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Abstract

The naturally occurring U and Th-series radionuclides have shown to have a considerable importance for the understanding
of biogeochemical processes on Earth and in the ocean. In this thesis, the isotopes 230-thorium (*°Th), 232-thorium (***Th)
and 231-protactinium (**'Pa) are used as tracers of the transport and scavenging of marine particles and water circulation.
Pa and Th are particle reactive elements, which makes the production, transport and distribution of Pa and Th key factors
for our understanding of the origin, fate and distribution of marine particles in the oceans.

This thesis explores the distribution of *'Pa, *°Th and ***Th in two different ocean continental margin environments. In
particular, the relative influence of water circulation and particles on the **'Pa, 2°Th and **Th distributions in the Arctic
Ocean and Mediterranean Sea was investigated. **'Pa, 2°Th and »**Th were analyzed in particles and seawater collected
in the Mediterranean Sea during the MedSeA-GAO04-S cruise along the GEOTRACES section GA04S and in the Arctic
Ocean during the PS94 GN04 ARK-XXIX/3 along the GEOTRACES section GN04.

One of the important findings of this thesis was the low fractionation between **'Pa and ***Th in the Mediterranean Sea,
contrasting what is observed in the open ocean. Additionally, the observed depth profiles of Pa-Th allowed the identification
of deep water convection and ventilation in the Western and Eastern Basins, respectively. Moreover, the particle settling
speed was reevaluated to ~500 — 1000 m/y.

In the Arctic Ocean, scavenging onto particles derived from hydrothermal activity was producing relatively low F-factors
(Frpa ~ 10), while higher values were observed in deep waters (Fryp, ~ 20). Additionally, the hydrothermal particles in
the Nansen interior produce lower Fry,p, values compared to Fryp, observed at the Nansen continental margin. Application
of a boundary scavenging model revealed the importance of **°Th scavenging at the continental margin along the Nansen
Basin, hereafter the Nansen margin, and advocate for the advection of *'Pa into the Atlantic Ocean. As the ocean margin
was included in this model, a particle settling speed of 600 m/y was obtained at the Nansen margin.

Moreover, this thesis includes an inter-comparison of dissolved and particulate **'Pa, 2*°Th and »**Th measurements
between four laboratories of the GEOTRACES community. This comparison was conducted to provide detailed
descriptions of various chemical procedures used for Pa-Th analysis and to provide a measure of consistency between the
laboratories. Results demonstrated that participating labs can determine concentrations of dissolved ***Th and **'Pa in deep
water (below 500 m depth) that are internally consistent within 4 % of the mean values. Analysis of particulate **'Pa, **Th
and ***Th allowed the highlighting of an incomplete Pa dissolution problem with our initial leaching procedure, a problem
solved by measuring aliquots of particulate samples at two labs. However, in the present work, consistent particulate *'Pa
concentrations as low as ~ 0.002 fg/kg were obtained. Overall, it suggests an improvement of the results consistency
compared to the previous GEOTRACES intercalibration exercise.
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Abstract

The naturally occurring U and Th-series radionuclides have shown to have a considerable
importance for the understanding of biogeochemical processes on Earth and in the ocean. In this
thesis, the isotopes 230-thorium (230Th), 232-thorium (232Th) and 231-protactinium (231Pa) are
used as tracers of the transport and scavenging of marine particles and water circulation. Pa and
Th are particle reactive elements, which makes the production, transport and distribution of Pa
and Th key factors for our understanding of the origin, fate and distribution of marine particles in
the oceans.

This thesis explores the distribution of 231Pa, 230Th and 232Th in two different ocean
continental margin environments. In particular, the relative influence of water circulation and
particles on the 231Pg, 230Th and 232Th distributions in the Arctic Ocean and Mediterranean Sea was
investigated. 231Pa, 230Th and 232Th were analyzed in particles and seawater collected in the
Mediterranean Sea during the MedSeA-GA04-S cruise along the GEOTRACES section GA04S and
in the Arctic Ocean during the PS94 GN04 ARK-XXIX/3 along the GEOTRACES section GN04.

One of the important findings of this thesis was the low fractionation between 231Pa and
230Th in the Mediterranean Sea, contrasting what is observed in the open ocean. Additionally, the
observed depth profiles of Pa-Th allowed the identification of deep water convection and
ventilation in the Western and Eastern Basins, respectively. Moreover, the particle settling speed
was reevaluated to ~500 - 1000 m/y.

In the Arctic Ocean, scavenging onto particles derived from hydrothermal activity was
producing relatively low F-factors (Frn/pa ~ 10), while higher values were observed in deep waters
(Frn/pa ~ 20). Additionally, the hydrothermal particles in the Nansen interior produce lower Fry/pa
values compared to Frn/pa observed at the Nansen continental margin. Application of a boundary
scavenging model revealed the importance of 230Th scavenging at the continental margin along
the Nansen Basin, hereafter the Nansen margin, and advocate for the advection of 231Pa into the
Atlantic Ocean. As the ocean margin was included in this model, a particle settling speed of 600
m/y was obtained at the Nansen margin.

Moreover, this thesis includes an inter-comparison of dissolved and particulate 231Pa,
230Th and 232Th measurements between four laboratories of the GEOTRACES community. This
comparison was conducted to provide detailed descriptions of various chemical procedures used
for Pa-Th analysis and to provide a measure of consistency between the laboratories. Results
demonstrated that participating labs can determine concentrations of dissolved 23°Th and 231Pa in

deep water (below 500 m depth) that are internally consistent within 4 % of the mean values.



Analysis of particulate 231Pa, 230Th and 232Th allowed the highlighting of an incomplete Pa
dissolution problem with our initial leaching procedure, a problem solved by measuring aliquots
of particulate samples at two labs. However, in the present work, consistent particulate 23!Pa
concentrations as low as ~ 0.002 fg/kg were obtained. Overall, it suggests an improvement of the

results consistency compared to the previous GEOTRACES intercalibration exercise.



Sammanfattning

De naturligt forekommande langlivade sonderfalls-systemen har visat sig ha en betydande
relevans for forstdelsen av biogeokemiska processer pa jorden och i havet. I denna avhandling
anviands de radioaktiva isotoperna 230-thorium (230Th), 232-thorium (232Th) och 231-
protactinium (231Pa) for att forsta vilken roll marina partiklar har for biogeokemiska cykler i
havet.

[ havsvatten bildas bada isotoperna fran radioaktivt sonderfall av 16sligt uran (235U och
2341J). Till skillnad fran U ar Pa och Th partikel-reaktiva element. Vilket betyder att efter de har
bildats i vattenkolumnen avlidgsnas de genom absorption pa partiklar och blir darefter
deponerade i marina sediment (sa kallad "scavenging”). Detta gor transporten av Pa och Th till en
nyckelfaktor for var forstaelse av ursprung, 6de och fordelning av marina partiklar och darmed
partikelreaktiva element i haven. Anvandningen av 231Pa och 230Th inom studier relaterade till
marina biogeokemiska cykler innebar att man jamfoér deras aktivitet (231Pa och 230Th) med
aktiviteten av 235U och 234U i havsvatten. 230Th ar mer partikel-reaktivijamforelse med 231Pa, vilket
resulterar i att 230Th tenderar att sedimentera dar den bildas, t.ex. i centrala delar av oceanen,
medan 231Pa i storre utstrackning transporteras med havsstrommar och sedimenterar i omraden
med hoga partikelkoncentrationer (t.ex. marginalhav). Den langlivade isotopen 232Th anvands i
huvudsak for att studera tillférseln av litogeniskt material som ger ytligare information om
biogeokemiska processer kopplade till transport av partiklar. Den foretrddesvisa depositionen av
partikel-reaktiva element vid marginalhav (sa kallad 'boundary scavenging’) har stor betydelse
for var forstdelse av fordelningen av mikrondringsdmnen (t.ex. jarn) och féroreningar i haven.
Darfor ar det vardefullt att 6ka var forstaelse rorande 'boundary scavenging’-processer for att
kunna utvardera den relativa betydelsen av havscirkulation och partikeltransport.

For ovrigt har 231Pa och 230Th affinitet till olika slags partiklar, vilket resulterar i
fraktionering mellan Pa och Th beroende pa sammansittningen av marina partiklar. Detta
illustreras med hjalp av fraktioneringsfaktorn Fry/pa. Till exempel, i det 6ppna havet observeras
ofta Frn/pa ~ 20, vilket speglar den starkare affiniteten av 230Th till marina partiklar jamfort med
231Pa. | omrdden dar marina partiklarna domineras av kiselalger brukar varden av Frp/p, vara
betydligt mindre (<5), eller i omraden dir de marina partiklarna domineras av Mn-Fe
(oxy)hydroxider (Frnpa = 6 £ 3 for MnO2 and Frypa= 11 * 6 for Fe(OH)3) som t.ex. omradden med
hydrotermal aktivitet.

[ denna avhandling presenteras och undersoks fordelningen av 231Pa, 230Th och 232Th i
tva olika marginalhav. I synnerhet undersoktes den relativa paverkan av vattencirkulation och

partiklar pa distributionen av 231Pa, 230Th och 232Th i Arktis och Medelhavet. Dessutom

3



undersoktes fraktioneringen mellan 231Pa och 230Th for att f mer information om de processer
som kontrollerar fordelningen av dessa nuklider i havet.

231Pg, 230Th och 232Th analyserades i marina partiklar och havsvattensprover tagna fran
Medelhavet under MedSeA-GAO04-S expeditionen och i Arktiska havet under PS94 GN04 ARK-
XXIX/3 expeditionen. Ett av de viktiga resultaten i denna avhandling var den laga fraktioneringen
(Frn/pa) mellan 231Pa och 230Th i Medelhavet, vilket kontrasterar vad som observeras i det ppna
havet. De bodjda djupprofilerna for Pa-Th mdjliggjorde dessutom identifiering av
djupvattenskonvektion och ventilation i de vastra respektive 6stra bassdngerna. Dessutom
omvdarderades partikelhastigheten i Medelhavet till ~500 - 1000 m/ar fran det tidigare
berdknade vardet pa 250 m/ar.

[ Arktiska havet producerade scavenging kopplat till hydrotermisk aktivitet relativt laga
F-faktorer (Frn/pa ~ 10), medan hogre viarden observerades i djupa vatten (Frn/pa ~ 20). Dessutom
bidrog de hydrotermala partiklarna i de centrala delarna av Nansen bassiangen till lagre Frn/pa-
varden jamfort med Frnpa observerade vid Nansen bassdngens rand. Tilldimpningen av en
scavenging-modell avslojade vikten av boundary scavenging av 230Th vid Nansens
kontinentalsockel och foreslog att transport av 231Pa till Atlanten ar en viktig del av 231Pa budgeten
i det Arktiska havet.

Dessutom inkluderar denna avhandling en jamforelse av 16sligt och partikulart 231Pa,
230Th och 232Th-koncentrationer mellan fyra laboratorier som deltar i GEOTRACES-programmet.
Denna jamforelse genomfordes for att ge detaljerade beskrivningar av olika kemiska metoder som
anvindes for Pa-Th-analys och for att ge ett matt pa resultatens noggrannhet och
reproducerbarhet. Resultaten visade att de deltagande grupperna kan bestimma koncentrationer
av uppldst 230Th och 231Pa i djupt vatten som ar reproducerbara inom 4 % av medelviardena.
Analys av partiklar 231Pa, 230Th och 232Th behdver fortfarande forbattras. I det nuvarande arbetet
erholls emellertid konstanta partikuldra 231Pa-koncentrationer sa laga som ~ 0,002 fg/kg.
Sammantaget tyder det pa en forbattring av resultatens konsistens jamfort med den tidigare

GEOTRACES interkalibreringsévningen.
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1 Introduction

1.1 Particles in the marine environment

On an average, the ocean contains 10 - 20 mg of solid particulate matter per ton of seawater.
Despite their low concentration, marine particles play a key role in the control of marine
chemistry. However, due to their low concentration and the irregularity of particle fluxes over the
season and geographic setting, marine particles are difficult to sample and characterize. The study
of particle dynamics and chemistry in an oceanic province and extrapolation to the global ocean
is a major issue and relies both on observational data, tracer data and oceanic models.

Marine particles are introduced into the ocean by river discharge, atmospheric dust,
hydrothermal activity, groundwater discharge and diffusion from sediments (e.g. Roy-Barman
and Jeandel, 2016; Rutgers van der Loeff and Geibert, 2008). Another source of particulate
material that is internal to the ocean is biological activity (Fig. 1). The flux of atmospheric dust
added to the ocean is 20 times lower compared to the discharge of riverine particles, but plays a
major role in isolated ocean regions, away from the continents (Roy-Barman and Jeandel, 2016).
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Figure 1. The origin and fate of the particles in the ocean. Modified from Jeandel et al. (2015).

The distribution of many trace elements (e.g. Fe, Mn, Al, Ti, Mg) in the ocean is influenced
by particle formation, remineralization and transport (e.g. Jeandel et al., 2015). Once introduced

into the ocean, many trace elements are removed from the water column by adsorption onto



particles that are subsequently buried in marine sediments. This removal process of elements
from the water column is known as scavenging, and is a key component of all biogeochemical
cycles in the ocean (Rutgers van der Loeff and Geibert, 2008). Many trace elements (e.g. Fe, Co,
Zn) play an important role as essential micronutrients in the ocean. The availability of these
elements influences the physiological state and biochemical activity of marine organisms (e.g.
Morel et al., 2003). In turn, these organisms play an important role for the structure and biological
productivity of ecosystems, which are key factors regulating the ocean carbon cycle.
Understanding the biogeochemical cycling of these micronutrients requires information about
their sources, sinks and transport in the ocean (e.g. Scor working group, 2007).

The term ‘particle’ is operationally defined as retention by filters of a particular pore size.
Different pore sizes (0.2 - 1 pum) are used in different branches of marine research.
Conventionally, the division between the phase “dissolved” and “particulate” is made at 0.45 pm.
Therefore, the distinction between the two phases is arbitrary to some extent and will depend on
the pore size of the filter used. A third phase usually referred to as colloids exists between the
particulate and dissolved fractions (Fig. 2). The colloids are not truly dissolved but unlike particles

they will not sink out of the water column (e.g. Rutgers van der Loeff and Geibert, 2008).

1.2 The importance of ocean margins

Ocean continental margins refer to the submarine regions of transition between a continent and
the deep ocean and can be divided into three sub-regions, the continental shelf, continental slope
and continental rise (Fig. 3).

Margins are areas governed by high primary biological production and receive large
continental inputs. Therefore, particle fluxes are much larger at margins compared to other parts
of the ocean (e.g. Roy-Barman and Jeandel, 2016). Ocean margins play an important role in
processes that transfer material between land and the deep oceans (Bacon et al., 1976; Jordi et al.,
20006).

Margin areas only represent 10 % of the surface of the ocean, but they support 20 % of
the total ocean primary production and approximately 50 % of the carbon burial (e.g. Roy-Barman
and Jeandel, 2016). Estuaries and margins act as filters of the particle discharge, where

approximately 90 % of the particulate material transported by rivers settle in estuaries
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Figure 2. Sizes of different particles and chemical and biological species in seawater. Modified

from Rutgers van der Loeff and Geibert (2008).
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Figure 3. A schematic illustration of the features of a continental margin.
and margins and only 10 % of the riverine particles reach the open ocean, which means that most

ocean sedimentation occurs in ocean margin areas (Roy-Barman and Jeandel, 2016). Therefore,

continental margins also play an important role in the removal of anthropogenic contaminants.
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The supply and removal of elements in coastal oceans have a direct influence on the structure of

ocean ecosystems and their productivity (Charette et al., 2016).

1.3 231Pa and 239Th as tracers of particle dynamics

Radionuclides and other substances that are strongly bound to marine particulate matter are
commonly referred to as 'particle-reactive'. Because of this property, their distribution and
transport in the ocean are strongly influenced by particle flux and composition and can be used to
study particle dynamics (e.g. Bacon, 2005). Some of the naturally occurring U and Th series
nuclides have shown to be useful for the study of particulate processes such as aggregation,
disaggregation, sinking velocities and transport. Among these, Pa, Th, Pb and Po are known to be
highly particle reactive, which makes the input, production, transport and cycling of particles
important processes that regulate the abundance and dispersion of these nuclides in the ocean
(e.g. Rutgers van der Loeff and Geibert, 2008). Two of these isotopes are 231Pa and 239Th, which
are much more particle reactive compared to their parents (235U and 238U, respectively) in
seawater. Uranium is conservative in the ocean, so concentrations of 235U and 234U is almost
constant in seawater and an important consequence of this is that 231Pa and 23°Th are produced at
a constant rate and can be resembled as “clocks’ in the ocean. After production by their dissolved
uranium parents, 231Pa and 239Th become attached to marine particles. This creates a deficiency in
their activities in seawater relative to what is expected from the radioactive decay of 235U and 238U.
This disequilibrium can therefore be used as chronometers of Pa-Th scavenging and hence also
particle settling. The residence time of 231Pa in the ocean range from a few decades in surface
waters to a few centuries in deep water. For 230Th, residence times range between a few years in
surface waters to a few decades in deep water (e.g. Henderson and Anderson, 2003). The half-
lives of 231Pa (32, 760 y) and 230Th (75, 380 y) are significantly longer compared to their residence
times in seawater which means that they can be considered as stable and no decay occurs until
the isotopes are deposited in the sediments. Pa and Th isotopes are used to constrain ocean
processes that are too complicated to measure directly (e.g. settling speed of particles that sink at
arate as low as a few hundred meters per year).

In contrast to 231Pa and 239Th, the primordial isotope 232Th can be used as tracer of recent
lithogenic supply via rivers, atmospheric deposition and sediment resuspension, which provides
additional information about processes involved in particle cycling in the ocean.

This thesis was produced in the framework of the international GEOTRACES program
and one of the goals of the program is to provide a global mapping of tracers and their isotopes

including 230Th, 232Th and 231Pa to improve our understanding of the behavior and distribution of

12



these nuclides in order to better constrain present and past ocean processes. Studying the
distribution and fractionation of 231Pa and 239Th at the ocean margins is especially important to be
able to increase our knowledge concerning marine particle dynamics. By studying Pa-Th transport
in the ocean, we can determine parameters relevant for particle transport such as particle settling
speed, areas of enhanced scavenging, open ocean-margin exchange rates, origin, transport and
fate of particles in the ocean. Participating in the GEOTRACES program, gives the stimulus and the
momentum to improve analytical procedures and share knowledge about laboratory practices
through collaboration and intercalibration of many laboratories around the world.

In the following section the objectives of this thesis are outlined. In Section 2, a
background to 231Pa and 230Th systematics and oceanographic characteristics of the
Mediterranean Sea and the Arctic Ocean are presented. Section 3 provides an overview of the
analytical methods applied throughout this thesis. A brief summary of the key results are
presented for each article in Section 4. Finally, concluding remarks and remaining questions
pointing towards future research paths are discussed in Section 5. The entire manuscripts, two

published and one awaiting submission are included after this kappa.

1.4 Thesis aims

The overarching goal of this thesis is to get a better understanding of 231Pa, 230Th and 232Th
distributions and the fractionation of 231Pa and 230Th in the ocean in order to be able to better
constrain particle fluxes in the ocean and determine parameters such as particle settling speed
and areas of enhanced scavenging. In particular, the interaction between the margin and ocean
interior was investigated in the Mediterranean Sea and the Arctic Ocean. The objectives of the
thesis was to (i) establish high precision methods for determining Pa-Th isotopes on small volume
samples compatible with the high resolution GEOTRACES sampling strategy (Article III), (ii)
investigate the distribution and transport of Pa-Th in the Mediterranean Sea to advance the
understanding of processes controlling their water column distribution (Article I) and to (iii)
understand the distribution and fractionation of Pa-Th in the Arctic Ocean (Article II) with focus

on shelf-open ocean interactions.
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2 Background

2.1 Introduction to U-series disequilibrium
The naturally occurring U and Th-series radionuclides have a considerable importance for the
understanding of biogeochemical processes on Earth and in the ocean (e.g Hayes etal., 2015a; Luo
and Lippold, 2015; Valk et al., 2018). The uranium and thorium decay series include radioactive
isotopes of many elements (e.g. U, Th, Pa, Ra and Rn) (Fig. 4). The different properties and the
varied half-lives of the nuclides allow investigation of geochemical processes occurring on time
scales from days to billions of years (e.g. Rutgers van der Loeff and Geibert, 2008).

There are three naturally occurring radioactive decay chains (Fig. 4). Each chain begins
with a long lived parent isotope (i.e 238U, 235U and 232Th) and by transformation through
radioactive decay, each chain ends with a stable isotope of lead. The intermediate isotopes exist

only because of the production by radioactive decay of the parent isotopes.

Actinium series Thorium series
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Figure 4. Schematic illustration of the 238U, 235U and 232Th decay series. Modified from Tan (2016).
The relatively long half-lives of these nuclides make them suited to investigate many

geological processes that occur over time scales similar to their decay period. The concept most

14



commonly used when dealing with radioactive decay is activity, defined by the numbers of
disintegrations per unit of time (e.g. uBq/kg or dpm/m3). The activity (dN/dt) of any given isotope

in the chain can be described by:

dN
o= MM+ ANy (1)

Where N is the number of atoms present, A is the decay constant related to the half-life
by A = In2/t;/> and the subscript i-1 refers to the next nuclide higher up in the chain. Over
timescales relevant to U and Th-series studies, the parent nuclides all have half-lives considerably
longer compared to any of the daughter isotopes in the chain. Therefore, the activity of radioactive

decay coming from the top of the chain, essentially remains constant over the time relevant to the

study of the short lived daughter isotopes:
A]_Nl = AzNz = A3N3 v — ATLNTL (2)

In a closed system, this situation, when the activity of the parent nuclide is equal to the
activity of the daughter nuclide is known as secular equilibrium or radioactive equilibrium (Fig.

5).

Parent activity

)\1N1 )\1N1=7\2N2
A /
Disequilibrium
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activity
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v

Figure 5. Schematic illustration of secular equilibrium.
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In open systems, if one or more of the daughter nuclides have been lost from the system
by any process other than radioactive decay, equation (2) is no longer valid (A1N; # A:N2) (Fig. 5).
As each daughter isotope is a different element, they will behave differently in the same
environment. In other words, the different chemical properties of these elements will cause
enrichment and shortfall of nuclides within the chain to be fractionated through the ocean. Parent
and daughter nuclides become fractionated during natural processes such as phase change,
crystallization, dissolution, adsorption, oxidation and reduction or complexation. This is the
foundation of the application of U and Th-series in geological and geochemical environmental
research (e.g. Rutgers van der Loeff and Geibert, 2008).

Uranium is primarily added to the oceans through river runoff and to some extent by
submarine groundwater discharge and dissolution of dust (e.g. Henderson and Anderson, 2003).
In oxic seawater, uranium occur almost entirely as dissolved uranyl-carbonate complexes
(U02[CO3]22 and UO2[CO3]3*). The concentration of uranium in seawater exhibits a conservative
behavior and is closely related to salinity (Owens et al., 2011; Not et al., 2012), which results in a
relatively constant distribution throughout the water column. Because of this conservative
behavior of uranium in the ocean, the daughter isotopes 231-protactinium (231Pa) and 230-
thorium (23°Th) are produced at a constant rate by radioactive decay of 235U and 238U, respectively,
at any depth throughout the ocean. Unlike U, Pa and Th are particle-reactive elements, which
means that after their production by the decay of uranium, they are removed by adsorption onto
settling particles, a process called “scavenging”, and eventually buried in the underlying sediment
(e.g. Anderson et al,, 1983a, 1983b; e.g. Bacon, 2005). The use of Pa and Th as particle tracers
involves comparing their seawater activities (231Pa and 23°Th) to the seawater activities of their
parents (235U and 234U). As Pa and Th are particle reactive elements, the processes influencing the
transport and cycling of Pa and Th are key factors for understanding the abundance and transport
of marine particles and other particle-reactive elements in the ocean. The distribution of 231Pa and
230Th in the ocean is a result of particulate scavenging, water circulation and in-growth by
radioactive decay (e.g. Henderson et al 1999; Scholten et al, 1995). In this thesis, the
disequilibrium between 238U and 239Th, and between 235U and 23!Pa in seawater is used as a

chronometer to study deep water circulation, particle dynamics and scavenging.

2.2 The behavior of 231Pa, 230Th and 232Th in the ocean
The long lived 232Th is derived almost entirely from terrigenous sources and can be used as a
fingerprint of recent lithogenic input (e.g. Brewer et al., 1980; Guo et al., 1995; Hsieh et al., 2011).

Therefore, scavenging from seawater is not a significant source of 232Th in marine environments.

16



At ocean margins and in coastal environments, the source of 232Th is likely to be dominated by the
supply of resuspended sediments (Article I, Article II).

230Th is extremely insoluble and attach to the surface of particles in the ocean soon after
it forms. As the particles continuously settle from the water column, 239Th is quickly removed from
the water column to the seafloor (e.g. Henderson et al., 1999). The first studies about 23°Th showed
a broad increase of 230Th concentrations with depth (Krishnaswami et al., 1981; Moore, 1981;
Moore and Sackett, 1964; Nozaki et al., 1981). These features of the 239Th profile were best
explained by a reversible scavenging model, where the sinking particulate 230Th continues to
exchange with dissolved 230Th as the particles settle through the water column (e.g. Bacon and
Anderson, 1982, Nozaki et al., 1981). As marine particles sink, their 230Th content builds up
linearly with depth because they must scavenge and remove all the 230Th produced
homogeneously throughout the water column. The reversible scavenging induces an equilibrium
between dissolved and particulate 239Th that explains the linear increase of dissolved 230Th with

depth in absence of lateral transport (Fig. 6).

Radioactive decay Radioactive decay
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production — particles
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Figure 6. Conceptual model for 230Th transport. k1, k-1 and lambda (A) are rate constants.

In contrast to 230Th, 231Pa is less particle reactive and has a longer residence time in the
ocean (e.g. Anderson, 1980). Therefore, 231Pa tends to be redistributed laterally from regions of
low particle flux (ocean interior) to high particle flux (ocean margin), where it is preferentially
removed by scavenging (Anderson et al.,, 1983a; Anderson et al., 1983b). This process is referred
to as boundary scavenging and is an important component of our understanding of the
distribution and transport of particles and particle-reactive elements in the ocean (e.g Charette et
al, 2016). Important improvements in our understanding of boundary scavenging have resulted
from studies of 231Pa and the contrast in its behavior with that of 230Th (e.g Anderson et al., 1983a

and 1983b; Nozaki & Nakanishi, 1985; Hayes et al., 2013).
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2.3 231Pa and 23°Th influenced by particulate composition

Differences in particle concentration, composition and flux influence scavenging rates of 231Pa and
230Th in the water column. Environments governed by high particle flux, such as ocean margins
are very effective sinks for marine particles and therefore also for 231Pa and 230Th (e.g. Scholten et
al,, 1995). The role of particle composition in scavenging can be illustrated by a comparison of

230Th and 231Pa scavenging using the fractionation factor Fry/pa, defined as:

(230Th/231P@)particles
(230Th/231Pa)gissolved

FTh/Pa -

(3)

If 231Pa and 230Th were equally removed onto particles, the ratio in the dissolved phase
and the particulate phase would be identical, yielding a fractionation factor Frn/pa ~1. Typical
values for Frn/pain the open ocean are ~10 - 20, where carbonate, organic and lithogenic phases
dominate (e.g. Chase et al.,, 2002). The preferential scavenging of Th in the open ocean is reflecting
the longer residence times of Pa in the sea and the larger influence of lateral advection on the
distribution of Pa (e.g. Chase et al., 2002; Hayes et al., 2015a; Moran et al., 2001). Evaluating the
influence of particle composition and enhanced particulate flux on the low Fr/paat ocean margins
is complicated due to the poorly constrained exchange of water between ocean margins and the
open ocean (e.g. Roy-Barman, 2009). In the Mediterranean Sea, the efficient scavenging of 231Pa
(relative to 230Th) produces Fru/pa (1.4 - 9) values that are distinctly lower compared to the open
ocean. The particulate phase responsible of the efficient scavenging of 231Pa is however still an
open question (Article I).

When the particulate matter is dominated by Mn-Fe-oxyhydroxides, such as in
hydrothermal plumes, Fri/pa values for MnO; are typically 6 + 3 and 11 * 6 for Fe(OH)3; (Hayes et
al,, 2015a, 2015b; Pavia et al,, 2018). In the deep Arctic Ocean, F-factors at the Nansen margin
were higher compared to the interior (Gakkel ridge), probably due to the occurrence of
hydrothermal particles present over the Gakkel ridge that were absent at the Nansen margin
(Article II).

In environments where the particulate matter is dominated by diatoms, Frn/pa values of
<5 are generally observed due to the high affinity of Pa for amorphous silica. The Frn/pa tends to
increase with depth as a consequence of biogenic silica dissolution (e.g. Scholten et al., 2008;
Venchiarutti et al,, 2011a, 2011b). In the Arctic Ocean, this interpretation is supported by the
strong correlation observed between dissolved 231Pa and dissolved Si of the deep Makarov and

Nansen Basins (Article II).
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Benthic nepheloid layers (BNL) are layers of elevated turbidity, where particle
concentrations are increased by resuspension of sediments. BNLs have importance for the
transport of marine particles and may be a site where increased rates of biogeochemical processes
including chemical scavenging occur (e.g. McCave, 1986; Rutgers van der Loeff & Boudreau, 1997).
The distribution of 231Pa, 230Th and 232Th can be perturbed by changes in particle concentration or
particle composition associated with BNLs. In the Mediterranean Sea, elevated concentrations of
232Th, 230Th and 231Pa in deep and bottom waters were associated with BNLs created by deep water
formation (Article I). Moreover, higher 230Th and 232Th concentrations as well as depletions of
231Pa in seawater have been observed in Atlantic nepheloid layers (Hayes et al., 2015a). BNLs are
not always detected by transmission. However, even a slight increase in resuspension (not
detectable by the transmissometer) may be sufficient to enhance scavenging and removal of Th
and Pa close to the seafloor (Article II).

Ice-rafted sediments embedded in sea ice (dirty ice) are an important source of
lithogenic particles in the Arctic Ocean (Pfirman and Thiede, 1987). Dirty ice is formed on the
Arctic shelves and often contains shelf sediments that have been incorporated into the ice as
anchor ice or by sediment resuspension. They represent material at secular equilibrium for Pa
and Th, and can be used to assess the comparison of sediment and suspended particles in the

Arctic Ocean (Article II).

2.4 The Mediterranean Sea
The Mediterranean Sea is one of the most vulnerable regions in the world regarding impacts of
global warming and anthropogenic influences. Since the 1940°s, increasing trends of salinity and
temperature has been observed across the Mediterranean Basin, which partially can be explained
as a result of the anthropogenic use of freshwater and partially to global warming (e.g. Bethoux
and Gentili, 1999). Moreover, the Mediterranean Sea receives large amounts of anthropogenic
contaminants such as heavy metals and organic pollutants (PAH) that have a strong affinity for
marine particles (Parinos and Gogou, 2016). The study of Pa and Th reveal information regarding
sources and processes affecting the occurrence and transport of these contaminants in the marine
environment.

The Mediterranean is an almost landlocked sea, where limited water exchange occurs
through the Strait of Gibraltar (Fig. 7). Therefore, this marginal sea is often referred to as a
“miniature ocean” suitable as a laboratory for marine environmental research. The limited
exchange with the world ocean makes the Mediterranean Sea well suitable for constraining 231Pa

and 23°Th budgets (Article I). Moreover, the major characteristics of the thermohaline circulation
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are well constrained (e.g. Béthoux and Gentili, 1999; Hassoun et al., 2015; Millot, 1999). Deep
water formation occurs both in the Eastern and the Western Basin (e.g. Schneider et al., 2014;
Theocharis et al., 2002), which makes the Mediterranean Sea an interesting site to study the
impact of deep water ventilation/formation on the distribution of 231Pa and 239Th (Article I).

As to our knowledge, concentrations of 231Pa from the Mediterranean Sea had never been
published prior to this study (Article I), while 232Th and 230Th have only been studied in the

Western Basin before (Roy-Barman et al., 2002; Roy-Barman et al., 1996).

2.5 The Arctic Ocean
The Arctic Ocean is sometimes referred to as the Arctic Mediterranean due to some common
oceanographic characteristics shared with the Mediterranean Sea (e.g. Rudels et al.,, 2012). As for
the Mediterranean Sea, the Arctic Ocean is a landlocked sea, surrounded by continents and is only
connected to the world ocean through the Bering Strait (Pacific Ocean) and to the Atlantic Ocean
through deep passages at the Fram Strait (Fig. 8). The deep arctic basins are enclosed by extensive
continental shelves and slopes that are the widest and largest expanses in the world (~53% of the
total Arctic Ocean area (Jakobsson, 2002).

As for the Mediterranean Sea, significant evidence points to that the Arctic Ocean exhibits
higher sensitivity to global environmental change compared to other regions of the world (e.g.
Palyakov et. al., 2012, Serreze and Barry, 2011). Climate driven changes such as increasing sea ice
melt, enhanced continental erosion and continental runoff is influencing the hydrographic,
chemical and biological structure of Arctic waters. Particle concentrations are also forecasted to
increase in Arctic waters due to increased continental runoff and increased biological production
due to increasing light penetration. Because of their high particle reactivity and their relatively
short residence times, 231Pa and 230Th are important tracers of particle flux, transport and fate of
particles in Arctic waters.

Boundary scavenging has previously been thought to be pronounced in the Arctic Ocean

(Bacon et al., 1989; Cochran et al.,, 1995; Scholten et al., 1995). However, despite the contrasted
particle fluxes over large shelf areas (receiving high river inputs) and the interior with its
perennial sea ice cover, the 231Pa/230Th ratio of marine particles and marine sediments does not
vary much and is on average below the production ratio (e.g. Edmonds et al,, 2004; Moran et al,,
2005b). The overall low 231Pa/230Th ratios has casted some doubts on what is driving the
boundary scavenging in the Arctic Ocean. Boundary scavenging does occur in the Arctic Ocean
(Roy-Barman, 2009). At the same time, the export of 231Pa to the Atlantic Ocean through the Fram
strait plays a key role in the Pa and Th budget of the Arctic Ocean (Article II).
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Figure 7. Map of Pa-Th sampling sites during the 2013 MedSeA-GA04-S cruise along the
GEOTRACES section GA04S in the Mediterranean Sea. Blue points denote sampling sites for
seawater and blue triangles denote sampling sites for suspended particulate matter. NABB:
Northern Algero-Balearic Basin, CABB: Central Algero-Balearic Basin and SABB: Southern Algero-

Balearic Basin.
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Figure 8. Map of Pa-Th sampling sites during the TransArc Il in 2015 along the GEOTRACES GN04
section in the Arctic Ocean. Blue points denote sampling sites for seawater samples and blue
triangles denote sampling sites for suspended particulate matter. Surface sediment samples were
collected at stations 161, 32 and 101.
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3 Methods

Early measurements of Th-Pa in seawater was analyzed by a and y spectrometry which required
~100-1000 I of seawater. More recently, TIMS and ICP-MS allowed a sample size reduction to ~5
1 or less (e.g. Anderson et al., 2012). Due to the large volume requirements, there are only a limited
number of depth profiles for Th-Pa isotopes in the ocean. To meet the GEOTRACES goal of
producing high resolution sections of tracers, it is necessary to continue improving our methods
to determine key tracers. The following section gives a summary to the different methodological
procedures and improvements used in this thesis, for detailed descriptions of procedures used for
Pa-Th analysis, data corrections and MC-ICP-MS, the reader is referred to Article III.

The data in this thesis was achieved from samples obtained during three different
expeditions. In 2013, samples were collected during the Mediterranean Sea Acidification in a
Changing Climate cruise (GEOTRACES section GA04S) (Article I).In 2015, samples were collected
during the Arctic expedition PS94 (GEOTRACES section GN04) and the Arctic HLY1502
(GEOTRACES section GNO1) (Article II, Article III). During GEOTRACES cruises, sampling at
intercalibration and crossover stations is a requirement due to the importance of intercalibration
and comparison of data within the GEOTRACES community.

Participation on the PS94 expedition was part of my PhD project. My main shipboard
duties included responsibility for the sampling of seawater, particles and dirty ice (ice rafted
sediments). This involved collecting and filtering seawater samples, acidification and storage of
the samples. For the particulate sampling, I was responsible for the filter head mounting,
programming of the pumps, overall service of the pumps and deployment of the pumps on deck.
Further, [ was responsible for cutting the filters onboard and distributing aliquots for the analysis
of particulate 231Pa, 230Th, 232Th, 234Th, Si and Si-isotopes to colleagues. [ was also a part of the
ongoing discussion onboard about how to distribute the sampling time and locations between the
different investigators of the GEOTRACES program.

One of the objectives of the 2015 Arctic cruises was to collect seawater and particles at
the Arctic GEOTRACES crossover station for intercomparison purposes between Laboratoire des
Sciences du Climat et de I'Environnement (LSCE), Lamont-Doherty Earth Observatory of Columbia
University (LDEO), Alfred Wegener Institute, Helmholtz Centre for Polar and Marine Research
(AWI) and University of Minnesota (UMN) (Article III).

For sampling of seawater, the samples were collected in 24 1 Niskin bottles mounted on
a General Oceanic CTD rosette. 5 liters of seawater were then subsampled directly from the Niskin
bottles into the sampling containers using Ackropak500™ cartridges (0.45 pm pore size), followed

by acidification and stored in double plastic bags (Fig. 9).
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For particles, samples were collected onto filters mounted on in-situ pumps (McLane
and Challenger type). Large volume in-situ filtration enables the collection of marine particles

from hundreds to more than thousand liters volumes of seawater, which is convenient for the very

low particulate Pa-Th concentrations present in seawater (Bishop et al,, 2012) (Fig. 10).

Figure 9. General Oceanic® CTD rosette with 24 Niskin bottles about to be deployed into the deep

Arctic Ocean (left) and subsampling of seawater for Pa-Th analysis on deck (right).

Figure 10. Large volume in-situ filtration system (WTS-LV, Mc-Lande pump) with two filter heads
(left) and marine particles collected on a Supor filter (right).
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The determination of 231Pa, 230Th and 232Th concentrations in seawater and particulate
samples involves isotope dilution using artificial isotopes of 229Th and 233Pa, pre-concentration by
iron precipitation and purification on ion exchange column in a clean lab before the MC-ICP-MS
analysis. As Pa has a strong affinity for amorphous silica precipitated from silicic acid, this must
be removed during sample preparation. Amorphous silica was separated from the sample by

centrifuging the dissolved precipitate. The supernatant was removed and the residual silica gel

was dissolved in a mixture of concentrated HNO3 and HF (Fig. 11).

Figure 11. Syphoning of a seawater sample containing the decanted precipitate (left) and a

centrifuge tube containing amorphous silica (right).

The extraction of Pa and Th was performed through anion exchange chromatography,
where the net surface charge of Pa and Th is taken into advantage (Fig. 12). One of the first
challenges of this PhD project was to develop an elution procedure for the extraction of several
tracers (Pa, Th, Nd, U and Ra) from less than 5 1 of seawater (Jeandel et al., 2011). An effort was
made to separate Pa and Th using one single chromatographic column (Article III). However, the
one column approach turned out to be risky as Pa fractions were not always sufficiently clean.
Therefore we eventually chose to use two columns.

Concentrations of dissolved and particulate 231Pa, 230Th and 232Th were calculated by
isotope dilution using nuclide ratios determined on a MC-ICP-MS Thermo Scientific™ Neptune
Plus™ instrument equipped with an Aridus II"™ desolvator and a Jet interface, following the

protocols derived from Burckel et al. (2015).
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Figure 12. Set-up of the anion exchange chromatography for the extraction of Pa and Th from

seawater.
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4 Summary of key results

4.1 Article 1

Thorium and protactinium isotopes as tracers of marine particle fluxes and deep water circulation

in the Mediterranean Sea

This article investigates the distribution of dissolved and particulate 231Pa, 230Th and 232Th in the
Mediterranean Sea and has been published in the journal Marine Chemistry. The study adds
important data to the GEOTRACES overall objective to map tracers and their isotopes in the world
oceans. One of the objectives of this study was to investigate the relative affinity of Pa and Th for
particles in a closed sea environment. The Mediterranean is a landlocked sea, where limited
water-exchange with the Atlantic Ocean only occurs through the strait of Gibraltar. This makes
the Mediterranean Sea a well suited location for constructing Pa-Th budgets.

Deep water formation occurs both in the Eastern and Western Basin, which makes also
the Mediterranean Sea an interesting site for the study of the impact of deep water
ventilation/formation on the distribution of 231Pa and 230Th. In contrast to the open ocean,
deviations from the expected linear behavior by reversible scavenging were observed across the
main Basins in the Mediterranean Sea. The non-linear shapes of the Mediterranean 23!Pa and 23°Th
profiles were attributed to deep water circulation. In the Western Basin, 230Th profiles show a
clear impact of convective mixing. Relatively high 230Th concentrations were observed in shallow
waters, followed by lower concentrations at depth due to recent homogenization by convection.
In the Eastern Basin, lower 231Pa and 230Th concentrations reflect the presence of younger but
denser Aegean deep water, while elevated concentrations indicate the presence of older uplifted
Adriatic water.

By applying a simple box model, the previously estimated particle settling speed (~250
m/y, Roy-Barman et al., 2002) was reevaluated to ~500 - 1000 m/y. Another important finding
of this study was that essentially all in-situ produced 239Th (99.9 %) and 231Pa (94 %) is scavenged
and deposited in the sediments of the Mediterranean Sea. Despite the lower particle reactivity of
231Pa (relative to Th), the efficient scavenging of 231Pa in the Mediterranean Sea produces

relatively low F/pa (1.4 - 9.0).
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4.2 Article II

231Pg and 239Th in the Arctic Ocean: implications for Boundary Scavenging and 231Pa-230Th

Fractionation in the Eurasian Basin

In this study, the distribution of dissolved and particulate 232Th, 230Th and 231Pa were studied along
a shelf-basin transect from the Barents Sea to the Makarov Basin in the Arctic Ocean. This
manuscript has been published in the journal Chemical Geology.

Due to the high particle fluxes over large shelf areas (receiving high river inputs) and
contrasting low particle fluxes in the interior Arctic with its perennial ice cover, boundary
scavenging has previously thought to be pronounced in the Arctic Ocean. However, the previously
published 231Pa/230Th ratios of surface sediments across the Arctic Basins does not vary much
and are on average lower than the production ratio (0.092). The overall low sedimentary
231Pa /230Th ratios casted some doubts on mechanisms driving the boundary scavenging in the
Arctic Ocean. While boundary scavenging does occur in the Arctic Ocean, the lack of large scale
fractionation between 231Pa and 239Th calls for another process to be responsible for this.

One of the objectives of this article was to explore the influence of boundary scavenging
and shelf-basin interactions on the observed 231Pa and 23°Th distributions. This was done by
applying a boundary scavenging model to the observed data. Outcomes from this model
highlighted that boundary scavenging of 230Th at the Nansen margin and that net export of 231Pa
to the Atlantic Ocean through the Fram strait plays a key role in the Pa and Th budget of the Arctic
Ocean. By including the ocean margin in this model, a particle settling speed of ~600 m/y was
obtained at the Nansen margin.

Moreover, the observed low particulate 231Pa/230Th ratios also point towards export of
231Pa into the Atlantic Ocean. However, the high sedimentary 231Pa/230Th ratios found at the shelf
and in the Nansen interior suggest that the Arctic margins could indeed act as a major sink for the
missing Arctic 231Pa.

In the deep Nansen and Makarov Basin, the fractionation factor was observed to increase
with depth due to biogenic silica dissolution, which was supported by the strong correlation
observed between dissolved 231Pa and dissolved Si. Interestingly, scavenging on particles derived
from hydrothermal activity in the interior of the Nansen Basin was associated with relatively low

Frn/pa values, while higher fractionation factors were observed at the Nansen margin.
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In conclusion, the processes controlling the distribution and dispersal of Arctic 231Pa and
230Th are not yet completely resolved. More data focused on the shelves and slopes would be

required to better constrain the behavior of 231Pa and 230Th in the Arctic Ocean.
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4.3 Article 111

A comparison of dissolved and particulate 231Pa, 230Th and 232Th concentrations measured at the

GEOTRACES Arctic crossover station in 2015

In this manuscript, concentrations of particulate and dissolved 231Pa, 239Th and 232Th were
measured by four labs in samples collected at the Arctic crossover station in 2015. These samples
were collected during two separate expeditions (HLY1502 GNO1, Station 30 and PS94 GN04 ARK-
XXIX/3, Station 101). The aim was to provide a measure of (external) consistency between
Laboratoire des Sciences du Climat et de I'Environnement (LSCE), Lamont-Doherty Earth
Observatory of Columbia University (LDEO), Alfred Wegener Institute, Helmholtz Centre for Polar
and Marine Research (AWI) and University of Minnesota (UMN). The study focuses on the
comparison of dissolved surface seawater samples and suspended particulate matter.

One of the goals of the international GEOTRACES program is provide a global mapping
of 230Th, 232Th and 231Pa to improve our understanding of the behavior and distribution in order
to use them thoughtfully as ocean tracers (e.g. Hayes et al., 2015a; Valk et al., 2018). To be able to
do this, it requires collaboration of many laboratories worldwide. Therefore the Pa-Th community
organized an intercalibration exercise, where 20 laboratories were gathered in the beginning of
the GEOTRACES program in order to evaluate if the data of the participants was internally
consistent. This study highlighted several difficulties, for example, the low 230Th and 23!Pa
concentrations occurring in surface seawater and filtered particles were below the detection limit
for several groups (Anderson et al., 2012).

In the present study, four labs of the GEOTRACES community were brought together to
assess measured concentrations of 231Pa, 230Th and 232Th at the Arctic crossover station in 2015.
One of the important findings of this study was that participating labs was able to determine
concentrations of dissolved 231Pa and 230Th (below 500 m) that are internally consistent within 4
% of the mean values. This is a noteworthy improvement compared to the precision of 6 % for
230Th and 9 % for 231Pa for measurements obtained during the last intercalibration effort
(Anderson et al.,, 2012).

Another important finding was that the analysis of particulate concentrations still
needed improvement. When particulate results were compared with results from UMN and LDEO,
it clearly appeared that particulate concentrations measured at LSCE were underestimated. A
comparison of the methodological procedures suggested that the reason for the underestimated

concentrations was the absence of HF in the LSCE leaching procedure. Therefore, aliquots of the
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same samples were sent to LDEO for determination of 239Th, 232Th and 23'Pa by complete
dissolution. The results from these additional analyses confirmed that the original leaching
procedure used at LSCE was insufficient (leaching without HF). However, one important outcome
was that the total dissolution and filter leaching using HF both yield similar results. This means
that the particulate concentrations previously published in Article I and II are probably

underestimated and requires caution.
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5 Unresolved questions and further considerations

The value of the particle-reactive radionuclides as ocean tracers for the study of oceanic particle

dynamics, both present and past, has been well demonstrated, and there has been impressive

development in the application over the past decade. However, to be able to truly understand past

environments and present-day processes, we first have to understand water column distributions

of Pa and Th and what processes are causing the fractionation between these tracers in the ocean.

The main breakthroughs of this thesis have been:

(D)

(ii)

(iii)

(iv)

v)

(vi)

The observed non-linear shapes of the Mediterranean Pa-Th depth profiles are
associated to the impact of deep water formation processes, where differences can be
linked to the type of deep water formation process that occurs in respective Basin
(Article I).

Essentially all in-situ produced 23°Th and 231Pa is scavenged and deposited in the
Mediterranean Sea. This is mirrored by the low fractionation factors observed in
various Basins, reflecting the important removal of 231Pa in contrast to the open ocean
(Article I).

In the Arctic Ocean, the modeled 239Th profiles suggests that boundary scavenging is
an important process for the 230Th removal in the Nansen Basin (Article II).

In the Arctic Ocean, the modeled 231Pa profiles suggests that advection of dissolved
231Pa out to the Atlantic Ocean is an important sink for the Arctic 231Pa budget (Article
II).

231Pa /230Th ratios of the suspended particles in the Nansen Basin were below the
231Pa /230Th production ratio, but top-core sediments of the Nansen margin and slope
have high 231Pa/230Th-ratios, suggesting that scavenging along the Nansen margin
partly acts as a sink for the missing Arctic 231Pa (Article II).

Results from this study demonstrated that participating labs can determine
concentrations of dissolved 230Th and 23!Pa in deep water (>500 m depth) that are

internally consistent within 4 % of the mean values (Article III).

The estimated settling velocities of sinking particles are comparable between the Mediterranean

Sea (~500 - 1000 m/y) and the Arctic margin (~600 m/y), which is consistent compared to other

margin areas (e.g. Roy-Barman, 2009). Another interesting attribute between the two ocean

settings is the Pa-Th fractionation. In the Mediterranean Basin, the effective scavenging of 231Pa
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and 230Th results in lower fractionation factors (Frn/pa= 1.4 - 9) compared to the open ocean. In
the Arctic (below 1000 m depth), higher F-factors were estimated in the open Nansen (Frn/pa= 2.7
- 13.3) compared to the Nansen margin (Frypa = 3.7 - 22.3). This suggests that the residual
occurrence of hydrothermal particles in the deep Nansen Basin are more effectively scavenging
231Pa (relative to 230Th) compared to the particles at the Nansen margin.

In surface waters (above 200 m) of the Mediterranean Sea, dissolved 231Pa
concentrations ranged between 0.05 and 0.53 fg/kg and dissolved 239Th ranged between 0.6 and
4.4 fg/kg. At the Arctic margin and shelf, dissolved surface concentrations of 231Pa ranged between
0.11 and 0.42 fg/kg and 23°Th ranged between 1.0 - 2.3 fg/kg, which comparable to the
Mediterranean Sea. In the open Arctic (except for st. 101), surface concentrations of both 231Pa
(0.3-0.4 fg/kg) and 230Th (3.1 - 3.4 fg/kg) were higher compared to the Mediterranean Sea, which
reflects the absence of particles due to the perennial ice cover and the longer residence time of
the deep water masses in the Arctic compared to the Mediterranean Sea. At station 101, the low
Pa and Th concentrations reflect the scavenging over the productive East Siberian and Laptev
shelf seas.

As evident from this study and previous publications (Anderson et al., 2012; Andersson
and Schoberg et al, 2012; Auro et al, 2012), the precision and accuracy of particulate
concentrations needed improvement. These studies highlighted an overall difficulty of the
analysis of low Pa-Th concentrations and therefore it was important to assess our results with an
intercalibration exercise (Article III). While working on Article II and III, some problems with
the leaching procedure arose. This led to an evaluation of the procedure, where the results
demonstrated that the some of the particles (containing Pa and Th) were still left on the filter
samples after the original leaching in Stockholm. The results advocated the requirement of HF
during the leaching, especially regarding the particulate 231Pa concentrations. Therefore, the
particulate Pa-Th concentrations in Article II requires caution.

The low particulate 231Pa and 239Th concentrations in the Mediterranean Sea (Article I),
might be correlated to the sampling and treatment at sea rather than to the leaching procedure.
After sampling of these particles, an effort was made to wash off salts from the filter with
deionized water, which might have washed off some of the particles from the filters as well. This
question remains unanswered. Regardless if the concentrations were underestimated or not, the
particulate 231Pa/230Th ratios and the F-factor should not be affected by loss of particulate material
during sampling. To resolve this question, it would be necessary to acquire new samples and more

information regarding the particulate phases prevailing in the Mediterranean Sea.
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By implicitly incorporating margins in the Mediterranean Sea of the box model applied
in Article I, the particle settling speed previously calculated (~250 m/y, Roy-Barman et al., 2002)
was reconsidered to ~500 - 1000 m/y. This new value was then further used to constrain the
Barium cycle in the Mediterranean Sea (Roy-Barman et al., 2019).

The behavior of Pa and Th in the Arctic Ocean is complicated and not yet completely
resolved. However, the outcomes of this work suggests that advection of dissolved 231Pa out to the
Atlantic as well as scavenging along the margins are important sinks for the Arctic 231Pa budget.
Moreover, the role of the hydrothermal scavenging of 230Th in the Nansen Basin has recently been
highlighted (Valk et al,, 2018).

The Pa-Th data obtained in this work is a baseline for future work. The Arctic Ocean is
one of the regions that exhibit higher sensitivity to global environmental change compared to
other regions of the planet (e.g. Polyakov et al, 2012). Two recent studies have concluded a
temporal decrease of dissolved 231Pa and 239Th in the water column, both in the Amerasian and
Eurasian Basins, over the last three decades (Valk et al., 2020; Grenier et al.,, 2019), Article II
contributing to the work of Valk et al. (2020). The reason for the decrease is suggested to be a
combination of increased scavenging due to increased lithogenic and biological particle fluxes,
mixing and circulation variability. These findings highlight the need for additional sampling to
better document coastal areas and slopes to be able to constrain the roles of different sinks.

Finally, analyzing extremely low 231Pa concentrations in shallow waters of the Arctic
Ocean (station 101 in the Makarov Basin) opened the possibility of measuring 231Pa in very small
seawater samples (~0.2 | of Mediterranean seawater, Roy-Barman et al. 2020), which in turn
paved the way for measurements of very small quantities of 227Ac (0.1 fg or less) in 20 1 of seawater

as developed at LSCE by Martin Levier during his PhD work.
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