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Abstract A%

Abstract

The ocean plays a crucial role in the Earth’s climate system. Yet, the geochemical and
physical processes in the ocean, their link and response to climate change are still not
understood in detail. Dissolved oceanic trace elements (TEs) act as essential micronutrients
and hence regulate marine ecosystems and carbon cycling, and as tracers and proxies of
geochemical and physical processes in the present and past ocean. A comprehensive
understanding of the ocean’s role in climate change therefore requires a more precise
knowledge of the distribution of TEs in the marine system.

The West Pacific is of particular interest with respect to the factors that control the
distribution of TEs in the ocean, especially concerning the sources and processes that add
and/or remove TEs to and/or from the ocean. This large oceanic region in the Pacific is a key
study area to decipher locally and regionally important TE supply and small-scale and lateral
transport. This is due to the fact that the West Pacific 1) lies in the influence of Asian rivers,
2) is surrounded by volcanic island margins that are thought to be a major source of TEs to
the ocean, and 3) is connected to the important iron-limited high-nutrient, low-chlorophyll
(HNLC) area in the East Pacific through a complex eastward flowing equatorial zonal current
system that is thought to act as a conduit for key micronutrients to the east. Micronutrients
limit primary productivity in HNLC areas and changes in their supply to these critical areas
have a direct impact on phytoplankton growth and carbon fixation. Dissolved rare earth
element concentrations ([REE]) and neodymium (Nd) isotopes (expressed as eng) in the ocean
are not bioactive, and therefore trace the sources and processes that control REE (and other
TE) distributions in the ocean. Yet, the dissolved [REE] and Nd isotope dataset in the West
Pacific is still very rudimentary, and available stations sampled for at least three different
water depths are sparse and scattered.

This thesis reports dissolved full water column [REE] and Nd isotope data from
twelve stations along a NW-SE transect in the West Pacific at unprecedented vertical and
lateral resolution for this area (chapters 2 and 3). Additionally, this thesis presents a new rapid
and precise method for dissolved seawater [REE] analysis that was validated within an
international intercomparison study (chapter 4). The major objectives of this thesis were 1) to
investigate the sources and processes that control the distribution of dissolved [REE] and eng
(and potentially other TEs) in the West Pacific, and 2) to provide a method that is easy to
adopt by other laboratories and enables the extensive use of REEs in future marine studies.
This approach opens the way to build a high-quality global ocean REE dataset, which will

advance the understanding of REE distributions on a global scale.



Abstract VI

The [REE] and eng results clearly indicate continental input to the surface in the East
China Sea via South Korean and Chinese rivers. Elevated europium anomalies and
radiogenic eng, characteristic for basaltic sources, further document imprints on surface and
subsurface waters from volcanic island margins (the Philippine and Solomon Islands, Papua
New Guinea, Fiji, and Samoa) and REE input into the tropical West Pacific from Papua New
Guinea, and to a lesser extent from other volcanic islands. The REE and eng signals allow
detailed tracing of zonal eastward transport of TEs within small-scale surface and subsurface
currents to the HNLC area in the East Pacific. The data therefore highlight the importance of
the tropical West Pacific as source region of micronutrients and other TEs to the iron-limited
East Pacific. The [REE] data further indicate the dominant lateral control on REE
distributions in North and South Pacific Tropical Water, Antarctic Intermediate Water, and
Lower Circumpolar Deep Water, reflecting lateral transport of a preformed REE signal within
these water masses in the Pacific, even at subsurface depth. The strong correlation of high-
salinity with low-[REE] of South Pacific Tropical Water indicates advection of preformed
low [REE] from its formation region in the oligotrophic South Pacific Subtropical Gyre to the
tropical West Pacific, and hence explains the low subsurface [REE] previously found in this
area. In contrast to the conservative behavior of REEs, Nd isotopes clearly demonstrate a non-
conservative behavior, even in the deep ocean, indicating local radiogenic imprints through
boundary exchange at volcanic island margins in the tropical West Pacific. With further
distance to these radiogenic sources, mid-depth and deep water eng behave quasi-
conservatively and trace water mass transport and mixing in the Northwest Pacific. In
summary, preformed REE signals are transported laterally over substantial distances in the
Pacific, while exgq signatures are more quickly modified at volcanic island margins in the
tropical West Pacific.

The new analytical method presents the first application of the automated seaFAST-
pico system (Elemental Scientific Inc.) in offline mode for a robust and rapid pre-
concentration and purification of dissolved REEs from small volumes of seawater (11-12
mL). It is combined with multi-element isotope dilution inductively coupled plasma mass
spectrometry for routine analysis of low [REE] (picomolar level). To ensure high-quality data
and to provide the first reference seawater REE standard in the Pacific for quality control of
future REE studies, the method was verified in an international intercomparison with three
other laboratories using seawater aliquots from the GEOTRACES intercalibration station
SAFe (Sampling and Analysis of Iron) at 3000 m water depth in the North Pacific. The results
obtained by the four laboratories show an excellent agreement of [REE] within 7% (26 RSD).
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Kurzfassung

Obwohl der Ozean eine entscheidende Rolle im Klimasystem der Erde spielt, sind
seine geochemischen und physikalischen Prozesse sowie deren Einbindung in und ihre
Auswirkung auf das Klimageschehen nicht im Detail bekannt. Im Meerwasser geldste
Spurenelemente dienen als essentielle Mikronihrstoffe, die marine Okosysteme sowie den
Kohlenstoffkreislauf regulieren, und als Anzeiger und Stellvertreter fiir geochemische und
physikalische Prozesse im heutigen und fritheren Ozean. Ein detaillierterer Einblick in die
Rolle des globalen Ozeans im Klimageschehen verlangt daher ein verbessertes Verstindnis
der Verteilung von Spurenelementen im marinen System.

Der Westpazifik ist von besonderem Interesse fiir die Faktoren, welche die Verteilung
von Spurenelementen im Meer kontrollieren, insbesondere in Bezug auf die Quellen und
Prozesse, die Spurenelemente in den Ozean eintragen und/oder aus ihm entfernen. Mehrere
Faktoren machen den Westpazifik zu einem idealen Arbeitsgebiet fiir die Untersuchung
lokaler und regionaler Spurenelementquellen sowie kleinskaliger lateraler Wassermassen-
transporte: Der Westpazifik liegt 1) im Einflussbereich von asiatischen Fliissen, ist 2) von
vulkanischen Inselrdndern umgeben, welche als eine Hauptquelle fiir Spurenelementeintrag in
den Ozean angesehen werden, und ist 3) mit dem eisenlimitierten, nédhrstoffreichen und
chlorophyllarmen Gebiet im Ostpazifik {iber ein komplexes ostwérts flieBendes dquatoriales
zonales Stromungssystem verbunden, das ein Transportmittel fiir entscheidende
Mikronidhrstoffe in den Osten darstellt. Mikronéhrstoffe limitieren die Primédrproduktivitét in
nihrstoffreichen, chlorophyllarmen Gebieten. Anderungen in deren Eintrag in diese kritischen
Gebiete haben direkte Auswirkungen auf das Phytoplankton-wachstum und somit auf die
Bindung von Kohlenstoff (CO,). Im Meerwasser geloste Seltene Erdelementkonzentrationen
([SEE]) und Neodym (Nd) Isotope (ausgedriickt in enxg) werden nicht biologisch umgesetzt
und dienen daher als Anzeiger fiir Quellen und Prozesse, welche die Verteilung von SEE (und
die anderer Spurenelemente) im Ozean kontrollieren. Dennoch ist der Datensatz an geldsten
[SEE] und Nd Isotopen im Westpazifik immer noch sehr rudimentir und die verfiigbaren
Stationen, an denen mindestens drei verschiedene Wasser-tiefen beprobt wurden, sind
spérlich und nicht zusammenhéingend.

Diese Doktorarbeit befasst sich mit im Meerwasser gelosten [SEE] und Nd
Isotopendaten an zwolf Stationen entlang eines NW-SO Transektes im Westpazifik in einer
fiir diese Region noch nicht vorhandenen vertikalen und lateralen Auflosung der gesamten
Wassersdule (Kapitel 2 und 3). Zusétzlich stellt diese Doktorarbeit eine neue, schnelle und

prizise Methode fiir die Analyse von im Meerwasser gelosten [SEE] dar, welche in einer
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internationalen Vergleichsstudie validiert wurde (Kapitel 4). Die Hauptziele dieser
Doktorarbeit waren 1) die Untersuchung der Quellen und Prozesse, welche die Verteilung von
gelosten [SEE] und enxg (und die potentieller anderer Spurenelemente) im Westpazifik
kontrollieren, und 2) eine Methode, die in anderen Laboren einfach nachzuvollziehen und
umzusetzen ist, und die eine betridchtliche Anzahl an SEE Messungen in zukiinftigen marinen
Studien ermdglicht, zu entwickeln. Diese Herangehensweise ermdglicht den Aufbau eines
prazisen SEE Datensatzes im globalen Ozean, welcher zu einem besseren Verstindnis der
globalen Verteilung von SEE beitragen wird.

Die [SEE] und eng Ergebnisse zeigen eindeutig einen kontinentalen Eintrag an der
Oberflache im Ostchinesischen Meer durch siidkoreanische und chinesische Fliisse. Erhohte
Europium-Anomalien und radiogene eng Werte, welche charakteristisch fiir basaltische
Quellen sind, zeigen weiterhin Uberprigungen von vulkanischen Inselriindern (den
Philippinen und Salomonen Inseln, Papua-Neuguinea, Fidschi und Samoa) im
Oberflichenwasser und in der darunterliegenden Wassersdule an und weisen auf einen
deutlichen Eintrag an SEE von Papua-Neuguinea und auf einen weniger deutlichen Eintrag
von den anderen vulkanischen Inselrindern in den tropischen Westpazifik hin. Die SEE und
ena Signale ermoglichen eine detaillierte Verfolgung von Spurenelementen, welche in
zonalen, ostwirts flieBenden, kleinskaligen Oberfldchenstromungen und oberflaichennahen
Stromungen aus dem Westpazifik in den nidhrstoff- und chlorophyllarmen Ostpazifik
transportiert werden. Die Daten heben daher die Wichtigkeit des tropischen Westpazifiks als
Quellregion fiir Mikronédhrstoffe und andere Spurenelemente fiir den -eisenlimitierten
Ostpazifik hervor. Die [SEE] Daten zeigen ferner eine dominante laterale Kontrolle der SEE
Verteilungen im Nord- und Siidpazifischen Tropischen Wasser, im Antarktischen
Zwischenwasser, und im unteren Zirkumpolarwasser auf, und verdeutlichen, sogar in
oberflichennahen Wassermassen, den lateralen Transport eines bereits gebildeten SEE
Signals entlang der FlieBrichtungen dieser Wassermassen im Pazifik. Die gute Korrelation
zwischen hoher Salinitét und niedrigen [SEE] im Siidpazifischen Tropischen Wasser weist auf
den Transport von bereits gebildeten niedrig-[SEE] aus dem Herkunftsgebiet, dem
oligotrophen siidpazifischen subtropischen Wirbel, in den tropischen Westpazifik hin und
erklirt somit die niedrigen oberflichennahen [SEE], welche bereits zuvor in anderen Studien
in diesem Gebiet entdeckt wurden. Im Gegensatz zu dem konservativen Verhalten der SEE
zeigen die Nd Isotopien eindeutig ein nicht-konservatives Verhalten auf, welches sogar im
Tiefenwasser zu sehen ist und auf lokale radiogene Uberprigungen durch ‘boundary

exchange’ an vulkanischen Inselrindern im tropischen Westpazifik hindeutet. In groBerer
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Entfernung zu diesen radiogenen Quellen zeigen die exg Werte im Zwischen- und
Tiefenwasser ein quasi-konservatives Verhalten auf und weisen auf Wassermassentransport
und -mischung im Nordwestpazifik hin. Zusammenfassend zeigen die Ergebnisse, dass bereits
gebildete SEE Signale lateral iiber eine sehr grofle Distanz im Pazifik transportiert werden,
wihrend eyg Werte sehr viel schneller an vulkanischen Inselrindern im tropischen
Westpazifik iiberpragt werden.

Die neue analytische Methode présentiert die erste Anwendung des automatisierten
seaFAST-pico Systems (Elemental Scientific Inc.) im offline Betrieb fiir eine robuste und
schnelle Aufkonzentrierung und Abtrennung von geldsten SEE aus geringen Meerwasser-
volumina (11-12 mL). Die Methode beruht auf einer Isotopenverdiinnungsmethode und einem
Massenspektrometer mit induktiv gekoppeltem Plasma mit dem routinemifBige Analysen von
gering konzentrierten SEE Proben (im pikomolaren Bereich) durchgefiihrt werden. Um
sicherzustellen, dass mit dieser Methode priazise Daten produziert werden, und um den ersten
SEE Meerwasserstandard im Pazifik zu liefern, welcher in zukiinftigen SEE Studien als
Vergleichsprobe dient, wurde die Methode in einer internationalen Vergleichsstudie mit drei
weiteren Laboren {iberpriift. Dafiir wurde Meerwasser von der GEOTRACES
Interkalibrationsstation SAFe (‘Sampling and Analysis of Iron’) im Nordpazifik in 3000 m
Wassertiefe als Vergleichsprobe ausgewihlt und genutzt. Die Ergebnisse, welche von den vier
Laboren erzielt wurden, zeigen eine exzellente Ubereinstimmung der [SEE] innerhalb von 7%

(26 RSD).
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1. Introduction

Chapter 1 describes the motivation for this thesis that focuses on identifying and
characterizing trace element (TE) input and cycling using rare earth element (REE) and
neodymium (Nd) isotope distributions in the West Pacific. The first section of this chapter
provides an overview of the important roles of TEs in the ocean. The second section
summarizes factors that may affect the distribution of TEs in the ocean, including major
sources and processes that add and/or remove TEs to and/or from the ocean, and their internal
cycling within the ocean. The following section introduces REEs and Nd isotopes as tracers.

The last section of this chapter briefly introduces the major advancements in TE research.
1.1. The importance of trace elements in the ocean

Despite of the extremely low concentration of dissolved TEs in the ocean (umol/kg to
fmol/kg, with most in the pmol/kg-range, e.g., Chester and Jickells, 2012), they play
important roles as essential micronutrients and hence can regulate marine ecosystems and
carbon cycling, and as tracers and proxies of geochemical and physical processes in the
present and past ocean (e.g., SCOR Working Group, 2007). The ocean is an integral part of
the Earth’s climate system, yet, its geochemical and physical processes, their link and
response to climate change are still not completely understood. A comprehensive
understanding of the ocean’s role in climate change therefore requires a more precise
knowledge of the distribution of TEs in the global ocean. Certain TEs and their isotopes in
seawater are tracers of processes that influence the distribution of TEs in the ocean, and thus
can substantially advance the still incomplete knowledge about marine TE distributions on a
regional and global scale (e.g., SCOR Working Group, 2007). In particular, dissolved
seawater REE concentrations and Nd isotopes (with Nd belonging to the REEs) are not
bioactive, and are therefore ideal to trace the sources and processes that add and/or remove
REEs and potentially other TEs to and/or from the ocean, and that control their cycling within
the ocean (e.g., Elderfield, 1988; Goldstein and Hemming, 2003) (chapters 2 and 3). In
addition, Nd isotopes incorporated into authigenic minerals and fish teeth in marine sediments
are used as proxy for the reconstruction of past ocean circulation (e.g., Frank, 2002; Pahnke et
al., 2008). However, the utility of Nd isotopes as a water mass proxy depends on the
knowledge of regional or local biogeochemical processes potentially overprinting the original
water mass Nd isotope signature. The understanding of the distribution of Nd isotopes and the
extent of regional and local biogeochemical overprints in the global ocean, and in particular in

the Pacific Ocean, is so far largely incomplete.
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Other TEs such as iron and zinc are critical for marine ecosystems and biological
processes due to their function as essential micronutrients for phytoplankton (e.g., Morel et
al., 2003). Thus, TEs serve and sustain the marine food web, and ultimately the nourishment
of human populations depending on marine proteins (Séférian et al., 2014). In addition to the
importance for the marine food web, iron plays a critical role in the ocean-atmosphere
exchange of carbon dioxide (e.g., Coale et al., 1996), and hence in climate change. For
example, iron, an essential micronutrient for phytoplankton growth, limits primary
productivity in high-nutrient, low-chlorophyll (HNLC) areas such as the equatorial East
Pacific (e.g., Ryan et al., 2006). Changes in iron supply to this critical area directly impact
phytoplankton growth, and thus atmospheric carbon dioxide fixation (e.g., Ryan et al., 2006).
The supply of micronutrients like iron from the equatorial West Pacific is thought to be a
primary factor that controls phytoplankton growth in the equatorial East Pacific (e.g., Barber
et al., 1996; Lacan and Jeandel, 2001; Slemons et al., 2010; Grenier et al., 2013). This
potentially crucial role of the equatorial West Pacific in supplying the East Pacific with
micronutrients highlights the importance for a detailed study on the sources and processes that
may add TEs to the equatorial West Pacific and on their potential eastward transport within

zonal currents (chapters 2 and 3).
1.2. The distribution of trace elements in the ocean

The distribution of TEs in the ocean is influenced by sources and processes that add
and/or remove TEs to and/or from the ocean, and by their internal cycling within the ocean
(e.g., Bruland and Lohan, 2003). Trace elements are added to the ocean via rivers, submarine
groundwater discharge (SGD), or atmospheric dust deposition and dissolution (e.g., Frank,
2011) (Fig. 1.1). Sediment-seawater interactions at ocean margins and the seafloor (e.g.,
Lacan and Jeandel, 2001, 2005; Grenier et al., 2013) or hydrothermal systems at mid-ocean
ridges can act as sources or sinks of TEs (e.g., German et al., 1990; Stichel et al., 2012a;
Fitzsimmons et al., 2014; Measures et al., 2015; Resing et al., 2015) (Fig. 1.1). In the ocean,
the distribution of TEs is subject to internal cycling through biological uptake (e.g., Hawco et
al., 2016; Semeniuk et al., 2016) and/or geochemical and physical processes (e.g., Stichel et
al., 2015; Osborne et al., 2015). Vertical geochemical processes in the water column include
dissolved-particulate interactions such as adsorption and removal of TEs onto sinking
particles (scavenging) and subsequent release from particles through desorption (e.g.,
Sholkovitz et al., 1994) (Fig. 1.1). Lateral physical water mass transport and mixing, governed
by ocean circulation, lead to the redistribution of TEs within the ocean and separates them

from their initial source regions (e.g., Zheng et al., 2016) (Fig. 1.1).
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Fig. 1.1. Schematic illustration showing major sources and internal cycling of TEs in the ocean
(modified after Frank, 2011).

The distribution of TEs in the ocean is grouped into three main categories showing
either ‘conservative’-, ‘nutrient’-, or ‘scavenging’-type behavior based on their vertical
profiles that are due to their oceanic residence times and the dominant vertical process
affecting the respective TE (e.g., Bruland and Lohan, 2003; Chester and Jickells, 2012).
‘Conservative-type’ TEs such as molybdenum are characterized by weak dissolved-particulate
interactions and have long oceanic residence times (>10° years), resulting in nearly constant
concentrations with depth and geographical region (e.g., Bruland and Lohan, 2003). In
contrast, ‘nutrient-type’ TEs (e.g., cadmium, zinc) have shorter oceanic residence times (tens
of thousands of years) and are marked by low surface water and high deep water
concentrations due to biological uptake at the surface and subsequent decomposition
(remineralization) at depth (e.g., Chester and Jickells, 2012). ‘Scavenged-type’ TEs (e.g.,
manganese, aluminum, mercury) have shorter oceanic residence times (100-1000 years) than
the global ocean mixing time (~1500 years, Broecker and Peng, 1982) and are characterized
by strong dissolved-particulate interactions with enrichment at the surface from local inputs
(e.g., dust, rivers, sediments) and decreasing concentrations with water depth indicating
particle scavenging (e.g., Bruland and Lohan, 2003; Chester and Jickells, 2012).

Yet, the global distribution of TEs in the ocean is still not understood in detail. Thus,
detailed studies on the sources as well as on the vertical and lateral processes that affect TE
distributions in the ocean by using high-resolution vertical and spatial full water column

profiles along transects is of crucial importance for TE research (chapters 2 and 3).
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1.3. Rare earth elements and Nd isotopes as tracers
1.3.1. Rare earth elements

Rare earth elements are a coherent group of elements that form the series from
lanthanum (La) to lutetium (Lu) and exist dominantly in the trivalent oxidation state
(Elderfield and Greaves, 1982). Only cerium (Ce) and europium (Eu) can be oxidized to
Ce(IV) or reduced to Eu(Il) depending on the redox conditions (e.g., Elderfield, 1988). A
chemical property of REEs is the decrease in ionic radii with increasing atomic number,
which leads to an increase in the strength of complexation by carbonate ions from light REEs
(LREE) to heavy REEs (HREE) in seawater (e.g., Byrne and Kim, 1990). Light REEs
therefore have a higher particle affinity relative to HREEs and are therefore preferentially
adsorbed onto particles, while HREEs remain longer in solution (e.g., Cantrell and Byrne,
1987; Byrne and Kim, 1990; Sholkovitz et al., 1994). As a result, dissolved seawater REE
patterns show a typical HREE over LREE enrichment that represents their increasing oceanic
residence times (LREE to HREE: 240 years to 2890 years, Nozaki, 2001) (e.g., Elderfield and
Greaves, 1982). Dissolved seawater REE patterns are further characterized by a Ce-depletion,
which reflects the short oceanic residence time of Ce (50 years, Nozaki, 2001) due to
microbial controlled oxidation to insoluble Ce(IV) (e.g., Alibo and Nozaki, 1999; Moffett,
1990). In order to visualize relative changes in REE concentrations ([REE]), dissolved
seawater [REE] are generally normalized to those of a reference material such as the Post
Archean Australian Shale (PAAS) (Taylor and McLennan, 1985) or a reference water mass.
Exploiting the systematic changes in the behavior of REEs, dissolved [REE] can be diagnostic
of TE input into the ocean. For example, elevated [REE] in surface waters and a ‘flat” REE
pattern indicate local continental input to the ocean via rivers, SGD, margin sediments, or
dust, while a strong HREE over LREE enrichment and hence ‘steep’ REE pattern may
indicate enhanced scavenging by organic or inorganic particles (e.g., Greaves et al., 1999;
Sholkovitz et al., 1999; Grenier et al., 2013; Hathorne et al., 2015; Osborne et al., 2015;
Frollje et al., 2016). PAAS-normalized positive Eu anomalies (i.e., an enrichment in Eu
relative to its neighbors) are indicative of a volcanic source of the REEs added to the ocean
(e.g., Grenier et al., 2013). In coastal surface waters near volcanic island margins in the
southwestern equatorial Pacific, Grenier et al. (2013) used positive Eu anomalies to suggest
TE input from Papua New Guinea and transport to the equatorial East Pacific.

In the past only spatially separated and few vertical REE profiles existed. Therefore,
the vertical REE distributions in the water column with typically low surface water [REE] and

increasing concentrations with depth were interpreted as indicating a dominance of vertical
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processes (input, scavenging, release) (e.g., Elderfield and Greaves, 1982; Alibo and Nozaki,
1999). More recently however, observations from vertically and spatially high-resolution full
water column profiles along transects with almost constant vertical Nd concentrations ([Nd])
in North Atlantic Deep Water (NADW) (Stichel et al., 2015; Lambelet et al., 2016) and high
[Nd] shoaling upwards along the density surfaces in the southern South Pacific and Atlantic
(Basak et al., 2015; Hathorne et al., 2015) indicated an additional lateral control on REE
distributions. Further, using an optimum multiparameter analysis, Zheng et al. (2016) recently
assessed quantitatively the conservative behavior of REEs in the South Atlantic, where
dissolved deep water [REE] are dominantly controlled (>75%) by lateral water mass mixing.
The high potential of REEs, in particular of HREEs, as water mass tracer becomes especially
apparent when REE ratios are used. Zhang and Nozaki (1996) and Osborne et al. (2015)
recognized the promising application of dysprosium (Dy), holmium (Ho), and erbium (Er)
and their ratios as tracer of lateral water mass transport. Osborne et al. (2015) suggested that
the distinctly low ratio of Dy over Er (Dy/Er) in Antarctic Intermediate Water (AAIW) in the
tropical Atlantic may have been transported from its formation area in the Southern Ocean,
and that Dy/Er may have the potential as a powerful tracer for AAIW, although the process
that leads to the low Dy/Er signal was left unexplained. The depletion in the heaviest HREE: ,
expressed in the ratios of Er over ytterbium (Yb) and Er over Lu (Er/Yb and Er/Lu) in surface
waters has previously been hypothesized to trace continental input (Hongo et al., 2006; Frollje
et al., 2016). In contrast, Takahashi et al. (2005, 2007) have shown that HREEs in seawater,
especially thulium (Tm), Yb, and Lu are adsorbed onto bacteria cell walls leading to their
preferential depletion in solution, and thus resulting in high dissolved Er/Yb and Er/Lu ratios
in the surrounding seawater. Further investigations on the Er-Yb-Lu system in seawater are
necessary in order to elucidate their potential use as tracer.

In summary, uncertainties remain about the conservative vs. non-conservative
behavior of REEs and the sources (e.g., rivers, ocean margins) and processes (input,
scavenging, release, lateral transport/mixing) that may affect seawater REE distributions (and

by extension other TEs) in the West Pacific (chapter 3).
1.3.2. Neodymium isotopes

Neodymium has seven naturally occurring isotopes: '**Nd, '*Nd, "**Nd, "*Nd, "**Nd,
"*Nd and '"Nd. The Nd isotope ratio '*Nd/'**Nd is expressed as exg =
[("*Nd/"**Ndampie)/("°Nd/"**Ndcrur)-11%10", where CHUR stands for Chondritic Uniform
Reservoir with a value of "*Nd/'**Ndcpur = 0.512638 (Jacobsen and Wasserburg, 1980). The

use of the Nd isotopes (‘**Nd/'**Nd) as tracer stems from the fractionation of samarium (Sm)
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and Nd between the Earth’s mantle and the continental crust, and from the o-decay of '¥’Sm
to radiogenic ' Nd with a half-life of 106 billion years. Although both Sm and Nd belong to
the LREEs, Nd is slightly more incompatible than Sm, and is therefore preferentially enriched
in crustal melts and consequently in crustal rocks, whereas Sm remains in the Earth’s mantle.
As a result, Sm/Nd ratios, and hence NJ/M*Nd ratios, are lower in the old continental crust
than in young mantle-derived volcanic rocks. This is expressed by more negative (i.e.,
‘unradiogenic’) eng signatures of ~-30 in old cratonic rocks surrounding the North Atlantic
and by more positive (i.e., ‘radiogenic’) exg values of up to +10 in young mid-ocean ridge
basalts located around the Pacific rim (e.g., Goldstein and Hemming, 2003; Jeandel et al.,
2007) (Fig. 1.2). These variations of the Nd isotope ratio in different rock types with their
systematic Sm/Nd ratios and ages leads to a heterogeneous eng distribution in rocks that is
imprinted into the oceans through weathering inputs (e.g., Goldstein and Hemming, 2003;
Jeandel et al., 2007). Due to the shorter residence time of Nd in the ocean (~300 to 1000
years, Tachikawa et al., 2003; Arsouze et al., 2009; Rempfer et al., 2011) compared to the
ocean mixing time (~1500 years, Broecker and Peng, 1982) and since seawater eng signatures
are set by Nd supply through weathering inputs of the surrounding source rocks (e.g.,
Goldstein and Hemming, 2003), different water masses carry distinct exg signatures of their
source regions (e.g., Piepgras and Wasserburg, 1980). For instance, NADW has relatively
unradiogenic eng values (eng= -13.5, e.g., Piepgras and Wasserburg, 1987; Rickli et al., 2009)
representing weathering inputs of old cratonic rocks such as from Greenland and the Canadian
shield. On the other hand, North Pacific Deep Water (NPDW) has more radiogenic exg values
(ena ~ -4, e.g., Piepgras and Jacobsen, 1988; Amakawa et al., 2009; Pahnke et al., 2012)
reflecting the surrounding young volcanic rocks of the Pacific rim (Fig. 1.2). The mixing of
NADW and NPDW in the Southern Ocean, in addition to weathering inputs from Antarctica,
results in eng signatures of -9 to -8 for Circumpolar Deep Water (e.g., Carter et al., 2012;
Rickli et al., 2014; Basak et al., 2015) (Fig. 1.2). Consequently, variations and changes in
dissolved seawater exg may be explained based on lateral water mass transport/mixing, and
thus seawater exg has been considered as a quasi-conservative water mass tracer in the present
and past deep open ocean (e.g., Piepgras and Wasserburg, 1980; Frank, 2002; Goldstein and
Hemming, 2003). The high potential of seawater exq as water mass tracer is pointed out by the
international GEOTRACES program (www.geotraces.org). Here, eng is one of the
GEOTRACES key parameters that are investigated in order to better characterize the

distribution of TEs in the global ocean.
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Fig. 1.2. Extrapolated map showing the heterogonous exg distribution of rocks (in color) and typical
dissolved seawater enqg signatures of North Atlantic Deep Water (NADW), North Pacific Deep Water
(NPDW) and Circumpolar Deep Water (CDW) (modified after Jeandel et al., 2007).

Seawater eng 1s widely used to trace water mass transport in the different oceans apart
from continental inputs (e.g., Andersson et al., 2008; Amakawa et al., 2009; Singh et al.,
2012; Stichel et al., 2015). Nevertheless, the understanding of the sources (e.g., rivers, ocean
margins) and processes that may affect seawater exq in the different oceans, and their impact
on the potential use of eng as quasi-conservative water mass tracer is still incomplete. A
poorly understood process is ‘boundary exchange’ at ocean margins, a mechanism that
couples isotopic exchange with continental input (source) and removal (sink) of Nd to and
from the ocean, and thus modifies seawater exg without significantly affecting [Nd] (Lacan
and Jeandel, 2001, 2005; Arsouze et al., 2007). The West Pacific is of particular interest with
respect to ‘boundary exchange’ as this area is surrounded by volcanic island margins.

While seawater eng is thought to trace local imprints and lateral water mass
transport/mixing, the [Nd] in the open ocean is interpreted to dominantly reflect vertical
cycling (input, scavenging, release) rather than lateral water mass transport/mixing (Piepgras
and Wasserburg, 1980; Goldstein and Hemming, 2003). This apparent discrepancy between
seawater eng and [Nd] is termed the ‘Nd paradox’ (Goldstein and Hemming, 2003). Because
in the past only spatially separated and few vertical eng and [Nd] profiles existed, the concept
of the ‘Nd paradox’ had been related to ‘reversible scavenging’, a vertical process linking
continuous isotopic exchange with removal/release of Nd through/from sinking particles
(Siddall et al., 2008). In contrast, recent studies using observations from vertically and

spatially high-resolution transects highlighted the dominance of lateral rather than vertical
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control on seawater [Nd] in different oceanic regions and settings (Basak et al., 2015;
Hathorne et al., 2015; Stichel et al., 2015; Lambelet et al., 2016, Zheng et al., 2016).

In summary, open questions remain with respect to the relative importance and impact
of different sources (e.g., rivers, ocean margins) and processes (input, scavenging, release,
lateral water mass transport/mixing, boundary exchange) that may affect dissolved seawater
end and/or [Nd], and therefore on the use of exg as a quasi-conservative water mass tracer in

the West Pacific (chapter 2).
1.4. Major advancements

The low (umol’kg to fmol/kg) concentrations of dissolved TEs in the ocean, the
limited sensitivity of analytical instruments, and the lack of strict quality control procedures
resulted in low-quality marine TE data until the 1970s (e.g., Bruland et al., 1979) and
hindered their extensive use in marine studies. This has changed due to major technical
advancements and specific marine TE research over the last few decades, including the
Geochemical Ocean Sections Study (GEOSECS) of the 1970s that produced the first precise
seawater concentration profiles of TEs (Broecker and Peng, 1982). As a result, and mostly
through the progress of the ongoing GEOTRACES program, researchers have recognized the
importance of TEs for marine ecosystems, the carbon cycle, and climate change (e.g., SCOR
Working Group, 2007). Within the framework of the GEOTRACES program, new clean
shipboard sampling techniques, approved sampling protocols and new methods for sample
processing and analysis, as well as quality control procedures were initialized (e.g., Bruland et
al., 2005; Cutter and Bruland, 2012; Pahnke et al., 2012; van de Flierdt et al., 2012).

These major advancements opened the way for a global study of TE distributions
along vertically and spatially high-resolution transects within the GEOTRACES program,
which is providing a continuously growing high-quality dataset of global TE distributions.
The study presented in this thesis adds to the GEOTRACES dataset and is recognized as a
GEOTRACES Process Study (GPpr04).

1.5. Objectives and outline of this thesis

As pointed out in the previous sections, despite the importance in advancing our
understanding of TEs in the ocean and thus in exploiting the high potential of [REE] and Nd
isotopes as tracers, many open questions remain, especially in the Pacific. This is due to an
insufficient vertical and spatial coverage of dissolved seawater REE and Nd isotope data, and
the fact that major advancements in sampling, processing, analysis, and validation only

recently opened the way to a growing high-quality global ocean dataset.
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In the Pacific, the REE and Nd isotope dataset is still very rudimentary, as the
available stations sampled for at least three different water depths are sparse, scattered, and
were mainly sampled for only REE or only Nd isotope data (Fig. 1.3).

This thesis presents the first vertically and spatially high-resolution full water column
profiles of dissolved exg and [REE] from twelve stations along a NW-SE transect in the West
Pacific from South Korea to Fiji (R/V Sonne cruise SO223T, GEOTRACES Process Study
GPpr04) (Fig. 1.3). The set of stations almost doubles the number of currently available
stations sampled for at least three water depths and for both exg and REE data in the West
Pacific.

The major objective of this thesis was to investigate a high-resolution transect that
enables to exploit the high potential of Nd isotopes in combination with [Nd] (chapter 2), as
well as of [REE] (chapter 3) as tracers of sources and processes that control their distributions
(and by extension other TEs) in the West Pacific. The data of this thesis provide an essential
part of the international effort of the GEOTRACES program in depicting a comprehensive
picture of TE distributions in the global ocean to completely decipher the important roles of
TEs. Consequently, the data will be included in the GEOTRACES Intermediate Data Product
2017 (IDP2017). In addition, this thesis presents a new robust and rapid method for the
routine pre-concentration, purification, and analysis of dissolved [REE] from small seawater
volumes, and further includes an international intercomparison study by four laboratories
using seawater from the GEOTRACES reference sampling station SAFe (Sampling and
Analysis of Iron) in the North Pacific for quality control (chapter 4). This REE method is easy
to adopt, and therefore opens the way for a fast growing high-quality global ocean REE
dataset that will substantially contribute to a better understanding of the factors that control

global REE distributions.
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Fig. 1.3. Map showing the locations of all stations sampled for at least three water depths for seawater
REE concentrations and/or Nd isotopes in the Pacific, with stations from this study (red triangles) and
published data (Piepgras and Wasserburg, 1980; de Baar et al., 1985; Piepgras and Jacobsen, 1988;
Tanaka et al., 1990; Piepgras and Jacobsen, 1992; Shimizu et al., 1994; Zhang and Nozaki, 1996,
1998; Alibo and Nozaki, 1999; Lacan and Jeandel, 2001; Amakawa et al., 2004a; Vance et al., 2004;
Hara et al., 2009; Hongo et al., 2007; Wang and Yamada, 2007; Amakawa et al., 2009; Zimmermann
et al., 2009; Carter et al., 2012; Grasse et al., 2012; Pahnke et al., 2012; Amakawa et al., 2013; Grenier
et al., 2013; Jeandel et al., 2013; Molina-Kescher et al., 2014; Haley et al., 2014; Rickli et al., 2014;
Abbott et al., 2015a, b; Basak et al., 2015; Wu et al., 2015; Frollje et al., 2016).
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Below, the major objectives of this thesis are outlined:

* Identification of sources of REEs (and by extension other TEs) to the West Pacific,
using eng and [REE], and processes controlling their distributions: characterization of
coastal input near South Korea and volcanic islands in the tropical West Pacific,
evaluation of the conservative vs. non-conservative behavior of REEs, and verification
of the integrity of eng as water mass tracer

* Assessment of TE input to the tropical West Pacific and eastward transport within
equatorial zonal currents

* Development of a new REE method that is easy to adopt and allows a rapid and
precise analysis of dissolved [REE] from small volumes of seawater (~11-12 mL) to
open the way for a global high-quality seawater REE dataset

* Realization of an international intercomparison of dissolved seawater [REE] to
validate the new REE method and to establish the first reference seawater REE

standard for quality control of future marine REE studies in the Pacific

Chapter 2 describes the dynamic setting and hydrographic properties of major Pacific
water masses in the context of the dissolved eng and [Nd] found in the West Pacific along a
transect from South Korea to Fiji. The study in this chapter aims to clarify the relative
importance and impact of the different sources (e.g., rivers, volcanic island margins) and
processes on seawater eng and [Nd], and to assess the integrity of seawater exg as quasi-
conservative water mass tracer in the West Pacific. The investigation of exq and [Nd] along
the transect points out the significance of vertical processes and lateral water mass transport
on their distribution.

The focus of chapter 3 is on dissolved [REE] in the West Pacific along the same
transect as in the study presented in chapter 2 and provides a detailed characterization of the
sources and processes that control seawater REE (and potentially other TE) distributions in
the West Pacific. This chapter highlights the small-scale equatorial zonal eastward transport
of surface and subsurface water REE inputs, and hence supports the previous hypothesis on
TE inputs to the tropical West Pacific and their transport to the iron-limited HNLC area of the
East Pacific.

Chapter 4 presents the first application of the automated seaFAST-pico system
(Elemental Scientific Inc.) in offline mode using multi-element isotope dilution inductively
coupled plasma-mass spectrometry for the robust and rapid pre-concentration, purification,

and analysis of dissolved [REE] from small volumes of seawater (11-12 mL). The method
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described in this chapter is easy to adopt and enables the extensive use of seawater [REE] in
marine studies, ultimately opening the way to build a global seawater REE dataset. In
addition, the study provides the first international intercomparison of REE values for the
GEOTRACES intercalibration station SAFe in the North Pacific at 3000 m water depth, and
establishes this station and depth as first reference seawater REE standard for quality control
of future marine REE studies in the Pacific.

Finally, chapter 5 provides an overview of the major conclusions of this thesis and

presents an outlook of future studies and projects.
1.6. Author’s contribution

This thesis includes chapters that are prepared for submission to Geochimica et
Cosmochimica Acta (chapter 2) and Earth and Planetary Science Letters (chapter 3), and one
chapter that is published in Marine Chemistry (chapter 4). The content of the published
manuscript is not changed, but its format is adapted to that of this thesis. A complete list of
references is given in chapter 6. In the following, the author’s contribution to each chapter is

outlined.

Chapter 2: Sources and processes affecting the distribution of dissolved Nd isotopes and
concentrations in the West Pacific (prepared for Geochimica et Cosmochimica Acta)

Melanie K. Behrens, Katharina Pahnke, Bernhard Schnetger, Hans-Jiirgen Brumsack

Chapter 3: Rare earth element distributions in the West Pacific: trace element sources
and conservative vs. non-conservative behavior (prepared for Earth and Planetary Science
Letters)

Melanie K. Behrens, Katharina Pahnke, Ronja Paffrath, Bernhard Schnetger, Hans-Jiirgen
Brumsack

The project in chapters 2 and 3 was designed and initiated by Katharina Pahnke. The
packing and planning for the R/V Sonne cruise SO223T was coordinated by Katharina Pahnke
with help from Melanie Behrens and Lene Meiners (lab technician). The seawater samples
were collected and processed onboard by Melanie Behrens, Katharina Pahnke, and Lene
Meiners. The CTD data were processed by Melanie Behrens under the supervision of
Katharina Pahnke. Melanie Behrens further processed all seawater samples in the home
laboratory and analyzed all samples for dissolved Nd isotopes and REE concentrations at the
University of Oldenburg. Melanie Behrens intercalibrated the home laboratory at the

University of Oldenburg for dissolved Nd isotopes using seawater standards from the
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GEOTRACES intercalibration stations BATS (Bermuda Atlantic Time Series) and SAFe
(chapter 2). All authors contributed to the manuscripts with data interpretation and discussion.
Ronja Paffrath conducted the optimum multiparameter analysis using an openly available
MATLAB code (chapter 3). Bernhard Schnetger provided technical assistance with the ICP-
MS for REE analysis (chapter 3). Melanie Behrens wrote the manuscripts with contributions

from all co-authors.

Chapter 4: Rapid and precise analysis of rare earth elements in small volumes of
seawater: method and intercomparison (published manuscript)

Melanie K. Behrens, Jesse Muratli, Catherine Pradoux, Yingzhe Wu, Philipp Boning, Hans-
Jirgen Brumsack, Steven L. Goldstein, Brian Haley, Catherine Jeandel, Ronja Paffrath,
Leopoldo D. Pena, Bernhard Schnetger, Katharina Pahnke

published in Marine Chemistry 186, 110-120, doi.10.1016/j.marchem.2016.08.006 (2016)

This study was designed and initiated by Katharina Pahnke and Melanie Behrens.
Melanie Behrens, supervised by Katharina Pahnke, developed and validated the new method,
with help from Philipp Boning, Bernhard Schnetger, and Ronja Paffrath. Melanie Behrens
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Abstract

The dissolved neodymium (Nd) isotopic composition (eng) of seawater is widely used
as a quasi-conservative water mass tracer in the present and past ocean. However, our
knowledge of the sources and processes that control Nd cycling in the Pacific and their
influence on the potential use of eng as water mass tracer there is still incomplete. The West
Pacific is of particular interest as this key area lies in the influence of Asian rivers, is
surrounded by volcanic island margins, has a complex surface to subsurface current system,
and a sluggish deep water circulation. Here we present the first high-resolution vertical and
spatial full water column profiles of dissolved eng and Nd concentrations ([Nd]) from twelve
stations along a transect in the West Pacific between South Korea and Fiji. Our data show
continental input via freshwater discharge to South Korean surface water, as indicated by low
salinity, unradiogenic eng (-7.3), and elevated [Nd] (15.30 pmol/kg). Net removal of Nd and
isotopic exchange with unradiogenic continent-derived particles controls both Nd and eng
distributions below the surface in the East China Sea. Boundary exchange at volcanic island
margins in the tropical West Pacific imprint a radiogenic exg signature (up to +0.7) on surface
and subsurface waters that acts as a fingerprint for the origin and small-scale eastward
transport within the equatorial zonal current system. Our data further demonstrate the
dominant control of lateral water mass transport on the [Nd] distribution within North and
South Pacific Tropical Water (NPTW and SPTW), Antarctic Intermediate Water, and Lower
Circumpolar Deep Water (LCDW). Advection of low-[Nd], high-salinity SPTW into our
study area explains the low subsurface [Nd] previously observed in this area. Antarctic
Intermediate Water can be traced northward to up to 10°N based on its low [Nd], while its eng
signature is modified through boundary exchange at volcanic island margins. Similarly,
LCDW can be traced to ~25°N based on low and vertically constant [Nd], but its eng is more
radiogenic by 3.5-4.4 exq units than in the Southern Ocean when it enters our study area and is
modified mainly during transit through the Samoan Passage. Upper Circumpolar Deep
Water/Pacific Deep Water (UCDW/PDW) along the transect is controlled by upwelling of
high-[Nd] in the Philippine Sea and Nd release from sinking lithogenic particles, while its exg
shows constant values around -3.1, consistent with previous data from the North Pacific and
indicative of conservative behavior of eng within UCDW/PDW in the Northwest Pacific.
Overall, our data clearly show a dominant conservative component in the distribution of [Nd]
in the West Pacific and the strong non-conservative behavior of exg due to boundary exchange
at volcanic margins and ridges. The latter however facilitates small-scale tracing of the

complex zonal current system in the equatorial Pacific. Moreover, while non-conservative
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behavior of eng is due to boundary exchange, deviations from conservative behavior of [Nd]
are due to vertical overprints through Nd release from organic (intermediate depth) or

lithogenic (UCDW/PDW) particles.
2.1. Introduction

The dissolved neodymium (Nd) isotope ratio (‘*Nd/'**Nd, expressed as exq) of
seawater is widely used as water mass tracer in the different ocean basins (e.g., Andersson et
al., 2008; Amakawa et al., 2009; Singh et al., 2012; Basak et al., 2015; Stichel et al., 2015;
Lambelet et al., 2016). Nevertheless, our understanding of the sources and processes that
control seawater Nd cycling in the different oceans, and their impact on the potential use of
End @s water mass tracer is not yet complete. For example, uncertainties remain about the
impact and relative importance of river inputs (e.g., Osborne et al., 2014; Rousseau et al.,
2015) and submarine groundwater discharge (SGD) (e.g., Johannesson and Burdige, 2007;
Kim and Kim, 2014). Moreover, a poorly understood process is boundary exchange near
continental or volcanic islands margins that couples continental input (source) and removal
(sink) of Nd to and from the ocean and can modify seawater exg without affecting dissolved
Nd concentrations ([Nd]) (Lacan and Jeandel, 2001, 2005). Additionally, a still ongoing
debate is the ‘Nd paradox’, the apparent discrepancy between seawater exg and [Nd], which,
in contrast to eng, tends to increase with water depth following vertical nutrient-like patterns
rather than lateral water mass advection (e.g., Goldstein and Hemming, 2003). This has been
related to reversible scavenging, a vertical process linking continuous isotopic exchange with
removal/release of Nd through/from sinking particles (e.g., Siddall et al., 2008). Based on
increasing [Nd] with increasing apparent oxygen utilization (AOU) (i.e., decreasing oxygen
concentration due to its consumption by the decomposition (remineralization) of organic
matter), recent studies observed a vertical nutrient-like pattern of Nd reflecting its adsorption
and removal (scavenging) onto particles in the (sub)surface and subsequent release from
organic particles due to the onset of remineralization (e.g., Stichel et al., 2015; Lambelet et
al., 2016). However, seawater Nd cycling can also be controlled by lateral water mass
transport in different oceanic regions and settings (e.g., Basak et al., 2015; Stichel et al., 2015;
Osborne et al., 2015; Lambelet et al., 2016; Zheng et al., 2016).

The dissolved Nd isotope ratio (‘*Nd/'**Nd) is expressed as exg =
[("*Nd/"**Ndampie)/(*°Nd/"**Ndcrur)-11%10", where CHUR stands for Chondritic Uniform
Reservoir with a value of "*Nd/"**Ndcuur = 0.512638 (Jacobsen and Wasserburg, 1980).

Seawater eng signatures are set by continental Nd supply through weathering of surrounding
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source rocks of different ages and lithology, and since the residence time of Nd (~300 to 1000
years, Tachikawa et al., 2003; Arsouze et al., 2009; Rempfer et al., 2011) in the ocean is
shorter than the ocean mixing time (~1500 years, Broecker and Peng, 1982), different water
masses carry distinct exg values of their source region (e.g., Goldstein and Hemming, 2003).
In the modern ocean, North Atlantic Deep Water has relatively unradiogenic eng values (exg =
-13.5, e.g., Piepgras and Wasserburg, 1987; Rickli et al., 2009) representing weathering inputs
from old continental rocks. In contrast, North Pacific Deep Water has more radiogenic eng
signatures (eng ~ -4, €.g., Piepgras and Jacobsen, 1988; Amakawa et al., 2009; Pahnke et al.,
2012) resulting from weathering contributions of mantle derived young volcanic rocks located
around the Pacific rim. These two water masses mix in the Southern Ocean, and along with
weathering inputs from Antarctica result in an exg signature of -9 to -8 for Circumpolar Deep
Water (e.g., Carter et al., 2012; Rickli et al., 2014; Basak et al., 2015). Consequently, changes
in the expected seawater exg signatures may be explained based on water mass mixing, and
thus seawater eng has been considered as a quasi-conservative water mass tracer in the deep
open ocean (e.g., Piepgras and Wasserburg, 1980).

Here we present the first high-resolution vertical and spatial full water column profiles
of dissolved eng and [Nd] from the West Pacific between South Korea and Fiji (Fig. 2.1a).
Our study aims to clarify the impact and relative importance of different Nd sources (river,
SGD, volcanic islands margins) and processes on dissolved eng and [Nd] distributions in the
West Pacific, and to assess the integrity of seawater eng as water mass tracer in this area.
Using dissolved [Nd] along the transect, we evaluate the relative importance of vertical

processes and lateral water mass transport on the Nd distribution.
2.2. Hydrography of the West Pacific
2.2.1. Surface waters

The study area lies in the West Pacific and extends along a NW-SE transect from
South Korea to Fiji (Fig. 2.1a). We divide the transect into two sections for ease of reference,
a South Korea to open ocean section (SKO) including stations GeoB17001 to GeoB17005
(referred to as stations 01 to 05), and a tropical West Pacific (TWP) section including stations
GeoB17011 to GeoB17019 (referred to as stations 11 to 19) (Figs. 2.1a, b). In the following,
we describe the dynamic setting (Figs. 2.1a, b) and hydrographic properties of water masses

(Figs. 2.2a, b, Table 2.1a) found in our study area.
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Fig. 2.1. Maps showing the locations of all seawater profiles sampled in the West Pacific along the
SO223T transect, with stations (GeoB170-) 01-05 and 11-19 from the SKO (South Korea - open
ocean) and TWP (tropical West Pacific) sections together with published stations (black dots)
discussed in the text. CM-20, BO-S-6, BO-6, BO-S-5 (Amakawa et al., 2004b); SX-20, SX-22
(Amakawa et al., 2013); EUC-Fe-28 (Grenier et al., 2013); GYR (Jeandel et al., 2013). (a) West
Pacific schematic major surface (solid arrows) and subsurface (dashed arrows) westward (white) and
eastward (black) currents of the study area (after e.g., Nitani, 1972; Wyrtki and Kilonsky, 1984; Fine
et al., 1994; Tomczak and Godfrey, 1994; Reid, 1997; Isobe, 1999; Grenier et al., 2011; Talley et al.,
2011; and determined from real time ocean surface current analyses corresponding to the SO223T
cruise period, http://www.oscar.noaa.gov/). (b) Schematic West Pacific intermediate and deep water
circulation (after Kawabe and Fujio, 2010). Green circle with a center point indicates upwelling of
UCDW to the surface/intermediate layer (Kawabe and Fujio, 2010). Abbreviations used for water
masses, currents, islands, and seas are listed in Tables 2.1a, b. Four major South Korean rivers after
Lan et al. (1995). Map was created using Ocean Data View (Schlitzer, 2014).
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The surface circulation in the study area of the SKO section is dominated by currents
of the North Pacific Subtropical Gyre (stations 03-05): the North Equatorial Current (NEC)
flowing westward at ~20°N that feeds the northeastward flowing Kuroshio Current (KC) (e.g.,
Nitani, 1972; Tomczak and Godfrey, 1994; Reid, 1997) (Fig. 2.1a). Stations 01 and 02 of the
SKO section are located near South Korea in the East China Sea (ECS), and were sampled in
September when the seasonally changing Taiwan-Tsushima Warm Current (TTWC) originates
from near Taiwan and flows northward into the ECS and through the Korea Strait (stations 01
and 02) towards the Japan Sea (Isobe, 1999) (Fig. 2.1a).

In the TWP section, the surface circulation is dominated by currents of the equatorial
zonal current system (Fig. 2.1a). The northern TWP stations 11 and 14 are located within the
eastward flowing North Equatorial Countercurrent (NECC) that is fed by the Mindanao
Current (MC), a western boundary current that flows equatorward near the Philippines (e.g.,
Nitani, 1972; Lukas et al., 1991) (Fig. 2.1a). The equatorial stations 15-17 lie in the flow path
of eastward flowing surface currents (SC) that transport surface waters of the New Guinea
Coastal Current (NGCC), a current that flows along the coast of Papua New Guinea (PNG)
(e.g., Fine et al., 1994) (Fig. 2.1a). In the southern TWP, stations 18 and 19 near the Solomon
Islands (SI) and Fiji are located within the South Equatorial Countercurrent (SECC) (e.g.,
Reid, 1959) and the South Equatorial Current (SEC) (e.g., Wyrtki and Kilonsky, 1984),
respectively (Fig. 2.1a).

2.2.2. Subsurface waters

Subsurface waters sampled in our study area below ~60 m water depth (w. d. in the
following) are North and South Pacific Tropical Water (NPTW and SPTW), North Pacific
Subtropical Mode Water (STMW), East China Sea Subsurface Water (ECSSUW), and
Western North and South Pacific Central Water (WNPCW and WSPCW).

The NPTW is formed by subduction of high salinity surface water (Suga et al., 2000)
through evaporation in the subtropical central North Pacific (Cannon, 1966; Fine et al., 1994).
It is transported from the subtropical central North Pacific near Hawaii westwards into our
study area by the NEC (station 05, 61-101 m w. d.) towards the coast of the Philippines (e.g.,
Fine et al., 1994; Kashino et al., 1996), where it splits into the KC (stations 03 and 04, NPTW
at 62-250 m w. d.) (e.g., Qu et al., 1999; Suga et al., 2000) and the MC, that ultimately feeds
the NECC (stations 11 and 14, NPTW at 121-142 m w. d.) (e.g., Nitani, 1972; Fine et al.,
1994; Kashino et al., 1996). The STMW is formed on the southern side of the KC in winter
(e.g., Masuzawa, 1969; Bingham, 1992). It is found in our study area below the depth of
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NPTW within the NEC (station 05) and KC (stations 03 and 04) at depths between 201 m and
303 m (e.g., Masuzawa, 1969; Bingham, 1992). The NPTW and STMW can be distinguished
from the ECSSUW that is observed at stations 01 and 02 (100-150 m w. d.) by their
characteristic subsurface salinity maximum (NPTW, e.g., Qu et al., 1999) and slightly higher
potential density range (STMW, Suga et al., 2004) (Fig. 2.2a, Table 2.1a).

The Southern Hemisphere counterpart of NPTW, the SPTW, is formed by subduction
of high salinity surface water within the oligotrophic South Pacific Subtropical Gyre (e.g.,
O’Connor et al., 2005; Qu et al., 2013). The SPTW is transported from its formation region
westward within the South Equatorial Current (SEC) into our study area (stations 17-19, 120-
200 m w. d.), and the majority continues within the New Guinea Coastal Undercurrent
(NGCU) along the PNG coast and then contributes to the eastward flowing Equatorial
Undercurrent (EUC) (stations 15 and 16, 101-150 m w. d.) (e.g., Tsuchiya et al., 1989; Fine et
al., 1994; Grenier et al., 2011). In our study area, at stations 15-19 of the TWP section, SPTW
is observed by its higher and clearly pronounced subsurface salinity maximum compared to
that of NPTW (e.g., Qu et al., 1999) (Fig. 2.2a).
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Fig. 2.2. Hydrographic properties of sampled stations along the transect as indicated in Fig. 2.1. (a)
Full range potential temperature (°C) vs. salinity plot. Black rectangle outlines the area of deep water
samples illustrated in panel (b). Stippled black circles in (a) and stippled black arrows in (b) refer to
water mass characteristics as presented in Tables 2.1a and 2.3. For abbreviations of water masses see
Table 2.1a. Sampled water depths are marked by symbols. Potential density (kg/m’) contours are
shown in solid grey. Plots produced with Ocean Data View (Schlitzer, 2014).
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Table 2.1a: Abbreviations used for water masses and hydrographic water mass properties.

Pot. Density Neutral Density

Abbreviation Water masses Salinit; References
Y (kg/m") (kg/m’)
Bingham and Lukas,
AAIW Antarctic Intermediate Water 34.4-34.6 27.1-27.3 27.0<y,<27.4  1995; Sloyan and Rintoul,
2001; Zenk et al., 2005
ECSSUW East China Sea Subsurface Water <34.6 23.0-25.0 this study
. Orsi et al., 1995;
LCDW Lower Circumpolar Deep Water 28.0 <v,<28.27 Whitworth et al.. 1998
. . You et al., 2003; Yasuda,
NPIW North Pacific Intermediate Water 34.0-34.3 26.6-27.4 26.5-27.4 2004; Talley et al., 2011
o Macdonald et al., 2009;
(N)PDW (North) Pacific Deep Water 27.70-28.01 Talley et al., 2011
ifi tropical M Nak 1996; t
STMW North Pacific Subtropical Mode 34.6.34.8 25.0 <0y < 25.6 akamura, 1996; Suga ¢
Water al., 2004
NPTW North Pacific Tropical Water <35.25 23.0-25.0 Quetal., 1999, 2013
SPTW South Pacific Tropical Water >35.25 23.5-25.0 Quetal., 1999, 2013
UCDW Upper Circumpolar Deep Water 27.55<v,<28.0 Garabato et al., 2002
Pickard and Emery, 1990;
WNPCW Western North Pacific Central Water 33.5-34.5 25.2-26.4 Tomczak and Godfrey,

2003; Talley et al., 2011
Tsuchiya, 1981; Tomczak
WSPCW Western South Pacific Central Water 34.8-35.5 26.23-26.65 and Godfrey, 2003; Qu et
al., 2009

Table 2.1b: Abbreviations used for currents, islands, and seas.

Abbreviation Currents Abbreviation Currents
EIC Equatorial Intermediate Current NGCU New Guinea Coastal Undercurrent
EUC Equatorial Undercurrent NPC North Pacific Current
KC Kuroshio Current NSCC North Subsurface Countercurrents
MC Mindanao Current SC Surface Currents
MUC Mindanao Undercurrent SEC South Equatorial Current
NEC North Equatorial Current SECC South Equatorial Countercurrents
NECC North Equatorial Countercurrents SScC South Subsurface Countercurrents
NGCC New Guinea Coastal Current TTWC Taiwan-Tsushima Warm Current
Abbreviation Islands Abbreviation Seas
PNG Papua New Guinea ECS East China Sea
SI Solomon Islands PS Philippine Sea

The depth below NPTW, ECSSUW, and STMW is occupied by WNPCW that is
formed and subducted at the northern subtropical convergence (e.g., Tomczak and Godfrey,
2003). The WNPCW extends from the western part of the North Pacific Subtropical Gyre
(Tomczak and Godfrey, 2003) southward to the North and South Subsurface Countercurrents
(N/SSCC) (e.g., Rowe et al., 2000; Grenier et al., 2013) and is marked by its characteristic
low-salinity and potential density (e.g., Pickard and Emery, 1990; Tomczak and Godfrey,
2003; Talley et al., 2011) (Fig. 2.2a, Table 2.1a).

Its Southern Hemisphere counterpart, the WSPCW, is subducted at the southern
subtropical convergence between Tasmania and New Zealand and contributes to the
equatorial 13°C water (e.g., Tsuchiya, 1981; Qu et al., 2009). It circulates in the South Pacific
Subtropical Gyre and reaches our study area within the SEC (Qu and Lindstrom, 2002). The
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WNPCW and WSPCW are recognized at stations 02-15 (200-496 m w. d.) and 15-19 (241-
410 m w. d.) respectively, and differ from each other by a higher salinity of WSPCW (Fig.
2.2a, Table 2.1a).

2.2.3. Intermediate waters

North Pacific Intermediate Water (NPIW) is formed east of Japan by mixing of fresh
subpolar Oyashio water that contains NPIW source water from the Okhotsk Sea, with more
saline subtropical water of the KC (e.g., Yasuda et al., 1996; Yasuda, 2004). The NPIW is
then advected eastward along the North Pacific Subtropical Gyre (Sverdrup et al., 1942; Reid
1965; You et al., 2000) (Fig. 2.1b). It reaches the Philippine Sea (PS) by westward transport
in the NEC (station 05, 751 m w. d.) (Qu et al., 1999), and flows northeastward in the KC
near the Philippine coast (stations 03 and 04, 645-1004 m w. d.) and southward in the MC
(Kaneko et al., 2001) (Figs. 2.1a, b). The main part of the NPIW is transported from the MC
through the Indonesian Throughflow into the Celebes Sea (Fine et al., 1994; Bingham and
Lukas, 1995; Kaneko et al., 2001) (Figs. 2.1a, b). In addition to its characteristic potential and
neutral densities, the NPIW is characterized by a salinity minimum of 34.0-34.3 (e.g., You et
al., 2003) (Fig. 2.2a, Table 2.1a) and low oxygen concentrations of 50-150 umol/kg (Bostock
et al., 2010).

The Equatorial Pacific Intermediate Water (EqQPIW) and Antarctic Intermediate Water
(AAIW) are grouped under the overall term ‘AAIW’ in the following, since EqQPIW is mainly
a mixture of AAIW and upwelled Pacific Deep Water (PDW) (Bostock et al., 2010). The
AAIW is mainly formed in the Southeast Pacific (McCartney, 1982) with additional sources
southeast of New Zealand (Slyoan and Rintoul, 2001). It is entrained into the South Pacific
Subtropical Gyre and transported as a tongue of high-oxygen and low-salinity westward
within the SEC into our study area (stations 18 and 19, 550-800 m w. d.) (Reid, 1965, 1997;
Talley, 1999) (Figs. 2.1a, b). The AAIW is carried within the NGCU from the Solomon Sea to
the equatorial TWP (stations 15-17, 501-893 m w. d.) (Reid, 1965; Tsuchiya, 1991; Zenk et
al., 2005). A part of the AAIW flows from the equator northward along the Philippine coast
within the Mindanao Undercurrent (MUC) (e.g., Qu et al., 1998) towards ~12-15°N (e.g.,
Lukas et al. 1991; Tsuchiya, 1991; Talley, 1993; Qu et al., 1999; Qu and Lindstrom, 2004).
The other part of the AAIW is transported within the equatorial eastward flowing Northern
and Southern Intermediate Countercurrents (NICC and SICC, respectively) (Firing et al.,
1998; Stramma et al., 2010) or alternatively within alternating eastward and westward mid-

depth (~1000 m) and deep (~1500 m) zonal jets between 10°N-10°S (Cravatte et al., 2012). In
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the East Pacific, a return-flow transports AAIW westwards (e.g., Kawabe and Fujio, 2010) to
the northern TWP (stations 11 and 14, 502-799 m w. d.) and the Indonesian Throughflow
(e.g., Gordon, 1986). Along our transect, AAIW is confined to the TWP section and differs
from NPIW by its higher salinity (Fig. 2.2a).

2.2.4. Deep waters

Pacific Deep Water originates from the upwelling of Southern Ocean sourced
Circumpolar Deep Water in the North Pacific which is divided into Upper and Lower
Circumpolar Deep Water (UCDW and LCDW, respectively) (e.g., Talley, 2008). The UCDW
is transported from the Southern Ocean northwestward by an anticyclonic flow around the
South Pacific Subtropical Gyre, reaches our study area in the TWP, and flows into the PS
(e.g., Kawabe et al., 2003, 2009; Kawabe and Fujio, 2010) (Fig. 2.1b). In the PS (stations 03-
05), part of the UCDW upwells from ~3000 m w. d. to the surface/intermediate layer, while
the remaining part of the UCDW flows out at the northern PS (Kawabe and Fujio, 2010) (Fig.
2.1b). It is characterized by a neutral density of 27.55 kg/m’ < vy, < 28.0 kg/m’ (Garabato et
al., 2002) and hence lies approximately in the same density range as PDW (y, = 27.70-28.01
kg/m’, Macdonald et al., 2009; Talley et al., 2011) (Fig. 2.2b). UCDW is further marked by
an oxygen minimum that is inherited from PDW and Indian Deep Water (Callahan, 1972). In
our study area, the low-oxygen UCDW, and UCDW/PDW, is observed at all of our deep
stations (~1000-3000 m w. d.) based on its neutral density and characteristic high salinity
(Figs. 2.2a, b).

The LCDW enters the Southwest Pacific basin with the Deep Western Boundary
Current (e.g., Kawano et al., 2006) and spreads into the North Pacific, with a branch flowing
into our study area in the PS (Johnson and Toole, 1993; Kawabe et al., 2003; Kawano et al.,
2006; Kawabe and Fujio, 2010) (Fig. 2.1b). The LCDW north of 20°S is marked by high
oxygen concentrations (up to 158 pmol/kg) and a neutral density of 28.0 kg/m’ < y, < 28.27
kg/m3 (Orsi et al., 1995; Whitworth et al., 1998). Along our transect, LCDW is found at all
deep stations at >3000 m w. d. (stations 03-14, 17, 18) (Fig. 2.2b).

2.3. Materials and Methods
2.3.1. Samples and onboard procedures

Seawater samples were collected along the cruise transect of SO223T
(TransGeoBioOc, R/V Sonne, GEOTRACES Process Study GPpr04, September-October
2012) from Busan (South Korea) to Suva (Fiji) at twelve stations and up to 17 depths per
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station (Fig. 2.1a). Seawater was sampled from 24 non-metallic free-flushing 12 L Niskin
bottles (Ocean Test Equipment Inc.) with PVC sampler body, internal springs made of latex
tubing, and Delrin® drain valve with NBR70 (Acrylnitril-Butadien-Kautschuk) O-rings. The
Niskin bottles were mounted on a frame equipped with an SBE 9plus CTD profiler (Sea-Bird
Electronics Inc.). The CTD data were processed using the Sea-Bird software after McTaggart
et al. (2010). Surface water was collected using the ship’s contamination-free seawater intake
(5 m w. d.). The samples were filtered directly from Niskin bottles (or the seawater tap in the
lab) through AcroPak500 (0.8/0.2 pm pore size) filter cartridges into previously acid-cleaned
LDPE containers (5-15 L for Nd isotopes) and bottles (250 mL for [Nd]) using Teflon-lined
Tygon tubing and PP fittings (for detail see Pahnke et al., 2012). The AcroPak500 filter
cartridges were flushed with seawater prior to sample collection and re-used for the same w.
d. at each station. For sample processing onboard, we extended a laminar flow bench to create
a low particle environment. Most of the samples for Nd isotope analyses were pre-
concentrated onboard using a method modified after Shabani et al. (1992) and Jeandel et al.
(1998): Samples were acidified to pH of 3.5 using 6 N HCI (optima quality, Fisher Chemical)
and passed through SepPak® Cig cartridges (Waters Inc., one cartridge per 5 L) using a
peristaltic pump at 20 mL/min. The cartridges were preloaded with 300 mg of 2-ethylhexyl
phosphate (Merck). Samples for [Nd] and remaining samples for Nd isotopes were acidified
to pH <2 for further processing in the home laboratory.

For total procedural onboard blanks of Nd isotopes and [Nd], 5 L containers and 250
mL bottles were filled with (1) onboard MilliQ water (18.2 MQ cm), (2) MilliQ water brought
onto the ship from a Millipore system at the ICBM (Institute for Chemistry and Biology of the
Marine Environment), and (3) MilliQ water half-and-half from onboard and ICBM, and were

treated the same way as the samples excluding filtration.
2.3.2. Lab procedure
2.3.2.1. Neodymium isotopic composition

In the home lab (ICBM), we used 0.01 N HCI to remove remaining Ba from Cjg
SepPak®™ cartridges (5 mL for one cartridge, 10 mL for 2-3 cartridges). The rare earth
elements (REE) were eluted from Cjgz SepPak® cartridges with 6 N HCI (35 mL for one
cartridge, 50 mL for 2-3 cartridges, modified after Jeandel et al., 1998). Neodymium was
separated by two-step column chemistry (Pin and Zalduegui, 1997). The Eichrom® cation
exchange resin (TRU-Spec resin, 100-150 um mesh-size, 0.1 mL resin bed) was used to

separate REEs from major element cations. Neodymium was further purified from other REEs
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using TrisKem® LN-Spec resin (50-100 mesh-size, 0.25 mL resin bed). In preparation for
analysis, the Nd cut was treated with a 1:1 mixture of concentrated HNO; and H,0O, (30%),
dried, and then re-dissolved in 2% HNOs. All chemicals used were of optima quality (Fisher
Chemical).

Total procedural onboard and column chemistry blanks were processed the same way
as the samples and subsequently spiked with a '*°Nd spike for quantification. The total
procedural blanks ranged from 80-85 pg (n = 2) up to 120 pg Nd (n = 1) for onboard and
ICBM MilliQ water, which was <3.5% of the minimum concentration (3.5 ng, two samples)
and <1.2% of the concentration of typical samples (10 ng Nd). The column chemistry blanks
were lower than 1.5 pg Nd (n = 6).

At the ICBM, dissolved Nd isotope ratios were analyzed on a Thermo Scientific
Neptune Plus multicollector-inductively coupled plasma-mass spectrometer (MC-ICP-MS)
that was coupled to an autosampler (CETAC ASX-112FR) and a desolvation introduction
system (CETAC Aridus 2). The measured '**Nd/'**Nd ratios were corrected for instrumental
mass fractionation using an exponential law and '*°Nd/'**Nd = 0.7219 (O’Nions et al., 1977).
The measured and mass bias-corrected '*Nd/'**Nd ratios were normalized to 0.512115, the
accepted value for the JNdi-1 standard (Tanaka et al., 2000). The JNdi-1 standard and an in-
house Nd standard were typically measured at the beginning and end of a session and after
every third sample. The external long-term reproducibility derived from 5-20 ppb JNdi-1
measurements of all sessions used for this study was = 0.000011 (+ 0.2 exg, 26 SD, n = 285).
For individual samples, the 2¢ standard deviation of the JNdi-1 measurements of the
respective session is provided as external reproducibility. Standards and samples were run at
the same concentrations. Two samples (GeoB17015-1-2, GeoB17015-1-9+10) with the lowest
[Nd] of 3.5 ng Nd were corrected after Vance and Thirlwall (2002) resulting in an external
reproducibility of "*Nd/"**Nd of + 0.000011 (+ 0.2 exa, 26 SD, n = 7) that was comparable to
the reported external long-term reproducibility of this study.

GEOTRACES intercalibration seawater standards BATS 15 m and 2000 m, and SAFe
3000 m were passed through SepPak® Cig cartridges and processed the same way as the
samples. Our measured eng values of GEOTRACES intercalibration seawater standards
BATS 15 m and 2000 m (n = 2 for each depth) and SAFe 3000 m (n = 3, one re-analyzed
sample) were comparable within the uncertainty of the measurements to the GEOTRACES
intercalibration values (van de Flierdt et al., 2012) (Table 2.2).
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Table 2.2: Dissolved Nd isotope ratios of GEOTRACES intercalibration standards BATS (15 m, 2000 m) and SAFe 3000 m
compared to published values of van de Flierdt et al. (2012).

143Nd/l44Nd 143Nd/l44Nd

station and sample ID measured normalized® €nda 26"
BATS 15 m

KN193-6-Nd-523_runl 0.512064 0.512189 -8.8 0.2
KN193-6-Nd-523_run2 0.512040 0.512182 -8.9 0.2
average of this study (n=2) -8.8

26 SD 0.2
GEOTRACES intercalibration value (van de Flierdt et al., 2012) 9.2

26 SD 0.6

BATS 2000 m

KN193-6-Nd-320_runl 0.511817 0.511994 -12.6 0.3
KN193-6-Nd-320_run2 0.511833 0.512004 -12.4 0.2
average of this study (n=2) -12.5

26 SD 0.3
GEOTRACES intercalibration value (van de Flierdt et al., 2012) -13.1

26 SD 0.6

SAFe 3000 m

KN195-8-Nd-2151 _runl 0.512378 0.512505 -2.6 0.2
KN195-8-Nd-2151_runl® 0.512374 0.512499 -2.7 0.3
KN195-8-Nd-2151_run2 0.512397 0.512522 2.3 0.2
average of this study (n=3) -2.5

26 SD 0.5
GEOTRACES intercalibration value (van de Flierdt et al., 2012) -3.2

26 SD 0.5

*Normalized to a INdi-1 value of "*Nd/"**Nd=0.512115 of Tanaka et al. (2000).

"Propagated error is calculated from internal and external errors (26), with external errors deriving from repeated measurements of
JNdi-1 standards during each analytical session.

“Re-analyzed sample.

Total procedural replicates from different stations and w. d. 2696 m (onboard pre-
concentration, n = 6) and re-analyzed samples (n = 8) had consistent exg values within the
analytical uncertainty (Table 2.3). Note that one flagged value of eng (sample GeoB17004-1-
19+20) is excluded due to a high propagated error (Table 2.3). Lacking a real crossover
station, we compared our results from station 15 to those of nearby station EUC-Fe-21
(Grenier et al., 2013; apart by 2°Long., 0°Lat.; samples from 25-355 m w. d.) and found the
eng values at >200 m w. d. to be within the analytical uncertainty, except for two shallower
depths due to the fact that the samples were taken during different years in an area of very

dynamic surface and subsurface circulation.
2.3.2.2. Neodymium concentrations

We used the commercially available automated seaFAST-pico system (Elemental
Scientific Inc.) in offline mode for the pre-concentration and purification of Nd (and other
REEs) from seawater, and isotope dilution (ID) analysis for the quantification of [Nd] as

described in Behrens et al. (2016). Briefly, depending on the expected [Nd], seawater samples
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(pH <2) of ~11 mL, or ~21 mL for low-concentration samples, were processed once, or up to
six times through the seaFAST column and elution fractions were combined for analysis. The
samples were weighed into pre-cleaned PFA tubes or HDPE bottles and spiked with a multi-

element isotope spike enriched, among others, in '*

Nd. The sample-spike mixture was
equilibrated for at least 48 hours prior to processing by the seaFAST system. Samples were
automatically loaded onto the seaFAST column that is packed with a REE-complexing resin
consisting of ethylenediaminetriacetic acid and iminodiacetic acid functional groups
(http://www.icpms.com/pdf/seaFAST-seawater-analysis.pdf). Each sample was loaded
together with MilliQ water and buffer solution (pH = 6.0 £+ 0.2) onto the column to ensure a
pH of 6. The buffer was prepared from MilliQ water, glacial acetic acid (optima quality,
Fisher Chemical), and ammonium hydroxide (ultra-quality, Carl Roth). The column was then
rinsed with the buffer solution-MilliQ water mix to remove the seawater matrix. The Nd (and
other REE) was eluted with 500 puL of 1.5 N HNO; (optima quality, Fisher Chemical) each
time resulting in combined elution volumes of up to 3000 pL for low-concentration samples.
The samples were collected in pre-cleaned PFA micro vials and manually diluted with MilliQ
water (or dried) to volumes of ~0.7-1.2 mL in preparation for analysis. During each seaFAST
session, at least three seawater samples of GEOTRACES standards BATS 15 m, 2000 m
and/or SAFe 3000 m were processed the same way as the samples (Behrens et al., 2016). At
least three procedural lab blanks of 2% HNO; (optima quality, Fisher Chemical) were
processed during each seaFAST session and subsequently spiked with the multi-element
isotope spike for quantification.

Dissolved [Nd] were determined using a Thermo Finnigan Element 2 sector field
inductively coupled plasma-mass spectrometer (ICP-MS) at the ICBM that was coupled to an
autosampler (CETAC ASX-100) and a desolvation introduction system (CETAC Aridus 2).
Oxide formation was monitored with a 100 ng/L tune solution and was always 0.01-0.03% for
Ce and Ba. For details on the ID-ICP-MS method see Behrens et al. (2016).

Acid blanks of 2% HNO; were measured routinely before each sample and standard to
check the instrumental blank. We corrected the sample and standard raw counts for
instrumental blanks, which accounted for <0.9% of the measured sample and standard
intensities for Nd, except for two samples (1.1-1.4%).

The accuracy and external long-term reproducibility of our method were assessed
from multiple processed and analyzed GEOTRACES seawater standards BATS 15 m and
2000 m, and SAFe 3000 m, respectively (Behrens et al., 2016). Our mean [Nd] of BATS 15 m
and 2000 m (13.98 £ 0.44 pmol/kg and 17.26 £+ 0.80 pmol/kg, 26 SD, respectively, Behrens et
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al., 2016) agreed well within the uncertainty of the published intercalibration Nd values (14.1
+ 1.2 pmol/kg and 17.3 + 1.2 pmol/kg, 26 SD, respectively, van de Flierdt et al., 2012). The
external long-term reproducibility of our [Nd] analyses based on replicates of GEOTRACES
standard SAFe 3000 m was 2.4% (26 RSD, n = 16, Behrens et al., 2016). If the internal error
of a sample was higher than the external error, the internal error is reported (Table 2.3). Our
mean [Nd] of SAFe 3000 m (46.4 + 1.1 pmol/kg, 26 SD) was within the [Nd] measured on
the same sample by three other labs as part of an international intercomparison study (45.9 +
2.9 pmol/kg, 26 SD pmol/kg, Behrens et al., 2016) and was comparable to published [Nd]
previously analyzed by two other labs (44.4 + 1.0 pmol/kg, 26 SD, and 44.4 + 2.5 pmol/kg,
20 SE, Pahnke et al., 2012).

Total procedural replicates from different stations and w. d. 2696 m (n = 6) and re-
processed and re-analyzed samples (n = 3) agreed within the external long-term
reproducibility of SAFe 3000 m [Nd], except for one re-processed and re-analyzed sample
(GeoB17004-1-21+22, Table 2.3). Note that flagged [Nd] are excluded (samples GeoB17004-
1-21+22, GeoB17019-1-22423). These data are considered contaminated because of 2 and 1.4
times higher [Nd] than above and below that depth (Table 2.3). Our [Nd] from station 15 at
>200 m w. d. were within analytical error to those of nearby station EUC-Fe-21 (Grenier et
al., 2013).

The average total procedural blank ranged between 0.35 pmol/kg Nd (n = 2, onboard
blank) and 0.04 pmol/kg Nd (n = 2, onboard blank including one re-processed and re-
analyzed blank), which is 2.7% and 0.3% of the mean [Nd] of all samples from this study,
respectively, and 12.6% and 1.4% of the minimum concentration of the samples (2.77
pmol/kg Nd), respectively. The average procedural lab blank of 2% HNO; (n = 25) was 0.06
pmol/kg Nd, which is 0.5% of the average [Nd] of all samples from this study, and 2.2% of

the minimum concentration of the samples.
2.4. Results

Dissolved eng and [Nd] are presented in Figs. 2.3-2.4 and Table 2.3 along with
hydrographic properties that were used to identify the sampled water masses (Fig. 2.2). All
data are also available on Pangaea (www.pangaea.de) under doi:10.1594/PANGAEA.869418
and the GEOTRACES data center (www.bodc.ac.uk/geotraces). In the following, we describe
the dissolved eng and [Nd] in the context of the hydrographic setting in our study area. All

errors mentioned are 2 standard deviations (SD).
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Fig. 2.3. Vertical full water (left panels) and upper water column profiles (right panels) showing the
distribution of (a, b, e, f) engand (c, d, g, h) Nd concentration (pmol/kg) of stations from the SKO (01-
05) and TWP (11-19) sections, respectively. Error bars denote propagated exq error that is calculated
from internal and external errors (2c), with external errors deriving from repeated measurements of
JNdi-1 standards during each analytical session, and external error (26 SD) of Nd concentration that is
derived from independently processed GEOTRACES seawater standard SAFe 3000 m (Table 2.3). For
abbreviations of water masses see Table 2.1a. Note that bracketed data points are excluded from
interpretation (see Method section).
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subsurface currents (for references see Fig. 2.1). (b, ¢, d) Oxygen, salinity, and neutral density (kg/m’)
contours are shown in solid white. For abbreviations of currents and water masses see Tables 2.1a, b.
Note that flagged data are excluded (see Method section). Sections produced with Ocean Data View

(Schlitzer, 2014).
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2.4.1. Dissolved enxq and [Nd] in the context of the hydrographic setting
2.4.1.1. Surface waters

Along the SKO section (stations 01-05), surface waters (upper 50 m w. d.) show a
wide range in salinities (33.4-34.8), eng (-7.3 to -2.0), and [Nd] (5.27-15.30 pmol/kg) (Figs.
2.2a, 2.3b, d, 2.4a, c). Surface waters change from lowest salinity (33.4-34.2), most
unradiogenic eng (-5.9 = 1.1, n = 6), and highest [Nd] (12.19 + 2.41 pmol/kg, n = 6) of this
study at stations 01 and 02 near South Korea to high salinity (=34.4-34.8), more radiogenic
end (-4.8 to -2.0), and lower [Nd] (5.27-9.90 pmol/kg) at stations 03-05 in the open ocean. The
lowest salinity (33.4) coinciding with the lowest eng values (-7.3 and -6.5), and the highest
[Nd] (12.01 and 15.30 pmol/kg) of all surface waters in this study are observed at the surface
near South Korea (stations 01 and 02), respectively.

Surface waters (upper 50 m w. d.) of the TWP section have high eng values of -2.0 to
+0.7 and [Nd] of 3.34-6.45 pmol/kg, with low [Nd] at stations 11, 14, 18, and 19 (3.34-4.95
pmol/kg). Surface waters in the equatorial TWP (stations 15-17) show the most radiogenic exg

values of -1.0 to +0.7 along with highest [Nd] of 4.80-6.45 pmol/kg of the TWP section.
2.4.1.2. Subsurface waters

NPTW and STMW are present at stations 03-14 and 03-05 (61-303 m w. d.), and are
marked by a subsurface salinity maximum (34.6-34.7 and 34.7-35.1) and [Nd] minimum
(4.06-5.81 pmol/kg), respectively. These waters are clearly distinguishable from ECSSUW
and WNPCW at stations 01-02 and 02-15 (100-150 m and 200-496 m w. d.), which show
lower salinity (34.4 to 34.6 and 34.5), a higher [Nd] (7.96-9.21 pmol/kg and 6.71-10.15
pmol/kg) and lower eng (-5.1 to -4.5 and -3.7 to -1.8), respectively, than NPTW and STMW
(Figs. 2.2a, 2.4a, c, Table 2.2). NPTW transported by the KC (101-250 m w. d., stations 03
and 04) has an eng signature of -3.0 + 0.1 (n = 5). On the contrary, NPTW flowing within the
NEC (61-101 m w. d., station 05) and NECC (142 m w. d., station 11, and 121 m w. d.,
station 14) shows higher eng signatures of -2.2 to -2.1 and -1.9 to -1.7, respectively (Fig. 2.4a).
STMW has a homogenous eng signature of -3.2 = 0.3 (n = 3) (Table 2.2).

In contrast to NPTW, SPTW is marked by high salinity, low [Nd], and high eng ([Nd]
= 2.77-4.69 pmol/kg, exg = -1.7 to +0.2). Most extreme salinity and [Nd] are found at the
southern stations 17-19 within the SEC (120-200 m w. d.) with values of 35.5-36.2 and 2.77-
3.66 pmol/kg, respectively, that go along with the lowest exg of SPTW (-1.7 to -1.0). SPTW
flowing within the EUC (stations 15: 101-130 m w. d., station 16: 120-150 m w. d.), on the
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other hand, has less extreme salinity and [Nd] values and more positive eng (salinity = 35.4-
35.5, [Nd] = 3.95-4.69 pmol/kg, eng = -0.5 to +0.2) (Figs. 2.4a, ¢).

Below SPTW, the WSPCW is present at stations 15-19 (241-410 m w. d.) and differs
from WNPCW by a slightly higher salinity of 34.7-34.9 along with lower [Nd] (4.91-7.12
pmol/kg instead of 6.71-10.15 pmol/kg) (Figs. 2.2a, 2.4c). WSPCW has eng values of -3.5 to -
2.1 (Fig. 2.4 a).

2.4.1.3. Intermediate waters

NPIW is present at stations 02-05 at 498-1004 m w. d. and differs from AAIW and the
overlying subsurface waters by its characteristic salinity minimum of 34.1-34.3 (Fig. 2.2a). It
is further characterized by low oxygen concentrations (~53-120 pmol/kg), an exg signature of
-3.5t0 -2.6, and [Nd] of 13.10-19.38 pmol/kg (Figs. 2.3a, c, 2.4b, d).

The low salinity (34.4-34.5) and high oxygen concentrations of AAIW (up to 163
pmol/kg) coincide with the lowest eng (-5.3, n = 3) along the entire section and with low mid-
depth [Nd] (7.05-8.55 pmol/kg, 550-800 m w. d., station 19) (Figs. 2.2a, 2.3e, g, 2.4b, d).
These signatures are quickly eroded towards the equatorial TWP (stations 15-18) reaching
lower oxygen concentrations (78-115 umol/kg), and higher eng (-3.2 to -2.0), while [Nd]
remains low to station 11 (7.56-11.63 pmol/kg). The lowest oxygen concentrations and

highest exg (-1.9 to -1.6) of AAIW are found in the northern TWP (stations 11 and 14).
2.4.1.4. Deep waters

UCDW/PDW is sampled at ~1000-3000 m w. d. with exg values of -4.2 to -1.8 that
increase towards the north, and [Nd] increasing with depth and from the south to the north

(Figs. 2.4b, d). The mean exg of UCDW/PDW is -3.1 + 0.8 (n = 8, stations 03-05) in
the SKO section. Near Fiji (station 19), UCDW/PDW has an eng of -4.2 to -3.4, while the
other stations of the TWP (stations 18, 17, 16, 14, 11) show higher exqg (-3.3 to -1.8).

LCDW is present at stations 03-14, 17, and 18 at >3000 m w. d. and has constant [Nd]
with depth and higher [Nd] in the north than in the south (Figs. 2.3c, g, 2.4d). Oxygen
concentrations and eng (-4.9 to -3.3) respectively increase and decrease with depth (Figs. 2.3e,

2.4b).
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Table 2.3: Hydrographic data, dissolved Nd isotope ratios and Nd concentrations (pmol/kg) for all samples of this study.

Sample ?]Z[a)tﬂell; ¢ 0 o0 T 85;101/ a?nlil ene 265 QFY [Nd] li(SjD QF!  Water mass
ID (m) 0  (kgm’) (kg/m’) ke) /kg) N o4
Station GeoB17001- (32.3332°N 127.4995°E; MLD: 7-8 m; bottom: 129 m)
lsurf 5 33.47 2741 21433 21437 1829 16 65 03 1 1201 24 1  SW
1-8 22 3392 2683 21.958 21.965 1873 13 59 04 1 1229 24 1 SW
1-6 53 3402 25.62 22411 22419 189.0 16 55 04 1 1109 24 1 SW
1-4 102 34.60 18.69 24.791 24.817 1532 78 50 04 1 796 47 1  ECSSUW
1-1 127 3458 17.68 25.024 25.052 1522 83 48 05 1 815 36 1  ECSSUW
Station GeoB17002- (30.5830°N 129.0004°E; MLD: 10-11 m; bottom: 749 m)
lsurf 5 3341 2838 21.073 21.077 181.1 15 73 03 1 1530 37 1 SW
1-18+19 22 3374 28.02 21.440 21.445 1809 16 61 04 1 1406 38 1  SW
1-16+17 51 3422 27.82 21.865 21.871 1790 18 39 03 1 837 38 1  SW
1-14+15 100 34.39 22.01 23.749 23.766 159.6 58 51 02 1 921 89 1  ECSSUW
1-12+413 150 3453 17.30 25.084 25.113 1580 79 45 05 1 860 30 1  ECSSUW
1-10+11 200 46 02 1 903 41 1

201 3450 14.66 25.657 25.693 1555 95
1-849 249 3443 12.64 26.023 26071 1437 117 32 02 1 950 24 1  WNPCW
1-7 299 3435 1094 26275 26337 1376 133 37 02 1 1015 40 1  WNPCW
1-6 498 3430 7.56 26787 26.889 99.6 192 34 02 1 1325 75 1  NPIW
1-5 696 3434 574 27.060 27.195 79.1 225 34 03 1 1511 24 1  NPIW
1-4° 696 34 03 1 1515 32 1
1-1 748 3435 525 2713 2728 741 234 35 03 1 1581 24 1  NPIW
Station GeoB17003- (28.7163°N 131.0852°E; MLD: 11-12 m; bottom: 3357 m)
lsurf 5 34.02 28.63 21.454 21.460 48 03 1 990 41 1 Sw
lsurff 5 48 06 1

6 180.0 15
122423 22 3416 27.56 21.903 21911 184.0 14 21 03 1 903 24 1 SW
120421 52 3432 26.13 22.483 22491 1855 17 23 03 1 716 48 1 SW
1-18+19 101 3472 22.06 23.988 24.005 1773 40 30 02 1 557 24 1 NPIW
1-16+17 151 3477 20.93 24.338 24358 1727 49 29 02 1 544 24 1  NPTW
1-14+15 200  34.75 19.34 24.746 24770 173.0 55 31 03 1 562 48 1 NPTW
1-12+13 250  34.73 18.67 24.901 24.926 1702 61 30 04 1 581 24 1  NPTW
1-10+11 298 34.69 17.50 25.154 25.181 1710 65 30 04 1 620 24 1 STMW
19 496 3442 1245 26.053 26104 1465 115 33 04 1 891 52 1  WNPCW
1-7 645 3430 822 26691 26784 1095 178 33 03 1 1310 34 1  NPIW
1-5 993 3439 348 27.356 27.541 578 264 31 03 1 2080 24 1  NPIW/UCDW
1-4 1490 34.51 240 27.548 27.771 729 257 29 03 1 2344 41 1 UCDW,PDW
1-3 1988 34.58 1.87 27.648 27.900 97.8 237 34 03 1 2588 24 1  UCDW,PDW
1-1 3350 34.66 127 27750 28.048 1341 205 -39 03 1 3322 29 1 LCDW
Station GeoB17004- (25.3782°N 134.3756°E; MLD: 27-28 m; bottom: 5339 m)
lsuf 5 3478 28.65 22.015 22.02 1787 15 35 04 1 810 24 1  SW
121422 22 3477 28.65 22.006 22.014 177.6 16 22 05 1 606 54 1 SW
121422" 22 121 11 3
1-19+20 62 3478 23.01 23.765 23.780 209.5 4 09 10 3 544 24 1  NPTW
1-17+18 101 34.81 20.19 24.570 24.590 1969 27 30 02 1 533 38 1 NPTW
1-15+16 303 34.68 16.91 25289 25318 187.0 52 33 04 1 648 59 1 STMW
1-14 651 3415 7.59 26665 26768 1195 172 31 03 1 1346 24 1  NPIW
1-13 800  34.17 526 26987 27.132 775 231 28 03 1 167 6.1 1 NPIW
1-12 1004 3433 374 27280 27459 525 267 26 03 1 1938 24 1  NPIW
1-11 1501 34.52 2.36 27.558 27.783 747 256 30 03 1 236 50 1  UCDW,PDW
1-10 2000 3459 1.83 27.659 27.914 1023 233 35 02 1 267 63 1  UCDW,PDW
19 2487 34.63 1.53 27709 27.986 1190 218 3.7 03 1 2789 24 1  UCDW,PDW
1-9¢ 2487 38 04 1
1-8 2985 34.64 137 27734 28.024 1283 210 34 02 1 3085 24 1  PDW/LCDW
1-7 3483 34.65 128 27748 28.046 1338 206 33 04 1 3129 24 1  LCDW
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Table 2.3 (continued)
Sample ?izgttig s* o o' ™ %:nol (Ap(r)n[g)l ena 26° QF* [Nd] ligD QF* Water mass
D (m) 0 (kgm’) (kg/m’) k) ke) 0
1-7¢ 3483 -3.8 03 1
1-6 3980 34.66 1.23 27.756 28.059 137.2 203 -3.8 03 1 32,06 2.4 1 LCDW
1-5 4479 34.66 121 27.759 28.065 139.7 200 4.0 03 1 32,14 53 1 LCDW
1-4 4977 34.66 120 27.760 28.068 140.3 199 -3.5 02 1 3329 24 1 LCDW
1-1 5276  34.66 120 27.760 28.068 144.0 196 4.0 03 1 3235 24 1 LCDW
Station GeoB17005- (20.4323°N 139.6161°E; MLD: 35-36 m; bottom: 6315 m)
1-surf 5 34.44 2871 21.740 21.748 -33 03 1 5.55 5.0 1 SW

6 179.7 14
1-21+22 22 3445 28.64 21.768 21.776 179.1 15 20 04 1 5.27 5.7 1 SW
1-19+20 61 3492 2450 23.430 23.441 2033 4 2.1 04 1 4.88 2.4 1 NPTW
1-13+14 101 3498 21.10 24.448 24.465 174.1 46 22 04 1 4.64 34 1 NPTW
1-11+12 201 34.69 17.42 25.180 25.206 179.5 57 32 04 1 5.85 8.1 1 STMW
1-9+10 300 3450 14.56 25.683 25.721 1722 78 3.5 03 1 6.74 2.4 1 WNPCW
1-8 500 34.13 845 26.525 26.615 1335 153 32 04 1 12.16 6.9 1 WNPCW/NPIW
1-7 751 3430 5.13  27.109 27.256 52.8 256 2.7 03 1 1559 24 1 NPIW
1-6 998 3445 3.79 27.374 27.550 63.7 255 26 03 1 1830 24 1 UCbW
1-5 1500 34.56 244 27.580 27.802 86.0 244 -2.8 0.2 1 2220 24 1 UCDW, PDW
1-4 2002 34.61 1.86 27.667 27.920 1042 230 2.8 03 1 25.14 24 1 UCDW, PDW
1-1 3000 34.65 1.40 27.733 28.021 1259 212 3.5 03 1 2981 24 1 LCDW
Station GeoB17011- (10.6342°N 148.9010°E; MLD: 41-42 m; bottom: 5667 m)
1-surf 5 34.15 30.11 21.050 21.057 20 03 1 4.47 2.4 1 SW

6 1734 17
1-21+22 21 34.14 30.09 21.053 21.061 1733 17 -09 03 1 4.95 5.1 1 SW
1-19+20 81 3496 27.86 22.407 22.414 1882 8 -1.5 03 1 4.12 2.4 1
1-17+18 142 35.10 23.29 23.923 23.935 1655 46 -1.9 03 1 4.06 4.6 1 NPTW
1-15+16 370 3448 890 26.729 26.817 552 228 -1.9 03 1 9.03 4.6 1
1-14 502 3449 721 26988 27.102 67.2 227 -1.9 03 1 9.89 2.4 1 AAIW
1-13 799 3451 527 27.253 27397 68.2 239 -1.9 04 1 11.63 24 1 AAIW
1-12 1001  34.53 445 27361 27.520 70.8 243 -1.9 03 1 12.84 24 1 AAIW/UCDW
1-11 1500 34.58 2.68 27.582 27.794 87.6 240 24 02 1 1839 24 1 UCDW, PDW
1-10 2002  34.61 2.02 27.661 27.905 100.6 233 2.7 02 1 22.16 43 1 UCDW, PDW
1-9 2502 34.63 1.67 27.704 27.971 110.6 226 -33 03 1 2630 3.7 1 UCDW, PDW
1-8 3000 34.65 139 27.737 28.025 1233 215 3.6 02 1 30.79 2.4 1 LCDW
1-7 4002  34.67 1.17 27.766 28.075 139.9 201 42 03 1 31.22 3.6 1 LCDW
1-7¢ 4002 4.1 03 1
1-6 4502  34.67 1.08 27.776 28.095 1484 193 4.6 02 1 3151 24 1 LCDW
1-6° 4502 4.7 03 1
1-5° 4502 48 02 1 30.65 2.4 1
1-4 5001 34.68 1.03 27.783 28.108 1553 186 46 03 1 29.74 3.1 1 LCDW

5573 157.7 184
1-1 5574 34.68 1.01 27.786 28.114 4.8 0.2 1 3432 3.1 1 LCDW
Station GeoB17014- (6.7842°N 154.1982°E; MLD: 30-31 m; bottom: 4583 m)
1-surf 5 33.96 30.28 20.858 2.0 05 1 4.27 2.4 1 SW

6 20.857 174.0 16
1-21+22 22 34.00 30.25 20.889 20.894 1749 15 -1.1 03 1 4.64 2.4 1 SW
1-19+20 121 3499 23.48 23.787 23.798 1572 54 -1.7 03 1 4.07 3.0 1 NPTW
1-16+17 200 3451 12.69 26.076 26.127 80.2 180 -1.8 04 1 6.71 2.4 1 WNPCW
1-15 261 34.61 997 26.652 26.730 44.2 232 8.06 42 1
1-14 502 3456 7.80 26.956 27.060 61.4 228 -1.6 03 1 10.15 24 1 AAIW
1-13 641 3452 6.65 27.089 27.211 564 241 9.61 2.4 1 AAIW
1-13" 641 9.74 35 1
1-12 1002 34.54 427 27.390 27.553 70.6 245 -1.8 03 1 12.06 4.2 1 UCbDW
1-11 1501 34.58 2.87 27.561 27.767 85.1 241 2.5 02 1 16.13 24 1 UCDW, PDW
1-10° 1501 23 02 1 16.07 6.1 1
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Table 2.3 (continued)

Sample XZZEE ¢ @ o’ Yo' %;101 a(r)n[il ene 265 QFY [Nd] li(SjD QF!  Water mass
D () (°0) (kgm’) (kg/m®) ke)  /kg) N 0

1-9 2001  34.62 2.02 27.665 27.908 99.5 234 24 04 1 19.07 4.9 1 UCDW, PDW
1-8 2501 34.64 1.62 27711 27980 1129 224 3.1 03 1 2471 24 1 UCDW, PDW
1-7 3001 34.65 141 27736 28.022 1240 214 35 04 1 28.83 2.4 1 LCDW

1-7¢ 3001 33 04

1-6 3800 34.66 120 27.761 28.065 1382 202 -39 03 1 3121 33 1 LCDW

1-5 4001 34.67 1.14 27768 28.079 1425 198  -44 02 1 3132 24 1 LCDW

1-5¢ 4001 43 04

1-4 4500 34.67 1.05 27780 28.101 151.6 190  -46 03 1 3202 32 1 LCDW

1-4" 4500 3326 2.4 1

1-3 4573 34.67 1.05 27780 28.102 152.8 189  -44 04 1 3129 24 1 LCDW

1-3¢ 4573 45 04 1

Station GeoB17015- (2.0046°N 157.9976°E; MLD: 19-20 m; bottom: 2695 m)

1-surf 5 33.65 29.87 20.757 20.758 1759 15 0.7 0.7 1 542 24 1 SwW
1-23+24 20 33.74 29.66 20.895 20.897 1785 13 -03 04 1 594 72 1 SwW
1-21+22 40 34.61 29.58 21.574 21.582 179.1 12 -0.7 04 1 6.45 24 1 SwW
1-19+20 50 34.80 29.62 21.707 21.714 1792 12 -04 03 1 546 24 1 SwW
1-17+18 60 3525 2932 22.145 22.151 1778 13 497 35 1

1-15+16 80 3534 2825 22.569 22.575 1435 51 00 03 1 506 43 1

1-13+14 101 3542 26.88 23.075 23.082 1335 65 -05 04 1 3.95 35 1 SPTW?
1-11+12 130 3539 25.08 23.608 23.616 1253 80 0.1 05 1 442 29 1 SPTW
1-9+10 180 34.78 18.04 25.097 25.122 1285 105 25 04 1 592 30 1 NPTW?
1-7+8 200 3451 13.05 26.003 26.052 1153 143 23 03 1 754 35 1 WNPCW
1-5+6 241 34.74 10.68 26.630 26.702 119.7 152 23 05 1 712 42 1 WSPCW
1-3+4 320 34.73 1034 26.681 26.757 106.8 167 21 03 1 7.38 24 1 WSPCW?
1-2 602 3454 6.65 27.101 27.223 8l1.1 217 -28 04 1 802 24 1 AAIW
1-1 893 3452 5.13 27275 27422 934 215 -27 05 1 9.31 4.0 1 AAIW
Station GeoB17016- (0.0001°N 160.0003°E; MLD: 16-17 m; bottom: 2837 m)

1-surf 5 33.56 29.48 20.821 20.822 177.6 15 -09 04 1 569 34 1 SW
1-23+24 20 33.79 29.50 20.985 20.988 178.6 14 0.1 02 1 6.23 24 1 SW
1-21422 58 33.89 29.50 21.060 21.064 177.5 15 -03 02 1 5.86 8.1 1

1-19+20 70 3445 29.89 21.349 21.355 1789 12 -0.7 02 1 582 69 1

1-17+18 90 35.56 28.71 22.581 22.587 166.7 26 -1.2 03 1 3.71 32 1

1-15+16 120 3536 24.49 23.767 23.775 123.6 84 02 02 1 469 24 1 SPTW
1-13+14 150 3553 21.10 24.872 24.888 1213 98 -04 03 1 443 24 1 SPTW
1-11+12 199 35.09 16.88 25.615 25.646 1253 113 -14 04 1 550 24 1

1-9+10 283 3482 11.80 26490 26.553 1274 138 21 03 1 6.71 24 1 WSPCW
1-7+8 401 3466 934 26.796 26.883 95.6 184 23 02 1 726 6.2 1

1-5+6 501 3456 7.63 26981 27.089 1143 177 23 02 1 756 93 1 AAIW
1-3+4 599 3455 698 27.066 27.183 77.6 218 22 03 1 786 29 1 AAIW
1-2 799 3451 538 27.246 27.389 90.8 216 2.0 03 1 8.88 24 1 AAIW
1-1 1003 34.53 4.46 27363 27.521 86.0 228 -1.9 03 1 10.15 44 1 AAIW/UCDW
Station GeoB17017- (2.0021°S 161.9998°E; MLD: 11-12 m; bottom: 3162 m)

1-surf 5 33.94 3045 20.774 20.779 1732 16 -1.0 0.2 1 520 24 1 SwW
1-23+24 41 3440 30.27 21.182 21.189 176.7 13 -02 02 1 480 32 1 SwW
1-21+22 80 3525 29.84 21970 21976 178.0 12 -1.1 02 1 456 24 1

1-19+20 100 35.57 27.92 22.848 22.853 1569 38 -1.1 02 1 392 39 1

1-17+18 119 35.57 27.53 22976 22981 148.0 49 -1.2 03 1 3.75 3.7 1

1-15+16 149 3595 24.62 24.172 24.179 122.0 84 -1.2 03 1 349 24 1 SPTW
1-13+14 200 3521 1545 26.035 26.074 99.1 146 22 02 1 514 49 1 SPTW/WSPCW?
1-11+12 300 3476 10.64 26.651 26.725 1243 147 22 03 1 6.57 3.6 1 WSPCW
1-9+10 550 3454 6.89 27.068 27.187 97.7 198 27 02 1 759 24 1 AAIW
1-7+8 701 3451 6.11 27.155 27.287 98.0 203 25 02 1 8.15 33 1 AAIW
1-6 840 3450 522 27256 27401 1069 201 22 02 1 872 24 1 AAIW
1-5 1004 3451 459 27337 27493 1033 209 2.0 02 1 9.81 3.1 1 AAIW/UCDW
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Table 2.3 (continued)

Sample ?izgttig s* o o' ™ %:nol (Ap(r)n[g)l € 26° QF* [Nd] ligD QF* Water mass
D (m) (°C)  (kg/m’) (kg/m?) ke)  /kg) Nd 0

1-4 2000 34.62 2.13 27.655 27.893 1048 227 25 02 1 1622 32 1 UCDW, PDW
1-3 2998  34.65 148 27729 28.009 1209 217 32 02 1 2573 45 1 PDW/LCDW
1-2 3082 34.65 143 27.734 28.018 1229 215 33 02 1 274 7.8 1 LCDW

1-1° 3082 3202 1 27.0 5.8 1

Station GeoB17018- (8.2019°S 166.0826°E; MLD: 43-44 m; bottom: 4623 m)

1-surf 5 3473 29.74 21.614 21.622 -1.6 04 1 391 39 1 SW

6 1748 16
1-23+24 21 3473 29.71 21.624 21.632 1734 17 -09 03 1 4.18 24 1 SW
1-21+22 41 34.78 29.59 21.702 21.710 176.1 15 -0.8 0.2 1 3.52 24 1 SW
1-19+20 150 36.19 25.30 24.147 24.152 1332 70 -1.7 03 1 3.17 32 1 SPTW
1-17+18 200 3591 21.62 25.018 25.031 1274 90 -1.7 03 1 3.66 8.0 1 SPTW
1-15+16 320 34.89 1222 26.463 26.524 9.5 173 2.6 03 1 6.05 4.1 1 WSPCW
1-13+14 720 3449 540 27.224 27.368 113.1 194 32 02 1 7.57 2.4 1 AAIW
1-11+12 800 3449 5.02 27.272 27422 1154 194 32 02 1 8.10 24 1 AAIW
1-10 1002 34.52 4.13 27.388 27.555 111.3 205 29 03 1 8.92 7.9 1 UCDW
1-9 1502 3458 2.67 27.578 27.795 1185 209 -32 03 1 12.00 8.1 1 UCDW, PDW
1-8 2000 34.62 193 27.676 27.925 1205 213 29 03 1 17.89 24 1 UCDW, PDW
1-7 2501 34.64 159 27.717 27988 123.0 214 -3.0 0.2 1 26.1 4.8 1 PDW/LCDW
1-6 3100 34.65 146 27.731 28.013 126.1 212 -3.0 0.2 1 2742 24 1 PDW/LCDW
1-5 3403  34.66 134 27.747 28.038 1334 206 -3.7 0.1 1 24.6 10 1 LCDW
1-4 4002 34.67 1.17 27.768 28.075 146.7 194 -4.6 0.2 1 27.00 2.8 1 LCDW
1-3 4400 34.67 1.14 27.770 28.080 149.1 192 49 03 1 2459 24 1 LCDW

4498 347 1.14 27.771 28.081 148.7 192 LCDW
1-2 4500 -47 02 1 26.0 4.7 1
1-1f 4500 -47 0.2 1 2441 32 1
Station GeoB17019- (15.2179°S 173.5187°E; MLD: 103 m; bottom: 2784 m)
1-surf 5 3541 27.20 22959 22964 182.7 15 -1.7 02 1 3.49 2.4 1 SW
1-22+23 20 3542 27.19 22971 22977 1829 15 -1.0 03 1 4.67 3.6 3 SW
1-20+21 41 3542 27.19 22970 22976 183.1 15 -0.7 0.2 1 3.34 5.6 1 SW
1-18+19 120  35.54 26.19 23.382 23387 1764 25 -1.0 03 1 3.21 2.4 1 SPTW?
1-16+17 200 3594 2297 24.653 24.662 1435 48 -1.7 03 1 2.77 2.4 1 SPTW
1-14+15 410 3479 11.72 26.479  26.545 120.7 145 -3.5 03 1 491 2.4 1 WSPCW
1-12+13 550 3448 8.03 26.862 26966 1614 127 -53 0.1 1 7.05 2.4 1 AAIW
1-10+11 700 3438 5.70 27.102 27.240 163.2 141 =53 02 1 7.96 2.4 1 AAIW
1-8+9 800 3439 4.88 27.207 27.363 1564 154 -53 02 1 8.55 2.4 1 AAIW
1-7 1002 34.47 370 27.392  27.573 1428 177 -42 02 1 930 24 1 UCDW
1-6 1302 34.53 3.01 27.512 27.721 1339 191 -4.1 02 1 10.47 3.6 1 UCDW
1-5 1802 34.59 229 27.623 27.854 1313 200 -3.6 03 1 13.25 43 1 UCDW, PDW
1-4 2600 34.64 1.70 27.705 27.968 1324 203 -3.6 0.2 1 18.48 2.4 1 UCDW, PDW
1-3 2600 -34 02 1 1833 5.1 1

2771 132.0 204
1-2 2772 34.64 1.65 27.710 27.977 -3.5 03 1 19.61 24 1 UCDW, PDW

Abbreviations used for water masses are listed in Table 2.1a.

MLD: mixed layer depth related to 0.125 kg/m® density offset from surface (Miller, 1976).

"Hydrographic data (S: Salinity, 0: Pot. temperature, oy: Pot. Density, O,: Oxygen) measured onboard R/V Sonne (cruise SO223T).

®v,: Neutral density derived by Ocean Data View (Schlitzer, 2014).

“Propagated error is calculated from internal and external errors (26), with external errors deriving from repeated measurements of JNdi-1
standards during each analytical session.

QF: Quality Flag Scheme after IODE: 1 = good data, 3 = questionable/suspect data
(http://www.iode.org/index.php?option=com_oe&task=viewDocumentRecord&docID=10762).

‘external error is derived from independently processed GEOTRACES seawater standard SAFe 3000 m (n = 16), if the internal error of a
sample was higher than the external error, the internal error is reported.

‘total procedural onboard duplicate for exgand [Nd].

fena re-analyzed.

"otal procedural lab duplicate for [Nd].
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2.5. Discussion
2.5.1. Continental input

The coincidence of lowest salinity (33.4) with least radiogenic engq (as low as -7.3) and
highest [Nd] (up to 15.30 pmol/kg) of the entire transect in surface waters near South Korea
(stations 01, 02), implies continental Nd input through freshwater discharge. The major
freshwater sources in the ECS are river discharge, precipitation, and the TTWC transporting
low-salinity water from the South China Sea (Chang and Isobe, 2003). The discharge rate of
the South Korean Nakdong River is ~63x10° m’/year (Park and Chu, 1991). The Yangtze
River, the world’s fifth largest river in terms of discharge that drains into the ECS has an
annual mean discharge rate of 946x10° m’/year (Beardsley et al., 1985). Rare earth element
input through SGD from Jeju Island off the southern coast of South Korea has been shown to
be comparable to REE fluxes from large rivers (120 £ 60 mol Nd/d) (Kim and Kim, 2014).
Sediments from South Korean rivers (eng ~ -18 to -13, Lan et al., 1995) and the Yangtze River
(ena ~ -11, Goldstein et al., 1984) are very unradiogenic, suggesting that rivers and SGD (Kim
and Kim, 2014) are the source of unradiogenic exg and elevated [Nd] in surface waters near
South Korea. Amakawa et al. (2004b) also found low surface water salinity along with
unradiogenic eng (-8.9) and elevated [Nd] (31.5 pmol/kg) in the Japan Sea (station CM-20,
Fig. 2.1a) and suggested freshwater input from South Korea and the Yangtze River. The even
lower eng and higher [Nd] found by Amakawa et al. (2004b) (sampled in July-Aug. 1998)
compared to our surface values closest to South Korea (-7.3, 15.30 pmol/kg, sampled in Sept.
2012), may indicate seasonal and interannual changes in river input with a peak discharge of
the Yangtze River in June-Aug. (Beardsley et al., 1985). Additionally, variable surface

circulation could account for differences in seawater eng and [Nd] in this very dynamic area.
2.5.2. Advection and modification of dissolved exg and [Nd]
2.5.2.1. Particle scavenging of dissolved Nd within the ECS

At the northernmost stations in the ECS, the rapid vertical decrease in [Nd] in the
upper 50-100 m w. d. by up to 4.33 pmol/kg at station 01 and 6.92 pmol/kg at station 02
suggests scavenging of Nd onto suspended particles (Figs. 2.3d, 2.4c). The Yangtze River
plume is the world’s fourth largest river in terms of solid discharge (4.86x10°® tons/year) (e.g.,
Tian et al., 1993) including a significant discharge of particulate organic carbon (4.4x10°
tons/year) (e.g., Milliman and Meade, 1983; Dagg et al., 2004). Hence, this plume is the main
source of suspended particles in the ECS (e.g., Hoshika et al., 2003) making it a likely agent
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for enhanced scavenging of Nd in this region. The plot of [Nd] as a function of AOU (i.e., a
measure of oxygen utilization through the remineralization of organic matter) further
visualizes the processes that control the vertical Nd distribution (Fig. 2.5). In Fig. 5, arrow A
clearly reflects scavenging of Nd onto organic and inorganic particles with a decrease of [Nd]
by up to 6.92 pmol/kg at constant AOU from the surface to the subsurface at the northernmost
stations (01 and 02). Coupling [Nd] (7.96-9.21 pmol/kg) to exg values of subsurface waters in
the ECS (ECSSUW, -5.1 to -4.5) indicates that reversible scavenging with net removal of Nd
and isotopic exchange with unradiogenic continent-derived particles (see 5.1.) is the process

that controls both [Nd] and enq distributions below the surface in the ECS (Figs. 2.3b, d).
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Fig. 2.5. Neodymium concentration vs. apparent oxygen utilization (AOU) for all samples of this
study. Colors represent latitude. Behavior of Nd in the water column is (A) scavenging of surface Nd
inputs (stations 01, 02); (B) flat trend in NPTW and SPTW with increasing AOU at rather constant
[Nd], indicating no Nd release from particles, neither from organic particles through remineralization,
nor by desorption from inorganic particles; (C) [Nd] increase along with increasing AOU, suggesting
Nd release from organic particles in the upper and intermediate water column through
remineralization. Upper and lower arrows follow the trend of individual stations rather than
representing the average slope of the respective data. UCDW/PDW: [Nd] increase along with slightly
decreasing AOU, indicating Nd release from inorganic particles. Northern and southern LCDW:
constant [Nd] along with lower AOU than for UCDW/PDW, suggesting no Nd release from particles.
AOQOU calculated using ODV (Schlitzer, 2014) (see Table 2.3). For abbreviations of water masses see
Table 2.1a. Plot produced with Ocean Data View (Schlitzer, 2014).



2. Sources and processes affecting the distribution of dissolved Nd isotopes and concentrations in the West Pacific 39

2.5.2.2. Tracing small-scale surface and subsurface circulation in the West Pacific with

boundary exchange signatures from volcanic margins

The most conspicuous feature of the eng distribution in our study area is the high
surface and subsurface water eng signature (-2.0 to +0.7) in the TWP (Fig. 2.4a). This
signature is more radiogenic than open Pacific surface waters outside the tropical area and
indicates regional radiogenic eng imprints from basaltic volcanic islands and eastward
transport in the equatorial zonal current system (e.g., Grenier et al., 2013). The most
radiogenic exg (-1.0 to +0.7) and highest [Nd] (4.80-6.45 pmol/kg) of the equatorial surface
water at stations 15-17 must be derived from PNG, given that the surface water at these sites
is transported within the NGCC along PNG and directly eastward by surface currents (SC,
Fig. 2.1a) towards our stations 15-17. These surface currents are marked by the highest
surface current velocity found in this area (up to ~0.8 m/s) determined from real time ocean
surface current analyses corresponding to the SO223T cruise period (wWww.oscar.noaa.gov).
Less radiogenic eng values (-2.0 to -0.7) along with lower [Nd] (3.34-4.95 pmol/kg) are
detected in surface waters dominated by the eastward flowing NECC (stations 11, 14), SECC
(station 18), and the westward flowing SEC (station 19). The latter flows along Fiji and must
pick up the signal there, while the SECC and NECC get their signal from the SI and the
Philippine Islands. Similar to surface waters, SPTW at subsurface depth that flows eastward
within the EUC (stations 15, 16), carries a radiogenic eng signature and elevated [Nd] (eng = -
0.5 to +0.2, [Nd] = 3.95-4.69 pmol/kg (Fig. 2.4a). In contrast, SPTW within the westward
flowing SEC (stations 17-19) or NPTW in the flow path of the eastward flowing NECC
(stations 11, 14), are both marked by less radiogenic eng values along with slightly lower
[Nd], acquiring their radiogenic imprints from the SI, Fiji, Samoa, or the Philippine Islands
(ena = -1.7 to -1.0, [Nd] = 2.77-3.66 pmol/kg and eng = -1.9 to -1.7, [Nd] = 4.06-4.07,
respectively) (Figs. 2.1a, 2.4a). These differences in the modified radiogenic eng signatures in
surface and subsurface waters of the TWP section reflect the larger distance of stations 11 and
14 from the Philippine Islands (Fig. 2.1a), and the higher importance of PNG relative to other
volcanic islands such as the SI, Fiji, and Samoa in adding [Nd] and other trace elements (e.g.,
Radic et al., 2011; Labatut et al., 2014), and modifying exqg of surface and subsurface waters.
This is supported by the study of Grenier et al. (2013), who reported the most radiogenic exg
(+2.3) and highest [Nd] (8.3 pmol/kg) of all samples from the southwestern equatorial Pacific,
close to the coast of PNG near the Sepik River mouth (station EUC-Fe-28, Fig. 2.1a). For the
process and source of trace element input to the equatorial TWP, Sholkovitz et al. (1999)

suggested the Sepik River as major source based on middle-REE enrichments in the river
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water and equatorial surface water. This was however discounted as major source for the
central equatorial surface water due to the lack of middle-REE anomalies there and an
isotopic composition of Sepik river water that is not radiogenic enough (eng = -3.1,
Sholkovitz, personal communication, cited in Lacan and Jeandel, 2001). Grenier et al. (2013)
therefore suggested that the middle-REE anomalies in surface and subsurface waters of the
southwestern equatorial Pacific are caused by submarine weathering of basaltic margin
sediments, and that [Nd] coupled to eng values indicate boundary exchange. This study and
that of Lacan and Jeandel (2001) hypothesized that boundary exchange at volcanic island
margins is the main process that controls the distribution of both REE and eng in the
southwestern and central equatorial Pacific. Boundary exchange occurs at the sediment-ocean
interface and links isotopic exchange with dissolved Nd supply (source) and removal (sink) to
and from the ocean (Lacan and Jeandel, 2005). Our very radiogenic and only slightly elevated
[Nd] data in both surface and subsurface waters support the dominance of boundary exchange
over river discharge in this area. Additionally, our data highlight the radiogenic eng signal
within the eastward flowing currents of the equatorial zonal current system that allows
detailed tracing of small-scale circulation in this area (Fig. 2.4a).

Below SPTW, the eng signature (-3.5 to -2.1) of WSPCW in the TWP (stations 15-19)
may be derived from westward transport of Eastern Equatorial Central Water within the EIC
and SEC (Figs. 2.1a, 2.4a) (e.g., Grenier et al., 2013). This water mass acquires its
modification through boundary exchange at the Peruvian margin and/or exchange with
volcanic particles in the East Pacific (eng = -3.5 to -2.2, 1°40°N to 6°S, Grasse et al., 2012). In
contrast to the eng of WNPCW below NPTW at stations 02-05 (eng = -3.7 to -3.2), its
modified eng values of -2.3 to -1.8 within the flow path of the NECC (station 14) and NSCC
(station 15) in the TWP suggest a radiogenic fingerprint from the Philippine Islands (Figs.
2.1a, 2.4a). Our data indicate the large spatial extent of radiogenic signatures arising from
boundary exchange along the volcanic islands margins in the West and lateral transport of the
boundary exchange signature.

In contrast to the low eng in surface waters of the SKO section near South Korea
(stations 01 and 02), higher eng values (up to -2.0) in the upper 50 m at the open ocean
stations 03-05 indicate an imprint of a radiogenic eng source (Figs. 2.3b, 2.4a). We suggest
that surface waters within the NEC are modified near Hawaii and transported westwards into
our study area, where the NEC feeds the KC (Figs. 2.1a, 2.4a). Coastal Hawaiian surface
waters have exg values of up to +1.4 (Frollje et al., 2016). Downstream from Hawaii, surface

waters in the NEC are characterized by eng values of -1.7 to -1.6 (stations BO-S-5, BO-6, BO-



2. Sources and processes affecting the distribution of dissolved Nd isotopes and concentrations in the West Pacific 41

S-6, Amakawa et al., 2004b) indicating mixing with open ocean Pacific waters. At our station
05, directly in the westward flow path of the NEC, eng values (~ -2) are slightly less
radiogenic than further upstream (stations BO-S-5 and -6, BO-6 of Amakawa et al., 2004b),
and are further mixed with unradiogenic surface waters from the ECS (see stations 01, 02) as
the KC, fed by the NEC, flows northeastward towards station 03 (exg ~ -3, Figs. 2.1a, 2.4a).
This modification in exg of the surface waters along the flow path of the NEC and KC is also
seen in the underlying NPTW. This water mass within the NEC shows an eng of -2.2 to -2.1
(station 05) and reaches eng values of -3.0 £ 0.1 (n = 5) at stations 03 and 04 within the KC
due to mixing with unradiogenic ECSSUW (stations 01, 02, eng = -5.1 to -4.5).

2.5.2.3. Advection of dissolved Nd within subsurface water masses

The most striking feature of the [Nd] distribution in the upper 600 m of our transect is
the strong correlation of very low [Nd] (2.77-4.69 pmol/kg) with the characteristic high
salinity of SPTW (>35.25) in the TWP (Fig. 2.4c). This clearly indicates lateral advection of
preformed low [Nd] of SPTW that originates from the oligotrophic South Pacific Subtropical
Gyre, where surface water [Nd] is extremely low due to the absence of atmospheric or coastal
input (Jeandel et al., 2013). SPTW is transported within the SEC westwards (stations 17-19,
[Nd] = 2.77-3.66 pmol/kg) and is fed via the NGCU into the eastward flowing EUC (stations
15, 16, [Nd] = 3.95-4.69 pmol/kg) (Figs. 2.1a, 2.4a, c). Along its way past PNG, SPTW is
modified towards the most radiogenic subsurface exg values of our study area (up to exng =
+0.2 to +0.1 at stations 15, 16) and higher [Nd] (0.9-1.2 pmol/kg Nd addition from station 17
to 16). The NGCU was suggested previously as major pathway for waters feeding the EUC
(e.g., Tsuchiya et al. 1989; Fine et al., 1994; Grenier et al., 2011). Our data now clearly depict
the SPTW as source water and as transport agent of trace elements from PNG into the EUC
and hence the equatorial Pacific. Moreover, our data identify the source of the low [Nd] found
in subsurface waters in the equatorial West Pacific, that has previously been observed but was
left unexplained.

The constant [Nd] of SPTW with depth despite an increase in AOU (i.e., the onset of
remineralization, Fig. 2.5, lower arrow B) suggests that [Nd] is unaffected by remineralization
and hence release from decomposing organic particles. Instead, this supports the notion of
lateral advection of preformed [Nd] by SPTW into our transect. Similarly, NPTW found at
stations 03 to 14 shows constant but slightly higher [Nd] than SPTW (Fig. 2.5, upper arrow
B). This, and the fact that the [Nd] distribution of NPTW correlates with the characteristic
high salinity of NPTW (>34.7) along its flow path (Fig. 2.4c), supports lateral advection of
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Nd within NPTW. Moreover, the association of the high salinity of STMW (stations 03-05)
with constant [Nd] (5.58-6.48 pmol/kg) and homogenous exg indicates transport of both [Nd]
and eng with STMW (eng = -3.2 £ 0.3, n = 3) (Figs. 2.4a, ¢).

2.5.2.4. Lateral transport vs. vertical cycling and modification of dissolved exgs and Nd at

intermediate to bottom water depth

In Fig. 2.5, the gradual increase in [Nd] along with an increase in AOU at the depths
of WNPCW and NPIW (stations 02-05, upper arrow C) indicates Nd release from sinking
organic particles through remineralization and hence a dominant vertical control on Nd
cycling within these water masses. The exg of WNPCW (-3.7 to -3.2) and NPIW (-3.5 to -2.6)
at stations 02-05, however, is typical for these water masses in the North Pacific (Piepgras and
Jacobsen, 1992; Amakawa et al., 2009), suggesting no modification by vertical processes.
This decoupling is explained by reversible scavenging that leads to a strong vertical change in
[Nd], but no or only a slight change in eng as particles continuously exchange their isotopic
composition with the surrounding seawater (Siddall et al., 2008; Stichel et al., 2015). AAIW
and directly overlying WSPCW show low [Nd] (4.91-11.63 pmol/kg) extending from the
southern end of our section to at least 10°N and 2°N (stations 11 and 15), respectively. AAIW
has low [Nd] due to intense scavenging in the opal belt of the Southern Ocean just south of
the formation region of AAIW (Stichel et al., 2012b). In Fig. 2.5, [Nd] within AAIW and
WSPCW only increases slightly with increasing AOU resulting in a flat slope (lower arrow
C). This suggests reduced influence of remineralization on [Nd] and a dominant lateral
control. The low [Nd] of AAIW within the TWP (7.05-11.63 pmol/kg, 501-893 w. d., stations
11-19) is similar to the [Nd] of AAIW just downstream of its formation region in the
Southeast Pacific (8.8 pmol/kg, 700 m w. d., station GYR, Jeandel et al., 2013) and thus
constant over a large spatial area (Fig. 2.1b). In contrast, the exg of AAIW at our southernmost
station 19 (exg = -5.3) has been clearly modified from its original signature in the Southern
Ocean (eng = -8.4 to -6.6, Stichel et al., 2012b; Basak et al., 2015), most likely through
boundary exchange at volcanic margins. This modification of exg must occur in the Fiji-
Samoa area, as AAIW just downstream of its formation region (station GYR, Jeandel et al.,
2013) and southeast of our southernmost station 19 (station SX-22, Amakawa et al., 2013) has
an eng of -6.9, some 1.6 eng units lower than at station 19 (eng = -5.3) (Figs. 2.1b, 2.3e).
Additional eng modification of AAIW occurs along its northward flow path, reaching values
of -3.2 (station 18) and -2.5 (station 17), indicating boundary exchange at the volcanic island
margins of SI and PNG (e.g., Lacan and Jeandel, 2001; Grenier et al., 2013). This modified
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equatorial AAIW is carried eastward within the equatorial zonal current system (Fig. 2.1b)
and becomes less oxygenated and more radiogenic at the Peruvian shelf (exg =-1.6 at 1°40°N,
Grasse et al., 2012). The westward return-flow (Kawabe and Fujio, 2010) of this modified
AAIW thus may explain the lowest oxygen concentrations and highest exg (-1.9 to -1.6) of
AAIW at stations 11 and 14 (Figs. 2.1b, 2.4b).

At UCDW/PDW depth, Fig. 2.5 demonstrates a strong release of [Nd] from sinking
lithogenic particles, as [Nd] increases without a change in AOU. In addition to this vertical
increase of [Nd] with depth, [Nd] of UCDW/PDW (~1000-3000 m w. d.) also increase from
the south to the north (Fig. 2.4d), reflecting the sluggish deep water circulation and water
mass ageing (Talley, 2008). In addition, as part of the UCDW upwells from ~3000 m w. d. to
the surface/intermediate layer within the PS (stations 03-05) (Kawabe and Fujio, 2010),
upwelling of high [Nd] deep water can explain the higher [Nd] of PDW at the northern
stations 03-05 at shallower depths (~1000 m). We therefore suggest that Nd cycling within
UCDW/PDW along the section is controlled by Nd release from lithogenic particles and
upwelling in the PS.

The eng of UCDW/PDW (~1000-3000 m w. d.) in the TWP section is modified in its
end towards more radiogenic values (-4.2 to -1.8) relative to UCDW near its origin (eng = ~ -8,
e.g., Basak et al., 2015). Potential sources of radiogenic eng for UCDW at station 19 (-4.2 to -
3.4) are the Tonga and Lau Ridges, and active hydrothermal venting in this area (e.g., Lupton
et al., 2004, 2015) that has the potential to change the seawater eng slightly through exchange
with hydrothermal particles (Stichel et al., 2012a; Jeandel et al., 2013). The continuing
increase in exg of UCDW/PDW towards the north along the TWP section (stations 18-11,
Figs. 2.1b, 2.4b) indicates additional boundary exchange at the tropical volcanic island
margins (Grenier et al., 2013). With further distance to these volcanic island margins, eng of
UCDW/PDW (-3.1 £ 0.8, n = 8, stations 03-05) in the SKO section becomes more similar to
the eng of central and eastern NPDW through mixing (-3.5 + 0.5, n = 15, Frollje et al., 2016).

The striking vertical constancy of [Nd] below 3000 m w. d. at all deep stations of our
transect (stations 03-14, 17, 18) coincides with the density range and elevated oxygen
concentrations of LCDW (see section 2.4.1.4., Figs. 2.3c, g, 2.4b, d). The [Nd] at our
southernmost deep station 18 (25.7 = 2.7 pmol/kg, n = 6), is similar to the [Nd] of LCDW in
the Southwest Pacific (25.9 pmol/kg, Basak et al., 2015). The AOU decreases with depth
within LCDW (Fig. 2.5). The small latitudinal increase in [Nd] within LCDW of 6.6 pmol/kg
(station 18 to 04) is therefore likely due to mixing with high-[Nd] UCDW/PDW in the north.
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That is, the [Nd] distribution within LCDW along our section is dominantly controlled by
lateral advection and water mass mixing, confirming previous results of a clear dominance of
advection over vertical cycling of REE in the deep South Atlantic (Zheng et al., 2016).

The eng of LCDW is lower than overlying UCDW/PDW and decreases with depth, with
lowest values in the deepest samples at stations 18 and 11 of exg = -4.9 to -4.7 (Figs. 2.3e,
2.4b). This isotopic composition is however higher than LCDW in the Southern Ocean (eng =
-9.1 to -8.4, Basak et al., 2015) and at stations SX-20 and -22 (eng = -9.2 to -8.6, Amakawa et
al., 2013) just southeast of our transect (Fig. 2.1b). Hence, substantial boundary exchange
with basaltic rocks must occur as LCDW passes through the Samoan Passage (Fig. 2.1b).
Towards station 04, eng of LCDW shows an increase by ~1 eng unit, suggesting boundary
exchange along the flow path of LCDW to the PS. While [Nd] largely shows conservative
behavior at LCDW depth, eng is modified along the northward flow path of LCDW.

2.6. Conclusions

We presented dissolved Nd isotopes and concentrations from twelve stations (168
samples) along SO223T (GEOTRACES Process Study GPprO4) in the West Pacific at
unprecedented vertical and lateral resolution for this area. The results allow a detailed
assessment of the Nd sources and the conservative and non-conservative components of eng
and Nd concentrations ([Nd]) in the major water masses of the West Pacific.

In detail, we showed that the ECS south of Korea is strongly influenced by trace
element input via South Korean and Chinese rivers. This surface input is rapidly scavenged
with depth by continent-derived particles. Reversible scavenging with net removal of Nd and
isotopic exchange with unradiogenic continent-derived particles is the process that controls
both Nd and exg distributions below the surface in the ECS.

In the northern West Pacific, modified surface and subsurface water eng demonstrates
the radiogenic imprint from the Hawaiian Islands upstream and allows tracing their transport
within the NEC and KC.

In the tropical West Pacific, boundary exchange at volcanic island margins (the
Philippine and Solomon Islands, Papua New Guinea, Fiji, and Samoa) imprints a radiogenic
eng signature on surface and subsurface waters that act as a fingerprint for the origin and
small-scale eastward transport within the equatorial zonal current system. The strong
correlation of salinity with [Nd] of SPTW clearly indicates advection of preformed low [Nd]
from its formation region in the oligotrophic South Pacific Subtropical Gyre to the tropical

West Pacific, while enxg is modified towards more radiogenic values. This explains the low
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subsurface [Nd] found in the tropical West Pacific, and supports the earlier notion of the
NGCU as major pathway for SPTW feeding the eastward flowing EUC.

Constant low [Nd] within the flow path of AAIW, from the subtropical Southeast

Pacific to the northern tropical West Pacific, indicates the northward advection of preformed
low-[Nd] AAIW. The exg of AAIW, on the other hand, is modified through boundary
exchange at volcanic margins. In contrast, distinct exg values of NPIW trace its lateral
advection, while [Nd] at NPIW depth shows a clear remineralization signature, suggesting a
dominant vertical addition of Nd. Similarly, exng at UCDW/PDW depth is indicative of
conservative behavior of eyg within UCDW/PDW in the Northwest Pacific, whereas in the
tropical West Pacific, eng of UCDW/PDW is modified through boundary exchange at
volcanic margins. At UCDW/PDW depth, [Nd] suggests a dominant vertical control, and an
increase in [Nd] from south to north due to the sluggish circulation and water mass ageing.
At the depth of LCDW (>3000 m w. d.), constant vertical and lateral [Nd] from the southern
to northern West Pacific (10°S to 25°N) indicates advection of [Nd] within LCDW and hence
conservative behavior of [Nd]. Again, while exg of LCDW is clearly less radiogenic than
overlying waters, consistent with its source in the Southern Ocean, it is modified towards
more radiogenic eng in the Samoan Passage and towards the Philippine Sea.

In summary, our results clearly show a dominant conservative component in the
distribution of [Nd] in the West Pacific and the strong non-conservative behavior of exg due to
boundary exchange at volcanic margins. The latter however facilitates small-scale tracing of
the complex zonal current system in the equatorial Pacific. Further, our data demonstrate that
non-conservative behavior of [Nd] (e.g., in UCDW/PDW and WNPCW, NPIW) is due to
vertical overprints through Nd release from organic (intermediate depth, WNPCW, NPIW)
and lithogenic (deep depth, UCDW/PDW) particles, while boundary exchange has little effect
on [Nd].
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Abstract

Systematic variations in dissolved seawater rare earth element (REE) patterns and
vertical concentration profiles trace sources and processes associated with trace element (TE)
input and transport to and within the ocean. Here we report the first vertical and spatial high-
resolution profiles of dissolved REE concentrations ([REE]) from twelve stations along a
NW-SE transect in the West Pacific. Surface water REE patterns reveal sources of TE input
near South Korea and in the tropical equatorial West Pacific via river discharge and exchange
at ocean margins, respectively. Positive europium anomalies and middle REE enrichments in
surface and subsurface water REE patterns are indicative of TE input from volcanic rocks and
fingerprint in detail their small-scale equatorial zonal eastward transport to the iron-limited
tropical East Pacific. The low [REE] of North and South Pacific Tropical Waters and
Antarctic Intermediate Water are a preformed lateral advected signal, whereas increasing
[REE] with depth within North Pacific Intermediate Water result from release of particles.
Optimum multiparameter analysis of deep to bottom waters indicates a dominant control of
particle fluxes on [REE] in deep water (1500-3000 m water depth) of the tropical West
Pacific. At the depth of Lower Circumpolar Deep Water [REE] (>3000 m water depth), on the
other hand, are dominated by lateral transport and hence show conservative behavior (73-

100%), allowing the northward tracing of LCDW to ~28°N in the Northwest Pacific.
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3.1. Introduction

Dissolved rare earth element concentrations ([REE]) in seawater are used to trace
sources of micronutrients and other trace elements (TE) to the ocean by exploiting systematic
changes and differences in their behavior (e.g. Lacan and Jeandel, 2001; Grenier et al., 2013).
The chemically coherent group of REEs shows a characteristic light (LREE) over heavy
(HREE) REE fractionation in seawater that is due to preferential adsorption of LREE onto
particles and stronger complexation of HREE by carbonate ions (e.g., Cantrell and Byrne,
1987; Elderfield, 1988; Byrne and Kim, 1990; Quinn et al., 2006). Elevated surface water
[REE] are typical for local continental input of TEs to the ocean via margin sediments, dust,
or rivers (e.g., Greaves et al., 1999; Sholkovitz et al., 1999; Jeandel et al., 2013; Grenier et al.,
2013; Osborne et al., 2015; Frollje et al., 2016). Post Archean Australian Shale (PAAS)
normalized positive europium (Eu) anomalies in seawater have been shown to be indicative of
input or exchange with basaltic rocks or sediments (e.g., Grenier et al., 2013). Pore fluids
from bottom sediments have recently been hypothesized as REE source to deep waters in
some areas of the ocean (Haley et al., 2004; Abbott et al., 2015a) but not in others (Yang and
Haley, 2016). The long-standing interpretation of the distribution of REEs in seawater, with
generally low concentrations at the surface and increasing concentrations with depth, is
therefore the dominance of vertical processes (input, scavenging, release) (e.g., Elderfield and
Greaves, 1982; Alibo and Nozaki, 1999). Several recent studies using high-resolution
transects of [REE] through the ocean, have suggested an additional lateral control on REE
distributions. The evidence came from nearly constant vertical neodymium concentrations
(INd]) at the depth of vigorously flowing North Atlantic Deep Water (Stichel et al., 2015;
Lambelet et al., 2016), and high [Nd] shoaling upwards with the density surfaces in the
southern South Pacific and Atlantic (Basak et al., 2015; Hathorne et al., 2015). Using a zonal
[REE] section in the South Atlantic, Zheng et al. (2016) provided evidence for a dominance of
water mass mixing on REE distributions. Due to the potential of dissolved seawater [REE] to
identify sources and processes associated with TE input, scavenging, and transport, REEs are
a diagnostic tool to better understand TE cycling in the ocean (e.g., Lacan and Jeandel, 2001;
Grenier et al., 2013; Hathorne et al., 2015; Osborne et al., 2015).

Trace element cycling in West Pacific is of particular interest as this key study area is
1) surrounded by volcanic island margins that are thought to be an important source of
micronutrients and other TEs to the ocean, and 2) connected to the iron-limited high-nutrient,

low-chlorophyll (HNLC) area in the East Pacific through the equatorial zonal current system
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that may act as a conduit of micronutrients and other TEs from the tropical West Pacific to the
HNLC area in the East Pacific (e.g., Lacan and Jeandel, 2001, Slemons et al., 2010; Radic et
al., 2011; Grenier et al., 2013).

Here, we present the first vertically and spatially high-resolution transect of dissolved
[REE] from the West Pacific between South Korea and Fiji (Fig. 3.1a). We provide a detailed
characterization of the relative importance of the different sources and processes that control
the seawater REE cycling in the West Pacific and highlight the clear depiction of the small-

scale equatorial zonal transport in REE distributions.
3.2. Study area and circulation

The study area and circulation are presented in detail in Behrens et al. (in prep.).
Briefly, the NW-SE transect from South Korea to Fiji comprises twelve full water column
stations that were sampled during cruise SO223T (TransGeoBioOc) with R/V Sonne
(GEOTRACES Process Study GPpr04) from September to October 2012. For ease of
reference to the different stations, we divide the transect into two sections: the South Korea to
open ocean section (SKO) that includes stations GeoB17001 to GeoB17005 (GeoB17001 to
GeoB17005 referred to as stations 01-05), and the tropical West Pacific section (TWP) that
includes stations GeoB17011 to GeoB17019 (GeoB17011 to GeoB17019 referred to as
stations 11-19) (Figs. 3.1a, b).

The surface (upper 50 m water depth, w. d. in the following) and subsurface
circulation is dominated by the North Equatorial Current (NEC) and the Kuroshio Current
(KC) in the study area of the SKO section (stations 03-05), and by currents of the complex
equatorial zonal current system in the TWP (stations 15-19): the North Equatorial
Countercurrent (NECC), surface currents (SC), the Equatorial Undercurrent (EUC), the
Equatorial Intermediate Current (EIC), the South Equatorial Countercurrent (SECC), and the
South Equatorial Current (SEC) (e.g., Wyrtki and Kilonsky, 1984; Fine et al., 1994; Reid,
1997; Tomczak and Godfrey, 2003; Grenier et al., 2011; Talley et al., 2011; SC: determined
from real time ocean surface current analyses for the time of the SO223T cruise,
http://www.oscar.noaa.gov/) (Fig. 3.1a).

Subsurface waters are North and South Pacific Tropical Water (NPTW and SPTW) at
61-250 m and 101-200 m w. d. in our study area, respectively. NPTW differs from SPTW by
its less pronounced subsurface salinity maximum (e.g., Qu et al., 1999). It originates in the
central subtropical North Pacific (Cannon, 1966) and is transported by the NEC and the KC
towards stations 03-05 (e.g., Fine et al., 1994; Qu et al., 1999; Suga et al., 2000) and the
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Mindanao Current (MC), that feeds the NECC, towards stations 11 and 14 (e.g., Fine et al.,
1994; Kashino et al., 1996). SPTW originates in the oligotrophic South Pacific Subtropical
Gyre (e.g., O’Connor et al., 2005; Qu et al., 2013). It flows from its formation region
westwards within the SEC into our study area (stations 17-19), and further within the New
Guinea Coastal Undercurrent (NGCU) along the coast of PNG and finally turns eastward
within the EUC (stations 15 and 16) (e.g., Tsuchiya et al., 1989; Fine et al., 1994; Grenier et
al., 2011).

North Pacific Intermediate Water (NPIW) flows along the North Pacific Subtropical
Gyre (Sverdrup et al., 1942; Reid, 1965; You et al., 2000) and is found within the NEC and
the KC (stations 03-05, at 645-1004 m w. d.) in our study area (e.g., Qu et al., 1999) (Figs.
3.1a, b). Antarctic Intermediate Water (AAIW), originating in the Southeast Pacific, is
entrained into the South Pacific Subtropical Gyre and flows within the SEC into our study
area (stations 18 and 19, at 501-893 m w. d.) (McCartney, 1982), where it reaches the
equatorial TWP via the NGCU (stations 15-17) (e.g., Tsuchiya, 1991; Zenk et al., 2005) (Figs.
3.1a, b). In the equatorial TWP, AAIW is transported eastward and then returns westwards to
the northern TWP (stations 11 and 14) (e.g., Kawabe and Fujio, 2010) (Fig. 3.1b).

The deep water circulation in our study area is marked by the northward flow of
Southern Ocean sourced Upper and Lower Circumpolar Deep Water (UCDW and LCDW,
respectively) and the southward flow of North Pacific Deep Water (NPDW) (e.g., Kawabe
and Fujio, 2010) (Fig. 3.1b).
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Fig. 3.1. Maps modified from Behrens et al. (in prep.) showing stations 01-05 and 11-19 from the
SKO (South Korea - open ocean) and TWP (tropical West Pacific) sections along with published
stations discussed in the text. TPS24 271-1 (Piepgras and Jacobsen, 1992); BO ssw-28 (Hongo et al.,
2006); EUC-Fe-28 (Grenier et al., 2013); KM1107-11 (Frollje et al., 2016). (a) Schematic major
surface (solid arrows) and subsurface (dashed arrows) westward (white) and eastward (black) currents
of the study area (e.g., Wyrtki and Kilonsky, 1984; Fine et al., 1994; Reid, 1997; Tomczak and
Godfrey, 2003; Grenier et al., 2011; Talley et al., 2011; and determined from real time ocean surface
current analyses corresponding to the SO223T cruise period, http://www.oscar.noaa.gov/). (b)
Schematic West Pacific intermediate and deep water circulation (after Kawabe and Fujio, 2010).
Antarctic Intermediate Water (AAIW), North Pacific Deep Water (NPDW), North Pacific
Intermediate Water (NPIW), Lower Circumpolar Deep Water (LCDW), Upper Circumpolar Deep
Water (UCDW). Green circle with a center point indicates upwelling of UCDW to the
surface/intermediate layer (Kawabe and Fujio, 2010). Equatorial Intermediate Current (EIC),
Equatorial Undercurrent (EUC), Kuroshio Current (KC), Mindanao Current (MC), New Guinea
Coastal Current (NGCC), New Guinea Coastal Undercurrent (NGCU), North Equatorial Current
(NEC), North and South Equatorial Countercurrents (NECC and SECC), Surface Currents (SC), South
Equatorial Current (SEC). Solomon Islands (SI). Four major South Korean rivers after Lan et al.
(1995). Map was produced using Ocean Data View (Schlitzer, 2014).
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3.3. Materials and Methods
3.3.1. Onboard procedures

Seawater was sampled for the determination of dissolved nutrient (phosphate, nitrate,
silicate) and REE concentrations at twelve full water column stations. Details of onboard
seawater sampling followed established GEOTRACES protocols (for details see Pahnke et al.,
2012; http://www.geotraces.org/images/stories/documents/intercalibration/Cookbook.pdf) and
are described in Behrens et al. (in prep.). Briefly, seawater samples were filtered directly from
Niskin bottles (or the ship’s contamination-free seawater intake in the lab for the collection of
surface water) through AcroPak500 (0.8/0.2 um pore size) filter cartridges into previously
acid-cleaned 20 mL HDPE bottles (for nutrient analysis) or 250 mL LDPE bottles (for REE
analysis) using Teflon-lined Tygon tubing and PP fittings. Seawater samples were poisoned
with 3.5% mercury chloride for nutrient analysis or acidified to pH <2 using 6 N HCI (optima
quality, Fisher Chemical) for REE analysis. All samples were stored onboard for further
processing in the home laboratory at the ICBM (Institute for Chemistry and Biology of the
Marine Environment). Total procedural onboard blanks of (1) onboard MilliQ water (18.2
MQ cm), (2) MilliQ water brought onto the ship from a Millipore system at the ICBM, and
(3) MilliQ water half-and-half from onboard and ICBM were also acidified to pH <2 using 6
N HCI and stored onboard.

3.3.2. Nutrient and REE analysis

At the ICBM, nutrients were measured photometrically using a Multiscan GO
Microplate Spectrophotometer (Thermo Scientific) and an EasyChem Plus discrete analyzer
(AMS-SYSTEA). Nitrate (NOs") was determined from nitrite and NOy, following the method
described by Schnetger and Lehners (2014). Reference solutions of known concentrations
were used to check for precision and accuracy (<10%).

Seawater REEs were pre-concentrated and purified using the automated seaFAST-pico
system in offline mode (Elemental Scientific Inc., Nebraska, USA) and quantified by isotope
dilution (ID) analysis as described in Behrens et al. (2016). Briefly, depending on the
expected [REE], seawater samples (pH <2) of ~11 mL, or ~21 mL for low-concentration
samples, were processed once, or up to 6 times through the seaFAST column and elution
fractions were combined for analysis. The samples were weighed into pre-cleaned PFA tubes
or HDPE bottles and spiked with a multi-element spike. After equilibration for at least 48
hours, the sample-spike mixture was placed into the seaFAST autosampler and automatically

mixed with a buffer solution (pH = 6) and MilliQ water and passed through the seaFAST
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column (REE-complexing resin of ethylenediaminetriacetic acid and iminodiacetic acid
functional groups). The buffer solution (pH = 6.0 + 0.2) was prepared from MilliQ water,
glacial acetic acid (optima quality, Fisher Chemical), and ammonium hydroxide (ultra-quality,
Carl Roth). The seawater matrix was washed off the column with a buffer solution-high purity
water mix before the REEs were eluted with 500 pL of 1.5 N HNO; (optima quality, Fisher
Chemical) each time resulting in combined elution volumes of up to 3000 pL for low-
concentration samples. The REE fractions were collected in pre-cleaned PFA micro vials and
manually diluted with MilliQ water (or dried) to volumes of ~0.7-1.2 mL in preparation for
the measurement.

GEOTRACES seawater standards (BATS 15 m, 2000 m, and SAFe 3000 m) (Pahnke
et al., 2012; van de Flierdt et al., 2012; Behrens et al., 2016) were processed the same way as
the samples. Procedural lab blanks of 2% HNO; (optima quality, Fisher Chemical) were
processed during each session and subsequently spiked with a diluted multi-element REE
spike for quantification.

At the ICBM, the dissolved [REE] were measured using a Thermo Finnigan Element 2
sector field inductively coupled plasma-mass spectrometer (ICP-MS) (Behrens et al., 2016).
The instrument was coupled to an autosampler (CETAC ASX-100) and a desolvation
introduction system (CETAC Aridus 2) that used a nitrogen-argon gas mixture to reduce
oxide formation rates to a negligible level (always 0.01-0.03% for cerium (Ce) and barium
(Ba)). Instrumental blanks of 2% HNO; were measured and subtracted for each sample. The
accuracy and external long-term precision of our method were assessed by repeated
processing and analysis of GEOTRACES seawater standards BATS (15 m, 2000 m) and
SAFe 3000 m, respectively (Behrens et al., 2016). The average [REE] obtained for BATS 15
m and 2000 m showed agreement within the 26 SD confidence interval of the published
GEOTRACES intercalibration (van de Flierdt et al., 2012). The external long-term precision
of our [REE] analyses based on replicates of SAFe 3000 m was <3.9% for all REEs, except
for Ce (39%) and Gd (6.2%) (26 RSD, n = 16) (Behrens et al., 2016). Total procedural
replicates from different stations and water depths (=696 m, n = 6) and re-processed and re-
analyzed samples (n = 3) had [REE] that agreed within the external long-term precision of
SAFe (3000 m), except for one re-processed and re-analyzed sample (GeoB17004-1-21+22),
which is probably due to contamination in the laboratory (supplementary Table S3.2).

The average total procedural onboard blank was <3.3% for LREEs and <1.4% for
HREEs, except for La (4.1%) and Ce (24%) (n = 4, onboard blank including one re-processed

and re-analyzed blank) of the average sample concentration. The average procedural lab blank
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of 2% HNO;3 was <0.5% for all REEs, except for Ce with 4.3% (n = 25) of the average sample

concentration.
3.3.4. Optimum Multiparameter Analysis (OMPA)

In order to assess the relative importance of the processes involved in oceanic
geochemical REE cycling in the deep water column (>1500 m w. d.) i.e., conservative water
mass mixing/transport vs. non-conservative processes such as particle scavenging and REE
release, we used optimum multiparameter analysis (OMPA). The OMPA was based on the
model described in Tomczak and Large (1989), Karstensen and Tomczak (1998) and Hupe
and Karstensen (2000) and used the MATLAB code of Karstensen and Tomczak (1998),
openly available under http://omp.geomar.de/node6.html. The parameters used were potential
temperature, salinity, oxygen, phosphate, nitrate, and silicate concentrations and weighted
using the scheme described by Tomczak and Large (1989). We further used three water mass
end-members (LCDW, UCDW, NPDW), whose end-member parameters were taken from
areas north and south of our study area where deep waters enter or exit the West Pacific. The
water masses were identified based on their characteristic hydrographic properties and the
end-member parameters were selected from the World Ocean Circulation Experiment
(WOCE, http://www.ewoce.org). The [Nd] end-members were taken from stations with
published values close to the stations used for the hydrographic end-member parameters.
Table 3.1 lists the average values of all end-member parameters used along with the
respective locations and references. Nutrient data from cruise SO223T were supplemented
with data from WOCE at depths where our data showed outliers towards very low
concentrations most likely due to delayed sampling from the Niskin bottles at high tropical
temperatures (supplementary Table S3.1).

The OMPA was limited to deep water samples (>1500 m w. d.) along our NW-SE
transect, and hence did not include shallow stations 01-02 and 15-16. We focused on the deep
water column because of the difficulty of resolving subsurface and intermediate water mass
end-members.

The resulting calculated conservative water mass mixing fractions of our deep water
samples (see results section) were then used to calculate the dissolved [Nd] composition along
our transect that is expected from conservative water mass mixing alone. The difference
between the measured and modeled [Nd] hence represents the non-conservative component

controlled by Nd removal or addition.
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Table 3.1: Water mass end-member characteristics for each parameter along with locations and references.

water mass end-

NPDW UCDW LCDW
member
Potential temp.
orna 2.30 2.50 0.99
°O)

Salinity” 34.56 34.60 34.70
Oxygen (pmol/kg)® 83.4 139.9 188.1

Phosphate
(umol/kg)’ 2.80 2.53 2.29
Nitrate (umol/kg)* 39.6 36.4 335
Silicate (upmol/kg)* 1443 109.4 124.8

Location and

23.83°-25.17°N/138.57°-164.98°E,

8.91°-17.50°S/176.99°-163°W,

10.07°-17.50°S/176.71°-163°W, WOCE P15S,

Reference WOCE P03W, P10, P13 WOCE P15S, P21W, P31 P21W, P31, GEOSECS Stations 259, 263
Nd (pmol/kg)® 28.0 14.2 24.7
Location and TPS24 271-1 (Piepgras and SX20 and SX22 (Amakawa et

Reference Jacobsen, 1988) al., 2013) $X20 and $X22 (Amakawa et al., 2013)

NPDW: North Pacific Deep Water, UCDW and LCDW: Upper and Lower Circumpolar Deep Water.
“average value (n = 7-8).
“average value (n = 2-6).

3.4. Results
3.4.1. Dissolved REE concentrations

Data are listed in the supplementary Table S3.2 and are available on Pangaea
(www.pangaea.de) under doi:10.1594/PANGAEA.871176 and the GEOTRACES data center
(www.bodc.ac.uk/geotraces). Vertical full water and upper water column profiles (Figs. 3.2a,
b) and sections (Figs. 3.3a-d) of dissolved praseodymium and erbium concentrations ([Pr] and
[Er]) are shown as representative for LREE and HREE distributions, respectively. We do not
describe the vertical profile and full water column section of middle REEs (MREE) in detail
due to their intermediate behavior. The Ce profiles vary significantly due to the high
analytical uncertainty (see section 3.3.2. and Behrens et al., 2016) and are therefore not
discussed.

The vertical profiles show elevated [REE] at the surface compared to the subsurface
(Figs. 3.2a, b). Highest surface water [REE] of all stations in this study are found at stations
01 and 02 closest to South Korea ([Pr] =2.90 pmol/kg and 3.71 pmol/kg, [Er] = 4.13 pmol/kg
and 5.24 pmol/kg, respectively, supplementary Table S3.2) (Fig. 3.2a). In the TWP, on the
other hand, surface water, SPTW (120-200 m w. d., stations 17-19), and NPTW (121-142 m
w. d., stations 11-14) show the lowest [REE] of our study ([Pr] = 0.57-1.21 pmol/kg, [Er] =
1.30-1.82 pmol/kg) (supplementary Table S3.2). At the equatorial stations 15 and 16, surface
and subsurface [REE] are slightly elevated over those just north and south of the equator in
the TWP ([Pr] = 0.91-1.45 pmol/kg, [Er] = 1.62-2.21 pmol/kg, Figs. 3.3a, c¢). At intermediate
depths in the SKO section, LREE concentrations ([LREE]) of NPIW increase with depth,
whereas low [LREE] of AAIW in the TWP section are laterally and vertically constant (Figs.
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3.3b, d). Deep water [REE] increase with depth (1000-3000 m w. d.) at all stations and along
the transect from south to north, with highest [REE] found in the deep North Pacific (Figs.
3.3b, d). Below 3000 m w. d., [REE] of LCDW are constant, except for near-bottom water at
station 11 (93 m above the bottom) with slightly elevated [LREE], and only increase by 1.81
pmol/kg in [Pr] and 0.92 pmol/kg in [Er] from south to north (station 18 to 04) (Figs. 3.2a, b,
3b, d).
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Fig. 3.2. Selected vertical full water (6000 m) and upper water column profiles (=500 m) of Pr and Er
concentrations (pmol/kg) representing LREEs and HREEs, respectively, from stations (a) 01-05 of the
SKO, and (b) 11-19 of the TWP sections. Error bars denote 26 SD estimated by repeated processing
and analysis of GEOTRACES seawater standard SAFe 3000 m. Note that bracketed data points are

flagged values and excluded from interpretation. For abbreviations of water masses see Fig. 3.1.
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Fig. 3.3. Sections of upper water column (a, c¢) and full water column (b, d) showing the distribution of
(a, b) Pr concentration (pmol/kg) and (c, d) Er concentration (pmol/kg) of stations from the SKO (01-
05) and TWP (11-19) sections, respectively. (a, ¢) Salinity contours are shown in solid white (data
from Behrens et al., in prep.). For abbreviations of water masses see Fig. 3.1. Sections produced with
Ocean Data View (Schlitzer, 2014).

In the TWP, eastward flowing surface and subsurface currents (NECC, SC, EUC,
SECC) (and the westward flowing SEC at station 19) of the equatorial zonal current system
carry surface and subsurface waters that show slightly higher positive PAAS-normalized Eu
anomalies ([Eu/Eu*]y = [3 X Eun/(2 x Smy + Tby)], Zhang et al., 2008) of up to 1.25 along
with higher Nd isotope compositions (expressed as eng) compared to other samples of this
study (Figs. 3.1a, 4a). Westward flowing subsurface currents (SEC, EIC), on the other hand,
lack this elevated positive Eu anomaly (<1.15) (Figs. 3.1a, 4a).
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In the TWP, a depletion in heaviest REEs, expressed by elevated PAAS-normalized Er
over Yb ratios (Er/Yb)y, is observed in surface and subsurface (NPTW and SPTW) waters
(Fig. 3.4d).
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Fig. 3.4. Sections of upper water column showing the distribution of (a) PAAS-normalized Eu
anomalies (Eu/Eu*)y, (b) Nd isotope ratios (expressed as eng), (¢) Nd concentrations (pmol/kg), and
(d) PAAS-normalized Er over Yb ratios (Er/Yb)y of stations from the TWP (11-19) section. (a, b) For
abbreviations and references of surface and subsurface eastward (black) and westward (white) currents
see Fig. 3.1. (c, d) Salinity contours are shown in solid white (data from Behrens et al., in prep.).
Subsurface waters are North and South Pacific Tropical Water (NPTW and SPTW) and modified
SPTW that is influenced by input from Papua New Guinea (PNG) along its flow path before reaching
stations 15 and 16. (b, ¢) are modified after Behrens et al. (in prep.). Sections produced with Ocean
Data View (Schlitzer, 2014).
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3.4.2. Optimum Multiparameter Analysis: water mass mixing fractions

Figures 3.5a and b present the OMPA results showing the calculated water mass
fractions for NPDW and LCDW, respectively. These results are consistent with hydrographic
observations along our transect (Behrens et al., in prep.). The fraction of NPDW is highest
(>80%) at <2000 m w. d. along the entire transect and progressively decreases with depth
(Fig. 3.5a). In contrast, the fraction of LCDW is highest (>80%) below 4000 m w. d. and
decreases upwards and from south to north (65% at the northernmost deep station 03 below

3000 m w. d.) (Fig. 3.5b).
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Fig. 3.5. Sections of deep water column (>1500 m water depth) of stations from the SKO (03-05) and
TWP (11, 14, 17-19) sections showing the calculated mixing fractions of NPDW in (a) and LCDW in
(b), and (c) the contribution of ANd (the difference between the measured Nd concentration and the
Nd concentration calculated using the OMPA results) relative to the measured Nd concentration
(ANd/Nd). ANd/Nd values around 0 represent that dissolved Nd concentrations are entirely controlled
by water mass transport and mixing, whereas positive and negative values represent addition and
removal of Nd, respectively. Sections produced with Ocean Data View (Schlitzer, 2014).
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Figure 3.5¢ presents the distribution of ANd/Nd, where ANd is the difference between
the measured [Nd] and the calculated [Nd] assuming water mass mixing only. That is,
positive and negative values in Fig. 3.5c reflect the fraction of Nd addition and removal,
respectively, through non-conservative processes and behavior. Values around 0, on the other
hand, indicate entirely conservative behavior of dissolved [Nd] i.e., a dominant control by
water mass transport and mixing. At the depth of deep waters (~1500-3000 m w. d.), our
OMPA results indicate a dominance of water mass mixing (>76%) on the [Nd] distribution in
the SKO section, and a slight dominance of Nd removal (up to 66%) over water mass mixing
in the TWP section (Fig. 3.5¢). At the depth of LCDW (>3000 m), the OMPA results for [Nd]
indicate water mass transport and mixing as dominant mechanism controlling the [Nd]
distribution along the transect (73-100%), with some Nd addition (up to 27%) in the North
Pacific (Fig. 3.5¢).

3.5. Discussion
3.5.1. Conservative vs. non-conservative processes and behavior
3.5.1.1. Trace element input to the West Pacific

Highest [REE] in South Korean surface waters indicate continental TE input (Fig.
3.2a). In order to identify the source of these high [REE], we normalized our REE data from
the SKO section to those of the surface water sample from station BO ssw-28 in the central
North Pacific (Hongo et al., 2006) that can be considered to be unaffected by continental input
(Greaves at al., 1989) (Fig. 3.1a). The resulting normalized REE values of surface waters at
stations 01-03 show patterns enriched in LREE and MREE, with a marked increase in the
HREEs ytterbium (Yb) and lutetium (Lu) (Fig. 3.6a). These patterns flatten and absolute
concentrations decrease offshore, reaching normalized REE values around 1 and a nearly flat
REE pattern at station 05. Available REE data of potential sources (Chinese loess, Liu et al.,
1993, South Korean river water and groundwater (Jeju Island), Kim and Kim, 2014),
normalized to the same surface water [REE], all reveal a similar pattern of LREE and MREE
enrichment (Fig. 3.6b). South Korean river water is the only source that also shows an
increase in Yb and Lu seen in our surface samples, suggesting river water as an important
source of REEs to the surface ocean. This is supported by low surface salinity (33.4) and
unradiogenic Nd isotope compositions (expressed as eng, With exg as low as -7.3) at stations
01-02 (Behrens et al., in prep.), that are in line with input from South Korean and Chinese
rivers with an unradiogenic sedimentary exgq of ~ -18 to -13 (Lan et al., 1995) and eng ~ -11

(Goldstein et al., 1984), respectively.
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Fig. 3.6. REE patterns of (a) surface water samples of stations from the SKO (01-05) section and (c)
selected surface and subsurface water samples of stations from the equatorial TWP (15-17) along with
(b, d) published potential sources are plotted on linear scales. All seawater samples and potential
sources are normalized to (a, b) open ocean surface water from station BO ssw-28 (Hongo et al., 2006)
and (c, d) surface or subsurface (only for stations 15 and 16, 130 m and 120 m) water from station
GeoB17019 (this study) (Fig. 3.1a). Published potential sources are (b) Chinese loess (Liu et al.,
1993), South Korean river water and groundwater (Jeju Island) (Kim and Kim, 2014), and (d) PNG
coastal surface water from station EUC-Fe-28 (Grenier et al.2013) and Sepik river water (Sholkovitz
et al., 1999) (Fig. 3.1a).

In the TWP, radiogenic exg (up to +0.7) of surface and subsurface waters was
previously interpreted as reflecting TE input and/or boundary exchange at volcanic island
margins such as PNG (Behrens et al., in prep.). Boundary exchange modifies the Nd isotope
composition without significantly affecting Nd (and other REE) concentrations (Lacan and
Jeandel, 2001, 2005). However, evidence of TE input from PNG to the TWP is given in the
equatorial region based on slightly elevated surface and subsurface water (SPTW) [REE]
(stations 15-17) compared to stations immediately north and south of the equator (stations 11-
14 and 17-19) (Fig. 3.4c). In order to further distinguish between TE input and boundary
exchange near the PNG margin, we normalized the elevated surface (5-20 m w. d.) and
subsurface (SPTW, 120 and 130 m w. d.) [REE] at stations 15-17 to the [REE] of surface and
subsurface water at station 19 (5 m and 120 m w. d.), which is located upstream of our
equatorial stations and considered unaffected by modification (Behrens et al., in prep.). We

also normalized the [REE] of PNG coastal surface water from station EUC-Fe-28 near the
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mouth of the Sepik River (Grenier et al., 2013) and Sepik river water (Sholkovitz et al., 1999)
(Figs. 3.1a, 3.6¢c, d). The normalized REE patterns reveal an MREE enrichment in surface
water (stations 15-17) and SPTW (stations 15 and 16) downstream of PNG. This MREE
enrichment is reminiscent of the normalized pattern of PNG coastal surface water (EUC-Fe-
28) and Sepik river water (Figs. 3.6c, d). We therefore suggest active TE input from PNG into
coastal surface and subsurface waters of the West Pacific, and transport within eastward
flowing surface currents (SC) and the EUC towards our study area (Fig. 3.1a). Trace element
sources are weathering of phosphate minerals in Sepik river water (Sholkovitz et al., 1999;
Hannigan and Sholkovitz, 2001) and margin sediments (Grenier et al., 2013). Several other
studies previously pointed out the importance of PNG as source of TEs, including iron, to the
equatorial region (e.g., Lacan and Jeandel, 2001, Slemons et al., 2010; Radic et al., 2011;
Grenier et al., 2013; Labatut et al., 2014). For example, Radic et al. (2011) and Labatut et al.
(2014) used dissolved iron isotopes in equatorial West Pacific waters to suggest non-reductive
dissolution of Fe from PNG margin sediments and input to surface and subsurface (EUC)

waters.
3.5.1.2. Equatorial zonal trace element transport

Elevated positive PAAS-normalized Eu anomalies of surface and subsurface waters in
the equatorial TWP compared to other samples of this study are indicative of REE input from
the volcanic islands in the West Pacific (e.g., Behrens et al., in prep.; Grenier et al., 2013). We
find Eu anomalies at stations and water depths influenced by eastward flowing surface and
subsurface currents (NECC, SC, EUC, SECC), while westward currents lack this clear Eu-
anomaly (except for the westward flowing SEC at station 19 due to contact with Fiji, see also
Behrens et al., in prep.) (Fig. 3.4a). The elevated positive Eu anomalies in addition to the
radiogenic eng signatures of the surface and subsurface waters (Behrens et al., in prep.)
fingerprint the source and flow path of currents flowing eastward in the equatorial zonal
current system towards the East Pacific (Figs. 3.4a, b). The REE data therefore confirm our
eng results from the same stations and water depths that show a radiogenic overprint from
volcanic islands, and refine previous results from this area. Our new data allow us to precisely
pinpoint the eastward flowing EUC with a particularly strong and well-defined positive Eu-
anomaly, enriched MREE pattern (see section 3.5.1.1.), highly radiogenic eng, and elevated
[REE] at stations 15 and 16 (‘modified’ SPTW). These signals derive from modification at
and input from PNG (see section 3.5.1.1.). Other eastward flowing currents, the NECC and
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SECC, that originate from the Philippine Islands and the Solomon Islands, respectively, show
a slightly less pronounced modification (Figs. 3.4a-c, 6c¢).

Our data therefore clearly document TE input into the West Pacific from PNG, and to
a lesser extent from other volcanic islands, and eastward transport within the eastward
flowing surface and subsurface currents of the tropical Pacific. The results therefore support
the hypothesis of previous studies on the importance of the TWP as source region of
micronutrients and other TEs to the iron-limited East Pacific (e.g., Lacan and Jeandel, 2001;
Slemons et al., 2010; Radic et al., 2011; Grenier et al., 2013; Labatut et al., 2014), and

highlight in detail the small-scale equatorial zonal eastward transport of TEs.
3.5.1.3. REE transport within South and North Pacific Tropical Water

In the upper 600 m w. d. of our transect, we previously highlighted the close
correlation of low [Nd] with the high salinity tongue of South Pacific Tropical Water (SPTW;
Behrens et al., in prep.). A similar correlation is also obvious for [Pr] and [Er] (Figs. 3.3a, c).
SPTW originates in the oligotrophic South Pacific Subtropical Gyre, where [REE] at the
surface are extremely low (Jeandel et al., 2013) due to almost absent terrestrial input. This
tongue of high-salinity SPTW and low [REE] can be traced from station 19 towards the
equator (stations 15, 16). At stations 15 and 16, slightly higher [REE] of SPTW are due to TE
input from PNG (see sections 3.5.1.1. and 3.5.1.2., Fig. 3.4c). At stations 14 and 11, NPTW,
the northern counterpart of SPTW, is likewise marked by high salinity and low [REE]
(Behrens et al., in prep.). Our new HREE concentration ([HREE]) data, shown exemplary by
[Er], also indicate a clear minimum in the SPTW and NPTW layers (Fig. 3.3c). Heavy REEs
are less prone to scavenging than LREEs (e.g., Cantrell and Byrne, 1987; Byrne and Kim,
1990) and should therefore be more likely to be transported laterally without vertical
modifications. Our [HREE] data therefore support our earlier suggestion of a preformed low
[REE] signal that is transported into our study area by SPTW and NPTW.

Another independent feature in the REE concentration patterns, the depletion in
heaviest REEs from Er to Lu, further corroborates lateral transport and origin of the low
[REE] signal in the South Pacific Subtropical Gyre. The depletion in heaviest REEs,
expressed in the PAAS-normalized ratio of Er over Yb (Er/Yb)y, is a widespread feature of
surface waters (e.g., Hongo et al., 2006; Zhang et al., 2008; Jeandel et al., 2013; Pahnke et al.,
2012; Frollje et al., 2016) and has previously been hypothesized to trace continental input
(Hongo et al., 2006; Frollje et al., 2016). However, the South Pacific Subtropical Gyre is far

remote from continental areas and receives almost no terrestrial input (e.g., cruise report
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SO245, Ferdelman, 2016), yet it shows extremely strong depletion of HREEs (high (Er/Yb)n
ratios) down to a water depth of 170-300 m in the center of the gyre (Jeandel et al., 2013;
Rehbein, in prep.). Experimental and field data have shown that HREEs (especially thulium
(Tm), Yb, and Lu) are adsorbed onto bacteria cell walls (Takahashi et al., 2005; 2007),
leading to a strong enrichment of these REEs in bacteria and microbial mats and a depletion
in the surrounding water. We therefore suggest that the high (Er/Yb)y ratios found globally in
surface waters are due to microbial activity and that the especially strong Er/Yb signal in the
South Pacific Subtropical Gyre may be due to the long residence time of surface waters in the
gyre (e.g., Qu et al., 2013). The elevated Er/Yb signal at SPTW and NPTW depth along our
section, where surface waters partly have lower Er/Yb ratios than subsurface waters (Fig.
3.4d), therefore suggests a preformed rather than local origin of the signal.

SPTW has been shown to have a transit time of ~2 years from its source region in the
South Pacific Subtropical Gyre to the TWP (Qu et al., 2013), indicating that at least over this
time period, REEs in subsurface waters in this area behave conservatively. Our full suite of
[REE] therefore refines and supports our earlier notion of a laterally transported [Nd] signal

by SPTW and NPTW.
3.5.1.4. Antarctic Intermediate Water and North Pacific Intermediate Water

Constant low [Nd] within AAIW along the transect has previously been related to the
northward transport of preformed low [Nd] of AAIW (Behrens et al., in prep.) that is due to
intense scavenging of Nd in the Southern Ocean opal belt (Stichel et al., 2012b). In contrast to
AAIW, [Nd] of NPIW has been suggested to behave non-conservatively being mainly
controlled by vertical Nd addition through release of Nd from sinking organic particles due to
remineralization (Behrens et al., in prep.). Our new [REE] data of NPIW and AAIW support
these suggestions. The increase in [REE] of NPIW with depth in the SKO section, and the low
laterally and vertically constant [REE] of AAIW in the TWP section (Figs. 3.3b, d) indicate
vertical release of REEs from particles at the depth of NPIW and dominant lateral advection
of a preformed signal within the flow path of AAIW.

3.5.1.5. Deep to bottom waters

We previously pointed out that Nd behaves non-conservatively in deep waters (~1000-
3000 m w. d.) and conservatively at the depth of LCDW (>3000 m w. d.) along our transect
(Behrens et al., in prep.). In order to quantify this earlier notation, we modeled the Nd

distribution assuming entirely conservative behavior of [Nd] and using the water mass
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fractions calculated using OMPA (Fig. 3.5). Due to a lack of REE data from the Pacific that
could be used to define the end-members, we focus the following discussion on [Nd] alone.

In the northern part of the transect, deep water [Nd] (~1500-3000 m w. d.) is mainly
controlled by conservative water mass mixing (>76%, Fig. 3.5¢) including upwelling of
deeper water from ~3000 m w. d. at stations 03-05 of the SKO section (Behrens et al., in
prep.). In the TWP, the pronounced Nd removal in deep water (up to 66% at ~2000 m w. d.,
Fig. 3.5¢) was not apparent from the measured [Nd] and other [REE] data alone (Figs. 3.3b,
d). This removal may be due to enhanced scavenging of REEs near basaltic island margins of
the Solomon Islands, Fiji, and Samoa (Fig. 3.1b). This is in line with an experimental study of
Pearce et al. (2013), who used basaltic margin material in seawater and showed that dissolved
REEs are removed from seawater by scavenging into the phosphate mineral rhabdophane. In
addition, high helium concentrations in the TWP area, with a maximum at ~2000 m w. d.,
have been used to suggest active hydrothermal venting near the Solomon Islands and in the
Tonga-Fiji region (Lupton et al., 2004, 2015; Bianchi et al., 2010), and it is known that Nd is
scavenged onto Fe-Mn-oxide particles in hydrothermal plumes, leading to an [Nd] deficit
compared to surrounding seawater (e.g., Klinkhammer et al, 1983; German et al., 1990;
Stichel et al., 2012a). We therefore suggest that the low ANd/Nd at ~2000 m w. d. may reflect
enhanced scavenging in hydrothermal plumes.

Similarly to the OMPA results, deep water eng (-3.1) in the northern part of the
transect is indicative of conservative behavior of exg, whereas in the TWP, deep water enq 1s
modified towards more radiogenic values (up to -1.8) through boundary exchange at tropical
volcanic island margins and by exchange with hydrothermal particles (Behrens et al., in
prep.). Together with the OMPA results, the eng and [Nd] distributions within deep waters of
the TWP therefore suggest that volcanic island margins and hydrothermal plumes affect both
Nd isotopes and [REE] in this region.

At the depth of LCDW (>3000 m w. d.), constant vertical and lateral [Nd] along the
transect were previously suggested to indicate advection of [Nd], and hence conservative
behavior (Behrens et al., in prep.). This is also seen in our new [REE] data (Fig. 3b, d), and
the OMPA results for [Nd] support this by indicating that 73-100% of the [Nd] can be
explained by conservative behavior (Fig. 3.5c). At stations 03 and 04 (~25°-28°N), the
northernmost deep water stations of our transect, still show a dominance (>78%) of water
mass transport and mixing on [Nd].

The eng of LCDW along our transect shows a non-conservative modification towards

more radiogenic values (by ~1 eng unit) from south to north (Behrens et al., in prep.).
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Together with the OMPA results, the exg and [Nd] distributions within LCDW suggest
boundary exchange along the northward flow path of LCDW affecting Nd isotopes without
influencing [REE]. Our results therefore demonstrate that the preformed constant [REE] are
transported laterally over substantial distances (Figs. 3.7a, b), while exq is more quickly
overprinted by radiogenic Nd sources. The preformed constant [REE] of LCDW along our
section from station 18 to stations 04 and 03 (~8°S to ~25° and 28°N) is also found at station
TPS2471-1 (Piepgras and Jacobsen, 1992) east of our station 04, but is absent in the central
North Pacific at station ALOHA near Hawaii (station KM1107-11), where an increase in
LREEs at the depth of LCDW indicates the presence of PDW (Frollje et al., 2016) (Figs. 3.1b,
3.7a, b). Minor addition of Nd within LCDW in the North Pacific (stations 03-05, 11, 14,
~20%) suggests release of Nd from sinking particles or/and bottom sediments (e.g.,
Sholkovitz et al., 1989) (Fig. 3.5¢). Yet, our data do not support a substantial benthic flux of
REE:s as suggested by Abbott et al. (2015a).
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Fig. 3.7. Deep water column (a) Nd, and (b) Er concentrations (pmol/kg) for all samples of this study
along the transect (color represents latitude) and published stations TPS24 271-1 (Piepgras and
Jacobsen, 1992) and KM1107-11 (Frollje et al., 2016) in the western and central North Pacific,
respectively, at ~25°N (see Fig. 3.1b). For abbreviations of water masses see Fig. 3.1. Plot produced
with Ocean Data View (Schlitzer, 2014).
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3.6. Conclusions

This study presents dissolved seawater REE concentrations ([REE]) along a NW-SE
transect in the West Pacific. Our data reveal significant continental TE input to the West
Pacific near South Korea and Papua New Guinea (PNG). Our previous study using eng from
the same samples also suggested input and/or modification of the seawater signal in these
areas (Behrens et al., in prep.), but our new data now provide evidence for active input both
near South Korea and PNG and afford clear identification of the sources. South Korean rivers
are responsible for substantial REE input in the northern part of our section, while PNG river
discharge and volcanic island margin sediments supply REE and modify the seawater REE
composition in the tropical West Pacific. The fine-scale distribution of positive Eu anomalies
that fingerprint input from the volcanic islands in the tropical West Pacific further provide
detailed evidence for TE transport in the eastward flowing surface and subsurface currents of
the equatorial zonal current system.

[REE] and elevated Er/YDb ratios at subsurface depth correlate with the distribution of
high salinity SPTW and NPTW and are reminiscent of the surface water REE compositions in
the SPTW, NPTW source regions. They hence provide evidence for a laterally transported
preformed rather than local REE signal, suggesting conservative behavior of REEs even at
subsurface depth in the open ocean.

The REE distributions of NPIW and AAIW indicate vertical release of REEs from
particles at the depth of NPIW, and lateral transport of a preformed low-[REE] signal with
AAIW.

Deep water [REE] (~1500-3000 m w. d.) in the southern part of our transect (15°S-
10°N) are dominated by REE removal, likely due to scavenging at basaltic margins (the
Solomon Islands, Fiji, and Samoa) and by scavenging onto Fe-Mn-oxide particles in the
hydrothermal plumes located near the Solomon Islands and in the Tonga-Fiji region. In the
northern part of the transect, REEs in deep waters are mainly controlled by conservative water
mass mixing including upwelling of deeper water. At the depth of LCDW, preformed and
vertically constant [REE] indicate lateral transport from the Southern Ocean to as far north as
~28°N in the West Pacific (up to 100% conservative behavior in the south, >78% at the
northernmost deep stations).

That is, the new [REE] data presented here provide additional evidence for the largely
conservative behavior of REE from the subsurface to abyssal ocean in the Pacific, and for

regionally and locally important REE input and modification mainly in coastal regions that
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further enable tracing of small-scale REE (and other TE) transport in surface and subsurface

currents in the tropical region.
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3.8. Supplementary Tables

Table S3.1: Nutrient data from cruise SO223T (this study) supplemented with published data from WOCE (http://www.ewoce.org).

Sample Potential .. Oxygen Phosphate Nitrate Silicate .
IDp t:,oncl};. Salinity (ungkg) (um(f’]/kg) (umol/kg) (umol/kg) Location and Reference
Station GeoB17003- (28.7163°N/131.0852°E)
1-4 2.40 34.51 72.87 2.89 39.90 138.30 28.55°N/133.02°E, P24 Station 12
1-3 1.87 34.58 97.80 2.75 38.30 142.60 28.55°N/133.02°E, P24 Station 12
1-1 1.27 34.58 134.08 2.34 36.73 145.61 this study
Station GeoB17004- (25.3782°N/134.3756°E)

1-11 2.36 34.52 74.73 2.87 39.80 139.90 25.73°N/134.72°E, P24 Station 20
1-10 1.83 34.59 102.27 2.72 38.00 141.60 25.73°N/134.72°E, P24 Station 20
1-9 1.53 34.63 118.99 2.63 37.20 141.60 25.73°N/134.72°E, P24 Station 20
1-8 1.37 34.64 128.25 2.58 36.50 141.30 25.73°N/134.72°E, P24 Station 20
1-7 1.28 34.65 133.81 2.52 36.00 140.30 25.73°N/134.72°E, P24 Station 20
1-6 1.23 34.66 137.22 2.52 35.90 140.00 25.73°N/134.72°E, P24 Station 20
1-5 1.21 34.66 139.70 2.51 35.90 139.80 25.73°N/134.72°E, P24 Station 20
1-4 1.20 34.66 140.34 2.53 36.00 140.00 25.73°N/134.72°E, P24 Station 20
1-1 1.20 34.66 143.97 2.52 36.00 140.00 25.73°N/134.72°E, P24 Station 20

Station GeoB17005- (20.4323°N/139.6161°E)
1-5 2.44 34.56 86.03 2.72 37.30 139.15 20.05°N/137.02°E, PRO2 Station RY8101
1-4 1.86 34.61 104.24 2.73 37.80 146.18 20.05°N/137.02°E, PRO2 Station RY8101
1-1 1.40 34.65 125.93 2.61 36.30 146.99 20.05°N/137.02°E, PRO2 Station RY8101
Station GeoB17011- (10.6342°N/148.9010°E)

1-11 2.68 34.58 87.56 2.82 39.70 125.00 9.49°N/150.83°E, P04 W Station 54

1-10 2.02 34.61 100.57 2.76 39.10 140.20 9.49°N/150.83°E, P04 W Station 54
1-9 1.67 34.63 110.61 2.70 38.40 146.80 9.49°N/150.83°E, P04 W Station 54
1-8 1.39 34.65 123.34 2.55 36.68 149.73 this study
1-7 1.17 34.67 139.90 2.49 36.10 140.35 9.49°N/150.83°E, P04 W Station 54
1-5 1.08 34.67 148.42 2.44 35.50 138.84 9.49°N/150.83°E, P04 W Station 54
1-4 1.03 34.68 155.26 2.40 35.00 133.40 9.49°N/150.83°E, P04 W Station 54
1-1 1.01 34.68 157.69 2.43 38.00 137.35 this study

Station GeoB17014- (6.7842°N/154.1982°E)

1-11 2.87 34.58 85.14 2.75 38.80 126.30 5.99°N/148.28°E, P10 Station 36
1-9 2.02 34.62 99.54 2.71 38.30 137.30 5.99°N/148.28°E, P10 Station 36
1-8 1.62 34.64 112.92 2.61 37.20 142.20 5.99°N/148.28°E, P10 Station 36
1-7 1.41 34.65 124.01 2.55 36.40 142.50 5.99°N/148.28°E, P10 Station 36
1-6 1.20 34.66 138.18 2.49 35.80 141.40 5.99°N/148.28°E, P10 Station 36
1-5 1.14 34.67 142.55 2.46 35.50 140.60 5.99°N/148.28°E, P10 Station 36
1-4 1.05 34.67 151.63 2.48 35.50 140.70 5.99°N/148.28°E, P10 Station 36
1-3 1.05 34.67 152.77 2.48 35.50 140.70 5.99°N/148.28°E, P10 Station 36

Station GeoB17017- (2.0021°S/161.9998°E)
1-4 2.13 34.62 104.82 2.66 36.00 134.93 3.19°S/164.73°E, P13 Station 84
1-3 1.48 34.65 120.87 2.57 35.10 146.70 3.19°S/164.73°E, P13 Station 84
1-2 1.43 34.65 122.88 2.40 31.02 146.36 this study

Station GeoB17018- (8.2019°S/166.0826°E)

1-9 2.67 34.58 118.50 2.62 36.90 110.26 8°S/179.01°E, P14N Station 169
1-8 1.93 34.62 120.55 2.61 36.80 118.69 8°S/179.01°E, P14N Station 169
1-7 1.59 34.64 123.03 2.59 36.60 137.70 8°S/179.01°E, P14N Station 169
1-6 1.46 34.65 126.05 2.51 35.80 138.20 8°S/179.01°E, P14N Station 169
1-5 1.34 34.66 133.41 2.49 35.50 137.80 8°S/179.01°E, P14N Station 169
1-4 1.17 34.67 146.71 2.40 34.20 136.43 8°S/179.01°E, P14N Station 169
1-3 1.14 34.67 149.05 2.30 32.90 125.60 8°S/179.01°E, P14N Station 169
1-2 1.14 34.67 148.74 2.28 32.80 124.00 8°S/179.01°E, P14N Station 169

Station GeoB17019- (15.2179°S/173.5187°E)

1-5 2.29 34.59 131.28 2.31 37.35 115.67 this study
1-4 1.70 34.64 132.38 2.53 36.20 133.30 12.51°S/179°E, P14N Station 178
1-2 1.65 34.64 131.96 2.50 36.20 134.90 12.51°S/179°E, P14N Station 178
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Highlights

* Robust and rapid preconcentration of REE using the seaFAST system in offline mode
* Accurate and precise isotope dilution ICP-MS method

* Intercomparison provides first Pacific seawater REE reference standard

* International intercomparison of Pacific seawater REE for the GEOTRACES program

Abstract

Rare earth elements are used as tracers for oceanic trace element cycling. However,
the low (picomolar level) dissolved REE concentrations and time-consuming methods have so
far hindered their extensive use in marine studies. This study reports the first application of
the automated seaFAST-pico system (Elemental Scientific Inc.) in offline mode and using
multi-element isotope dilution inductively coupled plasma-mass spectrometry (ID ICP-MS)
for the robust and rapid pre-concentration, purification, and analysis of dissolved REEs from
small volumes of seawater (11-12 mL). Accuracy of our new method is checked with
replicates of GEOTRACES intercalibration seawater from BATS (North Atlantic) at 15 m
and 2000 m water depths. Our results show excellent agreement (within the analytical
uncertainty, 26 SD) with the published intercalibrated values from the GEOTRACES
intercalibration study. Replicates of GEOTRACES intercalibration seawater from SAFe at
3000 m water depth (North Pacific) indicate a procedural long-term error of <3.9% 2c RSD
for all REEs, except for Ce and Gd. An international intercomparison from 4 labs using SAFe
3000 m seawater aliquots, 2 of which also use the seaFAST-pico system in offline mode, and
different pre-concentration, purification, and analytical methods shows excellent agreement
between REE concentrations within 7% (2o RSD) (except for Ce 71%, Gd 14%, Lu 12%).
This is comparable to the agreement obtained for the BATS 15 m and 2000 m samples by six
different labs for the international GEOTRACES intercalibration study (van de Flierdt et al.,
2012). The REE intercomparison values of SAFe 3000 m (i.e., the average of the values from
the 4 labs) in this study agree within the analytical uncertainties (26 SD) with published REE
values of deep seawater from nearby stations. Our international intercomparison provides the
first REE intercomparison values for the GEOTRACES intercalibration station SAFe at 3000
m, and establishes the first reference seawater REE values for quality control of future REE
studies in the Pacific Ocean as SAFe will remain a GEOTRACES baseline, and hence
intercalibration station, for cruises in the North Pacific. Our method is easy to adopt and
enables the extensive use of REEs, thereby opening the way to build a global seawater REE

dataset.



4. Rapid and precise analysis of rare earth elements in small volumes of seawater — Method and intercomparison 79

4.1. Introduction

Rare earth elements exist predominantly in the trivalent oxidation state. Only Eu and
Ce can be reduced to Eu(Il) and oxidized to Ce(IV) depending on the redox conditions. A
systematic chemical property of REEs is the decrease in ionic radii with increasing atomic
number, which leads to an increase in the strength of complexation by carbonate ions from
LREEs to heavy HREEs in seawater that makes heavies more soluble. Light REEs are
therefore preferentially scavenged by particles, resulting in a characteristic shale-normalized
fractionation pattern in seawater with a HREE over LREE enrichment (e.g., Cantrell and
Byrne, 1987; Elderfield, 1988; Byrne and Kim, 1990; Quinn et al., 2006; Schijf et al., 2015).
Differences and changes in shale-normalized REE patterns in seawater have been used as
diagnostic tool to trace and characterize 1) marine geochemical processes (e.g. scavenging, re-
mineralization, redox changes), 2) sources of trace elements to the ocean, 3) anthropogenic
pollution, and 4) different water masses (e.g., Alibo and Nozaki, 1999; Elderfield, 1988;
Hongo et al., 2007; Jeandel et al., 2013; Kim and Kim, 2011; Kulaksiz and Bau, 2011; Lacan
and Jeandel, 2001; Shaw et al., 2003; Sholkovitz et al., 1994; Zhang and Nozaki, 1996).

The wide potential for the application of REEs in marine, coastal, and estuarine
environments as well as the lack of understanding of oceanic trace element cycling has led to
increased interest in applying seawater REE analyses. As a result, REEs are part of the
international GEOTRACES program (e.g., Grenier et al., 2013; Hathorne et al., 2015; Jeandel
et al., 2013). However, extensive use of REEs as tracers in the ocean has been hindered by
major difficulties: 1) the low (picomolar level) concentration of REEs in seawater that
requires sample pre-concentration, 2) the high salt matrix interferences that require sample
purification, 3) the potential fractionation of REEs during the chemical procedures, 4) the
high analytical precision required to resolve small changes in the fractionation among REEs,
and 5) the oxide interferences (Ba on Eu, and LREEs on HREEz).

In previous approaches, dissolved REEs have been pre-concentrated and purified
using liquid-phase or solid-phase extractions (e.g., magnesium or iron co-precipitation,
chelating and ion-exchange resins) and analyzed by either instrumental neutron activation,
thermal ionization mass spectrometry, inductively coupled plasma-atomic emission
spectrometry, or inductively coupled plasma-mass spectrometry (Hatje et al., 2014; Shaw et
al., 2003; Zheng et al., 2015 and references therein). However, these methods have important
limitations due either the requirement of large sample volumes (up to ~20 L), the inability to

analyze mono-isotopic REEs, low precision, or time-consuming procedures (e.g., de Baar et
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al., 1985; Greaves et al., 1989). Recently, Hathorne et al. (2012, 2015) presented a method
using the commercially available seaFAST system (Elemental Scientific Inc. Omaha,
Nebraska, USA) that allows automated, rapid pre-concentration and purification of all REEs
directly from small volumes of seawater (7 mL and 11 mL, respectively). In both cases, the
authors used the online pre-concentration system directly connected to an ICP-MS. This
allows for the immediate determination of REE concentrations yielding average precisions of
12% (20 RSD) for a 7 mL seawater sample (South Atlantic, 59°N, 0°E, 2000 m) (Hathorne et
al., 2012) and 8.4%, 12%, and 5.0% (26 RSD) for an 11 mL seawater sample (BATS,
31°40°N, 64°10°W, 15 m and 2000 m; Station 113, 52°59.80°S, 0°02.00’E, 1000 m),
respectively (Hathorne et al., 2015).

In this study, we present the method at ICBM (Institute for Chemistry and Biology of
the Marine Environment), University of Oldenburg, that uses the seaFAST-pico system in
offline pre-concentration mode, that is, the pre-concentrated REE fractions are collected into
sample vials prior to analysis. We choose the offline operation for the following reasons: 1)
the automated pre-concentration can be run over night independent of an ICP-MS, saving
argon gas and operator time, and 2) the samples can be analyzed with a constant signal instead
of an elution peak signal, allowing several measurement passes and, if required, re-analyses,
thereby increasing analytical precision significantly. The disadvantages are the lack of
immediate assessment of the elemental concentrations, lower signal intensities for the same
sample volume compared to time-resolved analysis at the highest elution peak signal (e.g.,
Hathorne et al., 2012), and the potential of slightly higher total procedural blanks due to an
additional dilution step.

In the first part of this manuscript, we outline the details of our procedure using the
seaFAST system in offline mode and provide a robust and rapid method for the pre-
concentration and purification of REEs from small sample volumes (11-12 mL). For analyses,
we use the advantages of both multi-element ID ICP-MS and a desolvating sample
introduction system for precise and accurate analysis of REE concentrations (presented as
pmol/kg). In the second part of this manuscript, we provide an international intercomparison
by four labs of dissolved REE concentrations on sample aliquots from North Pacific station
SAFe from 3000 m water depth. Lab 1 is ICBM, Lab 2 is LDEO (Lamont Doherty Earth
Observatory), Columbia University, Lab 3 is CEOAS (College of Earth, Ocean and
Atmospheric Sciences), Oregon State University, and Lab 4 is LEGOS (Laboratoire d'Etudes
en Géophysique et Océanographie Spatiale), University of Toulouse. Both LDEO and

CEOAS also use the seaFAST-pico system in offline mode, and we outline the small
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differences in procedure. These results further validate our new method and provide the first
REE intercomparison values for a GEOTRACES intercalibration station in the North Pacific,
based on averaging the average values from the four labs. So far, there is no widely available
GEOTRACES seawater standard for REE concentrations from the Pacific. The GEOTRACES
intercalibration samples BATS 15 m and 2000 m from the North Atlantic are nearly depleted

already, and the SAFe sample is a possible alternative.
4.2. Materials and procedures
4.2.1. Sample locations and onboard procedure

We used seawater collected during two GEOTRACES intercalibration cruises at
stations BATS (31°40°N, 64°10°W, 15 m, 2000 m water depth) in the North Atlantic (R/V
Knorr, KN193-6, June-July 2008) and SAFe (30°N, 140°W, 3000 m water depth) in the North
Pacific (R/V Knorr, KN195-8, May 2009). The shipboard sampling procedures are described
in detail in Pahnke et al. (2012) and van de Flierdt et al. (2012). Briefly, the surface water was
sampled using a trace-metal clean towed sampling system (GeoFish) (Bruland et al., 2005),
while deep waters were collected from multiple casts using trace-metal clean GO-FLO bottles
(General Oceanics) (Cutter and Bruland, 2012; van de Flierdt et al., 2012). Seawater samples
were filtered through 0.2 um pore size Osmonics (Memtrex) cartridge filters, transferred into
large tanks through Teflon tubing, acidified to pH <2, mixed overnight, and subsampled into
acid-cleaned HDPE or LDPE bottles. The participants of this intercomparison study received
aliquots directly from the intercalibration cruise in 2009 (e.g., van de Flierdt et al., 2012) or

we provided them with an aliquot from our subsample in acid-cleaned HDPE bottles.
4.2.2. Lab 1: Offline seaFAST pre-concentration of REEs and multi-element ID ICP-MS
4.2.2.1. Pre-concentration of REEs from seawater

The pre-concentration method of this study (Lab 1, ICBM) is described in detail in the
following and summarized in Table 4.1. Dilutions were prepared with high purity water (18.2
MQ cm). Chemicals used were of high purity (ammonium hydroxide, ultra-quality Carl Roth)
and ultra-high purity (nitric acid, glacial acetic acid, optima quality Fisher Chemical). The
required buffer solution was prepared using 157 mL high purity water, 140 mL glacial acetic
acid, and 203 mL 20% ammonium hydroxide. The pH of the buffer solution (6.0 = 0.2) was
adjusted by adding small amounts of either glacial acetic acid or ammonium hydroxide.

Dilutions were prepared with high purity water (18.2 MQ cm). Chemicals used were

of high purity (ammonium hydroxide, ultra-quality Carl Roth) and ultra-high purity (nitric
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acid, glacial acetic acid, optima quality Fisher Chemical). The required buffer solution was
prepared using 157 mL high purity water, 140 mL glacial acetic acid, and 203 mL 20%
ammonium hydroxide. The pH of the buffer solution (6.0 & 0.2) was adjusted by adding small
amounts of either glacial acetic acid or ammonium hydroxide. A 1.5 N HNOs was used as
eluting acid, and a 2% HNO; was used as rinse solution for the autosampler probe.

The seaFAST-pico system used here for the automated pre-concentration of REEs
from seawater consists of an autosampler with 120 positions for sample and elution vials
each, clean enclosure, and ultra-low particulate air filter, a pre-concentration and clean-up
column with PFA (perfluoroalkoxy) housing and PTFE (polytetrafluoroethylene) frits, and
triple 6-port valves with PFA rotors and CTFE (chlorotrifluoroethylene) stators that regulate
the pre-concentration process. All solutions were pumped through PFA tubing using one 12
mL CTFE/PTFE and three 3 mL quartz/PFA SYRIX syringe pumps (S400V syringe pump
module). The pre-concentration and clean-up columns were packed with 200 pL of a
chelating resin consisting of ethylenediaminetriacetic acid and iminodiacetic acid functional
groups to pre-concentrate trace elements from seawater while anions and alkali and alkaline
earth cations pass through the resin (http://www.icpms.com/pdf/seaFAST-seawater-
analysis.pdf). For our purposes, a 10 mL PFA sample loop was used that required an initial
sample volume of 11-12 mL. The offline pre-concentration and elution of REEs on the
seaFAST for 11-12 mL of seawater took ~15 min per sample and the separations were run

automatically overnight.

Table 4.1: Summary of methodologies used in this study (Lab 1) and by the three participating labs.

Sample Pre-concentration Quantification
L ik Inst t
ab Volume Spike Method Method fstramen
1 11-12 mL multi-element offline seaFAST-pico system isotope dilution Thermo Finnigan
REE spike ELEMENT 2
ICP-MS
2 10 mL multi-element offline seaFAST-pico system isotope dilution VG PQ ExCell
REE spike ICP-MS
3 20 mL offline seaFAST-pico system external standards Thermo Xseries-II
ICP-MS
4 500 mL ''Nd, "?Yb,  Fe co-precipitation with 0.5 g Fe; 2 mL isotope dilution Agilent 7500 ICP-
Indium, of Biorad AG1X8 anion exchange coupled with internal MS
Rhenium resin, 100-200 pm mesh-size and external standards

Lab I: Institute for Chemistry and Biology of the Marine Environment (ICBM), University of Oldenburg.
Lab 2: Lamont-Doherty Earth Observatory (LDEO), Columbia University.

Lab 3: College of Earth, Ocean and Atmospheric Sciences (CEOAS), Oregon State University.

Lab 4: Laboratoire d'Etudes en Géophysique et Océanographie Spatiale (LEGOS), University of Toulouse.
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Prior to pre-concentration on the seaFAST, we weighed 11-12 mL of each seawater
sample (pH <2) into 13 mL Teflon tubes and spiked it with a multi-element REE spike to
obtain a value of 'Nd/'**Nd of 6 (Table 4.2).

Table 4.2: Isotope concentrations and natural isotope abundances of the diluted spike solution (DKM3) together with isotope ratios of spike-
sample mix and error magnification factor (EMF) used for SAFe 3000 m in this study (Lab 1).

EMF of Rangeof EMF of

Element isotope ;sotope g)sr(r)ntool?ge) e g)sr(r)ntool?ge) 2s [Isotope 1], [Isotope 2], ;gf?;* ide?l me?sured me?sured
ratio ratio ratio

La 139 138 0.322 0.023 0.9991 0.0009

Ce 142 140 6.016 0.526 0.1107 0.8848 1.2 1.23 5.3-7.3 1.89-2.78

Nd 145 143 3.700 0.031 0.0830 0.1218 9.0 1.16 6.0-7.6 1.16-1.18

Sm 149 147 1.992 0.008 0.1380 0.1500 15.6 1.13 12.9-16.4 1.13

Eu 153 151 0.575 0.033 0.5223 0.4777 4.4 1.67 4.3-5.2 1.67-1.69

Gd 155 157 1.125 0.015 0.1473 0.1568 8.3 1.26 5.2-6.5 1.27-1.30

Dy 161 163 1.179 0.019 0.1888 0.2497 6.9 1.25 3.3-4.0 1.30-1.35

Er 167 166 0.570 0.018 0.2294 0.3341 4.6 1.35 1.8-2.1 1.56-1.68

Yb 171 174 0.628 0.006 0.1431 0.3184 6.6 1.15 1.7-2.0 1.31-1.38

Lu 176 175 0.013 0.005 0.0259 0.9741

[Isotope 1], and [Isotope 2],,: concentrations of isotopes 1 and 2 in the diluted spike.

[Isotope 1], and [Isotope 2], natural fractional abundances of isotopes 1 and 2.

Note that La and Lu were treated as mono-isotopic elements (see text).

[Isotope l]mX[lsotope 1]nal

¥ideal isotope ratio of spike-sample mix: |72 3] AP

The spike was diluted from a pre-mixed REE spike stock solution (prepared by Gilbert
N. Hanson of SUNY Stony Brook and called DKM) by 1:24,130 (DKM3) to a concentration
of 3.7 pmol/g for '*Nd, and recalibrated by ICP-MS against the AMES Nd standard using
reverse isotope dilution. Details on the spike solution (DKM3) including the isotope
concentrations and the natural isotope abundances are reported in Table 4.2. The volume of
spike that was added to a seawater sample was optimized for each sample aiming at a low
error magnification factor while not compromising the counting statistics and thus analytical
precision. We allowed equilibration of the sample-spike mixture for at least 48 hours. The
spiked samples were arranged in the seaFAST autosampler for automated pre-concentration.
The seaFAST procedure was as follows: Prior to each sample pre-concentration, the buffer
solution was passed through the clean-up column to reduce possible trace metal impurities in
the buffer, and used to precondition the pre-concentration column for 60 s at 0.2 mL/min. The
sample was vacuum-loaded into a 10 mL PFA sample loop, then cleaned buffer (at 0.7
mL/min) and high purity water (at 2.5 mL/min) were added to ensure a pH of 6, before the

mixture was passed through the pre-concentration column (at 0.5 mL/min). The column was
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then rinsed with 4.8 mL of the buffer solution-high purity water mix to wash out the seawater
matrix (at 0.5 mL/min buffer, 2.5 mL/min water). The REEs were eluted with 200 puL and 300
pL of 1.5 N HNOs; in reverse direction at a flow rate of 0.2 mL/min and 0.5 mL/min,
respectively, and collected in pre-cleaned PFA micro vials.

Following each sample processing, the pre-concentration column was cleaned with 4.5
mL of the elution acid (1.5 N HNOs) and conditioned with a buffer solution-high purity water
mix in preparation for the next sample. During each session, at least three total procedural
blanks of 2% HNO; were processed and subsequently spiked with a diluted multi-element
REE spike (1:1,518,843, DKM2) for quantification. The samples were diluted to 1.2 mL with
high purity water manually in preparation for analysis by ICP-MS. BATS seawater from 15 m
(11 and 22 mL) and 2000 m (11 mL) were processed as described above, except for sample
volumes of 22 mL, which were loaded into a 10 mL PFA sample loop (11 mL were loaded
twice). Each sample was then manually diluted with high purity water to ~0.7-0.9 mL. In
order to analyze all samples at similar final REE concentrations, we targeted a concentration
range of 280-380 pmol/kg for Nd and adjusted the initial loaded sample volume or manually
diluted the final sample volume accordingly.

The small differences in the seaFAST offline pre-concentration method of Lab 1
compared to those of Labs 2 and 3 (LDEO and CEOAS; see supplementary material) are due
to the different quantification methods applied by the labs (e.g., external standard calibration,
isotope dilution) and the required final sample volume. Lab 2 eluted the REEs in three steps
each of 100 puL of 1.6 N HNO; and Lab 3 used a sample volume of ~20 mL (instead of 10
mL) that was loaded in two steps using a 10 mL PFA sample loop and REEs were eluted with
200 pL of 1.5 N HNO;. Other than Labs 1 and 2, Lab 3 (CEOAS) used five external
calibration standards of increasing concentrations (instead of a multi-element spike) for
quantification. These external calibration standards were adjusted to a pH of ~1.6 by adding
ammonium hydroxide in order to increase column buffering and passed through the seaFAST

column the same way as the samples.
4.2.2.2. REE determination by ID ICP-MS

Lab 1 (ICBM) used a Thermo Finnigan ELEMENT 2 ICP-MS for REE concentration
measurements at the ICBM, University of Oldenburg. The instrument was coupled to an
autosampler (CETAC ASX-100) and a desolvation introduction system (CETAC Aridus 2)
that was used with a nitrogen-argon gas mixture to enhance sensitivity and to minimize oxide

formation to a negligible level (e.g., Grenier et al., 2013; Rousseau et al., 2013). The ICP-MS
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was operated at low resolution in counting mode and the guard electrode was switched off.
We optimized the instrument for sensitivity daily while aspirating a 100 ng/L tune solution of
Ba, Ce, and Lu. Two mixed REE standard solutions (solution 1: Ba, La, Ce, Pr, Tb, Er, and
Yb, and solution 2: Nd, Sm, Eu, Gd, and Dy) were measured to assess the formation of LREE
oxides that interfere with HREEs, and of Ba oxides that interfere with Eu. We found
negligible oxide interferences and monitored the long-term stability of the oxide formation
with the above mentioned 100 ng/L tune solution. Typical count rates for 100 ng/L '*°Ce were
500 000. As analyzed samples rarely contain Ba due to the above described purification
procedure, and given the low oxide formation rates for Ba and LREEs (always 0.01-0.03% for
Ce and Ba), no oxide interference corrections of any element had to be applied. All necessary
masses between 137 and 177 were scanned in ESCAN (electro scan) mode that required a
single magnet jump at mass 158 in order to scan the entire mass range. The sample time for
every mass was 0.02 s, except for isotopes with lower signal intensities: °°Tb, '*Ho, '*°Er,
"TEr, "Tm, ""Lu (0.04 s) and '*’Sm, "'Eu, "’Eu (0.06 s). The longer sampling time
improved the precision significantly. The total measurement time of 2 min 39 s consisted of 3
runs of 4 passes and allowed for low sample volume and hence higher concentrated samples
providing higher signal intensities thereby optimizing the precision. The instrument operating

conditions are reported in Table 4.3.

Table 4.3: Instrument operating conditions for the Thermo Finnigan ELEMENT 2 ICP-MS at the ICBM.

Instrument Operating Conditions

Equipment

nebulizer PFA micro-flow pumped at 0.1 mL/min

CETAC Aridus 2 sweep gas: 2-6 L/min, nitrogen gas: 3-6 mL/min

spray chamber heated PFA spray chamber

sample and skimmer cones Nickel

Parameters

nebulizer/auxiliary/cooling gas flows (L/min) ~0.80" /1.40/13

RF power (W) 1250

detection mode counting

sample time (s) 0.02s, except: '“’Sm, "*'Eu, '53Ey = 0.06s, *°Tb, '“Ho, "*°Er,
'"Er, '“Tm, '"*Lu = 0.04s

mass window 40

samples/peak 40

resolution low

‘optimized for each measurement session.
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We used a standard solution with seawater-like relative REE concentrations in 2%
HNO; (REE Coral Sea standard, Zheng et al., 2015, provided by Gideon Henderson,
University of Oxford) as an external standard. We analyzed the standard both unspiked and
spiked at each session at similar signal intensities as the pre-concentrated samples, except for
Ce (~5 times higher in the standard). The unspiked REE Coral Sea standard was analyzed
after every third sample and used for sensitivity correction of the mono-isotopic elements as
well as for monitoring and correction of instrumental mass bias. The results of the spiked
REE Coral Sea standard were used to assess the overall analytical long-term precision (see
results and discussion section).

The GEOTRACES intercalibration seawater samples from BATS at 15 m and 2000 m
that were characterized previously with respect to their REE concentrations (van de Flierdt et
al., 2012), were used as external standards and to check the accuracy of our method. Seawater
samples from BATS were measured at similar signal intensities as the samples.

Details on the analyzed isotopes in our ID ICP-MS method that was modified from
Jones (2010) and Pahnke et al. (2012) are presented in Table 4.4.

Table 4.4: Isotopes analyzed at the ICBM.

Element Isotope 1 Isotope 2 Comments

Ba 137 to monitor Ba-oxide formation (interference with '**Eu)
La 139 ID element treated as mono-isotopic element

Ce 140 142 ID element; isobaric interference correction of '**Nd on "**Ce
Pr 141 mono-isotopic element

Nd 143 145 ID element

Sm 147 149 ID element

Eu 151 153 ID element

Gd 155 157 for instrumental mass bias correction of '*>Gd/"*’Gd

Gd 158 magnet jump

Tb 159 mono-isotopic element

Dy 161 163 ID element

Ho 165 mono-isotopic element

Er 166 167 ID element

Tm 169 mono-isotopic element

Yb 171 174 ID element

Lu 175 ID element treated as mono-isotopic element

Hf 177 to monitor any isobaric interference of '"*Hf on '7*Yb

We measured a 2% nitric acid instrumental blank before each sample and standard.

Raw count rates of each measured mass for samples and standards were first corrected for
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these instrumental blanks. The ID element concentrations of the samples were calculated by

using ID equations as illustrated by equation (4.1) using Nd as an example:

smpl P mampl ANd
Abbreviations sp and smpl stand for spike and sample, respectively.

RIy: isotope ratio of '**Nd/"**Nd in the spike
Ruix: 1sotope ratio of Nd/"Nd in the sample/spike mixture
RI e natural isotope ratio of '*Nd/'**Nd
[Nd]sp: concentration of '>Nd in the spike (mol/g)
mgp, and mgmpi: weighted masses of spike and sample (g)
Mnyq: natural atomic mass of Nd (g/mol)

Ang: natural relative abundance of '**Nd

Cerium and ytterbium, both required for ID calculations (‘**Ce and '"*YD), have

isobaric interferences from '**Nd and '"*Hf, respectively. Before applying the ID equation
P y pply

142

(4.1) to Ce, '**Ce was corrected for isobaric interference of '**Nd in the sample and the spike:

R2 (e R2

142 142 142 143NdM-sp N
Ce = ("*Cet+'"Nd) - + (4.2)

Abbreviation M stands for measured counts.
(142Ce+142Nd) Mm: total measured counts on mass 142

INd Mesp* measured spike-subtracted counts on mass 143

R2y: natural isotope ratio of '*Nd/'**Nd

3Nd ¢p- Measured counts on '*Nd in the spike

R2g,: isotope ratio of "Nd/"**Nd in the spike (0.5968)

143

Spike-subtraction from measured counts on “Nd was done following equation (4.3):

145

143 _ 143 Rlge ¥ ™Nd yr - "*Nd
Nd M-sp Nd M-~ ( (thme ] 1) (43)

Rlsp

'3Nd y: total measured counts on mass 143

'5Nd y: total measured counts on mass 145
RI e natural isotope ratio of '*Nd/'**Nd
RIy: isotope ratio of '**Nd/'**Nd in the spike
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143
Measured counts on

Nd in the spike were calculated by subtracting the measured
spike-subtracted counts on mass 143 from the total measured counts on mass 143.

No isobaric interference correction was necessary for '"*Yb, as '"*Hf (monitored by '""Hf)
was negligible in our samples.

Instrumental mass bias was determined on the unspiked REE Coral Sea standard and
was typically <1% per amu for REEs, except for Gd. Instrumental mass bias corrections for
Gd used the exponential law on the measured '>Gd/">’Gd ratio, assuming a natural ratio of
19Gd/""Gd = 0.9394 before the application of the ID equation. A reference isotope ('*’Sm)
was used as an internal standard to quantify the mono-isotopic elements ('*'Pr, **Tb, '®*Ho,
'Tm) based on the instrument’s sensitivity response for these elements in the unspiked REE
Coral Sea standard, defined as the number of counts per concentration in the standard. The
concentration of the mono-isotopic elements was then calculated using the internal standard
concentration of '*’Sm and multiplying with the ratio of the sensitivity of '*’Sm to that of the
respective mono-isotopic element and vice versa for the measured sample counts.

Lanthanum and lutetium, both ID elements (138La, 176

Lu), have isobaric interferences
with **Ba and '**Ce, and with '"°Yb and '"°Hf, respectively. Due to these interferences and
the low abundance of **La (0.09%) and '"Lu (2.59%), quantification used *’La and '"Lu

that were spike-subtracted and treated as mono-isotopic elements.

4.2.3. Pre-concentration methods and mass spectrometry of labs participating in the

intercomparison

Each lab used its own preferred method for pre-concentration of REEs from seawater
and mass spectrometric analysis. These methods, including that of Lab 1 (ICBM) are
summarized in Table 4.1. The methods of Labs 2-4 are described in the supplementary

material.

4.3. Results and discussion

4.3.1. Lab 1: Offline seaFAST pre-concentration of REEs and multi-element ID ICP-MS
4.3.1.1. Blanks and detection limit

Lab 1 measured and subtracted instrumental blank solutions of 2% nitric acid that
accounted for <0.8% of the measured sample and standard intensities for REEs, except for
two standards with a blank signal of 1.1-1.2% for Nd and three standards with a blank signal

of 1.1% for Tb (see Materials and procedures section). The average total procedural blank of
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2% nitric acid (n = 25) was <0.2% of each REE concentration of the SAFe 3000 m analyses,
except for Ce, which varied significantly and ranged from 1.6% up to 18% (Table 4.5).

The detection limit of our analytical method for REEs, based on three times the
standard deviation of the total procedural blanks (n = 25) following Zheng et al. (2015),
ranged between 0.002 pmol/kg for Tm and 0.4 pmol/kg for Ce (Table 4.5), and was similar to
those reported by Zheng et al. (2015).

Table 4.5: Average total procedural blank (n = 25) and detection
limit for all REEs (Lab 1).
Average Blank Detection Limit

Flement  (pmolkg) (pmol/kg)®
La 0.1 0.2
Ce" 0.2 0.4
Pr 0.02 0.04
Nd 0.06 0.1
Sm 0.01 0.03
Eu 0.002 0.008
Gd 0.01 0.03
Tb 0.001 0.003
Dy 0.01 0.02
Ho 0.001 0.01
Er 0.002 0.02
Tm 0.0004 0.002
Yb 0.002 0.01
Lu 0.0002 0.01

“three times the standard deviation of the total procedural blanks.
max blank: 0.6 pmol/kg, min blank: 0.1 pmol/kg.

4.3.1.2. Accuracy and precision

The accuracy of our method was checked with repeated processing and analysis of
GEOTRACES intercalibration seawater from BATS 15 m (n = 5) and 2000 m (n = 5) and
SAFe 3000 m (n = 16, Nd only) and comparison to the intercalibration values, published by
van de Flierdt et al. (2012) for BATS 15 m and 2000 m (n = 12-26) and Pahnke et al. (2012)
for SAFe 3000 m (n = 2, Nd only). Our results for BATS 15 m and 2000 m together with the
published intercalibration values are reported in Table 4.6.

The precision of our REE concentration measurements for BATS 15 m was <8.8% for
LREEs and <3.9% for HREEs, except for Ce (11.3%) and Gd (5.1%) (26 RSD, n = 5, Table
4.6, average precision excluding Ce: 3.5%). The precision of BATS 2000 m analyses was
<4.6% for LREEs and <3.7% for HREEs, except for Ce (26%) and Gd (6.8%) (26 RSD, n =
5) (Table 4.6, average precision excluding Ce: 3.5%). The internal errors of BATS 15 m and
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2000 m analyses were lower than the reported precisions for LREEs and HREESs, except for
two samples (4.7% and 12.4% for Nd, 26 RSD). Our mean REE concentrations from BATS
(15 m, 2000 m) (n = 5 for each depth) are well within the confidence interval (15% and 12%,
respectively, 26 RSD) of the published intercalibration values (van de Flierdt et al., 2012),
with maximum relative deviations of 6.6% for all REEs (Table 4.6, Figs. 4.1a, b). Moreover,
our results are close to the published data of Rousseau et al. (2013) deviating by <6.2% for all
REEs except for La (9.4%, BATS 15 m) and Tb (7.6%, BATS 2000 m).

Table 4.6: Dissolved REE concentrations (pmol/kg) of this study (Lab 1) compared to GEOTRACES intercalibration samples at BATS 15 m
and 2000 m.

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
BATS, 15 m (KN193-6-Nd-601)
22'155‘)“‘” 141 119 330 1398 320 086 484 081 591 145 483 069 424  0.69
20 8D 12 13 025 044 007 002 025 001 023 004 011 002 011 001
(pmol/kg)
26 RSD% 88 113 76 31 21 23 51 L1 39 27 23 24 25 12

GEOTRACES 14.7 12.0 312  14.1 3.21 0.89 4.83 0.79 5.90 1.49 4.80 0.70 4.16 0.67
mean value®

20 SD 2.2 2.7 037 1.2 0.36 0.10 0.55 0.08 0.53 0.13 0.43 0.06 0.51 0.09
(pmol/kg)
26 RSD% 15.0 23 11.8 8.8 11.2 11.8 11.4 10.7 8.9 9.0 8.9 9.0 12.3 13.8

BATS, 2000 m (KN193-6-Nd-401)

22'155‘)“‘” 229 50 415 1398 338 085 471 079 580 146 500 074 483 084
20 8D 10 13 004 080 010 003 032 003 019 005 017 002 009 002
(pmol/kg)

26 RSD% 43 26 09 46 29 41 68 37 33 36 33 27 18 28

GEOTRACES 23.6 5.1 4.03 17.3 345 091 4.84 0.79 5.80 1.52 5.04 0.75 4.76 0.81
mean value®

20 SD 2.8 2.3 036 1.2 0.34 0.10 0.53 0.07 0.38 0.09 0.25 0.05 0.25 0.04
(pmol/kg)

26 RSD% 11.8 44 8.9 7.0 9.8 11.2 10.9 9.5 6.5 59 5.0 6.4 5.3 4.6

“data from van de Flierdt et al. (2012).

The precision of our REE concentration measurements for BATS 15 m was <8.8% for
LREEs and <3.9% for HREEs, except for Ce (11.3%) and Gd (5.1%) (26 RSD, n = 5, Table
4.6, average precision excluding Ce: 3.5%). The precision of BATS 2000 m analyses was
<4.6% for LREEs and <3.7% for HREEs, except for Ce (26%) and Gd (6.8%) (26 RSD, n =
5) (Table 4.6, average precision excluding Ce: 3.5%). The internal errors of BATS 15 m and
2000 m analyses were lower than the reported precisions for LREEs and HREESs, except for
two samples (4.7% and 12.4% for Nd, 26 RSD). Our mean REE concentrations from BATS
(15 m, 2000 m) (n = 5 for each depth) are well within the confidence interval (15% and 12%,
respectively, 26 RSD) of the published intercalibration values (van de Flierdt et al., 2012),
with maximum relative deviations of 6.6% for all REEs (Table 4.6, Figs. 4.1a, b). Moreover,
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our results are close to the published data of Rousseau et al. (2013) deviating by <6.2% for all
REEs except for La (9.4%, BATS 15 m) and Tb (7.6%, BATS 2000 m).
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Fig. 4.1. Average dissolved REE concentrations of seawater at BATS 15 m and 2000 m measured in
this study in comparison with published GEOTRACES mean REE intercalibration values (van de
Flierdt et al., 2012) and published mean REE values from Rousseau et al. (2013). (a) REE
concentrations normalized to hypothetical seawater after van de Flierdt et al. (2012). (b) REE
concentrations normalized to PAAS (Taylor and McLennan, 1985). Error bars denote +2c SD.
Rousseau et al. (2013) reported no error bars for BATS 15 m and for La and Ce at BATS 2000 m.

The long-term precision of our method is demonstrated by multiple runs of the spiked
REE Coral Sea standard (n = 18) and replicates of SAFe 3000 m (n = 16), respectively. The
analytical long-term precision of the spiked REE Coral Sea standard that was measured at
similar signal intensities as the pre-concentrated samples (except for Ce: ~5 times higher in
standard), was <5.7% for all REEs, except for Gd with 7.7% (26 RSD, n = 18, average

precision: 4.4%). The internal errors (counting errors) of the spiked REE Coral Sea standard
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analyses were <7.0% for all REEs, except for three samples (7.2-11%, 26 RSD). The long-
term precision of SAFe 3000 m measurements was <3.9% for all REEs, except for Ce (39%)
and Gd (6.2%) (26 RSD, n = 16, Table 4.7, average precision excluding Ce: 3.4%). The
internal errors of SAFe 3000 m analyses were lower than or in the range of the reported long-
term precision, except for some REEs in six samples (6.2-11%, 26 RSD, Supplementary
Table S4.1). Our measured Nd concentration of SAFe 3000 m (46.4 + 1.1 pmol/kg, 26 SD, a
relative deviation of 4.5%) is in good agreement with published Nd concentrations from
samples taken on the same cruise at the same station and depth (44.4 + 1.0 pmol/kg, 26 SD,
and 44.4 £+ 2.5 pmol/kg, 26 SE) analyzed so far only for Nd concentrations by two other labs
(Pahnke et al., 2012). Our long-term precision of <3.9% (26 RSD, n = 16) is similar to that of
Zheng et al. (2015) (~6%, 26 RSD, n = 37) for an in-house seawater standard (SWC-2).
However, we used a sample volume of 11-12 mL, while Zheng et al. (2015) used 100 mL of
seawater, indicating a major advancement in sample volume required for the analysis of REEs
in seawater.

Our precision of Ce obtained from SAFe 3000 m (39% 2o RSD, 4.5 pmol/kg Ce) is
much lower than the one we obtained using the higher concentrated seawater standards BATS
15 m (11.3% 206 RSD, 11.9 pmol/kg Ce) and BATS 2000 m (26% 2c RSD, 5.0 pmol/kg Ce).
The internal precision of Ce measurements of SAFe 3000 m (typically <5.3% 2c RSD)
suggests that Ce can be measured with high precision even in low concentration samples.
Therefore, given the highly variable blank levels for Ce and the strongly depleted Ce
concentration in the deep Pacific relative to average continental material, we suggest that
variable Ce contamination during sample processing is likely contributing to the low precision
of Ce in this study. We can exclude acid impurities, insufficiently cleaned vials, and
referential retention of Ce on the seaFAST column, as all these possibilities were tested and

found to have negligible blank concentrations.
4.3.2. Blanks and precision of participating labs

All the labs (except Lab 3, CEOAS) corrected the sample raw counts for instrumental
blanks of 1-3% nitric acid that were usually <1% of the signal intensities of the sample. Total
procedural blanks of 1% or 2% nitric acid represented <0.9% (n = 5, Lab 2, LDEO) or <1.1%
(n =2, Lab 3) or <0.06% (n = 12, Lab 4, LEGOS) of the measured sample intensities for
REEs, except for Ce. Total procedural blanks for Ce were higher and/or more variable than
for other REEs (Lab 2: <1.7%, Lab 3: <1.1% and 11.6%, Lab 4: 3%). Labs 2 and 4 subtracted
the total procedural blanks for REEs.
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Long-term precision data reported for REE concentrations in Table 4.7 are based on
replicates of BATS 2000 m (Lab 2, n = 14), an in-house deep seawater standard (Lab 3,
NBP195 1097 m, n = 12), and a combination of standard solutions, replicates of SAFe 3000
m, and other in-house seawater samples (Lab 4, n = 30).

For Lab 2, the seaFAST system has recently come online and these are the first
published analyses using it.

For SAFe 3000 m, precision of Ce (Lab 2: 9.9%, Lab 3: 86%, and Lab 4: 5.9%) was
worse than average precision of the other REEs (Lab 2: 2.5%, Lab 3: 6.3%, and Lab 4: 2.0%,
20 RSD, n = 5-6, Table 4.7).

Similar to the results from our new method discussed above, all participating labs
measured higher and/or more variable blanks for Ce, and observed much lower precision for
the low Ce concentrations of SAFe 3000 m. This supports the suggestion that variable Ce
contamination during sample processing of low concentrated samples is likely contributing to
the precision of the Ce analyses, as the effect on Ce is significant, but negligible for other
REEs. As Lab 3 reported no Ce oxide formation rates for this study (only typical oxide
formation rates, without correcting for it, see supplementary material), the low precision of Ce
(86%) might be also related to this issue. Further details on the analytical methods and results

of each individual lab are provided in the supplementary material.
4.3.3. Dissolved REE concentrations at SAFe 3000 m (North Pacific): intercomparison

Detailed results of REE concentrations of SAFe 3000 m from this study (Lab 1, n =
16) and the participating labs (Labs 2-4, n = 5-6) are presented in the Supplementary Tables
S4.1 and S4.2, respectively. The average REE concentrations and precision reported by each
lab, and the average values for SAFe 3000 m from the 4 labs (the “REE intercomparison
values”) are presented in Table 4.7. Figures 4.2a and b show the average REE patterns of
SAFe 3000 m from each lab normalized to hypothetical seawater (van de Flierdt et al., 2012)
and Post-Archean Australian Shale (PAAS) (Taylor and McLennan, 1985), respectively. The
plotted errors are the long-term precision of each lab as reported in Table 4.7. The long-term
and internal precisions are typically 2-3 times higher for labs using ID ICP-MS methods
(Labs 1, 2, and 4) compared to the one using an external standard calibration method (Lab 3)
(Figs. 4.2 c, d). The REE concentrations all agree within 7%, except for Ce with 71%, Gd
with 14% and Lu with 12% (2o RSD, Table 4.7). This overall agreement between the 4 labs
for SAFe 3000 m is comparable to the agreement reported for BATS 15 m (15%, for all
REEs, except for Ce with 23%) and BATS 2000 m (12% for all REEs, except for Ce with
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44%) by six different labs for the international GEOTRACES intercalibration study (van de

Flierdt et al., 2012). In both studies, Ce presents the biggest challenge. Given the lower Ce
concentration at SAFe 3000 m (3.8 pmol’kg Ce) compared to BATS 15 m and 2000 m (12

pmol/kg and 5.1 pmol/kg Ce, respectively), it is not surprising that the precision of the Ce

intercomparison value from SAFe 3000 m is lowest. The large spread of measured Ce

concentrations is probably partly due to the higher and more variable blanks for Ce compared

to the other REEs (<1.1-18% this study, 4-10% van de Flierdt et al., 2012) in combination

with low Ce concentrations.

Table 4.7: Intercomparison of dissolved REE concentrations (pmol/kg) of SAFe 3000 m.

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
SAFe, 3000 m
Lab 1 (ICBM) KNR 195-8-Nd 2191
average (n = 16) 642 45 10.83 464  9.12 241 13.40 2.02 1491 3.74 12.76 197 13.80 2.53
26 SD (pmol/kg) 2.5 1.7 0.39 1.1 021 0.06 0.83 0.06 0.53 0.15 041 0.07 039 0.10
long-term 26 RSD% 3.9 39 3.6 2.4 2.3 2.4 6.2 2.8 3.6 3.9 3.2 35 2.9 3.8
(n=16)"
Lab 2 (LDEO) KN 195-8-Th 2210
average (n = 5) 63.2 235 1007 439 872 228 1149 190 1429 3.69 1251 1.87 1337 225
26 SD (pmol/kg) 1.8 023 014  0.68 020 0.10 0.61 0.04 048 0.05 0.39 0.03 027 0.02
26 RSD% 2.9 9.9 1.4 1.5 2.3 43 53 1.9 3.4 1.4 3.1 1.8 2.0 1.0
long-term 26 RSD% 5.1 3.4 1.7 2.8 4.0 5.5 5.9 4.7 4.4 2.3 4.8 33 4.6 43
(n=14)"
Lab 3 (CEOAS) KNR 195-8-Nd 2191
average (n = 6) 67.7 54 10.16 46.0 897 236 12.50 1.94 14.70 3.79 12.70 195 13.20 2.52
26 SD (pmol/kg) 4.1 46 074 3.1 056 0.16 0.82 0.10 080 029 0.71 0.14 0.72 0.15
26 RSD% 6.0 86 7.3 6.8 6.3 6.9 6.6 5.2 5.5 7.7 5.6 7.3 5.4 5.8
long-term 26 RSD% 6.8 6.7 6.7 6.2 6.6 8.4 7.9 49 8.2 8.3 7.5 8.8 8.6 7.6
(n=12)
Lab 4 (LEGOS) KNR195-8-REE-2183
average (n = 6) 66.3 3.06 1025 4730 9.08 240 1325 196 1471 375 12.87 192 1338 234
26 SD (pmol/kg) 1.6 0.18 0.23 0.68 021 0.06 022 0.04 026 006 030 002 031 0.06
26 RSD% 24 59 22 1.4 2.3 2.6 1.7 2.0 1.7 1.6 23 1.2 2.3 2.5
long-term 26 RSD% 3.0 5.0 3.5 2.0 3.5 4.0 3.5 30 2.0 3.0 3.0 6.0 2.5 3.0
(n=30)"
Intercomparison 653 3.8 10.3 459 9.0 24 127 2.0 147 3.7 12.7 1.9 134 24
value (n = 4)
26 SD (pmol/kg) 4.1 27 07 29 04 0.1 1.7 0.1 0.5 0.1 0.3 0.1 0.5 0.3
206 RSD% 6.2 71 6.7 6.3 4.1 5.1 14 5.2 3.6 2.1 24 4.7 38 12

“precision based on replicates of SAFe 3000 m.
"precision based on replicates of BATS 2000 m.

“precision based on in-house deep seawater sample NBP95 (1097 m, Bransfield Strait).

dprecision based on multiple runs of standard solutions, replicates of SAFe 3000 m, and other in-house seawater samples.
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Fig. 4.2. Average dissolved REE concentrations of SAFe 3000 m along with long-term and internal
precisions (26 RSD%) reported for this study (Labs 1-4). (a) REE concentrations normalized to
hypothetical seawater (La: 4.1 pmol/kg, Ce: 5.0 pmol/kg, Pr: 0.78 pmol/kg, Nd: 3.54 pmol/kg, Sm:
0.67 pmol/kg, Eu: 0.20 pmol/kg, Gd: 1.08 pmol’kg, Tb: 0.19 pmol/kg, Dy: 1.60 pmol’kg, Ho:
0.42 pmol/kg, Er: 1.43 pmol/kg, Tm: 0.18 pmol/kg, Yb: 1.04 pmol/kg, Lu: 0.17 pmol/kg) after van de
Flierdt et al. (2012). (b) REE concentrations normalized to PAAS (Taylor and McLennan, 1985). (a—b)
Error bars denote + 26 SD calculated from the long-term precision of each lab as reported in Table
4.7. (c) Long-term precision (precision of Ce is omitted for Lab 1) and (d) internal precision (precision
of Ce is omitted for Labs 1 and 3) of each lab as reported in Table 4.7.

In our study, the slightly lower precisions of Gd (14%) and Lu (12%) compared to the
other REE results mainly from the lower concentrations of these elements measured by Lab 2.
The precision of the shale-normalized REE patterns of the labs is better than that of the
absolute concentrations for most REEs, which is shown by normalizing the REE results to the
same Nd concentration (46.4 pmol/kg Nd of Lab 1, Table 4.7) and comparing the deviations
(Figs. 4.3 a-d). This may result from slight errors in the spike concentrations (e.g., due to

evaporation).
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Fig. 4.3. (a) REE concentrations normalized to PAAS (Taylor and McLennan, 1985). (b) PAAS-
normalized REE concentrations normalized to the same Nd concentration (46.4 pmol/kg Nd of Lab 1,
Table 7). (c) Absolute (ABS) deviations (%) from average values (omitting Ce). (d) Absolute
deviations (%) from average values normalized to same Nd concentration (omitting Ce).

Published data for SAFe 3000 m are so far only available from two other labs for Nd
(44.4 £ 1.0 pmol/kg, 26 SD, and 44.4 + 2.5 pmol/kg, 26 SE, Pahnke et al., 2012). These
results agree well with the Nd intercomparison value of this study (45.9 + 2.9 pmol/kg, 2c
SD, relative deviation of 3.4%).

Compared to REE analyses using the seaFAST method in online mode with reported
average precisions of 8.4%, 12%, and 5% (2o RSD) for BATS 15 m, 2000 m, and Station 113
1000 m, respectively (Hathorne et al., 2015), our offline method achieved slightly higher
average precisions for REEs (3.5% for BATS 15 m and 2000 m, respectively, 3.4% for SAFe
3000 m, excluding Ce, 26 RSD). Similarly, Labs 2 and 3 that also used the seaFAST in
offline mode, reported average precisions of 4.1% and 7.4% (26 RSD) for REEs based on
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BATS 2000 m and in-house seawater NBP95 1097 m, respectively. A possible reason for the
slightly lower average precisions reported by Lab 3 and Hathorne et al. (2015) compared to
those of Labs 1 and 2 is the use of different quantification methods using external standard
calibration and ID ICP-MS, respectively.

The REE intercomparison concentrations of station SAFe (30°N, 140°W) at 3000 m
reported for this study agree within the uncertainties (26 SD) with published REE
concentrations of deep water at nearby stations VERTEX II (18°N, 108°W, 3000 m, de Baar
et al., 1985) and TPS24-76-1 (24°15.0°N, 159°15.6°W, 4621 m, Piepgras and Jacobsen, 1992)
and show similar PAAS-normalized REE patterns (Figs. 4.4a, b). The consistency of REE
data between stations SAFe and TPS24-76-1 demonstrates the ability of our method to

provide reliable marine REE concentrations and further validates the results from the

intercomparison.
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Fig. 4.4. (a) Map showing location of deep water sampling stations SAFe 3000 m (this study),
VERTEX II 3000 m (de Baar et al., 1985) and TPS24-76-1 4621 m (Piepgras and Jacobsen, 1992). (b)
REE concentrations of SAFe 3000 m (intercomparison values, this study) compared to published REE
values of nearby stations VERTEX II 3000m and TPS24-76-1 4621 m (de Baar et al.,
1985 and Piepgras and Jacobsen, 1992), normalized to PAAS (Taylor and McLennan, 1985). Error
bars denote + 26 SD. Map produced with Ocean Data View (Schlitzer, 2014).

4.4, Conclusions

This study presents a rapid and robust pre-concentration and purification method for
REEs from small volumes of seawater (11-12 mL) by applying the seaFAST-pico system
(Elemental Scientific Inc.) in offline mode for the first time. We provide an accurate and
precise multi-element ID ICP-MS method for routine REE analyses. The accuracy of our
method was assessed by repeated processing and analysis of GEOTRACES intercalibration

seawater from BATS at 15 m and 2000 m. Our average REE concentrations are within the 2¢
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RSD confidence interval of published intercalibration values for these samples (15% and
12%, van de Flierdt et al., 2012), deviating by only 6.6% from those values.

In addition, an international intercomparison using seawater from SAFe at 3000 m
(North Pacific) with three other labs applying different sample volumes and methods
demonstrates the applicability of our method for high-precision measurements of dissolved
REE concentrations. Overall, the REE concentrations of SAFe 3000 m are in very good
agreement between all labs, reproducing (26 RSD) within 7% for all REEs (4.1-0.1 pmol/kg,
206 SD), except for Ce (71%, 2.7 pmol/kg, 26 SD), Gd (14%, 1.7 pmol/kg, 26 SD), and Lu
(12%, 0.3 pmol/kg, 26 SD). The lower precision of Ce compared to the other REEs is most
likely due to more variable and higher blank contributions to the low Ce concentration in the
deep Pacific sample.

The described method can be easily adopted by other labs as the seaFAST system is
commercially available, and enables the extensive use of REEs in high-resolution sampling
and measurement campaigns such as the GEOTRACES program. In addition, our
international intercomparison exercise provides the first intercomparison values for dissolved
REE concentrations in the North Pacific from the GEOTRACES intercalibration station SAFe
from 3000 m water depth, and establishes this station and depth as a seawater reference for
REE concentrations in the Pacific as SAFe will remain a baseline, and hence intercalibration

station, for cruises in the North Pacific.
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4.6. Supplementary material
4.6.1. Pre-concentration methods and mass spectrometry of participating labs

4.6.1.1. Lab 2, LDEO, Columbia University: Offline seaFAST pre-concentration and multi-
element isotope dilution ICP-MS

The dilutions were prepared from high purity water (18.2 MQ cm). The 1.6 N HNOs3
elution acid was made from concentrated high purity nitric acid (Optima quality, Fisher
Chemical). The buffer solution (pH = 6.0 £ 0.2) was prepared by using 834 mL of high purity
water, 70 mL of 17.5 N high purity glacial acetic acid (Optima quality, Fisher Chemical), and
96 mL of high purity 11.4 N ammonium hydroxide (Optima quality, Fisher Chemical). The
REEs were pre-concentrated from seawater samples by applying the offline ESI seaFAST-
pico system with the same automated steps as at ICBM (see the section on Pre-concentration
of REEs from seawater in the main text). Unlike Lab 1, Lab 2 eluted the REEs in three steps
each of 100 pL of 1.6 N HNOj at an initial flow rate of 0.1 mL/min and a final flow rate of
0.5 mL/min. Like Lab 1, quantification used the DKM multi-element REE spike. A VG PQ
ExCell quadrupole ICP-MS at LDEO was used for the measurements. The instrument was
coupled to a desolvation introduction system (CETAC Aridus) that minimized oxide
formation. The instrument was optimized for sensitivity and operated in pulse counting mode.
The oxide formation rate (<1% for Ce) was checked by using a 100 ng/L Ce tune solution.
Instrumental blanks for 3% HNOs that represented <1% of the measured sample intensities
for REEs were subtracted from the sample raw counts. The data were reduced using the same
basic isotope dilution equations as described for Lab 1. In contrast to Lab 1, Lab 2 corrected
all REEs for oxide formation and mass fractionation.

To measure the total procedural blank, Lab 2 processed 10 mL of 1% HNO; through
the seaFAST the same way as the samples. At least 5 procedural blanks were processed

during each seaFAST session. Sample intensities were corrected by subtracting the procedural
blank using Iycas = lraw - Lprocedural bik»  Where Iy, is the raw intensity of the sample,
Lyrocedural bik 18 the intensity of the procedural blank and I, is the intensity after procedural

blank correction.
To correct for oxide formation, Lab 2 did oxide calibration analysis by measuring

masses of M and MO in pure, single element solutions of Ba and REEs. This analysis was

MO
. o : ) Teal
only needed once. The oxide calibration value is expressed as the ratio of vy =, where

cal

My

cal 18
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the intensity of mass M and MOy .1 is the intensity of mass MO measured during the
calibration. For an unknown sample, the oxide interference for any mass M is calculated with

MOI !
MOI — ca X MI

int = 7 meas> Where M. is the measured intensity for any mass and MO s the

cal

intensity of its oxide interference.
The oxide calibration values are not constant and need to be adjusted each time REEs
are measured. Therefore, Lab 2 analyzed °’PrO/'*'Pr ratio of a 100 ng/L Pr solution during
157Pr0
(),
each session of REE measurement to get the correction factor C= <—t”y

157PrO) i
141
Pr cal
157pr0 . . . . . 157pro
where <W> was measured during the oxide calibration analysis and <W> was
T T
cal today

measured each time Lab 2 analyzed REEs. Then the oxide interference is expressed

MO
I . ) . C .
asMOL . = Cx W‘:lxMImeas. The final true intensity without oxide interference is

MOI
X

MOI cal MI

MO _
calculated as lox cor = Ieas - C % Vi meas-

cal

\B
Lab 2 used the exponential law Rc = R, X <%> to correct for mass fractionation,
J

where R¢ is the mass fractionation corrected isotope ratio in the sample, Ry, is the measured
isotope ratio in the sample, m; is the atomic mass of numerator spike isotope, usually the one
enriched in the spike, m; is the atomic mass of reference isotope. To calculate , Lab 2
prepared a mass bias solution in which each REE has concentration of 100 ng/L and measured
Ln(RRl)
—— ™0 where R, is the ratio
m;
]

in natural samples, Ry, is the measured ratio in the mass bias solution.

it during each REE measurement session. 3 is expressed as =

The precision determined from replicates of SAFe 3000 m was <4.3% for LREEs and
<3.4% for HREEs, except for Ce (9.9%) and Gd (5.3%) (26 RSD, n = 5). The internal errors
(20 RSD) of REE concentration measurements for individual SAFe 3000 m analyses were
lower than or around the same value as the reported precision, except for Eu (<7.5%) and Tb
(<5.4%) in two samples, and for Ho (4.7%) and Lu (4.9%) in one sample (Supplementary
Table S4.2).
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4.6.1.2. Lab 3, CEOAS, Oregon State University: Offline seaFAST pre-concentration and
external standards for REE quantification

All dilutions were prepared by using high purity water (18.2 MQ cm). The 1.5 N elution
acid was prepared from sub-boiled distilled nitric acid. The buffer solution was prepared by
mixing trace metal purity glacial acetic acid and ammonium hydroxide (both >99.99%, Sigma
Aldrich) with high purity water. The REEs were pre-concentrated from seawater by using the
offline seaFAST-pico system with the same automated pre-concentration steps as described
for Lab 1 (see the section on Pre-concentration of REEs from seawater in the main text).
Unlike Labs 1 and 2, Lab 3 used a sample volume of ~20 mL (instead of 10 mL) that was
loaded in two steps onto a 10 mL PFA sample loop and eluted the REEs with 200 pL of 1.5 N
HNO; (instead of 500 pL). Other than Labs 1 and 2, Lab 3 used five external calibration
standards of increasing concentrations (instead of a multi-element spike) for quantification.
The external calibration standards were prepared by weight from primary REE solutions and
mixed to approximate a seawater REE pattern. These external calibration standards were
passed along with two total procedural blanks through the seaFAST column the same way as
the samples. The samples were processed and analyzed in three sessions together with
external calibration standards and total procedural blanks. The intercalibration sample from
SAFe 3000 m was processed and analyzed twice in the first session (KNR 195-8-Nd
2191 lab3 runl-2, Supplementary Table S4.2), and once in the second session (KNR 195-8-
Nd 2191 lab3 run3, Supplementary Table S4.2) along with external calibration standards in
1% HNOs and a total procedural blank of sub-boiled distilled 1% HNOs. In the third session,
the SAFe sample was processed and analyzed three times (KNR 195-8-Nd 2191 lab3 run4-6,
Supplementary Table S4.2) along with external calibration standards and a total procedural
blank that were both adjusted to a pH of ~1.6 by adding ammonium hydroxide in order to
increase column buffering. During the third pre-concentration session, a consistency REE
standard prepared from reagent-grade salts to approximate seawater composition was
processed throughout the day and used to calculate an evaporation correction factor. The REE
concentrations were obtained using a Thermo Xseries-II ICP-MS at the CEOAS, Oregon State
University. The instrument was operated in pulse counting mode and optimized for sensitivity
of indium by using a 1 pg/L tune solution (Co, In, Ce, U). The oxide formation rate (typically
1.5-2% Ce) was not determined for the three analytical sessions. The measured counts of
REEs for the total procedural blanks (n = 2) were <1.1% of the counts in SAFe 3000 m,
except for Ce (11.6%) in the pH-adjusted total procedural blank that was measured in the third

session. For the third session, repeated analyses of the consistency REE standard were
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corrected to the initial replicate and regressed against the sample number as a proxy for time.
This regression provided a correction for sample evaporation. A response rate (i.e. corrected
counts/(pmol/kg)) was calculated by using the known concentrations of the external
calibration standards. Sample concentrations were then determined by using this response
rate. The long-term precision of REE concentration analyses, checked with repeated
processing and analysis of in-house deep seawater sample NBP95 (1097 m, Bransfield Strait),
was <8.4% for LREEs and <8.8% for HREEs (26 RSD, n = 12). The precision of REE
concentration analyses of SAFe 3000 m replicates was <7.3% for LREEs and <7.7% for
HREEs, except for Ce (86%) (26 RSD, n = 6). The internal errors (26 RSD) were lower than
or in the range of the reported precision, except for La (7.8%), Gd (8.0%) and Tb (6.5%) in
two samples (Supplementary Table S4.2). Internal errors were determined from the 26 RSD
of all runs of SAFe 3000 m for each session, except for the second session, where only one
replicate was pre-concentrated. For this session, the standard error of the calibration standard

regression was calculated and used.

4.6.1.3. Lab 4, LEGOS, University of Toulouse: Iron hydroxide co-precipitation and two-

element isotope spike coupled with internal and external standards

All chemicals used were of ultra-pure quality. Each seawater aliquot (500 mL, pH = 2)
was weighed, spiked with '*’Nd and '"*Yb, and left for equilibration for three days. The REEs
were then pre-concentrated using iron hydroxide co-precipitation: we added purified FeCls in
0.1 N HCI to the sample and used ammonium hydroxide to raise the pH to 7-8. The REE-Fe
precipitate was centrifuged, extracted, and dissolved in 1 mL of 6 N HCIL. The sample was
loaded on a column with 2 mL of an AG1X8 100-200 pm mesh-size resin in order to remove
iron and seawater matrix. We eluted the sample with 4 mL of 6 N HCI, evaporated, and
dissolved it again in 0.4 mL of 0.32 N HNOs;. Indium and rhenium each at 0.4 pg/L were
added as internal standards to all samples. The REEs were quantified using external
calibration standards prepared from mixed REE solutions of seawater-like concentrations in
the range of 3 and 30 mg/L for Nd as example. An Agilent 7500 ICP-MS was used for REE
concentration measurements at LEGOS, University of Toulouse. Details of the REE pre-
concentration procedure and the ICP-MS method can be found in Lacan and Jeandel (2001).
Briefly, an isotope spike enriched in °*Nd and '"Yb was used to calculate the concentrations
of Nd and YD by isotope dilution. All other REEs were determined by external calibration,
while internal standards (indium and rhenium) were used for sensitivity drift corrections. The

recovery of the chemistry extraction (average values: 91% and 94% for Nd and Yb,
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respectively) was calculated by comparing the concentrations achieved by isotope dilution to
the values derived from external calibration standards. The other REEs were then corrected
for this recovery (Lacan and Jeandel, 2001). Instrumental blank solutions of 2% nitric acid
that represented <0.2% of the analyzed sample intensities for REEs (<0.07% for La, Pr, Nd,
Sm, and HREEs) were measured and subtracted. Total procedural blank solutions of 2% nitric
acid were doped with indium and rhenium each at 400 ng/L and processed the same way as
the samples through the whole chemical extraction. The total procedural blanks were
redissolved in 2% nitric acid (n = 12) and accounted <0.06% of the sample signals for all
REEs, except for Ce (3%). The total procedural blanks were subtracted for REEs. A
combination of standard solutions (e.g., Geostandard SLRSS5), replicates of SAFe 3000 m,
and other in-house seawater samples achieved a long-term precision of <4.0% for LREEs and
<3.5% for HREEs, except for Ce with 5.0% and Tb with 6.0% (26 RSD, n = 30). The
precision of REE concentration measurements determined for SAFe 3000 m was <2.6% for
all REEs, except for Ce with 5.9% (26 RSD, n = 6). The internal errors (26 RSD) of REE
concentration measurements for SAFe 3000 m were lower than or in the range of the reported

long-term precision (Supplementary Table S4.2).

4.6.2. Supplementary Tables
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5. Conclusions and perspectives

5.1. Major Conclusions

This thesis presented dissolved seawater eng and [REE] from twelve stations along a
NW-SE transect in the West Pacific (R/V Sonne cruise SO223T, GEOTRACES Process
Study GPpr04) at unprecedented vertical and spatial resolution for this area. This high-
resolution transect allows to exploit the high potential of Nd isotopes in combination with
[Nd], as well as of the full suite of [REE] as tracers of sources and processes that control their
distributions in the West Pacific (chapters 2 and 3). Additionally, a new robust and rapid REE
method was developed and an international intercomparison on seawater [REE] was
conducted in order to open the way for a fast growing high-quality global ocean REE dataset
(chapter 4). Consequently, the overarching goal of this thesis was to add to the understanding
of the controls on Nd isotope and REE (and of potentially other TE) distributions in the West
Pacific, and the ocean in general. In the following, the major conclusions of this thesis are

summarized:

Coastal input near South Korea and volcanic islands in the tropical West Pacific

The eng and [REE] data reveal sources of continental input near South Korea and
volcanic islands in the TWP. Unradiogenic eng (-7.3), elevated [Nd] (15.30 pmol/kg), and low
salinity of South Korean coastal waters clearly indicate local input to the surface of the East
China Sea via freshwater discharge of South Korean and Chinese rivers. In the TWP,
radiogenic eng (-2.0 to +0.7), positive Eu anomalies (1.15-1.25), and enriched MREE patterns
of surface and subsurface waters, all characteristics for basaltic sources, fingerprint local
modification at and input from Papua New Guinea (PNG), and to a lesser extent from the

Philippines and Solomon Islands.

Trace element input to the tropical West Pacific and small-scale eastward transport within
equatorial zonal currents

In the TWP, the fine-scale distribution of eng and [REE] that indicate local imprints
and input from volcanic islands into surface and subsurface waters (see section above) further
allows detailed tracing of the origin and small-scale circulation of the equatorial zonal current
system, and further provides evidence for TE transport within eastward flowing equatorial
zonal currents. The results therefore support the hypothesis of previous studies on the crucial

role of the TWP as source region of micronutrients and other TEs to the HNLC area of the
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East Pacific (e.g., Lacan and Jeandel, 2001; Slemons et al., 2010; Radic et al., 2011; Grenier
et al.,, 2013; Labatut et al., 2014), and highlight in detail the small-scale equatorial zonal

eastward transport.

Dominant conservative behavior of REEs and dominant non-conservative behavior of eng
in the West Pacific

The data provide evidence for the largely conservative behavior of REEs in subsurface
to bottom waters, reflecting lateral water mass transport and mixing, whereas strong non-
conservative behavior of exg in the West Pacific is due to boundary exchange at the
surrounding volcanic island margins.

The results point out the high potential of [REE] as lateral water mass tracer in the
Pacific, even at subsurface depth. The strong correlation of high-salinity with low-[REE] and
elevated Er/Yb ratios of SPTW deciphers advection of preformed low [REE] from its
formation region in the oligotrophic South Pacific Subtropical Gyre to the TWP, and hence
explains the low subsurface [REE] previously found in this area. Similarly, at the depth of
AAIW and LCDW, preformed and vertically constant [REE] indicate lateral transport from
the Southern Ocean to as far north as 10°N and 28°N in the West Pacific, respectively. In
contrast, when AAIW and LCDW enter the TWP, the eng values of these water masses are
more radiogenic than in the Southern Ocean by up to 3.1 and 4.4 eng units, and further
increase towards the north by up to 3.7 and ~1 eng units, respectively, suggesting boundary
exchange with basaltic island margins. In the TWP, deep water (~1500-3000 m) both [REE]
and eng data provide evidence for enhanced scavenging of REEs and isotopic exchange of Nd
near volcanic island margins and within deep hydrothermal plumes located at ~2000 m water
depth in this region.

In summary, constant preformed [REE] are transported laterally over substantial
distances in the Pacific, while exg signatures of these water masses are more quickly modified
by radiogenic sources, except within WNPCW, NPIW, and UCDW/PDW in the Northwest

Pacific, where enxg can be used as quasi-conservative water mass tracer.

New rapid and precise REE method and first reference seawater REE standard in the
Pacific open the way to build a global high-quality seawater REE dataset

The study in chapter 4 presents a new rapid and precise method for dissolved seawater
[REE] (picomolar level) and an international intercomparison by four labs of [REE] in

seawater from the GEOTRACES intercalibration station SAFe 3000 m. For the first time, the
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method used the automated seaFAST-pico system in offline mode and multi-element ID ICP-
MS for the robust and rapid pre-concentration, purification, and analysis of dissolved [REE]
from small volumes of seawater (11-12 mL). The accuracy of this new method was checked
by multiple repeated processing and analysis of GEOTRACES intercalibration seawater from
BATS at 15 m and 2000 m. The [REE] results on replicates of GEOTRACES intercalibration
seawater from SAFe 3000 m further point out a procedural long-term precision of <3.9% (2¢
RSD) for all REEs, except for Ce and Gd.

The international intercomparison from four labs using SAFe 3000 m seawater
aliquots indicates excellent agreement between [REE] within 7% (except for Ce 71%, Gd
14%, Lu 12%, 26 RSD), and thus provides the first reference seawater REE standard in the
Pacific for quality control of future marine REE studies. The method is easy to adopt, enables
the extensive use of REEs, and ultimately opens the way for a fast growing and high-quality

global ocean REE dataset.
5.2. Perspectives

As a next step, the results presented in this thesis can be supplemented by future
studies. Chapters 2 and 3 of this thesis pointed out the importance of the TWP as the source
region of micronutrients and other TEs for the tropical East Pacific HNLC area.
Consequently, changes in the western tropical Pacific TE input and zonal current system can
therefore have a significant impact on ecosystems in the East, and hence on the nourishment
of people depending on marine fishery (Séférian et al., 2014). Although many recent studies
were focused on the upper oceanic circulation of the tropical Pacific, its complex zonal
current system particularly that below 400 m water depth including recently discovered mid-
depth currents/jets (Cravatte et al., 2012), is still not completely resolved, while even less is
known about their geochemical composition. The crucial role of the equatorial current system
in supplying the East Pacific with micronutrients derived from the West Pacific highlights the
importance for a detailed geochemical and oceanographic understanding of these currents
near their origin and potential inter-annual variability of supplied material from the West
Pacific source area. As the project in this thesis (chapters 2 and 3) provided high-resolution
vertical Nd isotope and [REE] profiles, but with limited spatial coverage, this and previous
studies did not resolve the role of the mid-depth currents/jets and the inter-annual variability
of TE supply and current transport in any spatial or vertical detail. Therefore, I collected high-
resolution vertical surface and surface to deep water samples for dissolved Nd isotopes and

[REE] at 14 stations in the western tropical Pacific during the oceanographic-geochemical
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R/V L’Atalante cruise CASSIOPEE within a French-German collaboration (GEOTRACES
compliant data, GPc05). This detailed study is based on an integrated approach using
geochemical and physical oceanographic data and will provide the means to solve the enigma
posed by recently discovered mid-depth currents/jets (Cravatte et al., 2012) with respect to
their origin, spatial extent, geochemical composition, dynamics and temporal variability, and
hence their potential as conduits of micronutrients to the HNLC area of the tropical East
Pacific.

The sparse dissolved seawater exg and REE dataset in the Pacific will further be
extended by another collaborative and follow-up study (GEOTRACES compliant data,
GPc04, R/V Sonne cruise SO225) that will add to the understanding of seawater exg and REE
cycling in the equatorial central Pacific. Therefore, I analyzed high-resolution vertical full
water column profiles of dissolved eng at three stations located near the Manihiki Plateau,
which is a large igneous province. The new eng data will clarify whether local imprints from
the Manihiki Plateau itself or from adjacent volcanic islands (e.g., Samoa) influence surface
to deep water eng, in particular that of LCDW in this region. Additionally, the exg data will
verify if a radiogenic eng imprint on equatorial central Pacific surface to mid-depth waters
trace their eastward flow within the zonal currents and possibly within the recently discovered
mid-depth currents/jets (Cravatte et al., 2012).

Concerning the REE data of this thesis (chapter 3), an interesting investigation is to
examine in detail how mid-depth waters in the TWP (stations 11-19) inherit their distinctly
low Dy/Er ratio, and whether this ratio may have the potential as a powerful tracer of lateral
water mass transport (Zhang and Nozaki, 1996; Osborne et al., 2015). Osborne et al. (2015)
suggested that the distinctly low Dy/Er ratio found at mid-depth in the tropical Atlantic may
trace the flow path of AAIW, although these authors left the process that leads to the low
Dy/Er signal unexplained. Therefore, the major goal of a follow-up study is to understand the
process that posed the low Dy/Er signal in the TWP, and thus exploiting its potential as lateral
water mass tracer.

Yet, the data of this thesis do not support a substantial benthic flux of REEs to Pacific
deep waters as suggested by Abbott et al. (2015a), however, this has to be tested in other
oceanic regions. Therefore, an interesting future investigation would be a detailed assessment
of the impact of benthic fluxes on dissolved seawater exg and [REE] distributions in the
Pacific, and on a global scale.

As the data of this thesis provide evidence for both enhanced scavenging and isotopic

exchange of Nd in hydrothermal plumes, another promising aspect would be to measure
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dissolved and particulate eng and [REE] within hydrothermal fluids and the surrounding
seawater in different oceanic regions and geological settings. The data would then enable to
estimate and model the local and global deep water REE budgets, and define the potentially
crucial role of hydrothermal plumes on dissolved seawater exg and [REE] distributions.
Finally, the analysis of both dissolved and particulate eng and [REE] along transects is
an important next step in order to define the role of marine particles on their dissolved
distributions in the global ocean, and in marine biogeochemical processes in general. So far,
this has been hindered by the large sample volumes required for the analysis of suspended
particulate eng and [REE], however, the application of in-situ pumps, which allow large

volume filtration, opens the way for accurate sampling of particles (Bishop et al., 2012).
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7. Data handling

Data are submitted to the online database Pangaea (www.pangaea.de) and are

password protected until publication of the manuscripts:
Chapter 2: data will be available for download under doi:10.1594/PANGAEA.869418
Chapter 3: data will be available for download under doi:10.1594/PANGAEA.871176
In addition, data of chapters 2 and 3 (GEOTRACES Process Study GPpr04, cruise
S0223T) will be published in the GEOTRACES Intermediate Data Product 2017 (IDP2017)

and will be available under the GEOTRACES International Data Assembly Centre (GDAC)
(http://www.bodc.ac.uk/geotraces/).
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