it was based on very low Fryp,

values (~ 3—10) compared to the values reported in the present work.

4.5. Factors Controlling Pa-Th Fractionation

4.5.1. The Th-Pa Fractionation Factor

21pa, is generally less particle reactive than **°Thys, which results in 2*'Pay, profiles that deviate
more strongly from the linear increase expected from reversible scavenging due to transport by
advection (e.g. Chase et al., 2002; Hayes et al., 2015a, 2015b; Gdaniec et al., 2017). The

1 2'Pa,, concentrations was in the order of 0.6—

particulate content of Blpy . relative to the tota
1% in the deep stations (< 2000 m) and up to 15% on the shelf, while particulate/total ratios for
20T, ranged between 6% and 17% in the deep stations and up to 80% on the shelf (Fig. 5).

This reflects the preferential scavenging of 230Th, relative to 2!

Pay, As a consequence, the
Fripa in the open ocean is typically around 20 (e.g. Hayes ef al., 2015b), mostly when carbonate,
organic and lithogenic particles dominates. Notable exceptions are environments where
particulate matter is dominated by diatoms (Fry pa < 5, €.g. Scholten ef al., 2008; Venchiarutti et
al., 2011a; Venchiarutti et al., 2011b) or Mn-Fe (oxy)hydroxides, such as in hydrothermal
plumes (Fryp, = 6 = 3 for MnO; and Fryp, = 11 £ 6 for Fe(OH)s, Hayes et al., 2015a, 2015b;
Pavia ef al., 2018). As a con- sequence of these different drivers, 2 types of Fryp, depth profiles

are generally observed:

1) In the North Atlantic Fyyp, decreases with depth because the particulate matter composition
evolves from lithogenic/carbonated in the surface water to strongly affected by Fe-Mn oxides
due to hydrothermal particles above and around the Mid-Atlantic Ridge or to
oxidation/precipitation of Fe-Mn released in the oxygen minimum zone off the Mauritanian

coast.

2) In areas dominated by diatom production, Fyyp, tends to increase with depth as a consequence
of the biogenic silica dissolution (Scholten et al., 2008; Venchiarutti et al., 2011a, 2011b),
because opal tends to dissolve during the settling through the water column (Nelson et al.,
1995). In the Arctic, this view is supported by the strong correlation observed between

231

dissolved “°"Pa and dissolved Si of the deep Makarov and Nansen Basins (Fig. 8).

The Fryp, profiles that we obtained on the Nansen margin (St. 32, 153 and 161) and in the
Makarov Basin (St. 101) show a clear increase with depth (from Frpp, = 2-5 in the shallow

waters to Fyp, = 20 in the deep waters) suggesting surface particles dominated by diatoms and
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deeper particles with an increasing influence of lithogenic particles resuspended and advected
from the margin. At station 50, the limited increase of Fryp, below 2000 m (Fryp, = 10) supports
that particles at this station still include some particles derived from the hydrothermal activity,
even if at the time of sampling most of the plume itself had left the Gakkel Ridge and cannot be
clearly detected with beam transmission data (Valk et al., 2018).

4.5.2. Large Scale Pa-Th Fractionation

Early studies of Pa-Th in the Arctic Ocean have emphasized that despite of the large shelf areas,
the large Pa-Th fractionation observed in the Pacific Ocean sediments between the ocean margin
([P'Pay/”"Thy] = 3 * production ratio) and the ocean interior ([*'Pay/*Thy] ~ 0.3 *
production ratio) was not present in Arctic Ocean sediments. Instead, most Arctic sediments
have [*'Pa,y/**"Thy] activity ratios significantly lower than the production ratio (Edmonds et al.,
2004; Moran et al., 2005). Recently, a few sediment samples collected on the Siberian shelf
margins were reported to have 21pa, /*Thy, ratios that slightly exceed the production ratio (Luo
and Lippold, 2015). Moreover, Hoffmann ef al. (2013) observed decreasing Arctic sedimentary
21pa/P'Th ratios with water depth, over the last 30 kyr. This general deficit in **'Pay was
attributed to the export of a significant fraction of the Arctic **'Pay into the Atlantic Ocean
through the Fram Strait and to the hypothetical possibility that some of the *'Pa, was lost by
boundary scavenging in a location not identified at that time. The data obtained in this work on
the suspended particles of the Nansen margin (St. 32, 158 and 161) show particulate
[231Paxs/23°ThXS] activity ratios below the production ratio except in the surface waters, but the
calculation of the particulate **'Pay is affected by large un- certainties (Table ES2). However,
Top-core sediments from the Nansen margin (St. 161 and 32) have distinctly high
[Z'Payy/ > Thy] activity ratios: [2*'Payy/*Thys] = 0.40 at station 161 and 0.18 at station 32 (Table
S3). Hence, the [**'Pay/*"Thy] activity ratios of these two surface sediment samples are much
higher than the corresponding ratio in the suspended particles. These ratios at station 161 and 32
are well above the values reported by Moran et al. (2005). So boundary scavenging along the

231

Nansen margin could contribute to the " Pa depletion in the Arctic Ocean. Scavenging by the

hydrothermal plume turns out to be an alternative sink. Moreover, the discrepancies between the

sediment and particulate **'Pa/**Th ratios might be related to the different timescales of these

231 /230

data records. Still, particulate samples in the deep part of the station 50 have “° Pay,y/“" Thys ratios
below the production ratio despite the relatively low Frnp, (Table ES2). Whether these particles

are still dominated by hydrothermal particles or not remains ambiguous (Valk ef al., 2018).
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5. Conclusions

The distribution of 1PaXs and 230ThXS in the Arctic Ocean deviates from the linear increase
expected from reversible scavenging in absence of lateral advection. While the role of
hydrothermal scavenging of 2*°Th recently has been highlighted in the Nansen Basin (Valk et al.,
2018), we show here that boundary scavenging also removes significant amounts of *°Th at the
Nansen margin. Scavenging on particles derived from hydrothermal activity is associated with a
relatively low Frpp, fractionation factor (=10), while higher Fryp, (=20) were observed for deep
and bottom waters both of the Eurasian and Makarov Basin. The modified boundary scavenging
model developed here for the Nansen Basin, successfully modelled the increasing **°Thys
particulate fraction with depth and the decrease of dissolved Pa-Th contents approaching the
seafloor observed on various margins. Modelled dis- solved **'Pa distributions were largely

overestimated. These results suggest that advection of dissolved **'Pa out the Atlantic is an

231 231 /230

important sink for the Arctic ' Pa budget. However, the high sedimentary “° Pa,/”" Thy ratios

observed at the Barents Sea shelf and Nansen margin indicate that the Arctic margins could

indeed act as a major sink for the missing Arctic >*'

Pa. More data focused on shelves and slopes
of the Arctic Ocean are required to better constrain this effect and the chemical nature of the

particles and their physical mode of resuspension have to be addressed more precisely.

Supplementary data to this article can be found online at

https://doi.org/10.1016/j.chemgeo.2019.119380
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Abstract

Since the 1980-90s, international research efforts have augmented our knowledge of the physical
and chemical properties of the Arctic Ocean water masses and recent studies have documented
changes. Understanding the processes responsible for these changes is necessary to be able to
forecast the local and global consequences of these property evolutions on climate. The present
work investigates the distributions of geochemical tracers of particle fluxes and circulation in the
Amerasian Basin and their temporal evolution over the last three decades (from stations visited
between 1983 and 2015). Profiles of 230-thorium (*°Th) and 231-protactinium (*'Pa)
concentration and neodymium isotopes (expressed as eng) measured in the Amerasian Basin
prior to 2000 are compared to a new, post-2000s dataset. The comparison shows a large scale
decrease in dissolved Z*°Th and **'Pa concentrations, suggesting intensification of scavenging by
particle flux, especially in coastal areas. Higher productivity and sediment resuspension from the
shelves appear responsible for the concentration decrease along the margins. In the basin
interior, increased lateral exchanges with the boundary circulation also contribute to the decrease
in concentration. This study illustrates how dissolved 230Th and 231Pa, with eng support, can
provide unique insights not only into changes in particle flux but also into the evolution of ocean

circulation and mixing.

Plain Language Summary

The Arctic Ocean is one of the oceanic regions most affected by climate change. The increasing
summer retreat of sea ice allows greater atmosphere-ocean exchanges and light penetration,
while land-ocean exchanges are expected to increase, due to enhanced continental erosion
(notably through permafrost thawing and increased river flow). These changes are driven by
climate and in turn, impact the climate. This study aims at assessing possible shifts in oceanic
circulation and particle fluxes resulting from these climate-driven changes in the Amerasian
Basin of the Arctic Ocean, during the last few decades. To achieve this goal, we measured
geochemical tracers of circulation and particle fluxes in seawater samples collected in this area
between 2005 and 2015, which we compared to published data from samples collected between
1983 and 2000. The primary geochemical tracers studied here are *°Th and **'Pa. These
radioisotopes are uniformly produced in seawater, from uranium decay, and are strongly reactive
with particles. Therefore, their oceanic distribution depends on particle fluxes and circulation.
The evolution of their distribution in the Amerasian Basin over space and time documents
enhancement of particle flux and lateral mixing in the Amerasian basin of the Arctic Ocean over

the last three decades.
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1: Introduction

The pathways that waters follow in the ocean and the physico-chemical changes they undergo
along these pathways dictate the redistribution of key parameters such as heat, salt, energy,
nutrients, and pollutants. It is of particular interest to examine the pathways and fate of waters in
the Arctic Ocean because some of these waters eventually exit to enter the Atlantic Ocean and
impact North Atlantic deep water formation and the global overturning circulation (Aagaard et
al., 1985; Hansen and Osterhus, 2000). Arctic Ocean waters are made of Pacific and Atlantic
Ocean waters that enter the Amerasian Basin through the shallow Bering Strait, and the Eurasian
Basin through the shallow Barents Sea and deep Fram Strait. They eventually return to the
Atlantic Ocean through Fram Strait and the relatively shallow Canadian Arctic Archipelago as
upper or intermediate waters (Aagaard and Greisman, 1975). During their transit in the Arctic
Ocean, these waters are transported by the upper wind-driven circulation and the intermediate
cyclonic topographical-steered circulation (Figure 1; Rudels, 2001; Rudels ef al., 2013).
Investigating the pathways and fate of waters in the Arctic Ocean is all the more important as the
Arctic Ocean represents one of the most rapidly changing regions of the world’s oceans (Portner
et al., 2015). With a reduction in seasonal sea ice coverage, changes in hydrography and water
mass circulation have been observed, not only at the surface but also at depth (e.g. Polyakov et
al., 2013). Particle concentrations are also projected to increase in the rapidly changing Arctic
Ocean, as a result of increased continental runoff and biological production, impacting the
chemical properties of Arctic waters and downstream (e.g. Carmack et al., 2006).

The first observed changes in temperature - abnormally warm Atlantic water (hereafter, awAW)
- occurred in 1990 in Fram Strait (Quadfasel ef al., 1991). This awAW propagated through the
whole Arctic, first into the Eurasian Basin, then beyond the Lomonosov Ridge, and into the
Amerasian Basin. This temperature anomaly was observed in the southern Makarov Basin (MB)
and Mendeleyev Ridge in 1993 (E. Carmack et al., 1995), in the central MB in 2000 (Kikuchi ef
al., 2005), at the northern tip of the Northwind Ridge in 2003 (Woodgate et al., 2007), and
within most of the Canada Basin (CB) in 2007 (McLaughlin et al., 2009; see Figure 1 for the
basin and ridge locations). However, these studies did not reveal significant changes in
circulation related to the awAW propagation in the Arctic. Likewise, no significant changes in
particle distribution were reported from limited measurements in the CB conducted between
2003 and 2008 (Jackson et al., 2010). However, the latter study documented a sharp contrast
between low particle concentrations of the central basin and much higher concentrations near the

CB continental margin.
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Because of their affinity for particles and residence times similar to the time scale of regional
changes occurring in the Arctic, geochemical tracers such as **°Th and **'Pa are powerful tools
to quantify the recent evolution of particle flux and circulation in the Arctic Ocean. *°Th and

2!pa are produced in the ocean by radioactive o-decay of uranium-234 (***

U) and uranium-235
(**°U), respectively; uranium input to the ocean occurs through continental weathering. Uranium
is soluble in seawater and has a long residence time in the ocean (~400 000 yr; Brewer, 1975;
Chen ef al., 1986), such that its concentration and the rate of production of **°Th and *'Pa are
uniform and well known (Ku et al., 1977; Turekian and Chan, 1971). Unlike parent U, Th and
Pa —especially Th— are highly insoluble in seawater and effectively removed to the sediment by
adsorption onto sinking particles (Anderson et al., 1983), a process referred to as particulate

. 230
scavenging. As a result,

Th residence times in seawater range from a few years in shallow
water to a few decades in deep water; for 21pa, residence times range from a few decades in
shallow water to a few centuries in deep water (Henderson and Anderson, 2003). If transport of
2T and #*'Pa by advection and turbulent diffusion can be neglected, the oceanic distribution of
these radionuclides is largely controlled by reversible scavenging: dissolved radionuclides (Ry;
unit: concentration) are produced continuously at fixed rates (o; unit: concentration per time)
and adsorbed reversibly onto sinking particles (k, and kg are adsorption and desorption
coefficients; unit: per time) to produce sinking particulate radionuclides (Rp; unit:
concentration), removed at a sinking rate S (unit: length per time) to the underlying sediment
(Bacon and Anderson, 1982; Nozaki ef al., 1981). Thus, neglecting advection and diffusion, the

conservation equations for the radionuclide dissolved and particulate concentrations ([R4] and

[Rp], respectively) are given by:

d
M 0t kg (R, ko (Rl M
ORI, ORI,

2)

=kq' [Rlg— kg [R], —S-

ot 0z

174



p —50m
RUSSIA e & | - @ 1983 - Bacon et al. (1989)
’ 250 m © 1991- Scholten et al. (1995)
500 m O 1994 - Edmonds et al. (2004) - Total
750 m [0 1995 - Edmonds et al. (1998) - Total
1000m | @ 2000- Trimble et al. (2004)
1250 m
B 2005 - This study - Total
1500 m
Ly T @ 2007 - This study
- 2500 m W 2007 - This study - Mix Diss. & Total
—‘ 3000 m B 2007 - This study - Total
0 200 m @ 2009 - This study
4000
m I 2011- This study - Total
‘ 2 0 1 4500 m
CANADIANARCTION E} Meooom @ 2015 - This study
ARCHIPELAGO £ .
\?- ‘H'- e E " 5500 m . 2015 - This study
s, §

Figurel: Location of the deep stations (>500mdepth) where B0Th, 2'Pa, or eNd were measured in the
Amerasian Basin of the Arctic so far. This study adds nine new stations in the Canada Basin (CB; 2007: pink
dots; 2009: blue-green dots; 2011: cyan square; 2015: brown dots), one new on the Mendeleev Ridge (MR;
2005: green square), five in the Makarov Basin (2005: green square; 2007: purple inverted triangle; 2015:
black dots), and one on the Alpha Ridge (2007: purple square). The red arrows show the circulation
schematics of the upper layers; the blue @ and arrows show the formation area and circulation schematics of
the Atlantic layer, respectively (after Bluhm et al., 2015; Rudels ef al., 2013). CP = Chukchi Plateau; NR =
Northwind Ridge. This map and the following were created with the software Ocean Data View (Schlitzer,
2015), using the IBCAO bathymetry (version 3; Jakobsson et al., 2012).

where z is depth, increasing downward. The sinking flux is the last term in equation (2). Under
assumptions of steady state and constant S, k, and k4, equations (1) and (2) predict a linear

231

increase of 2*°Th and **'Pa concentrations with depth, with a slope inversely proportional to the

sinking rate of particles:

R a kd-a_ 3

[R]4 k_a+ka—-SZ 3)
o

Rl = 5 2 “4)

Based on observations of a strong positive correlation between k, and the concentration of
suspended matter (Bacon and Anderson, 1982), we expect to find lower concentrations and a
reduced downward increase of dissolved concentrations in areas of high particle concentrations
and flux. For example, this scenario is expected for the seasonally ice-free CB continental
margin (Figure 2a), compared to higher concentrations and a faster downward increase in areas
of low particle concentrations and flux, such as the permanently ice-covered central basin

(Figure 2c).
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These simplified schematics actually reproduce quite well the **°Th and *'Pa oceanic
distributions of the Amerasian Basin reported from the first observations, in the 1980-1990s.
Low and linear vertical profiles were observed in 1995 in the southern CB, reflecting the
integrated impact of particle scavenging in the boundary currents (Edmonds et al., 1998). In
contrast, higher concentrations were found over the Alpha Ridge in 1983 and in the northern MB
in 1991 (Bacon et al., 1989; Scholten et al., 1995; see Figure 1 for station locations). Such high
concentrations of *°Th and **'Pa in seawater not only suggest that particle concentrations and
fluxes were locally very low, but also that these waters had been isolated for a few decades from
the dynamic boundary circulation, allowing for in-growth of **°Th and **'Pa. A subsequent
increase in particle flux should lead to a decrease in dissolved *°Th and **'Pa concentrations.
Furthermore, as the affinity of 2°Th and *'Pa changes with their particle composition (e.g.
Chase et al., 2002), differences in the evolution of the distribution of **°Th relative to **'Pa (i.e.
decoupling) could also occur depending on particle composition (e.g. biogenic silica vs.

lithogenic particles).

@ Ice-free @ Lateral mixing area @ Ice-covered

[Thl, [Thl, [Thl,

\ I —> T \ > | .

Z (m)
Z(m)
Z (m)

—

v \ 4 v
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Figure 2: Schematic representation of dissolved >**Th concentration profiles (a, c) following equation (3), that
is, neglecting advection and turbulent diffusion and assuming steady state, in (a) a seasonally ice-free area,
where the surface value is lower and the increase with depth is weaker due to higher scavenging and
particulate sinking rates than in (c) a permanently ice-covered area. Profiles with deviations from linearity
are expected in (b) areas where lateral advection of 2*"Th from (a) (low grey dotted line) and (c) (high grey
dotted line) occurs (grey arrows).

In addition, changes in horizontal mixing or advection rates between the basin interior and the
margins could decrease the contrast in 2*°Th and **'Pa concentration between the two regions or
even produce subsurface maxima in the concentration profiles (see Figure 2b). Note that the

assumption of constant S and k, relies on a constant vertical flux of particulate **°Th, which is a
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good approximation as organic matter decomposition does not release significant amounts of

29Th -or #'Pa- to seawater because of the high particle reactivity of these radionuclides.

The present work aims to investigate changes in particle scavenging and circulation over the last
three decades in the Amerasian Basin by comparing >°Th and *'Pa concentration profiles
collected in the 1980s and 1990s to 13 water-column profiles collected between 2005 and 2015.
A companion paper (Yu et al., submitted) further exploits these data by introducing **°Th
scavenging into a three-dimensional model hindcasting Arctic circulation and particle
scavenging between 2002 and 2015.

We also report three dissolved profiles of neodymium isotopic compositions from 2015 that are
compared to early-2000s data (Porcelli ef al., 2009), and which support the interpretation of the
29T-5'Pa profiles. Neodymium (Nd) is a rare earth element (REE) that is supplied to the ocean
via continental weathering. As the neodymium isotopic composition (expressed as eng) of rocks
varies with age and lithology, the exg of outcropping rocks is heterogeneous (Jeandel ef al.,
2007). Thus, the exg signal of the water masses is set by the continental Nd they receive along
their circulation pathways (through direct input or through mixing with a water mass of different
eng; €.g. Frank, 2002; Goldstein and Hemming, 2003; Grenier et al., 2013; Piepgras et al., 1979;
Tachikawa et al., 2003). Pacific waters in the Bering Strait have exg values of ~-5 (Dahlqvist et
al., 2007), while Atlantic waters have values of ~-11 (Andersson et al., 2008). These distinct
signatures allowed Porcelli et al. (2009) to trace distinct water masses and follow the evolution

of their [Ing during their transit in the Arctic in the early-2000s.

2. Water Masses of the Amerasian Basin

The water column in the Amerasian Basin can be separated vertically into three layers,
recognizable in Figures 3, 4 and S1: 1) the low-salinity Polar Surface Water (PSW) including the
Polar Mixed Layer (PML) and the halocline; ii) the warm Atlantic water, identified as a
subsurface layer with a temperature maximum bounded above and below by the 0°C isotherm,
and the underlying intermediate water; iii) colder and more saline deep and bottom waters. The

0-S profiles presented in Figure S1 are subdivided following these 3 layers.
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Figure 3:

Vertical profiles of hydrological parameters of the Canada Basin stations. (a) Location of the
stations. Vertical profiles of potential temperature (°C; b—e) and practical salinity (f—i) of the 12 stations, in
grey, superimposed by the colored profiles of stations sampled in 1995 and 2000 (b, f), 2007 (c, g), 2009 and
2011 (d, h), and 2015 (e, i). Hydrological references: Carmack et al. (1996) (1995: AO-1); Porcelli ez al. (2009)
(2000: 3, 4); McLaughlin et al. (2009) (2007: 500, 2000, 2700); Rail et al. (2011) (2009: L1.1, L2); Mosher
(2012) (2011: UNC11-6); Amundsen Science Data Collection (2016) (2015: CB2, CB3, CB4). Symbols on the
colored profiles represent the samples collected at each station. For the sake of clarity, horizontal and vertical
axes are stretched in order to better visualize the properties of the Atlantic layer, and a zoom on this layer,

defined by the black square, is shown in an inset for each plot.
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The PML is the homogenized surface layer undergoing brine rejection and haline convection in
winter and receiving fresh water from sea ice melt in summer. The underlying halocline water
originates from the Pacific Ocean and includes the fresher and warmer Alaskan Coastal Water
(ACW) overlying the saltier and colder Bering Sea Water (BSW; Coachman and Barnes, 1961;
Steele et al., 2004; Timmermans et al., 2014). The ACW is characterized by a subsurface
temperature maximum in the salinity range [29-32.2], usually found between 50 and 100 m
depth. The BSW has a summer and winter component. The Bering Sea Winter Water (BSWW)
is more easily distinguished than the Bering Sea Summer Water (BSSW) and more widely
spread. The denser BSWW is identified by a temperature minimum (~ -1.6 °C) at S ~ 33 while
the BSSW can be found in the salinity range [32.2-33] and is characterized, like the overlying

ACW, by a temperature maximum.
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Figure 4: Vertical profiles of hydrological parameters of the Makarov Basin and ridges stations. (a) Location
of the stations. Vertical profiles of potential temperature (°C; b—d) and practical salinity (e—g) of the 11
stations, in dark grey, superimposed by the colored profiles of stations sampled in 1983, 1991, and 1994 (b, e),
2005 and 2007 (c, ), and 2015 (d, g). Canada Basin light grey profiles are also reported in the background,
for comparison. Hydrological references: Jones and Anderson (1986) (1983: CESAR); Anderson et al. (1994)
(1991: 176); Swift et al. (1997) (1994: 18, 25); Darby et al. (2006) (2005: 11, 18A); Schauer (2008) (2007: 328,
342); Rabe et al. (2016) (2015: 96, 101, 134). Symbols on the colored profiles represent the samples collected
at each station. For the sake of clarity, horizontal and vertical axes are stretched in order to better visualize
the properties of the Atlantic layer, and a zoom on this layer, defined by the black square, is shown in an

inset for each plot.
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The halocline extends to gradually shallower depths from the CB (200-250 m), to the Alpha
Ridge (150-200 m), and to the MB (100-150 m). Below lies the Atlantic layer, marked by a
prominent temperature maximum. This water is mostly derived from the Barents Sea branch
(Rudels et al., 2013) and found between 250 and 1000 m depth in the CB, between 250 and
800/900 m depth on the Alpha Ridge and between 200 and 800 m depth in the MB. Deeper,
bounded by the 0 °C temperature above and by the deep temperature minimum at about 2400 m
depth is the upper Polar Deep Water (uPDW; Rudels, 2009). Finally, below the 2400 m
temperature minimum, which marks the depth of lateral exchange between the Canada and
Makarov Basins (E. Carmack et al., 2012), are the Canada Basin Deep Water (CBDW) and the
Makarov Basin Deep Water (MBDW). The higher salinity of the CBDW and the MBDW
compared to the Eurasian Basin bottom water could be explained by their relative isolation and
the formation of dense water by brine rejection on the shelves (Aagaard et al., 1985; Jones et al.,
1995; Mauritzen et al., 2013). CBDW temperature is also slightly higher, suggesting geothermal
heating and mixing (E. Carmack et al., 2012), while MBDW gradually cools toward the bottom.
There may be some exchange of deep water with the Eurasian Basin where the Lomonosov
Ridge deepens to 1800 m (close to the North Pole, around 175°E; Cochran et al., 2006), but the
flow appears to be mostly from the MB to the Amundsen Basin (Rudels, 2009). While surface
and halocline water circulation is anticyclonic in the CB and driven by the Transpolar Drift
above the Lomonosov Ridge, the Atlantic layer below mainly follows topographically-steered
cyclonic gyres (circulation schematics in Figure 1). The circulation of bottom water remains
virtually unknown. The different water masses described here have been sampled at most of the

stations reported in this study (samples are identified by markers in Figures 3, 4 and S1).

3. Methods

New *Th, »*'Pa and exq data presented in this study (Tables 1 and 2) are from ~15 L seawater
samples collected during seven different cruises (Figure 1). Four cruises were conducted in the
CB: 1) in September 2007, on the CCGS Sir Wilfrid Laurier; 2) in September 2009, on the
CCGS Amundsen (GEOTRACES section IPY14); 3) in September 2011, on the CCGS Louis
St-Laurent; 4) in September 2015, on the CCGS Amundsen (GEOTRACES section GNO3). The
5™ cruise, a Trans Arctic Expedition (HOTRAX), occurred in Aug-Sep 2005, aboard the USCG
Healy. The 6™ and 7™ cruises were mostly conducted in the Eurasian Basin, on-board the R/V
Polarstern, in 2007 (GEOTRACES section IPY11) and 2015 (GEOTRACES section GN04;
Schauer, 2016), respectively. In our study, we only report five stations from these last two

cruises: two collected in the MB and Alpha Ridge area in September 2007, and three in the MB
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in September 2015. Eurasian Basin “*°Th profiles from these two cruises are reported in Valk ez

al. (2018).

3.1. °Th and **'Pa Concentrations

2%Th and *'Pa concentrations were determined by isotopic dilution, after element separation
and purification by chromatography. The analytical methodology followed for the samples
collected in 2007 and 2015 in the MB and Alpha Ridge area is detailed in Valk ef al. (2018). For
the samples collected in 2005 in the MB and Mendeleev Ridge area and in 2007, 2009, 2011 and
2015 in the CB, **°Th and **'Pa were determined following the method described by Choi ef al.
(2001). For the 2015 samples the method was slightly modified as follows: 1) environmental
grade acids were used to clean the sampling material and for the chemistry, to limit
contamination for the determination of exg on the same samples. 2) The filtration was done
through a single-use 0.45 pm pore size filter cartridge (AquaPrep®; the 2011 samples remained
unfiltered). 3) Before analysis, the purified fractions of Th and Pa were both treated with 4 mL
of concentrated perchloric acid to eliminate any organic component, then treated with
concentrated HNO; to remove the perchloric acid. The CB samples were measured at the
University of British Columbia (Vancouver, Canada) on an inductively coupled plasma mass
spectrometer (Element2, Thermo Scientific) coupled to a desolvating nebulizer system (Aridus
II™, Teledyne CETAC) to increase the sensitivity. >*°Th procedural blank contribution, mainly
coming from the ***Th spike, was on average 14% for the 2009-2011 samples (10.21 + 0.87 fg)
and 2% for the 2015 samples (0.99 £ 0.09 fg). The Th recovery of the two chromatographic
columns was estimated for the 2015 samples and found to be 77% in average. Isotope

fractionation during ICPMS analysis was estimated at 0.6% per amu.
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Table 1: Dissolved *'Th and **'Pa concentrations (in fg kg'), and neodymium isotopic compositions

(expressed as &yg, unitless) of the Canada Basin stations collected in 2015, with their associated standard

errors and hydrological properties (potential temperature, in °C; salinity, unitless; potential density, in kg
-3

m”).

Depth 0 Salinity o B0Th SE Blpa SE &N SE
(m) °O) (kgm?) (fgkg') (95%) (fgkgh) (95%) (95%)
Canada Basin
CB2 (September 9, 2015, -129.234°E, 75.806°N; depth: 1350 m)
10 -0.677 27.058 21.716 1.89 0.07 0.05 0.07 -8 0.1
65 -0.773 31.661 25.441 2.03 0.07 0.29 0.19 -5.8 0.1
140 -1.399 32.895 26.459 1.33 0.04 0.17 0.07 -5.8 0.1
200 -0.819 34.112 27.426 2.05 0.2 0.17 0.09 -8.1 0.1
400 0.598 34.821 27.926 4.2 0.11 0.54 0.05 9.9 0.2
400 0.598 34.821 27.926 - - 0.54 0.06 -10.3 0.2
500 0.465 34.842 27.951 3.54 0.1 0.9 0.09 -9.7 0.2
700 0.205 34.863 27.983 2.98 0.1 0.54 0.07 9.3 0.2
800 0.1 34.87 27.994 2.97 0.09 0.58 0.07 93 0.2
1000 -0.083 34.882 28.013 3.22 0.09 0.46 0.07 9.4 0.1
1338 - - - 1.98 0.07 0.44 0.07 -9.4 0.1
CB3 (September 12, 2015, -140.053°E, 76.975°N; depth: 3730 m)
10 -1.284 26.539 21.303 1.75 0.05 0.18 0.05 -8.2 0.2
65 -0.399 31.443 25.251 1.97 0.06 <DL - -7.1 0.1
140 -1.375 32.679 26.283 1.15 0.06 <DL - -6.3 0.1
250 -0.455 34.348 27.602 2.92 0.07 - - -8.4 0.1
400 0.693 34.795 27.899 5.66 0.11 0.66 0.04 -10.4 0.1
600 0.539 34.848 27.951 6.57 0.12 0.68 0.06 9.9 0.3
1001 -0.05 34.874 28.005 8.66 0.13 0.96 0.07 -10.3 0.2
1400 -0.318 34.908 28.049 11.15 0.24 1.34 0.11 -10.1 0.2
1400 -0.318 34.908 28.049 10.93 0.37 1.42 0.09 -10.5 0.3
2001 -0.509 34.942 28.085 10.46 0.23 2.11 0.11 -9.9 0.2
2459 -0.519 34.953 28.094 12.31 0.23 3.11 0.12 -9.8 0.2
3000 -0.508 34.957 28.097 11.92 0.26 2.33 0.16 -9.7 0.1
3496 -0.507 34.957 28.097 12.65 0.32 2.36 0.11 9.9 0.2
CB4 (September 15, 2015, -150.001°E, 75.002 °N, depth: 3830 m)
10 -0.479 25.27 20.268 2.22 0.05 0.29 0.04 -8.2 0.1
71 0.047 31.014 24.887 2.39 0.07 0.05 0.06 -9 0.2
220 -1.476 33.248 26.748 1.81 0.06 <DL - -6.3 0.1
300 -0.265 34.424 27.654 2.56 0.09 0.06 0.06 -8.1 0.1
400 0.609 34.775 27.889 43 0.11 0.82 0.06 -10.4 0.3
600 0.564 34.843 27.945 2.34 0.08 0.8 0.06 -8.9 0.2
1000 -0.025 34.87 28 3.49 0.09 0.98 0.08 -10.1 0.1
1400 -0.32 34.902 28.044 6.32 0.15 1.27 0.05 -10.3 0.1
1400 -0.32 34.902 28.044 6.56 0.21 1.34 0.09 -10.4 0.2
2000 -0.504 34.94 28.084 10.21 0.22 1.87 0.06 9.5 0.1
3000 -0.507 34.957 28.097 11.57 0.24 3.13 0.11 -9.6 0.1
3500 -0.507 34.957 28.097 11.62 0.26 2.29 0.09 -10.2 0.5
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As the U/Th chromatographic separation of the 2009 samples was done 8§ years after the sample
collection, measured **°Thy concentrations were corrected from a substantial **°Th ingrowth.
2!pa procedural blank contribution, mainly coming from the ***Pa spike, was on average 56%
for the 2009-2011 samples (46.5 £ 1.9 fg) and 70% for the 2015 samples (26.7 £ 1.6 fg). This
large contribution resulted from over-spiking but was well monitored by the set of chemical

blanks and accurately corrected. The Pa recovery of the two chromatographic columns was

estimated for the 2015 samples and found to be 80% in average.

3.2. Nd Isotopic Composition

The REE measurements came from the same initial natural samples used for Pa and Th. They
were eluted with the Th fraction during the first chromatographic column and separated from Th
on the second column in the 24 mL of 8 N HNOj;. This fraction was dried and dissolved in 1.5
mL of HCI 1 N and was processed as described in Grenier et al. (2013). After the chemical
extraction and purification of Nd, samples were dissolved in 2 uL of 2 N HCI, loaded on a
rhenium filament and analysed by thermal ionization mass spectrometry (TIMS) in static mode
(Thermo Fisher Scientific mass spectrometer Triton, Observatoire Midi-Pyrénées, Toulouse). 13
analyses of Rennes standard and 7 of La Jolla standard were performed to monitor instrumental
drift and gave 0.511955 + 0.000005 and 0.511854 + 0.000009, respectively. All measurements
were corrected for a machine bias of -0.000005, based on the accepted value being 0.511961 +
0.000013 for Rennes (Chauvel and Blichert-Toft, 2001) and 0.511858 + 0.000007 for La Jolla
(Lugmair et al., 1983).
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Table 2: Dissolved (or total, in italic) **Th and *'Pa concentrations (in fg kg'l) of the Mendeleev Ridge,

Makarov Basin, and Alpha Ridge stations, collected in 2005, 2007 and 2015, with their associated standard

errors and hydrological properties (potential temperature, in °C; salinity, unitless; potential density, in kg
3

m”).

Depth 0 Salinity 0o B0Th SE Blpy SE
(m) (°C) (kgm?) (fgkg’) (0.95) (fgkgh) (0.95)
500 (October 1, 2007; -134.364°E, 71.077°N; depth: 500 m)

50 0.798 30.55 24.484 0.71 0.08 0.33 0.07
150  -1.377 33345  26.832 0.87 0.09 0.11 0.09
225 -0.03 34559  27.756 0.79 0.12 0.05 0.07
300 0.488 34766  27.893 0.44 0.06 0.2 0.05
375 0.445  34.841  27.957 0.63 0.11 0.2 0.04
375 0.444  34.841  27.957 0.74 0.08 0.2 0.07
450 0.021  34.881  28.013 1.01 0.1 0.37 0.1
450 0.02 34881  28.013 1.19 0.11 0.37 0.07

2000 (September 30, 2007; -135.497°E, 71.732°N; depth: 2000 m)

50 20.073  30.816  24.738 1.2 0.14 - -
150 -1.399 33357  26.842 1.06 0.1 - -
300 0389 34737  27.876 1.77 0.15 0.19 0.07
450 0.526  34.829  27.942 1.47 0.09 0.1 0.07
550 0.424  34.847  27.962 1.73 0.12 0.41 0.07
650 0327  34.859 27977 1.83 0.12 0.31 0.07
800 0.141 34871  27.998 1.95 0.13 0.35 0.06
1000 -0.063  34.886 28.02 2.49 0.13 0.35 0.11
1200 -0221  34.899 28.04 3.27 0.2 0.46 0.08
1400  -0.356 34914  28.059 2.32 0.16 0.45 0.07
1600 -0.448  34.928  28.075 2.47 0.17 1.19 0.12
1800  -0.491 34942  28.089 2.31 0.17 1.17 0.09

2700 (September 29, 2007; -136.936°E, 72.415°N; depth:2700m)

50 -0.365  29.831  23.954 2.01 0.31 0.13 0.18
300 0269  34.661  27.822 4.44 0.22 0.19 0.17
550 0473  34.845  27.958 6.34 0.39 0.34 0.16
800 0.161 34.87 27.996 6.32 0.34 0.5 0.11
1000 -0.056  34.885  28.019 5.65 0.29 1.07 0.17
1200 -0218  34.898  28.038 4.98 0.26 0.61 0.13
1400  -0.343 34911  28.056 3.81 0.21 121 0.17
1600 -0.438 34924  28.072 2.82 0.23 0.89 0.12
1800  -0.489 34937  28.084 3.73 0.14 2.07 0.23
2000  -0.505  34.945  28.091 4.45 0.28 2.37 0.32
2200  -0.511 3495 28.096 4.3 0.22 2.43 0.15

2349 -0.51 34.953 28.099 5.47 0.34 2.99 0.24
L1.1 (September 9, 2009, -136.599°E, 72.514°N; depth: 2530 m)

9 -1.14 26.155 20.991 0.79 0.24 0.5 0.08
50 -1.321 29.65 23.825 1.79 0.29 1.05 0.08
100 -1.214 31.762 25.535 1.7 0.24 0.85 0.11
200 -1.294 33.697 27.107 2.9 0.22 0.74 0.09
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2311)a
(fg kg™)
0.7
0.87
0.88
1.13
1.37
1.03
0.79
1.63

0.32
0.04
0.54
0.8
0.9
1.25
0.94
3.13
1.06
2.54

0.21
0.71
0.86
1.14
1.71
2.02
1.87
2.48
2.05

Depth 0 Salinity o 20Th SE
m)  (°C) (kgm?) (fgkg")  (0.95)
250 -0.294  34.39 27.628 3.53 0.23
300 0292 34639  27.798 4.7 0.42
400 0.683  34.802  27.906 5.44 0.26
600 0.422  34.841  27.953 4 0.26
800 0.16 34858  27.981 4.26 0.38
1000  -0.059  34.873  28.005 3.68 0.32
1500  -0.406  34.907  28.048 2.95 1.28
2000 -0.506  34.934  28.074 3.97 0.26

L2 (September 4, 2009, -137.383°E, 74.653°N; depth: 3600 m)
10 41392 26576 21.334 0.21 0.19
50 -1.214 30.1 24.188 0.78 0.2
100 -1.173 31974  25.706 1.06 0.22

250  -0.409 34375  27.621 3.47 0.24
350 0.645 34768  27.881 4.59 0.21
600 0.474 34.84 27.949 6.99 0.24
1000 -0.029  34.873  28.003 9.98 0.27
1500  -0.368 34906  28.046 9.82 0.29
2000  -0.511 3493 28.071 8.97 0.44
2500  -0.52 34941  28.078 8.45 0.29
3000 -0.509  34.945  28.079 9.66 0.58

UNCI11-6 (September 18, 2011, -130.745°E, 80.37°N; depth: 3480 m)
20% 2116 29.135  23.406 1.36 0.19
70%  -1.151  31.724  25.503 1.74 0.22
160*  -1.501  33.063  26.598 1.46 0.2
525%  0.453  34.845  27.955 9.69 0.26
900*  0.015  34.879  28.008 12.29 0.27

1265%  -0271 34905  28.043 13.1 0.29

1630%  -0.443 34927  28.069 15.1 0.74

2000%  -0.512 34943  28.086 15.23 0.29

2365%  -0.52 34951  28.093 15.81 0.29

2735% 051 34955  28.096 18.02 0.29

3100%  -0.508  34.956  28.096 17.59 0.39

3470% 0508 34956  28.096 17.78 0.46

Mendeleev Ridge

11 (August 25, 2005, -174.92°E, 83.11°N; depth: 2700 m)

20%  -1.551  29.845  23.987 1.43 0.31
99%  -1.679  33.695  27.115 2.64 0.44
290*  0.805  34.791 27.891 5.57 0.52
485%  0.634  34.852 27.95 8.37 0.56
683* 0223  34.859 27.98 7.39 0.45

1078 024 34883  28.024 9.42 0.72

1273% 0367 34897  28.042 9.71 0.36

1470%  -0.429 34914  28.059 13.06 0.83

1667  -0.499 34925  28.071 12.01 0.53

SE
(0.95)
0.1
0.1
0.07
0.09
0.16
0.06
0.06
0.11

0.03
0.05
0.05
0.07
0.07
0.07
0.09
0.13
0.07
0.15

0.08
0.05
0.05
0.09
0.12
0.07
0.09
0.08
0.12
0.13
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Depth 0 Salinity o 20Th SE B 2 SE

(m) (°C) (kgm®) (fgkg") (0.95) (fgkg')  (0.95)
1862* -0.498 34.939 28.083 14.44 0.79 - -

2059*  -0.505 34.946 28.088 15.68 0.54 - -
2254*  -0.506 34.949 28.091 17.47 0.75 - -
2439*%  -0.506 34.951 28.093 18.14 0.92 - -
2646*  -0.505 34.954 28.095 23.42 0.94 - -

Alpha Ridge
342 (September 7, 2007, -138.413°E, 84.500°N; depth: 2275 m)

50* -1.581  30.5079 24.526 1.57 0.03 0.05 0.01
150%* -1.376  34.0082 27.362 5.14 0.06 0.08 0.01
500%* 0.396  34.8605 27.971 15.11 0.14 1.23 0.04
1000*  -0.126  34.9013 28.033 14.34 0.13 1.39 0.04
1001*  -0.127  34.9013 28.033 14.48 0.13 1.47 0.04
1500*  -0.416  34.9282 28.07 14.75 0.13 1.73 0.06
2200*  -0.503 34.952 28.093 11.7 0.11 242 0.05

Makarov Basin
184 (September 6, 2005, 156.216°E, 87.628°N; depth: 4000 m)

2% -1.737 32.069 25.796 1.6 0.31 - -
21* -1.741 32.137 25.852 1.9 0.43 - -
126* -0.858 34.263 27.551 5.24 0.36 - -
255% 0.894 34.81 27.9 12.86 0.73 - -
404* 0.66 34.855 27951 9.64 0.55 - -
603* 0.29 34.868 27.984 10.59 0.42 - -
902* -0.124 34.884 28.02 12.72 0.68 - -
1201*  -0.324 34.907 28.048 16.84 0.7 - -
1501*  -0.438 34.928 28.07 20.78 0.9 - -
1802*  -0.489 34.942 28.084 243 0.97 - -

2105*  -0.509 34.948 28.09 27.72 1.25 - -
2401*  -0.516 34.951 28.093 27.09 0.9 - -

2705*  -0.523 34.952 28.094 27.61 0.9 - -
3008* -0.53 34.952 28.094 30.67 0.9 - -
3649*  -0.534 34.952 28.095 34.23 1 - -

3948*  -0.534 34.952 28.095 34.46 1.14 - -
328 (September 2, 2007, -170.407°E, 87.827°N; depth: 3990 m)

50 -1.628 31.445 25.288 2.5 0.06 - -
100* -1.545 33.899 27.279 3.36 0.06 0.2 0.01
300 0.865 34.841 27.927 6.85 0.07 0.78 0.02
1000 -0.218 34.896 28.034 12.4 0.12 1.31 0.02
1001 -0.218 34.896 28.034 12.46 0.12 1.36 0.02

2500*%  -0.523 34.955 28.096 29.08 0.2 3.62 0.04
3000 -0.534 34.955 28.097 23.06 0.17 3.48 0.04
3750 -0.538 34.955 28.097 19.46 0.16 3.34 0.04
96 (September 11, 2015, -125.094°E, §8.3598°N; depth: 3612 m)
10 -1.505 28.344 22.769 2.6 0.14 0.24 0.13
50 -1.62 31.632 25.439 2.14 0.15 0.11 0.13
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Depth 0 Salinity o 20Th SE B 2 SE

(m) (°C) (kgm?) (fgkg’) (095 (fgkg") (0.95)
100 -1.453 33.776 27.177 2.54 0.15 0.13 0.13
200 0.189 34.623 27.792 4.61 0.18 0.35 0.13
300 0.801 34.812 27.907 6.91 0.17 0.25 0.13
1000 -0.189 34.887 28.025 14.12 0.32 0.92 0.13
1500 -0.437 34.926 28.069 16.32 0.24 2.03 0.13

4. Results

4.1. Hydrographic Change in the Atlantic and Bottom Water

Comparing temperature profiles taken in the same area at different time clearly shows that the
Atlantic water has generally warmed in the Amerasian Basin between the ~1990s and 2010s.
This warming was mainly observed in the upper part of the Atlantic water, around 300 m, for the
MB and Mendeleev Ridge area, with a warming of ~0.4°C between 1991 (station 176) and 2005
(station 18A) in the western MB and of ~0.1°C between 1994 (station 25) and 2005 (station 11)
on the Mendeleev Ridge (Figure 4a-c). In contrast, on Alpha Ridge, the warming between 1983
(station CESAR) and 2007 (station 342) was not observed in the core of the Atlantic Water layer
(~ 450 m) but mainly between 500 and 1500 m, in the lower part of the Atlantic layer and in the
underlying uPDW. In the CB, the warming was centered in the upper part of the Atlantic Water
(Figure 3a-e). An increase of temperature of ~0.1°C was observed between 2007 (station 2700)
and 2009 (station L1.1) between 300-500 m in the southern CB (Figure 5c). In the western CB, a
deeper warming of ~0.25°C was observed to a depth of 800 m between 2000 (station 3) and
2015 (station CB4). The warm Atlantic water observed over the Mendeleev Ridge in 1994, in
the MB in 2005, and in the CB in 2007 and, to a greater extent, in 2009 documents the
propagation of the awAW. The deep and bottom waters of the CB were fresher and lighter in
2009, compared to the other years sampled (stations L1.1 and L2; Figure 5d and Tables 1 and 2).
In the MB, the deep waters were warmer, fresher and lighter in the mid-2000s than in 1991, and
even slightly lighter in 2015, while the bottom MBDW were getting slightly saltier, warmer, and
denser (Figure 5h and Table 2).

4.2. Geochemical Tracer Results

23OTh, 231pa and eyg data from the new stations collected in the Amerasian Basin between 2005
and 2015are compared to previously published samples collected between 1983 and 2000
(Figures 6 and 7). Most of the data refer to the dissolved fraction, from filtered samples, but

some represent the total fraction, from unfiltered samples. We distinguished data referring to the
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total fraction by reporting them in italic in Table 2. To facilitate the comparison between
unfiltered and filtered profiles, dissolved profiles of *°Th and **'Pa were estimated at stations
where samples were unfiltered, by multiplying the measured total concentrations by 0.8 for >*°Th

231
31pa water column

and by 0.95 for »*'Pa (from the average dissolved/total ratios of the *°Th and
database http://climotope.earth.ox.ac.uk/data_compilations, by considering only Arctic stations,
1.e. for station latitudes greater or equal to 75 °N). These estimated dissolved profiles are
represented by dashed lines in Figures 6 and 7. In order to track fractionation between **°Th and

3 31pa/?'Th activity ratios are also shown, for each area, in Figure 8.

Pa, dissolved
The geochemical tracer results reported from the different areas of the Amerasian Basin compare
well with the published data (Figures 6 and 7). Concentrations of >*°Th and **'Pa are consistently
higher in the MB and over ridges than in the CB. Profiles from the deep central CB and MB
show smaller increase with depth in the bottom layer, reflecting particulate scavenging by
sediment resuspension (Anderson ef al., 1983; Rempfer et al., 2017; Scholten et al., 1995). 20T
exhibit a greater spatial heterogeneity than #1pa, also consistent with the previously published
profiles. Lower >°Th concentrations are found in the sampling sites close to the boundary
circulation, while higher concentrations characterize the central basins, consistent with the

gradient described in Figure 2. New 2015 [Iyq profiles fall well within the range defined by the
profiles collected in the western CB in 2000 (Porcelli et al., 2009).

5. Discussion

5.1. Spatial and Temporal Variability in **Th and **'Pa Concentrations and Seawater eNd
Overall, none of the >*°Th profiles collected after 2000 exceeds the concentration levels of the
published, pre-2000s, deep profiles; they are equally high or significantly lower. This
observation suggests that the intensity of particulate scavenging in the Amerasian Basin has, in
the last two decades, been maintained or increased depending on the area, preventing *°Th

concentrations from building up due to uranium (U) decay.
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CHAPTER 6: Changes in Circulation and Particle Scavenging in the Amerasian Basin of the
Arctic Ocean over the Last Three Decades Inferred from the Water Column Distribution of

Geochemical Tracers
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Figure 5: Potential temperature (in °C)—practical salinity (0-S) profiles of the Canada Basin stations (a—d)
and of the Makarov Basin and Mendeleev/Alpha Ridge stations (e—h), showing the hydrological evolution of
the shallow (b, f), intermediate (c, g), and deep and bottom (d, h) water masses between the ~1990s and
~2010s. Hydrological references are given in Figures 3 and 4. The symbols on the profiles represent the
samples. Potential density contours 60 are shown in solid grey. Canada Basin profiles are reported in light
grey in the background of the Makarov Basin and ridges plots (e—h) to facilitate comparison.

190



5.1.1. Variability of *°Th and **'Pa in the CB

In the interior of CB, the *°Th profiles measured at stations 3 (orange circles) sampled in 2000
(Trimble et al., 2004), UNC11-6 (cyan diamonds) sampled in 2011, and CB3 (black diamonds)
sampled in 2015 (Figure 6a) are very similar (Figure 6b), suggesting that the balance between
29Th removal by particle scavenging and production from U decay was maintained over that
time period. By contrast, at the southern CB coastal stations 2000 (dark red circles) and 500
(purple squares) sampled in 2007, *°Th concentrations are significantly lower compared to the

1995 profile measured at AO-1 in 1995 (yellow circles; Edmonds et al., 1998).
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Figure 6: Vertical distribution of (b) BOThy concentrations (in fg kg'l), () Blpay concentrations (in fg kg'l)
and (d) eNd of the Canada Basin stations (shown in a). The white, light grey, and dark grey backgrounds
refer to the surface, intermediate Atlantic, deep uPDW and bottom CBDW layers, respectively, as subdivided
in Figures Sb, Sc, and 5d. To facilitate the comparison between unfiltered and filtered profiles, dissolved
profiles of Z°Th and **'Pa were estimated at stations where samples were unfiltered, by multiplying the
measured total concentrations by 0.8 for Z*’Th and by 0.95 for *'Pa (from the average dissolved/total ratios
of the *"Th and *'Pa water column database http://climotope.earth.ox.ac.uk/data_compilations, by
considering only Arctic stations, i.e., for station latitudes greater or equal to 75°N). These estimated dissolved
profiles are represented by dashed lines.
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A similar change is observed for *'Pa between station 2000 (dark red circles) and AO-1 (yellow
circles; Figure 6¢). These observations indicate increasing particle scavenging in the southern
coastal region of the CB between 1995 and 2007. In the transition zone between the southern
margin and the interior zone discussed above, station 4 (red diamonds) sampled in 2000
(Trimble et al., 2004), 2700 (pink diamonds) sampled in 2007, and L2 (blue square) sampled in
2009 exhibit a pronounced *°Th maximum in the Atlantic layer, suggesting a lateral exchange
signature, as schematized in Figure 2b. Particularly remarkable is the sharp difference in the
profiles measured in 2007 at stations 2000 and 2700 (Figure 6b), as these two stations are only

51 nautical miles apart and were sampled within a few days (see sampling dates and locations in

Table 2).
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Figure 8: Blpa/BiTh activity ratio as a function of depth (top) and of Pa concentrations (bottom; in fg kg™) at
the Canada Basin stations (a, b) and at the Makarov Basin and Mendeleev-Alpha Ridge stations (c, d), in
color, superimposed on the Canada Basin ones, in grey, for comparison. The dotted black line represents the
production rate ratio (*'Pa/?°Th = 0.093; Anderson ef al., 1983). The red line in (b) and (d) is the linear
regression of the colored dots (excluding samples shallower than 50 m). In a steady state system, the slope of
this red line reflects differences in the relative adsorption of Pa and Th. Steeper slopes reflect more intense
scavenging of Th (higher k,) than for Pa. This is discussed further in the text.
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5.1.2. Variability of engin the CB

Differences between coastal and interior regions of the CB are also observed in [ng profiles
(Figure 6d). Stations sampled in 2000 (Porcelli et al., 2009) exhibited significant differences in
€ng, With station 4 (red diamonds), identified as a transition zone station from its 20T profile
(Figure 6b), having significantly more radiogenic values than station 3 (interior basin). This
observation suggests that in 2000, these two locations were in areas of distinct circulation, with
little lateral exchange between them. The southern, more radiogenic 2000 profile resembles the
one observed at CB2 in 2015, on the eastern CB margin (red diamond and green square in Figure
6d): they are likely representative of the water masses associated with the boundary circulation.
The northern, less radiogenic 2000 profile (station 3, orange circles) resembles those observed at
the deep stations in 2015 (black diamond and white circle profiles): these are likely
representative of the central basin water masses. The more pronounced horizontal eng gradient
between the boundary vs. central CB in 2000 compared to 2015 reflects increasing lateral

exchanges between these two areas between 2000 and 2015.

5.1.3. Contrasting **°Th, »*'Pa and exq Variability in the 2015 CB

The two 2015 deep stations (CB3 and CB4; Figure 6a) exhibit very similar profiles in &g

230

(Figure 6d) and 21pa (Figure 6¢), but not in " Th (Figure 6b). For the latter, the Atlantic layer at

CB4 (white circles) exhibits much lower concentrations than at CB3 (black diamonds), resulting

in higher *'Pa/*°Th ratios (Figure 8a-b). These differences reveal on-going processes for which

29Th is more sensitive than 2!

230

Pa and eng, most likely an increase in particle fluxes that removes

Th faster than the two other geochemical tracers, which are less susceptible to scavenging.

230

CB4 is in closer vicinity to the boundary circulation and exhibits “°“Th concentrations in the

Atlantic water similar to those found at the 2015 coastal station CB2 (green squares). However,
unlike CB4, CB3 also has lower 21pa concentrations and more radiogenic eng. These results
suggest that in 2015, the coastal region of the CB is impacted by higher fluxes of particles,
which started to affect CB4. It seems to also be the case in 2009 at station L1.1 (blue circles),

which is very close to station 2700 sampled in 2007 (pink diamonds). The **

231

Th profile at station
L1.1 resembles more that at CB2 than at 2700, while
closer to 2700 measured in 2009 than CB2 measured in 2015.

Pa profiles measured in 2009 at L1.1 are

To summarize, in the CB, the comparison of published and new geochemical profiles suggests:
1) enhanced fluxes of particles along the radiogenic boundary circulation pathway after 2000,

evidenced by lower 2*°Th and *'Pa concentrations and **°Th-*'Pa fractionation; 2) a transition
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zone between the margin and the CB interior where lateral exchanges of water was between the
margin and the basin interior was captured in 2000, 2007 and 2009 by non-linear *°Th profiles,
showing a concentration maximum in the Atlantic layer; 3) an area north of 75°N in the central
basin subject to low exchanges with the boundary circulation, with more negative exg and a

particle flux maintained at relatively low level.

5.1.4 Variability of *°Th and **'Pa in the MB

In the Makarov Basin and adjacent ridges area (hereafter MBAR), the highest dissolved **°Th
and »'Pa concentrations were measured over Alpha Ridge in 1983 (red circles; Bacon et al.
1989) and the northern MB in 1991 (green circles; Scholten et al., 1995; Figure 7). Building up
such high concentration requires a residence time exceeding several decades in a region
subjected to a very low particle flux region, as would be expected under permanent sea ice
cover, to allow ingrowth of the two nuclides from their parent U isotopes. Dissolved 21pa/»0Th
ratios at these two stations are not as high as generally observed in the CB (Figure 8c-d), which
is also consistent with a multidecadal residence time under permanent sea ice. As a water mass

enters a region subjected to a lower particle flux, its **°

231

Th concentration build up faster than
Pa concentrations because of the differences in production rate and residence time with
respect to scavenging between the two radionuclides, resulting in a gradually decreasing
dissolved **'Pa/*Th ratio with time. However, the MB profile comparison highlights 1) a
significant decrease of **'Pa in the post-2000 profiles, not as marked in **°Th (Figure 7¢), 2) an

230

inflexion in “"Th profiles with a minimum around 2500 m for all the 2015 profiles (blue and

black profiles in Figure 7a). The comparison of the two Alpha Ridge profiles shows significantly

>1pa at the 2007 station, even more pronounced for **°Th, surprisingly

lower concentrations of
tending toward CB concentrations with depth (pink square profile in Figure 7). In the following,
we further develop the hypothesis presented above for the CB and hypotheses to explain the

MBAR features.

5.2. Increased Particle Flux in the Margin Area

In the CB, the low **°Th and **'Pa profiles of the two 2007 coastal stations compared to the
coastal 1995 profile reveal the impact of an enhanced vertical particle flux. The 2007 stations
were located on the margin close to the Mackenzie River mouth, an area more and more
seasonally free of ice (Figure S1): particulate riverine material and biological productivity could
both explain an enhanced vertical particle flux at these coastal stations. The deeper 2007 coastal

stations (stations 2000 and 2700) exhibit lower dissolved oxygen concentrations than measured
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in 1995 at station AO-1, supporting an increasing flux of biogenic particles (Figure 9a-b). Ice
rafted particles may also be released during the seasonal ice melt and possibly reinforce the
particle flux and scavenging rate in this margin area (Baskaran ef al., 2003; Trimble et al.,
2004). In addition to enhanced vertical fluxes of particles in the margin area by increased

biological productivity, our 2015 results also suggest lateral fluxes of continental particles.

Depth (m)

°

50
100
250
500
750
1000
1250
1500
2000
2500
3000
3500
4000
4500
5000

I

Ma...u...,
[ e

®
. ®

100 -
200
300
400
500- 1995 - AO1
®  1983- CESAR
600- ——  2007- 500
_ 700- o7 2000 o 1991-176
& 800 d o 1994-18
:E' 900 2007~ 2100 1994 - 25
g_ 1000 — 2009 - L1.1 -
T 11001 2007 - 328
Q 1200 2009-12 ®  2007-342
1 2011 - UNC11-6 2015- 96
1400
1600: —  2015-CB3 i - 2015-101
i =  2015-CB4 ] Sl
7900
2200 £ s
n g .':.E‘
2700; o :
35001 : : : 8 3 : : : 8
250 300 350 400 250 300 350 400
Dissolved O, [umol kg*] Dissolved O, [umol kg]

Figure 9: Dissolved oxygen concentrations (in pmol kg'l) measured at the different stations shown in (a) and
(c), for (b) the Canada Basin and for (d) the Makarov Basin and Mendeleev-Alpha Ridges, in color,
superimposed on the Canada Basin ones, in grey, for comparison. References are given in Figures 3 and 4.

As noted above, the 2015 profiles measured at the two deep stations CB3 and CB4 have similar
ena (Figure 6d) and **'Pa (Figure 6¢) concentrations in the Atlantic layer, but lower *°Th
concentration at CB4 (Fig. 6b), while at the coastal station (CB2), exg was more radiogenic and

230

both ***Th and **'Pa concentrations were lower than at CB3. Comparing the ***Th profiles to

197



particulate iron (pFe) measured at the same stations (Figure 10; Li, 2017) reveals that the *°Th
minimum observed in the Atlantic layer at CB4 coincides with a maximum of pFe, both of
which are not observed at CB3 (Figure 10b-c). These observations suggest scavenging by
lithogenic particle at CB4, possibly coming from the margin or the Northwind Ridge (this ridge
rises to ~520 m below the surface, 250 km west of CB4; see Figure 3a). Moreover, the Atlantic
layer at the coastal station CB2 exhibits much higher pFe and much lower **°Th concentrations
than at the deep stations (Figure 10a), suggesting higher flux of coastal particles that scavenges
both »*°Th and **'Pa. The more radiogenic eng below 500 m at CB2 compared to CB3 and CB4
(Figure 6d) further suggests that this signature is imparted from margin sediments, which is
consistent with the eyg of the acetic acid leachates of surface sediments measured in the area
(Haley and Polyak, 2013). The suggested impact of coastal particles on **°Th, **'Pa and eyq data
at CB4 cannot only be the result of coastal processes transmitted offshore by advection. Instead
coastal particles must be advected from the margin to CB4 to explain the pFe data. The transport
of dissolved and particulate lithogenic signature from nepheloid layers formed by sediment
resuspension along the CB margin across the area of boundary circulation could explain the
distribution of all these 4 tracers. The occurrence of nepheloid layers has indeed been reported in
the CB margin area (e.g. Ehn ef al., 2019; O’Brien et al., 2006, 2013). Coastal water and
particles could also be transported through eddies generated in the southern CB boundary current
(Watanabe, 2011; Zhao et al., 2014), whose number has intensified over the last two decades

(Zhao et al., 2016).
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Figure 10: Vertical distribution of BThy concentrations (in fg kg'; grey curves) and particulate Fe
concentrations (pFe, in nM; black lines, from Li, 2017) in the Canada Basin in 2015, at (a) station CB2
(eastern CB), (b) station CB3 (northern CB), and (c) station CB4 (western CB). 2**Th and pFe ranges are
kept the same for the three stations to highlight differences.

The high dissolved »*'Pa/*°Th activity ratios in the Atlantic layer of most CB coastal stations
collected after 2000 (Figure 8a-b) is consistent with the preferential scavenging of °Th by
lithogenic particles (Chase ef al., 2002). Such high *'Pa/*’Th activity ratios are not observed in
the MBAR area (Figure 8c-d) where dissolved oxygen concentration profiles are not decreasing
with time as in the CB (Figure 9c-d), suggesting that fluxes of lithogenic and biogenic particles
are lower and more constant in time in the MBAR area. This difference is consistent with the
evolution of sea ice coverage, more persistent in the MBAR area than in the CB (Figure S1),

limiting biological productivity and ice rafted debris release.

5.3. Spatial Characterization of an Area of Lateral Exchanges Between the Boundary
Circulation and Northern Central CB

The non-linear profiles observed in 2000 (station 4), 2007 (station 2700) and 2009 (station L2;
Figure 6b) document the presence of an area where coastal low->""Th and offshore high-***Th

waters influence the >*°

Th profiles to different extents at different depths. At these three stations,
the relatively high concentrations measured at intermediate depths reflect advection or mixing of
water originating from the northern CB. The southern limit of this mixing area in 2007 is fairly
well captured by the sharp difference in 2*°Th concentrations and potential temperature within
the Atlantic layer between the most offshore station 2700) and the more inshore station 2000
located 51 nautical miles south. At station 2700, the Atlantic Water has higher *°Th

concentrations (Figure 6b), a higher temperature maximum (Figure 3c; inset), and a temperature
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profile showing zigzags indicating weak turbulence and double-diffusive intrusions (Woodgate
et al., 2007) — consistent with an offshore northern CB origin (McLaughlin et al., 2009). In
contrast, the low **°Th concentration and smooth 8-S profile in the Atlantic layer of station 2000
is consistent with a boundary origin (Figures 5c and 6b). These two profiles are likely located
across the front separating the cyclonic boundary current from the central anticyclonic flow
(McLaughlin et al., 2009). The 1995 #"Th profile did not exhibit such deviations from linearity
and was therefore likely located south of this front.

Interestingly, it seems that the location of this front has moved further north between 2007 and
2009. Station L1.1, sampled in 2009 (blue circles) is almost at the same location as station 2700

sampled in 2007 (most offshore station; pink vs green profiles in Figure 11a).
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Figure 11: Comparison of ***Th, concentrations (in fg kg™) and 0-S profiles (with superimposed isopycnal 60)
at stations of very close location but of different sampling year. (b) Schematic representation of the Canada
Basin (CB) areas as defined from the **’Th profile features. Each station location is characterized following
its degree of impact by coastal processes: weak, strong, or intermediate (white, black, and black/white filled
circles, respectively), closely related to the extension of the boundary, northern, and mixed water areas. Color
contours refer to the year of station sampling (same color code as in Figure 1). Larger circles, cut in two
halves, represent temporal variability of the spatial extension of boundary processes from the stations visited
twice (a).

It is difficult to explain the sharp decrease observed in **°Th concentrations within the Atlantic
layer between 2007 and 2009 only as a result of increased particle flux and scavenging,
considering the residence time of Th at these depths. Instead, it most likely reflects a greater
relative proportion of “margin” vs “offshore” water at this location in 2009. The smoother 0-S
within the Atlantic layer and more radiogenic, *°Th-depleted signal found at 1000 m at the 2015

station CB4 (white circles, Figure 6), compared to the nearby 2000 station 3 (orange circles;
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Figure 6) sampled 15 years before may also reflect the northward displacement of this front and
increase lateral exchanges between the margin area and the central CB during the last two
decades (orange vs brown profiles in Figure 11a and Figure 6d). Figure 11b summarizes,
through the characteristics of the **°Th vertical profiles, the spatial distribution and temporal
variability of the impact of coastal processes and lateral exchanges.

The lateral exchange variability suggested in the CB may be related to the propagation in the
Arctic of the awAW: associated with a larger volume of inflowing Atlantic Water (Karcher et
al., 2003; Schauer et al., 2004), this awAW propagated as a stronger intermediate flow, which
presumably reinforced the two circulation schemes of the CB (anticyclonic circulation in the
deep basin; Coachman and Barnes, 1963; Newton and Coachman, 1974; boundary cyclonic
circulation) and enhanced the lateral mixing between the cyclonic boundary circulation and the
anticyclonic central circulation. This is supported by the coexistence of the temporal increase of

29Th profiles with the temporal increase of temperature of the

vertical variability within the
upper Atlantic layer (Figure 11a). The eddy activity and its intensification over the last decades
(Timmermans et al., 2008; Watanabe, 2011; Zhao et al., 2016) could also be partly responsible

for the lateral exchange variability suggested by our profiles.

5.4. Lateral Exchanges in Other Areas of the Amerasian Basin

5.4.1. Lateral Exchange in the Atlantic/Deep Layer Between the Northern CB and the
Southern Alpha Ridge

Unlike at the stations in the CB, MB and Mendeleev Ridge areas, waters sampled in the Alpha
Ridge (AR) area (station CESAR and 342) before and after 2000 do not exhibit significant
hydrological changes (Figures 12b). The awAW propagation, seen in other regions, was not
identifiable at station 342 in 2007, while it was evident at station 328 sampled the same year in
the MB (Figure 12). This suggests the relative isolation of the water column in AR area from the
MB and CB circulation. In addition, the high 23 OThd and % lPad concentrations measured in 1983
in the northern AR (station CESAR) reveal the long isolation of the water column in this area
under low flux of particles, allowing ingrowth of the two radionuclides (see Figure 2¢; Bacon et
al., 1989). In 1996, Smethie et al. (2000) consistently found low CFC-11 concentrations and ‘H-

*He ages of 25 years on average below 300 m in this area.

201



Mendeleev and Alpha Ridges:
00 1994 - 25 - Edmonds et al. (2004) - Total
@®- 2005 - 11 - Total

—@— 1983 - CESAR - Bacon et al. (1989)
0 2007 - 342 - Total

Makarov Basin:
@ 1991 - 176 - Scholten et al. (1995)

~4— 2005 - 18A - Total

~@- 2007 - 328 - Mix Diss. & Tot.
- 2015-101

@ Mendeleev and Alpha Ridges: #25(1994) vs. — #11 (2005), — #CESAR (1983) vs. #342 (2007)
0 1.0
. — | A7 7 7
— S @ y v
500 2l T ILE S P J
= |~ ¢
St / g 061 &
- P 2 b
E 1500 4 £ 0 &
£ f g o027
22000 8 /
a Z 00
. | 5
2500 i I §-02
3000 € 0.4
3500 - + -06 =
o 6 12 18 24 30 0 1 2 3 4 5 6 -15-10-05 00 05 10 3475 34.80 34.85 34.90 34.95
230Th, concentrations [fg kg™ 231pa, concentrations [fg kg™1 Potential temperature [°C] Practical salinity
@ Makarov Basin: #176 (1991) vs. — #18A (2005), —#328 (2007) vs. — #101 (2015)
0 1.07—
500 G 08
1000 ‘s 0.64
S
E 1500 § 0.4
£ 2000 £ 0297
@ s
8 2500 oo
3000 €-02
3500 £ 0.4
4000

-0.6 :
0 6 12 18 24 30 0 1 2 3 4 5 6 -15-1.0-05 00 05 10 34.75 34.80 34.85 34.90 34.95
230Thy concentrations [fg kg~!] 231pa, concentrations [fg kg~1] Potential temperature [°C] Practical salinity

Figure 12: Comparison of geochemical (*"Thy and ®'"Pay concentrations, as shown in Figures 5 and 6, in fg
kg™) and hydrological (potential temperature 0 vertical profiles, in °C, and 0-S profiles with superimposed
isopycnal 60) properties at stations of very close location but of different sampling year (also referred in the
text as “twice visited,” except for the Alpha Ridge stations that are too far apart to be considered as such).
Concerned stations are identified in the map shown in (a) and properties are shown in (b) for the Mendeleev
and Alpha Ridge stations and in (c) for the Makarov Basin ones. The 0-S plot insets show a zoom on the 0-S
bottom water characteristics delimited by the black squares.

Yet, much lower 23OThd and * lPad concentrations were measured at station 342 in 2007, with a
surprising decrease in **°Thy with depth (Figure 12b). Such differences between the 1983 and the
2007 profiles imply the presence of intermediate/deep waters at the 2007 station distinct from
the water mass sampled in 1983. From the comparison of the hydrological profiles at these two
AR stations to those of the whole station set reported here (Figures 3-5 and 9), AR waters appear
to be dominantly derived from CB waters, and more particularly, from colder, saltier, denser
waters predating the awAW propagation in the CB. The largest hydrological differences
observed between the AR stations collected in 1983 and 2007 are actually not in the AW core
(ca. 500 m) but in the lower halocline and lower AW, where the 2007 station is warmer (Figure
12b). These geochemical and hydrological features of the two AR stations are consistent with
the lower AW and uPDW in 2007 being relatively recently renewed by CB waters. The **°Thg

231

and ~° Paq profiles are consistent with this hypothesis, as well as the dissolved oxygen (Figures 7

and 9d). The water renewal had to occur about 10 years before the sampling of the 2007 station,
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1.e. predating the awAW arrival in the CB (i.e. 2003; Woodgate et al., 2007) but postdating the
low CFC, *H and *He observed in the area in 1996 (Smethie e al., 2000). It is possible that the
29Ty content of the uPDW in this area was additionally impacted by scavenging. Indeed, the
2007 station was collected on the deep southwestern flank of the AR, in contrast to the 1983
station which was situated over the top of the AR (Figures 12a). Sediment resuspension from the
Alpha Ridge slope that rises to 1600 m, 60 km further north (84.9°N, 134.3°W; www.gmrt.org)
and to 1300 m, 140 km further northeast of the 2007 station (85°N, 126°W) could impact the
area sampled in 2007.

5.4.2. Lateral Exchanges Between the Deep Northern CB and the Deep MB

Intrusions of CB waters into the MB above the deeper sill between the Mendeleev and Alpha
Ridges (~2400 m) could explain the **’Thy concentration minimum observed within the Deep
Transitional Layer (DTL, 2000-2500 m; Timmermans ef al., 2003) in 2015 in the MB (stations
96, 101, 134; Figures 7 and 12c¢). Indeed, the deep and bottom layers of the CB are characterized
by significantly lower concentrations of ***Th than the MB; the uniformity in the **'Pa
concentrations of the MB and northern CB at this depth also support such exchanges. In
addition, the MB **'Pa/**’Th activity ratios show a consistent deviation around this depth toward

slightly higher, CB-like, values (Figure 8c). The fact that this **°

Th minimum is clearly observed
in the eastern MB (station 96) further suggests that this CB signature spreads through the entire
Basin (i.e. east of 180°). Hydrological features such as the 0-S convexity and O, minimum
observed within the DTL at the MB stations also support exchanges of CB deep waters toward
the MB (Figures 4, 5h and 9d). Although the direction of exchanges we suggest here conflicts
with former hydrological study conclusions that invoked a dominant flux of DTL water above
the Mendeleev/Alpha Ridge from the MB toward the CB (e.g. Carmack et al., 2012; Rudels,
2009), Swift et al. (1997) also invoked a flow from the CB toward the MB above the Mendeleev
Ridge to explain the local silicate maximum observed in the MB around 2400 m depth.

Intrusions of CB deep waters into the MB could also explain the warmer and saltier water
observed in the bottom waters at the MB and Mendeleev Ridge stations after 2000 (insets in the
0-S plots in Figure 12b-c). Nonetheless, considering the gradual decrease of tracer —especially
2!pas— concentrations with depth below 3000 m, coupled to a gradual increase of dissolved O,

(Figure 9b and 12c¢), we agree with Middag et al., (2009) and Roeske et al. (2012) that MB

bottom water is also made of some colder and fresher Amundsen Basin Deep Water (ABDW)
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that likely came over the Lomonosov Ridge (between 2000 and 2500 m) and sank due to its

higher density than the local bottom waters (Timmermans et al., 2005).

5.4.3. Lateral Exchanges Between the Eurasian Basin and the Central Makarov Basin

As previously mentioned, the data reported in this work suggest that fluxes of lithogenic and
biogenic particles have been weaker and more constant in time in the MBAR area than in the CB
(see section 5.2). Yet, significant differences are observed between the >**Thy and *'Pag profiles
in the MB before 2000 (Station 176; Scholten et al., 1995) and those at the stations visited after
2000 (Figure 12c): post-2000s profiles exhibit lower radionuclide concentrations, especially
pronounced in **'Pagy, compared to the 1991 profile. The high **°Thy and **'Pagq concentrations
measured in 1991 in the northern MB reflect, as for the 1983 station collected over the AR, a
long isolation of the area from the dynamic boundary circulation of the MB and a low flux of
particles (Scholten ef al., 1995). The difference of **'Pagy concentration between this 1991 station
and those visited after 2000 increases with depth. It is difficult to explain the pre- vs post-2000s
radionuclide differences observed in the MB as a stronger flux of particles, as a change in
particle flux strong enough to explain the **'Pa changes in depth should have also led to a much
larger 2*°Th depletion than those observed (Figure 12c). Not to mention that, despite the
evolution of sea ice coverage since the 1990s, most of the MB has remained permanently
covered by sea ice over these years (Figure S1), limiting an enhancement of productivity.

230

Therefore, our geochemical results suggest that waters with lower “~""Th concentrations and

21pa/P'Th activity ratios (due to lower concentrations of **'Pa relatively to **°Th)

231

lower
propagated into the MB after 1991. CB waters are characterized by too high **'Pa/*°Th activity
ratios and too low oxygen concentrations to represent a valid candidate. In contrast, consistent

230
lower

Th concentrations and lower *'Pa/>*’Th activity ratios have been documented in the
Eurasian waters (Edmonds et al., 2004), as well as similar oxygen concentrations (Schauer et al.,
2002). The presence of the awAW at the stations visited in the MB after 2000 supports the
occurrence of exchanges between this previously isolated area and the topographically-steered

intermediate circulation (Figure 12c).

6. Conclusion

This work presents a compilation of published and new depth profiles of 2*°Th, **'Pa, and exg
collected between 1983 and 2015 in the Amerasian Basin of the Arctic Ocean; in particular in
the Canada and Makarov basins and over the Mendeleev and Alpha ridges. The distribution of

these geochemical tracers allow an assessment of the spatial and temporal variability in particle
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flux and water mass circulation and mixing in these different areas. A representation of
intermediate-to-bottom layer circulation, including pathways likely dominant in the past but
suggested to be more minor recently (section 5.4) as well as the circulation from the main

conclusions (summarized below) is outlined in Figure 13.

Atlantic

RUSSIA

GREENLAND

Figure 13: Schematic representations of Amerasian Basin circulation layers: (a) Atlantic water layer (~250—
1,000 m); (b) uPDW layer (~1,000-2,500 m); (c) bottom layer (~2,500 m bottom; flow direction not given, due
to uncertainties). The 250, 1,000, and 2,500 m isobaths are represented by grey, white, and black lines,
respectively. EB = Eurasian Basin; AB = Amerasian Basin; MB = Makarov Basin; CB = Canada Basin; LR =
Lomonosov Ridge; AR = Alpha Ridge; MR = Mendeleev Ridge; NR = Northwind Ridge; CP = Chukchi
Plateau. Dotted red pathways—within the MB in (a), over the MR toward the CB in (b), and over the LR
toward the MB in (c)—are paths that were likely dominant in the past but are likely minor nowadays.

A temporal decrease in concentrations of the particle-reactive tracers 2*°Th and **'Pa is observed
in the whole Amerasian Basin and results from particle scavenging, and mixing and circulation
variability. Particularly in the Canada Basin, the intensification of lithogenic and biologic
particle fluxes likely results from margin sediment transport and enhanced biological production,
respectively, in relation to sea ice retreat. Imprints of increased lateral exchange are also reported
in several areas of the Amerasian Basin. In the Canada Basin, they are represented by the

coexistence of high **°Th Atlantic water of northern origin overlying low **°Th waters that have
their origin in the boundary; the spatial extent of this area of lateral exchange seems to vary in

time. The geochemical and hydrological characteristics at the southern flank of the Alpha Ridge
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in 2007 reflect the occurrence of lateral exchange in the Atlantic layer and uPDW with Canada
Basin waters in the early 2000s, in contrast with the isolated character of this area reported in the
80-90s. Similarly, the geochemical and hydrological characteristics reported in the MB suggest
that lateral exchange has connected the previously isolated northern MB with the main
circulation (the pre-2000s Makarov Basin circulation was likely restricted to the red arrow
shown in Figure 13a; blue arrows show the connection of the offshore Makarov Basin with the
boundary circulation suggested from the post-2000s profiles). The results reported in this study
also suggest increased intrusion of Canada Basin deep waters over the Mendeleev-Alpha Ridge
sill into the Makarov Basin, impacting the Deep Transitional Layer (2000-2500 m) waters of the
Makarov Basin (while a dominant overflow from the Makarov Basin toward the Canada Basin
was previously suggested, as represented by the red arrow in Figure 13b). Canada Basin deep
water intrusion also seems to mix with deeper waters of the Makarov Basin and decrease the
Amundsen Basin Deep Water (ABDW) signature of the Makarov Basin Bottom Water (ABDW
overflow represented by the red arrow in Figure 13c).

These conclusions are based on sparse samples, in space and time. Additional sampling is
needed to refine the hypotheses proposed in this study. There is a need to better document the
coastal Makarov Basin, from the Lomonosov Ridge to the Mendeleev Ridge, and the northern
Canada Basin, from the Chukchi Plateau to the northeast Canadian Arctic Archipelago (CAA). It
would be of interest to sample the Alpha Ridge again over the southern and northern flanks to
determine whether this area is isolated, or if changes in the Arctic circulation have led to
exchange of waters between this area and the Canada Basin. Finally, with the circulation
changes suggested in the Makarov Basin, it would also be interesting to monitor the water
circulation in the vicinity of the western Lomonosov Ridge, by sampling the Greenland side of
the Makarov Basin, Alpha Ridge and Amundsen Basin, to better document the composition of
waters flowing through Nares Strait (between the CAA and Greenland) and those returning to
Fram Strait. The circulation and particle distribution of the Amerasian Basin are sufficiently
heterogeneous to make these geochemical tracers a useful tool to study the Arctic Ocean state
and evolution, though the utility of these tracers may be challenged if mixing and particle

concentration dramatically increase and eventually erases the current gradients.
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CHAPTER 7: Conclusions and Perspectives

Main Conclusions

The main aim of this thesis was to identify removal processes of **Th and **'Pa in order to
determine effects of environmental changes on scavenging behaviour and export of particle

21pa from

reactive trace elements. In order to achieve this, a time series of dissolved 20Th and
1991 over 2007 to 2015 was established, allowing to determine changes over time and to
interpret their implications in relation to changing environmental conditions. The main aims of

this thesis were broken down to the following questions:

I) What are the natural background processes affecting **'Pa and **°Th in the Arctic Ocean?

- Hydrothermal plumes emitted from major submarine volcanic eruptions at the
Gakkel Ridge caused a drastic reduction of dissolved ***Th below 2000 m in the
central Nansen Basin in only eight years. This scavenging event took place
between 2007 and 2015. It shows the importance of scavenging removal of trace
elements during or after phases of hydrothermal or volcanic activity in the Nansen
Basin. These eruptions might present not only a source to but also an important

removal process of trace elements in the deep Nansen Basin.

- Dissolved *°Th concentrations decreased by 50% in the central Amundsen Basin
above 1500 m and by 30% below 1500 m between 2007 and 2015. This depletion

230
f

is ascribed to increased scavenging removal o Th from inflowing Atlantic

waters over the Barents Sea shelf and along the margins of the Nansen Basin.

- Increased scavenging removal of Z°Th at the margins of the Eurasian Basin leads
to reduced export of *°Th out of the Arctic Ocean, potentially influencing

sediment inventories in the GIN Seas over time.
- Boundary scavenging removes significant amounts of >°Th at the Nansen Basin
margin.
IT) Do ongoing environmental changes in the Arctic Ocean already result in measurable changes
in 2°Th and **'Pa concentrations and distributions and what are the implications?

- 2°Th and **'Pa concentrations decreased over time from the 1980s to 2015 in the
entire Amerasian Basin due to increased scavenging removal and variations in

circulation and water mass mixing. Particularly the Canada Basin experiences an
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increase of lithogenic and biological particle fluxes, due to sea ice retreat and
intensified lateral input of margin sediments. Hence climate change causes

changes on 29T and *'Pa concentrations in the entire Amerasian Basin.

IIT) To which extent can the budgets of **'Pa and **°Th in the Arctic Ocean be used to trace

important environmental processes in time?

- Water column inventories of dissolved *°Th and **'Pa are variable in the central
Arctic Ocean. Especially inventories of dissolved **°Th can change rather quickly
in the central Arctic Ocean. Dissolved °Th decreased by up to 50% from 2007 to
2015.

- 2°Th and **'Pa budgets and box model calculations, based on water column time

series, indicate that the Eurasian Basin margins become a sink for **°Th, and

231 f231

possibly “*"Pa. Export of “° Pa out of the Arctic Ocean may be less important than

previously thought.

An important finding of the research conducted in the framework of this thesis is the high
variability of dissolved *°Th and **'Pa inventories in the Arctic Ocean. Their water column
concentrations and distributions can change significantly over the course of only eight years. In
addition to the temporal variability there are also spatial differences in 29Th and *'Pa
concentrations and depth distributions within one basin, indicating the importance of local
features, such as hydrothermal vents. Furthermore the quite high temporal variability of **°Th
and *'Pa concentrations and distributions highlights the importance of repetitive sampling
campaigns. On a broader scale this finding implies that it is important to take samples at several
stations per basin and choose their location in a way that allows comparison with previous
expeditions, but that also covers areas that can be expected to be under the influence of different

Processes.

Valk et al. (2018), Grenier ef al. (2019) and Valk et al. (2020) have shown that it is valuable to
have repeated sampling campaigns, allowing the creation of time series of naturally occurring
radionuclides. It is also good to have data from different locations distributed over potential

B1pa time

inflow passages of Atlantic waters. Their findings, based on the dissolved **°Th and
series, show that it is important to cross features, like a transect from the shelves to the central
basins, as shown by Gdaniec et al. (2020), but also choose stations along a feature, e.g.

following circulation pathways.
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The high variability of **°Th and *'Pa concentrations and distributions in the Arctic Ocean is
expressed by a reduction or an increase of *°Th and **'Pa in certain basins and depth ranges of
the Eurasian and Amerasian Basin over the past 26 years, but especially after 2007. Different

21pa in the Arctic Ocean.

processes are responsible for the temporal developments of 2*°Th and
Some of these processes are caused by climate change, such as increased particle fluxes at the
margins of the Nansen and Canada Basins (Dalpadado et al., 2020; Glinther et al., 2013; Jensen
et al., 2020), but others are caused by seismic events, like the volcanic eruptions at the Gakkel
Ridge (Sohn et al., 2008). None of the studies on “°Th developments in the Eurasian Basin,
presented in this thesis, give evidence for increased particle fluxes from the surface within the
central Eurasian Basin. Hence particles from increasing particle input from the shelves,

surrounding continents, slopes and sea ice retreat do not yet reach the central basins or not yet in

full strength, but the signals of such processes can be observed in the central basins.

The finding, that scavenging removal of ***Th increases, especially at the margins of the Arctic
Ocean, shows the importance of basin-margin exchange and interaction. Time series of dissolved
#Th and water column profiles of 2015 particulate and dissolved *°Th, ***Th and partly **'Pa
indicate increasing scavenging removal of *°Th along the Nansen Basin margin and in the
Barents Sea. This increase in scavenging intensity makes the margins of the Eurasian Basin a

230Th, This could indicate that these areas are or become also sinks for other trace

sink for
elements, such as Fe. If trace elements, including micro nutrients, whose inputs to the Arctic
Ocean increase (Klunder et al., 2012; Peterson et al., 2002; Rijkenberg et al., 2018), are
removed directly or soon after entering the central Arctic Ocean by scavenging removal, it
would decrease the availability of nutrients for central Arctic Ocean ecosystems. This is
reflected by >*°Th scavenging removal from inflowing Atlantic waters as they flow along the
margin of the Nansen Basin and through the Barents Sea. When entering the Amundsen Basin
those waters have undergone significant scavenging removal of 2*°Th and have lost a major

d 2°Th content. Therefore those >*°

amount of their dissolve Th depleted waters decrease the
#Th inventory in the upper Amundsen Basin by reducing the lateral **Th supply. This process
also has influence on the deep waters below 1500 m, where dissolved *°Th also decreased after
2007. This decrease is due to reversible scavenging transporting the depletion signal from above
1500 m downwards. This highlights the importance of shelf-basin interactions, as well as the
connection of horizontal transport by advection and vertical fluxes by (reversible) scavenging
removal. If this process also affects other trace elements it would result in a significantly reduced

input of those to the central Arctic Ocean and eventually to the GIN Seas. Hence increased
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scavenging at Eurasian Basin margins has impact on Arctic Ocean and Atlantic Ocean
ecosystems. Decreased export of “°Th through the Fram Strait also is important for the
interpretation of *°Th accumulation in sediments from the GIN Seas. Such influences could
impact the future development of *°Th sediment accumulation and the **'Pa/*°Th ratio in GIN
Sea sediments, as well as the interpretation of existing sediment records. Both would only be
measurable if the underlying conditions, driving the removal process, persist long enough to
exceed the threshold set by sedimentation rates and bioturbation depths. Hence there might be
periods of similar export situations from past climate transitions showing similar °Th and **'Pa
export patterns, as set by the current climate changes, preserved in sediments, albeit probably
hidden under background sedimentation situation patterns. Combined with the hypothesis that
21pa advective export out of the Arctic Ocean is less important than previously assumed and
that *'Pa scavenging removal plays a more important role, the interpretation of the sedimentary
21pa/» Th ratio might need to be adapted.

Increased particle fluxes at the Nansen Basin margins cause more intense scavenging of particle
reactive elements, such as >*°Th. In combination with potentially increased exchange between
the central Eurasian Basin and its margins, due to changing surface currents, increased upwelling
or re-circulation and lateral eddy transport, it could lead to the establishment or the
intensification of boundary scavenging in the Eurasian Basin. This would decrease the input to
the central Arctic Ocean of trace elements and nutrients from several sources. Externally derived
trace elements from the Atlantic Ocean, such as Th, will be removed by scavenging removal at
the inflow passages. Trace elements and particle reactive (micro) nutrients from sources within
the Arctic, such as Fe from riverine discharge for example, will be removed during the transport
from their sources through the Barents Sea and subsequently during their transit in the Boundary
Current along the Nansen Basin margin. Furthermore, if there will be a fully developed
boundary scavenging situation, the exchange flux between the margin and the central basin, at
least parts of it, would also contribute to a reduction of TPD transported dissolved trace elements
in the central basins. Those trace elements would otherwise be excluded from margin

scavenging, due to their relatively fast transport out of the Arctic Ocean, but might become

subject of boundary scavenging by recirculation.

In addition to climate change, seismic activity, controlling hydrothermal venting as well as
volcanic eruptions, is important in terms of **°Th scavenging removal over time. Eruptions
following a major earthquake swarm in 2001 (Riedel and Schlindwein, 2010; Schlindwein ef al.,

2005) released huge amounts of hydrothermal fluids and particles, which were travelling in the
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deep Nansen Basin as a hydrothermal plume. Due to its buoyancy this plume did not influence
waters above 2000 m (Baker et al., 2004). In the deep Nansen Basin below 2000 m particles,
probably iron Fe oxy-hydroxide particles or dissolved Fe that reacted with particles there, caused
a significant scavenging removal of >*Th by 2015. This scavenging removal can be translated to
the removal of other particle reactive elements. It shows the importance of major explosive
submarine volcanic eruptions for inventories and budgets of scavenging prone trace elements in
the deep Nansen Basin by adding an effective sink. Furthermore, those scavenging events can
bias the annual sediment accumulation of *°Th in the deep Nansen Basin, and probably, due to
deep water circulation, as well at its slopes. Both the hydrothermal plume in 2007, represented
by dissolved Fe (Klunder ef al., 2012), and its consequences on dissolved >*°Th by 2015, based
on »°Th and dissolved Fe reduction (Klunder et al., 2012; Rijkenberg et al., 2018; Valk et al.,
2018), were observed in the Nansen Basin and only to a much smaller degree, if at all, in the
Amundsen Basin. This underpins the theory of distinct deep water (re)circulation within the
Nansen Basin, minimizing deep waters from exchange with the Amundsen Basin over the
Gakkel Ridge, as proposed by Valk et al. (2018).

Summarizing the major findings of the research presented in this thesis, climate change caused
notable changes in *°Th and **'Pa concentrations and distributions over the past 26 years,
especially after 2007. This implies that climate change also affects other particle reactive trace
elements. Whether these changes result in measurable changes in concentration and distribution
depends on the particle reactivity of specific elements and their isotopes, defined by their
scavenging residence times, as well as on other element-specific removal mechanisms, like
biological consumption. Finally one can conclude that climate change caused or intensified
removal processes of >°Th will have an impact on sedimentary *°Th accumulation and therefore
also on the sedimentary *'Pa/*’Th activity ratios in the Arctic Ocean and the GIN Seas. The
measurability of these consequences depends on the duration of these conditions, with respect to

sedimentation rates and bioturbation depths in the areas of deposition.
Perspectives

While the temporal development of *°Th in the Eurasian Basin is rather well described and
understood (Valk ef al., 2020; Valk ef al., 2018), the temporal development of **'Pa is much less

clear and still leaves questions open.

It would be interesting to investigate if dissolved **'Pa reacts to the processes that control the

>0Th removal in recent years with a temporal delay, set by the lower particle reactivity of **'Pa.

231

The eight years between 2007 and 2015 seem to be too short for “ Pa to fully adapt to
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environmental changes and possible changing (boundary) scavenging conditions at the margins

of the Eurasian Basin, as well as in the deep Nansen Basin.

Although there are indications for increasing ) scavenging at the margins, there is no evident
decrease in dissolved *'Pa inventories between 2007 and 2015, as reported for dissolved **°Th.
Answering this question would allow determining effects of changing climate conditions on the
Arctic export *'Pa/*°Th ratio and subsequent sedimentation in the GIN Seas. In order to

f231

identify the reason for the lack of “"'Pa in Arctic sediments it would be helpful to collect and

analyse sediment cores from the margins of the Eurasian Basin and from the Barents Sea.

The importance of hydrothermal vents for scavenging removal of **°Th after submarine volcanic
eruptions at the Gakkel Ridge shows the importance of a combination of geochemistry and
geophysical research. It would be interesting to investigate the development of particulate and
dissolved *°Th and **'Pa in a high resolution time series after earthquake triggered explosive
eruptions, in order to evaluate the theory of hydrothermal scavenging presented in (Valk et al.,
2018). Investigating 29Th and *'Pa developments after submarine volcanic eruptions has the
potential to increase knowledge about removal processes of various trace elements over time.
Hence it seems to be interesting to compare the findings from the Arctic Ocean with other ocean
basins, where seismic active ridges are present. Especially other ultra-slow spreading ridges
might be comparable, like the Southwest Indian Ridge (Schmid et al., 2017), or probably better
suited, although having much faster spreading ridges, the Eastern Mediterranean Sea, due to its
enclosed nature, which is comparable to the Eurasian Basin, in terms of retaining a hydrothermal

plume over time.

In order to understand *°Th and **'Pa developments on an entire Arctic Ocean scale, it would be
promising to create a circulation-scavenging model for the Eurasian Basin and the entire Arctic

Ocean as Yu et al. (2020) did for the Amerasian Basin.

Finally analysing and interpreting samples obtained from the Fram Strait during GEOTRACES
section GNOS5 (RV Polarstern (PS100), 2016) would be a crucial step in identifying exchange of
trace elements between the Arctic Ocean and the Atlantic Ocean. These data are also key in

answering the question where the missing >*'Pa in the Arctic Ocean is deposited.
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APPENDIX

Table Al: Dissolved *°Th, >*'Pa and **Th from 2007 and 2015.

Year | Cruise Stg:li:tn- Lat. | Long. | depth | *'Th err Blpy err 2Th err
[m] | [uBg/kg] | [uBq/kg] | [uBg/kg] | [uBq/kg] | [pmol/kg] | [pmol/kg]
2015 | PS94 50-4 |84.399| 30.715 50 2.522 0.130 0.525 0.175 0.174 0.003
2015 | PS94 50-4 |84.399| 30.715 | 100 2.598 0.138 0.525 0.175 0.205 0.004
2015 | PS94 50-4 |84.399| 30.715 | 300 1.406 0.107 0.700 0.175 0.153 0.002
2015 | PS94 50-4 |84.399| 30.715 | 500 4.142 0.130 0.350 0.175 0.257 0.003
2015 | PS94 50-4 |84.399| 30.715 | 750 4.845 0.138 1.399 0.175 0.242 0.002
2015 | PS94 50-4 |84.399| 30.715 | 1000 6.053 0.145 1.050 0.175 0.172 0.002
2015 | PS94 50-4 |84.399| 30.715 | 1500 8.154 0.145 2.099 0.175 0.151 0.001
2015 | PS94 50-4 |84.399| 30.715 | 2000 | 11.043 0.267 3.324 0.175 0.168 0.003
2015 | PS94 50-4 |84.399| 30.715 | 2500 3.531 0.122 3.498 0.175 0.050 0.001
2015 | PS94 50-4 |84.399| 30.715 | 3000 3.783 0.138 2.799 0.175 0.065 0.001
2015 | PS94 50-4 |84.399| 30.715 | 3500 4.853 0.145 3.498 0.175 0.048 0.001
2015 | PS94 50-4 |84.399| 30.715 | 3990 6.015 0.130 3.673 0.175 0.058 0.000
2015 | PS94 58-3 | 85.297| 59.935 50 0.023 0.084 1.132 0.228 0.044 0.001
2015 | PS94 58-3 |85.297] 59.935 | 100 1.536 0.122 1.904 0.229 0.015 0.000
2015 | PS94 58-3 |85.297] 59.935 | 200 3.691 0.153 1.622 0.229 0.157 0.003
2015 | PS94 58-3 |85.297] 59.935 | 200 3.821 0.191 1.684 0.229 0.415 0.011
2015 | PS94 58-3 85.297] 59.935 | 300 2.896 0.138 2.398 0.229 0.143 0.002
2015 | PS94 58-3 85.297] 59.935 | 500 2.018 0.153 2.421 0.229 0.153 0.005
2015 | PS94 58-3 |85.297| 59.935 | 1000 2.835 0.130 2.573 0.229 0.019 0.000
2015 | PS94 58-3 |85.297| 59.935 | 1500 4.692 0.183 3.036 0.229 0.460 0.009
2015 | PS94 58-3 |85.297| 59.935 | 2000 8.338 0.267 3.276 0.229 0.119 0.003
2015 | PS94 58-3 |85.297| 59.935 | 2500 6.725 0.145 3.509 0.229 0.446 0.004
2015 | PS94 58-3 |85.297| 59.935 | 3000 4.838 0.138 3.189 0.229 0.024 0.000
2015 | PS94 58-3 |85.297| 59.935 | 3500 5.036 0.199 3.407 0.229 0.122 0.003
2015 | PS94 58-3 |85.297| 59.935 | 3860 5.403 0.183 4.733 0.229 0.034 0.001
2015 | PS94 68-1 |86.997| 58.615 50 2.522 0.130 0.320 0.228 0.339 0.006
2015 | PS94 68-1 [86.997| 58.615 | 100 3.523 0.138 0.413 0.228 0.259 0.004
2015 | PS94 68-1 [86.997| 58.615 | 200 4.417 0.138 0.768 0.228 0.224 0.003
2015 | PS94 68-1 [86.997| 58.615 | 300 5.319 0.153 1.451 0.229 0.228 0.003
2015 | PS94 68-1 [86.997| 58.615 | 500 5.632 0.153 1.582 0.229 0.200 0.002
2015 | PS94 68-1 [86.997| 58.615 | 1000 5.487 0.130 1.663 0.229 0.222 0.002
2015 | PS94 68-1 [86.997| 58.615 | 1500 7.085 0.176 2.773 0.229 0.134 0.002
2015 | PS94 68-1 |86.997| 58.615 | 2000 3.890 0.138 1.844 0.229 0.054 0.001
2015 | PS94 68-1 [86.997| 58.615 | 2600 4.945 0.138 3.155 0.229 0.064 0.001
2015 | PS94 68-1 [86.997| 58.615 | 3000 4.937 0.130 3.250 0.229 0.042 0.000
2015 | PS94 68-1 |86.997| 58.615 | 3500 5.632 0.153 3.454 0.229 0.041 0.000
2015 | PS94 68-1 |86.997| 58.615 | 4000 6.450 0.160 3.585 0.229 0.072 0.001
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Year | Cruise St(a;:‘i:tn- Lat. | Long. | depth | 2'Th err Blpa err BT err
[m] | [uBg/kg] | [uBg/kg] | [uBq/kg] | [uBg/kg] | [pmol/kg] | [pmol/kg]
2015 | PS94 68-1 |86.997| 58.615 | 4850 7.299 0.168 3.648 0.229 0.066 0.001
2015 | PS94 81-5 |88.992| 61.155 50 2.377 0.122 0.153 0.228 0.492 0.007
2015 | PS94 81-5 [88.992] 61.155 | 100 3.156 0.115 0.538 0.228 0.219 0.002
2015 | PS94 81-5 [88.992| 61.155 | 200 2.484 0.122 0.270 0.228 0.316 0.005
2015 | PS94 81-5 [88.992| 61.155 | 300 3.378 0.176 1.157 0.229 0.229 0.006
2015 | PS94 81-5 [88.992| 61.155 | 500 3.966 0.153 1.186 0.229 0.201 0.003
2015 | PS94 81-5 |88.992| 61.155 | 1000 2.759 0.115 2.369 0.229 0.136 0.002
2015 | PS94 81-5 |88.992| 61.155 | 1500 3.928 0.237 2.101 0.229 0.135 0.005
2015 | PS94 81-5 |88.992| 61.155 | 2000 4.242 0.138 1.911 0.229 0.132 0.002
2015 | PS94 81-5 |88.992| 61.155 | 2000 4.417 0.145 2.529 0.229 0.233 0.003
2015 | PS94 81-5 |88.992| 61.155 | 2500 5.426 0.176 2.615 0.229 0.134 0.002
2015 | PS94 81-5 |88.992| 61.155 | 2500 5.319 0.160 2.940 0.229 0.150 0.002
2015 | PS94 81-5 |88.992| 61.155 | 3000 5.839 0.214 3.131 0.229 0.136 0.003
2015 | PS94 81-5 |88.992| 61.155 | 3500 7.742 0.199 4.033 0.229 0.205 0.003
2015 | PS94 81-5 |88.992| 61.155 | 4000 7.902 0.352 3.955 0.229 0.128 0.004
2015 | PS94 81-5 |88.992| 61.155 | 4335 8.330 0.160 15.758 0.239 0.189 0.002
2015 | PS94 96-2 |88.338|124.328| 10 1.987 0.107 0.420 0.227 1.031 0.012
2015 | PS94 96-2 |88.338|124.328| 50 1.635 0.115 0.192 0.227 0.492 0.007
2015 | PS94 96-2 |88.338124.328| 100 1.941 0.115 0.227 0.227 0.335 0.005
2015 | PS94 96-2 |88.338|124.328| 200 3.523 0.138 0.612 0.227 0.269 0.004
2015 | PS94 96-2 |88.338124.328| 300 5.281 0.130 0.437 0.227 0.508 0.004
2015 | PS94 96-2 |88.338(124.328| 1000 | 10.791 0.245 1.609 0.227 0.696 0.010
2015 | PS94 96-2 |88.338]124.328| 1500 | 12.472 0.183 3.551 0.227 0.149 0.001
2015 | PS94 96-2 |88.338|124.328| 2000 | 11.777 0.237 4.670 0.227 0.671 0.008
2015 | PS94 96-2 |88.338|124.328| 2500 | 12.335 0.191 0.092 0.001
2015 | PS94 96-2 |88.338|124.328| 3000 | 17.493 0.352 5.178 0.227 0.102 0.002
2015 | PS94 96-2 |88.338|124.328| 3250 | 18.120 0.321 5.038 0.227 0.080 0.001
2015 | PS94 96-2 |88.338|124.328| 3495 | 14.819 0.306 5.195 0.227 0.157 0.002
2015 | PS94 96-2 |88.338|124.328| 3545 | 19.328 0.504 4.618 0.227 0.245 0.003
2015 | PS94 | 101-5 [87.500(179.807| 23 0.138 0.099 0.367 0.227 0.569 0.009
2015 | PS94 | 101-5 [87.500(179.807| 55 1.146 0.130 0.175 0.227 0.797 0.013
2015 | PS94 | 101-5 |87.500(179.807| 99 0.436 0.107 0.332 0.227 0.349 0.005
2015 | PS94 101-5 |87.500|179.807| 174 3.088 0.206 0.542 0.227 0.286 0.004
2015 | PS94 101-5 |87.500|179.807| 259 3.263 0.145 0.805 0.227 0.292 0.004
2015 | PS94 | 101-5 |87.500(179.807| 499 4.287 0.153 1.120 0.227 0.230 0.004
2015 | PS94 | 101-5 |87.500(179.807| 999 9.010 0.237 1.994 0.227 0.171 0.002
2015 | PS94 101-5 |87.500|179.807| 1399 13.176 0.267 3.813 0.227 0.074 0.001
2015 | PS94 101-5 |87.500|179.807| 1899 17.700 0.352 6.000 0.227 0.138 0.002
2015 | PS94 | 101-5 |87.500(179.807| 2399 | 15.254 0.329 6.437 0.227 0.051 0.001
2015 | PS94 101-5 |87.500|179.807| 2899 19.565 0.359 6.857 0.227 0.617 0.010
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Year | Cruise St(a;:‘i:tn- Lat. | Long. | depth | 2'Th err Blpa err BT err
[m] | [uBg/kg] | [uBg/kg] | [uBq/kg] | [uBg/kg] | [pmol/kg] | [pmol/kg]

2015 | PS94 | 101-5 [87.500(179.807| 3399 | 21.758 0.481 7.049 0.227 0.108 0.002
2015 | PS94 | 101-5 [87.500(179.807| 3881 | 24.861 0.527 6.839 0.227 0.125 0.002
2015 | PS94 | 101-5 |87.500(179.807| 3932 | 20.314 0.413 6.647 0.227 0.109 0.002
2015 | PS94 | 115-1 [84.272|110.688| 1900 6.435 0.214 1.874 0.229 0.075 0.002
2015 | PS94 | 115-1 [84.272|110.688| 3000 6.221 0.229 3.282 0.229 0.109 0.003
2015 | PS94 | 115-1 |84.272(110.688| 3249 5.571 0.176 2.678 0.229 0.300 0.005
2015 | PS94 | 115-1 |84.272(110.688| 3600 5.923 0.168 2.138 0.229 0.017 0.000
2015 | PS94 | 115-1 [84.272|110.688| 3687 5.640 0.183 2.490 0.229 0.021 0.000
2015 | PS94 | 115-1 |84.272(110.688| 3870 6.641 0.260 2.306 0.229 0.064 0.002
2015 | PS94 | 1174 [84.560|115.996| 10 0.695 0.099 0.082 0.228 0.428 0.007
2015 | PS94 | 1174 [84.560|115.996| 50 1.735 0.115 0.123 0.228 0.568 0.009
2015 | PS94 | 1174 [84.560|115.996| 100 1.987 0.115 0.309 0.228 0.273 0.004
2015 | PS94 | 1174 [84.560|115.996| 200 2.369 0.122 0.619 0.228 0.231 0.003
2015 | PS94 | 1174 [84.560|115.996| 300 3.133 0.130 0.628 0.228 0.293 0.004
2015 | PS94 | 1174 [84.560|115.996| 500 4.142 0.153 0.791 0.228 0.282 0.004
2015 | PS94 | 1174 [84.560|115.996| 1000 3.485 0.130 1.004 0.229 0.151 0.002
2015 | PS94 | 1174 [84.560|115.996| 1500 4.822 0.176 1.345 0.229 0.201 0.004
2015 | PS94 | 1174 [84.560|115.996| 2000 6.297 0.191 1.757 0.229 0.244 0.004
2015 | PS94 | 1174 [84.560|115.996| 2500 6.802 0.206 1.737 0.229 0.144 0.003
2015 | PS94 | 1174 [84.560|115.996| 3000 6.733 0.199 1.965 0.229 0.094 0.002
2015| PS94 | 117-4 |84.560|115.996| 3500 6.443 0.191 2.029 0.229 0.093 0.002
2015| PS94 | 117-4 |84.560|115.996| 4000 7.665 0.199 2.141 0.229 0.123 0.002
2015 | PS94 | 1174 [84.560|115.996| 4303 7.979 0.214 2.280 0.229 0.196 0.003
2015 | PS94 | 1174 [84.560|115.996| 4353 7.696 0.191 2.214 0.229 0.150 0.002
2015 | PS94 | 125-2 |85.098|139.625| 10 2.124 0.134 0.002 0.228 0.896 0.020
2015 | PS94 | 125-2 |85.098|139.625| 50 NA NA 0.668 0.228 NA NA

2015 | PS94 | 125-2 [85.098|139.625| 100 1.525 0.120 0.161 0.228 0.306 0.007
2015 | PS94 | 125-2 |85.098|139.625| 200 1.799 0.122 0.414 0.228 0.248 0.005
2015 | PS94 | 125-2 |85.098|139.625| 300 2.168 0.128 0.961 0.228 0.221 0.004
2015 | PS94 | 125-2 [85.098|139.625| 500 1.946 0.126 1.160 0.228 0.178 0.004
2015 | PS94 | 125-2 [85.098|139.625| 1000 1.783 0.104 1.371 0.228 0.114 0.001
2015 | PS94 | 125-2 |85.098|139.625| 1500 NA NA 1.774 0.229 NA NA

2015 | PS94 125-2 | 85.098|139.625| 2000 5.193 0.171 2.399 0.229 0.127 0.002
2015 | PS94 125-2 | 85.098|139.625| 2500 4.893 0.282 2.412 0.229 0.124 0.005
2015 | PS94 | 125-2 |85.098|139.625| 3000 4.701 0.159 2.983 0.229 0.115 0.002
2015 | PS94 | 125-2 |85.098|139.625| 3500 5.507 0.135 3.331 0.229 0.121 0.001
2015 | PS94 125-2 | 85.098|139.625(3788.1| 6.273 0.175 3.448 0.229 0.108 0.002
2015 | PS94 125-2 | 85.098|139.625| 3838 6.288 0.134 3.437 0.229 0.106 0.001
2015 | PS94 | 134-1 |84.844(159.035| 300 2.981 0.130 1.067 0.227 0.273 0.004
2015 | PS94 134-1 |84.844|159.035| 1000 7.482 0.206 2.064 0.227 0.175 0.003
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Year | Cruise St(a;:‘i:tn- Lat. | Long. | depth | 2'Th err Blpa err BT err
[m] | [uBg/kg] | [uBg/kg] | [uBq/kg] | [uBg/kg] | [pmol/kg] | [pmol/kg]

2015 | PS94 | 134-1 [84.8441159.035| 2000 | 13.558 0.245 5.143 0.227 0.200 0.002
2015 | PS94 | 134-1 [84.8441159.035| 2500 | 12.908 0.359 5.580 0.227 0.135 0.003
2015 | PS94 | 134-1 |84.844|159.035| 3000 | 15.774 0.466 6.087 0.227 0.110 0.003
2015 | PS94 | 134-1 [84.8441159.035| 3000 | 16.187 0.374 6.280 0.227 0.160 0.003
2015 | PS94 | 134-1 [84.8441159.035| 3040 | 16.431 0.413 6.350 0.227 0.275 0.007
2015 | PS94 | 134-1 |84.844|159.035| 3090 | 16.034 0.374 6.490 0.227 0.356 0.007
2007 | PS70 | 260-3 |84.489| 36.139 50 4.515 0.038 0.001 0.003 0.288 0.001
2007 | PS70 | 260-3 [84.489| 36.139 | 300 6.030 0.071 0.001 0.004 0.218 0.001
2007 | PS70 | 260-3 |84.489| 36.139 | 1000 7.211 0.108 0.002 0.004 0.145 0.001
2007 | PS70 | 260-3 [84.489| 36.139 | 2000 9.209 0.162 0.003 0.004 0.116 0.000
2007 | PS70 | 260-3 [84.489| 36.139 | 3000 8.210 0.189 0.003 0.004 0.096 0.000
2007 | PS70 | 260-3 [84.489| 36.139 | 4000 8.431 0.171 0.003 0.004 0.104 0.000
2007 | PS70 | 309-2 [87.046|104.787| 50 4.447 0.005 0.000 0.004 0.562 0.002
2007 | PS70 | 309-2 [87.046|104.787| 200 5.228 0.058 0.001 0.003 0.242 0.001
2007 | PS70 | 309-2 [87.046|104.787| 1000 6.665 0.075 0.002 0.004 0.139 0.000
2007 | PS70 | 309-2 [87.046|104.787| 2000 8.895 0.167 0.003 0.004 0.140 0.000
2007 | PS70 | 309-2 [87.046|104.787| 2000 9.016 0.168 0.003 0.004 0.143 0.000
2007 | PS70 | 309-2 [87.046|104.787| 2750 8.263 0.184 0.003 0.004 0.093 0.000
2007 | PS70 | 309-2 [87.046|104.787| 4500 | 11.392 0.205 0.003 0.004 0.177 0.001
2007 | PS70 | 328-2 [87.830]170.568| 50 4.407 0.000 0.000 0.005 1.061 0.004
2007 | PS70 | 328-2 |87.830|170.568| 300 8.095 0.083 0.002 0.004 0.248 0.001
2007 | PS70 | 328-2 |87.830(170.568| 1000 | 12.445 0.140 0.003 0.005 0.167 0.001
2007 | PS70 | 328-2 [87.830(170.568| 1000 | 12.492 0.146 0.003 0.005 0.169 0.000
2007 | PS70 | 328-2 [87.830(170.568| 3000 | 20.805 0.374 0.004 0.005 0.095 0.000
2007 | PS70 | 328-2 |87.830(170.568| 3750 | 17.981 0.358 0.004 0.006 0.118 0.000
2007 | PS70 | 400-2 |77.368|123.418| 50 3.040 0.005 0.000 0.003 0.132 0.001
2007 | PS70 | 400-2 [77.368|123.418| 100 3.588 0.013 0.001 0.006 0.170 0.001
2007 | PS70 | 400-2 |77.368|123.418| 300 4.236 0.050 0.002 0.002 0.172 0.001
2007 | PS70 | 400-2 |77.368|123.418| 500 4.364 0.044 0.002 0.003 0.125 0.000
2007 | PS70 | 400-2 [77.368|123.418| 1150 4.203 0.043 0.001 0.003 0.117 0.001

226




Table A2: Particulate °Th and ***Th from 2015.

Year | Cruise | Station-Cast | Lat. | Long. | depth | *'Th err 22Th err
[m] | [uBg/kg] | [uBg/kg] | [pmol/kg] | [pmol/kg]

2015 | PS94 50-6 84.399 | 30.715 50 0.220 0.201 0.028 0.001
2015 | PS94 50-6 84.399 | 30.715 100 0.400 0.219 0.052 0.001
2015 | PS94 50-6 84.399 | 30.715 300 0.423 0.221 0.009 0.001
2015 | PS94 50-6 84.399 | 30.715 500 0.444 0.201 0.113 0.005
2015 | PS94 50-6 84.399 | 30.715 750 1.266 0.206 0.104 0.004
2015 | PS94 50-6 84.399 | 30.715 | 1000 2.396 0.228 0.151 0.006
2015 | PS94 50-6 84.399 | 30.715 | 1500 3.285 0.228 0.138 0.006
2015 | PS94 50-6 84.399 | 30.715 | 2000 4.219 0.272 0.116 0.008
2015 | PS94 50-6 84.399 | 30.715 | 2500 4.083 0.248 0.099 0.006
2015 | PS94 50-6 84.399 | 30.715 | 3000 5.162 0.267 0.109 0.006
2015 | PSY%4 50-6 84.399 | 30.715 | 3500 4.682 0.577 0.100 0.035
2015 | PSY%4 50-6 84.399 | 30.715 | 3990 4.189 0.282 0.129 0.011

234, 234,

Table A3: Percent of particulate **Th from total >**Th, calculated from ***U activities, assuming equilibrium
of 2*Th with total **U in deep water (Owens et al., 2011).

Year | Cruise | Station-Cast Lat. Long. | depth 234ThlJ
[m] % from tot.
2015 | PS9%4 50-6 84.399 | 30.715 500 3.14
2015 | PS94 50-6 84.399 | 30.715 | 1500 1.49
2015 | PS9%4 50-6 84.399 | 30.715 | 2000 2.65
2015 | PS9%4 50-6 84.399 | 30.715 | 2500 1.18
2015 | PS%4 50-6 84.399 | 30.715 | 2750 8.48
2015 | PS9%4 50-6 84.399 | 30.715 | 3000 7.32
2015 | PS%4 50-6 84.399 | 30.715 | 3250 9.86
2015 | PS%4 50-6 84.399 | 30.715 | 3500 5.97
2015 | PS9%4 50-6 84.399 | 30.715 | 3990 3.57
2015 | PS9%4 81-9 88.992 | 61.155 50 1.93
2015 | PS%4 81-9 88.992 | 61.155 100 2.76
2015 | PS9%4 81-9 88.992 | 61.155 500 1.49
2015 | PS9%4 81-9 88.992 | 61.155 | 1000 2.66
2015 | PS%4 81-9 88.992 | 61.155 1500 4.12
2015 | PS%4 81-9 88.992 | 61.155 | 2000 1.36
2015 | PS9%4 81-9 88.992 | 61.155 | 2500 3.29
2015 | PS94 81-9 88.992 | 61.155 | 3000 3.02
2015 | PS%4 81-9 88.992 | 61.155 | 3500 3.46
2015 | PS9%4 81-9 88.992 | 61.155 | 4000 5.89
2015 | PS94 81-9 88.992 | 61.155 | 4165 4.51
2015 | PS%4 117-7 84.560 | 115.996 50 12.74
2015 | PS9%4 117-7 84.560 | 115.996 | 300 5.17
2015 | PS9%4 117-7 84.560 | 115.996 | 500 3.88
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Year | Cruise | Station-Cast | Lat. | Long. | depth B4Th,
[m] % from tot.
2015 | PS94 117-7 84.560 | 115.996 | 1000 3.12
2015 | PS94 117-7 84.560 | 115.996 | 1500 3.44
2015 | PS9%4 117-7 84.560 | 115.996 | 2000 2.65
2015 | PS94 117-7 84.560 | 115.996 | 2500 3.22
2015 | PS94 117-7 84.560 | 115.996 | 3000 4.89
2015 | PS9%4 117-7 84.560 | 115.996 | 3500 4.37
2015 | PS94 117-7 84.560 | 115.996 | 3750 2.85
2015 | PS94 117-7 84.560 | 115.996 | 4140 3.62
2015 | PS9%4 125-8 85.098 | 139.625 50 10.57
2015 | PS94 125-8 85.098 | 139.625 100 6.25
2015 | PSY%4 125-8 85.098 | 139.625 300 7.23
2015 | PSY%4 125-8 85.098 | 139.625 500 2.58
2015 | PS94 125-8 85.098 | 139.625 | 1500 6.42
2015 | PSY%4 125-8 85.098 | 139.625 | 2000 4.36
2015 | PSY%4 125-8 85.098 | 139.625 | 2500 6.29
2015 | PS94 125-8 85.098 | 139.625 | 3000 5.84
2015 | PS94 125-8 85.098 | 139.625 | 3500 5.51
2015 | PSY%4 125-8 85.098 | 139.625 | 3750 6.83
2015 | PSY%4 125-8 85.098 | 139.625 | 3765 3.36
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