Distributions and Sources of Dissolved
Iron in the Polar Oceans

Maarten Bartholomeus Klunder



Colofon

Funding source, project number:
This research was funded by several grants to the NIOZ and by the GEOTRACES component of
the Polarstern expeditions ARK XXIl/2 and ANT XXIV/3.

ISBN:
978-90-367-5756-0

Graphic design cover and inside:
Rachel van Esschoten (www.divingduck.nl)

Photography:
Photography cover: copyright Florian Breier
Photography inside: Charles-Edouard Thurdczy, Maarten Klunder

Printed by:
Ipskamp Drukkers, Enschede (www.ipskampdrukkers.nl)



RIJKSUNIVERSITEIT GRONINGEN

Distributions and Sources of Dissolved
Iron in the Polar Oceans

Proefschrift

ter verkrijging van het doctoraat in de
Wiskunde en Natuurwetenschappen

aan de Rijksuniversiteit Groningen

op gezag van de
Rector Magnificus, dr. E. Sterken,
in het openbaar te verdedigen op
vrijdag 5 oktober 2012
om 11.00 uur

door

Maarten Bartholomeus Klunder
geboren op 19 augustus 1980
te Oss



Promotor: Prof. dr. ir. H.J.W. De Baar

Beoordelingscommissie:  Prof. dr. ir. E.P. Achterberg
Prof. dr. K.W. Bruland
Prof. dr. P.N. Sedwick



“In the end,

we will conserve only what we love,

we will love only what we understand,

and we will understand only what we are taught.

”

Baba Dioum






Voor mijn ouders
en dochter Mila






Contents

Chapter 1 11
Introduction
Chapter 2 33

Dissolved iron in the Arctic shelf seas and surface waters of the Central Arctic
Ocean: Impact of Arctic river water and ice-melt
Journal of Geophysical Research: Oceans, 117, C01027, 2012

Chapter 3 67
Dissolved iron in the deep waters of the Arctic Ocean: important role of
hydrothermal sources, shelf input and scavenging removal

Journal of Geophysical Research: Oceans, 117, C04014, 2012

Chapter 4 101
Dissolved iron in the Atlantic Sector of the Southern Ocean
Deep-Sea Research Il, 58 (25-26), 2678-2694, 2011

Chapter 5 143
Dissolved iron across the Weddell Sea and Drake Passage: impact of

dissolved iron on nutrients uptake in the Weddell Sea

Submitted to Biogeosciences, September 2012

Chapter 6 179
Distribution of dissolved iron in the Southern Ocean: a compilation of high
quality data in four depth layers

Chapter 7 225
Summary and recommendations

Chapter 8 237
Database

Samenvatting 280
Acknowledgements 290
Biography 293

Publications 294






Chapter 1

Infroduction



Chapter 1

1.1 lronin the Ocean

Iron (Fe) is the fourth most abundant element in the earths crust (3.5% by mass) and
is mostly present as *°Fe. There are five other isotopic forms (**Fe to *°Fe), resulting
in a relative atomic mass of 55.847 atomic mass unit (amu) [Taylor and McLennan,
1985; Turner et al., 2001].

1.1.1  Evolution in relation to iron in the ocean

Photosynthesis, the process where carbon dioxide and water with the energy of sun-
light (photons), are converted to organic compounds (notably sugars) and oxygen, is
the key proces for photo-autotrophic organisms. Within the oceans, these photo-au-
totrophic organisms comprise the unicellular algae or phytoplankton, including both
prokaryotes (without cell nucleus) and eukaryotes (with cell nucleus). These algae
in the open waters, together with macrophyte plants and zooxanthellae symbionts
of coral reefs that are generally living on the seafloor, comprise the basis of marine
ecosystems. Therefore all species in the higher trophic levels in the ocean depend on
these autotrophs. The only exception to this life form are the subgroup of, mostly hy-
drothermal, chemo-autotrophs that derive their energy source chemically, and thus
do not need the presence of sunlight.

In the present ocean, the dependence on sunlight forces the photo-auto-
trophic organisms to live near the surface, the euphotic zone, defined as the depth
range where light penetrates until reaching less than 1% of the incoming solar irra-
diance at the sea surface [Steele, 1960]. To enable the proces of photosynthesis and
other essential processes in the cell, many chemical elements are needed [De Baar
and La Roche, 2003]. During the development of life in the ocean, the most abundant
and available nutrients were of vital importance for growth of the organism. For al-
gae, nitrogen (N) and phosphorous (P) are vital for cell growth, and thus referred to
as the major nutrients. The ideal stoichiometric uptake ratio of these nutrients was
defined by Redfield, Ketchum and Richards [1963] as follows:

106 CO, + 122 H,0 + 16 NO, + H,PO, + 17 H* =[(CH,0),,(NH,) H,PO,]

16 '3

+1380,

106 organic

Not shown in this classical equation are the 6 bio-essential transition metal elements
Mn, Fe, Co, Ni, Cu, Zn that are required by every organism, and among which Fe is
arguably the most important. One subgroup of marine algae, the diatoms, also needs
the element silicon (Si) because they build external skeletons of silicon-dioxide (SiO,),
called “frustules” around the cell. These diatoms represent a large part of the algae
in the world oceans, particularly the Southern Ocean [Nelson et al., 1995; Sarthou et
al., 2005 and references therein].

Besides the major nutrients, at least six other (trace) nutrients, iron (Fe),
zinc (Zn), copper (Cu), manganese (Mn), nickel (Ni), cobalt (Co) are required for key
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metabolic processes [Bruland et al., 1991; Morel and Morel-Laurens, 1983]. More-
over, recent lines of evidence have shown that cadmium (Cd) is essential for several
diatom species investigated thus far [Xu et al., 2008; Abouchami et al., 2011]. Most
notably iron (Fe), along with the other metals from the first transition series, is well
suited for storage, transport and transfer of energy within the cell [Frausto da Silva
and Williams, 1994; De Baar and La Roche, 2003]. During the evolutionary develop-
ment of life, both the intrinsic chemistry and the relative availability of each of these
transition metal elements determined their biochemical function within the cell [De
Baar and De Jong, 2001, De Baar and La Roche, 2003; Frausto da Silva and Williams,
1994]. Among these elements, iron (Fe) is not only essential for energy transfer wit-
hin the cell, but also plays an important role in nitrate reduction, N_-fixation and
many other biochemical processes, being present in catalase and in superoxide dis-
mutases [Sunda, 2001; Morel and Price, 2003]. In the primordial suboxic Archean
ocean (3.8-2.5 Gy before present), iron (and several other metals) would have been
highly soluble, and therefore present at high concentration as Fe?* dissolved in sea-
water. However, with the ongoing process of photosynthesis (eqg. 1), more and more
free oxygen was produced and released in the ocean. Around 1 Gy this free oxygen
was reduced and removed by the Fe (ll), the latter becoming oxidized to solid Fe(lll)
oxides, precipitating out into massive iron oxide formations, until eventually little Fe
(1) remained in seawater. From than on the oxygen was no longer being captured as
iron-oxides, leading to a steady increase of oxygen in the atmosphere and ocean. This
also led to a shift in the oceans, from the readily soluble abundant dissolved Fe (Il)
to the sparingly soluble Fe (ll1), and thus a dramatic decrease in the concentration of
available Fe in the oceans. The resulting extremely low concentration of dissolved Fe
in the modern ocean is a central topic in this thesis.

Other biologically essential transition metals also have very low concentra-
tions in the modern ocean, yet it is only for Fe that there is strong evidence, both
from field studies and laboratory experiments, of the limitation of growth of marine
phytoplankton due to sub optimal availability [De Baar et al., 1990, 1995, 2005; Mar-
tin and Fitzwater, 1988; Hunter and Turner, 2001]. However, some reports are made
of the necessity of (dissolved) zinc for phytoplankton growth [Jakuba et al., 2012 and
reference therein]. Moreover, recently, Middag et al. [2010] also reported trends of
dissolved manganese (Mn) in upper waters of the Southern Ocean, in support of the
notion of Mn as a co-limiting factor for phytoplankton growth.

1.1.2 The “iron hypothesis”

As early as 1934, Hart noted that the phytoplankton concentrations around South
Georgia Island were ten times higher than in other Southern Ocean regions. Hart
[1934] mentioned: “ Among the ... chemical constituents of sea water ... possibly limi-
ting phytoplankton production, iron may be mentioned (..) the land being regarded
as a source of iron." [Hart, 1934]. The very low (subnanomolar) concentration of Fe
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in the seawater led to analytical limitations that prevented testing this hypothesis.
It was not until 1988 that John Martin and coworkers reported an increase in chlo-
rophyll a in shipboard experiments in August 1987, after adding Fe to High Nutrient
Low Chlorophyll (HNLC) seawater from the Sub Arctic Pacific Ocean. These findings
were the basis of the “glacial iron hypothesis” as proposed by John Martin and co-
workers in 1988. In the “glacial Fe-hypothesis” it is proposed that enhanced aeolian
iron supply during the last glacial maximum relieved phytoplankton from iron stress.
This would have resulted in enhanced productivity and subsequent drawdown of
atmospheric carbon dioxide [Martin, 1990]. In the following decades, clean sampling
and analytical techniques allowed for a much better understanding of the distribu-
tion and sources of iron in the ocean [Johnson et al., 1997; De Baar and De Jong,
2001; Moore and Braucher, 2008] and its relation with phytoplankton [Timmermans
et al., 2001; Boyd et al., 2000; De Baar et al., 2005]. Morel et al. [1991] hypothesized
that the HNLC regions in the world oceans are dominated by small phytoplankton,
adapted to low iron, and that grazing also controls the phytoplankton abundance in
these regions. Small phytoplankton cells have a scale advantage; their higher surface
to volume ratio allows diffusive transport and cellular uptake at lower ambient Fe
concentrations [Timmermans et al., 2001]. Moreover, smaller cells have a smaller
boundary layer thickness, which enhances the concentration gradients between the
outside and the inside of the cells [Marchetti and Cassar, 2009]. Multiplication of
these factors causes the advantage for cells to increase quadratically whit smaller ra-
dius. The shipboard Fe addition experiments in bottles [De Baar et al., 1990; Buma et
al., 1991] were consistent also with the first lines of evidence for natural iron fertiliza-
tion of the spring diatom bloom at the Polar Front in the Southern Ocean [De Baar et
al., 1995]. Another approach to demonstrate Fe limitation, was taken by adding dis-
solved Fe directly in situ to the surface ocean. Moreover, the notion of anthropogenic
induced climate change led to an interest in CO, drawdown from the atmosphere
into the ocean and possible sequestration of carbon into the deep ocean [Martin,
1990; Raven and Falkowski, 1999; Takahashi et al., 2002]. Perhaps by Fe addition,
this CO, drawdown might be stimulated; “The iron hypothesis”. These considerati-
ons have led to several mesoscale in situ Fe-enrichment experiments, synthesized
first by [De Baar et al, 2005] and next summarized by [Boyd et al., 2007]. For all the
in situ fertilization experiments, the chlorophyll levels and biomass increased upon
Fe addition, but the amount of net uptake of carbon in the surface waters, and the
ensuing export into the deep ocean were found to be quite modest [De Baar et al.,
2005; 2008]. In general, a strong ecosystem shift in favor of large size class of diatoms
was always observed [De Baar et al., 2005)]. One drawback of these experiments is
the pulsed addition(s) of Fe that might more resemble episodic dust supply, but not
Fe supply by long term processes such as advection, upwelling and recycling [Boyd
et al., 2007]. Therefore, several natural iron “fertilization” studies were conducted
downstream of islands in the Southern Ocean [Blain et al., 2007; Pollard et al., 2009].
The rationale behind this is that advection of iron from the sediments around these
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islands will relieve the phytoplankton community downstream from iron stress. Na-
tural fertilization studies [De Baar et al, 1995; Blain et al., 2007, Pollard et al., 2009]
in general have shown enhanced carbon uptake and export due to iron input. Sum-
marizing, the Fe additions in shipboard, in in situ 'artificial' fertilizations, and in the
natural fertilization studies all have shown convincing evidence of the strong link of
iron (availability) to primary production, and thus to the global carbon cycle.

1.1.3 Input sources and cycling of Fe

In the last few decades, many efforts were made to identify sources of Fe to the
global ocean [De Baar and De Jong, 2001]. Several sources are known for Fe supply
to the global ocean. The main pathways for the entrance of trace metals (including
Fe) to the global ocean are shown in Figure 1.1 (after [Frank, 2011]). For the surface
waters, the main sources are dust deposition, river water, emanation of reduced Fe
from suboxic shelf sediments, and supply from below by upward mixing and advec-
tion of deeper waters that tend to have higher dissolved Fe concentrations. However,
it should be noted that the Fe concentration in these waters is deficient relative to
major nutrients (N,P) because Fe is removed from subsurface waters by scavenging.
This explains the importance of sources other then vertical resupply. For the deep
waters, there is additional supply from hydrothermal vent sources.

Dust

Weathering
—
»
>
3

Continental crust

Deposition in sediments

Fig. 1.1  External sources of trace metals (amongst which iron (Fe)) to the ocean (drafted after [Frank et
al., 2011]). Also shown is the situation as found close to the Antarctic continent, where the ice-
sheet extends far into the ocean, largely preventing shelf input of Fe.

An important input source to some regions of the upper ocean is atmospheric dust
transported from continental desert sources via the atmosphere towards the sea
surface. The earths crust consists for ~3.5% by mass of Fe [Taylor, 1964], resulting in
a significant (temporary) input source of aeolian Fe dust upon rain and/or dry depo-
sition. Although this supply is most important in the low latitude region of the North
Atlantic Ocean [Jickells and Spokes, 2001] it has also been identified as input source
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to the southern South Atlantic Ocean [Cassar et al., 2007; Chever et al., 2010; Jic-
kells et al., 2005] and the SubAntarctic region south of Australia [Bowie et al., 2009;
Sedwick et al., 2008], and the North Pacific [Measures and Brown, 2005] .

Another important source of DFe to the upper ocean are shelf sediments; Fe
can be mobilized after reductive dissolution of iron oxides and organic moieties from
the sediment [De Baar and De Jong, 2001; Elrod et al., 2004]. Moreover, sediment
resuspension and near- seabed mixing can cause a dissolution of Fe from suspended
particles in shelf regions [Laés et al., 2007 and references therein; Nédélec et al.,
2007, Homoky et al., 2012]. Recently, Homoky et al., [2012] have shown that these
processes at the bottom interact; in some cases, after a benthic Fe flux, the Fe may
be transported off shelf by suspended particles leading to a flux of Fe from the shelf
sediments to the open ocean. For the Southern Ocean Islands and Antarctic Penin-
sula, shelf input sources have been shown to have a large downstream effect [Blain
et al., 2001; Blain et al., 2007; Bucciarelli et al., 2001; Pollard et al., 2009; Ardelan et
al., 2010].

Rivers have been shown to be important sources of Fe to the ocean in many
regions of the world [De Baar and De Jong, 2001]. However a large amount of the
Fe delivered by rivers does not enter the coastal zone due to loss by flocculation and
precipitation within the estuaries. Nevertheless the simultaneous delivery of DOM
by rivers may enhance the formation of organic complexes with Fe, providing a me-
chanism to circumvent Fe loss in the estuary, enabling at least a small portion of
the riverine Fe supply to reach the open ocean [Krachler et al., 2005 and references
therein].

When the Fe concentration within a certain ocean region, such as the Polar
Oceans, is under study, also lateral advection of waters from different regions, could
serve as an Fe source. For example, both [Sedwick et al., 2008] and [Bowie et al.,
2009] mention advection of subtropical surface waters, enriched in Fe, to be an Fe
input source to the Southern Ocean.

Although much attention has been given to lateral input sources and aeo-
lian dust sources from above, perhaps the most important source of DFe to surface
waters, comes from below, vertical upward net Fe transport either due to upwelling
advection [Hoppema et al., 2003], or vertical turbulent mixing, or deepening of the
(winter) mixed layer. Although the relative importance of deep water sources differs
between Ocean regions [Archer and Johnson, 2000; Fung et al., 2000], it has been
shown to be important in upwelling zones, such as the Southern Ocean [De Baar et
al, 1995; Watson et al., 2000; Hoppema et al., 2003].

The higher concentration of DFe in deep waters compared to surface waters
have long been ascribed to the net effect of remineralization processes deeper in
the water column [Johnson et al., 1997; Martin et al., 1989; De Baar and De Jong,
2001], and scavenging removal in interplay with organic complexation [Johnson et
al., 1997]. Boyd and Ellwood [2010] noted that the first process is most important in
the 250m-1000m zone, whereas the latter process is dominant below 1000m depth.

16



Introduction

With the ongoing discovery of hydrothermal vents at mid-ocean regions throughout
the world oceans, also the hydrothermal input source term of DFe can be better con-
strained and in this thesis research has been shown [Klunder et al., 2008, 2009] to
be far more important and widespread than previously recognized, mainly in regions
close to mid-ocean ridges [Boyle et al., 2005; Tagliabue et al., 2010; Wu et al., 2011].

Removal of Fe from the surface waters of the water column is mediated by
true biological uptake and non-biological adsorptive scavenging, albeit with mostly
biogenic plankton particles as the scavenging agent. The particle reactive Fe is prone
to scavenging removal from the water column [Whitfield and Turner, 1987; Johnson
et al., 1997], and thus the removal is probably directly dependent on the particle
concentration [De Baar and de Jong, 2001]. Therefore, turbid waters, such as produc-
tive coastal zones and estuaries comprising both high abundances of plankton and
suspended silt and clay, show a strong scavenging removal, although scavenging also
plays a role in open oceans [Boyd and Ellwood, 2010].

Biological uptake of DFe from the surface waters by phytoplankton and sub-
sequent export to the deeper waters is a key process in Fe cycling in the world oce-
ans. The magnitude of this process is dependent on several factors, notably other
growth limiting parameters (i.e. light energy, major nutrients, other trace nutrients),
the C:Fe stoichiometric ratio of organisms and the settling velocity of biogenic debris
out of the upper ocean into the deep waters. Nevertheless, the common Fe depth
profile in the open oceans typically shows a minimum at the subsurface, correspon-
ding to the chlorophyll a maximum [De Baar et al., 2008; Sarthou et al., 2007]. When
this phytoplankton dies off or is consumed and sinks throughout the water column,
there is net Fe transport into the deep ocean. Moreover adsorption of DFe onto
organic surfaces may further enhance the Fe loss from the surface waters. On the
other hand, the dissolved organic matter may form organic complexes with Fe, re-
tarding scavenging removal [Bergquist et al., 2007; Gledhill and van den Berg, 1994;
Thuroczy et al., thesis, 2011].

1.2 The Polar Oceans ...key to global climate

A major part of the world’s ocean is defined as Polar. The Arctic Ocean is the ocean
area around the geographic North Pole. It is a relatively small ocean surrounded by
land, except for connections with the North Atlantic Ocean at the Davis Strait and
Fram Strait, and with the North Pacific Ocean through the Bering Strait. Despite its
relatively isolated location, the Arctic Ocean plays a crucial role in global ocean circu-
lation. The intermediate and deep waters of the Arctic Ocean are strong contributors
to the major southwards overflows: the Denmark Strait Overflow Water, the Iceland-
Faréer Overflow Water, and the Faréer-Scotland Overflow Water. The Arctic interme-
diate waters cross the sills in a southwards direction, and provide dense waters to
the overflow, eventually acting as a major driver of the the Meridional Overturning
Circulation [Rudels, 2001] via the formation of North Atlantic Deep Water [Smethie
and Fine, 2001; Swift, 1984].
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The Arctic Ocean also plays an important role in the global nutrient cycles.
The phosphate excess of the waters leaving the Arctic Ocean nicely complements
hence enables a significant part of the nitrogen fixation in the North Atlantic, and
thereby regulates the balance between nitrogen and phosphate limitation in the dif-
ferent oceans [Yamamoto-Kawai et al., 2006]. It has long been assumed that the
sea-ice in the Central Arctic Ocean prevents significant primary production. Howe-
ver, the Arctic shelf seas are recognized as very productive ocean regions. Moreover,
decreasing sea-ice cover likely due to global warming of the Arctic region has led to
an increase in primary production over the last few decades [Arrigo et al., 2008; Pabi
et al., 2008]. As a consequence, there is an increase in the nitrate deficit relative to
phosphate in the Arctic Ocean waters that contribute to the North Atlantic [Arrigo
et al., 2008]. Presumably, this has increased nitrogen fixation as a consequence, alt-
hough because Fe is needed for the process of nitrogen fixation [Zehr et al., 1993;Fal-
kowski et al; 1998], it is still unclear whether Fe concentration of the waters leaving
the Arctic is sufficient to sustain this putative increased nitrogen fixation.

The Arctic is recognized for the strong contribution of freshwater by rivers
to the total water column, leading to low salinity upper waters [Dittmar and Kattner,
2003; Rudels, 2001]. Almost everywhere in the Central Arctic, halocline waters are
observed below the upper mixed layer. These halocline waters are advected from
the shelves bringing freshwater; the ice-cover and relatively large salinity difference
between these waters and lower Atlantic derived waters prevent mixing with deep
waters [Aagaard et al., 1981; Bauch et al., 2009] and thereby block a major route
for (trace) nutrients to the surface waters. This strong river input, the large amount
of shelves, and the limited vertical mixing will together determine the trace metal
inputs and cycling in the Arctic Ocean.

In the Southern Hemisphere, the Southern Ocean is defined as all waters south of
the SubAntarctic Front, situated between about 40°S and 50°S. Further southwards
the Polar Front meandering around the globe at about 50 °S marks the northwards
boundary of the Antarctic Ocean, comprising all waters south of the Polar Front.
The Polar Front is defined as the surface expression of the 2 °C isotherm of seawater
temperature, all surface waters south of the Polar Front are colder, to as low as about
-1.85 °C, freezing point of seawater.

The Southern Ocean plays an important role in the global thermohaline cir-
culation [Rintoul et al., 2001]. Briefly, deep water masses from the Atlantic, Pacific
and Indian Oceans flow southward towards the Antarctic continent. Here, they are
transported eastward by the Antarctic circumpolar current (ACC), the wind driven
current around Antarctica, which connects the Atlantic, Indian and Pacific Oceans
[Rintoul et al., 2001]. Amongst other oceans, in the Atlantic Sector, strong Ekman
pumping causes upwelling of the Southwards flowing intermediate water (Central
Deep Water, influenced by NADW) (Figure 1.2), bringing these nutrient rich waters
to the surface. Upon their return flow Northwards, these waters subduct at the Polar
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Front and form Antarctic Intermediate Waters (AAIW) spreading out into the three
major oceans at a typical depth of around 1000 metres. Close to the Antarctic con-
tinent the waters lose sufficient buoyancy due to cooling and sea ice formation, to
sink all the way down to become bottom waters [Orsi et al., 1999]. These waters
flow northwards close to the bottom as cold, nutrient rich, Antarctic Bottom Water
(AABW) , which still is recognizable far in the North Atlantic Ocean [Laés et al., 2007,
Sarmiento et al., 2004; Middag, 2010].

Fig. 1.2 Main water masses and currents in the Atlantic Sector of the Southern Ocean. North Atlantic
Deep Water is (partly) formed from overflow waters originating from the Arctic Ocean (see text).
(from H. Grobe, AWI).

The extensive upwelling of deep waters in the Southern Ocean delivers large amounts
of nutrients (PO,*, NO,;, Si(OH),) to the surface [Broecker and Peng, 1982; Sarmiento
et al., 2004]. Therefore this upwelling stimulates primary production, and the high
abundance of silicate allows diatoms to make up for ~40% of total production in the
Southern Ocean [De Master, 1981,2002]. The availability of these major nutrients
and the subsequent phytoplankton growth influences the CO,-drawdown reported
to take place in summer in the Southern Ocean [Takahashi et al., 2009]. Neverthe-
less, the present major nutrients are not (fully) used by phytoplankton, and this ap-
parent growth limitation has been attributed to a lack of iron [Martin and Fitzwater,
1988]. Thus a large part of the Southern Ocean, in principle all surface waters of the
Antarctic Ocean (i.e. south of the Polar Front) is a HNLC region (see section 1.1). Due
to its great distance from land and continental shelves the Fe-input sources to most
of the Southern Ocean are limited. Nevertheless, locally, major input sources of iron
are aeolian deposition [Cassar et al., 2007; Jickells et al., 2005], melting of ice-bergs
[Croot et al., 2004; Lin et al., 2011], Fe derived from shelves, Southern Ocean islands,
or Peninsula [Sedwick et al., 1997; Blain et al., 2001; Bucciarelli et al., 2001; Plan-
quette et al. 2007; Ardelan et al., 2010], and shallow remineralisation of phytoplank-
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ton. Moreover, at the edge of the sea-ice Fe concentrations are fairly high [Lannuzel
et al, 2007; 2008, Sedwick and DiTullio, 1997], and have been shown to stimulate
algal growth [Sedwick and DiTullio, 1997]. Sea-ice can be seen as a storagereservoir
for iron; ice scavenges iron during formation in autumn/winter and releases it upon
melting in spring, which is favorable for algal growth [Lannuzel et al., 2008]. These
input sources may enhance the Fe concentration locally, relieving phytoplankton
from iron stress, and thereby stimulating phytoplankton growth.

More large scale delivery of Fe to the surface waters includes advection of
subtropical waters from the North [Bowie et al., 2009; Sedwick et al., 2008] and ver-
tical mixing and upwelling of deep waters [De Baar et al., 1995; Léscher et al., 1997
Measures and Vink, 2001; Croot et al., 2004; Sedwick et al., 2008] that are relatively
rich in DFe.

1.3 GEOTRACES in the International Polar Year

This PhD thesis lies within the scope of the international GEOTRACES program. GEO-
TRACES is an international scientific program which aims to study biogeochemical
cycles of trace metals in the world oceans (www.geotraces.org). The mission of the
GEOTRACES program is the following:

“To identify processes and quantify fluxes that control the distributions of
key trace elements and isotopes in the ocean, and to establish the sensitivity of these
distributions to changing environmental conditions”

Although the GEOTRACES program aims to obtain a large dataset of element and iso-
tope distributions from the research cruises executed, several elements have been
designated ‘key parameters’. This is based on either the requirement for phytoplank-
ton growth (Fe, Zn, Cu, Mn, [Peers and Price, 2004; Middag et al. thesis, 2010]), or
the use as tracer for other elements such as Fe, (Al and Mn), paleotracer (Cd) and
possible toxicity (Zn, Cu) (GEOTRACES Science plan and references therein)(www.geo-
traces.org). Also isotopes can be used as tracers for water mass circulation (**C, °Pb,
226R3), for scavenging (!Pa, 2°Th, 2**Th), and for submarine groundwater discharge
(and thus shelf influence) by the relatively short lived #2*Ra and 2*Ra [Broecker and
Peng, 1982; Cochran, 1992; Moore, 1996; Dulaiova et al., 2009]. Through its impor-
tant role in phytoplankton growth, Fe is strongly involved in both the carbon and the
nitrogen cycle [Morel and Price, 2003; Morel et al., 2003] in the world oceans and
therefore is of importance for the world biogeochemical cycles.

The recent improvement in sampling, analysis and intercomparison of Fe
measurements [Bruland and Lohan, 2003; De Baar et al., 2008; Johnson et al, 1997]
have led to the possibility to sample, analyze and compare large numbers of sawa-
ter samples for Fe. Simultaneous measurement of several elements, isotopes of ele-
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ments and physical and biological parameters can optimize the interpretation and
understanding of global biochemical cycles. The work in this project therefore greatly
benefits from comparison to and linkage with other data obtained within the same
cruise and the Fe results served the other work.

Table 1.1 Listing of completed IPY-GEOTRACES research cruises [from Fahrbach et al., 2011]

Code and | Research | Chief GEOTRACES | GEO- Begin | End Ocean or | Region
name of vessel scientist | principal TRACES | date |date | sea
expedition investigator | IPY
number
KHOG6 Sea of | Professor | Nakatsuka, | Nishioka, IPY9 2006- | 2006- | Sea of Western
Okhotsk 1 Khromov | Takeshi Jun section | 08-13 | 09-12 | Okhotsk | part
(Arctic)
au0703 SAZ- | Aurora Griffiths, Bowie, IPY 2 2007- | 2007- | Sub- South off
SENSE Australis | Brian Andrew section | 01-17 | 02-20 | Antarctic | Tasmania
& Polar
Front
ATOS-1 Hesperi- | Duarte, Tovar- IPY 10 2007- | 2007- | Arctic Iceland to
des Carlos Sanchez, section |6-29 |07-27 Spitsbergen
Antonio
ARK-XXIl/2 | Polar- Schauer, Rutgers van | IPY 11 2007- | 2007- | Arctic Eurasian
stern Ursula der Loeff, section | 07-29 | 10-07 and central
Michiel Arctic
KHO7 Sea of | Professor | Nakatsuka, | Nishioka, IPY 12 2007- | 2007- | Sea of Western
Okhotsk 2 Khromov | Takeshi Jun section | 08-05 |09-15 | Okhotsk | part
(Arctic)
au0701 Aurora Worby, Bowie, IPY 3 2007- | 2007- | Antarc- East
SIPEX Australis | Tony Andrew section | 09-03 | 10-17 |tica
MD166 Marion Speich, Boye, Marie | IPY 4 2008- |2008- | Southern | Atlantic
Bonus Dufresne | Sabrina section | 02-08 | 03-24 | Ocean sector
GoodHope
ANT-XXIV/3 | Polar- Fahrbach, | De Baar, IPY 5 2008- | 2008- | Southern | Greenwich
Zero & stern Eberhard | Hein section | 02-10 | 04-10 | Ocean meridian,
Drake Weddell
Sea, Drake
Passage
au0806 SR3- | Aurora Rintoul, Butler, IPY 6 2008- | 2008- |Southern | Antarctica
GEOTRACES | Australis | Steve Edward section | 08-15 |09-28 | Ocean to Hobart
ISSS-08 Smirnits- | Semiletov, | Andersson, |IPY 13 | 2008- | 2008- | Arctic Laptev Sea
kyi Igor Per section | 08-15 |09-28 |Siberian |and East
coast Siberian
Sea
NBP0901 Nathaniel | Jacobs, De Baar, IPY 7 2009- | 2009- | Antarc- Amundsen
Dynalife B. Palmer | Stan Hein process | 01-05 | 02028 | tica Sea; Pine
study Island Bay
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Chapter 1

The work performed in this thesis was performed within the coordination of the
‘International Polar Year’ (IPY) Program 2007-2008 (www.ipy.org). This was an in-
ternationally coordinated program ‘including research and observations in both the
Arctic and Antarctic polar regions and exploring the strong links these regions have
with the rest of the globe.” [The scope of science in IPY, 2007]. The IPY-GEOTRACES
component comprised 6 Arctic cruises and 6 Antarctic cruises [Fahrbach et al., 2011,
see Table 1.1).

For this thesis, fieldwork was executed aboard the German Research Ice
breaker Polarstern, during the cruises ARK XXII-2 and ANT XXIV-3, IPY Sections 11
and 5 respectively (see table 1.1).

1.4 Objective of this thesis

The objective of this thesis is to understand, and where possible quantify, the distri-
bution, sources and sinks of Fe in the Polar Oceans. For the Arctic Ocean, the very
limited data present previous to our expedition made our new transect a baseline
for the Fe distribution in the (Eurasian) Arctic. Moreover, we aimed to constrain the
role of the Arctic in the global cycling of Fe. For the Southern Ocean, some data was
available previously, but the high resolution transects of this thesis enable a more
thorough understanding of Fe input, cycling and removal in the Southern Ocean.
Moreover, availability of other parameters (chemical and biological) does help us to
determine and quantify the various sources of Fe to both Polar Oceans. The uptake
of Fe by phytoplankton and subsequent sinking and remineralization is a process of
major importance for the Fe cycle, and therefore also included in this thesis.

1.5 Thesis outline

Chapter 2 of the thesis describes the distribution of Fe in the Arctic shelf seas and
surface waters of the Central Arctic Ocean. In the Barents Sea and Kara Sea, near
surface Fe depletion by phytoplankton is observed, and lower concentrations in the
Kara Sea possibly reflect scavenging removal and further distance from the Atlantic
source. Very high DFe concentrations in the Laptev Sea are attributed to sediment
resuspension, sinking of brine and regeneration of Fe. Mass balance equations using
680, salinity and nutrient data are used to distinguish between the different fresh-
water sources; ice-melt, river water and the salinity deficit of Pacific derived water.
The effect of Fe input from ice-melt is not very strong, and mostly restricted to the
Nansen Basin. The Trans Polar Drift (TPD) carries river water to the surface waters in
the Central Arctic (Amundsen and Makarov Basin), causing high (>2 nM) DFe concen-
trations. Two stations occupied were clearly situated on the North American side of
the TPD; here the DFe was generally low and determined by the combined effects of
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by ice-melt, biological uptake and remineralisation processes.

The DFe distribution in the Arctic Deep Waters is described in Chapter 3.
The ice-sheet and strong halocline in the Arctic largely prevents vertical mixing with
the upper waters, such that deep lateral input sources are more important for the
distribution of DFe in the Deep Arctic Ocean. The DFe emanating from the slope and
imported with the Atlantic Current are the most important sources in the Nansen
Basin, at intermediate depth. A very strong effect of hydrothermal DFe input (DFe
> 1.5 nM) is observed throughout most of the Nansen and Amundsen Basin, where
the strongest signal is close to earlier observed vents [Edmunds et al., 2003]. This in-
dicates the strong importance of hydrothermalism for trace metal concentrations in
Arctic Deep waters. The absence of DFe sources in the deepest (>3000m) Amundsen
and Makarov Basins cannot be fully compensated by organic complexation [Thuroczy
et al., 2011] and leads to strong scavenging removal, that is reflected in very low DFe
concentrations and a good linear correlation with dissolved Mn.

In the Southern Ocean, Chapter 4 describes the distribution of DFe over the
Greenwich meridian transect. The main sources to the surface waters are vertical
mixing and upwelling. Locally, atmospheric deposition and ice-melt are also impor-
tant Fe sources. Inverse correlation between Fe and fluorescence indicates biological
depletion of Fe over part of the transect. The Fe concentration in the deep waters
is determined by intrusion of Fe rich NADW from the North, hydrothermal Fe input
from the Mid Ocean Ridge, and removal by settling particles. In the deep Weddell
Gyre, the eastwards flow, close to the continent, contains significantly lower Fe than
the westwards return flow, the latter likely due to the Fe enrichment at the Antarctic
Peninsula region and/or at the Mid Ocean Ridge. The extremely low dissolved Fe
concentrations adjacent to the ice-sheet covered continent are unique, the ice-sheet
preventing the normal biogeochemical cycling that along other, non-ice-covered,
continental margins causes a supply of dissolved Fe from the sediments.

The distribution of Fe in the Western Weddell Sea and Drake Passage is
the subject of Chapter 5. In the Weddell Sea very low concentrations of DFe (0.01-
0.1 nM) are reported, which can be partly explained with high POC export and/or
primary production (indicated by chlorophyll fluorescence). The ratio of seasonal
N:P removal in the Western Weddell Sea was constant (~11) with increasing DFe,
whereas at the Greenwich meridian transect an increase in the N:P removal ratio
with increasing DFe was observed. This is attributed to the smaller diatoms in the
Western Weddell Sea, being less vulnerable to Fe limitation. The input of DFe from
the Antarctic Peninsula shelf has the strongest influence in the Drake Passage, where
it follows isopycnals far into the basin, consistent with higher manganese, aluminum
and radium. An increase of DFe (~ 3 nM) and lower salinity towards the Tierra del
Fuego shelf indicates fluvial/glacial DFe input. In the Deep Weddell Sea, formation of
deep water (by downslope convection) causes relatively high Fe (0.6-0.8 nM) concen-
trations in the bottom waters relative to the water masses at mid depth (0.2-0.4 nM).
Some of the bottom waters in the Weddell Sea cross the Scotia Ridge where it picks
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up DFe and is observed as bottom water with high DFe (~1nM) in the Deep Southern
Drake Passage. Part of the Weddell Sea Deep Waters crosses the Scotia Ridge and
spreads as AABW over the abyssal world Ocean. Most of the Deep Water flows along
the ridge as the Eastwards limb of the Weddell Gyre and becomes enriched during
this transit as seen from the increase in DFe of between the Antarctic Peninsula and
the Greenwich meridian. Close to the South American continental shelf, at ~2000 m
depth an increase in DFe (to >1.5 nM), corresponding to a Mn maximum and &°He
anomaly is attributed to a hydrothermal source in the deep South Pacific Ocean.

In Chapter 6 the Fe data obtained during ANT XXIV/3 is combined with the
previously existing Fe data available from within the ACC, Weddell Gyre and Ross Gyre
and next compiled and averaged over four different depth layers (ML, ML-300m, 300-
1000m, >1000m). The average concentration of dissolved iron increases with depth,
from ~0.28 nM in the surface waters to ~0.56 nM below 1000 meters. Slightly higher
concentrations south of the Polar Front region (PFr), compared to within the Polar
Front region are attributed to upwelling of deep waters, mainly in the Atlantic sector.
From Patagonia until 60°E, in the upper 1000m, relatively high DFe concentrations
are observed. Within the Weddell Gyre, the dissolved iron is slightly higher in the
eastward return flow than in the westward flow more to the south adjacent to the
Antarctic continent and protruding ice-sheet, for all depths. Even higher concentra-
tions are observed near to the Antarctic Peninsula, indicating the importance of se-
dimentary processes as a DFe source. This compilation of all DFe data available thus
far in four depth ranges, gives insight in the DFe available to phytoplankton growth
in the ACC and Southern Ocean Gyres, and therefore provides the best available data
compilation of DFe for simulation modeling studies.

Finally the Chapter 7 comprises a brief summary of the major findings and
some recommendations for future research.
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Chapter 2

Abstract

Concentrations of dissolved (<0.2 um) Fe (DFe) in the Arctic shelf seas and in the
surface waters of the Central Arctic Ocean are presented. In the Barents and Kara
seas, near-surface DFe minima indicate depletion of DFe by phytoplankton growth.
Below the surface, lower DFe concentrations in the Kara Sea (~0.4-0.6 nM) than in
the Barents Sea (~0.6-0.8 nM) likely reflect scavenging removal or biological deple-
tion of DFe. Very high DFe concentrations (>10 nM) in the bottom waters of the Lap-
tev Sea shelf may be attributed to either sediment resuspension, sinking of brine or
regeneration of DFe in the lower layers. A significant correlation (R? = 0.60) between
salinity and DFe is observed. Using 80, salinity, nutrients and total alkalinity data,
the main source for the high (>2 nM) DFe concentrations in the Amundsen and Ma-
karov Basins is identified as (Eurasian) river water, transported with the Transpolar
Drift (TPD). On the North American side of the TPD, the DFe concentrations are low (<
0.8 nM) and variations are determined by the effects of sea-ice meltwater, biological
depletion and remineralization and scavenging in halocline waters from the shelf.
This distribution pattern of DFe is also supported by the ratio between unfiltered and
dissolved Fe (high (> 4) above the shelf and low (< 4) off the shelf).

2.1 Introduction

The Arctic Ocean is linked to the global thermohaline circulation, mainly through a
strong contribution of Arctic Ocean waters to North Atlantic Deep Water [Rudels,
2001]. Due to ice cover and harsh conditions, the Arctic Ocean is one of the least
studied oceans, and knowledge of the trace metal distributions of the Arctic Ocean
is very limited. In contrast to other world oceans, the Arctic Ocean is characterized
by vast continental shelves (over 1/3 of the total Arctic Ocean area) and by a strong
(seasonal) input of fresh water to surface waters from Siberian rivers (Ob, Yenisey,
Lena) and Northamerican rivers (Mackenzie) and seasonal ice-melt [Aagaard et al.,
1981]. This freshwater causes a strong density difference between the mixed layer
and deeper waters, which limits winter convection [Rudels, 2001]. These physical
circumstances are expected to affect the distribution of dissolved iron (DFe) in the
water column of the Arctic, resulting in a deviation from the vertical distribution
common to open ocean profiles [Johnson et al., 1997; Moore and Braucher, 2008].
Instead, in the Arctic Ocean, the strong lateral DFe supply into the stratified surface
layers and relatively little vertical mixing are expected to result in high DFe concentra-
tions in the surface layers, relative to lower concentrations at depth.

In other regions in the global ocean, Fe availability has been shown to be
of vital importance to phytoplankton growth [Martin and Gordon, 1988; de Baar et
al., 1995; Boyd et al., 2000]. In the Arctic, despite low temperatures and relatively
low light levels, significant primary production is reported, most notably on the vast
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Fig. 2.1a Station map of all stations occupied during ARK XXIl/2. Color scale indicates dissolved Fe avera-
ges of Surface Layer Waters (SLW). Stations measured for total Fe (TFe) are marked with an open
diamond 0. Average salinity isolines of the Surface Layer Waters are shown in red. Blue arrows
indicate the transpolar drift (schematically, after Rudels et al. [2001]).

Fig. 2.1b Map of the Arctic Ocean, with the transects and shelf stations occupied during ARK XXIl/2. The
grey square in the overview marks the position of the enlargement (right panel) for the Arctic
shelves. Abbreviations: BS: Barents Sea; FIL: Franz Josef Land; BS: Barents Sea; KS: Kara Sea; LS:
Laptev Sea; NB: Nansen Basin; GR: Gakkel Ridge; AB: Amundsen Basin; LR; Lomonosov Ridge;
MB: Makarov Basin; MR: Mendeleev Ridge.
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Arctic shelves [Carmack and Wassmann,2006; Arrigo et al., 2008]. Recently more has
become known about the role of light, temperature and nutrients in primary produc-
tion in the Arctic Ocean [Gosselin et al., 1997; Pabi et al., 2008]. However, little is still
known about the distribution of DFe and the role of DFe in Arctic primary production.
A study by Measures [1999] showed reactive (unfiltered) Fe concentrations in the
1-4 nM range in the upper mixed layer over the central Arctic Ocean. They attributed
these relatively high concentrations to melting of sea-ice with entrained sediments.
Indeed, Niirnberg et al. [1994] have shown the importance of sediment entrainment
in sea-ice for transport of sediment from Arctic rivers to the Central Arctic Ocean.
Therefore the mechanism of melting of sediment laden sea-ice is a possible DFe
source to the Central Arctic. Mass balance models using &0, salinity and nutrients
showed that fluvial input sources significantly affect the surface waters of the Cen-
tral Arctic, which comprises about 5-15% river water [Bauch et al., 1995; Ekwurzel
et al., 2001]. Model calculations indicate that river water in the Eurasian Basin is of
Siberian origin [Harms et al., 2000]. Moreover, based on Ba concentrations from the
same cruise as ours, Roeske et al. [2012] conclude that the observed river water is of
Eurasian origin. Because DFe in the Siberian rivers is 2-3 orders of magnitude higher
than common open ocean surface concentrations [Dai and Martin, 1995; Gebhardt
et al., 2005; Hélemann et al., 2005; Moore and Braucher, 2008], even a small portion
of the DFe in this water escaping the relatively high Arctic scavenging removal regime
[Cai et al., 2010] could strongly affect surface DFe concentrations in the Central Arctic
Ocean.

In this paper we present the distribution of DFe on the Arctic shelves (Ba-
rents, Kara and Laptev seas) and in the surface waters (upper 250 m) of the Central
Arctic, obtained during the ARK XX11/2 expedition of RV Polarstern in August-Septem-
ber 2007 (Fig. 2.1). The multi-component approach using 60, salinity and nutrients
as well as total alkalinity (A;) measurements taken during the same cruise (see also
Bauch et al. [2011]) is used to study the influence of the different freshwater sources
on the DFe distribution in the upper Arctic Ocean waters. The distribution of DFe in
the deep waters of the Central Arctic Ocean is presented in a complementary manus-
cript by Klunder et al. [2012; This thesis, Ch. 3].

2.2 Material and methods

2.2.1  Sampling and analysis

Water samples were collected during the ARK XXII / 2 expedition of RV Polarstern
between 1 August and 23 September, 2007 (Fig. 2.1). At discrete depths, samples
were taken using 24 internally teflon coated PVC 12 liter GO-FLO samplers (General

Oceanics Inc.) mounted on a Titanium frame, which was connected to a Kevlar hy-
drowire [De Baar et al., 2008]. Inside a class 100 clean room environment samples
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for DFe analysis were collected from the GO-FLO bottles [De Baar et al, 2008]. Sea-
water was filtered using a 0.2 um filter cartridge (Sartrobran-300, Sartorius) under
nitrogen pressure. For each depth replicate samples of DFe were taken in 60 ml High
Density Polyethylene (HDPE) sample bottles and acidified to pH = 1.8 with 12 M HCI
(Baseline, Seastar Chemicals). Previously, all bottles, used for storage of reagents and
samples, were acid cleaned according to a three step cleaning procedure, as descri-
bed by Middag et al. [2009].

The DFe was measured using flow injection analysis with luminol chemilumi-
nescence, where samples were buffered in-line to pH =4, using a 0.12 M ammonium
acetate buffer (pH =6.5). The DFe was pre-concentrated on an IDA Toyopearl AF-Che-
late resin [Klunder et al., 2011]. After pre-concentration, the column was rinsed (60
sec.) with ultrapure type 1 water and subsequently Fe was eluted from the column
(120 sec.) using 0.4 M HCI (Merck Suprapur). Pre-concentration time was usually 120
seconds, except for the Laptev Sea stations, where a short loading time (15 sec) ena-
bled determination of the very high concentrations present at this location.

2.2.2 Calibration and validation

The system was calibrated using standard additions of Fe to low DFe seawater. If an
outlying value for DFe was observed, the profiles of the other trace metals (dissolved
aluminium (DAI) and manganese (DMn)) and other nutrients (silicic acid, nitrate and
nitrite, phosphate) were evaluated for consistency with the regarded data point. In
the case that no deviations were observed in the other parameters and both the
initial and duplicate sample showed an exceptional value, the exceptional data point
was considered as erroneous if the value deviated more than +25 % from the expec-
ted profile based linear interpolation between the DFe-concentration above and
below the data point (after Middag et al. [2009] and Klunder et al. [2011]). The total
number of data points for DFe during ARK XXII/2 was 785. In total 5 data points were
rejected, of which only 2 data points were situated in Arctic surface waters. A table
including stations positions, date, depth and DFe data is available as a separate chap-
ter within this thesis. An electronic supplement including nutrient and total alkalinity
data is available with the related manuscript [Klunder et al., 2012]. The blank is the
background concentration of DFe in ultrapure type 1 water and chemicals and is de-
fined as the concentration measured at 0 seconds loading time; the blank was 0.02
+ 0.02 nM (n=41) on average and did not exceed 0.075 nM. The detection limit (3o
of the blank) was 0.07 nM or 70 pM. The amount of Fe added to sample by addition
of 12 M HCI (Baseline, Seastar) is < 0.4 pM per sample and is considered negligible
[Klunder et al. 2011].

The accuracy of the Fe flow injection analysis system was verified by regu-
larly analyzing SAFe D2 standard seawater. The results agreed well with the commu-
nity consensus values: 0.92 + 0.057 nM, n=24. (Certified consensus values are: 0.92
+0.03; www.geotraces.org).
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2.2.3 Othervariables

Samples for dissolved Mn (DMn) and dissolved Al (DAI) were simultaneously sampled
with those for DFe [Middag et al., 2011; Middag et al., 2009]. At some stations, besi-
des the Fe in the dissolved fraction presented here, Fe was also measured in a smal-
ler size fraction (<1000kDa) and a “total dissolvable” fraction (unfiltered) [Thuroczy et
al., 2011]. Salinity and potential temperature data were taken from the CTD profile.

Total Alkalinity (A;) was determined by potentiometric titration in an open
cell, according to the procedures outlined by Dickson et al. [2007]. Samples were
collected in 250 ml borosilicate bottles and poisoned with 100 ul of a 50% saturated
solution of HgCl, (i.e., to a concentration of 0.02%) and stored dark and cool, but
without freezing, until analysis. All samples were analyzed during the expedition,
most within 24 hours after sampling, with only a few stations within 72 hours of sam-
pling. A correction factor of 1.0002 was applied to the results to compensate for the
diluting effect of adding the HgCl, solution. Precision of the analysis, defined as the
standard deviation of differences between duplicate analyses of certified reference
material (CRM, batch 76, distributed by the Scripps Institution of Oceanography;
[Dickson 2001]) is 1.5 umol kg (n=68). Analyses of CRM showed an initial bias of
the instrument of about +0.3% (i.e., about 6 umol kg?), which over the course of the
cruise decreased to about +0.1% (i.e., about 2 umol kg?). This minor inaccuracy and
the gradual drift therein are corrected for in the results. The final dataset of A is ac-
curate to + 4 umol kg, this being approximately twice the standard deviation of the
CRM measurements after the correction for bias and drift is performed.

Oxygen isotopes were analyzed at the Leibniz Laboratory (Kiel, Germany) ap-
plying the CO,-water isotope equilibration technique on a Finnigan gas bench Il unit
coupled to a Finnigan DeltaPlusXL. At least 2 sub-samples were analyzed to reach an
overall measurement precision for all §*%0 analysis of at least £0.03%. or smaller. For
further details see Bauch et al. [2011]. The *¥0/*0 ratio is given versus VSMOW in
the usual 6-notation [Craig, 1961].

2.2.4 Calculation of river water and sea-ice meltwater fractions

Stable oxygen isotopes of the water in conjunction with salinity have proven to be a
useful and reliable tracer to identify and distinguish freshwater sources [Ostlund and
Hut, 1984]. Moreover, Atlantic and Pacific-derived waters within the marine fraction
can be distinguished and quantified based on nutrient concentrations [Ekwurzel et
al., 2001; Jones et al., 1998, 2008; Yamamoto-Kawai et al., 2008]. The water mass
fractions are calculated using either a three component or a four-component system
of mass balance equations based on salinity, 6'*0, and PO,". The latter PO," repre-
sents the initial phosphate concentration that accounts for organic respiration of dis-
solved oxygen and is defined as POf1 :POf’f +0, /175-1.95-umolkg™ [Broecker
et al., 1985]. In deep waters and below a closed sea-ice cover at reduced O, air/sea
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exchanges, the POA* is a quasi-conservative tracer [Ekwurzel et al., 2001]. The overall
mass balance is governed by the following equations [Ekwurzel et al., 2001]:

f+f, +f+f =1 (1)
f,S, +,S, +£S; +£,S, =S, eas (2)
£,5%0, +£,8°0, +£5'°0; +£.8'°0, =5"°0 o, (3)
f,PO,, +,PO, +fPO,, +fPO, =PO, (4)

wherefa is the fraction of Atlantic water,fp the fraction of Pacific-derived water, f the
fraction of sea-ice meltwater (or brine influence if f, is negative), and f, is the fraction
of meteoric water for which the 60 signal is a suitable indicator. Meteoric water is
all water ultimately due to precipitation. In the Arctic Ocean, this can be supplied as
river water or as local net precipitation. River water and local precipitation are isoto-
pically identical but river water exceeds net precipitation [Serreze et al., 2006], there-
fore we refer to this fraction as river water. The S, O and PO, * with the corresponding
subscripts are the endmember values and measured values of salinity, 6'*0 and PO *
[see Bauch et al.,2011]. In the Atlantic regime calculated fractions of Pacific-derived
waters may be strongly negative, because of endmember uncertainties and also due
to a non-conservative behavior of dissolved oxygen near the surface. In these cases,
Pacific-derived water can be assumed to be absent and a 3-component system of
equations is solved (equations 1-3 with fp set to zero). An alternative calculation
(similar to equations 1-4) using nitrate to phosphate ratios (N/P) facilitates the dif-
ferences in nitrate levels between Atlantic and Pacific-derived waters [Jones et al.,
1998, 2008; Yamamoto-Kawai et al., 2008]. Comparison of Pacific-derived fractions
from PO,* and N/P-based calculations are especially important for the interpreta-
tion of station data on the Canadian Side of the Transpolar Drift (st. 338, 342, 345;
Fig. 2.5). While the PO,* approach generally tends to underestimate Pacific-derived
waters due to non-conservative behavior O, near the surface, the N/P approach in
the Transpolar Drift contains a seemingly Pacific signal that in fact is originating from
denitrification processes along the Siberian shelves [Bauch et al., 2011].

A negative sea-ice meltwater fraction reflects the amount of water removed
by sea-ice formation and the absolute value is proportional to the subsequent addi-
tion of brines to the remaining water column. All fractions are net values reconstruct-
ed from the 60 and salinity signature of each sample and are the result of time
integrated effects on the sample volume over the residence time of the water. Un-
certainties based on analytical errors are considerably smaller than systematic and
conceptual errors arising from limited knowledge of endmember values. Systematic
errors based on uncertainties in endmember salinity and 60 data remain mostly
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within £1% for river water and sea-ice meltwater fractions and uncertainties for Pa-
cific water fraction are up to about 10% for the PO, *-based calculation [Ekwurzel et
al. 2001] and up to 10% for the N/P-based method [Yamamoto-Kawai et al., 2008].
For a detailed discussion see Bauch et al. [2011]

2.3 Hydrographic background

The largest inflow into the Arctic Ocean is Atlantic water, marked by high potential
temperatures (6) (~3-5°C) and high salinity (~35) [Rudels, 2001]. This Atlantic water
enters the Arctic Ocean in two branches. One branch flows through the Fram Strait
and then eastwards along the Siberian continental margin at a depth of ~200-600
m [Rudels, 2001]. The other branch flows over the Barents Sea and Kara Sea and
joins the Fram Strait Branch at St Anna Trough [Rudels, 2001]. The dominant surface
current across the Central Arctic Ocean is the Transpolar Drift (TPD), fed by surface
waters from the Laptev and East Siberian seas. The TPD crosses the Central Arctic
Ocean, and leaves the basin southward through Fram Strait and there constitutes
forms the East Greenland Current [Rudels, 2001; Fig 2.1a].

Throughout the Arctic, the upper surface waters are strongly influenced by
a major freshwater input from the Siberian and North American rivers, by Pacific
inflow through Bering Strait and by melting of sea-ice [Aagaard and Carmack, 1989].
This results in a surface mixed layer (SML) marked by minima of salinity and potential
temperature. During ARK XXII/2, the mixed layer (defined as the shallowest depth
deeper than 10m where o-0,, < 0.05 (after Rintoul et al. [2001]) varies between
11-25 m over the study area. During the Ultraclean CTD casts, in many cases the
shallowest sample measured was situated below the SML. Below the SML, upper ha-
locline waters (UHW) are marked by a nutrient maximum and are most pronounced
in the Makarov basin at salinities of about 32.5-33.5 (e.g. [Guay and Kenison Falkner,
1997]). The lower halocline waters (LHW), observed in all Arctic basins, are originally
formed by winter convection in the Nansen Basin [Rudels et al., 2004] and intrusions
of saline shelf water [Steele and Boyd, 1998], causing higher salinities 34-34.5 (e.g.
[Guay and Kenison Falkner, 1997]) compared to the UHW. Steele and Boyd [1998]
mention the formation of halocline waters in the Makarov Basin as a result of large
amounts of freshwater leaving the Laptev Shelf Continental Margin. Below the ha-
locline, Atlantic derived waters are observed, marked by a temperature maximum
and higher salinity of about 34.92 in the south western Nansen Basin [Aagaard et
al.,1981]. In this study, the Surface Layer Waters (SLW) comprise the SML, UHW and
LHW and are defined as waters with salinity < 34.5 (after [Guay and Kenison Falkner,
1997]).
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2.4 Results

For all stations occupied during ARK XXII/2, the average DFe concentrations in the
SLW together with isohalines are shown in Fig. 2.1a. Positions of transects are de-
picted in Fig. 2.1b. Since there is a clear correlation between DFe and salinity in the
upper Arctic Ocean, the fractions of the different freshwater sources are displayed
together with DFe (Figures 2.3-2.6) as they may give information about the different
sources of Fe in the Arctic Ocean.

2.4.1 Shelf Seas

For the shelf seas, depth profiles of DFe, together with light transmission and salinity,
are depicted in Fig. 2.2. In the Barents Sea (Fig. 2.2a; Fig. 2.3) high Fe (>1 nM) and
salinity (>35.1) was found in the upper layer (25-50 m) southernmost station (228).
Below a DFe enrichment in surface waters, stations 236 and 239 showed a subsurf-
ace minimum at ~50m water depth (also at station 237), which corresponded to a
maximum of fluorescence. Below 50m, the DFe concentrations were relatively con-
stant with depth (0.6-0.8 nM). The fractions of river water were relatively low in the
Barents Sea and some sea-ice meltwater was observed in the upper water around
station 239 (Fig. 2.3).

Four stations were occupied north-east of Franz Josef Land, over the St. Anna
Trough and at the Kara Sea slope (Fig. 2.1b and profiles in 2.2b). All stations showed a
surface depletion of DFe in the upper 10 m and a pronounced subsurface maximum
at 25 m depth. At all stations this layer was marked by reduced temperature 6 (not
shown), relatively low salinity (<33.5), higher fluorescence (Fig. 2.2b) and some river
water (up to 3%) as well as sea-ice meltwater (2-5%) was observed (Fig. 2.4). Below
the DFe minimum at 25 m depth there was an enrichment at 75 m and below that a
relatively low (0.4-0.5 nM) DFe concentrations (st 271/272) or a depletion at 75 m (st
276) and below that a relatively higher DFe (0.5-0.6 nM) (st 276/279).

Two stations (407 and 411) were occupied in the shallow Laptev Sea (Fig
2.2c). In the upper 10 m the DFe concentrations of ~3 nM coincided with low salinity
and correspondingly high fractions of river water (12—14%) and some sea-ice melt-
water (~3%). Below the low salinity layer low DFe concentrations (<2 nM), sea-ice
meltwater and river water contributions were found at station 407. At station 411,
closer to the shelf edge, high DFe concentrations (>10 nM) corresponded to higher
salinity and lower light transmission (Fig. 2.2c), and a strong influence of brine wa-
ters (negative sea-ice meltwater fraction; fi~-9%). Relatively high river water fracti-
ons (~15%) were observed.
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For clarification of the discussion, for the Kara Sea shelf, also oxygen profiles are shown (see
text) and for the Laptev Sea shelf also light transmission data is shown (see text). Station profiles
for salinity, fluorescence, light transmission and oxygen follow the same colors as indicated in
the DFe profile for each region.

42



(w) yadag

200

1

Depth [m]

ks

200

250

Depth [m]

200

250

100

150

Dissolved iron in the Arctic shelf seas and surface waters of the Central Arctic Ocean

2.4.2 Surface waters in the Central Arctic Basin

There was a strong relation between high DFe and low salinity in the Eurasian Basin
and Central Arctic (Fig. 2.1a), where in the south western Nansen Basin low concen-
trations of DFe corresponded to high salinity and in the Amundsen and Makarov Bas-
ins increasing DFe corresponded to decreasing salinity. An exception to this inverse
correlation pattern between salinity and DFe was the region above the Alpha Ridge:
here at stations 338 and 342 (Fig. 2.1a), which we assume to be just outside the
influence of the Transpolar Drift, salinity further decreased but also DFe concentra-
tions were low. The position of the Transpolar Drift is inferred from the distribution
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Fig. 2.3  Dissolved Fe depth profiles, dissolved Fe transect plot (upper panel) and transect plot of river
water fractions (color) and sea-ice meltwater fractions (contours) (lower panel) in the upper 250
m of the water column at transect 1 (see Fig. 2.1b). Station numbers of transects are indicated
above upper panel and South (S) and North (N) orientation within lower panel. Note the dif-
ferent scale for the DFe depth profiles. [Gridding: DIVA gridding (ODV) ; 72*72 (upper panel)&
60*60 (lower panel)]
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Dissolved Fe depth profiles, dissolved Fe transect plot (upper panel) and transect plot of river
water fractions (color) and sea-ice meltwater fractions (contours) (lower panel) in the upper 250
m of the water column at transect 2 (see Fig. 2.1b). Station numbers of transects are indicated
above upper panel and South (S) and North (N) orientation within lower panel. Note the dif-
ferent scale for the DFe depth profiles. [Gridding: DIVA gridding (ODV); 90*90 (upper panel)&
60*60 (lower panel)]

See next page: Dissolved Fe depth profiles, dissolved Fe transect plot (upper panel) and transect
plot of river water fractions (color) and sea-ice meltwater fractions (contours) and pacific water
fraction (white contours) (lower panel) in the upper 250 m of the water column at transect 3/4
(see Fig. 2.1b). Station numbers of transects are indicated above upper panel and South (S) and
North (N) orientation within lower panel. The different Basins are indicated by arrows below the
transect plots. Note the different scale for the DFe depth profiles. The red bar in the lower panel
indicates the region where water mass fractions are calculated using N/P ratio. [Gridding: DIVA
gridding (ODV); 72*72 (upper panel)& 60*60 (lower panel)]
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of Pacific-derived waters and extrema of river water and negative sea-ice meltwater
fractions (see discussion in Bauch et al. [2011]). Moreover,the enhanced transport
rates inferred from transient tracer evidence support this position of the TPD [van
der Loeff et al., 2012].

In the western part of the Nansen Basin (Transects 1 and 2), the concentra-
tions of DFe were generally low in the upper surface, despite some freshwater from
sea-ice meltwater and river water (Fig. 2.3, 2.4). In the northernmost station of tran-
sect 1, the DFe increased with increasing river water (Fig. 2.3), whereas further east,
at the northernmost station of transect 2, high river water and low DFe was found
(Fig. 2.4). The western part of the Nansen Basin had relatively low fractions of river
water and sea-ice meltwater (with a total always <6%) in the upper surface. Sea-ice
meltwater was mostly restricted to the upper 25 m where DFe was generally low
(<0.5nM). Although river water was present (2-3%) over most of the western Nansen
Basin, the river influence was very low (<1%) at the shelf break just north of Franz
Josef Land (Fig. 2.4).

Further east at the Kara Sea slope, increasing river water fractions and about
constant sea-ice meltwater fractions coincided with relatively higher DFe (Fig. 2.4;
~0-150 km of section). In the central Nansen Basin both the DFe concentrations (~0.5
nM) and the river water fractions were relatively low (Fig. 2.5; see section at ~150-
400 km).

Relatively high surface DFe concentrations were observed above the Gakkel
Ridge together with large fractions of river water and some influence of brine waters
(i.e. negative sea ice-meltwater fractions) (Fig. 2.6). In the Nansen Basin near the
Laptev Sea margin, the surface DFe concentrations decreased as well as the fractions
of river water and sea-ice meltwater (Fig. 2.6; ~600-800 km of section). Towards and
onto the Laptev Sea shelf (see section 2.4.1 and Fig. 2.7) both the DFe concentrations
and river water fractions increased again.

Towards the Amundsen Basin an increase was observed in the DFe concen-
trations that coincides with high river water fractions (>10%) and sea-ice formation
(negative sea-ice meltwater fraction) (Fig. 2.5; see section at ~600-100 km and at
~2500 km). This pattern was observed somewhat more pronounced, in the Makarov
Basin further west (Fig. 2.5, see section at ~1100-1500 km and 2000-2400 km). A
considerable influence of Pacific water (>20%) was observed in the entire Makarov
Basin. On the North American side of the Transpolar Drift, Pacific-derived waters
comprised a major fraction of the upper water column seen most pronounced at

Fig. 2.6  See former page: Dissolved Fe depth profiles, dissolved Fe transect plot (upper panel) and tran-
sect plot of river water fractions (color) and sea-ice meltwater fractions (contours) (lower pa-
nel) in the upper 250 m of the water column at transect 5 (see Fig. 2.1b). Station numbers of
transects are indicated above upper panel and South (S) and North (N) orientation within lower
panel. Note the different scale for the DFe depth profiles. [Gridding: DIVA gridding (ODV); 72*72
(upper panel)& 60*60 (lower panel)]
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station 342 with fp~90% (Fig. 2.5). The maximum in Pacific fractions coincides with
a strong DFe minimum, observed for all stations on the North American side of the
TPD.
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Fig. 2.7  Dissolved Fe datapoints plot (upper panel) and transect plot of of river water fractions (color)
and sea-ice meltwater fractions (contours) (lower panel) in the upper 250 m of the water co-
lumn of the stations on the Laptev Shelf (see Fig. 2.1b). Station numbers of transects are indi-
cated above upper panel and South (S) and North (N) orientation within lower panel. [Gridding:
DIVA gridding (ODV); 60*60 (lower panel)]
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2.5 Discussion

The inverse linear relationship between DFe and salinity (Fig. 2.8a) demonstrates the
important role of Arctic rivers in the delivery of DFe to the Arctic Ocean. Neverthe-
less, significant deviations from the linear trend indicate that there are also other
important sources and processes. In the following discussion we first compare our
results with existing (D)Fe data from the Arctic (2.5.1) and discuss the processes on
the shelf seas (2.5.2). Then we discuss the concentration of DFe in freshwater sour-
ces (2.5.3) and compare the distribution of DFe in the central Arctic Ocean with the
distribution of freshwater (2.5.4). Processes involved in sea-ice formation and trans-
port will alter the ratio of total Fe (TFe) and the dissolved fraction (DFe). Therefore,
in order to understand the impact of these sea-ice processes on the Fe distribution
the ratio TFe/DFe is discussed (2.5.5).

2.5.1 Comparison with previously published data

Our study shows that concentrations of DFe in Siberian shelf seas are relatively low
(<1 nM), except for the Laptev Sea where rather high concentrations (> 10 nM) are
observed. In the Central Arctic, concentrations vary from ~0.5 nM in the Nansen Ba-
sin, to >2nM in the Amundsen and Makarov basins. To our knowledge no other data
has been previously reported for dissolved (0.2 um filtered) DFe in the Arctic Ocean,
but there are some studies reporting unfiltered Fe concentrations. Our observations
are consistent with data of Moore et al. [1983], who reported a profile with ~1.5 nM
of reactive iron in the surface waters above the Lomonosov Ridge. Measures [1999]
reported generally higher concentrations in the range of 0.67-20 nM for reactive Fe
on a transect across the Arctic Ocean, with 1.55-3.5 nM over the Lomonosov Ridge
and the Makarov Basin and 0.67-1.31 nM for the western Nansen Basin. These ran-
ges of unfiltered samples are slightly higher than the data presented here for filtered
samples, but agree well with the values for unfiltered samples from our same casts
[Thuroczy et al., 2011]. Tovar-Sanchez et al. [2009] reported Fe concentrations of 10
+1.8 nM (n=10) in upper surface waters (1 m depth) just north of Spitsbergen and va-
lues are thereby roughly an order of magnitude higher than our data sampled slightly
to the east at ~15-20° (see Figs. 2.2 and 2.3). However, the difference may be at least
partly explained by the fact that Tovar-Sanchez et al. [2009] reported unfiltered Fe
and sampled at ~1 m water depth to specifically capture the influence of melting of
sea-ice. In contrast filtered (dissolved) Fe concentrations reported here are from >
10 m water depth.
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2.5.2 Shelf seas

In the Barents Sea, all stations show a subsurface DFe minimum, often coinciding
with a maximum in fluorescence (Fig. 2.2a). This fluorescence is due to presence of
chl a, and may indicate uptake of DFe by phytoplankton. Cai et al. [2010] report a
relatively high POC export in the Barents Sea from measurements collected on the
same expedition, indicating significant primary production in the months before the
expedition. Indeed, NASA SEAWifs images show high concentrations of chlorophyll
(~5 mg m=3) in the Barents Sea in the months before our cruise (May-June) [Feldman
and McClain, 2011]. During our expedition concentrations had already decreased
to (< 1 mg m3) (NASA SEAWifs images [Feldman and McClain, 2011]; (see related
publication [Klunder et al., 2012]). Moreover, the chl a distribution in the Barents Sea
shows variations of one order of magnitude in the region southeast of Spitsbergen in
June-July 2007. Also satellite derived annual primary production data of the calendar
year 2007 from the Arctic Ocean, show variations between 50-150 g C m yr? over
the Barents Sea Shelf [Arrigo et al., 2008]. Therefore, it is likely that biological uptake
and depletion of DFe in the months prior to the expedition has led to the observed
low concentrations. Of the four Barents Sea stations, station 237 has the lowest POC
export [Cai et al., 2010] and relatively higher DFe, suggesting little DFe depletion by
phytoplankton at this station, consistent with spatial variation within the Barents Sea
(Fig. 2.3). The very high DFe concentration (~1.67 nM) close to bottom depth at sta-
tion 236 is consistent with a similar high concentration observed in DMn distribution
and is attributed to benthic efflux [Middag et al., 2011]. The Kara Sea stations differ
from the Barents Sea and Laptev Sea shelf sea stations as they are situated all on the
outer shelf, close to the slope, rather than on the central shelf (Fig. 2.1b, inset). All
Kara Sea stations show an upper surface biological depletion in DFe, consistent with
the maximum chl a fluorescence signal in the upper 20 m surface water (Fig. 2.2b).
Station 271, situated furthest from the shelf, shows a small intrusion of cold, fresher,
slightly less oxygenated waters (Fig. 2.2b), likely from the shelf, below a stable mixed
layer (upper 15 m). Higher DFe in these advected shelf waters may explain the higher
DFe in the upper 25 m at station 271. Similarly, an even stronger decrease in salinity
and oxygen may indicate intruding waters from the shelf at station 279, and thus
explain the high DFe concentrations, although this is not confirmed in the 6 profile
(Fig. 2.2b). Below the upper 50 m the Atlantic core is recognized by higher 6 and sa-
linity; at station 271 and station 279 at ~ 75 to 175 m water depth. At stations, 272
and 276, situated further from the shelf, a deeper Atlantic water layer is observed.
Below 100 m, the slightly lower DFe at station 271 and 272 (~0.4-0.45 nM) may be
due to influence of Fram Strait Branch Waters, whereas the DFe at station 276 and
279 (~0.5-0.55 nM) may be influenced by Barents Sea Branch Waters (Fig. 2.4). In
general, the DFe concentrations are slightly lower in the Kara Sea than in the Barents
Sea; DFe may be removed during transport from the Atlantic source to the Kara Sea
both by adsorptive scavenging removal and/or biological uptake. Remarkably, the
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profile of dissolved Barium (Ba) as measured at station 276 follows a reverse pattern
as DFe at this depth, with a small decrease at ~100-125 m. [Roeske et al., 2012, their
Fig. 2.4]. It may be possible that some small influence of advected shelf waters with a
(small) sea-ice meltwater signal at ~100-125 m depth causes the lower Ba [Roeske et
al., 2012] yet higher DFe concentrations. Although these data do not provide a defi-
nitive conclusion, our suggestion of advected water with elevated sea-ice meltwater
influence is consistent with the deviations observed in the salinity profile (Fig. 2.2b),
high dissolved Al at a depth of 125 m [Middag et al., 2009] and the higher §'¥0 (not
shown) at these depths. The DFe concentrations gradually decrease at station 276
below 300 m to ~0.45 nM at 620 m depth.

In the Laptev Sea (station 411; see Fig. 2.7) a very low light transmission
signal is found below 20 m, corresponding to extremely high DFe. Because low light
transmission indicates presence of particles, local resuspension from bottom sedi-
ment may be an input source for DFe (Fig 2.2c). Moreover, these enhanced DFe con-
centrations in the bottom waters may come from the rapid regeneration at depth of
organic material exported from the upper waters. This mechanism has been reported
for dissolved Barium (Ba) that shows a similar distribution with high concentrations
in Laptev Sea bottom waters [Abrahamsen et al., 2009; Roeske et al., 2012]. Organic
matter in this part of the Laptev Sea is mainly of terrestrial origin [Anderson et al.,
2009] and the dissolution of this organic matter may explain the observed high con-
centrations of DFe. Additionally, bottom waters on the Laptev Sea shelf are known
to contain some river water and are also influenced by sea-ice formation (Fig. 2.7)
[Bauch et al., 2009]. Since river water fractions do not differ as much between surf-
ace and bottom layer (Fig. 2.7) the extremely enhanced DFe concentrations in the
bottom layer are not primarily determined by river contribution. Brine rejection from
sea-ice formation may be of importance in distributing DFe over the water column.
For the Weddell Sea, Lannuzel et al.[2008] reported DFe enrichment upon brine drai-
nage. Close to the shelf edge, the station 407 shows relatively lower DFe and higher
salinity, than station 411 on the shelf (Fig. 2.2c), due to the Atlantic Boundary Current
flowing along the Arctic shelf seas [Rudels et al., 2004] transporting saline water with
relatively low DFe [Klunder et al., 2012] onto the outer Laptev Sea shelf.

2.5.3 Fein freshwater sources

The inflow of river water is a major source of DFe to surface waters. The DFe con-
centrations in Arctic rivers vary considerably. Dai and Martin [1995] reported 250
-650 nM for the Ob and Yenisey rivers and Hélemann et al. [2005] reported a range of
410-7132 nM for the Lena river. Concentrations of DFe in river water are seasonally
variable: both the North American and Eurasian rivers show a strong seasonal sum-
mer peak in their discharge volume with higher DFe concentration during the peak
discharge [Rember and Trefry, 2004; Hélemann et al., 2005]. These concentrations
are orders of magnitude higher than common ocean seawater concentrations, ho-
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wever a large amount of DFe is expected to be removed by precipitation/flocculation
and sinking in the estuaries [Boyle et al., 1977].

The melting of seasonal sea-ice is another possible input source of DFe
[Measures, 1999]. In the Southern Ocean, melting of seasonal sea-ice has been
shown to cause enrichment of DFe [Klunder et al., 2010; Lannuzel et al., 2008]. It is
important to note that the DFe concentration in sea-ice can be modified by biological
processes (uptake by phytoplankton and bacterial remineralisation) [van der Merwe
et al., 2009]. Also Arctic sea-ice may receive Fe from atmospheric sources [Darby et
al., 1974]. However, because the Arctic sea-ice is largely formed on the Arctic shel-
ves, the entrainment of sediments, either from rivers or suspension at the shelf can
be assumed to be a more significant process [Niirnberg et al., 1994]. Hélemann et
al. [2005] reported very high (281-10585 nM) DFe concentrations in sea-ice in the
Laptev Sea, where the concentrations near the Lena River Delta exceeded the con-
centrations further on the shelf by two orders of magnitude. Tovar-Sanchez et al.
[2009] reported concentrations of 532-864 nM total dissolvable Fe in Arctic sea-ice
for stations north of Spitsbergen. This wide range of Fe enrichment in samples taken
relatively close to each other illustrates the strong spatial variability of the input of
sea-ice derived particulate and dissolved Fe, that will lead to patchiness in the distri-
bution of DFe in Arctic sea-ice meltwater and consequently in the water below.

Moreover, the contribution of dissolved Fe to the total Fe in sea-ice cores
has been shown to vary between less than 1% to 33% in the Subarctic Bering Sea
[Aguilar-Islas et al., 2008]. This stresses the role of release mechanisms and dissolu-
tion processes in delivery of dissolved Fe from sea ice sediments to the water column
[Cédmara-Mor et al., 2010; Niirnberg et al., 1994]. The Transpolar Drift (TPD) carries
sediment laden sea-ice to the Central Arctic where it can be released upon melting
[Cdmara-Mor et al., 2010; Niirnberg et al., 1994]. It is important to note that the
mass balance equations used in this study yield a net value of the sea-ice contribu-
tion over the residence time of the water and melting as well as formation may have
taken place before the time of measurement. Therefore water with a negative value
for the fraction sea-ice meltwater (reflecting net sea-ice formation) may still contain
some recent addition of sea-ice meltwater, i.e. may still have a sea-ice related DFe
source.

In the Makarov Basin, a large part of the freshwater component is due to
waters of Pacific origin. This water may contain a different DFe signature compared
to the marine waters in the Eurasian Basin that consist primarily of Atlantic-derived
waters [Bauch et al., 2011]. The DFe concentrations in the surface waters of the
North Pacific vary widely (0.1 nM - 3 nM) [Takata et al., 2004; Moore and Braucher,
2008; Aguilar-Islas et al., 2008]. Besides this wide range in concentration of DFe in
the North Pacific Ocean, there is significant biogeochemical modification of Pacific
Waters during transit over the shallow shelves from the Bering Sea to the central
Arctic [Codispoti et al., 2005] (transit time in the order of 1-6 months [Woodgate et
al., 2005]). Therefore, the DFe endmember concentration in Pacific-derived waters
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Fig. 2.8a

Fig. 2.8b

Riverwater fraction [%]

Relation between DFe and Salinity in the upper 250 m. Red dots show all data, (smaller) black
dots show all data points excluding stations 338/342 (see text section 5.4) and 407/411 (see
text section 5.2). Correlation coefficiént, p-value and N are given for the reduced dataset (black
dots). Note the break within the DFe axis.

Relation between the concentration of DFe (nM) and fraction of river water (%) for the whole
water column in the Central Arctic Ocean (Shelf stations are excluded (see fig. 1.2b)). Fraction of
Pacific-derived water (%) is shown in color scale. The blue ellipse indicates the data points >50
m at stations 338 and 342 (see text for discussion).
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in the Arctic Ocean halocline has a wide range and cannot be defined as one single
end-member value.

2.5.4 DFe concentration in correlation to freshwater distribution

The strong linear relationship between DFe and river water in the surface layer of
the Central Arctic (Fig. 2.8b) indicates that river water is the most important DFe
source in the Central Arctic Ocean. The DFe concentration does not exceed 1.5 nM
in regions with river water fractions <10 %, whereas in regions with >15% river water
fraction, DFe concentrations of up to 3 nM are found.

The small portion of total freshwater (river water and sea-ice meltwater
<~6%) present in the Eastern Nansen Basin and over the Barents Sea and Kara Sea
shelves does not show a clear correlation with the distribution of DFe. Sea-ice melt-
water contributes about half of this freshwater but no related increase in DFe is ob-
served (Figs. 2.3, 2.4). Thus sea-ice meltwater is generally not a significant source of
DFe in this region. At the northernmost station of transect 1 (Fig. 2.3) and east of the
St. Anna Trough (Fig. 2.4) small but significant input of river water correlated with
high DFe. This river water originates from shelf regions further east where it beco-
mes frozen and next transported as ice together with sea-ice [Bauch et al., 2011],
and it melts again in the Barents Sea and eastern Nansen Basin. The DFe present in
this river water transported as ice may be subject to biological Fe-depletion during
transport causing strong spatial variation in concentrations of DFe (see section 2.5.3).
Also, both the strong surface depletion in phosphate (see related publication [K/un-
der et al., 2012, J. Geophys. Res.]) and the relatively high POC-export fluxes (1.7-5.5
mmol m=2d?) [Cai et al., 2010] indicate phytoplankton growth and subsequent export
in the months prior to our expedition (see section 2.5.2). If this production would
take up the DFe from sea-ice meltwater it would not be observed in the DFe concen-
trations despite considerable river water and sea-ice meltwater fractions. The facts
that melting of sea-ice in the Barents Sea commenced in mid-May 2007 [Spreen and
Kaleschke, 2008] and our sampling in the Barents Sea took place at the end of July
2007 are in favor of such a mechanism, which was also observed in the Ross Sea
[Sedwick and DiTullio, 1997].

The two stations at the North American side of the TPD (station 338 and 342,
Fig. 2.1a) significantly deviate from the correlation between DFe and river water frac-
tions seen in the Eurasian Basin and in the TPD (Fig. 2.9). While river water fractions
are lower compared to values found in the TPD, still significant river water fractions
are observed which are not reflected in the actually low DFe concentrations (Fig.
2.5). At stations 338 and 342 an enrichment of DFe is observed at the surface, lower
DFe concentration at the subsurface and another DFe-enrichment at 75-100 m depth
(Fig. 2.9). Salinity at these stations is low at the surface, but increases in the upper 30
m, remains relatively constant between ~30-60 m depth and continues to increase
below (Fig. 2.9). Compared to salinity values found at ~60 m an additional input of
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Fig. 2.9  Depth profiles in upper 300 m of DFe (nM), oxygen, salinity and salinity for stations 338 and 342
located on the North American side of the Transpolar Drift. Processes influencing the concentra-
tion of DFe are indicated (see text for explanation)

1-2% freshwater (S=0) is needed to obtain the low salinity values found in the upper
30 m. Moreover, there is a DFe decrease of 0.32 nM from 10 to 50 m and of 0.15 nM
from 10 to 25 m for station 338 and 342 respectively. Although the fraction of (Eu-
rasian) river water is high compared to that of sea-ice meltwater (8-10%), the river
water fractions are relatively constant over the upper 50 m, whereas positive sea-ice-
meltwater fractions (~3%) are only observed in the shallowest sample (~10 m) and
are consistent with the high DFe concentrations. From the lower salinity in the upper
~10 m, relative to the winter mixed layer salinity and the observed relation of high
DFe with sea-ice meltwater it is suggested that the low salinity, high DFe input comes
from the surface. Assuming DFe enrichment is caused solely by sea ice meltwater,
the DFe endmember concentration is calculated using the extra sea-ice meltwater
input of 2% and 1.5 % and the DFe decrease of 0.32 and 0.15 nM respectively. The
DFe-concentration for the sea-ice meltwater endmember should thereby be ~16 nM
and ~10 nM DFe, for stations 338 and 342 respectively. This calculated DFe concen-
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tration for the sea-ice endmember is low compared to the reported DFe in Arctic
sea-ice (see section 2.5.3). However, we may expect strong spatial variations in the
amount of DFe released from melting of sediment laden sea-ice as it is dependent on
the amount of sediment contained in the ice and on the dissolution mechanisms. The
presence of chlorophyll a in the upper 50 m [Cai et al., 2010], may point to biological
depletion causing the lower DFe concentrations at ~25-50m depth. Instead of North
American river water, Roeske et al., [2012] attributed the waters at 50-100 m depth
to halocline waters from the Chukchi Shelf, carrying the properties of mineralization
processes between bottom waters and sediment. This is reflected in high Ba concen-
trations [Roeske et al., 2012] and low O, and high silicate concentrations (Fig. 2.9).
These mineralization processes could cause the DFe increase from 50m to ~100 m at
station 338 and 342. The strongest influence of these waters from the Chukchi Sea is
found at 100 m depth at station 342 as reflected in the Si maximum (Fig. 2.9) and may
explain the high DFe concentrations here. In contrast, lower DFe concentrations (Fig.
2.9) at station 338 may be caused by mixing with Atlantic waters, which comprise al-
ready >60% of the water mass at 100 m. Below ~125 m, the DFe decreases (Fig. 2.9),
consistent with the DFe concentration observed in the deep waters of the Makarov
Basin [Klunder et al.,manuscript submitted].

An alternative explanation for the relatively low DFe values on the North
American side of the TPD is the longer transit time of waters from the shelf seas to
the Central Arctic in the Beaufort Gyre compared to the fast transport of river de-
rived waters from the shelf to the Central Arctic by the TPD. This longer transit time
would allow more Fe to be removed by scavenging processes. In addition, DFe may
be taken up by phytoplankton in the preceding months, enhanced by the largely ice-
free conditions in 2007 in this part of the Canadian Basin [Arrigo et al., 2008].

A small subset of stations were also sampled for total alkalinity (A). The A,
data supports the finding that the low salinity (and high DFe input) within the TPD
is caused by (mixing with) Eurasian river water, whereas the stations on the North
American side of the TPD have a different freshwater signature. In Fig. 2.10 the A, vs
salinity relationship is depicted, including the mixing lines between Atlantic, Pacific,
North American river water and Eurasian river water endmembers (see caption for
endmember values). The DFe concentrations are shown in color. The high A, high
salinity waters with low/moderate DFe, are mainly Nansen Basin waters. As afore-
mentioned, some stations in this region are influenced by sea-ice meltwater (follo-
wing grey arrow, Fig. 2.10). A decrease in A and salinity is seen at ~50 m (shallowest
sampling depth for A) in the stations within the TPD (green ellipse), where also DFe
concentrations increase. Remarkably, these datapoints lie between the Atlantic Wa-
ter/Eurasian river water and Atlantic Water/Northamerican river water mixing lines.
Substantial ice formation, as has been observed in the TPD (Fig.2.5), would result in
the observed devation from the Atlantic Water/Eurasian river water mixing line. Ne-
vertheless, influence of Northamerican rivers to the TPD cannot be ruled out. There
are two data points at ~50 m depth on the North American side of the TPD, showing
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Fig. 2.10 Relation between Total Alkalinity and Salinity for the stations in the upper 250 m. DFe concen-
trations are shown in color. Mixing lines between Atlantic water and Eurasian (red dotted) and
North American river water (red solid) and Pacific water and Eurasian (blue dotted) and North
American river water (blue solid).

Endmember concentrations are following Yamamoto-Kawaii et al. [2005]; Salinity: Atlantic wa-
ter: 34.87; Pacific Water 32.1 (mean of 32.7 [Ekwurzel et al, 2001] and 31.5 [Anderson et al.,
1994]). Total Alkalinity: Atlantic water: 2306 umol/kg and Pacific water: 2173 umol/kg [An-
derson et al., 1994]. The river endmembers are calculated using Sal=0 and alkalinity values of
1181, 845, 788, 1707, and 1540 umol/kg for the Ob, Yenisey, Lena, Yukon, and Mackenzie Rivers,
respectively [Cooper et al., 2008] multiplied with the partial distribution of these rivers to the
total endmember [Holmes et al, 2002].

Gray arrows indicate sea-ice melting and sea-ice formation, relative to the Atlantic — Eurasian
river water mixing line. Green ellipse includes the data points at ~50 m in the TPD (stations 309
— 333 and 349 — 352) and orange ellipse indicates the waters at ~50 m north of the TPD. Laptev
Sea data points (stat. 407 and 411) are surrounded by a blue square and are consistent with
mixing with river water and a strong sea-ice formation/ brine input signal in the deepest layer
of stat. 411 (see text section 2.5.2).

a lower A relative to their salinity than within the TPD (orange ellipse). These data
points are on the mixing line of Eurasian river water and Pacific Water (Fig. 2.10). This
is consistent with the observed river water fractions of ~6-8 (Fig. 2.5) and influence
of Pacific water flowing over the Chukchi Shelf (see section 2.5.3 and Roeske et al.,
[2012]). Anderson et al. [2004] noted that biological processes little affect the A in
the Arctic Ocean which is in line with little change observed in A, concentrations
during transit over the Chukchi shelf.
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2.5.5 Dissolved vs. total dissolvable Fe: implications for Fe delivery to
the Arctic

Recent melt of sediment laden sea-ice or influx of riverine sediments from the shel-
ves would result in a high concentration of Fe in the particulate phase and thus a
relatively high unfiltered (total dissolvable) Fe concentration (TDFe). During transit
from the shelves to the Central Arctic, dissolution processes, sinking and particle
scavenging will lower the ratio of TDFe relative to DFe. Thus the ratio TDFe/DFe may
give insight in these processes. For instance a rapid removal of TDFe compared to
DFe with offshore distance from the Antarctic Peninsula was observed [Ardelan et
al., 2010] indicating strong settling loss of TDFe relative to DFe in surface waters. Fig.
2.11 shows the TDFe/DFe ratios versus salinity in the upper 100 m for stations on
the Siberian shelves and for open ocean stations. Generally, the TDFe/DFe ratios are
lower for open ocean stations than for shelf stations (closed and open dots in Fig.
2.11, respectively). The higher ratio at shelf stations indicates a strong and recent
input of sediments, released during local melting of sea-ice or from rivers and cau-
sing very high Fe concentrations in the size fraction >0.2 um. We suggest that recent
local sea-ice meltwater was not present in the Central Arctic Ocean and that during
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Fig. 2.11 Ratio total iron (TFe) over dissolved iron (DFe) for all points in the upper 100 m at shelf stations
(open circles) and open ocean stations (closed circles). Shelf Sea Stations are indicated in Fig.
2.1b.
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transit from the shelf seas to the central Arctic Ocean most of the Fe in the parti-
culate fraction is removed, resulting in TDFe/DFe ratios close to 1 at these stations
(Fig.2.11). In sea-ice cores from the Bering Sea the TDFe/TFe ratio is between 2.6-
1800 (median 42) [Aguilar-Islas et al., 2008], close to the TDFe/DFe ratios observed
for shelf stations rather than to those observed in the Central Arctic (Fig.2.11). This
strengthens our concept that river water rather than meltwater of sediment laden
sea-ice is the dominant DFe input source in the central Arctic Ocean. In principle the
melting of possibly sediment laden sea-ice at stations 338 and 342 should be visible
in high TDFe/DFe ratios. Unfortunately this remains speculative because no TDFe
measurements are available from stations 338 and 342.

2.6 Summary and conclusion

The data reveal that the DFe distribution throughout the surface waters of the cen-
tral Arctic Ocean is largely correlated with freshwater input sources, which is pre-
dominantly Eurasian river water. On the shelves other factors influence the Fe dis-
tribution. In the Barents Sea and Kara Sea, DFe minima at high chl a concentrations
indicate DFe depletion by phytoplankton growth. Strong carbon export and high
chlorophyll abundance from satellite images indicate that it is likely that DFe input
enabled primary production in the months prior to our cruise. This input likely comes
from sea-ice meltwater and ice transported river water in the Barents Sea. Biological
depletion of DFe could then explain the relatively low DFe concentrations despite
significant sea-ice meltwater and river water signals. Very high DFe concentrations
near the bottom of the Laptev Sea are attributed to either sediment resuspension,
sinking of brine, or regeneration of Fe in the bottom layer.

In the central Arctic, both the Atlantic boundary current and the Transpolar
Drift transport DFe within Arctic surface waters. The DFe concentration in the wes-
tern part of the Eurasian Basin reflects mainly the concentrations of Atlantic surface
water. The influence of Atlantic water can still be recognized at the Laptev Sea conti-
nental margin, in high salinities and relatively low DFe. Freshwater from the Eurasian
rivers mainly transported by the TPD is the main contributor to DFe in the Amund-
sen and Makarov basins, where DFe concentrations > 2nM are observed. Here, the
ratios of dissolved relative to “total dissolvable” Fe are low, likely due to dissolution
of DFe and scavenging/sinking of DFe in the “total dissolvable” fraction. Above the
Mendeleev-Alpha Ridge, on the North American side of the Transpolar Drift, two sta-
tions deviate from the pattern of river transported DFe. Here the DFe concentrations
are generally lower than those within Surface Layer Water of the TPD. This may be
caused by the presence of Pacific-derived waters having lower DFe concentrations
due to biological depletion during transit, but also by (Eurasian) river water with
longer residence times compared to river water in the Eurasian Basin and the TPD.
Scavenging and uptake by phytoplankton during transport from the shelves may lo-
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wer DFe concentrations. Mixing of river water with Atlantic- and Pacific-derived wa-
ters within the TPD and on the North American side of the TPD, respectively is also
observed from the distribution of Total Alkalinity. More specifically, the DFe concen-
trations on the North American side of the Transpolar Drift are strongly determined
by sea-ice meltwater in the upper 50 m. A significant influence of remineralisation
is seen DFe enrichment at ~ 100m depth. However, generally biological depletion of
these waters during transit over the shelves results in a overall low DFe concentra-
tion.

The results suggest that shifts in delivery of DFe to the Arctic Ocean with
regard to the regional change in climate may primarily depend on shifts in Arctic cur-
rents (e.g. shift in the position of the TPD) and on the amount of river runoff rather
than on an expected further increase in sea-ice meltwater. However, loss of Arctic
sea-ice cover also alters an important transport mechanism of river derived DFe wit-
hin the Arctic Ocean and specially the Arctic shelf seas, which are the most produc-
tive areas [Pabi et al., 2008]. Recently Arrigo et al. [2008] suggested an increase in
denitrification in the Arctic Ocean, resulting in a further depletion of the already low
nitrogen concentrations in the waters leaving the Arctic to the North Atlantic, this li-
kely enhancing N, fixation in the North Atlantic [Arrigo et al., 2008; Yamamoto-Kawai
et al., 2006]. This raises the question whether the Fe concentrations in the waters
transported from the Arctic to the North Atlantic would contain enough Fe, which is
reported to be a control factor for N, fixation [Falkowski et al., 1998], to sustain such
enhanced N, -fixation. Based on the results of this study, we may carefully confirmthe
relatively high concentration of DFe in the waters exiting the Arctic relative to the
lower DFe in common North Atlantic surface waters [Moore and Braucher, 2008].
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Chapter 3

Abstract

Arctic Ocean waters exchange with the North Atlantic, and thus dissolved iron (DFe)
in the Arctic has implications for the global Fe cycle. We present deep water (>250
m) DFe concentrations of the Central Arctic Ocean (Nansen, Amundsen and Maka-
rov Basins). The DFe concentration in the deep waters varies considerably between
these basins, with the lowest DFe concentrations (0.2-0.4 nM) in the Makarov Basin,
higher concentrations (~ 0.45 nM) in the Amundsen Basin and highest concentrati-
ons (~0.6-0.7 nM) in the Nansen Basin. Atlantic input from the shelf seas and slopes
enhances the DFe concentration in the Nansen Basin. Moreover, hydrothermal ac-
tivity at the Gakkel Ridge causes a significant and widespread enrichment of DFe in
the Eurasian Basins, at a depth of 2000-3000 m. Below this maximum, the important
role of scavenging and absence of input sources are reflected in a strong relation with
dissolved Mn (DMn) and in very low (<0.25 nM) DFe concentrations in the deepest
(>3000 m) Amundsen and Makarov Basins. The depth profiles of DFe in the Arctic
Ocean, notably in the Makarov Basin, deviate from the DFe distribution pattern ob-
served in other parts of the world ocean.

3.1 Introduction

The trace metal iron (Fe) is an important factor in biogeochemical cycles of the world
ocean via its control of phytoplankton growth [Martin and Gordon, 1988; De Baar et
al.,1995; Bruland et al.,1995; Boyd et al. 2000; Hunter and Turner, 2001] and is there-
fore of major importance for marine ecosystems. In recent decades, major advances
have been made in understanding the role of Fe in global marine biogeochemical
cycles [De Baar and De Jong, 2001; Gregg et al., 2003; Parekh et al., 2004]. However,
due to harsh conditions, data on trace metal concentrations in the Arctic Ocean are
scarce [e.g. Measures et al., 1999, Middag et al., 2009], in particular for deep waters.
To the best of our knowledge, it is restricted to one vertical profile of DFe (<0.4 pm)
concentrations in Baffin Bay, west of our study area, with DFe concentrations in the
4.5-11 nM range [Campbell and Yeats ,1982]and recently Nakayama et al. [2011]
reported DFe data from the Canada Basin and Chukchi shelf. However, the Arctic
region is of importance in understanding the global distribution of trace metals, such
as Fe. The deep waters of the Arctic Ocean are linked with the North Atlantic Oce-
an, renewing North Atlantic Deep Water (NADW) [Rudels et al., 2005], which has
been shown to play an important role in the Fe cycle in the Atlantic Ocean [Laés et
al., 2003; Sarthou et al., 2007] and Southern Ocean [Klunder et al., 2010; Chever et
al., 2010]. Moreover, the major role of iron in nitrogen fixation raises the question
whether the iron flux from the Arctic provides the increase in DFe in the Atlantic
which is necessary for nitrogen fixation rates [Arrigo et al., 2008].
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Hydrothermal vents have been shown to be an important source of (dissolved) Fe
in the deep world ocean [Klinkhammer et al., 2001; Tagliabue et al., 2010; Klunder
et al., 2011; Wu et al., 2011]. Active vents have been identified above the Gakkel
Ridge [Edmonds et al., 2003]. These vents could be an important input source for
DFe in the deep Arctic Ocean. Another possible input source of DFe is dissolution
of resuspended particles originated from continental shelves. The transport of DFe
from shelf regions to deep waters has been reported in the North Atlantic Ocean
[Laés et al., 2007], North Pacific Ocean [Elrod et al, 2004, Lam and Bishop, 2008] and
around islands in the Southern Ocean [Ardelan et al., 2010; Bucciarelli et al., 2001].
The DFe input by shelf sediments may be even more important in the Arctic as shal-
low shelf seas comprise roughly one third of the Arctic Ocean. The relatively large
number of particles transported from rivers and shelf seas to the deep basins may
shift the balance between organic complexation and scavenging removal [Wu et al.,
2001] and allow DFe to be scavenged out of the deep waters, resulting in relatively
low concentrations for deep water.

Within the framework of the international IPY-GEOTRACES program trace
metals were measured during a cruise in the Arctic Ocean. This paper describes the
cycle of DFe in the deep Arctic Ocean. The distribution of DFe in the Arctic Shelf seas
and surface waters can be found in the complementary manuscript [Klunder et al.,
2012].

3.2 Materials and Methods
3.2.1 Sampling and analysis

Seawater samples were collected during the ARK XXII / 2 expedition of the RV Polar-
stern between 1 August and 23 September 2007. Sampling stations were located in
the Eurasian and Canada Basins; the cruise track is depicted in Fig. 3.1. At discrete
depths, samples were collected using 24 internal teflon coated PVCGO-FLO Samplers
(12 liter; General Oceanics Inc.) mounted on a Titanium frame (Ultraclean frame)
which was connected to a Kevlar hydrowire with internal signal cables and controlled
from aboard [De Baar et al., 2008]. The samples for iron analysis were collected from
the GO-FLO bottles in a class 100 clean room environment [De Baar et al., 2008].
Seawater was filtered through a 0.2 um filter cartridge (Sartrobran-300, Sartorius)
under nitrogen pressure (1.5 atm.). For each depth replicate samples of dissolved
iron were taken in 60 ml LDPE sample bottles and acidified to pH = 1.8 with 12 M HCI
(Baseline, Seastar Chemicals). All bottles, used for storage of reagents and samples,
were previously acid cleaned according to a three step cleaning procedure as descri-
bed by [Middag et al., 2009].

Dissolved Fe was measured using flow injection analysis with luminol chemi-
luminescence, where samples were buffered in-line to pH =4, using a 0.12 M ammo-
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nium acetate buffer (pH = 6.5). The Fe was pre-concentrated on an IDA Toyopear| AF-
Chelate resin [Klunder et al., 2011]. After pre-concentration, the column was rinsed
(60 s) with de-ionized ultrapure (DI) water (18.2 MQ) and Fe was eluted from the co-
lumn (120 s) using 0.4 M HCI (Merck Suprapur) [Klunder et al., 2010]. Subsequently,
this mixture was mixed (in a 1m mixing coil at 35 °C) with 0.96 M NH,OH and 0.5 M
H,O, (Merck Suprapur) and 0.3 mM luminol (with 0.7 mM TETA) (Sigma chemicals).
Pre-concentration time was usually 120 s, except for the Laptev Sea stations, where a
short loading time (15 s) enabled detection of the very high concentrations present.

3.2.2 Calibration and validation

The system was calibrated by standard additions of DFe (range 0.15-3 nM) to low DFe
seawater. Initially filtered seawater from an earlier cruise (North Atlantic Ocean, wa-
ter depth of chl a maximum) was used as calibration water, during the cruise new se-
awater from the depth of the chl a maximum was used. Generally, calibration water
contained < 0.2 nM DFe. When an outlying value was suspected for DFe, profiles of
Al, Mn and nutrients were considered to evaluate the consistency of the data point
in question. In case no deviations were observed in the other parameters and both
the initial and duplicate sample showed an the exceptional value, the deviation in Fe-
concentration was calculated, based on the values below and above. Briefly, the sus-
pected outlying datapoint was considered as erroneous (likely due to contamination
of the sample) in case the value positively deviated more than +25 % from this cal-
culated “expected” profile based on the Fe-concentration above and below the data
point (after Middag et al. [2009]). The total number of data points for Fe during ARK
XXIl/2 was 785. In total 5 datapoints were rejected, of which 3 were situated in the
deeper waters discussed in this chapter. A table including stations positions, date,
depth and DFe data is available as a separate chapter within this thesis. An electronic
supplement including nutrient and total alkalinity data is available with the related
manuscript [Klunder et al., 2012]. The blank, the background concentration of DFe
in DI water and chemicals, defined as the amount of photons measured when not
loading any seawater onto the column, was 0.02 +/- 0.02 nM (n=41) on average and
did not exceed 0.075 nM. The detection limit (3o of the blank) was 0.07 nmol I'X. The
amount of DFe added to the sample by addition of the equivalent of 2 ml 12 M HCI
(Baseline, Seastar) per liter is < 3 pmol per sample; this is deemed negligible [Klun-
der et al., 2011]. The accuracy of the Fe Flow injection analysis system was verified
by regularly analyzing SAFe D2 standard seawater. The results agreed well with the
community consensus values: 0.92 +/- 0.057 nM, n=24. (Reported values are: 0.92
+/- 0.03; www.geotraces.org).
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3.2.3 Other parameters

Dissolved manganese (DMn) and aluminium (DAI) were simultaneously sampled with
DFe [Middag et al., 2009; Middag et al., 2011]. Moreover, at selected stations Fe was
measured in different size fractions; a non filtered fraction giving the total dissolvable
Fe (TDFe) concentration (measured after 1 year dark storage [Thurdczy et al, 2012]),
and an ultra-filtrated fraction, giving the Fe fraction smaller than 1000kDa. These re-
sults as well as the organic complexation of Fe in the three size fractions are reported
by Thurdczy et al. [2012]. Data of salinity and potential temperature were taken from
the Ultraclean CTD. As an indication of particle concentration and presence, mostly
light transmission data from the regular CTD is used, this CTD is deployed (by Alfred
Wegener Institute) at the same stations just after the Ultraclean CTD deployment. At
stations where no light transmission data were available, turbidity, from the turbidity
sensor on the Ultraclean-CTD, is presented. Nutrient data was measured from hydro-
casts with the Ultraclean frame and regular hydrocasts, as described by Middag et
al. [2009].

3.3 Hydrography

Several transects were sampled from the extensive shelf waters into the Arctic Oce-
an’s interior, of which the third and fourth transect extended as far east as the Men-
deleev Ridge (Fig. 3.1a). The main source of water in the Arctic Ocean interior is
surface and intermediate water flowing in from the North Atlantic Ocean (Fig. 3.1b).
In the Arctic Ocean, the surface waters consist of the upper Polar Mixed Layer, fres-
hened by ice-melt and outflow from the shelves. A strong, well defined halocline is
found below the upper Polar Mixed Layer [Rudels, 2001]. The close to freezing tem-
peratures yet strong salinity gradient with depth in the halocline prevents vertical
mixing, which implies advective sources for the halocline waters above the Atlantic
Waters [Rudels, 2001].

Below the halocline waters, Atlantic and intermediate waters are observed.
These Atlantic waters form a boundary current, along the continental shelves in the
Arctic Ocean [Rudels et al., 2000]. This inflowing Atlantic water has two branches; the
first one, almost unmodified warm, saline Atlantic water flows through Fram Strait
(Fram Strait Branch (FSB)) following the Eurasian Basin slope. The second branch
flows over the extended shelves of the Barents Sea (Barents Sea Branch (BSB)), where
it is modified by brine-enriched shelf water (Fig. 3.1b). Incorporation of freshwater
from ice melt and terrestrial runoff to the Barents Sea causes the Barents Sea branch
end-member to be colder and less saline than the Fram Strait branch. Schauer et al.
[1997] reported the inflow of BSB to the basin at depths between 200-1300 m and
that this water is slightly less saline than the overlying Fram Strait Branch Water.
Ekwurzel et al. [2001] defined Atlantic Water as water with salinity > 34.9 and po-
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tential temperature (8) > 3°C, although it gets colder and fresher during the transit
through Fram Strait or over the Barents Sea shelf. During our cruise only very few
data points showed a 6 > 3°C [Middag et al., 2009] but a salinity maximum of >34.95
was observed at transect 1, 2 and 3 (Fig. 3.2). Due to mixing with low salinity waters
this maximum was not observed at transect 5. Upon mixing, the boundary current
follows a counterclockwise circulation, with a branch flowing along the Gakkel Ridge
back to Fram Strait, a branch following the Lomonosov Ridge, and a branch crossing
the Lomonosov Ridge and entering the Makarov basin (Fig. 3.1b). The latter branch
is largely influenced by sea-ice formation, brine rejection (i.e. increasing salinity) and
subsequent formation and convection of dense water along the slopes, causing the
Canada Basin to be strongly influenced by shelf waters. This influence of slope con-
vection causes the Canada Basin Deep Water (CBDW) to be less cold and relatively
saline compared to Eurasian Basin Deep Water (EBDW) [Rudels, 2001]. During this
study the EBDW was observed in the Nansen and Amundsen Basins and defined as
the deep (S > 34.8) waters with 8 <-0.8 °C and the CBDW as the deep waters with 8 <
-0.4 °C (after Middag et al. [2009]). In this study, the CBDW observed in the Makarov
Basin is named Makarov Basin Deep Water (MBDW). Finally, Atlantic and interme-
diate waters are defined as those waters with 8 > -0.8°C which are not part of the
surface waters (after Middag et al. [2009]).

3.4 Results
3.4.1 Transecti1and 2

This paper focuses on the concentrations of DFe in the deep waters of the Arctic Oce-
an, and does not include shelf stations along transect 1 and 2 (Fig. 3.1). For shelf and
upper water column DFe values see the companion manuscript Klunder et al. [2012].
Above the continental slope of the Barents Sea, in general relatively high DFe
value’s of ~ 0.9 — 1.0 nM were observed from ~200 m downwards, with very high va-
lues at ~400m, at ~1000m and close to the bottom (~2000 m) (Fig. 3.2, 3.3a and 3.4).
The inflow of the Atlantic boundary layer was identified in the salinity, consistent
with anomalies in the potential temperature (6) (not shown) and turbidity profiles at
~500-800 m depth (Fig. 3.3a). Here, the DFe concentration decreased to ~0.7 nM, a
typical concentration for (unmodified) Atlantic waters [Moore and Braucher, 2008].
Three stations were sampled in the Nansen Basin at transect 2. These three
stations are not sufficient to make a contour plot and the DFe distribution is thus
depicted as a depth profile in Fig. 3.5. Concentrations of DFe were relatively constant
at 0.4-0.5 nM at ~500 m. From 700 m to the bottom, concentrations increased to
0.6-0.8 nM. In the upper 1000 m in the center of the Basin, there was a difference
between the two transects; higher DFe (~0.7 nM) was observed in the western part
(transect 1), whereas lower DFe concentrations (<0.5 nM) were observed further ea-
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Fig. 3.2 Colour plot of concentrations of dissolved Fe (nM) for transect 1 (See Fig. 3.1a). Red dots in-

dicate sample points. Station numbers are mentioned below the transect. White contourlines
indicate a salinity of 34.95.
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Fig. 3.3a Concentration of DFe (nM) and salinity profile of station 246 (Barents Sea Slope). Turbidity is
also indicated in arbitrary units, indicative of particle concentration in the water.
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Fig. 3.3b Concentration of DFe (nM) and salinity profile of station 285 (Kara Sea Slope). Turbidity is also
indicated in arbitrary units, indicative of particle concentration in the water.
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Fig. 3.3c  Concentration of DFe (nM) of station 400 (Laptev Sea Slope). Turbidity is also indicated in arbi-
trary units, indicative of particle concentration in the water.

stwards (transect 2) (Fig. 3.2 and 3.5). Below 1000 m, concentrations increased to a
very pronounced maximum with DFe concentrations ~1.3 nM at transect 1 and ~0.8
nM at transect 2. Moreover, at transect 2, two separate maxima were observed at
~2250 and 3200 m. At both transects, concentrations decreased towards the bottom
below the maxima.
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Fig. 3.5  Depth profiles of concentrations of dissolved Fe (nM) for all open ocean stations of transect 2.
For clarity, connector line of the upper 1000 m is excluded.

3.4.2 Transect 3

Concentrations <0.5 nM were observed in the upper 1000 m of transect 3, throug-
hout all basins (Fig. 3.6). Slightly higher (0.5-1 nM) concentrations were found above
the shelf and slope of the Nansen Basin. An intrusion of high DFe (>1 nM) concen-
trations was observed from the Kara Sea shelf into the Basin just below the Atlantic
water, at 750 m depth, consistent with a lower light transmission signal observed
between 400-800 m (Fig. 3.3b) indicating a relatively high particle concentration.

A similar intrusion was observed slightly deeper below 1200 m depth with
a small peak in DFe at ~¥1700 m, which shifts to ~1500 m depth further into the ba-
sin. This peak in the concentration of DFe is highest (from 0.61 to 0.84 nM) at the
station closest to the shelf (station 291), where a similar maximum was observed in
the depth profile of DMn concentrations [Middag et al., 2011]. At station 299 this
maximum was much less pronounced for the concentration of DFe and disappeared
fully for DMn [Middag et al, 2011]. A very pronounced DFe maximum of 1.71 nM
was situated around 2500-3000 m depth above the Gakkel Ridge (Fig. 3.6, St. 306).
This maximum in DFe influenced the deepest waters (>2000 m) of the Nansen Basin
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and — although less pronounced — the waters at 2000-3000 m in the Amundsen and
Makarov Basins (Fig. 3.6).

In the Amundsen Basin, the background concentrations of DFe were in general <0.5
nM, but concentrations reaching ~0.7 nM were observed at 2000-2500 m depth.
Slightly higher DFe concentrations were found above the Lomonosov Ridge, and the
concentrations of DFe decreased again to very low concentrations <0.3 nM in the
deep Makarov Basin waters (Fig. 3.6).
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Fig. 3.6  Colour plot of concentrations of dissolved Fe (nM) for transect 3 (See Fig. 1a). Red dots indicate
sample points. Station numbers are mentioned below the transect. White contour lines indicate
a salinity of 34.95. Basins: Nansen Basin at 100-500 km, Amundsen Basin at 500-800 km and
Makarov Basin at 1100 — 1500 km. Ridges: Gakkel Ridge at ~500 km, Lomonosov Ridge at ~800-
1100 km and Alpha Ridge at ~1500 km.

3.4.3 Transect 4

The fourth transect comprises three stations situated on the Mendeleev Ridge (349),
in the Makarov Basin (352) and over the Lomonosov Ridge (363), respectively. These
stations are too far apart to show in a contour plot; therefore the vertical profiles are
shown (Fig. 3.7). At all stations the high DFe concentrations in the surface decreased
to relatively constant concentrations (0.3-0.5 nM) between 200-500 m depth. En-
hanced DFe concentrations (~0.8 nM) were observed at 1000 m and 1750 m above
the Lomonosov Ridge. In the Makarov Basin, a maximum in the DFe concentration
was observed at 1000 m, changing the trend of decreasing DFe with depth. In con-
trast, the Amundsen Basin stations showed a (slightly) increasing trend with depth
between 1000-2000 m. Below 2000 m, a maximum at 2250 m and a very low concen-
tration at 2750 m were observed at both stations. Below 1500 m depth, the station in
the Makarov Basin showed a constant ~0.1-0.15 nM lower concentration compared
to the Amundsen Basin.
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Fig. 3.7  Depth profiles of dissolved Fe for all open ocean stations of transect 4. The inset shows DFe at a
1 nM scale.
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3.4.4 Transects

The fifth and last transect starts above the Nansen Gakkel Ridge approximately 0.6°
Southwards and 12 ° Eastwards from the crossing of the Gakkel Ridge of transect 3
(Fig. 3.1). From here it follows a southeastward direction, along the Gakkel Ridge,
Nansen Basin, Laptev Sea slope and the final station was located above the shelve of
the Laptev Sea (<100 m depth). Figure 3.8 shows the DFe concentrations over tran-
sect 5. In general, the DFe concentration in the Deep Nansen Basin above the Gakkel
Ridge was ~ 0.6 nM. The elevated concentrations, as determined at 2000-2500 m
depth within transect 3, were hardly visible in transect 5. However, deeper in the
water column, at 3000-3500 m depth, concentrations of DFe were elevated, accom-
panied by elevated DMn concentrations [Middag et al., 2011] and potential tempe-
rature anomalies and transmission anomalies. In the middle of the water column
(1000-3000 m depth) concentrations of 0.7-1 nM were observed, whereas above
and below these depths, concentrations decrease (Fig. 3.7). An increase of the DFe
concentration from the slope into the basin was observed at ~300 and at 1750-2000
m depth (Figures 3.3c, 3.4).

1000

2000

Depth [m]
8
S

4000

5000

1000 800 600 400 200 0
Section Distance [km]

Fig. 3.8.  Colour plot of concentrations of dissolved Fe (DFe, nM) for transect 5 (See Fig. 3.1a). Red dots
indicate sample points. Station numbers are mentioned below the transect. White contourlines
indicate a salinity of 34.95.
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3.5 Discussion
3.5.1 Sources and sinks of Fe in the Arctic Basin

The here observed data for the Nansen, Amundsen and Makarov Basins can be com-
pared with DFe data from the Canada Basin and Chukchi Slope [Nakayama et al.,
2011]. Deep waters in the Canada Basin show relatively constant DFe concentrations
(~0.5-0.6 nM) similar to deep water concentrations in the Amundsen and Nansen
Basins. The stations above the Chukchi slope show higher DFe concentrations (~0.9-
1 nM) [Nakayama et al., 2011], similar to shelf influenced DFe concentrations here
observed on the Eurasian side of the Arctic Ocean. In this section we discuss the dif-
ferent factors influencing the the distribution of DFe in the Deep Waters of the Arctic
Ocean. and give a comparison with DFe distribution in other ocean regions (Fig. 3.9).
The concentration of DFe in the Arctic Ocean is determined by the DFe concentra-
tion of its contributories (Atlantic and Pacific Water) (see text section 3.5.1.1), in situ
mineralization (3.5.1.2), input sources within the Arctic Ocean (advection of shelf de-
rived water, re-suspended sediment (5.1.3), hydrothermal sources (3.5.1.4), and ex-
port processes (scavenging) and ligand binding and complexation capacity (3.5.1.5).

3.5.1.1 Interaction with the North Atlantic and North Pacific Oceans
The main contribution of the Arctic Ocean Waters is the inflow of water from the
North Atlantic via Fram Strait (FSB) or the Barents Sea (BSB) [Rudels, 2001] (Fig. 3.1b;
section 3.3). Slightly higher DFe concentrations (~0.8-0.95 nM) at the depth of the
FSB inflow (high © and salinity 200-400 m; Fig. 3.2 and 3.3a) observed at transect
1 indicate high DFe in the Atlantic source waters. Strong geostrophic velocities as
reported above the Yarmuk Plateau just North of Spitsbergen [D'Asaro and Morison,
1992], may cause particle resuspension. However, because no significant turbidity in-
crease is observed (Fig. 3.3a), this is not very likely, unless dissolution and fast sinking
of possible resupended particles have taken place. In general, the closer proximity
to Fram Strait (thus Atlantic source) would explain the slightly higher DFe concentra-
tions in the West part of the Nansen Basin compared to the East part (Figs. 3.2, 3.5
and 3.9).

Both the intermediate depth layers and the Polar Surface Waters (PSW) exit
the Arctic through Fram Strait, west of the Greenwich Meridian [Rudels et al., 2005;
Tanhua et al., 2005]. At intermediate depth, this return current is situated close to
the Gakkel Ridge (Fig. 3.1b; [Jones et al., 1995]) where relatively high Fe was ob-
served. Also DFe-concentrations in PSW were relatively high [Klunder et al., 2012].
These observations indicate that relatively high DFe concentrations are likely present
in the Arctic contribution to the Iceland Scotland and Denmark Strait Overflow Wa-
ters, and would eventually augment DFe in North Atlantic Deep Water.

In the Makarov Basin, at 2700-3000 m depth, low DFe concentrations were
observed as well as distinct phosphate and silicate maxima and a slight salinity mini-
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Fig. 3.9  Concentrations of DFe (nM) over the different regions in the Arctic Ocean (Fig. 3.1), averaged
over depth intervals (250-500m, 500-1000m, 1000-2000m, 2000-3000m, 3000-4000m, 4000-
5000m and 5000-6000m). Error bars indicate 95% confidence interval. For comparison, similar
average values of vertical profiles are shown for the Southern Ocean, North Atlantic and North
Pacific.

mum. This may reflect downslope convection of waters from the surface, entraining
in the deeper waters of the Laptev and Chukchi slopes [Rudels, 2001]. Therefore the
low DFe concentrations may be caused by either a low Pacific endmember concen-
tration or biological depletion or enhanced scavenging of DFe during transit from
the Pacific to the Arctic shelves [Klunder et al., 2012]. As [Aguilar-Islas et al., 2008]
reported DFe-concentrations of 1.21-3.14 nM for North Pacific shelf stations, close to
Bering Strait, we do not expect the Pacific source water to be low in DFe. Moreover,
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the North Pacific water must flow over the Bering Sea Shelf, before reaching Bering
Strait. Aguilar et al. [2007] has shown that DFe increases to ~4 nM at the shelf do-
main. Therefore, biological depletion and/or loss due to scavenging seems to be the
more likely cause for the low DFe concentrations. See also Klunder et al., 2012 and
references therein.

3.5.1.2. Remineralization of exported biogenic particles

Remineralization of biogenic particles exported from the mixed layer would theo-
retically be reflected in a significant (positive) correlation between DFe and major
nutrients (silicate(Si), phosphate (PO,) and nitrate and nitrite (NO, + NO,). Such a
correlation is reported for DFe and (NO, +NO,) and for DFe and Si in the North At-
lantic Ocean [Middag, 2010, PhD- thesis]. Based on the relationship between Al and
Si in the Arctic, Middag et al.[2009] concluded that dissolution of biogenic parti-
cles (mainly diatoms) must occur in the Atlantic and intermediate layers in the Arctic
Ocean. For DFe and Si (or DFe and NO_+NO,) however, such a significant (positive)
correlation is not observed in the Atlantic and Intermediate waters or in the deep
waters of the Arctic Ocean. Moreover, 2**Th/?3U - data from the same cruise showed
that there was very little export of organic carbon from the upper 100 m to deeper
waters in the Arctic Basins [Cai et al., 2010].

This was confirmed by low organic carbon export as determined from PO,
deficit [Anderson et al., 2003] and sediment traps [Fahl and Néthig, 2007]. The
234Th /238U ratios integrate the POC export over the preceding 1-2 months, whereas
the Al-Si relation reflects processes at longer timescales. Therefore, based on the
24Th /28U data and the absence of the relationship between DFe and Si (and DFe
and NO, + NO,), we expect a relatively low influence of remineralization of organic
particles on the DFe input in the intermediate waters of the Arctic Ocean. Also, in the
deep waters (MBDW and EBDW), we did not observe a significant positive correlati-
on between DFe and Si (or (NO, + NO,)). However, these waters display a strong input
of terrestrial material [Middag et al., 2009; Roeske, unpublished data], diminishing a
possible biogenic particle remineralisation signal.

3.5.1.3 Fe input from adjacent shelf seas and slopes

Although TDFe concentrations above the Barents and Kara Sea shelves are high (6-60
nM) [Thurdczy et al. 2012], the concentration of dissolved iron does not exceed that
of the slope and open ocean region (0.4-0.54 nM) [Klunder et al. 2012]. The station
at transect 1, close to the shelf (station 246) shows a complex pattern of different
layers. High potential temperature (8) and salinity indicate an Atlantic influence at
~200-300 m depth (see section 3.5.1.1; Fig. 3.2a). There is a thin layer at ~400 m,
with low 0 and salinity, where also an enrichment in §'80 is observed (not shown), all
indicative of ice-melt influence [Ekwurzel et al, 2001; Klunder et al, submitted]. Thus,
meltwater influenced waters from the shelf may possibly explain the high DFe (1.22
nM) around this depth. Remarkably, the turbidity increase at ~500 m depth, indica-
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tive of advective transport from the shelves, does not cause high DFe concentrations
but higher DFe concentrations are observed at a smaller turbidity maximum at 900
m depth (Figure 3.5a). Towards the bottom, elevated DFe, consistent with turbidity
(Fig. 3.3a) and elevated Mn [Middag et al., 2011] indicates local resuspension at the
slope. There is no sign of advective DFe transport far into the basin, as station 255
does not show enrichement in DFe (Fig. 3.4). Also no advective transport is observed
from the shelves into the Basin at transect 2 (Figure 3.4 and 3.5). Further east (station
279-302), in the east part of the Nansen Basin, enrichment with DFe was observed
close to the bottom of the Kara Sea slope (Figure 3.4 and 3.6). We suggest that the
relatively low salinity and high turbidity corresponding to the DFe maximum (Fig.
3.2b) are the result of inflow of BSB water, which picks up particles from the shelf,
and then enters the Nansen Basin at a depth of between 500 and 700 m (see section
3.3.1). Dissolution of Fe from these particles will then be the principal source of DFe.
This process has been shown to enhance DFe levels in regions with strong geostrop-
hic velocities, such as the Northeast Atlantic [Laés et al., 2007] and above the New
Zealand continental shelf [Croot and Hunter, 1998]. D'Asaro and Morison [1992] and
Schauer et al. [1997] reported internal wave mixing and eddies in the Eastern Nansen
Basin, which may have strong enough velocities to cause near-bed mixing and resus-
pension of sediments.

Dissolution from these particles (>0.2 um) during transport from the shelf
seas to the slope regions, could cause the maximum in DFe concentration observed
in the entire Nansen Basin at ~750 m depth. The natural logarithm of this maximum
concentration of DFe (750 m depth) versus the distance into the Nansen basin (St.
285-302), results in the following equation:

Ln [DFe] = -0.0038 * distance (km) + 0.27 (Eq. 1)
(R?=0.97, n=6, P<0.01)

Beyond station 302, no elevated values were observed at 750 m depth. From Eq. 1,
we can calculate a scale length (defined as the distance to reduce the dissolved iron
to 37% (1/e) of the initial concentration [Johnson et al., 1997]) of 263 km. Johnson
et al. [1997] reported a scale length of 5000 km at 1000 m depth in the East Pacific,
off the coast of California. However, the strong scavenging regime and the fact that
the currents in the Nansen Basin are along rather than perpendicular to the shelf
(Fig. 3.1b) can explain the order of magnitude difference in off shore transport of
shelf derived DFe between the Nansen Basin and the East Pacific, where conditions
for advective transport are more favorable [Johnson et al., 1997]. Laés et al., [2007]
observed that elevated Fe concentrations above the shelf, were not present ~147
km into the North Atlantic Ocean, confirming that the long distance transport of se-
diment derived DFe is strongly dependent on scavenging and advective transport by
currents [Laés et al., 2003, 2007].
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More to the east, towards the Laptev Sea shelf, a maximum in DFe concentration
was observed at 300 m, together with a turbidity maximum (Fig. 3.3c). Because of
the correspondance of DFe with particle load and the fact that this maximum is ~
700 m above the sea floor we suggest that that the elevated DFe at this station is
caused by advective transport from the Laptev Sea shelf. The shallow (~50 m) Laptev
Sea contains a large amount of particles and a high DFe (1.5-10 nM) [Klunder et al.,
2012] and TDFe (~20-40 nM) concentrations [unpublished data]. Lower in the water
column, at ~850 m, a turbidity and salinity maximum indicates the inflow of Atlantic
water, possibly explained by the small fraction of Atlantic water coming through the
Vilkitskij Strait, as reported by Aksenov et al. [2010]. Unfortunately, no DFe data is
available for this depth, however, it is visible as a small enrichment at 900 m depth
at station 389 (Fig. 3.4).

3.5.1.4 Fe input from hydrothermal origin
Hydrothermal vents are known to be an important source for iron in deep waters in
the world ocean [Klinkhammer et al., 2001; Tagliabue et al., 2010]. Edmonds et al.,
[2003] reported active hydrothermal vents in the Arctic; the most eastern vent was
located at (85°39°N, 84°50°E), approximately 60 km from our station 306 (Fig. 3.1a).
Indeed, elevated DFe concentrations were observed at a depth of 2000-3000 m in a
large part of the Nansen and Amundsen Basins, and less pronounced, in the Maka-
rov Basin (Fig. 3.6). The highest DFe concentrations were observed at station 306,
suggesting that this station is located closest to the hydrothermal input source. Mo-
reover, at this station between 2000-3000 m depth, Middag et al. [2011] observed
over ten-fold higher DMn compared to background concentrations and anomalies
in light transmission and temperature confirming the presence of a hydrothermal
vent source. Consistent with observations from the Southern Ocean [Klunder et al.,
2011], hydrothermal enrichment in DMn and DFe but no enrichment in dissolved
Aluminium (DAI) was observed in the Arctic Deep Waters [Middag et al., 2009; 2011].
Based on a one dimensional scavenging model of Craig [1974], Weiss [1977]
proposed an equation for removal of DMn with distance from a hydrothermal vent
source. Applying this idea to DFe, for the special case where the currents are neglec-
ted (v=0) this equation is:

C=C,*e*(Eq.2)

Where:

Cis the concentration of DFe from the (hydrothermal) source (nM)

C,is the initial concentration of DFe close the source (nM)

x is the distance to the source (cm)

A=V[K, *x1]; K =5%10°cm?’ /s [Weiss, 1977] and T = residence time (s)
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Fig. 3.10 Trend of DFe (nM) with distance at the 2000-3000 hydrothermal maximum in the Nansen Basin.
Also shown is the calculated trend with distance using Eq. 2 (see text) and the residence time of
5,6 year (after Moore and Braucher [2008]) and 15 year (after De Baar and De Jong [2001]).

Shown in Fig. 3.10 are the DFe maxima at ~2250-2750 m versus the distance, for the
stations, of transect 3 and transect 1 and 2 combined (only Nansen Basin stations).
Also shown in Fig. 3.10 are the calculated DFe concentrations with distance, based on
a residence time of 5.6 yr (reported for deep waters with strong scavenging regime
by [Moore and Braucher, 2008]) and on a residence time of 15 yr (lower end of range
in [De Baar and De Jong, 2001]). The value for C, = 1.95 nM (calculated from the fit of
transect 3 and transect 1 and 2) (Eq. 2).

For transect 1 and 2, a higher DFe-concentration relative to distance is ob-
served. The best fit of these stations gives a residence time of 14.4 yr, close to the
model for a residence time of 15 yr. For the parallel decreasing trend of dissolved Mn
a much shorter residence time of 2 yr was reported [Middag et al, 2011]. In contrast
the stations of transect 3 show a lower DFe with distance, and the best fit gives a
shorter 4.7 yr residence time. For the parallel decreasing trend of dissolved Mn again
a shorter residence time of 0.4 yr was reported [Middag et al., 2011].

The relatively more rapid loss of Mn versus Fe is in contrast with previous
observations, for much higher concentrations, very close to the hydrothermal sour-
ce. For the Juan de Fuca Ridge, Field and Sherrell [2000] report a trend of DFe from
319 nM to 20 nM over the short distance of 3.7 km from the vent source, versus an
apparent trend of DMn from 193 nM to 27 nM. By implicitly assuming that the latter
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Mn trend is merely due to dilution, for DFe an apparent oxidation half-life of ~3.33
hours was derived. Latter more rapid loss of Fe versus Mn is in keeping with the ge-
nerally more rapid inorganic oxidation of Fe versus Mn [Cowen et al., 1990].

The key difference between our observations at low concentrations and long
distances, and the high concentrations and short distances over the Juan de Fuca
ridge, is in the natural organic complexation of Fe in ocean waters. Briefly there is a
general background level of organic Fe-binding ligand of 1.98-2.05 nM observed in
the same samples over Gakkel Ridge [Thurdczy et al., 2011]. Such Fe-binding ligand
concentrations are typical throughout the world oceans. When the DFe concentra-
tion is near this ligand concentration, most of the DFe is stabilized in solution thus
preventing scavenging loss. In contrast dissolved Mn is not organically complexed,
hence will be scavenged more rapidly. At the very high DFe in the

20-319 nM range over Juan de Fuca ridge, the low ~ 2nM ligand concen-
tration is inadequate, the large majority of dissolved Fe is inorganic, hence will be
rapidly scavenged.

The difference in residence time observed for transect 1-2, and transect 3
is not expected within a uniform basin. The difference in DFe decrease may also be
caused by the flow direction in the deep Arctic Ocean. Weiss [1977] showed a strong
effect of velocity in removal with distance; a positively directed flow (v>0; from the
vent towards the location of the stations) would cause a higher concentration for
the same distance compared to the modeled fit (where v=0 is assumed). Based on
the flow patterns (Fig. 3.1b), a positive flow is expected towards transect 1 and 2,
whereas towards transect 3, more perpendicular to the currents, the direction is 0
or even slightly negative (Fig. 3.1b). Although the data does not provide a definite
conclusion, it seems likely that the different decrease patterns of DFe with depth
are related rather to flow patterns than to a (large) difference in residence time.
To the best of our knowledge, there is no data on specific residence times of DFe
with respect to hydrothermal input. Nevertheless, the fact that the residence time is
between the range of 15-41 yr published by De Baar and De Jong [2001] for the deep
oceans worldwide and the 5.6 yr published for deep oceans with a high scavenging
regime by Moore and Braucher [2008] supports a strong scavenging regime in the
deep Nansen Basin.

Hydrothermal vents are also reported at ~37° (~¥3200 m) and ~43° E (depth
unknown) Edmonds et al.[2003] (Fig. 3.1b). With the general Northwest flow direc-
tion, transect 1 was situated downstream of the flow direction whereas transect 2
was further away and upstream of the flow direction (Fig. 3.1b; [Rudels, 2001]). In
the Northwestern Nansen Basin, station 260 showed the strongest concentration in-
crease of >1 nM DFe at 2000-3000 m depth, whereas stations more to the east (st.
261) (Fig. 3.5) and south (st. 258) (Fig. 3.2) show separate DFe maxima (of ~0.1 nM
above background) at ~2200 - 2600 m and ~3200 m. However, the strong DFe maxi-
mum at station 260 may also be caused by two separate DFe-enrichments, as was
observed in the Mn signal [Middag et al., 2011]. The fact that this is the strongest
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signal, indicates that the hydrothermal plume which causes the DFe enrichment at
3200 m likely came from the North(-east) direction. Therefore we suggest that the
elevated DFe concentration at ~3200 m originates from the hydrothermal vents at
37° and/or ~43° E as reported by Edmonds et al. [2003].

Above the east part of the Gakkel Ridge, from ~103 ° E (station 371-373), the hydro-
thermal signal at ~2500 m was not very pronounced in the DFe (Fig. 3.8). However, a
signal was observed in the light transmission, temperature and DFe profiles at ~3000-
3500 m (Fig. 3.11). At station 372 (and 373) also total dissolvable Fe (TDFe) was mea-
sured at high resolution below 2000 m depth as shown in Figure 3.11. Although there
are elevated concentrations of dissolved Fe over a broad depth range from 2200-
3600 m depth, there is a local, stronger, maximum of total Fe (TDFe) at 3200-3360 m
(Fig. 3.11). The stronger increase in TDFe relative to DFe in hydrothermal influenced
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Fig. 3.11 Dissolved Fe (DFe, nM), Total Fe (TFe, nM), Dissolved Mn (DMn, nM) and transmission signal (%)
(smoothed) for station 372, indicative of an hydrothermal plume.
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waters is also reported by Boyle et al. [2005]. These findings are coincident with in-
crease in dissolved manganese and a local increase in 8 are observed at station 372,
at a depth of 3100-3300 m [Middag et al., 2011].

At station 372, a geostrophic velocity (relative to 3000 m depth) of close
to 0 is observed, possibly preventing mixing of a hydrothermal source with waters
above and below. In contrast, at station 371 and 373 stronger velocities are observed
(data not shown), possibly causing mixing of a hydrothermal source with surrounding
waters.

The increase in concentration in the hydrothermal plume is relatively low at
station 372 compared to that at station 306 both for DFe and DMn [Middag et al.,
2011]. The vents described by Edmonds et al. [2003] are all situated west of 84°E
(Fig. 3.1) and to the best of our knowledge there is no vent discovered east of 85°E.
The fact that the signal is only observed at station 372, may imply that the source of
the hydrothermal signal observed at station 372 comes from a thus far undiscovered
vent in this region. Alternatively, the signal could be transported to the region of
station 372 from further east. A strong hydrothermal source is observed at 3200 m
depth at 37°E ([Edmonds et al., 2003]; Fig. 3.1a), which is situated slightly north of
the rift valley, i.e. on the Amundsen Basin side of the ridge. Although the flow direc-
tion for water in the deep Amundsen Basin is westward [Rudels, 2001], an eastward
return flow was proposed by Jones et al. [1995] for waters below 2000 m water in
the Amundsen basin, which may explain the observation of the elevated DFe signal
so far from the source.

3.5.1.5 Feinthe deep waters; deep remineralization, scavenging and organic
complexation

Generally, in the deep waters of the world ocean the distribution of DFe is deter-
mined by an interplay of (passive) particle scavenging of iron from the dissolved
phase [Johnson et al., 1997] and organic complexation [Wu and Luther, 1995; Wu et
al., 2001]. The DFe distribution is also affected by the remineralization of biogenic
particles [Martin and Gordon, 1988; Sunda and Huntsman, 1995]. The distribution
of nitrate (NO,’) throughout the water column is determined by the process of biolo-
gical uptake and remineralization and not by scavenging [Murray, 1992]. Therefore,
the DFe / NO, ratio can give an indication of the relative importance of the scaven-
ging regime (and complexation). For example, Sarthou et al. [2007] showed lower va-
lues of the DFe / NO, ratio were consistent with a stronger scavenging regime in the
North Atlantic Ocean. In Table 3.1 the average DFe / NO, ratios and DFe concentra-
tions are shown for the deep waters (EBDW, MBDW) in the Nansen, Amundsen and
Makarov Basin respectively. There is a significant difference in DFe / NO,” between
the Nansen and Amundsen Basins (~33 %). Parekh et al. [2005] showed in a model
study that decreasing the scavenging ratio by 40% results in a ~0.1 nM increase in
DFe in the deep global oceans. Scavenging removal of DFe is reported for all Arctic
Basins [Thuroczy et al. 2011]. The difference in DFe between the Nansen and Amund-
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Table 3.1 DFe/ NO, ratio’s and DFe concentrations in the deep waters (DMBW and DEBW) in the different

Basins.
Basin Nansen Amundsen Makarov
Water mass DEBW DEBW DMBW
DFe/ NO, Average 0.047 0.031 0.026
Standard deviation 0.017 0.007 0.013
n* 154 28 52
p ** <0.05 <0.05
Decrease (%) 33% 16%
DFe (nM) Average 0.70 0.47 0.39
Standard deviation 0.25 0.11 0.19
n* 157 28 52
pA* <0.05 <0.05
* For 3 stations in the Nansen Basin there is no NO, data available
** 2-sided heteroscedastic T-test

sen Basins is 0.23 nM (Table 3.1), significantly larger than the difference in scavenging
removal that would be expected on the basis of the DFe / NO, " ratio and the model
results of Parekh et al. [2005]. Possible explanations for this discrepancy are (i) larger
input flux of DFe in the EBDW in the Nansen Basin or (ii) lower or less strong organic
complexation (resulting in more scavenging removal) in the Amundsen Basin compa-
red to the Nansen Basin or a combination of both factors.

As discussed above (sections 3.5.1.2; 3.5.1.4), there are strong input sources
in the Nansen Basin, i.e. DFe input from the slope and hydrothermal DFe input. We
argue that the difference in DFe between the Nansen Basin and Amundsen Basin can
be attributed mainly to the larger Fe input flux in the deep Nansen Basin, which is
also consistent with the Al and Ba data (see section 3.5.1.2), rather than to differen-
ces in organic complexation. The organic complexation and size fractionation of Fe is
described in [Thurdczy et al., 2011]. Briefly, for the size fraction <0.2 um, ranges of
ligand concentrations (Eq of nM), binding strengths (-) and ligand saturation (Excess
L/Fe)are1.82 +/-0.33,22.01 +/- 0.15 and 1.46 +/- 0.44 for the EBDW in the Nansen
Basin. The values for the Amundsen Basin are 1.57 +/- 0.50, 21.59 +/- 0.37 and 3.41
+/- 0.6 respectively. In general, the fact that there is a higher reactivity yet lower
saturation state of the ligands in the Nansen compared to the Amundsen Basin make
that the difference in organic complexation is difficult to quantify [Thurdczy et al.,
2011]. We argue that the difference in DFe between the Nansen Basin and Amund-
sen Basin can be attributed mainly to the larger Fe input flux in the deep Nansen
Basin, which is also consistent with the Al and Ba data (see section 3.5.1.2), rather
than to differences in organic complexation.
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Between the Amundsen and Makarov Basin there is only a small decrease in
the DFe / NO, ratio, which is consistent with the small decrease in DFe between both
Basins (Table 1). Canada Basin Deep Water is relatively old compared to Eurasian
Basin Deep Water as the latter water mass is stronger affected by downslope convec-
tion [Rudels, 2001]. Therefore, the scavenging removal may have been going on for a
longer time in the Makarov Basin. Moreover, in the Amundsen Basin hydrothermally
originated DFe is present (Fig. 3.6), whereas this input source is very small for the
Makarov Basin. The DFe scavenging removal as a consequence of lower reactivity of
ligands in the Makarov Basin will lead to a little saturated ligands. Ligand characte-
ristics (ligand concentration, binding strength and saturation) are 1.35 +/- 39, 21.64
+/- 0.13 and 4.66 +/-0.45 respectively [Thurdczy et al., 2011]. Therefore, we suggest
that the difference in DFe input and in age between these water masses are the main
factors controlling the DFe concentration.

To take a closer look at the importance of input fluxes relative to scavenging
removal in the distribution of DFe we look at the relationship between DFe an DMn
in the deep water masses. The formula for scavenging removal is:

S.=k*[Me] * C, (Eq. 3)
With:
S, = the scavenging rate removal (nM d*)
k = the scavenging rate (d?)
[Me] = the concentration of the metal (nM)
C, = the concentration of particles (-)

The behavior of DMn is similar to that of DFe. Therefore if the dominant process in
the deep Arctic Ocean is scavenging, the relation of both metals is to be expected to
be of the form DMn = (a * DFe) /bwitha=S_ _*k_andb=S__*k, (derived from
Eqg.3). In the deeper waters ( >3000 m) of the Amundsen and Makarov Basins (Fig,
3.12), such a relation was observed, with R? = 0.74 (n= 27). Here, the “external” Fe-
input was very low, and therefore scavenging removal likely is the dominant process.
Higher in the water column, and in the Nansen Basin, there are more factors, such
as hydrothermal and slope input, influencing the DFe and DMn distribution in all
Arctic Basins, leading to a disappearance of the DFe, DMn - relationship (Fig. 3.12).
Enrichment in DMn compared to DFe is observed in the stations qualified as “hydro-
thermal”. However, some data points in the Nansen Basin show relatively higher DFe
compared to DMn (Fig. 3.12). A possible explanation may be that these waters are
part of a deep counter current as proposed by Jones et al. [1995]. The long transit
time from the vents (situated more to the East) would then remove DMn relatively
fast compared to DFe, resulting in the observed a relatively low DMn compared to
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DFe. The deepest, near-bottom data points of the stations 255, 363, 389 situated
above continental and Mendeleev Ridge slope regions appear to be enriched in
DMn, which may be derived from recent resuspension of slope sediment [Middag
etal., 2011].

3.5.2 Implications for the DFe cycle in the deep Arctic Ocean

Recently, Moore and Braucher [2008] compiled the available data and presented
(averaged) depth profiles of DFe concentration in three world ocean regions (North
Atlantic, North Pacific and Southern Ocean). In Figure 3.9 similar plots for the Arc-
tic Basins are shown (in the Nansen Basin discrimination is made between the East
and West part of the Basin) along with the profiles of Moore and Braucher [2008],
updated with recent DFe data [Rijkenberg and Laan, unpublished]. There are clear
interbasin deviations in the DFe concentrations; a relatively high (~0.7 nM) concen-
tration of DFe at 500-1500 m depth in the west part of the Nansen Basin compared
to the East part and an even greater difference compared to the Amundsen and Ma-
karov Basins, is likely caused by inflow of North Atlantic Water (see section 3.5.1.1).
In general, in the upper 2000 m the concentrations decrease from the Siberian shelf
to the Canadian side, with highest concentrations in the Nansen Basin and lowest
in the Makarov Basin. Also shown are recent DFe concentrations from the Canada
Basin (only Slope and Basin stations included (B1-B3)), close to the Chuckchi plateau
(150-160°W,~75°N) [Nakayama et al., 2011]. The high concentrations in the upper
depth interval (250-500) may be caused by intense remineralisation (as also confir-
med by AOU and nutrients) [Nakayama et al., 2011]. Below, DFe gradually declines
and deep water concentrations are ~0.1 nM higher than those in the Makarov Basin,
which could be attributed to slope influence (stations located nearby the slope) and
to strong remineralisation, causing higher DFe at depth. No enrichment at ~2000 m
depth is observed in this part of the Canada Basin. Moreover, the DFe distribution
in the Arctic Ocean, particularly in the Makarov Basin, shows some deviation from
the distribution in other regions of the world Ocean (Fig. 3.9). First of all, although
dissolved Fe concentrations in the upper layers in the Arctic can be high (>2 nM)
[Klunder et al., 2012] the concentrations decrease readily with depth. The strong
stratification largely prevents mixing between the deep waters and the surface wa-
ters [Rudels, 2001]. Secondly, the hydrothermal input is clearly visible in the Nansen
and Amundsen Basins, resulting in a pronounced maximum in DFe at ~2500 m, which
is not present in the North Atlantic (maximum at 1000-1500 m) and North Pacific
(broad maximum (1000-3000m). The hydrothermal maximum is absent in the Ma-
karov Basin. Below this maximum, scavenging is the controlling factor and DFe con-
centrations decrease with depth, as also observed in other world oceans (Fig. 3.9).
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Third, in the Makarov Basin, the absence of input sources and the fact that the water
is relatively old, cannot be (fully) compensated by organic complexation leading to a
strong scavenging removal and very low DFe concentrations (~0.25 nM).

3.6 Summary and Conclusions

The distribution of dissolved Fe in the deep waters of the Arctic Ocean deviates from
that in all other regions of the world ocean. Moreover, there are strong differen-
ces between the different Arctic Ocean Basins. Over the whole Arctic Ocean, strong
stratification largely prevents mixing between the deep water concentrations and
the surface waters in the Arctic Ocean. However, DFe is transported from the shelf
seas to the Arctic Deep waters, mainly by down slope convection and re-suspension
of sediment from the slopes. The Atlantic Ocean is the main source of water to the
Arctic, which is reflected in the higher Fe concentrations in the (western) Nansen
Basin at intermediate depths. Remineralization of Fe from biogenic particles appears
to have a relatively low impact on deep water DFe concentrations. This may be due
to a low POC export from the surface, in combination with a strong scavenging re-
gime, which enhances fast settling. The hydrothermal input source above the Gakkel
ridge causes DFe enrichment at a depth of 2000-3000 m depth in most of the central
Arctic Ocean. Below this depth layer, scavenging plays an important role in the deep
waters, whereas the effect of organic complexation is relatively weak; concentrati-
ons decrease rapidly and reach very low values in the deep Makarov and Amundsen
Basins. The high DFe concentration in the shelf waters flowing in the Central Arctic,
((mainly) river derived [Klunder et al., 2012]), and hydrothermal enrichment of DFe
to the Arctic Ocean will give a net addition of DFe to the marine environment. Up-
welling of these waters [Yang, 2009] may cause relatively high DFe concentrations
in the PSW and intermediate waters, and eventually in the return flow to the North
Atlantic Ocean.
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Abstract

We report a comprehensive dataset of dissolved iron (Fe) comprising 482 values at
22 complete vertical profiles along a 1° latitudinal section at the Zero meridian. In ad-
dition a shorter high resolution (~00°09’) surface section of the southernmost part of
the transect (66°00°-69°35’S) is presented. Within the upper surface mixed layer the
concentrations of dissolved Fe vary between 0.1 nM and 0.3 nM. An inverse trend
versus fluorescence suggests significant Fe removal by plankton blooms. Vertical
mixing and upwelling are the most important supply mechanisms of iron from below
to the upper surface mixed layer. At lower latitude (42°S) there is a distinct maxi-
mum of 0.6-0.7 nM in the 2000-3000m depth range due to inflow of North Atlantic
Deep Water. In one region (55°S) elevated dissolved Fe in the surface mixed layer is
ascribed to recent deposition of aeolian dust originating from South America. Close
to the Antarctic continent there is an indication of Fe supply in surface waters from
icebergs. In the deep waters there is a strong indication of a hydrothermal plume
of dissolved Fe and Mn over the ridge in the Bouvet region (52-56°S). In the Wed-
dell Gyre basin the dissolved Fe in the deep water is 0.47 £ 0.16 nM in the eastward
flow at ~56-62°S, and lower 0.34 + 0.14 nM in the westward flow at high ~62-69°S
latitude. At the edge of the continental ice-sheet on the prime meridian, the conti-
nental margin of the Antarctic continent appears to be less a source of dissolved Fe
than everywhere else in the world, likely because it is unique in being overlain by the
extending continental ice-sheet which largely prevents biogeochemical cycling.

4.1 Introduction

Dissolved Fe has been recognized as a key element for phytoplankton growth in the
world oceans [Coale et al., 1996]. It is needed for important biological processes
such as photosynthesis and is used in several enzymes [Sunda, 2001]. Although Fe is
the fourth most abundant element in the earth crust, it is only available in trace con-
centrations (generally <1 nM) in the oxygenated water of the world oceans [De Baar
and De Jong, 2001]. In the Southern Ocean, the presence of ample major nutrients
(N,P,Si) yet low phytoplankton abundance has been hypothesized to be due to lack of
this essential trace nutrient [Gran, 1931; Hart, 1934, 1942; Martin, 1998] in combina-
tion with low light conditions [Sunda and Huntsman, 1997]. This was first confirmed
in bottle incubations by De Baar et al. [1990] and Buma et al. [1991], and since then
by others see review by De Baar and Boyd [2000]. During in situ Fe fertilization ex-
periments the effect of extra Fe was shown repeatedly, however the light limitation
effect of deep Surface Mixed Layers due to high wind velocity also plays a key role
(see reviews by De Baar et al., 2005 and Boyd et al., 2007). More recently natural Fe
fertilization was reported over shallow plateau regions around subantarctic islands
(Blain et al., 2007; Pollard et al., 2009).
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Due to the low concentration of dissolved Fe in open ocean waters, the
sampling, filtration and analysis are very sensitive to contamination. As a result the
world ocean dataset of dissolved Fe in the published literature is quite small both in
number of data points and in geographical and vertical distribution, notably in the
Southern Ocean.

Recently, more ocean datasets of dissolved Fe have become available in the
Southern Ocean [Sedwick et al., 1997;2008; Sohrin et al., 2000; Boye et al., 2001;
Measures and Vink, 2001; Croot et al., 2004; Nishioka et al., 2005; Planquette et al.,
2007; Blain et al., 2008a; Lai et al., 2008], and elsewhere [Bell et al., 2002 ; Laés et al.,
2003;2007; Sarthou et al., 2003 ; Boyle et al., 2005; Measures et al., 2008]. Also more
recent world ocean data compilations have been made [Gregg et al., 2003; Parekh et
al., 2004; Moore and Braucher, 2008] and include Fe values in the Southern Ocean.
Nevertheless, determining the concentration and basin wide gradients of dissolved
iron in the deep ocean basins remains a challenge in oceanography, mainly in the
(less studied) deep Southern Ocean.

Towards addressing this issue, two new developments allowed major pro-
gress in sampling trace metals over the recent years. Firstly, a new ultra clean sam-
pling system has been developed and successfully tested [De Baar et al., 2008] (see
text section 4.2), allowing faster and more reliable clean sampling at higher resolu-
tion of notably the deep waters. Secondly, international exercises [Bowie et al., 2003;
Bowie et al., 2006; Johnson et al., 2007] have eventually led to the availability of
certified reference samples of dissolved Fe in seawater.

Several sources of dissolved Fe to the Southern Ocean can be envisioned.
The Fe in surface waters may come from above by dust input originating from ad-
jacent continental source regions, notably Patagonia (South-America), South Africa
and Australia [Jickells and Spokes, 2001; Sedwick et al., 2008]. Alternatively Fe may
come from below by upwelling and upward mixing of deeper waters containing hi-
gher dissolved Fe than the surface waters [Ldscher et al. 1997; Croot et al., 2004; Lai
et al., 2008]. Obviously the deep waters would in turn need a source as well, where
reductive dissolution within sub-oxic marine sediments and remineralization of par-
ticles are known sources of Fe [De Baar and De Jong, 2001] and Mn [Froelich et al.,
1979]. Hydrothermal vents at active mid-ocean ridges are another known source of
dissolved Fe and Mn [Klinkhammer et al., 2001]. Parallel determination of dissolved
Mn [Middag et al., 2012] may provide clues to these source terms. Finally in the
polar oceans, meltwater from the continental Antarctic ice sheet continuously flows
into the sea where some of its Fe contents may become dissolved. Moreover, ice-
bergs broken off from the ice-sheet often become temporarily grounded on the shelf
and entrain dirt hence Fe from the shelf sediments [Ldscher et al., 1997]. Finally, the
seasonal sea-ice also comprises some Fe [Lannuzel et al., 2008] which upon melting
may contribute to the Fe content of the surface waters.

Here we present the distribution of dissolved Fe in a high resolution (1°lati-
tude) transect (Fig. 4.1) over the complete 4-5 km depth of the water column, overall
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482 dissolved Fe values at 22 stations with 20-24 sample depths. This section is de-
signed across the Antarctic Circumpolar Current (ACC) as to be representative of the
ACC flowing all around Antarctica. Moreover the southernmost part of the section
represents the eastern extent of Weddell Gyre. Within the Weddell Gyre, an additio-
nal small set of 24 samples for dissolved Fe was collected in the very surface waters
from 66°02.18’S-69°35.15’S by deployment of a towed fish to obtain high (~00°09’)
resolution surface water concentrations. This sampling scheme allowed us to accu-
rately determine the distribution of dissolved iron, and establish its sources in the
Atlantic sector of the Southern Ocean.

4.2 Materials and Methods
4.2.1  Sampling

4.2.1.1 Vertical profile sampling

Seawater samples were collected during the ANT XXIV/3 expedition of the RV Polar-
stern (Capetown to Punta Arenas: 10 February until 14 April 2008) on its first transect
from Cape Town to the Antarctic ice-sheet of Antarctica (Fig. 4.1). Here, in total 22
stations were sampled for analyses of dissolved Fe and other trace metals (see sec-
tion 4.2.7). On the prime meridian transect, the resolution is typically 1°, except for
a station at 66°30.06’S instead of ~66° S and the southernmost station at 69°24.03’S
close to the approximately 200 m thick ice-sheet extending beyond the Antarctic
continent over the shelf seas.

All bottles used for storage of reagents and samples were cleaned according
to an intensive three step cleaning protocol extensively described by Middag et al.
[2009]. Samples were taken using 24 internally teflon-coated PVC 12 liter GO-FLO
Samplers (General Oceanics Inc.) mounted on a Titanium frame which was connected
to a Kevlar hydrowire with internal signal cables for data transfer and control from
the ship. Directly upon recovery the complete frame with samplers was placed inside
a class 100 clean container [De Baar et al., 2008]. Seawater was filtered in line over

Fig. 4.1  Research area with station positions. Presented are all stations sampled for trace metals during
the ZERO meridian transect of ANT XXIV/3, including station numbers for sampling with the
ultraclean Titanium frame. Not shown are other stations in between (i.e. the missing numbers)
where additional data of major nutrients and other variables was collected with a regular CTD/
Rosette. Also, the ~66-69.30’ °S region where the towed fish is deployed for Surface Water Sam-
pling is shown. Depth isolines are shown as well as fronts (normal, black), zones (italic, red)
and major currents (arrows). Abbreviations in alphabetical order: AAZ: Antarctic Zone; ACCn:
Antarctic Circumpolar Current northern branch; ACCs, Antarctic Circumpolar Current southern
branch; ACoC: Antarctic Coastal Current; PF: Polar Front; PFZ: Polar Front Zone; SAF: Subantarc-
tic Front; SAZ: Subantarctic Zone; SB-ACC: Southern Boundary of the ACC; STF: SubTropical Front
(dotted line, its position not sampled nor defined in our cruise); WG: Weddell Gyre. The inset
shows the sampling transect (red) in a regional context, also the Weddell Gyre is indicated. This
figure is made using Ocean Data View (Schlitzer, 2009).
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a 0.2 um filter cartridge (Sartrobran-300, Sartorius) under 1.5 bar nitrogen pressure.
Before seawater collection, the first 0.5 |. of seawater was filtered and disposed for
rinsing purposes. Two (one for measuring, one for back-up) LDPE sample containers
(NALGENE, 60 ml) were filled from each GO-FLO sampler for analyses of dissolved Fe.

4.2.1.2 Surface water sampling

In the Weddell Gyre, close to the Antarctic continent 24 additional samples were
collected along the southernmost part of the transect (66°02.18’S-69°35.15’S) using
a towed epoxy-coated stainless steel torpedo deployed off a crane arm on the star-
board side of the ship, after De Jong et al. (1998). In between vertical sampling sta-
tions, every hour a seawater sample was collected, and analyzed as described in
section 4.2.5. Due to differences in ship speed this resulted in a slightly unequal re-
solution of 00°09’ on average.

4.2.2 Analysis of Fe

4.2.2.1 Chemicals

A solution of 0.4 M hydrochloric acid was made by diluting 30% concentrated HCI
(Merck, suprapur, 10M), 0.35 M H,0, solution by dilution of 30% H,O, (Merck, su-
prapur) and the 0.96 M NH, solution was made from 25% NH,OH (Merck, suprapur).
Luminol stock solution was prepared by dissolving 270 mg luminol (3-aminophtalhy-
drazide, Aldrich) and 500 mg potassium hydroxide in 15 ml Milli-Q (MQ) water (MQ
water is defined as ultrapure water with resistance > 18.2 MQ). To prepare the final
reagent used in this system 3 ml of luminol stock solution and 60 pl triethylenetetra-
mine (TETA) (Merck) was diluted in 1 | of MQ. The 0.12 M ammonium acetate buffer
(pH =6.5) was made by diluting a 2.0 M buffer solution. This 2.0 M buffer solution was
obtained by tenfold dilution of a saturated solution of ammonium acetate crystals
after Aguilar-Islas et al. (2006).

4.2.2.2 Method

The shipboard analysis method used is by Flow Injection - Chemiluminescence meth-
od with preconcentration on iminodiacetic acid (IDA) resin as described by De Baar
et al. [2008], with some minor modifications. One modification is the initial acidifica-
tion of the samples; here the samples were acidified to pH = 1.8 by adding 120 ul
per 60 ml sample (2%o) of ultraclean HCI (12M) (Seastar Baseline”Hydrochloric Acid,
Seastar Chemicals) and left for at least 12 hours before analyzing.

The method detects Fe (lIl). Here, we ensured all the Fe was in the Fe (lll)
form, by adding 60 pl of a 1 %o hydrogen peroxide (Merck suprapur 30%) solution at
least one hour before measuring as recommended by Johnson et al. [2007].

All samples of one station were measured within one run, from surface to
deep and each sample analyzed in triplicate as follows. Each sample was buffered
in-line to pH= 4.0 by mixing with a 0.12 M acetate buffer (pH =6.5). After buffering,
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the sample passed over a chelating iminodiacetic acid (IDA, Toyopearl, AFChelate 650
M)) column during 120 seconds. The column was rinsed by flow-through of MQ for 1
minute before the Fe was eluted with 0.4 M HCI (Merck suprapur). A four port selec-
tion valve (VICI, Switzerland) was used for switching between buffer/sample and MQ
passing over the IDA- preconcentration column.

The eluent was mixed with the 0.96 M ammonia, 0.35 M hydrogen peroxide
and the luminol solution. The mixture passed through a 5 meter length mixing coil in
a constant 35°C water bath, before injection in a Hamamatsu (HC 135) photon coun-
ter. This injection step took 180 seconds.

A six port injection valve (VICI, Switzerland) was used to switch between
inflow of sample and rinsing MQ over the column and elution by HCI. The autosam-
pler valve, both switching valves and the detector were controlled by an interface
developed in LabView ™ .

The system was calibrated for every run using standard additions (0.1-1.5
nM range) of an 895.5 nM Fe stock solution to filtered seawater obtained from the
subsurface minimum, with lowest Fe concentrations. This calibration seawater was
taken for each station at the depth of the chlorophyll maximum. Concentrations va-
ried between 0.05 nM (station 163) and 0.25 nM (station 138). The stock solution
was obtained by dilution of a 1000 ppm ICP-MS standard (Fluka Chemicals)

4.2.3 Blank, limit of detection and validation

Regularly the combined blank of the 1 minute MQ-column wash and the 0.4 M HCI
for elution of the column was calculated from the amount of counts measured upon
zero (0) seconds loading time. The average value for this blank was 32 + 14 pM Fe
(n=19) and this blank did not exceed 60 pM. By double versus single addition of the
H,O, it was found that this did not cause a blank. The contribution of the Seastar
Baseline"Hydrochloric Acid id deemed negligible (<0.04 pM per sample).

The detection limit was determined regularly and defined as the standard
deviation of 5 peaks of 10 seconds loading of low-Fe seawater (subsurface mini-
mum), multiplied by 3. Average detection limit was typically 5.7 = 2.9 pM Fe (n=4),
and the detection limit did not exceed 8.5 pM Fe.

In order to validate the accuracy of the system, standard reference seawa-
ter was measured regularly, also in triplicate. This water was obtained during the
preceding SAFe-cruise in 2004 and has since then proven to be of great value for
validation of on-board Fe measurements (Johnson et al., 2007). There is SAFe surface
(S) water and SAFe deep (D2) water available to validate against different ranges of
Fe concentration. The average value of the SAFe S waters we found was 0.13 + 0.021
nM Fe (n=11) for our analysis, compared to the community consensus value of 0.097
+ 0.43 nM. However, a small difference between different SAFe S bottles appears
to influence the results. Concentrations of 0.16 + 0.01 nM Fe (n=3) for bottle S-391
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and 0.172 nM for bottle S-135 (n=1) elevate our results for SAFe S calibration water.
When excluding latter bottles S-391 and S-135 the average value of SAFe-S waters
we found was 0.11 + 0.012 (n=7). For the SAFe deep (D2) inter calibration waters we
found an average value of 0.96 + 0.06 nM Fe (n=10), consistent with the community
consensus value of 0.91 + 0.17 nM (Johnson et al., 2007).

4.2.4 Other parameters

Samples for dissolved manganese (Mn) and aluminium (Al) and Zinc (Zn) were taken
from the same Titan system, and results reported by Middag et al. (2011a,b) and
Croot et al. [2011] respectively. Also major nutrients (silicate, nitrate and phosphate)
were measured from samples from the Titan system, as well as at in-between sta-
tions from a standard CTD/Rosette system. Salinity (conductivity), temperature and
pressure (depth) were measured using the CTD system (Seabird SBE 911+) mounted
in the titanium frame. This CTD-system also included a Chelsea MK-III fluorometer,
for measurements of fluorescence (arbitrary units). Another CTD/Rosette with re-
gular samplers was deployed at in-between stations and did provide vertical light
transmissometry records indicative of abundance of suspended particles.

The meteorological parameters, including precipitation, were measured
regularly by the shipboard staff of the German Meteorological Service. Underway
salinity and temperature were measured every ten seconds at a depth of 5 meter by
an instrument operated by the company FIELAX. Synoptic sea-ice and ice-berg data
were registered on board by dedicated ice-watch person on the bridge.

4.2.5 Database
The complete database of dissolved Fe is available as a separate chapter within this

thesis. The complete relational database will be available at the international GEO-
TRACES datacentre (http://www.bodc.ac.uk/geotraces/).
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4.3 Hydrography

The hydrography of this region is extensively described [Klatt et al., 2005; Gladyshev
et al., 2008] Here we give a short overview of the hydrography. The Southern Ocean
is defined as all waters south of the Polar Front (the surface expression of the 2°C
isotherm generally positioned at about 50°S), and the subantarctic zone between
the Polar Front (~50°S) and the subantarctic Front typically situated at about 45°S.
As indicated on Fig. 5.1, we passed several fronts in the Southwards direc-
tion. The northern part of the transect lies within the SubAntarctic Zone, crossing
the Meteor Ridge. Further South we crossed the region where three major ocean
ridges meet at a latitude of about 52°S to 56°S; the region where the southernmost
segment of the Mid-Atlantic Ridge, the westernmost segment of the Southwest In-
dian Ridge and the easternmost segment of the American-Antarctic Ridge meet. This
so called Bouvet region separates the South Atlantic Basin and the Weddell Basin, to
the south. This transect crossed this Weddell Basin towards the Antarctic continent.
Using the physical parameters obtained during the cruise and definitions as des-
cribed by Orsi et al. [1995] and Klatt et al. [2005] one can discriminate the different
water masses of the transect. In the north part of the transect, Subantarctic Surface
Water (SSW) was recognized as far south as 50°S. Here it reached the Polar Front
where it meets the Antarctic Surface Water (AASW). Below, Antarctic Intermediate
Water (AAIW) flowed downward and northwards until ~1250 meter depth. Within
the ACC, Upper Circumpolar Deep Water (UCDW) with slightly higher temperatu-
res was found below the AAIW. Further North, there is the core of southwards flo-
wing North Atlantic Deep Water (NADW) overlying the northwards flowing Antarctic
Bottom Water (AABW). Progressing southwards, the characteristics of this NADW
intrusion (high salinity, low temperature) were found relatively shallower in the wa-
ter column and became less pronounced due to mixing with surrounding less saline
water of Antarctic origin, mainly LCDW. The lower part of the LCDW is influenced by
northwards flowing Weddell Sea Deep Water (WSDW). Southward of the Bouvet re-
gion, in the Weddell Basin, different water masses were found. Below the AASW, the
Winter Water (WW) is the even colder water layer that shows as a temperature mi-
nimum at the bottom of the AASW. The WW is a remnant from the last winter before
the overlying water was warmed by the summer. Below the WW, a relatively stable
layer of WDW (Warm Deep Water) is observed until about 1000-1500 meter depth.
Downwards, there was a layer of Weddell Sea Deep Water WSDW. Below that, Wed-
dell Sea Bottom Water (WSBW), defined as water with a potential temperature lower
than -0.7°C, was recognized. This was mainly found at depths below 4000 meter.
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4.4 Results
4.4.1 Hydrography and major nutrients

The hydrography with major fronts, zones and currents (as described in the online
electronic supplement) is summarized in Fig. 4.1. Along the complete vertical section
the different water masses and the depth of the Surface Mixed Layer are shown
in Fig. 4.2. Throughout the section the distinct surface layer with uniform potential
density represents the Surface Mixed Layer (SML). The depth of this Surface Mixed
Layer (Table 4.1) varied between 28 and 124 meter and was typically ~100 meter
deep from station 101 (~42°20’S) to station 128 (~58°S), and 25-50 meter deep from
station 131-175 (~59° — 69°S). On average the SML depth was ~65 meter.

PlF
SASW —» «—— AASW — SML
B «— WW —
£ AAIW Deep
Q
waters
!
ucDw g
WwDW
= LCDW

40°s 45°s

SubAntarctic Bouvet Weddell Gyre
Region Region

SML 0.24 +/-0.06 0.24 +/-0.13 0.19 +/-0.09
(n=17) (n=21) (n=26)

Deep Water 0.40 +/-0.12 0.61 +/-0.40 0.39+/-0.15
(n=61) (n=84) (n=251)

Fig. 4.2  Schematic overview of the transect with above the upper 200 meters and below the 200-5500 m
depth range. The red line indicates the depth of the Surface Mixed Layer (SML). Water masses
as further described in the online supplement are as follows: SASW: SubAntarctic Surface Wa-
ter; AASW: Antarctic Surface Water; WW: Winter Water; AAIW: Antarctic Intermediate Water;
Upper Circumpolar Deep Water; NADW: North Atlantic Deep Water; LCDW: Lower Circumpolar
Deep Water; WDW: Warm Deep Water; AABW: Antarctic Bottom Water; WSDW: Weddell Sea
Deep Water; WSBW: Weddell Sea Bottom Water. Below the graph the average Fe concentration
(average, standard deviation, n) is reported for both the SML and the Deep Water in the three
distinct regions of the transect. This figure is made using Ocean Data View (Schlitzer, 2009).
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Table 4.1 Mixed layer depths, SML average values for Fe and fluorescence and 25 meter average values

for Fe and Al.
Station |Latitude (°S) SML depth | DFe (nM) | Fluoresence DFe (nM) Al (nM)
(m)
PS 71- Surface Mixed Layer Upper 25 m average
average
101 42.34 46 0.28 0.41 0.30 0.85
103 46.00 65 0.22 0.65 0.26 1.33
104 47.66 80 0.19 0.42 0.17 0.62
107 50.27 95 0.21 0.29 0.18 0.62
110 51.95 124 0.11 0.32 0.18 0.61
113 53.00 133 0.18 0.31 0.15 0.56
116 54.00 102 0.29 0.14 0.33 1.14
119 55.00 95 0.33 0.10 0.47 1.78
122 56.00 77 0.34 0.14 0.41 0.75
128 58.00 73 0.18 0.23 0.18 0.53
131 59.00 67 0.13 0.11 0.17 0.61
135 60.01 40 0.24 0.16 0.27 0.35
138 61.00 42 0.25 0.19 0.25 0.32
141 62.00 47 0.27 0.31 0.27 0.52
144 63.00 47 0.23 0.30 0.23 0.82
147 63.97 28 0.32 0.26 0.32 1.46
150 65.00 33 0.16 0.70 0.16 0.57
161 66.50 32 0.23 0.63 0.23 1.40
163 67.00 39 0.15 1.16 0.15 0.36
167 68.00 42 0.10 1.29 0.08 0.35
175 69.00 45 0.13 1.68 0.13 0.20
178 69.40 67 0.32 1.60 0.34 0.64

The distributions of nitrate and silicate along the section are displayed in Fig. 4.3.
The distribution of phosphate is similar to that of nitrate (here not shown, see the
online electronic supplement with the related manuscript [Klunder et al., 2011, DSR
Part 7).

In the surface waters of the Subantarctic Zone at the northernmost station
101 (Fig. 4.4) there is ample nitrate at ~15 uM. Going further southward the nitrate
in surface waters further increases (Fig. 4.3) to about 26 uM (Fig. 4.4 stations 113,
167) which is the typical summer value in the Southern Ocean, due to seasonal de-
pletion by biological uptake with about 6 uM versus the winter water at typical 32
WM. The trends for phosphate (not shown) are similar as for nitrate, increasing from
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Fig. 4.3  Color and contour plots of the concentration [umol/kg] of nitrate (upper graph) and silicate of
the transect. Due to extra hydrocasts with regular CTD/Rosette there are more individual data-
points (dots) than in the below Fig. 5 for dissolved Fe. This figure is made using Ocean Data View
(Schlitzer, 2009).

1.04 uM (St. 101) to the typical summer value of about 1.7 uM (St. 113, 167). Thus
at all stations phosphate and nitrate conditions were non-limiting for phytoplankton
growth. The silicate is depleted at 0.5 uM at St. 101 (Fig. 4.4a), then slowly increases
southward (Fig. 4.3) to 0.9 uM (St. 103), 1.9 uM (St. 104), thus less than the common
1 uM criterion for conceivable limitation of large diatoms. Across the Polar Front the
silicate shows the well-known steep rise to the maximum surface value of 68 uM (St.
130, not shown) and then slightly decreases again to 51 uM (not shown) at southern-
most station 178 near the continental ice-sheet. These surface waters show low sum-
mer values of silicate and nitrate coinciding with temperature stratification (Fig. 4.4,
see insert graphs of St. 113 and St. 167). An improved more stable light climate due
to summer stratification has most likely favored diatom growth [De Baar et al., 2005]
in the preceding months before our sampling, however there still is ample nitrate
and silicate available. Here the combination of limitation by light with Fe deficiency is
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Fig. 4.4  Depth profiles of silicate (full circle) and nitrate (empty circle) of station 101 (a), station 113 (b)
and station 167 (c) as indicative of three distinct regions (see text). Inserts in each graph show
upper 200 meters at expanded scales of silicate and nitrate (horizontal; uM) and depth (verti-
cal), as well as potential temperature (dotted line) with additional scales (ranging from 7 to 13
°C, 0-1.8 °C; and -2 to 1 °C) along horizontal axis.

deemed limiting for phytoplankton growth [DeBaar et al., 1990; 1995; 2005].

In the deep waters the more saline NADW coming from the north and rising sou-
thwards is easily recognized by the relatively low nitrate in the 2000-3000m depth
range as marked by the black contour drafted at 29 uM (Fig. 4.3). This nitrate mini-
mum is also visible in the vertical profiles of nitrate at St. 101 (Fig. 4.4a) where in the
same 2000-3000m depth interval the silicate is uniform (and actually shows a slight
minimum), as opposed to its typical steady increase with depth (St. 113) elsewhere
along the section and in the world oceans.

4.4.2 General Distribution of Dissolved Fe throughout the Water Co-
lumn

Along the complete section (Fig. 4.5) the dissolved Fe is depleted in the surface wa-
ters (upper graph) in two regions at 46-52°S and 66-69°S, respectively. In between
there is the station 119 at 55°S with elevated Fe in surface waters attributed to a
recent aeolian dust input (see below text section 4.4.1.1.2.).

The deep waters (Fig. 4.5, lower graph) clearly show the elevated dissolved
Fe in the NADW, where the Fe = 0.55 nM contour (bold black line) more or less over-
laps with the NO, = 29 uM contour (bold black line, Fig. 4.3). More southwards there
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Fig. 4.5  Color and contour plot of the concentration of dissolved Fe [nM] of the transect in the upper 500
meter (upper graph) at expanded vertical depth scale, and over the complete ~5000 m depth (lo-
wer graph). Dots indicate Fe datapoints, trace metal station numbers are indicated. This figure
is made using Ocean Data View (Schlitzer, 2009).
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Fig. 4.6  Depth profiles of dissolved Fe (filled dots) and salinity (thin line) of station 101 (a), station 113
(b) and station 167 (c) as indicative of three distinct regions (see text).
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is a strong Fe maximum over the Bouvet region attributed to hydrothermal input
(see below text sections 4.3.4.2 and 4.4.2.1.2) where the Fe = 0.6 nM contour (bold
black line) nicely overlaps with a similar Mn = 0.3 nM contour also delineating the
hydrothermal plume (Middag et al., 2011a). In contrast in the further southward
Weddell Gyre the dissolved Fe becomes extremely low, with values decreasing from
the eastward flowing branch (~60°S) to the westward flow (~66°S).

For the three distinct regions vertical profiles of dissolved Fe are shown in
Fig. 4.6. All vertical profiles (Fig. 4.6) show a slight elevation in the surface (less clear
at station 167), a subsurface minimum, and then low, slightly varying but increasing
concentrations (<0.45 nM in the SubAntarctic region and Weddell Gyre, maximum
0.68 nM at 1000 m above the Bouvet region) until around 750-1000 meter depth. In
the SubAntarctic region, higher concentrations of ~0.5 nM to 0.6 nM occurred from
2000-3000 meter, below which concentrations decreased until >0.4 nM (St. 101, Fig.
4.6a). The stations over the ridge crest in the Bouvet region showed a different verti-
cal profile, with deep values > 1 nM from 1200 m downwards and a maximum of 2.2
nM at 1750 meter depth (St. 116). In the Weddell Gyre the Fe concentrations were
relatively constant at about 0.5 nM until the bottom (Fig. 4.6c, St. 167).

For the three regions, the average dissolved Fe in the Surface Mixed Layer
was 0.25 nM and 0.24 nM in the subAntarctic region and Bouvet region, respectively
(Fig. 4.2), but significantly lower at 0.20 nM in the remote Weddell Gyre region, most
notably in the westward flow at 66-69 °S (Fig. 4.5, upper graph). In the deep waters
the average dissolved Fe was significantly higher at 0.60 nM over the Bouvet region
(Fig. 4.2) due to hydrothermal input as compared to 0.41 nM and 0.42 nM in the ad-
jacent deep subAntarctic and deep Weddell Gyre regions, respectively.

4.4.3 Feinthe surface waters

4.4.3.1 Fein the upper surface mixed layer

The surface waters were sampled in February and therefore represent the end of
austral summer conditions. The upper surface concentration was measured at 10-25
meter and was generally below 0.3 nM, except for the stations 116 and 119 (54 and
55°S), where Fe concentrations were >0.4 nM.

The depth profiles of the Fe concentration showed a subsurface minimum
at depths varying from 25 to 200 meters. A significant decrease of this subsurface
minimum was found from station 138 (61°S) (0.25 +/- 0.01 nM) to station 175 (69°S)
(0.05 +/- 0.001 nM), with the strongest decline from station 161 (66°30’S) (0.16+/-
0.008 nM) southwards. Moreover the depth of the subsurface minimum followed
the latitude: deeper minima were found at the higher latitudes.

4.4.3.2 Underway Sampling of the Southernmost Surface Waters

The samples with the towed torpedo were taken from the very upper water column
(2-3 meter depth), thus represent the upper surface waters. Fig. 4.7 shows the con-
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Transect plot of the concentration of dissolved Fe in the upper 1-2 meter of the water column, as
obtained by the towed fish (see text) (filled circles). Also plotted are surface mixed layer average
Fe concentration collected with GO-FLO samplers (open circles) and the salinity at 5 meter depth
from the ships inlet (Fielax) (solid line with dots). Despite some mismatch in sampling inlets and
their sampling depth as well, and patchiness of filaments of mixing (melt)waters, distinct Fe
maxima tend to coincide with salinity minima due to meltwater. Observed melting of icebergs
and the ice-sheet is indicated.

Same as Fig. 7a, but at expanded scales (region adjacent to the ice-sheet). Notice increasing dis-
solved Fe coinciding with decreasing salinity due to meltwater. The three Fe samples at 69°36”
S were collected when the ship travelled straight westward in an open polynia, the different Fe
values (0.26 nM, 0.25 nM, 0.15 nM) illustrative of patchiness of meltwater.
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centrations obtained with the torpedo together with the averaged surface mixed
layer concentration of dissolved Fe. From 66°S to 67°S (0.1-0.2 nM) dissolved Fe in
the upper meters tended to be lower than the averaged surface mixed layer concen-
tration. From 67°S southwards the concentration in the upper meters nicely followed
the surface mixed layer average, with exception of concentrations at 67°16.34’S (~0.3
nM) and 67°45.57’S until 68°30.52’S (~0.3 nM). Very high (~0.7 nM) concentrations
were observed at 66°33.82’S and 68°00.00’S. At the 66°33.82’S position this coin-
cides with a strong salinity minimum (Fig. 4.7a) and the local observation of many
icebergs. From 69°S southwards towards the continental ice sheet, both the Fe in
the upper 2-3 meters and its averaged surface mixed layer concentration increased.
The salinity at 5 meter depth was relatively constant at a value of around 34.2, until
~66°20’S (Fig. 4.7a). From there, the salinity values fluctuated from 34.03 to 34.13
with an exceptional depression to 33.93 at ~¥66°30’S. A strong increase was observed
(S = 34.2) at 69°00’S, followed by a decline of salinity towards the ice-sheet; the
southernmost station at ~69°36’S had a salinity of 33.7. This is immediately adjacent
to the massive ice-sheet extending from the continent, and also many icebergs were
present.

4.4.4 Feinthe Deep Waters
Here, we follow the subdivision in three distinct regions (Fig. 4.6).

4.3.4.1 Sub Antarctic region

The properties of these waters are largely influenced by the intrusion at 2000-3000
m depth of the North Atlantic Deep Water (NADW) [Gladyshev et al., 2008]. The
core of the NADW was located at ~3000 meter depth at station 101 (42°20’S) (Fig.
4.6a) and gradually rising to 2000 meter depth at station 104 (47°40Q’S), although at
latter latitude the Fe rich NADW has been diluted strongly by mixing and was less
pronounced (Fig. 4.5). The concentration of dissolved Fe was slightly elevated from
2000-3000 (~0.6 nM), compared to the overlying and underlying waters (~0.4 nM)
(Figs 4.5, 4.6a).

4-4.4.2 Bouvet region

The deep waters above the ridge contained high concentrations of dissolved Fe com-
pared to the waters South and North of the ridge. This high concentration was most
prominent in the deeper waters and separated by a subsurface Fe minimum (0.05 -
0.20 nM) from the surface waters.

At stations 110 and 113 (52-53°S), the concentration steadily increased with
depth from ~0.3-0.4 to ~0.55 nM at 1250 meter depth. This general increase in dis-
solved Fe with increasing depth coincided with the layer of relatively high salinity and
potential temperature, which indicates mixing of LCDW with the NADW [Veth et al.,
1997]. At station 119 (~55°S), a maximum in dissolved Fe concentration of 1.2-1.8 nM
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was followed by decrease to ~0.8 nM Fe at 1250 meter depth.
Below, in the LCDW, the concentration of Fe varied with latitude; concentrations
were about ~0.5 nM interrupted by elevated concentration (maximum 2.2 nM).

4.4.4.3 Deep Weddell Gyre

Also in the Weddell Gyre a subsurface minimum is observed. Below this minimum
the concentration gradually increased until a relatively constant concentration of
~0.45 nM was observed at 750-1000 meter (Fig. 4.5, Fig. 4.6c). Below the AASW
the Fe concentrations gradually increased with depth. The downward increase was
less pronounced and was observed only at shallower depths in the Northern part of
the Weddell Gyre (stations 128-141; ~57°S - 62°S), compared to the Southern part
(stations 141- 175: ~62°S - 69°S). At station 163 (~67°S) relatively low concentrations
of ~0.4 nM Fe were found as deep as 2500 meter, and these concentrations did not
change towards the bottom (Fig. 4.6c). This region of relatively low (<0.4 nM) Fe
concentration appears to coincide with a slight increase in salinity and potential tem-
perature, which indicates the presence of WDW. Moreover, in the centre of the Wed-
dell Gyre, out of the influence of the Bouvet Region, from station 131 to 175 (59°S
—69°S), dissolved Fe showed a negative relationship with potential temperature for
waters with 6 >-0.7°C and salinity >34.6 (comprising WDW and WSDW according to
[Klatt et al., 2005]), as follows:

[Fe] = -0.13 * ©+0.40 (R? = 0.45, P<0.01, n= 145) (Eq. 1)

as depicted in Fig. 4.8 and discussed in below text section 4.2.1.3.
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Fig. 4.8 Relation between dissolved Fe (nM) and potential temperature (9) (°C) within the Weddell Ba-
sin, for all waters with & >-0.7 and salinity >34.6. (Deep waters: WDW, WSDW). [Fe] = -0.13 *
8 + 0.40. (R? = 0.45, P<0.01, n= 145).
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4.5 Discussion
4.5.1 The Fe Cycle in the Surface Waters

4.5.1.1 Sources of Dissolved Fe in the surface waters

The origin of the dissolved Fe in surface waters may be (i) from below by upwelling
and vertical mixing of deeper Fe-rich waters, or (ii) from above by partial dissolution
of aerosol deposition, or (iii) from seasonal melting of the seasonal sea-ice cover of
the Southern Ocean, or from partial dissolution of sediment carried along from (iv)
the Antarctic ice-sheet with calving and melting ice-bergs, or (v) from the (Antarctic)
continental margin sediments.

4.5.1.1.1 Upwelling and vertical mixing of deep waters with higher Fe concentration

Fe can be delivered in the surface waters from below, by both advective transport
and turbulent diffusive fluxes (eddy-diffusion) [De Baar et al., 1995; Léscher et al.,
1997; Croot et al., 2004]. Here, we estimated the contribution of both processes, by
using the same approach as De Baar et al. [1995] for all stations. For each station,
we take the average value of all datapoints deeper than 1000 meter as an estimate
of the deep water concentration. The average value for all stations is 0.55 £ 0.19 nM
(n=222). By multiplying with a typical annual average upwelling velocity of about 15
* 10° cm s [Gordon et al., 1977], we obtain a typical annual average advective Fe
flux of the order of 0.82 pmol m2 s%. Due to the now established lower deep Fe con-
centrations than previously reported [Léscher et al., 1997] this advective upwelling
transport is about half the advective flux (1.7 pmol m= s) previously reported by De
Baar et al. [1995] and Ldscher et al. [1997], yet higher than the advective upwelling
transport of 0.41 pmol m2 s reported by Croot et al. [2004]. Large regional differen-
ces appear in the average annual advective fluxes; our average value within the ACC
is 1.05 pmol m?2 s, compared to 0.66 pmol m?2 s? in the Weddell Gyre. Moreover
seasonality in upwelling velocity is well known to occur but cannot be taken into ac-
count due to lack of seasonal observations thus far. Although the advective upwelling
flux here is calculated per station, some uncertainties may arise by using the average
Fe concentration > 1000 m There are some variations in deep Fe concentrations (Fig.
4.2). The standard deviation of all deep water concentrations, being 0.19 nM or 30%,
affects the derived annual average upwelling flux accordingly.

We also calculated the vertical mixing or eddy-diffusive flux defined as the
product of the typical annual average vertical turbulent diffusivity coefficient (Kz)
(3.0 * 10° m2s?) and 8[Fe]/6z [De Baar et al., 1995; Lscher et al., 1997] Here, §[Fe]/
6z is defined as the concentration difference in dissolved iron between the deepest
value within the surface mixed layer and the shallowest value directly below the surf-
ace mixed layer. However, difference in vertical distance to the base of the surface
mixed layer varies between the different stations, introducing some small errors to
the eddy-diffusive flux calculation. At 62-65°S an Fe minimum is observed directly
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below the surface mixed layer, at the depth of the fluorescence maximum. In these
stations the dissolved iron concentration directly below the pycnocline is used as
the deepest concentration, here taking pycnocline depth values after Middag et al.
(20124, their Fig. 4.8). Due to a slight elevation of dissolved iron concentration within
the very shallow surface mixed layer a negative (downward) eddy-diffusive flux is
calculated at one station (St. 150, ~65°S). Nevertheless, the annual average upward
eddy-diffusive flux equals 0.034 pmol m? s for the complete transect, which is com-
parable to the estimation of 0.048 pmol m? s by Croot et al. [2004]. On an annual
basis, our reported total upward transport equals 27.07 umol m2 yr?! (26.01 umol
m2yriplus 1.06 umol m2yr?) representing the average of somewhat higher upward
transport of 34.0 umol m? yr?* in the ACC and somewhat lower upward transport of
31.6 pumol m? yr' in the Weddell Gyre. Measures and Vink [2001] reported 30-33
pmol m2 yr! transported by upwelling, and 0.47 umol m? yr? by vertical mixing
in the Pacific sector of the Antarctic Circumpolar Current at 170°W, similar to our
estimates. For the Australian sector of the Southern Ocean, at 140°W Sedwick et al.
[2008] reported a vertical resupply of ~0.01-0.1 nM over a four month summer pe-
riod due to eddy-diffusion. Our upward transport of of 34.0 umol m? yr'in the ACC
(SML depth ~100 m) and 31.6 pmol m2yrin the Weddell Basin (SML depth ~50 m)
leads to an estimate of ~0.11-0.14 nM increase for the same period, and thus 0.33-
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Fig. 4.9  Transect plot of concentrations of dissolved Fe (open circles) and dissolved Al (filled circles) in
the upper 25 meters of the water column. For deriving a correlation between Al and Fe, the
southernmost station near the ice-sheet has been excluded (Eq. 2, see text section 4.4.1.13).
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0.42 nM per year. Overall the rates of advective upwelling transport are virtually the
same in the Pacific and Atlantic sectors, but the Fe supply rate of vertical mixing ap-
pears to be larger in the Atlantic part of the Southern Ocean (this study; Croot et al.
[2004]). In the Australian sector of the Southern Ocean, Lai et al. [2008] also ascribed
higher Fe concentrations in surface waters to upwelling deep waters, as confirmed by
high salinity, temperature and silicate concentrations.

4.5.1.1.2 Fe Sources from Atmospheric Deposition

Input of dissolved Fe by dissolution of aeolian transported particles (dust) originating
from land is a well recognized mechanism [Martin and Fitzwater, 1988; Fung et al.,
2000; Jickells et al., 2005; Cassar et al., 2007; Planquette et al., 2007]. Dissolved Al
is deemed a suitable tracer for dust deposition [Measures et al., 2008; Han et al.,
2008]. We here calculated dissolved Fe and Al averaged over the upper 25 meter
from the vertical sampling (Fig. 4.9, Table 4.1). Surface Al and Fe show a weak simi-
larity along the transect (Fig. 4.9). When we exclude station 178, nearest to the ice
sheet (where surface water Fe is influenced by ice-melt, section 4.1.1.4), we observe
a weak but significant correlation between the upper 25 meter averaged dissolved
Fe and Al, as follows:

[Fe] =0.15 * [Al] +0.12  (R?=0.46, P<0.01, n=21)  (Eq. 2)

The here observed Fe:Al ratio of 0.15 is lower than the ratio 0.26 for the continental
crust reported by Wedepohl et al. [1995], but is not very different from the ratio of
0.19 reported by Mackie et al. [2006] for precipitated dust. Removal of dissolved
Fe due to uptake by phytoplankton can lower the Fe concentration compared to Al,
leading to a slightly lower Fe:Al ratio. Although estimations of the share of wet depo-
sition to the total worldwide deposition vary from 23% to 73% [Jickells and Spokes,
2001], the importance of wet deposition is confirmed by Hand et al. [1999], and
Wolff et al., [1998] (summarized by Hand et al., [1999]). During the transect we en-
countered a strong rain event with 0.3 mm hr?! on average at 53°48’S and another
rain event with average of 0.18 mm hr? at 55°40’S (data not shown). Therefore the
local elevated concentrations of dissolved Fe and Al observed in the upper 25 meter
(Fig. 4.9) around 54-56°S are ascribed to recent wet deposition. This is consistent
with previous findings of Croot et al. [2004] in the region. Air mass back-trajectories
(Fig. 4.10a) are consistent with dust input originating from Patagonia causing eleva-
ted dissolved Fe and Al at about 55 °S (Fig. 4.10b), in contrast to the adjacent regions
(Fig. 4.10a and c).

Dust deposition model studies show a gradual decrease in dust deposition
towards the south [Mahowald et al., 1999; Duce and Tindale, 1991; Cassar et al.,
2007] and recognize the relatively high contributions of dust coming from Patagonia,
reaching almost as far east as the zero meridian at ~55°S. Using such model results,
the transect here occupied lies completely within the 0 to 0.2 g m? y* deposition
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Fig. 4.10 Five day (120 hours) back-trajectory analyses for air parcels at elevations of 10 (green), 500
(blue) and 1000 (red) meter, as calculated using the NOAA HYSPLIT model (Draxler and Rolph,
2003; Rolph, 2003). The back trajectories start from (a) 53°00.00 S at 15:00 UTC on February
20, 2008, (b) 55°00.00 S at 21:00 UTC on February 21, 2008 and (c) 61°00.00 S at 16:00 UTC on
February 26, 2008 respectively.
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range [Jickells et al., 2005; Mahowald et al., 2005]. According to Duce and Tindale
[1991] the dust deposition range over the transect varies from >0.1 g m? y! in the
north part of our transect to <0.01 g m? y* towards the Antarctic continent. Recently,
an increase of solubility with decreasing dust concentrations was reported [Baker
and Croot, 2008]). Baker et al. [2006] report a median value of 8.3 % solubility for the
remote South Atlantic and Edwards and Sedwick [2001] reported a median value of
32% solubility for samples of snow from Antarctica. Hence, we take the 8.3% solubi-
lity for the remote South Atlantic (and 0.1 g m?y* dust deposition [Duce and Tindale,
1991] as a lower limit and the 32% solubility for Antarctic snow (and 0.01 g m2 y*!
dust deposition [Duce and Tindale, 1991] as an upper limit. Using an Fe content of
dust of ~3.5% as reported by Taylor and McLennon [1985] and used by Mahowald
et al. [2005], this results in an influx rate of Fe dissolved from dust between 2 and
5.2 10 mol m2 yr! . In terms of the concentration of dissolved Fe over an average
65 m deep SML, this would represent an annual increase of 0.03-0.08 nM due to
dust input alone. This is an order of magnitude lower than the atmospheric Fe influx
reported by Sedwick et al. [2008] north of the Polar Front, in the Australian Sector
of the Southern Ocean. This difference may partly be explained by differences in the
dust deposition; Jickells et al. [2005] and Mahowald et al. [1999] estimated the dust
deposition directly South of Australia between 0.2-2.0 g m? y!, roughly an order of
magnitude higher than the flux over the zero meridian. Lancelot et al. [2009] suggest
a modeled dust deposited Fe flux of 0.02 - 0.1 pmol m2 s over the zero meridian,
which is in close agreement with our findings.

4.5.1.1.3 Melting of seasonal sea-ice

Several studies discuss the seasonal melting of sea-ice as a possible mechanism for
dissolved Fe input in the Surface Mixed Layer (SML) [Léscher et al., 1997; Measures
et al., 2001; Croot et al., 2004; Lannuzel et al., 2008]. Simulations of the Antarctic
sea-ice extent by the University of Bremen (http://iup.physik.uni-bremen.de:8084/
amsr/amsre.html) show that our study region is virtually sea-ice free throughout Fe-
bruary 2008 until the end of March 2008. The freshwater released by sea-ice melt
earlier in the season causes a relatively fresh layer on top of the more saline, colder
winter water (WW) [Park et al., 1998, their Fig. 4.4). From 60°S to 69°24’°S (stations
135-178), we can clearly distinguish the latter more saline colder winter water (WW)
with potential temperature of ~-1.65°C and salinity of ~34.34, using data from the
CTD profiles in our stations. If we assume that the salinity deficit between the surface
and the winter water is caused solely by sea ice melt, and sea-ice salinity is 5 (ice plus
brine; Eicken, [1992]) we can calculate the apparent winter sea-ice thickness by inte-
grating the salinity deficit at each depth from surface to winter water. This is a similar
approach as used by Hoppema et al. [2007] for nutrient depletion. Using this appro-
ach we find the reconstructed apparent winter sea-ice thicknesses in the range of
33-163 cm, with an average of 58 + 30 cm (n=11). There is a clear distinction between
the stations 135-167 from 60°S to 68°S with an average of 47 +13 cm (n=9) and the
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final two stations 175 and 178 near the ice sheet (69°S and 69°24’S) with highest esti-
mates of 67 cm and 163 cm, respectively. Worby et al. [2008] find, in the period with
maximum sea-ice extent, (spring; September-October-November) an average sea ice
thickness of 89 cm and an ice coverage of 82% in the East Weddell Gyre (45°W-20°E).
This would correspond to an overall 73 cm thickness for a presumed 100% coverage.

Lannuzel et al. [2008] studied temporal changes in dissolved Fe concentra-
tion of Weddell Sea pack ice. They found vertical integrated dissolved Fe concentra-
tions of 1.1 -13.3 umol m and total dissolvable (dissolved plus particulate) concen-
trations of 6.1-59.4 umol m2 in the ISPOL station in the Weddell Sea. This vertical
integrated value comprises brine, sea-ice and snow for a 90 cm deep ice-core. For
our reconstructed average sea ice thickness of 58+/-30 cm this would correspond
to a range with the lower value of 0.34 umol m? (the dissolved Fe in the sea-ice)
and a higher value of 57.5 umol m2 as upper limit in the case all the particulate
Fe in the sea-ice would also dissolve. Over a ~40 m SML (average 60-69.24°°S) this
equals 0.01 — 1.43 nM Fe supply from ice-melt. Nevertheless, the here used sea-ice
thickness and Fe concentrations vary widely between different regions [Lannuzel et
al., 2008], which results in major uncertainties in the Fe flux from the sea-ice to the
ocean, beyond our estimated range. It should be noted that seasonal sea ice can be
seen as a storage of both Fe captured from the surface waters during autumn sea-ice
formation and external Fe supply of dust deposition accumulated in snow on top of
the sea-ice [Lannuzel et al., 2008]. During melting season this Fe will be released in a
relatively short period of time leading to temporary increased Fe supply.

4.4.1.1.4Fe Sources from the Antarctic continental ice-sheet and free drifting icebergs
The melting of the Antarctic ice sheet or free-ranging icebergs are alternative input
sources of dissolved Fe to the surface waters [Croot et al., 2004]. This Fe origina-
tes either from dust blown from Patagonia, or from contact of the ice-sheet with
the underlying continent or from grounding of ice-bergs over the shelf. Obviously
these processes result in a very heterogeneous distribution of Fe in the ice, as indeed
shown in the very wide natural range of Fe concentrations between 0.52-120 nM in
land-ice [Edwards et al., 1998] or 10.8-99.3 nM [Ldscher et al., 1997] in meltwater
from ice-bergs. In two regions (~69°24’S, ~66°30’S) higher dissolved iron coincides
with extreme salinity minima (Fig 4.7a). In above section 4.1.1.3. all salinity minima
in the surface water had been ascribed solely to melting of seasonal sea-ice. Here
alternatively, we assess implications when one would ascribe the two extreme sa-
linity minima solely to the melting of the continental ice-sheet and/or free drifting
ice-bergs. When comparing the background salinity 34.084 along 66-69°S with the
minimum 33.653 at 66°36’S we derive a local 1.3% ice-sheet meltwater contribution.
Now taking [Fe] of 0.15 nM of 69°15’ S as background value and the highest 0.26 nM
as enhanced due to this 1.3 % ice-sheet meltwater one may derive:

Fe =0.26 nM = (0.987 x Fe

mixture

) +(0.013 x Fe,

|ce-sheet)

=(0.15 nM) + (0.11 nM) (Eq. 3)

Seawater:
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from which we derive an apparent Fe concentration in the ice-sheet end member of
8.6 nM. Similarly, for the salinity minimum region at ~66°30'S, where a high abun-
dance of ice-bergs was observed, one may derive 0.86% ice berg meltwater, hence
the observed Fe concentration difference of 0.56 nM would be consistent with an Fe
content of 66.4 nM in the iceberg end-member. The apparent ice-sheet end-mem-
ber of 8.6 nM and apparent ice-berg end-member of 66.4 nM fall within the above
mentioned wide and variable natural range previously reported. Thus melting of ice-
sheet or ice-bergs may, in principle, account for the Fe maxima coinciding with the
extreme salinity minima, but likely several other processes, such as sea-ice melting or
biological interactions also play a role. Finally due to the very wide natural variability
of Fe content of ice-sheet and icebergs, in combination with major uncertainty in the
percentage of total Fe that will dissolve in meltwater or seawater, we reckon that an
accurate assessment of Fe supply by ice-sheet and ice-bergs will always remain very
difficult. At best one may realize that these may, or may not, be significant sources of
dissolved Fe to the surface waters of the Southern Ocean.

4.5.1.1.5 Continental ice-sheet of Antarctica prevents Fe supply to surface waters from
continental shelf sediments.

The continental shelves surrounding the islands in the Southern Ocean, such as Bou-
vet, Kerguelen and Crozet are known to bring significant elevated Fe concentrations
to the deep oceans [Croot et al., 2004; Planquette et al., 2007; Blain et al., 2007;
2008a; 2008b]. In addition, Sohrin et al. [2000] reported patches of elevated iron
south of the Polar Front at 140° E, which was (partly) attributed to organic rich sedi-
ments from the slope.

During ANT XXIV/3 however, no indication of significant input from organic
rich sediments from the continental shelf of the Antarctic continent was observed.
This is likely due to the extension of the continental ice-sheet quite far into the ocean
basin. Our southernmost station (178) at 69°24.03’S was located very close to the
200 m thick ice-sheet, but was still >2000 m deep. The common occurrence of plank-
ton blooms in this region directly adjacent to the ice-sheet may well yield significant
export of organic carbon to the underlying slope sediments, and upon its oxidative
bacterial degradation in the surface sediments the ensuing suboxic conditions may
well yield reductive dissolution of Fe (see section 4.2.1.3, Elrod et al. [2004]). Ho-
wever such reducing sediments here are far too deep (>2000m) for any significant
input into the local surface waters. Below the extended ice-sheet itself (Middag et
al, 2011a, their Fig. 4.13) there is deemed to be no biological production, thus the
only and presumably very insignificant export of organic matter to the seafloor is
by lateral input from biological production in waters outside the ice-sheet extent.
Rutgers Van der Loeff et al. [2011]) reported a C export flux of 9.9 mmol C m2d+* at
100 m depth at the station (178) nearest to the ice-edge. However, they mention
that this is most likely an overestimation due to advective fluxes. The C export at
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stations further in the basin was low; 3.1-4.5 mmol C m2d? (Rutgers Van der Loeff et
al. [2011]). Hence the seafloor of the continental shelf under the extended ice sheet
likely comprises very low organic carbon. Such low organic supply is unlikely to lead
to suboxic let alone anoxic conditions. Therefore these local sediments are unlikely
to be a reductive source for dissolved Fe (or Mn) to the overlying bottom waters and
in turn to the surface waters. In contrast to continental shelf sediments throughout
the world, the unique permanent ice-sheet extending off the Antarctic continent at
the zero meridian largely prevents the normal biogeochemical mechanisms for mobi-
lization of Fe and Mn [Middag et al. 2011] from the underlying shelf sediments. Thus
Antarctica is unique because when approaching from the open ocean the dissolved
Fe and Mn tend to decrease, as opposed to the always increasing trend towards all
other continents [De Baar and De Jong, 2001].

The Fe measured in acidified unfiltered samples during the ANT XXIV/3
cruise provides information about the labile fraction of the particulate Fe. However,
no unfiltered samples were collected at stations near the ice-sheet, precluding ad-
ditional information.

4.5.1.2 Removal of Fe from surface waters
Dissolved Fe predominantly exists in the trivalent Fe(lll) oxidation state in seawater,
of which the large majority is bound by organic Fe-complexing moieties [Thurdczy et
al., 2011]. In general the Fe(lll) state is very 'particle-reactive' and tends to adsorb
to small colloids within larger (> 0.2 um) size classes, causing a sinking loss term of
Fe from surface waters. Moreover Fe is taken up directly by phytoplankton and bac-
teria [De Baar and De La Roche, 2003], and upon predation of these by micro- and
mesozooplankton and krill, part of the intracellular Fe may become dissolved again
[Sarthou et al., 2008]. Yet another part may end up in large fecal pellets which tend
to settle down into deeper waters [Tovar-Sanchez et al., 2007; Hutchins and Bruland,
1994].

Below an effort is made to distinguish between (i) the biological uptake in-
side the living plankton cell, and (ii) scavenging and sinking loss.

4.5.1.2.1Fe Removal by Biological Uptake

Uptake by phytoplankton and subsequent export from the surface mixed layer is an
important mechanism for iron removal from the mixed layer [Coale et al., 2005].
Mixed layer average concentrations of dissolved Fe and chlorophyll fluorescence (Ta-
ble 1) are shown in Fig. 4.11. North of the Polar Front (41-46 °S) southward decre-
asing Fe (~0.3 to ~0.2 nM) coincides with relatively high fluorescence. South of the
Polar Front within the AAZ (50°S-55°S), a weak but significant negative correlation
was found:

Fluorescence =-0.67 * [DFe] +0.37 (R?=0.39, P < 0.01, n=19) (Eq. 4)
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Further southwards in the Weddell Gyre (56°S-69.24’S) a similar trend was found:
Fluorescence =-3.99 * [DFe]+1.45 (R?=0.41, P <0.01, n=25) (Eq.5)

The southernmost station (178) at 69°24’S, is strongly influenced by the Antarctic
ice sheet, hence is excluded from the relationship in (Eq. 5). The slope of the rela-
tionship (Eq. 5) between dissolved Fe and fluorescence within the Weddell Gyre is

significantly steeper than the preceding relationship (Eg. 4) within the AAZ (P<0.05,
2-sided t-test).
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Fig. 4.11 Transect plot of the average concentration (nM) of dissolved Fe (filled circles) and fluorescence
(open circles) in the upper Surface Mixed Layer (SML). Each datapoint is the average of 2 to 4
independent datapoints for shallow and deep SML respectively. The five datapoints for the AAZ
(50°S-55°S; stations 107, 110, 113, 116, 119) represent 21 independent datapoints as used for
Eq. 4 (see text section 4.2.1.2)); the thirteen datapoints for the Weddell Gyre (56°S-69°24’S, St.
122 to 175) represent 25 independent datapoints as used for Eq. 5.
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While realizing that other factors also affect the Fe concentration in the surface wa-
ter, the significant negative relations (Egs. 4 and 5) between fluorescence and dis-
solved Fe here suggest that removal of dissolved Fe by phytoplankton primary pro-
duction has occurred in the time preceding our study. This is supported by findings of
Middag et al. [2011a], who also report uptake of the biological essential trace metal
Mn by phytoplankton in the SML along the same transect.

We can calculate the removal of Fe from the upper waters over the complete
transect until the ice-edge (section 4.1.1.5). Using the average carbon export (5.3
+/- 2.4 mmol C m2 d?; [Rutgers Van der Loeff et al., 2011] and a C:Fe ratio of ~10°
[Twining et al. 2004], we obtain an estimation of the Fe removal of 0.06 +/- 0.03
10°® mol m over the preceding four months (summer). Using a typical sinking velo-
city of 40 m d* [Garrity et al., 2005] leads to a seasonal export of 0.16 +/- 0.07 nM.
However, it should be noted that our cruise took place in late austral summer, con-
ceivably leading to a relative high estimation of the carbon export, perhaps resulting
in an overestimation of the biological drawdown. Nevertheless, in another region, at
about 140°E south of the PF, and with another approach based on spring Fe data and
seasonal nitrate drawdown, Sedwick et al. [2008] calculated a very similar value of
seasonal biological drawdown of Fe of ~0.14-0.18 nM. An Fe drawdown of the same
magnitude (~0.24 nM) was derived by Measures et al. [2001] at 170°W. Chlorophyll a
can be ascribed largely to diatoms, as they are a very important phytoplankton group
within the Southern Ocean, where diatoms tend to dominate under high silicate con-
ditions [Sarthou et al., 2005. At our transect, in the northernmost (station 101-107),
haptophytes and chlorophytes dominated the phytoplankton community. All other
stations from station 107 to the ice-sheet had a diatoms dominated community (ex-
cept at station 141, ~62°S). [Alderkamp et al., 2010; Neven et al., 2011].

4.5.1.2.2 Fe Removal by Adsorptive Scavenging

In addition to true biological uptake, adsorptive scavenging on settling particles (both
biogenic and lithogenic) is a mechanism of Fe removal from the upper ocean [Wu et
al., 2001]. However, dissolved Fe is strongly protected from scavenging by binding to
dissolved organic ligands ([Wu et al., 2001; De Baar and de Jong, 2001] and for this
transect assessed by Thurdczy et al. [2011].

4.5.2 The Fe Cycle in Deep Waters
4.4.2.1 Sources of Fe to Deep Waters
The distribution of dissolved Fe in the deep waters of this part of the Southern Ocean

is largely influenced by (i) the inflow of different water masses, (ii) the input by hy-
drothermal vents and (iii) the input from reductive sediments.
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4.5.2.1.1Inflow of NADW rich in dissolved Fe

The vertical profiles of salinity and nutrients make clear that the deep waters in the
North East part of the transect were largely influenced by NADW. Higher dust input
at the surface [Moore and Braucher, 2007], a closer proximity to the continent and
mixing of water masses with enriched iron (Labrador Sea, Mediterranean Sea) [Laés
et al., 2003] cause elevated concentrations of Fe in the NADW in the Atlantic Basin.
The intrusion of NADW into the Southern Ocean is clearly marked by higher Fe and
lower NO, concentrations progressing southwards at 2000-3000 m depth (Figs 4.3,
4.4a, 4.5, 4.6a). This NADW affects the Fe concentration in the circumpolar waters
north of the Bouvet region. The concentrations found in the NADW (~0.6 nM) are
consistent with the lower range of the values of 0.6-1.0 nM reported previously by
Léscher et al. [1997] for a station at 50°S, 6°W. Based on the northernmost profile
(Fig. 4.6a) we make an estimation of the net input of NADW (~0.61 nM) to the Sou-
thern Ocean (~0.41 nM) by the difference of ~0.2 nM. We can multiply this concen-
tration difference with the total volume transport of 930* 102 m3yr?! of NADW into
the Atlantic Sector (20°E to 65°W) of the Southern Ocean [De Baar et al., 1997] and
dividing by the total surface area of 2.05*10* m? of latter Atlantic sector [Losch, AWI,
pers. communication,2010] would yield in an influx of 9.1*%10 ¢ m? yr™.

4.5.2.1.2 Hydrothermal vent input at the ridge crest in the Bouvet region

At the Bouvet region, hydrothermal activity is deemed to be the cause of the above
mentioned (3.4.2) elevated Fe and Mn concentrations within the shown contour (fig.
4.5). For a similar, but stronger hydrothermal anomaly in the Arctic Ocean, this was
accompanied by significant anomalies of temperature and suspended particles (lo-
wer light transmission), as well as anomalies in calculated [Al/(Al+Mn+Fe)]*100 ratio
values [Klunder et al, 2012]. Briefly, Bostrém and Peterson [1969] have shown that
hydrothermal (metalliferous) sediments are enriched in Fe and Mn and relatively
depleted in lithogenous elements such as Al, and were able to demonstrate this hy-
drothermal component with the [Al/(Al+Mn+Fe)]*100 ratio concept. Here over the
Bouvet region a temperature anomaly was not discernible, but lower light transmis-
sion was found from 1600 depth to the seafloor at ~¥53°31’ S (not shown) and accom-
panied by anomalous element ratio values indicative of hydrothermal Fe input (Fig.
4.12).

4.5.2.1.3Input into subsurface waters from sediment sources elsewhere
Within the upper 500 meters of the water column (Fig. 4.5, upper graph) two distinct
subsurface maxima were found, just south of the Bouvet region and adjacent to the
Antarctic continent, respectively.

At the stations over (St. 119) or just south (St. 122, 128) of the ridge a maxi-
mum of dissolved Fe was observed at intermediate depth range (Fig. 4.5; 400-700
meter depth). At station 128 this is confirmed by a maximum of labile particulate
Fe at 500 meter depth [Thuroczy, 2009, pers. comm.]. These Fe maxima might have
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Fig. 4.12 Color plot of [DAI/(DAI+DFe+DMn)]*100 ratio for the zero meridian transect; stations 110, 113,
116 and 119 are indicated. This figure is made using Ocean Data View (Schlitzer, 2009).

originated from the shelf sediments of the Bouvet region. However, the maxima are
located relatively high above the deep seafloor and there is a layer with lower dis-
solved Fe in between the maxima and the seafloor. Therefore, we suggest these Fe
maxima to derive from the continental shelf of the Antarctic peninsula which is situ-
ated upstream of both the ACC and Weddell Gyre passing our zero meridian section.
As shown in Fig. 4.1, the ocean topography along the flow path is relatively shallow,
and geostrophic velocities are strong [Klatt et al. 2005], enabling Fe to be transported
far from the peninsula towards the zero meridian. Moreover on the second transect
crossing the Weddell Sea, and the third transect across Drake Passage, we indeed
found elevated dissolved Fe over the shelf of the Antarctic peninsula [see Chapter
5]). Moreover, Lam et al. [2006] showed that sediment transport from continental
margins can indeed be a source of Fe over distances of 900 km.

At station 178, the high concentrations of >1 nM at 450-500 m correspond
with maxima of salinity and potential temperature (data not shown). Klatt et al.
[2005] show that these are features of the westward flowing Antarctic Coastal Cur-
rent. Therefore we state that these elevated Fe concentrations are to be explained
by transport of Fe with the Antarctic Coastal Current. Here we also find an oxygen
minimum and from 300-450 m depth, lower light transmission, i.e. higher abundance
of suspended particles. Thus re-suspension of particles from the more eastward shel-
ves and subsequent dissolution could be a possible Fe source here. The sedimentary
flux as suggested by Lancelot et al. [2009] in a modeling study is >0.5 pmol m? s*
close to the continent and <0.02 pmol m™ s*above the open ocean. Another model
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excercise by Tagliabue et al. [2009] suggests a stronger impact of sedimentary Fe
input compared to dust Fe input. In both model simulation studies sedimentary Fe
input is a function of bottom topography and neither the now observed Fe fluxes
from hydrothermal input, nor northerly watermasses (NADW) brought to the surface
by upwelling, nor the adverse effect of the ice-sheet on Fe fluxes, had been taken into
consideration in preceding model simulation studies.

4.5.2.1.4 Fe supply into deep waters of the Weddell Gyre

The dissolved Fe concentration varies between the different water masses within
the Weddell Gyre. The water transport in the Weddell Gyre is well described by Klatt
et al. [2005]. The deep water masses (WDW, WSDW and WSBW) (see hydrography
section) are defined as waters with salinity > 34.6. Between ~56°Sand 62°S (St. 122
to 141), where the Weddell Gyre flows eastward, the concentration of dissolved Fe
in these deep waters is significantly (P<0.01, 2-tailed homeoscedastic students t-
test) higher (0.47 nM % 0.16, n=98) than the concentrations (0.33 + 0.14, n=126) in
the westward flow, between ~62°S - 69°24’S (St. 144 to 178). From the relationship
between potential temperature (6) and dissolved Fe (Fig. 4.8) we conclude that the
distribution of dissolved Fe is strongly dependent on ocean circulation and mixing.
The Fe concentrations in the WDW (6 >0) are lower than in the WSDW (-0.7<6 <0)
[Klatt et al., 2005]. Dissolved Fe, Mn and light transmission data suggest that the
westward flow of the Weddell Gyre, coming from the remote Indian sector of the
Southern Ocean, at high latitudes (station 141-178; 62°S-69°24’S) contains slightly
clearer water (higher light transmission values due to less particles) and lower trace
metal concentrations, compared to the more northerly, eastward flowing waters of
the Weddell Gyre (122-141; 56°S-69°S). Latter waters have been flowing along the
North Weddell Ridge, where presumably there has been entrainment of particles
coming from the slope sediments of the ridge. Also hydrothermal inputs from Brans-
field Strait [Klinkhammer et al., 2001] may have contributed Fe to these eastward
flowing waters. Another important input source for Fe in deep waters is reductive
dissolution. Locally, some stations show slightly elevated (by ~0.2 nM) concentrati-
ons towards the bottom (178, 167 (Figs. 4.5, 4.6¢)).

4.5.2.2 Removal of Dissolved Fe from Deep Waters

4.5.2.2.1 Upward advective upwelling supply and vertical mixing

The supply of Fe by upwelling and vertical mixing is extensively described in section
4.1.1.1. Supply to the upper oceans implicates removal of dissolved Fe from the deep
waters by the water replacing the upper ocean waters, because the concentrations
of dissolved iron in the upper waters are lower (~0.2 nM) than the concentrations in
the deep (~0.4 nM) (Figs. 4.2, 4.5, 4.6). Thus we suggest a removal rate of 0.85 pmol
m2s? (as calculated in 4.4.1.1.1) by hydrography of advective upwelling and vertical
mixing.
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4.5.2.2.2 Competition between stabilization by organic complexes and removal by
scavenging onto settling particles

Dissolved Fe can be removed from the deep waters by scavenging onto sinking bioge-
nic particles (see 4.1.2.2). Although lower than in the surface waters, also in the deep
waters there still is an excess of organic ligands over dissolved Fe [Thurdczy et al.,
2011], counteracting the adsorptive scavenging removal of dissolved Fe. However,
~42% of the dissolved Fe is within the “colloidal” fraction (here operationally defined
as 1000 kDa - <0.2 um) in the waters below 1000 m [Thurdczy, pers. communication,
2009]. Thus coagulation, aggregation and subsequent settling of these particles will
remove a part of the dissolved iron from the deep waters. This mechanism is sugge-
sted also in the Pacific and Atlantic Oceans by Wu et al. [2001]. Walter et al. [2000]
also observed scavenging in the Weddell Sea, although in relatively low quantity due
to the low particle fluxes. Because this mechanism will create aggregates with sizes
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Fig. 4.13 Schematic of Fe fluxes towards an eventual Fe budget of the Atlantic Sector of the Southern
Ocean. For several fluxes an estimate [10° mol m? yr?] is given in the graph, see main text for
derivation of estimates. For other fluxes a basinwide estimate in 10° mol m? yr? units is not fea-
sible. Melting of the continental ice-sheet would account for a local influx of 0.11 nM. Similarly
at ~66 °S, melting of free-drifting icebergs may account for a local increase of 0.56 nM. Howe-
ver, latter numbers are subject to large deviations and are therefore not in the graph. Moreover
there are strong indications of local Fe supply from hydrothermal activity, reducing sediments
and sediment re-suspension, see main text, but extrapolation to a basinwide estimate is as yet
not feasible either.
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larger than 0.2 um, an increase with depth may be conceivable for the “labile par-
ticulate Fe” in the water column [Thurdczy et al., 2011]. Indeed, an increase with
depth was observed from <1 nM in the upper 1000 m to 2.77 — 8.31 nM for the dee-
pest samples, at the five measured stations (103, 107, 128,131,163) along the zero
meridian [Thurdczy et al., pers. communication, 2009].

Finally, the figure 4.13 provides a schematic overview of the processes cau-
sing in- and output fluxes of Fe to the SML and deep waters as discussed above, and
where possible an estimate [10® mol m2 yr?] of the flux is given in the graph. For
some other fluxes we cannot yet give such a value.

4.6 Conclusions

The average dissolved Fe in the upper surface mixed layer of the Atlantic sector of
the Southern Ocean varies between 0.1 — 0.3 nM. The most important source of
dissolved Fe to the upper surface mixed layer is advective upwelling, which tends to
be one order of magnitude higher than the upward Fe supply by vertical mixing. We
conclude that the contribution of dust deposition as predicted using dust deposition
models and our data is 5-10 times smaller than advective upwelling. Nevertheless,
this study also shows that local and temporal input events as dust deposition and ice
melt can cause considerable (presumably short term) elevations in the concentration
of dissolved Fe. Supply by aeolian wet deposition events may be of local significance
but cannot yet be accurately quantified in the context of a basinwide annual Fe bud-
get of the overall surface waters. Iron uptake by phytoplankton and scavenging can
decrease dissolved Fe concentrations in the upper layer.

In the deep waters, elevated Fe concentrations in the SubAntarctic region are
caused by intrusion of NADW to these SubAntarctic waters. The presence of elevated
dissolved Fe over the ridge crest in the Bouvet region suggests a far more significant
role than hitherto realized of hydrothermal vents as a major source term of Fe and
Mn for deep waters of ocean basins. Furthermore, dissolved Fe in the eastward ex-
tent of the Weddell Gyre is significantly higher than in deep waters of the westward
deep return flow. The slightly higher concentrations in the eastward flowing part of
the Weddell Gyre are tentatively ascribed to hydrothermal iron inputs from Brans-
field Strait and/or dissolution processes from the slope sediments of the North Wed-
dell Ridge. The Antarctic continental ice-sheet extends well beyond its grounding line
and therefore also covers the water column over the Antarctic shelf and slope. This
largely prevents biological production, hence strongly minimizes the biogeochemical
cycling over and within the shelf and slope. And subsequently minimizes lateral sup-
ply of Fe (and Mn) from the shelf and slope into adjacent open ocean waters. Thus
in contrast to all other continental margins of the world, the dissolved Fe around
Antarctica is lower towards the continent.
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Abstract

This chapter reports the first full depth distributions of dissolved iron (DFe) over a
high resolution Weddell Sea transect and Drake Passage transect. Very low dissolved
DFe concentrations (0.01-0.1 nM range) are observed in the surface waters in the
Weddell Sea, and within the Polar regime in the Drake Passage. Locally, enrichment
in surface DFe is observed, likely due to recent ice melt (Weddell Sea) or dust depo-
sition (Drake Passage). In the Weddell Sea, the low DFe concentrations can be partly
explained with high POC export and/or primary production (indicated by chlorophyll
fluorescence). As expected, in high DFe regions a strong silicate drawdown compa-
red to nitrate drawdown is observed, although this appears not to be caused by the
Peninsula shelf. In the Western Weddell Sea transect, with relatively small diatoms,
no relationship between N:P and N:Si removal ratios and DFe is observed, whereas
in the at the Greenwich Meridian, where diatoms are significantly larger, the N:P and
N:Si removal ratio increased with increasing DFe. These findings confirm the impor-
tant role of DFe in Southern Ocean (biologically mediated) nutrient cycles. Higher
DFe concentrations of > 1.5 nM over the shelf around the Antarctic Peninsula. These
are a source of Fe by lateral transport along isopycnal surfaces into the Drake Pas-
sage. At the South American continent, high (>2 nM) DFe concentrations is caused by
fluvial/glacial input of DFe. On the Weddell Sea side of the Peninsula region, forma-
tion of deep water (by downslope convection) causes relatively high Fe (0.6-0.8 nM)
concentrations in the bottom waters relative to the water masses at mid depth (0.2-
0.4 nM). During transit of Weddell Sea Bottom Water to Drake Passage, through the
Scotia Sea, extra DFe is taken up from seafloor sources, resulting in highest bottom
water concentrations in the southernmost part of the Drake Passage of >1 nM. The
Weddell Sea Deep Water concentrations (~0.32 nM) are consistent with the (lowest)
DFe concentrations observed in Atlantic AABW.

5.1 Introduction
5.1.1 Rationale

It is now well established that phytoplankton growth in the High-Nutrient Low-Chlo-
rophyll (HNLC) Southern Ocean is severely limited as a result of low Fe concentrati-
ons [De Baar et al., 1990; Buma et al., 1991; De Baar et al., 1995) in combination with
light limitation due to deep mixing [Mitchell et al., 1991; Lancelot et al., 2000; De
Baar et al., 2005] as well as photo-inhibition [Alderkamp et al., 2010, 2011]. Although
there have been very little deep water values of dissolved Fe (DFe) in the Weddell
Sea reported in the literature [De Jong et al., 2012] , several studies have reported
dissolved Fe values in the upper waters [Sanudo-Wilhelmy et al. 2002; Lannuzel et
al., 2008; Lin et al., 2011].
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North of the Antarctic Peninsula, the ~800 km wide Drake Passage is the narrowest
opening between Antarctica and the South American continent. The eastward flo-
wing Antarctic Circumpolar Current (ACC) is forced through the narrow Drake Pas-
sage, resulting in strong velocities [Sokolov and Rintoul, 2007]. Thus far no data did
exist for dissolved Fe in the complete deep water column of the Drake Passage. Ho-
wever in the upper water column the distribution of (dissolved) iron (DFe) in the
region around the Antarctic Peninsula is relatively well studied in recent years [Sa-
nudo-Wilhelmy et al., 2002; Lin et al., 2011]. Some studies focus specifically on the
peninsula region because of the important role that Fe plays in the phytoplankton
blooms observed close to the Peninsula and further east, following the main currents
[Dulaiova et al., 2009; Ardelan et al., 2010].

The GEOTRACES program of the International Polar Year 2007-2008 was
designed to produce the first-ever deep ocean sections of dissolved Fe and other
(bio-essential) trace metals in the polar oceans. The expedition ANT/XXIV/3 aboard
ice-breaker R.V. Polarstern in 2008 [Fahrbach et al., 2011] comprises the two first
deep sections of dissolved Fe across the Weddell Sea and Drake Passage, respecti-
vely, reported here together with a complete deep section of dissolved Fe along the
Greenwich meridian [Klunder et al., 2011].

5.1.2 Sources of Fe to the Southern Ocean

There are several input sources of Fe to the surface waters of the Southern Ocean.
Possibly the most important is the supply from below of (Fe rich) deep waters [De
Baar et al., 1995, their Table 1; Léscher et al., 1997; Hoppema et al., 2003; Croot et
al., 2004; Klunder et al., 2011]. Estimates of input of DFe by upwelling range from
~53.6 umol m2 y!in the ACC [Léscher et al., 1997] to 34 umol m?2 y*(ACC) and 31.6
umol m2 y! (Weddell Gyre) [Klunder et al., 2011]. Atmospheric dust deposition is
deemed to be very low [Jickells et al., 2005] and melting of free floating icebergs,
that previously were grounded on shelves and carry , sediment supplies Fe to sur-
rounding waters [Léscher et al., 1997; Lin et al., 2011]. Both atmospheric dust input
and iceberg melting are episodic, and a challenge to assess in a basin wide or annual
supply estimate. Nevertheless, the modelling results from Raiswell [2011], indicated
that input of bio available Fe to the Weddell Sea by icebergs may be as large as total
dust input (5.6 x 10°— 1.8 x 10” mol Fe/100 days melting). Rare events of dust depo-
sition were observed along the Greenwich Meridian [Klunder et al., 2011; Middag et
al, 2011; 2012]. Anoxia in pore waters of shelf sediments causes dissolution of redu-
ced Fe [Elrod et al., 2004], some of which by either sediment resuspension [Luther
and Wu, 1997] and/or eddy diffusion enters overlying waters. Upon entrainment and
mixing these Fe enriched shelf waters are found around and beyond the Antarctic
Peninsula [Dulaiova et al., 2009] and in the island archipelago's like the Kerguelen
plateau [Bucciarelli et al., 2001; Blain et al., 2007; Chever et al., 2010] and Crozet
islands [Planquette et al., 2007]. In the Drake Passage, eddy activity may involve both
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upwelling and downwelling and thereby influence the distribution of DFe [Kahru et
al., 2007]. Phytoplankton blooms observed at and close to the Antarctic Peninsula
shelf regions may be explained by the delivery of shelf derived DFe. There are several
lines of evidence that limited availability of DFe for phytoplankton may influence
the uptake ratio of nutrients in the Southern Ocean [De Baar et al., 1997; Takeda,
1998; Marchetti and Cassar, 2009]. Upon Fe deficiency the cellular N content decre-
ases, leading to lower N/P ratio of plankton. For diatoms, that generally continue
to produce the opaline (SiO,) frustules, this implies a lowering of their overall N/Si
content [Takeda et al., 1998 and overview by Marchetti and Cassar, 2009)]. Moreover,
Hoppema et al. [2007] have shown less Si removal relative to C removal and more Si
relative to N removal in the surface waters approaching the Peninsula region, which
they attributed to better DFe availability.

In the deep waters, the North Atlantic Deep Water (NADW) enters the ACC
at ~2000-3000 m depth [Klunder et al., 2011]. This iron-rich water mass (Fe=~0.7 nM)
eventually flows into the Weddell Sea as Warm Deep Water. In the Weddell Sea, this
water becomes incorporated in the Weddell Gyre System. The return flow to the ACC
is largely Weddell Sea Deep Water, which leaves the Weddell Gyre northwards over
the Scotia Ridge, into the Scotia Sea and further north into the worlds abyssal oceans
as Antarctic Bottom Water (AABW) [Naveira Garabato et al., 2002]. The deep Drake
Passage is dominated by Circumpolar Deep Waters which contain generally ~0.4-0.5
nM DFe [Klunder et al., 2011]. However, at the ~2000 m depth at the Patagonian Con-
tinental Shelf, an additional water mass derived from the East Pacific Ocean, carrying
hydrothermal properties (Well et al. [2003]; Sudre et al. [2011]).

In this study we present the distribution of dissolved (<0.2 um fraction) iron
(DFe) over two transects, one crossing the Weddell Sea and one crossing the Drake
Passage. The first transect comprises 8 stations in the Weddell Sea, from the Central
Weddell Sea (17°E) towards onto the Antarctic Peninsula shelf close to Joinville Island
(Figure 5.1a). The other transect goes from Elephant Island (Figure 5.1b), situated on
the shelf to the Northeast of the Antarctic Peninsula.

The simultaneous sampling for trace metals [Middag et al, 2010; 2011;
2012], major nutrients (Si, NO,, PO,), biological parameters [Rutgers van der Loeff et
al., 2011; Neven et al., 2011] and physical parameters [Fahrbach et al., 2011] allows
us to investigate the input of DFe from the Antarctic Peninsula to the surrounding
waters in the Weddell Sea and in Drake Passage and to give an estimation of the rela-
tive nutrient removals in relation to DFe concentrations. Moreover, other sources
and sinks of DFe in the Weddell Sea and Drake Passage are discussed. The DFe data
presented here were collected in March 2008, thus towards the end of the vegeta-
tive season, when DFe may be depleted and limiting for phytoplankton growth [Sed-
wick et al., 2000]. This would be reflected in nutrient removal in the months prior to
our occupation of the transect. Using the deficit between the remnant winter water
and the surface waters an estimation of this nutrient removal can be made [Hop-
pema et al., 2007]. Here we present estimates for such removal and investigate their
relation with DFe availability.
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Fig. 1a  Sampling region including Weddell Sea and Drake Passage stations (red marked). Also shown
are the Weddell Gyre and Antarctic Circumpolar Current (ACC) and Polar Front (schematically).
The blue shade shows the stations for which removal is calculated (see text; Fig. 5.6 and 5.7).
Stations for which biological (phytoplankton) data is available are marked with a ‘B’ (see text).
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Fig 1b Large scale overview of Peninsula region at expanded regional scale. Sample stations are indi-
cated with red dots; green diamond marks stations with a few (<5) samples. Weddell Gyre and
ACC are indicated (schematically).
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5.2 Methods
5.2.1 Sampling and analysis

Water samples were collected during the ANT XXIV/3 expedition of RV Polarstern
between March 15 and April 12, 2008 (Fig. 5.1a). Samples were taken and analysed
under clean conditions extensively described in De Baar et al. [2008] and Chapters
1, 3 and 4 of this thesis. Seawater was filtered over a 0.2 um filter cartridge (Sartro-
bran-300, Sartorius) under nitrogen pressure. For each depth replicate samples of
DFe were taken in 60 ml HDPE sample bottles and acidified to pH = 1.8 with 12 M
HCI (Baseline, Seastar Chemicals) and left overnight. All bottles, used for storage of
reagents and samples, were acid cleaned according to a three step cleaning proce-
dure, as described by Middag et al. [2010]. We ensured all the Fe was in the Fe (llI)
form, by adding 60 ul of a 1 %0 hydrogen peroxide (Merck suprapur 30%), at least
one hour before measurement. The DFe was measured using flow injection analysis
with luminol chemiluminescence, where DFe was pre-concentrated on an IDA Toyo-
pearl AF-Chelate resin [Klunder et al., 2011]. After pre-concentration, the column
was rinsed (60 sec.) with de-ionized ultrapure (DI) water (18.2 MQ) and subsequently
Fe was eluted from the column (120 sec.) using 0.4 M HCI (Merck Suprapur). Pre-
concentration time was usually 120 seconds.

5.2.2 Calibration and validation

The system was calibrated using standard additions of Fe to low DFe seawater. For
all samples a duplicate sample was taken. For outlying values, profiles of the other
trace metals dissolved aluminium (DAI) and manganese (DMn) as well as nutrients
were evaluated for consistency. In case no deviations were observed in the other
parameters and both the initial and duplicate sample showed an exceptional value,
the exceptional data point was considered as erroneous if the value deviated more
than +25 % from the expected profile based on linear interpolation between the DFe-
concentration in the seawater samples above and below the data point (after Mid-
dag et al. [2010] and Klunder et al. [2010]). Each sample was analysed three times
(three peaks) and standard deviation was generally below 5%.

Regularly the combined blank of the 1 min MQ-column wash and the 0.4 M
HCI for elution of the column was calculated from the amount of counts measured
upon zero (0) seconds loading time. The average value for this blank was 14 +/- 11
pmol (n=18) and this blank did not exceed 40 pM. By double versus single addition of
the H,0, it was found that this did not cause a quantifiable blank. The contribution of
the Seastar Baselines Hydrochloric Acid is deemed to be negligible (0.04 pM/sample;
see Klunder et al. [2011]). The detection limit was determined regularly and defined
as the standard deviation of 5 peaks of 10 s loading of low-Fe seawater (subsurface
minimum) , multiplied by 3. Average detection limit was typically 9 +/- 5 pM Fe (n=7),
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and the detection limit did not exceed 17 pM Fe. Therefore, in this study, all values <
0.01 nM are presented as 0.01 nM.

In order to validate the accuracy of the system, standard reference seawater
was measured regularly, in triplicate. There is SAFe surface (S) water and SAFe deep
(D2) water available to validate against different ranges of Fe concentration [Johnson
et al. 2007]. The average concentrations we found were 0.085 +/- 0.023 nM (n=16)
and 0.958 +/- 0.039 (n=13) for SAFe S and SAFE D2 respectively. These results are
fairly consistent with the community consensus values 0.094 +/- 0.008 for SAFe S and
0.923 +/- 0.029 nM for SAFe D2 (www.geotraces.org, datasheet version November
2011).

In order to investigate the relationship between DFe and net nutrient remo-
val in the Weddell Sea, the seasonal nutrient uptake in the upper layer above the
Winter Water is calculated. This method and the assumptions needed are descri-
bed in more detail by Hoppema et al. [2002;2007]. Briefly, the difference in nutrient
concentration between the Winter Water (subsurface 8 minimum <-1.6 °C) and the
overlying surface water was calculated. Upon vertical integration, the net seasonal
nutrient removal is obtained. To correct for spatial variations in diluting meltwater,
concentrations are normalized to a salinity of 34.5. For comparison, also the net re-
moval for the stations situated within the Weddell Gyre at the Greenwich Meridian
at 0°W [Klunder et al., 2011] were included. The stations with a Winter Water layer,
allowing nutrient removal calculation are situated between 59 - 69°S at the Green-
wich meridian and between 17-48.5°W in the west Weddell Sea transect and are
marked by the two shaded area's in Fig. 5.1a. Moreover, for discussion of the rela-
tion between DFe and nutrients, also the phytoplankton community in our stations
is studied. Stations for which phytoplankton data is available are marked with a ‘B’
in Figure 5.1a. More details about phytoplankton data can be found in [Neven et al.,
2011].

5.2.3 Hydrography

Transport of water masses in the Weddell Sea is dominated by the Weddell Gyre,
a cyclonic current, with its westward component near the Antarctic continent and
an eastward component along Bouvet Ridge (fig. 5.1a; [Klatt et al., 2005; Fahrbach,
2004]). Although the whole Weddell Sea is influenced by the gyre, the strongest ve-
locities are observed close to the continental shelves [Fahrbach et al., 1994]. The
Weddell Sea is dominated by five water masses distinguished on the basis of po-
tential temperature (6) and salinity (after Klatt et al. [2005]). In the upper surface,
the low salinity (<34.6) Antarctic Surface Water (AASW) is found. As remnant of the
preceding winter, a © minimum, marks the Winter Water layer at ~100 m depth (Fig.
5.2a). Below the Winter Water, warm Deep Water is found. This water enters the
Weddell Gyre from the Antarctic Circumpolar Current in the North, and carries the
Lower Circumpolar Deep Water properties (6 > 0; Sal >34.6) (Fig. 5.2a). The most
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voluminous water mass in the Weddell Sea is the slightly colder Weddell Sea Deep
Water (-0.7 < 6 < 0) which is observed from ~1500 m to ~4000 m depth. The wes-
tern part of the Weddell Sea is known as an important region for bottom water for-
mation. Intense cooling of surface waters causes loss of buoyancy and subsequent
sinking along the Peninsula slope [Huhn et al., 2008], resulting in the formation of
Weddell Sea Bottom Water (WSBW) (6 < -0.7) (Fig. 5.2a). Both the latter WSBW and
the WDW influence the WSDW through mixing. Eventually, the Weddell Basin Deep
Water leaves the Weddell Sea at the Scotia Ridge and extends further Northwards as
AABW (Orsi et al., [1993]; Naveiro Garabato et al., [2002]). The magnitude of these
processes is considerable; estimations are from 8-9 to 11 Sv (1Sv is 10° m3s%; Orsi et
al. [1993]; Naveiro Garabato et al., [2002]; Klatt et al. [2005]). Not all inflowing Warm
Deep Water ends up as WSDW and leaves the Weddell Gyre as AABW, upwelling of
deep waters and subsequent Ekman transport causes a loss of water at intermediate
depths that eventually flows equatorwards as (Antarctic Intermediate Water) AAIW;
a process with important consequences for the biogeochemical composition of the
surface waters in the Atlantic Ocean [Hoppema et al., 2003]. The o, - plot shows
slightly denser water in Central Gyre, and somewhat less dense water closer to the
ridges. Also relatively lighter water is seen along the slope (Fig. 5.3a).

The Drake Passage is marked as the passage where all Southern Ocean fronts
are very near to each other because of its narrow extent. At the Drake Passage, the
Antarctic Circumpolar Current (ACC) approaches the continental shelves, bounded
by the Subantarctic front at 55.6 °S in the North and the Southern Boundary of the
ACC (SBACC) at 60.4 °S in the South. Within the ACC, the Polar Front (PF) is found
at 57.3 °S (defined as the northernmost extent of the 2° C subsurface 8 minimum
[Pollard et al., 2002]. Here, it is clearly visible that the colder, more saline water sub-
ducts as AAIW under warmer waters (fig. 5.2b). Southwards of the SB ACC, near the
Antarctic Peninsula, the Weddell Scotia Confluence Zone is found. Sudre et al. [2011]
distinguished the different water masses in the Drake Passage using multiparametric
analysis. Briefly, in the surface waters in the south part of the transect (south of 58.5
°S), the Antarctic Surface Water (AASW) was observed to a maximum depth of ~100
m. North of 58.5 °S, the Subantarctic Surface Water (SASW) reach from the surface
to a maximum of 700 m depth at the Patagonian side. Winter Water (WW) was ob-
served over most of the transect, at a depth of 200-300 at 56 °S to ~100m at 60 °S
(Fig. 5.2b). AAIW followed a downward path; from 300-600 m at the Polar Front, to
800-1200 m depth at the Patagonian shelf (Fig. 5.2b). This pattern of water masses
shoaling towards the south is also observed in the Circumpolar Waters below; Upper
Circumpolar Water (UCDW) and Lower Circumpolar Water (LCDW) were observed
from ~1200-2200 m and ~2200-4000 m respectively at the Patagonian Shelf, and
found up to ~150-700 m and ~700-3000 m, respectively, south of the Polar Front.
South of 58 °S, the Weddell Sea Deep Water (WSDW) was observed as a 500 m thick
bottom layer (Fig. 5.2b). Close to the Patagonian shelf (55-56.5 °S), at ~2000-3000
m depth, an additional deep water mass is identified by high 6*He concentrations.
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This water mass, named Southeast Pacific Deep Slope Water (SPDSW) was earlier
reported by Well et al., [2003] and for this cruise by [Sudre et al., 2011] and [Middag
et al., 2011]. It originates from the South Pacific. The Drake Passage is known for the
occurrence of mesoscale eddies. Locally, these eddies may be of major importance
for the transport of trace elements; as reported for dissolved Zn [Croot et al., 2011]
and iodate [Bluhm et al., 2011]. The position of the fronts as well as the pattern of
water masses, shoaling to the South, are clearly visible from the sigma-theta plot
(Fig. 5.3b).

5.3 Results

The distribution of DFe in the Weddell Sea is depicted in figure 5.4 and the depth pro-
files are given in figure 5.5. Generally, the DFe concentrations within the Weddell Sea
surface waters are very low, ranging from <0.01 nM (Lowest Limit of Detection; LLoD)
to 0.1 nM. Exceptions to this pattern are slightly higher concentrations (0.12 - 0.17
nM) at the upper surface (10 m depth) at 27°W, and in the upper 50m at 48°W. Alt-
hough there is little increase in DFe in the upper 100 m towards the Pensinsula, con-
centrations show a sudden increase between 200 and 600 m, near the shelf break.
In the south and north part of the Weddell Sea transect, concentrations in the WDW
are 0.2-0.3 nM, whereas in the Central Weddell Sea, even lower concentrations (0.1-
0.2 nM) were observed. Below the WDW, in the Weddell Sea Deep Water, concen-
trations start to increase, to values of 0.2-0.4 nM, where the lowest concentrations
are observed in the centre of the Gyre, and slightly higher values in the direction of
the shelves. These concentrations are relatively low for deep water concentrations in
the Southern Ocean [Tagliabue et al., 2012; This thesis, Chapter 6]. Below 4000 m, at
most stations WSBW is observed, with slightly higher DFe concentrations, likely as a
result of deep water formation along the shelf.

The distribution of DFe in the Drake Passage is depicted in figure 5.6 and the
depth profiles are given in figure 5.7. In the Drake Passage, strong fluctuations are
observed in the DFe concentration in the surface waters. Close to the Peninsula the
DFe concentrations reach 1-2 nM, with a maximum in the subsurface, 100-200 m,
depth. Further north, surface concentrations are low (<0.2 nM), but an enrichment
in DFe is observed at 58.3°S (station 238), corresponding to high Al concentrations
[Middag et al., 2011]. At the Northern end of the transect, close to Tierra de Fuego,
DFe enrichment corresponds with enrichment of DMn and DAl and low salinities
[Middag et al. 2011]. In the Drake passage, the DFe increase with depth is stronger
than that in the Weddell Sea; concentrations > 0.25 nM are observed from 25 — 200
m in the Southern Drake Passage, and from > 400m in the Northern Drake Passage
(WW and AAIW, see section 5.4.3). Below this, the DFe concentrations follow the
southwards ascending pattern also observed in DMn and typical for the water mass
distribution in the Drake Passage [Middag et al., 2011; Sudre et al., 2011] . The most
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Fig. 5.5  Depth profiles of DFe from the Weddell Sea transect.
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northerly station, situated above the Patagonian shelf has very high DFe concentra-
tions (2.64 nM at 25m) in the upper surface sample. Deeper in the water column,
onto the continental slope and shelf, a strong, local, maximum in DFe (>1.5 nM) is
observed at ~ 2500 m depth. This maximum is consistent with the presence of South
Pacific Deep Slope Water (SPDSW), originating from the Central South Pacific, carry-
ing a hydrothermal signal (see section 5.4.3) [Middag et al., 2011; Sudre et al., 2011].
The DFe data, along with physical and station information is available as a separate
chapter in this thesis.

The nutrient removals for the Weddell Sea Stations are shown in Fig. 5.9.
There is a strong variation in the nutrient removals for both transects; nevertheless
removal of nutrients decreases towards the continent is at the Greenwich meridi-
an transect. Fig 5.9d shows the weighted average DFe concentration in the upper
layer above the Winter Water —the layer from where nutrients are removed- and
also shows a less nutrient removal, when going southward along this transect. In the
Weddell Sea, more of a trend is observed; removal of nutrients increase northwards
until ~ 64.5 °S and then followed by a sudden drop. For the Weddell Sea, removal
of nutrients are consistent with findings of Hoppema et al. [2007] for data from the
same transect in March 2005, who also observed the sudden decrease in removal
around ~ 64.5 °S, for none of the stations in the Weddell Sea transect is a removal of
DFe observed; DFe values are uniform with depth until the Winter Water.

5.4 Discussion
5.4.1 Comparison with other data in the region

Dissolved Fe data of the central Weddell Gyre is scarce and mainly available for the
surface waters of the near margin region. Here the recently reported DFe data are
discussed. Sanudo-Wilhelmy et al. [2002] occupied a transect as far west as 46 °W,
and reported surface DFe (< 1 m depth) concentrations in the range of 0.5-2 nM for
off-shelf stations. These reported values are significantly higher than the concen-
trations reported here, possibly due to the difference in depth; biological depletion
may be less at 1 m, whereas input of atmospheric dust may increase DFe concen-
trations. The higher DFe concentrations could also reflect the difference in sampling
time; Sanudo-Wilhelmy report data from February and early March, whereas our
occupation of the same region was end March, early April. Recently, De Jong et al.
[2011] reported an DFe data from in two stations; first station was an ISPOL station
above the slope in the Weddell Sea. DFe concentration range from 0.6-0.9 nM (up-
per 200m) to 1-3 nM (200-1000m) and 5-20 nM below 1200m to bottom (1376m)
The other station was situated upstream of the Patagonian continent, on the Scotia
Ridge and showed relatively high DFe concentrations (~3 nM in upper ML; 8-13 nM
in 100-750m depth; 2-4 nM in 1000-3000m depth and 8-10 nM at 3500m to bottom
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(4200m.) More DFe data in this region is primarily related to sea-ice/iceberg studies.
Lannuzel et al. [2008] reported concentrations of 0.9 —2 nM in the upper 30 m in the
Western Weddell Sea, for a large part as a result of ice-melt. Lin et al. [2011] reported
DFe concentrations in the 1-2 nM range for a cruise in the Powell Basin, in March
2009. The relatively higher concentration may be due to the fact that this cruise
track was designed to study the effect of icebergs on DFe, and therefore may be bi-
ased towards areas with high concentrations. Moreover, the Powell Basin is situated
downstream of the Peninsula, therefore shelf derived higher concentrations may be
expected. Indeed, the 1-2 nM range is consistent with our stations 222 and 226. In
the Drake Passage, Martin et al. 1990 reported surface concentration of 0.16 nM, a
minimum of ~0.1 nM at 100m depth, and increase to 0.4 nM at 500m depth. Ardelan
et al. [2010] reported ~0.2 nM for ACC surface waters and ~0.6 nM (on average)
for shelf-derived waters, North of King George Island (data also used in Dulaiova et
al. [2009]). In an incubation study, Hopkinson et al. [2007] reported concentrations
~0.1-0.14 nM in the open ACC waters to ~1.6-1.7 nM for shelf waters.

5.4.2. Distributions of DFe in the Weddell Sea

5.4.2.1. Surface waters in the Weddell Sea
The very low surface DFe (<LLoD (10pM) to 100pM) concentration over most of the
Weddell Sea transect indicates a strong depletion of Fe and/or lack of input sources.
The significant vertical advection reported for the Weddell Sea ([Weppernig et al.,
[1996]; Haine et al. [2008]; De Jong et al. [2012]) indicates that upwelling from deep-
er waters is an important source of DFe to the Weddell Sea surface. Moreover, in our
study region, melting of floating icebergs (mainly in the Weddell Sea) and sediment
derived Fe are important sources, as confirmed by modelling studies [Lancelot et
al., 2009] and fieldwork [Dulaiova et al., 2009; Ardelan et al., 2010; Lin et al., 2010],
mainly along the Antarctic Peninsula. The Weddell Sea and Scotia Sea are accumula-
tion regions for icebergs [Stuart and Long, 2011] and DFe enrichment due to icebergs
is reported [Lin et al., 2011]. Lannuzel et al. [2008] reported high (~ 1 nM) DFe con-
centrations upon the melting of seasonal sea-ice in the Weddell Sea. However, these
concentrations were reported in November—December, at the time of significant sea-
ice melt. During our occupation of the transect, in March 2008, any DFe derived from
sea-ice earlier in the season, would likely already have been taken up by phytoplank-
ton. Possible effect of melting sea-ice or icebergs on the distribution of DFe would be
reflected in low salinity. Almost all of the upper 25 m DFe values are below <0.1 nM,
and salinities are high (>34). However, at station 210 a small enrichment is observed
(DFe = 0.16 nM) at 10 m depth corresponding to a slightly lower salinity (33.8) (Fig.
5.2a, 5.4). This could be caused by a small amount of sea-ice meltwater, as this sta-
tion is situated at the ice edge.

A significant relationship of dissolved Mn with nutrients (PO,, NO, and Si)
and (inverse) with fluorescence indicates biological depletion of Mn from the surface
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Fig. 5.8 DFe (integrated over upper 100 m), fluorescence signal (average over upper 100m) and POC
export (through 100 m depth) over the Weddell Sea transect.

waters of this transect [Middag et al., 2011; 2012]. No correlation was found for DFe
and major nutrients; R*< 0.1 in the upper 100 meter of the Weddell Sea. This may
be caused by the complex pattern and seasonality in sources and biological uptake
and other sinks of DFe. However, to discuss the role of (biological) DFe removal dur-
ing and prior to our cruise, the export of organic carbon and fluorescence are good
indicators. Rutgers van der Loeff et al. [2011] reported POC export estimates, based
on 2*Th/?*®U disequilibrium, for the same transect. Unfortunately, the POC export
data was not always from the same stations as the trace metal data of the Weddell
Sea transect. Nevertheless, we can discuss the pattern of DFe, fluorescence and POC
export. Figure 8 shows the integrated DFe over the upper 100 m, the average fluo-
rescence and the POC export at 100 m depth [Rutgers van der Loeff et al., 2011]. We
take the good agreement between the average fluorescence over the upper 100m
and the chlorophyll data for the same transect [Neven et al., 2011] as a confirmation
that average fluorescence roughly represents the phytoplankton abundance. In the
west part of the Weddell Gyre (~17-24 °W), the depth-integrated DFe is around an
average of ~ 8 umol m?2. Here, recent uptake of DFe is probably low as the fluores-
cence signal is low and POC export is somewhat higher. Further west, in the Central
Gyre, DFe can maintain some higher inventories, despite the increase in chlorophyll
a; this could be explained by the low POC export, thus low removal earlier in the
season. However between the stations at ~27°W and ~36°W, the strong increase in
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Fig. 5.9  Removal of nitrate (a), phosphate (b), silicate (c) and weighted average DFe (d) against lati-
tude for the Weddell Sea transect (red filled circles), and the Greenwich meridian transect (blue
circles) [Klunder et al., 2011]. Location of the shelf (500 m depth isobaths) is marked for the
Greenwich Meridian transect (blue arrow) and the Weddell Sea transect (red arrow). Light ar-
rows (blue and red) indicate the direction of the transect.

chlorophyll a may be visible in the strong decrease of the DFe inventory. The low-
est DFe surface concentrations were observed where relatively high C export was
found, especially at station 204 (~43°W). Here, very low integrated DFe (~5 nmol
m2) was observed and POC export reaches 8.7 mmol m? d* (through 100m depth;
Rutgers van der Loeff et al., [2011)] (Fig. 5.8). Moreover, also removal of PO,, NO,,
Si (not shown) and low Mn [Middag et al., 2011a; 2011b] are observed, indicating
biological removal of nutrients and trace metals in the time prior to our cruise. This
is confirmed by satellite chlorophyll a data (monthly mean chl-a data; GlobColour
Archive) showing an ice edge bloom in this region in February 2008 [Rutgers van der
Loeff et al., 2011]. Further West, at 48°W, there has been an ice cover in the months
prior to our cruise [monthly mean chl-a satellite data; Rutgers van der Loeff et al.,
2011], and very little C export has been observed, enabling DFe, as well as PO,, NO,,
Si and Mn [Middag et al., 2011; 2012] to maintain higher concentrations, likely in
combination with input due to surface ice-melt (see above). Towards the shelf, POC
export is high, likely as a result of (another) strong bloom in January 2008 [Rutgers
van der Loeff et al., 2011]. This bloom may have caused some DFe removal, leading
to lower concentrations of DFe, despite the closer proximity to the shelf source of Fe
(Fig. 6). Above the shelf, the shelf-derived DFe sources ensure continuously high DFe
in this region, although there is large POC export [Rutgers van der Loeff et al., 2011].
In this region, little recent biological uptake is expected; fluorescence data indicates

159



Chaptersg

very little phytoplankton abundance in the shelf region (Fig. 5.8), in line with findings
of Neven et al. [2011] and satellite derived chlorophyll [Rutgers van der Loeff et al.,
2011] and with the depleted nutrients above the shelf.

The nutrient removal values in the Central Weddell Sea (fig. 5.9) are con-
sistent with findings of Hoppema et al. [2007] for data from the same transect in
March 2005, who also observed suddenly less removal around ~ 64.5 °S. There is no
trend in DFe removal in the Central Weddell Sea. However, a continuous input of DFe
from the Antarctic shelf region stimulating production and thus nutrient removal in
the near margin region, as supposed by Hoppema et al. [2007], would be reflected
in the relationship between DFe and the nutrient removal values, unless there is
a major excess of iron. Fig. 5.10 (a-f) shows the relationship between the amount
of DFe present in the water above the Winter Water layer (weighted average) and
nutrient removals for both transects. It is important to note however, that the nu-
trient removal estimates represent a difference, emerged over spring and summer,
whereas DFe value represents the DFe concentration at the moment of sampling. It
appears that the regions with a strong nutrient removal do indeed have high Fe con-
centrations, although this is mainly seen in the stations at the prime meridian. Two
stations in the west Weddell Sea transect (st 198 and 204) show a nutrient removal
in accordance with the Greenwhich Meridian transect and with earlier findings in
this region [Hoppema et al., 2007], despite low DFe concentrations. Although there
may be some difference in Fe supply to the Weddell Gyre and to the Zero Meridian,
this may be explained by earlier growth and export of phytoplankton, which would
cause a depletion of nutrients still present, whereas the momentary DFe concentra-
tion would be lower, due to uptake earlier in time. For the region of station 204, a
very high POC is observed indeed. Around station 198, no sample for POC export has
been taken, but the fluorescence signal is high (fig. 5.8). Likely, concentrations of DFe
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Fig. 5.10 Removal of nitrate (a), phosphate (b), silicate (c) and the removal ratios of N:Si (d), P:Si (e) and
N:P (f) vs the weighted average DFe concentrations for the Weddell Sea transect (red filled cir-
cles), and the Greenwich Meridian transect (blue circles) [Klunder et al., 2011].
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are not low enough to limit primary production. The scatter in the DFe, nutrient-plots
may well be explained by two interacting processes in the Southern Ocean; continu-
ous supply of Fe during the growing season may result in high DFe despite large
nutrient removal and the resupply at the start of the season will lead to removal of
DFe and nutrients over the season. The high DFe despite low nutrient removal that is
observed in station 210 may be attributed to the recent dust deposition (see above),
which would not be reflected in the nutrient drawdown.

Diatoms are the most abundant phytoplankton species in the Weddell Sea.
For blooms of the diatom Fragilariopsis kerguelensis at the Polar Front, it has been
shown that uptake of nitrate can be severely impaired under Fe-limited conditions
(De Baar et al., [1997], overview in Marchetti and Cassar, [2009]). Briefly Fe is essen-
tial in the enzymes nitrate reductase and nitrite reductase for reductive conversion of
nitrate into ammonia for synthesis of amino acids of proteins [Geider and La Roche,
1994; De Baar et al., 1997]. Under Fe-stress, this conversion is hampered, while the
uptake and incorporation of phosphate and silicate is not directly affected. As a result
the biomass of Fe-limited diatoms has anomalously low N:P and N:Si element ratio,
while on the other hand the seawater left behind shows anomalously high N:P ratios
[De Baar et al., 1997] and N:Si ratio [Takeda et al., 1998]. Fig. 5.9d. shows the nu-
trient removal relative to the weighted average DFe, and generally shows the lowest
(<0.4) N:Si removal ratio at lower DFe (<0.1 nM) concentrations and the highest N:Si
removal ratios (>0.4) at DFe > 0.1 nM concentrations. For the worldwide biological
cycling of Si and N by diatoms, the global average element ratio is close to N:Si =~1
[De Baar et al., 1997]. However Fragilariopsis kerguelensis and other major bloom-
forming Antarctic diatoms are heavily silicified and a ratio N:Si =~0.4 is normal under
Fe replete conditions [De Baar et al., 1997].

Regarding P:Si (Fig. 5.10e) and N:P (Fig. 5.10f) removal ratios, the results are
not so straightforward. There is a tendency of increasing N:P removal ratio (from ~5
to ~15) with increasing DFe, but this is only visible in the Greenwich meridian stati-
ons. The Weddell Sea stations show a relatively constant N:P removal ratio (~13) with
DFe. This difference in N:P removal ratio between the two regions could be explained
by a upwelling of waters from below with different nutrient signature (such as NADW
with a relatively high N:P [De Baar et al., 1997]). To test this hypothesis, the surface
(0-150 m) concentrations of major nutrients (N, P, Si) were subtracted from the sub-
surface (150-250 m) and intermediate (250-1000m) nutrient concentrations; no dif-
ferences were observed between the regions. Thus this hypothesis can be excluded.

The difference in nutrient uptake ratios might then be explained by a diffe-
rent species composition. Both regions are dominated by diatoms [Alderkamp et al.,
2010]; however, in the Central Weddell Sea stations the size of the diatoms is genera-
Ily somewhat smaller [Neven et al., 2011]. From the same expedition, specific counts
and measurements of the phytoplankton community are available for stations at the
ZERO meridian (150, 161, 167 and 178) and for stations in the Eastern Weddell Gyre
(191, 193, 198, 204 and 210), see fig. 5.1a. Here we use estimations of the size of
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Table 5.1 Size and volume of diatom species at the Greenwich Meridian and Eastern Weddell Sea stations.

Station Average Bio Percentage of species
volume/cell | Large (>5000 pm?) | Small (< 1000 um?3)

(rm?) (%) (%)

Greenwich Meridian 150 3408 78 5
167 8436 87 2

161 8272 88 2

178 7810 82 2

Average 6981 84 3

St deviation 2397 5 1

Eastern Weddell Sea 191 7420 94 5
193 4506 74 5

198 2735 49 7

204 3390 75 7

210 3240 57 12

Average 4258 70 7

St deviation 1882 18 3

Difference* 0.048 0.084 0.018

(* p-value (1 sided t-test)).

the diatoms present in both regions. The diatoms were significantly smaller in terms
of biovolume (T-test, p<0.1) on average in the Eastern Weddell Sea region (average
4258 +/- 1883 um?3) than at the Greenwich Meridian (average 6981 +/- 2397 um3)
(Table 5.1). This pattern is confirmed by the larger number of smaller (<1000 pm?3)
diatoms in the Eastern Weddell region compared to the Greenwich Meridian (7% and
3% respectively) and the lower number of large diatoms (>5000 um?3) (7% and 84%
respectively (Table 5.1). Marchetti and Cassar [2009] summarized several studies of
the effect of iron deficiency on nutrient uptake and reported stronger Si relative to N
uptake in Fe limited diatoms, dependent on diatom size. There are two mechanisms
via which the N:P uptake ratio of diatoms is influenced by their size. First, the specific
growth rate of diatoms with regard to Fe is dependent on their surface to volume
(S/V) ratio [Sarthou et al,2005; De Baar et al., 2005]; smaller diatoms generally have
a smaller S/V ratio which is beneficial in their Fe uptake [see also Timmermans et
al., 2004]. This benefit is because a smaller S/V ratio allows more uptake relative
to the intracellular needs, but also because smaller cells have a smaller boundary
layer thickness, enhancing the concentration gradients [Marchetti and Cassar, 2009].
Therefore, impairment of N uptake as a result of Fe limitation [De Baar et al., 1997]
is more likely to occur in larger species, as observed in the Greenwich Meridian
stations. Moroever, also the uptake kinetics of nitrogen depends on the S/V ratio,
whereas such a relation is not found for P uptake [Sarthou et al., 2005]. Our findings
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for the N:P removal ratios are in line with culture experiments of Timmermans et al.
[2004]. They reported that the largest species (small S/V ratio) showed the strongest
effect of Fe depletion in their N:P uptake; and this effect became lower with smaller
species. The fact that larger species take up N less efficiently relative to P could con-
tribute to the low N:P removal ratios found at low DFe in the Greenwhich Meridian
stations, while these are not found at similar DFe in the Central Weddell Sea.

During the EIFEX in situ iron fertilization experiment, Hoffmann et al. [2006]
found for the large (>20 um) size class of phytoplankton, comprising large diatoms,
that at low ambient dissolved Fe had cellular N:P ratio ~5, which increased to ~15-
16 upon Fe enrichment. Such differences were absent for the smaller (<20 um) size
classes. These diatom size classes are comparable to the here observed classes, with
a median size of 20-25 um. We conclude that the low N:Si and N:P uptake ratio’s indi-
cate the important, and possibly limiting, role for DFe for phytoplankton abundance
and for the uptake and cycling of nutrients in the Weddell Sea. However, many other
factors are involved, amongst which are species composition and form. The authors
note here that the DFe concentrations in the surface waters along the transect are
low (< 0.25 nM) compared to the concentrations in the enrichment experiments
mentioned above [Takeda, 1998; Timmermans et al., 2004 and Hoffman et al., 2006]
and therefore the relative effects of DFe availability as shown in the abovementi-
oned studies are expected to be lower in our field situation.

5.4.2.2 Deep waters in the Weddell Sea

In the deep waters in the Weddell Sea the dissolved Fe concentrations are very low,
and increase with depth. Following the properties derived by Klatt et al.[2005] (See
Section 5.3), we can calculate the DFe in the different water masses in the Wed-
dell Sea; in the WDW the concentrations are 0.21 +/- 0.08 (n=52); in the WSDW
0.32 +/- 0.12 (n=42) and in the WSBW 0.35 +/- 0.10 (n=11). For comparison, Klun-
der et al. [2011] reported concentrations of deep waters of the Weddell Gyre at
the Greenwich meridian; a DFe concentration of 0.33 +/- 0.14 nM in deep waters
(WDW,WSDW,WSBW) in the westward flowing southernmost limb of the Weddell
Gyre, and 0.47 nM +/- 0.16 nM in the, more northern, eastward flowing limb. As
expected, the concentrations here observed are similar, but slightly lower than those
observed in the westward flowing component at the Greenwich Meridian. This is the
same water mass, and apparently some DFe may be lost due to scavenging removal
during transit from 0°W to the Weddell Sea. However, there is a large difference in
DFe concentration between the Weddell Sea transect deep waters and the eastward
limb of the Weddell Gyre at the Greenwich Meridian. This indicates that on its way
eastwards, there must be significant input of DFe to the deep waters at the South
Scotia Ridge. These sources could be either sediment resuspension or DFe flux from
the sediment at the South Scotia Ridge ridge and/or inflow of Circumpolar Deep Wa-
ters in the 45-55°S region as observed by Matano et al, [2002]. Moreover, also hy-
drothermal input from the South Scotia Ridge may be an important Fe input source
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[German et al., 2000; Klinkhammer et al., 2001; Tagliabue et al., 2010].

The deep water masses leave the Weddell Sea and form the AABW flowing into the
ACC and the abyssal world oceans [Naviera Garabato et al., 2002; Hoppema et al.,
2010]. The here reported DFe concentrations of ~0.3—0.35 nM for WSDW, thus even-
tually for the AABW, are on the lower end of the large range of DFe concentrations
observed in AABW throughout the Atlantic Ocean; ~0.3 nM [Klunder et al., 2011],
0.38-0.8 nM [Chever et al., 2010] and 0.28-0.93 nM [Rijkenberg et al., 2011] for the
South Atlantic and 0.7-0.8 nM [Laés et al., 2003], 0.5 nM [Middag, 2010, Chapter 5],
[~0.36-0.92 nM] [Rijkenberg et al., 2011] for the North Atlantic. This supports the
idea of DFe enrichment of AABW, by mixing with overlying NADW as well as sup-
ply from underlying sediment on its way northwards as proposed by Klunder et al.
[2011].

Downslope subduction of surface waters close to the Peninsula, along the
slope, renewing WSBW, has been observed in the Weddell Sea. This is also seen in
the B sections of our cruise (Fig. 5.3). Moreover, recently observed maxima in dis-
solved barium [Hoppema et al., 2010], iodate , CFC-12 [Bluhm et al., 2011] and DMn
[Middag et al., 2010] in the WSBW, indicate such downslope movement of dense
shelf waters. The distribution of DFe is not conclusive regarding this downslope con-
vection of WSBW, little enrichment is observed at ~51°W, 2500 m depth, despite
indications of shelf water input (low 8 (not shown) and higher DMn) [Middag et al.,
2010]. However, in the deeper waters, some enrichment of DFe is observed, cor-
responding to lower 6, thus indicating DFe enrichment of WSBW due to downslope
convection. Unlike for DMn [Middag et al., 2010] and dissolved Ba [Hoppema et al.,
2010], the DFe delivered by this process to the WSBW appears to be not sufficient to
significantly enhance the DFe concentration in the WSDW by mixing.

5.4.3 Distribution of Fe in Drake Passage

5.4.3.1 Surface and sub-surface waters in Drake Passage

During our cruise, we observed an input of DFe from the shelves around Elephant
Island into the Drake Passage, consistent with earlier findings of DFe [e.g. [Dulaiova
et al., 2009] and concentrations of DMn and DAI from the same sample points (Fig.
11; [Middag et al., 2011a]). Above the shelf, high DFe concentrations are observed
at the g, isopycnal levels of 27.5 (1.87 nM), 27.55 (1.5 nM) and ~27.64 (2 nM). The
first two peaks are observed as a broad peak further into the Drake Passage at sta-
tion 230. Unfortunately there are no samples at this o, level at station 236 (Fig. 5.11).
Remarkably, the peak at o, is 27.64 is observed as a small peak at station 236 but not
the further offshore at station 230. This illustrates the many dynamic small gyre like
structures, or eddies, observed to the north of Elephant Island [Ardelan et al. 2010
(their figure 5.10); Hewes et al., 2009] causing a complex pattern of off-shelf currents
in this region. The input of DFe from the Antarctic Peninsula shelf north of Elephant
Island is in line with findings Ardelan et al. [2010], who observed DFe enrichment at
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Fig. 5.11 Sigma theta versus Dissolved Fe, Dissolved Mn [Middag et al., 2011] and Dissolved Al [Middag
et al., 2011] (nM) for the stations adjacent to Elephant Island (see Fig. 5.1b). Note the different
metal concentration scales for different stations. Also corresponding depths of peak values are
shown.

0, = 27.5-27.6. Moreover, Charette et al. [2011] reports maximum concentration of
radium (Ra) values at o, is 27.5-27.6 for this region, indicating shelf-derived waters.
Despite the low number of stations, we estimated the scale length (distance where
the DFe concentration is 1/e of the initial concentration at ~200 km. This is reason-
ably similar to the scale length for DFe observed for shelf input in the Nansen Basin
(Arctic Ocean) (~263 km). As in the Drake Passage [Renault et al., 2011], also in the
Nansen Basin the direction of the shelf current is perpendicular to the shelf [Klunder
et al., 2011] resulting in a relatively short scale length as compared to other oceans
[Johnson et al., 1997]. In our study region, Nielsdottir et al. [2012] reported a scale
lengh in the same order, ~102 km, for transects at South Georgia island and Bird
Island. The here reported scale length of ~200 km is considerably higher then the
~ 25 km reported by Ardelan et al. [2010] for the same region; partly this may be
explained by the fact that latter scale length is calculated for the upper ~ 50 m, not
for the subsurface maximum thus that there is more rapid DFe removal from the
surface layer.
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Fig. 5.12 Five day backwards air-trajectory from station 238 during ANT XXIV-3.

Further into the Drake Passage, at ~350 km from the shelf, the shelf waters carrying
high DFe are found in the subsurface, below a low DFe upper layer of 150 m. In the
North part of the Drake Passage, this low DFe layer extends to ~ 500 m depth (Fig.
5.2b). The DFe = 0.2 nM contour does coincide roughly with the 34.2 isohaline and
with the surface and subsurface water masses (SASW, AASW and WW) as classified
by Sudre et al., [2011] for this transect. Maximum primary production in the Drake
Passage is observed in the December — February period (Moore and Abbott [2001]).
Biological removal of DFe from the surface waters and subsequent downwards trans-
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Weatherstation
precipitation
(mm)
0.02
0.03
0.03
0.05
0.04
0.01
0.02
0.01
0.01
0.01
0.02
0.01
0.02
0.04
0.04
0.02
0.01
0
0
0
0.02
0.05
0.03

OO0 0O O0OO0OO0OO0OO0OO0OOOO OO O

o
o

0.02
0.02
0.05

Start of Station 238

Start of Station 241

Table 5.2 Shipboard precipitation data during ANT XXIV/3 (Bordwetterwarte, www.awi.de/polarstern).
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port (see Fig. 5.2b) may cause the sharp difference in DFe concentrations between
these subsurface waters and the deeper Circumpolar Deep Waters (Fig. 5.6), even
at ~1000m depth. However, given the strong geostrophic velocities for the surface
waters of our transect (0.1-0.4 m/s at 100 m depth; [Renault et al., 2011]) these (sub)
surface waters originate (mostly) from the South Pacific Ocean. These waters from
the Pacific Sector of the Southern Ocean are low in DFe (~0.05 nM in the 100 - 120
°W region in Januari/Februari [Gerringa et al., 2012] and ~0.2 nM at 120°W in March/
April [De Baar et al., 1999]), due to biological removal or lack of input sources [De
Baar et al., 1999; Hiscock et al., 2001].

An exception to this pattern are the relatively high DFe concentrations ob-
served in the uppermost water column at station 238. A concentration of 1.35 nM
and 0.32 nM at 10 and 25 m depth, respectively, is followed by DFe depleted waters
(<0.06 NnM) in the upper 200 m. This surface maximum shows good correspondence
with high dissolved Al concentrations at the same depths [Middag et al., 2011]. Five
day NOAA HYSPLIT backwards trajectory (figure 5.12) confirm that the air above this
region originates from the Patagonia, The nearby station 241 does not show an upper
surface maximum despite air originating from Patagonia, which may be explained by
shipboard precipitation (rain) data shows that the 24 hours prior to occupation of
station 238 there has been significant precipitation, whereas during the hours before
occupation of station 241 no precipitation is reported (Table 5.2).

The 400 m deep station above the Patagonian shelf, close to Tierra del
Fuego, shows high dissolved Fe concentrations in the upper 150m, where salinity
is low (Fig. 5.2b, 5.6). There is a strong inverse correlation between DFe and salinity
(R*=0.85, P<0.001, n=11), pointing towards fluvial input of DFe. Similar high concen-
trations and correlations were observed for DMn and DAI [Middag et al., 2011]. This
DFe maximum is only observed in the most northern station, above the shelf (Fig.
5.6), but does not extend far into the Drake Passage. The latter may be explained
by the very strong eastward velocity in this region (>40 cm/s; [Renault et al., 2011]
bringing the elevated Fe signal more eastward than the other stations of our section.
Although the amount of freshwater flowing into the Drake Passage is relatively small,
the order of magnitude higher DFe in these waters compared to the common Drake
Passage surface waters, may cause substantial DFe enrichment to the surface waters.

5.4.3.2 Deep Waters of Drake Passage

In the Southern Drake Passage, around 59-60°S, a strong enrichment in DFe is ob-
served in the bottom waters (>3000m) (Fig. 6). This enrichment is also observed in
the concentrations of DMn and DAI [Middag et al., 2011]. These enrichments could
be caused by downslope convection of dense water along the slope. Meredith et al.
[2003] reported a direct ventilation of deep waters in the Drake Passage by dense
shelf waters north of Elephant Island. This mechanism was only observed during and
after austral winter, and strongest in ENSO years, although 2008 had a strong nega-
tive ENSO index [Jullion et al., 2010]. Moreover, Sudre et al. [2011] have shown that
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WSDW may follow a westward direction upon leaving the Weddell Sea through the
gaps in the South Scotia Ridge. Huhn et al, [2008] reported a similar pathway for
WSBW formed along the Peninsula Slope in the Western Weddell Sea. Concentrati-
ons of DFe in the deep waters in the Southern Drake Passage are significantly higher
than those in the WSDW and WSBW in the Weddell Sea (Fig. 5.2); parallel with higher
DMn [Middag et al., 2010;2011]). Thus there was likely a source during transport
from the Weddell Sea to Drake Passage. Although in this region, hydrothermal vents
are present [Klinkhammer et al., 2001], DFe enrichment by mixing with hydrother-
mally influenced waters is unlikely, because this would be reflected in enhanced 6He
concentrations, which are not observed [Sudre et al., 2011]. The lowered light trans-
mission [Middag et al., 2012] in these water masses is an indication of resuspended
particles, likely picked up during transport from the Weddell Sea to the location of
our Drake Passage transect. Thereafter, high DFe concentrations could occur upon
dissolution of these particles or by mixing with DFe rich pore waters during this re-
suspension, as also has been shown to cause enrichment of DMn [Middag et al.
2011].

Circumpolar Deep Waters are enriched relative to the lower SPDW and up-
per AAIW. From 2000 — 3000 meter depth ascending Southwards, the Circumpolar
Deep Waters (LCDW/UCDW) bring slightly more DFe (>0.5 nM) to the surface waters.
Above the UCDW, relatively low DFe waters >0.25 nM are transported northwards as
AAIW. However, these waters do not reach deeper than 500 m, as there is a water
layer with high DFe at 55.5 - 57 °S from 500-1000m.

A layer with an anomalously high DFe concentration is observed towards
the South American flank of the Drake Passage, at ~2000-3000 m depth. This relati-
vely small water mass has earlier been classified by Well et al. [2003] and Sudre et
al. [2011] as South Pacific Deep Slope Water, originating from the East Pacific Rise
(EPR), carrying a significant 83He signal as a result of the hydrothermal activity at the
EPR [Well et al., 2003]. Middag et al. [2012] reported a clear trend between &°He
and manganese, both good indicators for hydrothermal vents, in this water mass.
We assume the high DFe in the SPDSW water also to be of hydrothermal origin, and
although this water mass is small, the large difference in DFe (1.5-2 nM) relative to its
surrounding deep water masses (~0.5 nM ) causes the SPDSW to be a considerable
source of DFe to the deep waters in the Drake Passage, and eventually to the deep
South Atlantic Ocean.

5.5 Summary and Conclusions

Surface dissolved Fe concentrations can reach very low values (~0.01 nM) in the Cen-
tral Weddell Sea. Generally, concentrations are <0.1 nM in the upper 100 m. The DFe
concentrations in the upper 100m can be (partly) explained by phytoplankton up-
take and POC export in the surface waters, stressing the important role of biological
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processes in the DFe distribution. The only DFe input from the Antarctic Peninsula
shelf is observed above the shelf, with little sign of advection of these waters into
the Weddell Basin. Dissolved Fe in the deep water masses of the Weddell Sea is low
compared to deep water concentrations observed worldwide [Moore and Braucher,
2008]. In the Weddell Sea, no clear influence of the shelf is observed in the seasonal
nutrient or DFe drawdown. However, the Si:N removal ratio is stronger in low DFe
regions, indicating DFe control on the algal nutrient uptake kinetics and eventually
on algal growth. In the Eastern Weddell Gyre, no effect of DFe on the N:P removal
ratio (~13) was observed. At the Greenwich Meridian, however, the N:P removal ratio
increased with increasing DFe. This difference between regions is likely caused by
differences in diatom size; the diatoms at the Greenwich meridian are significantly
larger. Our results indicate that DFe enrichments due to shelf sources are restricted
to the Antarctic Peninsula shelf, and do not have a large scale effect on the DFe con-
centration, and the related nutrient removal, in the Weddell Gyre. Nevertheless, the
concentration of DFe appears to influence the diatom growth in the Weddell Sea,
although this effect is related with the diatom size. The difference in deep water DFe
concentrations between the transect here presented and the 0° W transect indicates
significant enrichment of deep waters with DFe during eastward transit along the
Scotia Ridge. There is an indication of some DFe enrichment with formation of WSBW
by downslope convection of shelf waters. However, the small difference from WSDW
suggests that this is not a significant DFe source to the WSDW. In the Drake Passage,
just North of Elephant Island, strong (~2 nM) DFe input from the shelf is observed,
following the same isopycnals as earlier observed for shelf water input in this re-
gion. The relatively low scale length indicates that DFe enrichment does not reach far
north into the Drake Passage, due to the strong eastward velocities of the ACC. Ho-
wever, this makes the shelf region a source of DFe for regions further East, in the Sco-
tia Sea. Generally, surface waters in the Drake Passage have low DFe concentrations
(<0.2 nM), as a result of biological removal, both in Drake Passage and further west,
in the remote South Pacific, where DFe concentrations are very low in surface waters.
Locally, DFe enrichment is observed caused by atmospheric (58.3 °S) or fluvial input
sources (55.1 °S; above Patagonian shelf). Dissolved Fe concentrations of >1 nM are
observed in the deep waters in the South of the Drake Passage, likely coming from
Weddell Sea Deep Waters, enriched with DFe by sediment resuspension or flux from
the porewaters during transit over the Scotia Ridge. Further into the Drake Passage,
the distribution of DFe generally follows the water masses, with highest DFe in the
Circumpolar Deep Waters. Towards the shelf of Tierra del Fuego, strong DFe enrich-
ment is observed in the South Pacific Deep Slope Water, a water mass coming from
the Pacific carrying hydrothermal properties, notably elevated Mn and 63He [Middag
et al., 2012 and Sudre et al., 2011].
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Chapter 6

Abstract

The Southern Ocean is known as a region within the world oceans, where iron (Fe)
can be the limiting factor for phytoplankton growth. Within the Southern Ocean,
the ACC (Antarctic Circumpolar Current) is the eastward flowing current extended
uninterrupted around the Antarctic continent. In this study, all available dissolved
iron (< 0.4 um) concentrations within the ACC, Weddell Gyre and Ross Gyre are com-
piled and averaged over four different depth layers: (i) upper mixed layer (UML), (ii)
subsurface (UML<subsurface<300 m.), (iii) intermediate (300 < intermediate <1000
m), and (iv) deep (>1000 m) waters. The average concentration of dissolved iron in-
creases with depth, from 0.28 nM in the upper mixed layer waters to 0.56 nM below
1000 meters. Slightly higher concentrations south of the Polar Front region (PFr),
compared to within the PFr are attributed to upwelling of deep waters, mainly in
the Atlantic sector. For the upper mixed layer, subsurface and intermediate waters,
values are high just east of Patagonia, and in eastward general flow direction tend
to stabilize in the Indian and Pacific sectors. Surface DFe in the Atlantic and Indian
Sectors is higher than in the Pacific Sector. DFe increases and stabilizes with depth;
the relative standard deviation is lower, but differences between the Atlantic, Indian
and Pacific basins remain.

For the Weddell Gyre, the dissolved iron is similar in the eastward flow com-
pared to the westward flow more to the south, for all depths. However, there is more
variability in the DFe concentrations in the latter westward flow. Much higher con-
centrations are observed near to the Antarctic Peninsula, indicating the importance
of sedimentary processes as an Fe source.

In the Ross Sea, the average DFe concentrations are ~0.2 nM in the upper
300 m, possibly reflecting both removal by biological uptake, but also input from
sedimentary sources. Deep in the water column DFe increases to ~0.4 nM, as a result
of regeneration of DFe and inflow of waters further North.

This compilation study addresses and quantifies the mechanisms accounting
for the dissolved iron concentration available to phytoplankton growth in the Sou-
thern Ocean. Moreover, this study does provide high quality ground-truthed data for
modeling studies.

6.1 Introduction

Dissolved iron is well known to be of major importance for primary production in the
world oceans; it is needed for vital processes, amongst which are photosynthesis and
respiratory electron transport [Sunda, 2001]. Therefore, a deficit of iron can diminish
phytoplankton growth, even when sufficient amounts of major nutrients are present
[Martin et al, 1988]. Large regions in the world Ocean, primarily the subArctic North
Pacific, the Equatorial Pacific and the Southern Ocean are known to be such High Nu-
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trient Low Chlorophyl (HNLC) regions. [Martin et al., 1988, De Baar and Boyd, 2000;
Boyd et al. 2001, De Baar et al., 1990, 2005].

The northern boundary of the Antarctic Circumpolar Current is the Subtropi-
cal Front [Orsi et al., 1995] situated at about 40 °S (Figure 6.1), and here we take 40
°S as the northern limit of the here presented dataset of dissolved Fe. The continuous
eastward flow of the ACC is driven by the mighty westerly winds around ~45-55 °S
[Trenberth [1990], and continues around the Antarctic continent without being inter-
rupted. Due to its undisturbed, fast flowing nature, the ACC is considered a connec-
tion between the Atlantic, Indian and Pacific Oceans [Rintoul et al., 2001]. The ACC
extends the entire span from the sea surface to the deep seafloor, and as such is by
far the largest ocean current in the world, with an estimated transport rate of about
150 Sv [Mazloff et al., 2010].

°E

Fig. 6.1  Schematic overview of the Southern Ocean with coastline in black, the Subtropical Front (Blue)
and the Southern Boundary of the ACC (Red). Stations with DFe data are given in blue, data used
for the ACC Compilation is marked in red within the blue circle. Other data for the Weddell Gyre
and Ross Sea Gyre are open symbols south of the ACC. Open symbols north of the Subtropical
Front are excluded from this study.

In general, the Southern Boundary of the ACC (SB-ACC) is located very near to the
Antarctic Continent. At Drake Passage, however, this pattern changes; the narrow
passage causes the ACC to accelerate, and the bottom topography of the Scotia Ridge
(<2000 m), causes the ACC to shift northward. This relatively northern location of the
Southern Boundary of the ACC enables the Weddell Gyre to extend as far north as
50 °S [Orsi et al. 1995] (Fig. 6.1). The Weddell Gyre (WG) is the large scale cyclonic
circulation pattern in (and eastward beyond) the Weddell Sea. In the south, the WG
extends almost as far as the Antarctic continent, following a westwards flow pattern,
towards the Antarctic Peninsula, where it follows bottom topography to the north
along the Antarctic Peninsula, and then flows eastwards following the ridge system
of the South Scotia, North Weddell and Southwest Indian ridges (Figure 6.1, [Klatt
et al. 2005]). A similar shift northwards of the SB-ACC is observed at ~ 160 °E — 140
°W, where the Ross Gyre extends northward from the Antarctic continent (Fig. 6.1).
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Further southwards there is still the permanently ice-covered part of the Weddell
Sea proper, for which thus far no DFe data exists. On the other hand, for the Ross Sea
that is mostly open waters in most austral summers, there is a relatively small set of
DFe values available in the literature.

The important role of Fe for primary production has led to several expedi-
tions over the past decades to determine the distribution and sources and sinks of
(dissolved) iron (Fe) in the Southern Ocean. Nevertheless, because of the vast area
(14% of the surface of the planet), the harsh conditions and the difficulty of the very
contamination-sensitive iron sampling and analysis, the Southern Ocean is still rela-
tively sparsely studied (both spatially and temporally). Most studies were conducted
in spring-summer, and thus far mostly restricted to the upper 300-800 metres. Some
studies have focused on the open ACC and its fronts [De Baar et al., 1995; Léscher et
al., 1997; De Baar et al., 1999; De Jong et al., 1998; Boye et al, 2001]. Other studies
were mostly situated around the Southern Ocean Islands [Bucciarelli et al., 2001;
Planquette et al. 2007; Blain et al., 2008]. Moreover, many studies were aimed at
the effects of Fe addition as to relieve Fe limitation of the plankton ecosystem and
the ensuing mechanism of drawdown of atmospheric CO,, and amended mostly the
artificial Fe concentrations.

The preceding studies have provided insight into the distribution and input
sources of dissolved iron (DFe) to the Southern Ocean. In the surface waters dissolved
Fe input is caused by dissolution from dust deposition, upwelling of deep waters, melt
of sea-ice and icebergs, input of DFe from continental margins and plateaus and from
Subtropical surface waters [Sedwick et al. 1999, 2008; Measures et al., 2001; Croot et
al., 2004; Blain et al., 2008; Lannuzel et al., 2008; Klunder et al., 2011, Bowie et al.,
2009, This thesis, Chapter 5]. Mixing with deep water masses flowing in from higher
latitudes (NADW, Klunder et al., 2011), sedimentary input [Tagliabue et al., 2009] and
hydrothermal vents [Klinkhammer et al. 2001; Klunder et al., 2011, 2012] are known
to be important sources of Fe to the deep waters. Progress has been made recently
in modeling studies determining and quantifying processes which affect the concen-
tration of DFe in the Southern Ocean. These studies indicate that the input sources
are not evenly distributed between the three different Southern Ocean Sectors, and
that there are large spatial and temporal differences between input sources [Parekh
et al., 2005; Moore and Braucher, 2008, Tagliabue et al., 2009; Lancelot et al., 2009;
Tagliabue et al, 2010]. None of these studies exclusively focuses on the differences
within the Southern Ocean, notably the between ACC and the Weddell Gyre and Ross
Sea Gyre and between the different Antarctic regions.

The fast flowing, circular nature of the ACC will, partly, determine the dis-
tribution of nutrients and trace elements within the ACC, e.g. the concentration of
these elements in a certain region will depend both on the input and concentration
“upstream” as well as local processes and fluxes [Green and Sambrotto, 2006]. The
same holds, to a lesser extent, for the slower moving cyclonic Weddell Gyre and Ross
Sea Gyre.
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Upon a first limited compilation of oceanic data of dissolved Fe, restricted to data
of mostly one laboratory [Johnson et al., 1997], it became apparent that in previous
articles data had been omitted without reporting such. Next a detailed comprehen-
sive compilation of all world ocean data was produced as a worldwide community
effort, with special attention also to including and appropriate reporting of rejected
data values [De Baar and De Jong, 2001]. This was succeeded by data compilations
of Parekh et al (2005) and Moore and Braucher (2008), respectively. In general, in all
these global ocean Fe databases, the vast Southern Ocean was underrepresented
compared to the other Oceans.

Very recently improved ultraclean deep water sampling systems [De Baar et
al., 2008] have been deployed in the GEOTRACES program in the context of the 2007-
2008 International Polar Year (www.geotraces.org). The far more intensive sampling
at higher spatial resolution has resulted in a large number of new data in the Sou-
thern Ocean [Lai et al., 2008 ; Sedwick et al., 2008; Klunder et al, 2011;Lannuzel et
al., 2012]. This is particularly true in the deeper (>500m) waters, where almost four
times as much data is available since 2008. Moreover by the regular measurement of
reference samples provided by the SAFe and GEOTRACES programs (www.geotraces.
org), for the first time an independent quality assurance has been achieved for these
recently produced large data sets. This has also provided a more objective bench-
mark for assessing the accuracy, or not, of previously published data.

Here, we compile all Fe data within the ACC, Weddell Gyre and Ross Gyre,
and group this data by defining four different depth layers: (i) the upper mixed layer
(UML), (ii) the subsurface layer (UML<subsurface<300 m.), (iii) the intermediate layer
(300 < intermediate <1000 m.) and (iv) the deep (>1000 m) waters. For each station
the upper mixed layer is defined as it was found at time of sampling, i.e. for each sta-
tion there is the individual UML depth that serves for grouping the data. For all four
depths intervals, we look at spatial (latitudinal, longitudinal) and temporal trends, to
better establish regional dissolved iron distribution and different Fe sources within
the Southern Ocean. We attempt to constrain, if present, the “upstream” effect of
the ACC and Weddell Gyre. The Polar Front (PF) is often mentioned as a region of en-
hanced Fe input, because of its frontal dynamics [De Baar et al., 1995; Léscher et al.,
1997; De Jong et al., 1998; Boye et al., 2001; Croot et al., 2004]. Moreover, the Polar
Front region is known to contain elevated concentrations of chlorophyll-a. This study
presents a differentiation between the waters within, north of and south of the Polar
Front (PF) [Orsi et al., 1995].

The depth-differentiated compilation enables us to better constrain the dis-
tribution of Fe within the ACC and the sources of DFe to the ACC. This study gives
insight in the role of Fe in the biological pump within the ACC and Weddell Gyre
regions. Moreover, this compilation enables a large step forward in the merging of
model and field studies ofSouthern Ocean iron biogeochemistry.
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6.2 Data and Method

The starting point of our data set is the dissolved iron concentrations in the ACC and
the Weddell Gyre, as recently obtained by the authors during the ANT XXIV/3 expe-
dition in 2008 of RV Polarstern along the Greenwich Meridian, and next crossing the
Weddell Sea and Drake Passage [Klunder et al., 2011], and the 2009 Amundsen Sea
expedition NPBO1 aboard RV IB. Nathaniel B. Palmer [Gerringa et al., 2012]. During
the ANT XXIV/3-cruise, the sampling was performed using the trace metal clean sam-
pling system Titan as described by De Baar et al. [2008]. During NPBO1, independent
GOFLO samplers were mounted one by one on a simple 6 mm diameter Dyneema
hydrowire and tripped with all-plastic messengers. Analysis of dissolved iron concen-
trations was done with an automated flow injection system as described in De Jong
et al. [1998]. This method was slightly modified as described in Klunder et al. [2011].
During the ANT XXIV/3 and NPBO1 cruises 0.2 um filters were used to define 'dis-
solved' Fe. However, during several other studies for DFe in the Southern Ocean 0.4
um filters have been used. Bruland and Rue [2001] mention 0.2 — 0.4 um pore size
filters as the “widely accepted way of operationally defining dissolved metal forms
in seawater” We therefore define “dissolved” iron as all iron in the fraction <0.4 um.
The GEOTRACES community researchers have agreed on using 0.2 um filters in the
future.

The DFe concentrations of the ANT XXIV/3 cruise [Klunder et al., 2011] This
thesis, Chapter 5] are the basis of the data compilation. For this, and the other data
sets mentioned below, the outliers that had been rejected in the original articles
and data sets were excluded. Secondly other recently published datasets by others
were added [Sedwick et al, 2008;Lannuzel et al. 2008]. Next from the original articles
and datasets, data was selected and included. Several articles and data were also
mentioned in preceding data compilations [Johnson et al., 1997; De Baar and De
Jong, 2001; Parekh et al., 2005; Moore and Braucher, 2008]. On the other hand some
original data was excluded by the following criteria. Briefly high dissolved Fe values
reported very near to the coast, in a study aimed to investigate the DFe coming from
ocean islands (and their surrounding shelves [Blain et al., 2001 (DFe 0.52 -12 nM);
Bucciarelli et al., 2001 (DFe 0.26 — 1.94 nM) and (coastal stations of) Planquette et al.,
2007 (DFe 0.4-2.16 nM)], and very high dissolved Fe due to very nearby hydrother-
mal vents [Klinkhammer et al., 2001 (DFe 2.16 — 12.56 nM)] were excluded. More-
over, two ISPOL stations reported by De Jong et al. [2011] (DFe 0.6- 23.4 nM) are not
included due to their anomalous high concentration as a result of shelf processes.
Also some historical datasets that appear to have very high Fe concentrations com-
pared to very recently obtained values in the same region, are excluded. For each
excluded dataset a specified account is given in the online, the appendix provides the
reference citations of such not-used data sets.

For all stations, the average DFe was calculated for different depth intervals.
The first depth interval was the upper mixed layer as defined by homogenous seawa-
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ter density (i.e. salinity and temperature) until the depth where a significant gradient
of density was observed. Depth of the upper mixed layer in this compilation varied
from 10 to 400 meter depth, averaging at 80 +/- 47 m depth. The UML interval inclu-
ded 477 data points averaged over 195 stations. Below the UML the concentrations
were averaged over the depth interval between UML depth and 300 m. We named
these subsurface waters, and they comprised 539 data points averaged over 191
stations. Below the subsurface waters, the intermediate waters are from 300 to 1000
meter depth. This interval has 320 data points over 109 stations. Finally 428 data
points are found in the deep waters >1000 meter, averaged over 58 stations. The
source publications of all the included data sets are listed in in the references. The
complete data set, including Fe values, date, latitude, longitude, Fe analysis method,
filter size, UML depth and references are available in the online supplement. Here
also the excluded data sets and their underlying source articles are summarized.

6.3 Results

Figures 6.2-6.5 show chart plots of the dissolved Fe concentrations in the 4 different
depth layers. Per station, values are averaged over the depth interval. It is very clear
that the dissolved iron concentration increases with depth, from 300m downwards.
Since most historical data is measured in the upper surface waters, the highest num-
ber of samples is found in the UML and subsurface waters. On the other hand, the
deep waters include the lowest number of samples, and therefore display a lower
spatial resolution around the Southern Ocean. Similar figures are shown for the Wed-
dell Sea stations in the four different depth layers in figures 6.6-6.9 and for the Ross
Sea in figures 6.10-16.3. The low number of DFe data > 1000m in the Ross Sea can
be explained by the fact that the Ross Sea for a large part has a continental shelf >
1000m.

185



Chapter 6

Fig. 6.2  Dissolved Fe averaged over the UML per station. Regions with dense sampling are shown en-
larged. Grey lines represent fronts (STF, SAF, PF, SACCF, SB-ACC).
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Fig. 6.3  Dissolved Fe averaged over the Subsurface Layer (UML-300m) per station. Regions with dense
sampling are shown enlarged. Grey lines represent fronts (STF, SAF, PF, SACCF, SB-ACC).

Fig. 6.4  Dissolved Fe averaged over the Intermediate Layer (300-1000m) per station. Regions with den-
se sampling are shown enlarged. Grey lines represent fronts (STF, SAF, PF, SACCF, SB-ACC).
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Fig. 6.5 Dissolved Fe averaged over the Deep Layer (>1000m) per station. Regions with dense sampling
are shown enlarged. Grey lines represent fronts (STF, SAF, PF, SACCF,SB-ACC).
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Fig. 6.6

Dissolved Fe in the Weddell Sea averaged
over the Upper Mixed Layer per station.
Three different regions are marked (see
text). The flow of the Weddell Gyre is indi-
cated.

Fig. 6.7

Dissolved Fe in the Weddell Sea averaged
over the Subsurface Layer (UML-300m) per
station. Three different regions are marked
(see text). The flow of the Weddell Gyre is
indicated.

Fig. 6.8

Dissolved Fe in the Weddell Sea averaged
over the Intermediate Layer (300-1000m)
per station. Three different regions are mar-
ked (see text). The flow of the Weddell Gyre
is indicated.

Fig. 6.9

Dissolved Fe in the Weddell Sea averaged
over the Deep Layer (>1000m) per station.
Three different regions are marked (see
text). The flow of the Weddell Gyre is indi-
cated.
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Fig. 6.10

Dissolved Fe in the Ross Sea averaged over the
Upper Mixed Layer per station. The region of
the Ross Sea Gyre is depicted (schematically).
The flow of the Ross Sea Gyre is indicated.
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Fig. 6.12

Dissolved Fe in the Ross Sea averaged over the
Intermediate Layer (300-1000m) per station.
The region of the Ross Sea Gyre is depicted
(schematically). The flow of the Ross Sea Gyre
is indicated.
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Fig. 6.11

Dissolved Fe in the Ross Sea averaged over
the Subsurface Layer (UML-300m) per station.
The region of the Ross Sea Gyre is depicted
(schematically). The flow of the Ross Sea Gyre
is indicated.
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Fig. 6.13

To the best of our knowledge, there is only 1
Deep (>1000m) station in the Ross Sea Gyre, To
be systematic, this graph is shown. Dissolved
Fe in the Ross Sea averaged over the Deep
Layer (>1000m) per station. The region of the
Ross Sea Gyre is depicted (schematically). The
flow of the Ross Sea Gyre is indicated.
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6.3.1 Upper Mixed Layer

6.3.1.1 Antarctic Circumpolar Current

Figure 6.1 shows the DFe concentration averaged over the upper mixed layer for
all stations situated within the ACC. Because of relatively intensive sampling south
of the South-American, African and Australian continents, we zoomed in on these
regions (Fig. 6.1). Figures 6.1-6.13 show that the Southern Ocean has vast areas that
have yet to be investigated; there are no data points from 60-~120 °E, and one data-
point between 100 and 160 °W. Nevertheless, in the studied areas the dissolved Fe
concentration in the surface waters around the ACC are low, generally <0.3 nM, with
a few exceptions (around Tasmania, New Zealand, above the Bouvet Ridge at 6°W,
and close to land/shelf regions). This is reflected in the average DFe concentrations
in the UML of 0.28 +/- 0.29 nM (n=791). Average DFe concentrations of the different
sectors of the Southern Ocean and the difference between sectors are summarized
in Table 6.1. Significantly (p<0.05) higher concentrations are found in the Atlantic
sector and Indian Sector, compared to the the Pacific Sector. However, the DFe data
in the Indian sector may be influenced by some very high DFe concentrations mea-
sured, resulting in a much larger standard deviation than the Atlantic Sector (see
boxplots in figure 6.14).
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Fig. 6.14 Boxplots of DFe data in the Upper Mixed Layer, divided by sector.
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Table 6.1 Dissolved Fe per sector. Properties and statistical differences are given. See text for division of
the sectors.

ATL PAC IND

Mixed Layer (ML)
Average DFe 0.30 0.20 0.32
Stdev 0.27 0.21 0.34
Geometric mean 0.23 0.15 0.22
Min 0.01 0.03 0.02
Max 2.50 2.64 3.34
p-value* 1.23E-05%* 2.47E-06*** 3.39E-01%**
# samples 305 206 279

Subsurface Layer (ML-300m)
Average DFe 0.34 0.20 0.28
Stdev 0.51 0.14 0.19
Geometric mean 0.22 0.16 0.22
Min 0.01 0.02 0.03
Max 3.75 1.00 1.06
p-value* 0.001 0.000 0.113
# samples 156 235 279
Intermediate Layer (300-1000m)
Average DFe 0.43 0.31 0.32
Stdev 0.22 0.12 0.14
Geometric mean 0.38 0.29 0.29
Min 0.10 0.09 0.09
Max 1.82 0.69 0.79
p-value* 0.000 0.711 0.000
# samples 115 120 87
Deep Layer (> 1000m)

Average DFe 0.62 0.52 0.43
Stdev 0.31 0.31 0.30
Geometric mean 0.57 0.47 0.36
Min 0.21 0.24 0.15
Max 2.21 1.94 1.44
p-value* 0.046 0.170 0.001
# samples 133 52 42

* p-value of 2 sided t-test, bold if p<0.05 (= significant difference) **Atlantic Sector - Indian Sector; ***
Indian Sector - Pacific Sector; **** Pqcific Sector - Atlantic Sector

192



Distribution of dissolved iron in the Southern Ocean

4-

3_

s

£

of

) .

1+ e :
T RE O

-900 0 50

-150 -100 -50 100 150 200

Longitude [W]
08r
- |
0.6 ' ]
5 - . ¥
Lk K , i b
5 . s 4 fol
0 :* .E 2 ': ¥ ’ 4 :f: AL
02 & o h i :
Ao e LEf 9 £
it S Y B :
b L ! LR o2 ] ] ] |
-900 -150 -100 -50 0 50 100 150 200
Longitude [W]

Fig. 6.15 DFe concentrations vs. longitude for individual datapointsin the Mixed Layer in large scale (up-
per graph) and smaller scale (lower graph); red dots indicated averages over 60 ° longitude

Figure 6.15 shows all available data points averaged over bins of 60° longitude. There
is a trend of DFe enrichment in the 60 °W-0 "W regions compared to the other re-
gions. This region comprising the Atlantic Sector just east of Patagonia shows the
largest increase of Fe in the surface waters, indicating a strong input source. Further
towards the East, average concentrations decrease to a lowest value in the region
180-120 °W, in the remote Pacific sector.

The latitudinal differences within the UML are shown in figure 6.16. There
is no significant trend in DFe values with latitude. However, when averaging the DFe
datapoints over 5° latitude intervals, there appears to be a (very) weak trend with
higher values in the North changing to lower values approaching the Antarctic con-
tinent. This is interrupted by a slight increase in the region (55-60°S) (fig. 6.16), just
south of the Polar Front.
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Fig. 6.16 DFe concentrations versus latitude for individual datapoints in the Mixed Layer in large scale
(upper graph) and smaller scale (lower graph); red dots indicated averages over 5 ° latitude

6.3.1.2 Weddell Gyre

In this work we compare DFe in three different regions of the Weddell Gyre, defined
by its hydrography based on work of Klatt et al., 2005 and Fahrbach et al., 1994 (see
appendix). Briefly, the Weddell Gyre is divided in a westwards flowing limb (WFL)
close to the Antarctic continent, and an eastwards return flow limb (EFL), close to
Bouvet ridge. Data from the stations where bottom depth was less than 1000m (west
of 40 °W) are grouped as the “Peninsula region (Pr)” (Fig. 6.6). Figure 6.6 displays the
concentration of DFe averaged over the UML in the Weddell Gyre. The DFe varies
widely over the Weddell Gyre region. Generally low concentrations are observed in
the Westwards Flowing Limb in the south of the Gyre and central Weddell Sea, alt-
hough there were also some higher concentrations (range 0.02-1.57 nM) (Fig 6.6).
Similar concentrations are seen in the eastwards flowing, northeast part of the Wed-
dell Gyre (0.12-1.46 nM). There is a gap in data for the lower latitudes, close to the
North Weddell - South Indian Ridge system from ~45 °W to ~6 °W. The dissolved iron

194



Distribution of dissolved iron in the Southern Ocean

concentrations close to the Antarctic Peninsula (west of ~50 °W) are high in general
but have strong variability (<0.010 (below detection limit) - 2.64 nM)

Table 6.3 gives the average DFe in the UML, with standard deviations in sta-
tistical differences (T-test) between the three different parts of the Weddell Gyre.
The Peninsula region has a significantly higher concentration of DFe compared to
the eastward and westward flow. The westward flow and eastward return flow have
a similar average concentration. However, the number of samples is relatively low;
for the combined UML and UML-300m depth intervals, we obtain 109, 117 and 37
samples in the westwards, eastwards limb and Peninsula region respectively. These
results show that the westward flow has a significantly lower concentrations of DFe,
compared to the eastward return flow, in the upper 300 meters.

6.3.1.3 Ross Gyre

The concentration of DFe in the upper mixed layer in the Ross Sea is marked by a very
high standard deviation (figure 6.10). There is a total of 189 samples, varying from
0.02-4.1 nM. The average DFe is ~0.68 nM (table 6.4), whereas the median is ~0.2
nM (boxplot, fig 6.17). This indicates that there is a large number of very low DFe
concentrations and some samples having very high concentrations causing a large
variation (see fig. 6.17).
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Fig. 6.17 Boxplot of DFe measurements in different layers the Ross Sea in large scale (upper panel) and
smaller scale (lower panel)
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6.3.2 Subsurface Waters

6.3.2.1 Antarctic Circumpolar Current

There are strong differences in dissolved iron concentration per region in the ACC
(Fig 6.3). The waters from the base of the UML to 300 meter depth show, on average,
similar concentrations as the UML values (0.26 +/- 0.29 nM, n=677). In some stations
a clear subsurface minimum is observed, situated directly under the mixed layer,
whereas in many stations the layer until 300 meter depth reflects the higher concen-
trations (0.4-0.5 nM) of the waters below. High concentrations are observed close to
the Patagonian continental shelf and the Antarctic Peninsula [This thesis, Chapter 5],
around the Kerguelen Islands ([Bucciarelli et al. 2001], see section 6.2.2; not shown)
and by Léscher et al. [1995] close to the Bouvet Junction. Also for these values in the
UML-300m range, we calculated the DFe per sector (Table 6.1). Similar to the UML
averages, in the subsurface, significantly (p<0.05) higher concentrations are found
in the Atlantic and Indian sector, compared to Pacific Sector. On a longitudinal scale,
the concentration of DFe in the UML-300m interval roughly follows the trend of the
overlying Upper Mixed Layer (Fig.6.18). The higher concentration at 180-120°W may
be attributed to the absence of very high DFe concentrations observed in the UML,
reflecting biological DFe-uptake in the UML and regeneration in the subsurface as
determining factors for the DFe distribution (Table 6.1). Contrary to the UML, there is
not a decreasing trend southwards in the DFe concentrations in both all the data and
in the 5° latitude averaged data (see figure 6.51).

6.3.2.2 Weddell Gyre

As shown in Fig. 6.3b, in the Weddell Gyre, there is less spatial coverage of DFe data in
the layer UML-300 compared to within the UML (Fig. 6.6, Table 6.2). In the northern
limb, the concentrations of DFe in the UML-300 meter depth layer in the Weddell
Gyre are somewhat higher than those observed in the UML. However, as described
above, the DFe concentration in the southern westward flowing limb is significantly
lower than that in the northern eastward flowing limb, and both have significantly
lower DFe than the Peninsula region.

6.3.2.3 Ross Gyre

In the ML-300m layer, there is a total of 279 samples, varying from 0.03-1.8 nM.
Here, the variation is much lower (fig. 6.11), as shown from the lower standard devia-
tion (Table 6.4) and the fact that the average DFe (0.28 nM; table 6.4) and the median
are close to each other (see figures 6.11 and 6.17).
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6.3.3 Intermediate Waters (300-1000 meter depth)

6.3.3.1 Antarctic Circumpolar Current

In the intermediate layer, from 300 to 1000 m. depth, only a few values <0.2 nM are
observed. Concentrations of ~0.45 nM are observed at and near the Greenwich me-
ridian, at Drake Passage, in the Australian Sector, south of Tasmania and close to the
Antarctic Continent at 90 °W. Lower concentrations of ~0.3 nM are reported for 20°
E, 170° W and 90 °W regions (Fig. 6.8). The average DFe concentration is higher than
that in the UML and UML-300 depths and the DFe concentrations in the intermediate
layer are more consistent: 0.37 +/- 0.17 nM, n=322. Therefore it is more difficult to
see differences between the different sectors. However, from Table 6.1 and Figure
6.18 it is clear that the Atlantic Sector, mainly the region around the Zero Meridian,
has a higher concentration compared to the other regions. In the Atlantic Sector the
difference between the concentrations in the intermediate layer relative to those in
the upper 300 m is less than that in the Indian and Pacific Sectors. On a latitudinal
scale, there is a slight increase in the 55-60 °S region, which is just south of the PF in
most regions and known as a region of major upwelling (Antarctic Divergence [Tom-
czak and Godfrey, 2003]). (see Figure 6.51).
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Fig. 6.18 DFe concentrations versus longitude for the Upper Mixed Layer, Subsurface (UML-300m) Layer
and Intermediate (300-1000m) Layer averaged over 60 ° longitude

6.3.3.2 Weddell Gyre

There is a low number of data points for the west part of the Weddell Gyre; only 1
station above the sediments, in the Peninsula region (Fig. 6.8). Nevertheless, there
is little difference in DFe between the southern limb and the northern limb and both
differ significantly from the Peninsula region.

6.3.3.3 Ross Gyre

There is a total of 63 samples, varying from 0.08-2.4 nM. Also here, the deviation is
larger and there is a clear difference between the average DFe and the median (Table
6.4 en fig. 6.17). However, in general, concentrations are much higher than in the
upper 300m (fig. 6.12).
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6.3.4 Deep Waters

6.3.4.1 Antarctic Circumpolar Current

The number of stations with deep water data points for DFe is relatively low. The
DFe concentrations in the deep Southern Ocean are ~0.45 nM around the globe and
somewhat higher concentrations (> 0.6 nM) are observed at the Bouvet region, close
to the Antarctic continent, closest to Tasmania, and in the Drake Passage.

The dissolved Fe concentrations in the waters below 1000 meter depth are
on average 0.56 +/0.31 nM (n=227). The Indian and Pacific sectors both have a sig-
nificantly lower DFe concentration than the Atlantic Sector. In the Indian sector the
deep DFe concentration is lowest with 0.43 +/- 0.30 nM. In all sectors, there is a re-
latively large difference (> 0.1 nM) between the concentrations in the upper 1000m
and those below 1000m. A relatively clear trend of decreasing DFe with latitude is
observed for the deep layer, interrupted with high values at 50-55 °S (figure 6.51).
At the zero meridian, this region is close to the Bouvet Ridge, where hydrothermal
activity has been identified as a DFe source [Klunder et al., 2011].

6.3.4.2 Weddell Gyre

Overal the deep DFe concentrations in the WG are relatively constant, (0.41 +/- 0.13
nM (n=218)). There are by definition no data points for the Peninsula region (fig.
6.4d). The northern and southern limb both show similar concentrations (0.42 and
0.40 respectively), below the upper 1000 m.

6.3.4.3 Ross Gyre
There is only one station with Ross Sea data below 1000m, where DFe is ~0.4 nM,
comparable to the intermediate waters (fig. 6.13).

6.4 Discussion
6.4.1 Fein the Upper Mixed Layer and the ML-300m layer

6.4.1.1 Fe differentiated per sector; is the Atlantic sector a source of Fe for the
ACC?

In this text section both the upper mixed layer and the Subsurface Layer (UML-300m
depth) will be discussed together, representing the upper waters. From Figures 6.2
and 6.3 and Table 6.1 it appears that the Atlantic sector and (less so) the Indian
sector have relatively high concentration of DFe in the upper 300 m, as compared to
the Pacific sector. Because the average of the data points in this compilation of are
largely influenced by the high DFe input processes, it will be good to also calculate
the geometric mean (Table 6.1). Although the geometric mean values are 0.04-0.12
nM lower than those from the arithmetic mean, in general, the trend between the
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different sectors and different depths is similar. The only exception is the fact that
the geometric mean of DFe in the Subsurface is equal in the Atlantic and Indian
sectors. From the individual data points plotted on a longitude scale a maximum is
shown east of Patagonia, in the 60 "W-0 °E and 0 °E-60 °E regions (Fig. 6.16). There
are several possible causes for the high DFe in these regions. One is the strong in-
fluence of atmospheric dust as a Fe source. Although all continental land masses
around the Southern Ocean contain vast (semi) arid areas, enabling dust transport to
the Southern Ocean, mean wind stress shows clearly stronger winds over Southern
Patagonia, compared to Africa, Australia and New Zealand [Tomczak , 2001]. Dust
deposition models show the largest impact of dust in the Southern Ocean to be ob-
served east of the South American continent, in the Atlantic Sector of the Southern
Ocean, both in area and in intensity [Mahowald et al, 1999; Jickells et al, 2005; Fan et
al., 2006]. Also, in this region, the bottom topography east of the Drake Passage cau-
ses the ACC to flow northwards, i.e. east of Patagonia (Fig. 6.1, Orsi and Whitworth
[1995]). As shown in the dust deposition model of Jickells et al. [2005] (their Figure
2), the ACC coincides with the zones with deposition up to 2.0 g m? y! compared to
<0.5 g m?y?inthe plumes in the other sectors. Recently, Cassar et al. [2007] showed
the largest deposition fluxes of dust derived dissolved Fe to the ocean east of Patago-
nia. The region south(east) of Australia, shows lower, yet still significant deposition
fluxes of Fe, reaching the ACC. The deposition fluxes caused by dust from the African
continent are mostly restricted to the area north of 40°S and thus do hardly reach the
ACC. From 70°W- 180°W (Pacific Sector), the deposition fluxes are very low. Similar
findings are shown by Lancelot et al. [2009] in a model study. Both studies recognize
a southwards decrease in the dust derived Fe fluxes. For example, slightly higher DFe
in the UML in the 60 °W-120 °W region is observed, partly due to very high (>2nM)
upper surface values, consistent with very high surface DAl concentrations, derived
from dust deposition events during the occupation of the Drake Passage transect
[This thesis, Chapter 5; Middag et al., 2012a]. Summarizing, both the high deposi-
tion load off Patagonia as well as the locally northwards flow pattern of the ACC make
dust deposition likely a stronger source in the Atlantic Sector compared to the Indian,
and especially the Pacific sector. However, constraining the Fe input from dust de-
position data is still limited by a lack of direct measurements in the Southern ocean.

Another major input source of Fe to the Southern surface Ocean waters is
dissolved Fe supply from sediments [De Baar and De Jong, 2001; Tagliabue et al.,
2009]. This iron may be delivered to the ACC either from the Southern Ocean Islands
or the Antarctic Peninsula region [Ardelan et al., 2009]. For several regions, both the
distance of Fe transport and the initial DFe concentration originating from these land
masses is reported. For the Antarctic Peninsula the “scale length” (decrease of the
DFe to 1/e (~37%) of the ‘initial’ value near the land mass) [Johnson et al., 1997] is
25 km suggesting a (theoretical) original concentration of ~2.65 nM [Ardelan et al.,
2009]. For Kerguelen these values are 150 km and 12.58 nM, respectively [Bucciarelli
et al., 2001], and for the Crozet Islands, 25 km and 2 nM, respectively [Planquette et
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al., 2007]. Nielsdottir et al. [2012] reported a scale length of ~102 km around South
Georgia and Bird Island. Also an important influence of sediment derived Fe is ob-
served off the westcoast of New-Zealand, although this influence is strongest north
of the ACC at 45°S [Croot et al., 2005]. These findings show that lateral Fe supply by
land masses is variable both spatially and in quantity, but can be substantial. On a
larger scale, Tagliabue et al. [2009] modeled the relative influx of dust derived and
sediment derived Fe in the Southern Ocean, and showed a relatively strong effect of
both sediment input and dust input in Atlantic Sector. In our compilation study, also a
strong (sediment derived) Fe-input was reported in those regions where the SB-ACC
approaches the Antarctic Shelf (south of 65 °S) (Fig. 6.1-6.3). The dust deposition pa-
thway would (directly) affect only the upper surface waters, whereas the Fe derived
from the sediment is often also visible in the subsurface waters. The fact that the
UML and the UML-300 intervals resemble each other quite well (Fig. 6.14), in all regi-
ons except 120-180°W would indicate a substantial contribution of sediment derived
Fe in the DFe concentration in this region.  Also other input sources such as upwel-
ling of deep waters and ice-melt are not uniformly divided over the different sectors.
Sokolov and Rintoul [2007] have shown for the ACC that vertical velocity (at chosen
288 m depth) is strongly dependent on local bottom topography. This implies that
there are several regions in the ACC (Kerguelen Plateau, Mid Ocean Ridge, Pacific
Antarctic Ridge, Drake Passage) with enhanced upwelling e.i. enhanced contribution
of Fe-rich deeper waters to the upper water layers. Although strong upwelling occurs
over the complete ACC, the strongest vertical velocity is found around the Drake Pas-
sage, thus influencing the downstream Atlantic Sector.

The melting of seasonal sea-ice is also an important source of Fe to the
Southern Ocean [Smith and Comiso, 2008; Lannuzel et al., 2008]. Sea-ice extension
maps (University of Hamburg, Gunnar Spreen and Lars Kaleschke; Smith and Comiso,
2008), show that the extent of the seasonal ice edge is, in some regions, always wit-
hin the ACC. The regions, where the seasonal ice edge is situated within the ACC, are
situated in all three Sectors of the ACC. Therefore we cannot constrain any difference
in the sea-ice melt derived Fe-input between the sectors. In general, dust- derived
Fe, sediment-derived Fe, and Fe from upwelled deep water appear to impact the
DFe concentration in the 60 *W- 60 °E region most, but any significant “upstream”
effect cannot be constrained from available data. From the similar geometric mean
between the Indian and Atlantic sector in the subsurface (and surface) it appears that
the differences are mainly caused by a few, very high DFe data points in the Atlantic
sector. These differences should be considered carefully; the differences between
the Atlantic and Indian and the Pacific sector are still considerable.

6.4.1.2 Latitudinal trends in Fe in the upper 300 meter in the ACC

On average, the UML and UML-300 m depth data in the ACC do not indicate any me-
ridional trend (Fig.6.15). However, from individual studies, such a trend is observed:
Sedwick et al. [1997; 2008] reported such a trend for the region west of Tasmania,
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although for the spring cruise an increase was observed again southernmost station
at 66 °S. Measures et al. [2001] reports southwards decreasing DFe concentrations
in the UML for their late summer transect at 170 °W, but this trend was interrupted
by higher concentrations measured in the south part of the Polar Front Region. Cas-
sar et al. [2007] reported a southwards decrease in modeled Fe deposition from the
STF to the Southern Boundary of the ACC. However, important input sources such
as upwelling, ice-melt and lateral advection [Croot et al., 2004; Klunder et al., 2011]
are not mentioned in the latter study. Klunder et al [2011] and Croot et al. [2006] re-
port upwelling of relatively iron rich Upper Circumpolar Deep Waters (UCDW) which
reaches the (sub)surface south of the Polar Front. This may explain the relative Fe
enrichment in the 55 °S-60 °S region, a mechanism which will be discussed in sec-
tion 6.4.1.3. Moreover, it should be mentioned that these data are only for the ACC,
which has its southernmost extension not further south than 55 °S in some places,
thus low DFe regions may occur south of the ACC.

6.4.1.3 DFe north and south of the Polar Front

Figure 6.19 shows the DFe concentrations averaged over the regions North and Sou-
th of the Polar Front, and within the Polar Front region (N-PF, S-PF and PFr respecti-
vely), where the PFr is defined as a 2° latitude band around the PF after Moore et al.
[2002], their Fig 6.1. The data are differentiated in spring-early summer (Oct-Dec) va-
lues and late summer-autumn values (Jan-Apr). Also Fe supply and output processes
are shown. In spring-early summer there is little variation between DFe in the North
of PF and PF regions; DFe south of the PF is much higher. In late summer-autumn
however, the DFe in the PFr increases, whereas in the S-PF the DFe decreases. This
indicates that (some of) the processes depicted in Fig. 6.19 show seasonal variabi-
lity. Three major processes determining the biogeochemical cycles in this region are
upwelling of UCDW, sea-ice melt and Fe uptake by phytoplankton and subsequent
export from the UML. For all regions that we report data from, the maximum sea-ice
extent is situated south of the Polar Front [Kaleschke and Spreen, see section 6.5.1.1;
Smith and Comiso, 2008]. As a consequence, Fe input from melting sea-ice will affect
the waters south of the PF but not the waters within the PF. Lannuzel et al. [2008]
show that melting sea-ice can lead to significant DFe input in the upper layers. It is
also partly responsible for a seasonal shift in DFe i.e. iron “stored” in sea-ice during
formation (April-September) will be released during ice-melt (November-March).
This iron released from seasonal sea-ice melt will thus be observed only in the south
part of the ACC. Based on the model of Lancelot et al. [2009] a ~0.1 umol Fe m?3
release into the ocean in the South part of the ACC from summer ice-melt can be
calculated. This would lead to a 0.02 nM contribution to a 50m ML over this period.
Also Measures et al. [2001] report high increasing concentrations of DFe from the PF
southwards during an early summer cruise where the sea-ice retreated. However,
it should be noted that this is close to the detection limit of DFe measurements,
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Fig. 6.19 Schematic depiction of the ACC, including Polar Frontal Region and processes involved North
and South of the Polar Front. Mean DFe concentrations are given for each region for (blue)
spring/early summer and (red) late summer/autumn. Processes are: 1: Dust input. 2: Lateral
advection from sediments 3: Primary productivity (Fe depletion) 4: Export 5: Remineralization/
regeneration of Fe 6: Seasonal sea-ice melt 7: Upwelling of deep waters 8: Ekman transport
9:Vertical mixing 10: Inflow of Subtropical waters

whereas the DFe content of melting sea-ice is highly variable [Lannuzel et al., 2008].
Another important process is the upwelling of UCDW, south of the Polar Front [Speer
et al. 2001; Sloyan and Rintoul, 2001; Hoppema et al. 2003] (see section 6.5.1.1).
South of the PF, the UCDW reaches the surface, and subsequently this water is driven
northwards and southwards by Ekman transport. However, on the way northwards it
is depleted in DFe by phytoplankton uptake [Hoppema et al., 2003].

Highest chlorophyll concentrations in the ACC are observed in December
[Moore and Abbott, 2002; Smith and Comiso, 2008; Sokolov and Rintoul, 2008] and
the chlorophyll levels decrease strongly from January onwards. Therefore, most of
the Fe-depletion due to primary production and subsequent export will take place in
December, leading to the lowest UML concentration of Fe in the following months,
notably south of the PF. The presence of algal blooms near the edge of the retreating
ice in summer has been reported [Klunder et al., 2011; Rutgers van der Loeff et al.,
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Table 6.2 DFe and standard deviation for the Polar Frontal Region and the region North and South of the
Polar Front. Statistical differences are given. See text for explanation.

Polar Front
North PF PF South PF

Mixed layer
DFe 0.23 0.29 0.32
Stdev 0.21 0.30 0.36
Number of samples 228 420 142
p* 0.00** NaN 0.34%**

Subsurface Layer
DFe 0.24 0.18 0.46
Stdev 0.13 0.16 0.55
Number of samples 316 225 129
p* 0.00** NaN 0.00%**
Intermediate Layer

DFe 0.33 0.32 0.46
Stdev 0.13 0.14 0.26
Number of samples 153 99 70
p* 0.50** NaN 0.00%**

Deep Layer
DFe 0.58 0.46 0.63
Stdev 0.30 0.21 0.38
Number of samples 92 67 68
p* 0.00** NaN 0.00***

*p-value; 2 sided t-test, 95% confidence interval; bold: p< 0.05 (=significant difference); **between region
North of PF and PF; *** between region South of PF and PF.

2011]. The region north of the PF is strongly influenced by Subtropical Waters, car-
rying relatively higher Fe-concentrations, as shown for the Atlantic Sector [Klunder et
al., 2011] and Indian Sector [Bowie et al., 2009]. These waters influence the surface
and subsurface waters north of the Polar Front and have more constant Fe contents
throughout the year and therefore this route of DFe input is less episodic and more
constant as is dust deposition. Nevertheless, concentrations in the region north of
the PF are still lowest of all concentrations.

In the layer UML-300 m, concentrations in the N-PF region are comparable
to the UML, not surprising as the influence of subtropical waters may reach deeper
than the mixed layer [Bowie et al., 2009; Klunder et al., 2011] and deep winter mixing
is common in the subantarctic zone [Rintoul et al., 2001]. In the PFr, lower concentra-
tions are observed in spring/early summer. Most likely this reflects the absence of
UML input sources (dust, Ekman transport). In the S-PF region, concentrations are
significantly higher in both seasons, consistent with the upwelling of deep (Atlantic)
waters [Fe > 0.4 nM, Klunder et al., 2011; Moore and Braucher, 2008] occurring south
of the PF [Trull et al., 2001; Hoppema et al., 2003], delivering Fe to the subsurface
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waters. For the S-PF, late summer/autumn concentrations are higher in the UML-
300m interval, which most likely reflects (shallow) remineralization and regeneration
of Fe [Tortell et al., 1997; Aristegui et al., 2002]. Léscher et al. [1997] and Coale et al.
[2005] reported an important role (up to 50%) of vertical mixing and upwelling for Fe
delivery from below to the surface waters.

6.4.1.4 Temporal differences in the DFe distribution

Moore et al. [2002] report phytoplankton growth to be light limited in the spring
months, the highest phytoplankton growth is observed in December-January, lea-
ding to chronic DFe depleted conditions in the following late summer-autumn pe-
riod. Hoppema et al. [2003] modeled the seasonal pattern of the concentration of
DFe within the ACC, based on processes mentioned in section 6.4.1.1 (upwelling,
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Fig. 6.20 Boxplots of dissolved Fe averaged per month in large scale (upper panel) and smaller scale
(lower panel). Red line indicates the modeled DFe concentration from [Hoppema et al., 2003].
Lower panel is upper panel on a larger scale.
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Ekman transport, phytoplankton uptake) (Figure 6.19). Although there is some scat-
ter, which may (partly) be explained by ice-melt, both our compilation and the mo-
del show a decreasing trend from January to April (although high values in March,
cause a slightly higher average (Figure 6.20 (upper panel)). Due to stronger winds
causing deepening of the UML i.e. mixing with relatively Fe rich subsurface layers,
and absence of primary productivity, Fe in the UML is expected to increase during
winter [Hoppema et al, 2003]. However, relatively low (~0.2 nM) concentrations are
observed in winter by Ellwood et al. [2008], southeast of Tasmania. It should be no-
ted that to the best of our knowledge, this is the only study reporting wintertime
concentrations. From the November onset of the austral spring blooming season,
a decrease in DFe as modeled by Hoppema et al,[2003] is indeed observed in the
compilation. In general, the average DFe concentration appears to be mainly lower
than that predicted by the Hoppema et al. [2003] model. The temporal changes in Fe
in the ACC cannot be fully explained in a simplified model using primary production,
vertical mixing and Ekman transport [Hoppema et al., 2003], but also other proces-
ses (such as ice-melt) should be considered. Moreover, (the differences in) biological
uptake and remineralization and recycling of Fe have a significant seasonal effect on
the dissolved iron concentration.

6.4.2 Intermediate and deep waters in the ACC; a consistent Fe reser-
voir?

6.4.2.1 Intermediate waters

In the ACC, the 300-1000 meter depth layer consists mainly of northwards flowing
AAIW, and the Circumpolar Deep Waters below. De Brauwere et al. [2007] show, for
the Australian Sector of the Southern Ocean, that AAIW and SAMW constitute the
largest part of this layer north of the Subantarctic front. Only in the deepest part,
from the SAF northwards, the presence of UCDW rapidly increases. A similar water
mass distribution is shown for the Atlantic Sector by Tomczak et al. [2001]. This im-
portant role of the waters from Antarctic origin (SAMW, AAIW, [Tomczak, 2001; Mc
Cartney, 1977] north of the PF and that of upwelling of UCDW/NADW further south
[De Braauwere et al., 2001], results in a relatively low average concentration of DFe
in the intermediate waters (0.36 +/- 0.18 nM (n=332)) and significantly (p<0.05) hi-
gher DFe south of the PF region compared to within and north of the PF. For a part,
this may be caused by the fact that the intermediate waters in the north have been
at the surface recently, where biological processes caused the depletion in DFe. Ex-
ceptionally high values are observed above and close to the Bouvet Region (fig. 6.1b).
Also there are significant differences between the sectors. The Atlantic Sector shows
significantly higher concentrations than the Pacific and Indian Sectors (P<0.05, table
6.2). These trends are confirmed in the geometric mean (table 6.1). As described in
section 6.3.2.1, the largest part of upwelling (of NADW) takes place in the western
Atlantic Sector. During upwelling, water is transported from deeper than 1000m to
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less than 300 meter depth and thus passes the intermediate water layer (300-1000
meter depth). The relatively high DFe of the NADW (~0.6 nM; Klunder et al., 2011)
can thus cause higher DFe in the intermediate waters. Moreover, these high values
may reflect the input of DFe from continental margins to the intermediate waters
[Léscher et al, 1997] (see section 6.3.3.1), and from hydrothermal vent plumes. Vents
are reported at intermediate depth (~¥1100 meter) in Bransfield Strait [Klinkhammer
et al., 2001] and above the Bouvet junction [Klunder et al., 2011].

6.4.2.2 Deep Waters in the ACC

As expected [Johnson et al., 1997; Moore and Braucher, 2008], the DFe in the deep
waters of the Southern Ocean is higher than in the intermediate layer, and subject
to a large variation. Although concentrations as low as 0.15 nM are observed in the
Indian Sector, some very high concentrations (>2 nM) occur in the Atlantic Sector.
Klunder et al. [2011] have suggested that the high concentrations at 53 °S-54 °S are
likely caused by hydrothermal activity. Indeed, hydrothermal influence may be re-
flected in the relatively high DFe in the deep waters from 50-55 °S (see figure 6.51).

Hydrothermal input is expected to be an important input source of dissolved
iron to the deep ocean [Klinkhammer et al. 2002; Tagliabue et al., 2010]. Also, the hi-
gher concentrations at 140 °E, more to the North and close to the Peninsula at Drake
Passage are expected to be caused by hydrothermal input of Fe [Sohrin et al, 2000;
Klinkhammer et al., 2001, This thesis, Chapter 5].

Elevated concentrations of up to >1 nM are found at 140 °E, 65.3 °S by Sohrin
et al. [2000], which they attribute to formation of AABW. For the deep layer, avera-
ging these bottom concentrations with the lower concentrations (0.36-0.55 nM) hi-
gher in the water column (2500-1000m.) levels out the average concentration as
shown in figure 6.5. Despite the relatively large standard deviation (0.56 +/- 0.31
nM), the DFe concentration is high compared to the upper 1000 meters and may be
considered a DFe source.

6.4.3 DFein the Weddell Gyre and Ross Sea

6.4.3.1 DFe in the upper 300 meter in the Weddell Gyre

In this text section both the Upper Mixed Layer and the Subsurface Layer (UML-300m
depth) will be discussed together, representing the upper waters. Within the Wed-
dell Gyre there is a pattern of relatively low DFe in the southern westwards flowing
limb, slightly higher in the northern eastwards flowing limb and highest concentrati-
ons above the slope/shelf or Peninsula region (Table 6.3). We ascribe this difference
to several factors. First, also in this region, there is upwelling of NADW-influenced
UCDW as described in section 6.3.2.1. The upwelled deep water may furthermore
be enriched in DFe due to hydrothermal iron input close to the Scotia Ridge, Bou-
vet Ridge [Klunder et al., 2011] and further downstream, along the North Weddell
Ridge or as far west as Bransfield Strait [Klinkhammer et al. 2001; Tovar-Sanchez et
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Table 6.3 DFe in the Weddell Gyre, average’s and statistical differences between the different sectors are

given.
Region DFe Standard Geometric Mean Number of p-value*
deviation samples
Mixed Layer
Peninsula 0.99 0.37 0.85 25 7.1E-11**
NL® 0.23 0.25 0.15 33 8.8E-01***
SL* 0.22 0.13 0.19 58 1.5E-10%***
Subsurface Layer
Peninsula 0.61 0.34 0.52 12 5.8E-03**
NL® 0.28 0.20 0.22 76 3.0E-03***
SL* 0.20 0.10 0.17 69 1.4E-Q3%***
Intermediate Layer
Peninsula 0.76 0.21 0.74 15 9.5E-07**
NL® 0.34 0.18 0.29 52 9.5E-01%**
SL# 0.35 0.19 0.31 38 9.1E-Q7****
Deep Layer
Peninsula | no data no data no data no data
NL® 0.42 0.15 0.39 118 2.6E-01***
SL# 0.40 0.09 0.39 100 NaN

S Northern, Eastwards flowing limb; # Southern, Westwards flowing limb; *p-value; 2 sided t-test, 95%
confidence interval; bold: p< 0.05 (=significant difference); **between Peninsula region and NL; ***
between NL and SL; **** between SL and Peninsula region.

al 2009]. Moreover, the westwards flowing limb is situated further south, and there-
fore the upwelling waters will mix with Weddell Sea Deep Water (relatively low DFe).
This would lead to relatively low DFe delivery in deep waters in the westwards flo-
wing limb compared to the eastwards flowing limb where the stronger influence of
WDW causes relatively high Fe delivery in westwards flowing limb, mainly to the
UML-300m layer.

Secondly, the strong eastwards flowing limb flows along the Antarctic Penin-
sula shelf and then along slope of the North Weddell Ridge system. Here, the strong
geostrophic velocities (> 4.0 m/s, Fahrbach et al., 1994) enable the current to pick
up particles and emanating Fe-rich benthic waters in this part of the flow. This could
enrich the water in DFe derived from sediment pore waters or enhanced particle
resuspension. During the Weddell Sea transect of the ANT XXIV/3 expedition (which
provided most data for this region (Fig. 6.8 and 6.9)), lower light transmission values
(i.e. more particles) were observed (data not shown) in the eastward, compared to
the westward flowing limb. Unlike at the Greenwich Meridian transect, this trans-
mission minimum was not correlated with fluorescence, but most likely caused by
lithogenic sediment particles. These will be less common t in the westward flowing
limb, as the region of origin for the westwards flowing limb is the remote Indian
Sector (~30 °E) where very low DFe-concentrations are expected, due to absence of
external input sources.
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Third, the low concentration of DFe (0.23 +/- 0.10 nM, n=33) in the UML in the ea-
stwards flowing limb is most likely due to depletion by phytoplankton. Parallel mea-
surements of dissolved manganese, light transmission (lower) and DIC (lower) and
fluorescence (higher) does indicate phytoplankton growth in eastwards flowing limb,
at the Greenwich meridian [Rutgers Van der Loeff et al. , 2011]. The geometric mean
DFe values of the different regions of the Weddell Sea do confirm this trend; they
are generally lower than the average DFe values but with similar trends between
regions and depth layers. However, clearly the region of the northermn, eastwards
flowing limb shows a lower geometric mean, indicating that the arithmetic mean is
determined by some high DFe values, whereas overall DFe is low <0.14 nM. Possibly
as a result of biological depletion as mentioned above.

Besides sediment input, Lannuzel et al. [2008] showed seasonal melting of
sea ice to release DFe. This iron is incorporated in the sea-ice during winter, and
released to the surface waters during spring. Sea-ice coverage maps (Kaleschke and
Spreen (2011), see section 6.4.1.4) show that sea-ice covers the complete Weddell
Gyre in austral winter, yet in summer retreats almost until the continent in the south
and roughly to the borders of the Peninsula region in the Weddell Sea. Therefore,
during one annual cycle, first the eastwards flowing limb and later the westwards
flowing limb are influenced with melting ice, but the temperal coverage of the data
here is too poor to reveal this input. Nevertheless, we do see that the southernmost
station along the Greenwich meridian at the ANT XXIV/3 cruise showed higher con-
centrations of DFe. This was the station closest to the retreating sea-ice, melting of
which may have caused the high DFe [Klunder et al, 2011]. Also several stations re-
ported by Lannuzel et al. [2008] at 68 °S, 55 °W appeared sea-ice influenced in terms
of DFe concentration.

The concentration of DFe above the shelf of the Antarctic Peninsula is signi-
ficantly higher (P<=0.01) then in both Gyre limbs (see section 6.3.1.2). The high and
variable concentrations close to the Antarctic Peninsula and Bransfield Strait, at 63-
64 °S, 50-55 °W are expect to be caused by sediment input, or sea-ice melt. A source
of DFe may well be the sediment from the slope or DFe rich benthic waters [Homoky
et al., 2012] brought to the surface waters by upwelling and vertical mixing. Both
Lancelot et al. [2009] and Tagliabue et al. [2009] modeled a strong effect of sedi-
ments on the input of Fe to the Weddell Sea, decreasing from the shelf area to the
central Weddell Sea.

6.4.3.2 Intermediate and deep waters in the Weddell Gyre

The intermediate 300-1000m depth waters of the Weddell Gyre are relatively homo-
genous in physical properties such as potential temperature, salinity and oxygen, and
also in transmission. This is also reflected in the DFe concentrations, 0.34-0.35 nM in
both the eastwards flowing limb and westwards flowing limb. Also here, higher con-
centrations above the shelf (Peninsula region) suggest sedimentary input from the
shelf, although the number of data points is low and the standard deviation high (DFe
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=0.76 +/- 0.21 nM, n=15).The geometric mean values largely follow the same trend
as the arithmetic mean DFe values. In the deep (>1000m) layers, formation of Wed-
dell Sea Bottom Water causes surface waters to cascade down the slope [Klatt et al.,
2005], which is observed here in the waters of the eastwards flowing limb [Middag
et al., 2012b]. This water reflects the DFe concentration from the surface, and during
rapid descending flow brings particles in resuspension and entrains DFe rich pore-
water, resulting in a further increasing DFe concentration. The fact that subduction
takes places mainly in winter, when surface DFe concentration is highest, enhances
the DFe concentration. The effect of (lithogenic or hydrothermal) particles (lower
transmission) is also seen close to the Bouvet Ridge, at the Greenwich meridian.
Input of Fe from hydrothermal vents (see section 6.4.3.1) may have more influence
on the northern limb, flowing along the Bouvet Ridge, compared to the southern
limb [Klunder et al., 2011]. Klinkhammer et al. [2001] reported elevated concentrati-
ons of dissolved and particulate Fe (0.7-12.6 nM and 5.4-128 nM respectively), due
to hydrothermal vents, at intermediate depths (¥1000-1500 m) in Bransfield Strait,
which may affect the water in the Weddell Gyre. Given these input sources it is re-
markable that, although slightly higher and with less variability, the concentrations
in the eastwards flowing limb are similar to those in the westwards flowing limb.
Over the whole water column in the central Weddell Sea, the DFe largely confirms
the “common” profile as suggested previously by Moore and Braucher [2008], for the
Southern Ocean.

6.4.3.4 DFe in the Ross Sea

The large deviation in the mixed layer in the Ross Sea likely reflects the important
role of two input sources in the central Ross Sea; sediment derived DFe and DFe
from sea-ice melt, either via deposition of snow, containing dust, or via uptake of col-
loidal particulate Fe from the sediment during ice-formation [Sedwick et al., 2000].
Indeed, in the UML and the UML-300m layer, lowest concentrations are observed
at around 180 °E or further east, and higher concentrations closer to the shelf. This
is in line with the big difference between median and average DFe and the large
standard deviation, and would indicate waters with relatively lower DFe, from the
central Ross Sea, coming onto the shelf. The fact that the geometric mean value of
the DFe concentrations of the ML is much lower than the arithmetic mean value and
more consistent with the subsurface layer does indicate that the Mixed Layer data
is largely influenced by a few high DFe data points (Table 6.4). They may by caused
by the processes mentioned above, which are then overrepresented in this compila-
tion. For the other layer in the Ross Sea, the geometric mean follows the arithmetic
mean. The shelf influence and sea-ice melt, together with a large seasonal biological
drawdown of DFe in the surface waters, will be reflected in the slightly higher con-
centrations further West, close to the continent. Due to these sources, the average
DFe in the UML in the Ross Sea is high at ~0.7 nM. Sedwick et al. [2000, 2011] and De
Baar and De Jong (2001) mention a (strong) biological removal of DFe from the surf-
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ace waters in the Ross Sea. During spring, this removal can be sufficient to capture
DFe inputs from the shelf [Sedwick et al., 2011]. Therefore, the average value here
presented should be looked at cautiously when interpreting DFe in the mixed layer
in the Ross Sea.

Table 6.4 DFe in the Ross Sea Gyre, average’s and statistical differences between the different sectors are

given.
Average | St.Dev | Geometric Mean Min Max | #samples
DFe
Mixed layer 0.613 0.823 0.26 0.026 @ 4.1 189
Subsurface Layer 0.252 0.227 0.25 0.031 | 1.8 279
Intermediate Layer | 0.615 0.492 0.61 0.082 2.4 63
Deep Layer 0.38 0 0.38 0.38 | 0.38 1

The increase in average DFe in the 300-1000m zone, may be caused by sinking and
regeneration of DFe from the mixed layer. Moreover, DFe concentrations in this re-
gion may be enriched by deep convective mixing, which occurs in the Southern Ross
Sea during the winter months [Gordon et al., 2000; Sedwick et al., 2011]. Also input
from the shelf may be important, given the highest concentrations being close to the
shelf at ~75 °S, 170 °E. Moreover, in the shallow Ross Sea, the 300-1000 m layer is
near the sea floor [Dinniman et al., 2003], and thus influence of benthic DFe inputs is
likely. The Deep Ross Sea waters reflect the deep waters from further north (upwel-
ling UCDW) and thus carry a similar DFe concentration (~0.4 nM).

6.5 Conclusions

This compilation gives insight in the circumpolar distribution of DFe. The spatial and
temporal resolution of the data is not sufficient to derive strong statistical trends on a
longitudinal or latitudinal scale. Nevertheless, it shows the enhanced values of DFe in
the 60 °W-10 °E region in the upper 300m, in other words a significantly higher Fe in
the Atlantic and Indian Sectors, as compared to the Pacific Sector. We attributed this
to enhanced dust input and sedimentary sources. Also stronger upwelling of Fe ri-
cher deep waters due to a strong NADW component may play a role. On a latitudinal
transect, the average DFe concentrations appear to decrease towards the continent,
with the exception of the 55-65 °S region, most likely due to enhanced upwelling in
this region.

We report higher DFe both south and north of, compared to the values wit-
hin the Polar Front. This is attributed to inflow of Subtropical Surface Waters in the
north and enhanced upwelling and strong influence of ice-melt in the south. These
input sources appear stronger than the removal via phytoplankton uptake and ex-
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port. On the other hand the latter phytoplankton uptake and export are a stronger
control in the Polar Front for removal of DFe, hence the ensuing lower DFe at the
Polar Front.

The here compiled DFe concentrations are almost entirely restricted to the
spring and autumn seasons (October-April). Observed differences with the simplified
model of Hoppema et al. [2003] indicate an important role of ice-melt, sediment
resuspension and influx from subtropical waters. Nevertheless, in general a decrease
in Fe concentrations is observed as the growing season progresses. Remarkably, un-
expectedly low concentrations in winter were observed in the Pacific Sector in July
by Ellwood et al. [2008].

The concentrations of DFe in the Weddell Gyre are different between the
two different limbs and the region close to the Antarctic Peninsula, where higher
DFe values were observed. Here, the waters can pick up Fe from the sediments. The
stronger deviation in the northern limb compared to the southern limb may also
reflect this input. In the deeper waters, the waters in the northern part of the gyre
show higher Fe and lower light transmission. This indicates sediment resuspension as
important Fe source. However, also bottom water formation and hydrothermal vents
may enhance DFe concentrations above the peninsula and in the northern limb over
the Bouvet Ridge.

The strong standard deviation in concentrations of DFe in the mixed layer of
the Ross Sea reflect the strong interaction of input sources and seasonal biological
uptake. The low concentrations in the upper 300m show a sudden increase in the
intermediate and deep layers, possibly as a result of regeneration of DFe, benthic
inputs, and inflow of waters from further North.

This study has shown that the Atlantic and Indian sectors of the Southern
Ocean have relatively higher Fe concentrations compared to the Pacific sector, and
that deep waters show somewhat more constant Fe concentrations throughout the
Southern Ocean. As scientific cruises are by definition limited to certain time and
space, it will be difficult to constrain all factors affecting the biogeochemical cycle
of Fe in the Southern Ocean. Therefore, modeling studies will be needed for further
investigation of the role of Fe in the Southern Ocean (eco)system. By providing an
extensive set of Fe measurements this study may aid modelers in constraining the
processes controlling Fe sources and sinks of the ACC and Weddell and Ross Gyres.
However, to better understand the processes it will be inevitable to gain more infor-
mation from shipboard expeditions; where particularly the seasonal coverage (crui-
ses in Antarctic winter) and specific process (e.g. ice-melt) as focus of expeditions will
give better insight in the processes involved in Southern ocean DFe cycling.
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6.10 Appendix
6.10.1 Database values that were excluded

On the one hand there exist several data sets showing elevated Fe concentrations
due to natural causes, for example Fe supply from island shelves, along with the
Polar Frontal jet stream, near the sea-ice, and near hydrothermal vent fields. Dis-
solved Fe concentrations largely exceeding 1 nM in the surface waters are observed
near the Kerguelen island shelves by Blain et al. [2001], Bucciarelli et al. [2001], and
in the Polar Front sampled (<400 m) with kevlar hydrowire by De Baar et al [1995].
The concentrations as presented by Blain et al. [2001] and Bucciarelli et al. [2001]
receive considerable Fe-input from the Kerguelen Islands, as the aim of these stud-
ies is to give insight in natural Fe supply by the Kerguelen/ other islands. This causes
local high concentrations of iron close to the shelf. Bucciarelli et al.[2001] show that
the dissolved iron concentration strongly decreases with distance from the Kerguel-
en. Because the number of datapoints is low, these datapoints will bias the Indian
Ocean Sector data towards high concentrations, which is not representative for the
complete region. Similar for Planquette et al., [2007] station M3 and M7. De Jong et
al. (in press) reports several new datasets. For the ISPOL datasets in the special sea-
ice environment of the western Weddell Sea and Scotia Sea, there were relatively
high dissolved Fe values (3-20 nM) reported. Klinkhammer et al. [2001] report dis-
solved iron close to Hook ridge ~62°10’ S and ~57° 17" W and ~62°40’ S, 59°05’ W.
However, these dissolved iron data were in context of a study nearby hydrothermal
vents, and thus specific depths and stations are chosen. To ensure representative
concentrations for the different Southern Ocean regions for the statistical analysis,
we excluded the datasets of Bucciarelli et al. [2001], Blain et al. [2001], Planquette et
al. [2007], De Baar et al. [1995], ISPOL data of De Jong et al. [2011], and Klinkham-
mer et al. [2001].

On the other hand there exist several historical datasets that appear to re-
present quite high values that here are attributed to inadvertent contamination. For
example Léscher et al. [1997] not only list the above mentioned upper water (<400m
depth) dataset (De Baar et al., 1995) that was collected with single GO-FLO samplers
mounted on a special kevlar wire, but also some 15 deep values (492-4828m range)
that were collected with GO-FLO samplers fitted on an epoxy-coated stainless steel
CTD frame deployed with a regular steel hydrowire. In retrospect the reported deep
concentrations are in a high range (0.4-2.8 nM) and afterwards this is attributed to
inadvertent contamination due to the steel hydrowire. The [Fe] dataset obtained
during the ANT XXIV/3 cruise (2008) largely outnumbers the historically available
datasets in the Weddell Gyre [Klunder et al., 2011; Klunder et al., This thesis, Chap-
ter 5]. Pioneering studies to the dissolved iron concentration in the Weddell Gyre
by Nolting et al. [1991], Westerlund and Ohman [1991] and Sanudo-Wilhelmy et al.
([2002] tend to report much higher Fe values than the modern values [Klunder et al.,
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2011]. Presumably the sampling methods, for example by hand from a zodiac, may
have been inadequate to rigorously exclude inadvertent contamination. Therefore
the older datasets Léscher et al. [1997; deep values >400m], Nolting et al. [1991],
Westerlund and Ohman [1991] and Sanudo-Wilhelmy et al. [2002] now appear to be
mostly of historical interest and are excluded from the statistical analysis.

The complete database including the values here excluded is to be found in
the online supplement.

6.10.2 Determination of depth of Upper Mixed Layer

In some cases, the upper mixed layer depth was determined in the same study as the
[Fe] values, or temperature, salinity or density profiles were reported, in which cases
an UML depth could be estimated. For the ANT XXIV/3 and NPBO1 cruises most stati-
ons showed a strong subsurface gradient in the density profile, which was chosen as
the mixed layer depth. Where no UML depth could be determined, UML depth was
estimated via the position and date to seek other studies nearby of which the UML
depth was deducted.

6.10.3 Hydrography and differentiation of regions

6.10.3.1ACC

First, the (STF) Subtropical Front separates the warm saline tropical water from the
north and more southerly cold saline waters [Sokolov and Rintoul, 2001]. This front
is located mainly around 40 °S, bordering the Southern Ocean from the north. In the
Atlantic Sector it even reaches as far south as 30 °S[Tomczak et al., 2001; Cassar et
al., 2007]. This front defines the northern border of the Antarctic Circumpolar Cur-
rent (ACC) (Fig. 6.1). More to the south the strong Subantarctic Front (SAF) is found
[Sokolov and Rintoul, 2001]. Further polewards, varying between 45 °S and 63 °S, the
Polar Front (PF) is defined as the northernmost extend of the 2°C subsurface (200m.)
minimum. Moore and Abbott [2002] showed the multi-year average of the PF, using
Satellite Temperature data. This figure is here used to define the PF. More to the
south, two different fronts can be distinguished, which are separated fronts, but oc-
casionally coincide [Orsi et al. 1995]. The SACCF is defined as the southern boundary
of waters with 0>1.8 in the 6__ . [Orsi et al., 1995; Sokolov and Rintoul, 2001]. More
commonly described is the Southern Boundary of the ACC (SB-ACC), the southern
boundary of low-oxygen UCDW [Orsi et al,. 1995; Sokolov and Rintoul, 2001]. The
zone between the PF and the SB-ACC is defined as Antarctic Zone (AAZ) [Pollard et
al. 2002].

The water masses within the ACC are, from south to north; from the SB-ACC
northward, Ekman pumping causes the cold, dense and highly oxygenated Antarctic
Surface Water (AASW) to flow northward where it meets Subantarctic Water at the
Polar Front. Here, the AASW subducts and, upon mixing with upwelled water and
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melted sea-ice (see below), forms Antarctic Intermediate Water (AAIW) but conti-
nues the northward flow [Whithworth and Nowlin, 1987; Orsi et al. 1995; Debrau-
were et al., 2007]. Debrauwere et al. [2007] also report a large amount of fresh (S <
34) Circumpolar surface water (CSW) in the Indian Sector.

The northernmost part of the ACC, generally comprises Subantarctic Surface
Water (SASW). This water reflects the properties of the tropical waters to the north.
This is relatively saline compared to the AASW, except for the Drake Passage, where
the SASW reflects the relatively fresh waters of the Southeast Pacific [Whitworth and
Nowlin, 1987]. North of the SAF, winter convection creates subsurface Subantarc-
tic Mode Water (SAMW) [Ribbe and Tomczak [1997], Tomczak [2001]; Debrauwere
[2007]]. Below the SAMW, the Circumpolar Deep Water (CDW) is found. These wa-
ters are divided in Upper (UCDW) and Lower (LCDW) Circumpolar Deep Water. The
UCDW is characterized by low oxygen and high nutrient concentrations, reflecting
influence from the Antarctic waters to the South. The LCDW contains high salinities,
which indicates mixing with deep waters from the North, in particular North Atlantic
Deep Water (NADW) [Orsi et al. 1998; Klunder et al. 2011; their fig. 6.2]. The upwel-
led water from the North Atlantic Ocean comes from depths around 2500-4000 me-
ter and moves southward and upward, until as close to the surface as 200 m, south of
the PF, where mixing with AASW and melted sea-ice takes place and AAIW is formed,
following the AAIW circulation pattern [Tomczak , 2001; Hoppema et al.,2003]. This
upwelling of deep waters from the North takes place in all three ocean basins [Van
Aken et al., 2004] , but Tomzcak [2001] shows that this upwelling is most constrained
and well described in the West Atlantic part of the Southern Ocean. The subsurface
layers consist mainly of relatively warm and saline (SAMW) and the northwards flo-
wing AAIW.

Here we separated the different Sectors by longitudinal borders; Atlantic
Sector 65°W — 20°E; Indian Sector 20°E-140°E; Pacific Sector 140°E-65°W.

6.10.3.2Weddell Gyre

The Weddell Gyre is a cyclonic Gyre border by the SB-ACC in the North, the Conti-
nent (or the Antarctic Coastal Current) in the South and the Antarctic Peninsula in
the West. To the east, the WG does not come across any natural boundaries, and
thus can extend as far as 30 °E, in the Enderby basin [Klatt el al., 2005]. Outflow
features over these ridges are observed just of the Peninsula, in the Weddell Scotia
confluence [Nolting et al., 1991] and at ~30 °W, where the Scotia ridge and the North
Weddell Ridge meet [Klatt et al.2005] . In the surface the northward flowing AASW is
found, below which the Winter Water (WW) is identified [Park et al., 1993; Klunder
etal., 2011, in preperation] formed during convective overturning during winter, and
persistent during the season. In the Deep Weddell Sea, the saline Warm Deep Water
(WDW), the slightly colder and very saline Weddell Sea Deep Water (WSDW) and the
coldest Weddell Sea Bottom Water are distinguished.
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Klatt et al. [2005] reported a westwards flowing current south of 62°S and an east-
wards flowing current further north, over a zero meridian transect. Further to the
West in the Weddell Sea, the structure of the Weddell Gyre was described by Fahr-
bach et al. [1994]. For the upper 1000 m the situation is relatively clear; southeast
of 66.6 °S, 26.5°W the current are westward, north of this point the currents are ea-
stward, except for a small region (34-37°S) where we have no datapoints. Therefore,
for the upper three layers we interpolate the distinction of the east versus westward
flowing current between these two positions 62°S, 0°W , 66.6 °S, 26.5°W (Fig. 6.3).
To the best of our knowledge there is no information of the flow direction west of
the transect presented in Fahrbach et al. [1994]. However, Fahrbach at al. [1994]
reported an eastward flow at ~64.5 °S, 46 °W and 64 °S, 49 °W. The fact that the sam-
ples (from stations deeper then 3000m, will be discussed below) we grouped in the
eastward current are all located relatively near to these locations (all north of 66 °S),
gives us confidence that these samples are correctly contributed to the northern,
eastwards flow.
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Chapter 7

7.1 Summary

In the course of this thesis in total 1656 sample values of dissolved iron (DFe) have
been collected for DFe in the two Polar oceans. An additional 49 data values were re-
jected as outliers not used in the thesis, but still available in the database along with
the criteria for rejection (see also in each research chapter and the database chap-
ter). The large number of sample values, the high resolution and the simultaneous
sampling of major nutrients, Fe-ligands and other trace metals as well as physical and
biological parameters has led to new insights in the distribution of DFe in the Arctic
Ocean and in the Southern Ocean.

In the Arctic Ocean, higher concentrations of DFe (~0.8 nM) are measured in the
Barents Sea than in the Kara Sea (0.4-0.6 nM). Although the Kara Sea stations were
situated more on the shelf break, closer to the basin, it is likely that scavenging remo-
val and biological uptake of DFe in the waters caused a depletion of DFe during wa-
ter mass transport from the North Atlantic to the Central Arctic Ocean (Barents Sea
Branch). The highest DFe concentrations were observed in the Laptev Sea bottom
waters, where concentrations exceeded 10 nM. This could be caused by sediment
resuspension, as indicated by the high particle concentration and/or by regeneration
of organic matter as also supported by the distribution of dissolved barium. More-
over, sinking of brine-enriched surface waters may (partly) explain the high DFe here
observed.

In the surface waters of the Central Arctic Ocean a significant inverse correla-
tion is observed between salinity and DFe, indicating freshwater source(s) for DFe. In
this thesis, mass balance calculations, using 60, salinity and nutrient concentrations
are used to estimate the contribution of different freshwater sources to the central
Arctic Ocean. We conclude that the highest DFe concentrations are originating from
Eurasian river waters, which are further transported with the Trans Polar Drift (TPD)
into the centre of the Arctic basin. On the North American side of the TPD, lower
DFe concentrations are attributed to biological depletion of Pacific waters flowing
over the Chukchi Shelf. These interpretations of the results are strengthened by the
distribution of — simultaneously measured - total alkalinity, and by the distribution of
Total Fe, which was available for 8 stations from this expedition.

Deeper in the water column, below the Polar Surface Waters (PSW), the deep
water concentrations differ between the Basins. The highest concentrations were ob-
served in the Nansen Basin (~0.6-0.7 nM), lower in the Amundsen Basin (~0.45 nM)
and lowest in the Makarov Basin (~0.25 nM). Moreover, at intermediate depth (250-
1000 m) the highest DFe is observed in the west part of the Nansen Basin (closest to
Fram Strait), likely reflecting inflow of Atlantic waters into the Nansen Basin. Most
remarkably, at ~2500 m depth a distinct strong maximum in DFe is observed in the
Nansen and Amundsen Basins. Good correspondence with dissolved manganese
(DMn) maxima, particle concentration and slightly elevated temperature, indicate
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hydrothermal activity as a DFe source. Indeed hydrothermal vents have previously
been reported on the Gakkel Ridge, near our sampling station. These vents appear
to cause significant enrichment with DFe in the Deep Arctic Ocean Basins, consistent
with earlier reported flow directions of Arctic Deep Ocean currents. Moreover, signi-
ficant input of DFe from the shelf slope has been observed in the Nansen Basin, both
at the Kara Sea slope as at the Laptev Sea slope. In contrast, the absence of these
sources and a strong scavenging removal apparently leads to very low DFe concen-
trations in the deepest (>3000 m) Makarov Basin.

In the Southern Ocean, the concentrations of DFe in the surface waters were gener-
ally low (0.1 -0.3 nM), and lowest concentrations (<0.010 nM) were observed in the
Central Weddell Sea.

In the vicinity of continental shelves in other world oceans, an enrichment in
DFe and DMn is always observed. The opposite is true near the Antarctic Continental
Shelf at the Greenwich Meridian, where concentrations of DFe (and DMn (Middag
et al. [2011]) are extremely low. The permanent ice sheet extending of the Antarc-
tic continent is unique in that it largely prevents the, commonly observed, biogeo-
chemical mechanisms that cause enrichment in DFe and DMn [Middag et al., 2011].
Locally, occasionally higher DFe concentrations in the (upper) surface layer could be
related to ice-melt (low salinity) or aeolian deposition, the latter also indicated by
enriched dissolved Aluminium.

On the other hand the Antarctic Peninsula Shelf is, like in other oceans, a
regular source of DFe and DMn [Middag et al., 2011], and lateral advection along
isopycnal surfaces is an important source of DFe to the adjacent and downstream
surface waters in Drake Passage. Although above the shelf the DFe concentrations
were high, the off shelf influence was not observed in surface waters on the Wed-
dell Sea side of the Antarctic Peninsula shelf. The relationship of DFe and chlorophyll
fluorescence and POC export were assessed and interpreted in context of the role of
DFe in phytoplankton growth in the Southern Ocean. Moreover in most part of the
Weddell Sea transect, the concentration and availability of DFe appears to affect the
ratio of uptake of nitrate relative to silicate by diatoms, consistent with previously
reported field and laboratory studies. Also the removal ratio of N:P is affected by the
DFe concentration, although this effect is only observed at the Greenwich Meridian,
where the average size of the diatoms present was much higher. We conclude that
the concentration of DFe has implications for the nutrient drawdown ratios, and thus
the nutrient cycle in the Southern Ocean.

There are several sources of DFe to the surface waters, the most important
of which are upwelling and vertical mixing of the deep waters that are relatively rich
in dissolved Fe. Melting of seasonal sea ice has been shown to be another important
DFe source to the surface waters, but this source is highly variable hence difficult to
quantify. Moreover, seasonal sea ice can be seen as a seasonal storage — capturing
DFe in autumn, releasing it in spring - rather than a truly external source of “new”
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DFe to the surface waters of a region. Locally, input of DFe by wet or dry deposition is
seen occasionally and supported by precipitation data, air mass back trajectories and
correlation with (elevated) dissolved Aluminium. However, in general there is only a
minor role of dust deposition in the DFe cycle in our study region, as consistent with
assessments of deposition rates in the Southern Ocean of global deposition models.
In the Drake Passage, shelf-derived DFe from the Antarctic Peninsula shelves on the
South side, and fluvial input from the Northern boundary (Tierra del Fuego) are im-
portant sources for DFe to the surface waters. However, due to the strong eastward
flowing circumpolar current versus the South-North direction of our transect it was
not possible to investigate the downstream full magnitude of these DFe inputs to the
Southern Ocean.

In the deep waters of the Southern Ocean, the DFe was found to be lowest
in the Antarctic Bottom Waters (AABW: ~0.3 — 0.4 nM). These waters are formed as
Weddell Sea Deep Water in the Weddell Sea and constitute a cold, fresh, low DFe wa-
ter mass flowing Northwards through the abyssal Atlantic Ocean. Higher concentra-
tions were observed in overlying the Circumpolar Deep Waters, which were clearly
distinguishable in both the Greenwich meridian and Drake Passage transects. These
waters are slightly enriched in DFe, which is caused by the high DFe in their source,
the North Atlantic Deep Water (NADW), the latter as observed in the NADW com-
ponent in the northernmost stations of the transect along the Greenwich meridian.
In its turn, these Circumpolar Deep Waters flow over the Bouvet Ridge to form the
Warm Deep Water in the Weddell Sea, thereby acting as a DFe source to the Weddell
Gyre.

The deep waters also show a strong hydrothermal source of DFe into the
Southern Ocean. This is seen in two locations. Firstly close to the sampling region at
the Bouvet Ridge, there is a dominant DFe plume visible over the Ridge crest, also
accompanied by a distinct plume of DMn. Secondly in the Drake Passage, there is a
relatively small volume water mass originating from the East Pacific, that carries a
hydrothermal signal with very high (>1 nM) DFe concentrations.

When looking at DFe in the deep waters along the trajectory of the Weddell
Gyre, the deep water concentrations decrease from the transect at the Greenwich
meridian (0°W) towards the Central Weddell Sea and close to the Peninsula. This de-
crease is found when following the westward limb, which flows close to the Antarctic
continent. However, in the eastward flowing limb, situated more to the north, the
deep water DFe concentrations are relatively high. An input of extra Fe with Warm
Deep Water over Bouvet Ridge is unlikely as most Warm Deep Water flows into the
Weddell Gyre further to the East, at 0-20°E. Thus enrichment in DFe must occur on
the way eastward, where the Weddell Gyre flows close to Bouvet Ridge, the extra Fe
supply probably caused by particle resuspension from the Ridge or by hydrothermal
activity.
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The formation of Weddell Sea Bottom Water (WSBW) by downslope con-
vection is a well known phenomenon of the Weddell Sea. For other elements, such
as Mn and Ba this process has been shown to enrich the WSBW concentrations. Alt-
hough there were indications of the formation of Bottom Water during our cruise,
no significant enrichment of the WSBW with DFe is observed. However, on the North
side of the Peninsula, deep waters enriched in DFe are observed. It is suggested that
these are Deep Waters that originate from the Weddell Sea, following a pathway
through Powell Basin. The strong velocity of this water mass may cause sediment re-
suspension, reflected in the observed high turbidity due to high amount of particles.
The input of seafloor derived DFe will then be the cause of the high DFe concentrati-
ons as also observed in the distribution of dissolved Manganese.

The large number of Southern Ocean data presented in this thesis, consti-
tute the basis of a compilation of DFe concentrations in the Antarctic Circumpolar
Current (ACC) and Weddell Gyre. This circumpolar compilation provides insight in
the sources and possible downstream dilution of DFe within the ACC. Indeed from
the compilation it shows that DFe in the upper 1000 m is higher in the region from
60°W to 60°E, compared to the other regions. These higher DFe concentrations in
the Atlantic sector likely are caused by more dust deposition, sedimentary sources
(Islands, Antarctic Peninsula and Patagonia at Drake Passage), and last but not least,
the strong influence of upwelling deep waters carrying the high Fe signal of NADW
origin.

7.2 Recommendations for future research

This thesis was designed as the first ever survey of both Polar Oceans of dissolved Fe,
in 2 cruises comprising long sections with closely spaced stations of 24 samples each,
distributed over the full water column depth. This now having been completed, one
would like to return to the Polar oceans for more detailed studies of several interes-
ting features.

One of the major findings of this thesis was the important role of hydrothermal vents
in the distribution of dissolved Fe in the deep Polar Oceans, as first presented in
conferences in 2008 and 2009. Although hydrothermal vents were acknowledged as
sources of DFe to the ocean, until about a decade ago it was commonly understood
that, due to the rapid oxidation, virtually all Fe precipitated out of the water column
very close to the vent source location, mainly by rapid formation of oxyhydroxide
deposits [De Baar and De Jong, 2001]. In the last decade, there have been reports of
hydrothermal DFe input in the Pacific [Mackey et al., 2002; Boyle et al., 2005; Boyle
and Jenkins, 2008] and Atlantic Oceans [Bennett et al., 2008], sometimes far away
from the hydrothermal source [Wu et al., 2011]. We reckon that due to the improved
ultraclean sampling and analyses of recent years and in this thesis, the true ambient
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DFe in the deep ocean at large has now been found to be very low. That low baseline
now established allows the hydrothermal vent plumes to stand out more distinctly,
i.e. the extent of latter vent plumes now is seen to be much wider than previously
realized. Nevertheless, for a long time, modeling studies have ignored contribution
of hydrothermal vents to the deep Ocean DFe cycle, and focused on the role of sedi-
ments and remineralisation [Aumont and Bopp, 2006; Moore and Braucher, 2008]
for deep sea Fe input. Recently, our findings of more basinwide impact of hydro-
thermal vents in deep DFe concentration has become incorporated in modeling and
overview studies by Tagliabue et al. [2010] and Boyd and Ellwood [2010]. Most re-
cently Sander and Koschinsky [2011] show that, in the presence of sufficient organic
ligands, hydrothermal DFe can account for 9% of the deep ocean DFe budget.

During our expeditions, we reported several occasions of hydrothermal DFe
input. The most important example was located in the Arctic Ocean. One or more
hydrothermal vents over the Nansen-Gakkel Ridge, are not only reported to locally
enrich the DFe concentrations, but these enrichments could be traced further ev-
erywhere in the Nansen Basin. The location of hydrothermal vents, at the Ocean
ridges often far from land, remote regions usually with low dust and sediment inputs,
makes them an important source of DFe. In a further study it should be noteworthy
to look more specifically at the hydrothermal DFe enrichment. Ideally, one would
locate a vent or vent field and gather more information about the iron chemistry (dis-
tribution of particulate, dissolved, soluble Fe) and then repeat these measurements
on a high resolution section with increasing distance from the vent. In such study it
is important to also gather more data about the organic complexation of DFe as it
recently has been shown to largely influence the amount of Fe that can escape oxi-
dation and precipitation and thus reaches the ambient deep ocean water [Thurdczy
et al., 2011b; Sander and Koschinsky, 2011]. Such an experiment, ideally repeated
in several lateral directions (to capture the role of the currents in the advective Fe-
transport), would give more insight in the quantitative contribution of hydrothermal
vents to the deep ocean DFe budget. Moreover, for such an experiment, Fe-isotope
fractionation is promising to discriminate between hydrothermal and other sources
in the deep ocean [Bennett et al., 2008]. When designing such an experiment, it
should be noted that there is large difference in the type of vents, spreading ridges
and amount and composition of fluid output.

The cycling of dissolved Fe in the upper ocean depends, as other nutrients and me-
tals, largely on the seasonal cycle. Briefly, the paradigm is that in the Southern Oce-
an, DFe is consumed by spring time primary production, this process continues until
Fe is depleted in summer, possibly causing Fe-limitation in phytoplankton growth.
In autumn, when the Antarctic storms commence, the Upper Mixed Layer deepens,
and upwelling occurs causing a ‘winter replenishment’ of DFe [De Baar and De Jong,
2001; Measures et al., 2001; Hoppema et al., 2003; Sedwick et al., 2008]. Other
important contributions to the Fe input, such as the melting of sea-ice to the surface
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water (in spring) [Lannuzel et al., 2008] and (wet) atmospheric deposition [Gaiero et
al., 2003] also depend on the seasons.

However, many expeditions in the Southern Ocean have a time frame of only
2-3 months, and thus cannot cover all of these processes. Several studies, reporting
a compilation of DFe-data from different expeditions [De Baar and De Jong, 2001;
Moore and Braucher, 2008; Tagliabue et al., 2012; This thesis, Chapter 6] have shown
that most of the regions have a DFe data coverage at least from early to late sum-
mer. The only study describing ‘winter’ DFe concentrations so far does not comply
with the paradigm and shows relatively low DFe concentration (~0.15 nM, in July in
the Indian Sector of the Southern Ocean; [Ellwood et al., 2008]). Due to the different
removal processes for Fe, such as biological uptake, scavenging, export and (shallow)
remineralization, it is problematic to assume that the Winter Water concentrations
at the 6__ can be regarded as ‘winter-reserve’ as is done for major nutrients in this
thesis (Chapter 5). Therefore, to better understand the seasonal cycle and supply
mechanisms of DFe to the (surface) ocean it would be vital to also obtain data in the
winter months. Ideally, a seasonal series of measurements in an open Southern Oce-
an region would be performed, including measurements of density and vertical and
horizontal velocity, to constrain the processes of mixed layer deepening and mixing,
upwelling and Ekman transport, processes which are important for biogeochemical
cycling [Hoppema et al., 2003] because of the large volumes of water involved. Ad-
mittedly, the major challenges for operating a research vessel in winter time in the
Southern Ocean are realized.

The work in this thesis focused on high resolution transects of the whole 4-6 km
deep water column. This is important for understanding of the cycling of Fe through-
out the ocean. Moreover, there is a great interest in DFe as the primary biolimiting
trace element for phytoplankton in the surface ocean. Indeed, several findings of
the current thesis have shed more light on this issue. Nevertheless, it would be of
great interest to return and do more high resolution sampling at much higher verti-
cal resolution of 24 sampling depths within the upper 300-500 m. The upper 300 m
covers the biologically most interesting layers and would allow a sample every 15 m.
Such a high resolution would enable to determine the very likely small scale vertical
gradients in DFe, as already indicated in temperature, salinity, particle concentration,
chlorophyll a and oxygen of the CTD-sensor data. This would give a better insight in
the relation between (D)Fe and biological processes even at small scale (sometimes
significant differences in 10-20 m depth layers as observed in this thesis in the Arctic
(Chapter 2).

Besides investigations of the (dissolved) Fe concentrations, Manganese (Mn) and
Aluminium (Al) have been investigated in the companion GEOTRACES IPY PhD re-
search thesis by Middag [2010] and Fe-complexation and size fractionation were
studied in the companion GEOTRACES IPY thesis by Thurdczy [2011a]. As a pre-

231



Chapter 7

sumption to this thesis it was noted that dissolved aluminium (DAI) is known as a
good tracer for aeolian deposition of aerosols (and thus several metals) to the open
ocean. Indeed, in some locations in the Southern Ocean elevated Fe concentrati-
ons in surface waters corresponded to elevated Al concentrations indicating aeolian
deposition as a source. However, in some of our study regions also DMn showed
an increase in the surface (at 55°S, Greenwich Meridian). On the other hand, dis-
solved manganese (DMn) was shown to be used as a source tracer of sedimentary
and hydrothermal DFe input. In this thesis, in both Polar Oceans we observed shelf/
sediment DFe-enrichment. However, at the Drake Passage, an increase in DAl is con-
sistent with increased DFe and DMn from the shelf (Chapter 5). These findings imply
that DAl cannot solely or simply be used as an distinctive tracer for DFe input from
atmospheric dust and DMn should not soley or simply be taken as a distinctive tracer
for shelf input of DFe.

Hydrothermal DFe enrichment did nicely correspond with Mn enrichment
in all cases, and without any enhancement of DAIl. However, this increase for Mn
usually showed a high peak (relative to background) and relatively fast decrease with
distance from the source, whereas DFe had a smaller peak, but longer visible. This
is remarkable as the underlying classical inorganic kinetics of oxidation is known to
show higher oxidation (i.e. precipitation) rate for Fe as compared to Mn [Landing
and Bruland, 1987]. The difference is likely due to organic complexation of Fe largely
preventing such oxidation, thus overall the removal rate of Fe actually is slower than
for Mn. These findings are important for the use of Mn as a tracer for sedimentary
or hydrothermal Fe-input, and are particularly interesting now that Mn has been
suggested as a co-limiting element in the Southern Ocean [Middag, 2010]. For a next
expedition, it would be beneficial to look specifically at the different behaviour of Fe
and Mn upon input from the shelf sediment. Both with regard to the use of Mn as a
source tracer for Fe as with regard to the possible co-limiting role of both metals for
phytoplankton growth. In such a study, laboratory experiments where the Fe com-
plexation could be regulated, by regulating amount and type of ligands, could be a
useful addition to field data. For the deep sea, in order to constrain the difference
in behaviour between Fe and Mn from sediment and hydrothermal sources, a useful
contribution could be expected from (thermodynamic) modelling, in addition to field
data.

In the companion PhD research thesis of Charles-Edouard Thurdczy [2011],
some work has been done on size fractionation of dissolved Fe. The distribution of
the available Fe over different size classes was studied as follows: (i) unfiltered, (ii)
0.2 um filtered (the ‘dissolved fraction as described in this thesis) and (iii) 1000kDa
(an operationally defined class of approx. ~ 0.1 um, representing soluble Fe [Thurdc-
zy, 2011]). From Thurdczy [2011] and other work, the size fractionation of Fe has ap-
peared to be of major importance for the bio-availability of Fe in the Southern Ocean
[Hurst and Bruland, 2007; Chever et al., 2010] and also in quantification of the Fe
input from different sources [Planquette et al., 2007]. Comparison of the ‘unfiltered’
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fraction versus the filtered fraction can, by difference, give an indication of the Fe in
particles. Nevertheless, to better quantify the amount of Fe in the particulate phase,
filtering of seawater and measurement of the particulates on the filter is indispensa-
ble [see Hurst and Bruland, 2007]. Therefore, when returning to the Polar Oceans a
more detailed study of size classes would be of interest, including filtering of seawa-
ter for determination of the particulate fraction.

An important recent development in the ultra clean sampling of trace elements in
the Oceans is the new Titan frame with new large PRISTINE samplers, which makes
possible to sample 24 depths of 27 L clean seawater. This enables researchers to take
clean seawater for seawater sampling (dissolved fraction, unfiltered fraction), as well
as for methods where more seawater is needed due to filtering (soluble fraction,
particulate fraction, stable isotopes). Also, new techniques in ICP-MS [Milne et al.,
2010] make it possible to simultaneously measure many elements within one sam-
ple, which brings down the need for large amounts of seawater. Moreover at the
same time, with such a method, it is reassured that the sample comes from the same
bottle, ruling out some possible sampling inconsistency when comparing the metals.
Last but not least, the new intercalibration program with intercalibration reference
sea-water samples for most metals (www.geotraces.org) is a major step forward, and
will in coming years further help to assure uniformity in different DFe measurement
methods between different laboratories.
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Database

This appendix section comprises the data of the shipboard determination of dis-
solved Fe of the ARK XXII/2 and ANT XXIV/3 cruises together with the location, time
and depth of each sample.

The accuracy of the shipboard Fe flow injection analysis system was verified by re-
gularly analyzing SAFe S and SAFe D2 standard seawater. The results agreed well
with the community consensus values: SAFe S: 0.101 +/- 0.034 nM (n=26) and SAFe
D2:0.94 +/- 0.07 (n=44). Consensus values (www.geotraces.org; November2011) are
0.090 +/- 0.007 and 0.90 +/- 0.02 for SAFe S and SAFe D2 respectively.

The tables below show all datapoints, including some outliers that were rejected and
given in between brackets. The procedure for identifying occasional outliers and cri-
teria for rejection are comparable to the approach published by Middag [2010, thesis
page 27] and Middag et al. [2011]. Suspected outliers were labelled as such based
on three criteria. When for the sampled GO-FLO the nutrient data were anomalous
for that depth, indicating closing at the wrong depth, the sample was marked as
suspected outlier. In case the trace metal data (Al, Mn and Fe) were elevated for the
same GO-FLO for more than one cast, indicating a contaminated GO-FLO the sample
was also marked as suspected outlier. The third criterion was when one data point of
Fe gave anomalous result for its depth considering the data points at shallower and
greater depth. This was done by visual inspection of the depth profiles. Data points
that would not fit the profile shape were compared with potential temperature, sali-
nity, nutrients and the concentration of dissolved manganese and aluminium to see
if those parameters showed a similar trend. If this was the case, the data point was
left in. If there was no similar trend with other parameters, the following test was
applied: a linear regression was determined between the concentrations of Fe below
and above the suspect data point (two above and two below, where possible), versus
depth. With the linear regression equation the ‘theoretical’ concentration was calcu-
lated for that depth. When this calculated value was more than 25% lower or higher
than the measured value, it was marked as a suspected outlier and not further used
in the calculations or graphs and final interpretation and ensuing thesis chapter and/
or published article. During the ARK XXII/2 cruise 785 datapoints were obtained, of
which 2 outliers that were too low most likely due to measurement failures and 3
were too high likely due to inadvertent contamination. During the ANT XXIV/3 cruise
a total of 920 samples were obtained, of which 44 outliers that were too high and
therefore rejected. In the below data tables the total 49 rejected outliers are given
in between brackets.

The complete relational database including chemical, physical and biological para-
meters is available at www.geotraces.org.
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ARK XXIl/2

Atotal of 785 DFe datapoints is available from downcast stations from ARK XXI1/2. For
methods, see Chapter 2.2 and 3.2. Outliers (see above) are marked with () brackets.

DATA TABLE ARK XXI1/2

Station | Latitude [°N] | Longitude [°E] Date Depth [m] | 6 (°C) | Salinity | dFe [nmol/I]
228 75.000 33.998 30-07-07 100 1.12 | 35.039 0.30
228 75.000 33.998 30-07-07 75 2.13 | 35.077 0.62
228 75.000 33.998 30-07-07 50 2.81 | 35.079 1.33
228 75.000 33.998 30-07-07 26 3.98 | 35.055 1.19
236 77.497 34.000 31-07-07 151 1.67 | 34.969 1.67
236 77.497 34.000 31-07-07 126 1.14 | 34.873 0.64
236 77.497 34.000 31-07-07 100 0.31 | 34.724 0.64
236 77.497 34.000 31-07-07 75 -1.47 | 34.556 0.59
236 77.497 34.000 31-07-07 51 -1.57 | 34.510 0.37
236 77.497 34.000 31-07-07 25 -0.12 | 34.261 0.24
236 77.497 34.000 31-07-07 5 2.66 | 33.946 0.36
237 78.991 33.999 31-07-07 226 1.47 | 34.883 0.45
237 78.991 33.999 31-07-07 200 1.58 | 34.852 0.48
237 78.991 33.999 31-07-07 174 1.02 | 34.758 0.50
237 78.991 33.999 31-07-07 150 0.79 | 34.715 0.51
237 78.991 33.999 31-07-07 125 0.27 | 34.650 0.55
237 78.991 33.999 31-07-07 100 -0.78 | 34.529 0.52
237 78.991 33.999 31-07-07 76 -1.27 | 34.445 0.47
237 78.991 33.999 31-07-07 50 -1.55 | 34.321 0.60
237 78.991 33.999 31-07-07 25 -1.52 | 34.223 0.45
239 80.993 33.984 01-08-07 175 0.88 | 34.711 0.78
239 80.993 33.984 01-08-07 148 0.83 | 34.659 0.76
239 80.993 33.984 01-08-07 125 0.81 | 34.653 0.78
239 80.993 33.984 01-08-07 100 0.54 | 34.615 0.67
239 80.993 33.984 01-08-07 75 -0.24 | 34.472 0.70
239 80.993 33.984 01-08-07 50 -0.71 | 34.346 0.39
239 80.993 33.984 01-08-07 25 -0.87 | 33.910 0.30
239 80.993 33.984 01-08-07 5 -0.97 | 32.656 0.33
246 81.868 34.013 02-08-07 1745 -0.74 | 34.911 1.46
246 81.868 34.013 02-08-07 1491 -0.70 | 34.910 1.36
246 81.868 34.013 02-08-07 1397 -0.68 | 34.909 0.89
246 81.868 34.013 02-08-07 1298 -0.64 | 34.909 1.04
246 81.868 34.013 02-08-07 1197 -0.58 | 34.908 0.73
246 81.868 34.013 02-08-07 1097 -0.50 | 34.908 1.01
246 81.868 34.013 02-08-07 998 -0.41 | 34.908 1.10
246 81.868 34.013 02-08-07 899 -0.24 | 34.909 1.38
246 81.868 34.013 02-08-07 799 0.09 | 34.917 0.84
246 81.868 34.013 02-08-07 698 0.56 | 34.924 0.67
246 81.868 34.013 02-08-07 649 0.76 | 34.926 0.76
246 81.868 34.013 02-08-07 576 1.18 | 34.944 0.55
246 81.868 34.013 02-08-07 549 1.31 | 34.951 0.66

240



DATA TABLE ARK XXII/2 Continued

Station
246
246
246
246
246
246
246
246
246
255
255
255
255
255
255
255
255
255
255
255
255
255
255
255
255
255
255
255
255
255
255
255
258
258
258
258
258
258
258
258
258
258
258
258
258
258
258
258

Latitude [°N]
81.868
81.868
81.868
81.868
81.868
81.868
81.868
81.868
81.868
82.503
82.503
82.503
82.503
82.503
82.503
82.503
82.503
82.503
82.503
82.503
82.503
82.503
82.503
82.503
82.503
82.503
82.503
82.503
82.503
82.503
82.503
82.503
83.999
83.999
83.999
83.999
83.999
83.999
83.999
83.999
83.999
83.999
83.999
83.999
83.999
83.999
83.999
83.999

Longitude [°E]
34.013
34.013
34.013
34.013
34.013
34.013
34.013
34.013
34.013
33.952
33.952
33.952
33.952
33.952
33.952
33.952
33.952
33.952
33.952
33.952
33.952
33.952
33.952
33.952
33.952
33.952
33.952
33.952
33.952
33.952
33.952
33.952
34.014
34.014
34.014
34.014
34.014
34.014
34.014
34.014
34.014
34.014
34.014
34.014
34.014
34.014
34.014
34.014

Date
02-08-07
02-08-07
02-08-07
02-08-07
02-08-07
02-08-07
02-08-07
02-08-07
02-08-07
03-08-07
03-08-07
03-08-07
03-08-07
03-08-07
03-08-07
03-08-07
03-08-07
03-08-07
03-08-07
03-08-07
03-08-07
03-08-07
03-08-07
03-08-07
03-08-07
03-08-07
03-08-07
03-08-07
03-08-07
03-08-07
03-08-07
03-08-07
06-08-07
06-08-07
06-08-07
06-08-07
06-08-07
06-08-07
06-08-07
06-08-07
06-08-07
06-08-07
06-08-07
06-08-07
06-08-07
06-08-07
06-08-07
06-08-07

Depth [m]
499
399
300
249
201
100
50
25
4
2944
2893
2794
2694
2495
2295
2096
1996
1896
1796
1597
1397
1198
998
798
745
698
499
292
200
98
37
19
3980
3791
3592
3392
3192
2992
2793
2594
2394
2194
1995
1797
1597
1397
1197
997

6 (°C)
1.64
1.79
2.36
2.58
2.75
2.02
-1.37
-1.60
=139
-0.93
-0.92
-0.91
-0.90
-0.89
-0.87
-0.85
-0.84
-0.81
-0.79
-0.72
-0.65
-0.50
-0.24
0.31
0.58
0.80
1.63
2.37
2.68
1.95
=AL.7/7
SIR6Y
-0.93
-0.93
-0.93
-0.93
-0.94
-0.94
-0.94
-0.93
-0.91
-0.89
-0.85
-0.81
-0.74
-0.65
-0.50
-0.27

Salinity
34.971
34.954
34.979
34,983
34.982
34.820
34.345
34.076
32.928
34.936
34,935
34.932
34,931
34.928
34.926
34,923
34.922
34.920
34919
34.917
34.913
34.911
34.912
34.923
34.929
34.936
34.952
34,959
34.958
34.792
34.265
34.083
34.942
34,943
34.943
34.942
34.940
34.937
34.934
34,932
34.929
34.926
34.924
34.921
34.920
34918
34.914
34.909

Database

dFe [nmol/I]

0.62
1.28
0.96
0.83
0.62
0.37
0.58
0.36
0.49
0.92
0.76
0.64
0.59
0.55
0.94
0.92
0.77
0.90
0.84
0.65
0.89
0.91
0.83
0.98
0.67
0.86
0.92
0.89
0.94
0.71
0.56
0.41
0.61
0.50
0.66
0.62
0.84
0.68
0.68
0.70
0.78
0.69
0.71
0.67
0.68
0.58
0.43
0.44
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DATA TABLE ARK XXIl/2 Continued

Station
258
258
258
258
258
258
258
258
260
260
260
260
260
260
260
260
260
260
260
260
260
260
260
260
260
260
260
260
260
260
260
261
261
261
261
261
261
261
261
261
261
261
261
261
261
261
261
261

242

Latitude [°N]
83.999
83.999
83.999
83.999
83.999
83.999
83.999
83.999
84.489
84.489
84.489
84.489
84.489
84.489
84.489
84.489
84.489
84.489
84.489
84.489
84.489
84.489
84.489
84.489
84.489
84.489
84.489
84.489
84.489
84.489
84.489
84.645
84.645
84.645
84.645
84.645
84.645
84.645
84.645
84.645
84.645
84.645
84.645
84.645
84.645
84.645
84.645
84.645

Longitude [°E]
34.014
34.014
34.014
34.014
34.014
34.014
34.014
34.014
36.139
36.139
36.139
36.139
36.139
36.139
36.139
36.139
36.139
36.139
36.139
36.139
36.139
36.139
36.139
36.139
36.139
36.139
36.139
36.139
36.139
36.139
36.139
60.934
60.934
60.934
60.934
60.934
60.934
60.934
60.934
60.934
60.934
60.934
60.934
60.934
60.934
60.934
60.934
60.934

Date
06-08-07
06-08-07
06-08-07
06-08-07
06-08-07
06-08-07
06-08-07
06-08-07
07-08-07
07-08-07
07-08-07
07-08-07
07-08-07
07-08-07
07-08-07
07-08-07
07-08-07
07-08-07
07-08-07
07-08-07
07-08-07
07-08-07
07-08-07
07-08-07
07-08-07
07-08-07
07-08-07
07-08-07
07-08-07
07-08-07
07-08-07
07-08-07
11-08-07
11-08-07
11-08-07
11-08-07
11-08-07
11-08-07
11-08-07
11-08-07
11-08-07
11-08-07
11-08-07
11-08-07
11-08-07
11-08-07
11-08-07
11-08-07

Depth [m]
798
600
399
200
100
40
18
5
3925
3791
3592
3392
3192
2992
2793
2593
2394
2194
1995
1796
1397
998
749
579
200
150
100
74
50
24

3700
3501
3300
3199
3000
2750
2500
2301
2001
1751
1501
1002
702
502
352
201
151

6 (°C)
0.14
0.95
1.83
2.03
-1.21
-1.80
-1.70
-1.68
-0.93
-0.93
-0.93
-0.93
-0.94
-0.94
-0.94
-0.93
-0.91
-0.89
-0.86
-0.81
-0.65
-0.28
0.27
1.00
2.02
1.29
=IL7S
-1.83
-1.82
-1.71
-1.67
-0.93
-0.93
-0.93
-0.94
-0.94
-0.93
-0.91
-0.89
-0.85
-0.79
-0.70
-0.26
0.52
1.34
1.88
2.23
1.27

Salinity
34.907
34.922
34.941
34.883
34.335
34.183
34.037
33.784
34.942
34.943
34.943
34.942
34.940
34.937
34.934
34.931
34.929
34.926
34.923
34.921
34.917
34.910
34.907
34.927
34.864
34.685
34.251
34.203
34.184
34.027
33.861
34.942
34.942
34.940
34.939
34.936
34.932
34.929
34.927
34.923
34.920
34.917
34.909
34.910
34.930
34.920
34.875
34.684

dFe [nmol/I]
0.57
0.68
0.53
0.47
0.89
0.45
0.24
0.50
0.55
0.65
0.57
0.41
0.78
0.83
1.27
1.30
1.16
1.08
0.80
0.64
0.61
0.65
0.78
0.69
0.67
0.89
0.41
0.26
0.79
0.82
0.97
0.38
0.48
0.52
0.76
0.68
(0.32)
0.67
0.77
0.52
0.63
0.52
0.45
0.46
0.37
0.37
0.37
0.30
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DATA TABLE ARK XXII/2 Continued

Station| Latitude [°N]  Longitude [°E] Date Depth [m] | 6 (°C) | Salinity | dFe [nmol/I]
261 84.645 60.934 11-08-07 125 0.28 | 34.502 0.36
261 84.645 60.934 11-08-07 101 -1.15 | 34.279 0.30
261 84.645 60.934 11-08-07 76 -1.84 | 34.184 0.29
261 84.645 60.934 11-08-07 50 -1.82 | 34.162 0.36
261 84.645 60.934 11-08-07 25 -1.70 | 33.984 0.21
261 84.645 60.934 11-08-07 4 -1.59 | 33.382 0.26
266 83.138 61.741 13-08-07 2950 -0.92 | 34.936 0.60
266 83.138 61.741 13-08-07 2749 -0.90 | 34.930 0.60
266 83.138 61.741 13-08-07 2500 -0.87 | 34.926 0.67
266 83.138 61.741 13-08-07 2250 -0.84 | 34.922 0.63
266 83.138 61.741 13-08-07 2001 -0.79 | 34.919 0.55
266 83.138 61.741 13-08-07 1751 -0.73 | 34.917 (0.24)
266 83.138 61.741 13-08-07 1501 -0.66 | 34.915 0.68
266 83.138 61.741 13-08-07 1351 -0.58 | 34.914 0.58
266 83.138 61.741 13-08-07 1250 -0.50 | 34.913 0.61
266 83.138 61.741 13-08-07 1000 -0.13 | 34.914 0.54
266 83.138 61.741 13-08-07 751 0.70 | 34.929 0.57
266 83.138 61.741 13-08-07 571 0.94 | 34917 0.50
266 83.138 61.741 13-08-07 501 1.23 | 34.923 0.41
266 83.138 61.741 13-08-07 401 1.61 | 34.926 0.50
266 83.138 61.741 13-08-07 300 2.26 | 34.954 0.69
266 83.138 61.741 13-08-07 251 2.51 | 34.961 0.71
266 83.138 61.741 13-08-07 200 2.64 | 34.957 0.61
266 83.138 61.741 13-08-07 150 2.72 | 34.939 0.65
266 83.138 61.741 13-08-07 125 2.70 | 34.922 0.60
266 83.138 61.741 13-08-07 100 2.66 | 34.900 0.85
266 83.138 61.741 13-08-07 75 2.48 | 34.859 0.50
266 83.138 61.741 13-08-07 50 1.33 | 34.702 0.81
266 83.138 61.741 13-08-07 23 -1.43 | 33.778 0.70
266 83.138 61.741 13-08-07 4 -1.64 | 33.314 0.10
268 82.806 60.797 14-08-07 1500 -0.62 | 34.914 0.57
268 82.806 60.797 14-08-07 1251 -0.50 | 34.912 0.55
268 82.806 60.797 14-08-07 1001 -0.20 | 34.913 0.59
268 82.806 60.797 14-08-07 751 0.57 | 34.927 0.54
268 82.806 60.797 14-08-07 501 1.07 | 34.923 0.50
268 82.806 60.797 14-08-07 301 2.12 | 34.946 (0.23)
268 82.806 60.797 14-08-07 201 2.49 | 34.953 0.60
268 82.806 60.797 14-08-07 150 2.58 | 34.936 0.60
268 82.806 60.797 14-08-07 125 2.54 | 34914 0.41
268 82.806 60.797 14-08-07 100 2.42 | 34.886 0.51
268 82.806 60.797 14-08-07 75 1.98 | 34.824 0.58
268 82.806 60.797 14-08-07 50 0.18 | 34.545 0.37
268 82.806 60.797 14-08-07 25 -1.50 | 33.864 0.42
268 82.806 60.797 14-08-07 4 -1.61 | 32.856 0.28
271 82.503 60.795 15-08-07 301 -0.56 | 34.774 0.54
271 82.503 60.795 15-08-07 251 1.59 | 34.913 0.46
271 82.503 60.795 15-08-07 200 2.04 | 34.932 0.46
271 82.503 60.795 15-08-07 150 2.15 | 34911 0.45
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DATA TABLE ARK XXIl/2 Continued

Station
271
271
271
271
271
271
272
272
272
272
272
272
272
272
276
276
276
276
276
276
276
276
276
276
276
276
279
279
279
279
279
279
279
279
279
279
285
285
285
285
285
285
285
285
285
285
285
285
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Latitude [°N]
82.503
82.503
82.503
82.503
82.503
82.503
82.252
82.252
82.252
82.252
82.252
82.252
82.252
82.252
82.084
82.084
82.084
82.084
82.084
82.084
82.084
82.084
82.084
82.084
82.084
82.084
81.245
81.245
81.245
81.245
81.245
81.245
81.245
81.245
81.245
81.245
82.142
82.142
82.142
82.142
82.142
82.142
82.142
82.142
82.142
82.142
82.142
82.142

Longitude [°E]
60.795
60.795
60.795
60.795
60.795
60.795
61.996
61.996
61.996
61.996
61.996
61.996
61.996
61.996
68.960
68.960
68.960
68.960
68.960
68.960
68.960
68.960
68.960
68.960
68.960
68.960
86.203
86.203
86.203
86.203
86.203
86.203
86.203
86.203
86.203
86.203
86.331
86.331
86.331
86.331
86.331
86.331
86.331
86.331
86.331
86.331
86.331
86.331

Date
15-08-07
15-08-07
15-08-07
15-08-07
15-08-07
15-08-07
15-08-07
15-08-07
15-08-07
15-08-07
15-08-07
15-08-07
15-08-07
15-08-07
17-08-07
17-08-07
17-08-07
17-08-07
17-08-07
17-08-07
17-08-07
17-08-07
17-08-07
17-08-07
17-08-07
17-08-07
19-08-07
19-08-07
19-08-07
19-08-07
19-08-07
19-08-07
19-08-07
19-08-07
19-08-07
19-08-07
20-08-07
20-08-07
20-08-07
20-08-07
20-08-07
20-08-07
20-08-07
20-08-07
20-08-07
20-08-07
20-08-07
20-08-07

Depth [m]
125
101
75
50
25

5
210
142
125
101

75
50
25

650
501
400
302
200
150
125
100
75
50
25

316
250
201
150
124
101
75
49
26

680
601
500
400
300
250
200
150
100
75
50
24

6 (°C)
1.94
2.05
1.49
0.69
-1.56
SIE58)
-0.34
0.96
1.08
1.25
1.30
0.85
=LA
-1.64
-0.67
0.57
1.47
2.12
2.40
2.47
2.22
1.81
-0.47
-1.63
-1.58
-1.69
-0.71
-0.77
-0.67
0.89
1.13
1.22
0.85
-0.78
=153
-1.50
-0.50
-0.48
-0.27
0.24
1.27
135
1.10
0.16
-1.45
-1.75
-0.95
-1.58

Salinity
34.867
34.861
34.793
34.634
33.971
32.945
34.762
34.818
34.814
34.808
34.782
34.666
34.197
32.661
34.897
34.881
34.922
34.947
34.921
34.903
34.860
34.797
34.514
34.334
33.814
32.904
34.864
34.848
34.806
34.880
34.875
34.846
34.757
34.531
33.959
32.645
34.887
34.879
34.880
34.868
34.897
34.870
34.815
34.683
34.486
34.429
34.304
33.415

dFe [nmol/I]
0.48
0.61
0.99
0.42
1.07
0.73
0.40
0.47
0.63
0.48
0.83
0.49
0.59
0.40
0.43
0.49
0.53
0.54
0.53
0.44
0.56
0.58
0.29
0.57
0.65
0.34
0.45
0.55
0.51
0.56
0.55
0.58
0.56
0.52
1.02
0.86
1.14
1.23
0.73
0.70
0.75
0.47
0.68
0.70
0.44
(0.87)
0.59
1.32



Database

DATA TABLE ARK XXII/2 Continued

Station| Latitude [°N]  Longitude [°E] Date Depth [m] | 6 (°C) | Salinity | dFe [nmol/I]
285 82.142 86.331 20-08-07 9 -1.63 | 32.517 1.02
291 82.710 86.266 21-08-07 2200 -0.85 | 34.922 0.62
291 82.710 86.266 21-08-07 2100 -0.83 | 34.920 0.72
291 82.710 86.266 21-08-07 2000 -0.81 | 34.919 0.64
291 82.710 86.266 21-08-07 1900 -0.79 | 34.918 0.64
291 82.710 86.266 21-08-07 1800 -0.77 | 34.917 0.58
291 82.710 86.266 21-08-07 1700 -0.75 | 34.916 0.83
291 82.710 86.266 21-08-07 1600 -0.72 | 34.914 0.76
291 82.710 86.266 21-08-07 1500 -0.69 | 34.913 0.57
291 82.710 86.266 21-08-07 1500 -0.69 | 34.913 0.66
291 82.710 86.266 21-08-07 1250 -0.56 | 34.911 0.64
291 82.710 86.266 21-08-07 1000 -0.31 | 34.912 0.89
291 82.710 86.266 21-08-07 751 0.38 | 34.919 1.01
291 82.710 86.266 21-08-07 500 1.85 | 34.967 0.61
291 82.710 86.266 21-08-07 400 2.40 | 34.987 0.52
291 82.710 86.266 21-08-07 300 2.73 | 34.985 0.53
291 82.710 86.266 21-08-07 201 2.92 | 34.949 0.53
291 82.710 86.266 21-08-07 150 3.09 | 34.945 0.52
291 82.710 86.266 21-08-07 124 2.85 | 34.883 0.70
291 82.710 86.266 21-08-07 99 2.16 | 34.743 0.44
291 82.710 86.266 21-08-07 75 -0.25 | 34.337 0.44
291 82.710 86.266 21-08-07 50 -1.80 | 34.120 0.32
291 82.710 86.266 21-08-07 25 -1.74 | 34.058 0.42
291 82.710 86.266 21-08-07 9 -1.64 | 33.126 0.12
295 83.272 86.284 22-08-07 3200 -0.93 | 34.940 0.53
295 83.272 86.284 22-08-07 3100 -0.93 | 34.938 0.78
295 83.272 86.284 22-08-07 3000 -0.93 | 34.936 0.56
295 83.272 86.284 22-08-07 2750 -0.92 | 34.932 0.74
295 83.272 86.284 22-08-07 2500 -0.90 | 34.929 0.67
295 83.272 86.284 22-08-07 2250 -0.88 | 34.925 0.49
295 83.272 86.284 22-08-07 2000 -0.84 | 34.922 0.56
295 83.272 86.284 22-08-07 1750 -0.79 | 34.919 0.68
295 83.272 86.284 22-08-07 1500 -0.72 | 34.916 0.72
295 83.272 86.284 22-08-07 1251 -0.57 | 34.913 0.57
295 83.272 86.284 22-08-07 1000 -0.30 | 34.910 0.61
295 83.272 86.284 22-08-07 901 -0.10 | 34.912 0.62
295 83.272 86.284 22-08-07 750 0.41 | 34.918 0.94
295 83.272 86.284 22-08-07 500 1.76 | 34.958 0.54
295 83.272 86.284 22-08-07 250 2.74 | 34.957 0.51
295 83.272 86.284 22-08-07 200 2.86 | 34.939 0.42
295 83.272 86.284 22-08-07 150 2.70 | 34.872 0.40
295 83.272 86.284 22-08-07 114 0.81 | 34.543 0.41
295 83.272 86.284 22-08-07 75 -1.77 | 34.225 0.31
295 83.272 86.284 22-08-07 50 -1.76 | 34.180 0.33
295 83.272 86.284 22-08-07 29 -1.64 | 33.999 0.21
295 83.272 86.284 22-08-07 10 -1.65 | 33.332 0.21
299 84.051 89.043 23-08-07 3551 -0.93 | 34.942 0.74
299 84.051 89.043 23-08-07 3500 -0.93 | 34.942 0.63
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DATA TABLE ARK XXIl/2 Continued

Station
299
299
299
299
299
299
299
299
299
299
299
299
299
299
299
299
299
299
299
299
299
299
301
301
301
301
301
301
301
301
301
301
301
301
301
301
301
301
301
301
301
301
301
301
301
301
302
302
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Latitude [°N]
84.051
84.051
84.051
84.051
84.051
84.051
84.051
84.051
84.051
84.051
84.051
84.051
84.051
84.051
84.051
84.051
84.051
84.051
84.051
84.051
84.051
84.051
84.580
84.580
84.580
84.580
84.580
84.580
84.580
84.580
84.580
84.580
84.580
84.580
84.580
84.580
84.580
84.580
84.580
84.580
84.580
84.580
84.580
84.580
84.580
84.580
84.892
84.892

Longitude [°E]
89.043
89.043
89.043
89.043
89.043
89.043
89.043
89.043
89.043
89.043
89.043
89.043
89.043
89.043
89.043
89.043
89.043
89.043
89.043
89.043
89.043
89.043
89.837
89.837
89.837
89.837
89.837
89.837
89.837
89.837
89.837
89.837
89.837
89.837
89.837
89.837
89.837
89.837
89.837
89.837
89.837
89.837
89.837
89.837
89.837
89.837
90.058
90.058

Date
23-08-07
23-08-07
23-08-07
23-08-07
23-08-07
23-08-07
23-08-07
23-08-07
23-08-07
23-08-07
23-08-07
23-08-07
23-08-07
23-08-07
23-08-07
23-08-07
23-08-07
23-08-07
23-08-07
23-08-07
23-08-07
23-08-07
24-08-07
24-08-07
24-08-07
24-08-07
24-08-07
24-08-07
24-08-07
24-08-07
24-08-07
24-08-07
24-08-07
24-08-07
24-08-07
24-08-07
24-08-07
24-08-07
24-08-07
24-08-07
24-08-07
24-08-07
24-08-07
24-08-07
24-08-07
24-08-07
25-08-07
25-08-07

Depth [m]
3250
3000
2750
2500
2500
2250
2000
1750
1500
1251
1000
746
601
501
300
201
150
100
74
50
24

8
3650
3500
3250
3000
2750
2501
2375
2251
2001
1751
1501
1252
1002
752
501
301
201
150
124
100
75
51
25

3650
3490

6 (°C)
-0.93
-0.94
-0.93
-0.91
-0.91
-0.89
-0.85
-0.78
-0.70
-0.55
-0.31
0.34
0.81
1.14
1.56
1.65
0.62
-1.66
-1.68
-1.78
-1.63
-1.69
-0.93
-0.93
-0.94
-0.94
-0.93
-0.91
-0.90
-0.88
-0.84
-0.77
-0.67
-0.54
-0.31
0.08
1.00
1.72
1.81
0.84
0.02
-0.86
-1.65
-1.81
-1.68
-1.65
-0.93
-0.93

Salinity
34.941
34.936
34.933
34.929
34.929
34.926
34.923
34.920
34.917
34.912
34.905
34.913
34.915
34.916
34.892
34.827
34.568
34.255
34.190
34.092
33.382
32.730
34.942
34.942
34.940
34.936
34.932
34.929
34.927
34.926
34.923
34.921
34.917
34.908
34.898
34.885
34.905
34.903
34.839
34.643
34.475
34.305
34.123
34.007
33.653
33.343
34.942
34.942

dFe [nmol/I]
0.71
0.70
0.67
0.67
0.65
0.77
0.56
0.49
0.51
0.46
0.44
0.54
0.42
0.41
0.35
0.37
0.45
0.45
0.41
0.27
0.65
0.31
0.71
0.92
0.98
1.06
1.24
1.41
1.18
0.95
0.56
0.59
0.64
0.48
0.49
0.43
0.80
0.59
0.36
0.34
0.39
0.67
0.66
0.41
0.81
2.22
0.54
0.50



DATA TABLE ARK XXII/2 Continued

Station
302
302
302
302
302
302
302
302
302
302
302
302
302
302
302
302
302
302
302
302
306
306
306
306
306
306
306
306
306
306
306
306
306
306
306
306
306
306
306
306
306
306
309
309
309
309
309
309

Latitude [°N]
84.892
84.892
84.892
84.892
84.892
84.892
84.892
84.892
84.892
84.892
84.892
84.892
84.892
84.892
84.892
84.892
84.892
84.892
84.892
84.892
85.923
85.923
85.923
85.923
85.923
85.923
85.923
85.923
85.923
85.923
85.923
85.923
85.923
85.923
85.923
85.923
85.923
85.923
85.923
85.923
85.923
85.923
87.046
87.046
87.046
87.046
87.046
87.046

Longitude [°E]
90.058
90.058
90.058
90.058
90.058
90.058
90.058
90.058
90.058
90.058
90.058
90.058
90.058
90.058
90.058
90.058
90.058
90.058
90.058
90.058
91.122
91.122
91.122
91.122
91.122
91.122
91.122
91.122
91.122
91.122
91.122
91.122
91.122
91.122
91.122
91.122
91.122
91.122
91.122
91.122
91.122
91.122
104.793
104.793
104.793
104.793
104.793
104.793

Date
25-08-07
25-08-07
25-08-07
25-08-07
25-08-07
25-08-07
25-08-07
25-08-07
25-08-07
25-08-07
25-08-07
25-08-07
25-08-07
25-08-07
25-08-07
25-08-07
25-08-07
25-08-07
25-08-07
25-08-07
26-08-07
26-08-07
26-08-07
26-08-07
26-08-07
26-08-07
26-08-07
26-08-07
26-08-07
26-08-07
26-08-07
26-08-07
26-08-07
26-08-07
26-08-07
26-08-07
26-08-07
26-08-07
26-08-07
26-08-07
26-08-07
26-08-07
27-08-07
27-08-07
27-08-07
27-08-07
27-08-07
27-08-07

Depth [m]
3250
3001
2751
2502
2251
2001
1751
1500
1251
1001
751
499
300
201
150
101
91
47
40
25
3701
3500
3250
3000
2750
2500
2251
2001
1749
1501
1249
1003
751
501
301
201
151
101
75
50
24

1500
1002
502
301
201
148

6 (°C)
-0.94
-0.94
-0.93
-0.91
-0.88
-0.83
-0.77
-0.67
-0.52
-0.28
0.04
0.87
1.48
1.43
0.98
-0.81
-1.45
-1.78
=AL.7Y
-1.69
-0.94
-0.93
-0.93
-0.92
-0.90
-0.89
-0.87
-0.82
-0.75
-0.65
-0.50
-0.34
-0.02
0.70
1.20
1.03
0.04
-1.30
=L.7/3)
-1.80
=ILG8)
-1.68
-0.62
-0.34
0.59
1.13
1.03
-0.02

Salinity
34.940
34.936
34.932
34.929
34.925
34.922
34.919
34916
34.910
34.899
34.880
34.894
34.884
34.826
34.665
34.321
34.206
33.937
33.831
33.602
34.941
34.940
34.937
34.934
34.932
34.929
34.926
34.922
34.920
34.916
34.908
34.892
34.878
34.886
34.864
34.777
34,529
34.212
33.905
33.765
33.458
32.313
34.913
34.885
34.875
34.856
34.791
34.528

Database

dFe [nmol/I]

0.75
1.06
0.85
0.95
1.10
0.45
0.45
0.50
0.48
0.38
0.41
0.36
0.39
0.33
0.32
0.39
0.31
0.31
0.50
0.73
0.75
1.07
1.21
1.72
1.61
1.46
1.42
0.66
0.65
0.55
0.53
0.45
0.47
0.44
0.55
0.66
0.36
0.45
0.69
0.69
0.83
1.11
0.54
0.47
0.47
0.35
0.41
0.42
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DATA TABLE ARK XXIl/2 Continued

Station
309
309
309
309
309
309
309
309
309
309
309
309
309
309
309
309
309
310
310
310
310
310
310
310
310
310
310
310
310
310
310
310
310
310
310
310
310
310
310
310
310
316
316
316
316
316
316
316

248

Latitude [°N]
87.046
87.046
87.046
87.046
87.046
87.033
87.033
87.033
87.033
87.033
87.033
87.033
87.033
87.033
87.033
87.033
87.033
87.658
87.658
87.658
87.658
87.658
87.658
87.658
87.658
87.658
87.658
87.658
87.658
87.658
87.658
87.658
87.658
87.658
87.658
87.658
87.658
87.658
87.658
87.658
87.658
88.177
88.177
88.177
88.177
88.177
88.177
88.177

Longitude [°E]
104.793
104.793
104.793
104.793
104.793
104.945
104.945
104.945
104.945
104.945
104.945
104.945
104.945
104.945
104.945
104.945
104.945
112.039
112.039
112.039
112.039
112.039
112.039
112.039
112.039
112.039
112.039
112.039
112.039
112.039
112.039
112.039
112.039
112.039
112.039
112.039
112.039
112.039
112.039
112.039
112.039
139.616
139.616
139.616
139.616
139.616
139.616
139.616

Date
27-08-07
27-08-07
27-08-07
27-08-07
27-08-07
28-08-07
28-08-07
28-08-07
28-08-07
28-08-07
28-08-07
28-08-07
28-08-07
28-08-07
28-08-07
28-08-07
28-08-07
28-08-07
28-08-07
28-08-07
28-08-07
28-08-07
28-08-07
28-08-07
28-08-07
28-08-07
28-08-07
28-08-07
28-08-07
28-08-07
28-08-07
28-08-07
28-08-07
28-08-07
28-08-07
28-08-07
28-08-07
28-08-07
28-08-07
28-08-07
28-08-07
30-08-07
30-08-07
30-08-07
30-08-07
30-08-07
30-08-07
30-08-07

Depth [m]
101
75
50
25
5
3998
3749
3499
3250
3000
2750
2500
2300
2201
2001
1751
1251
4251
3999
3750
3501
3251
3001
2750
2500
2251
2000
1750
1501
1251
1001
751
500
298
200
150
100
75
50
25

1250
1001
801
750
601
501
301

6 (°C)
-1.30
-1.63
-1.76
-1.69
-1.69
-0.94
-0.94
-0.95
-0.94
-0.93
-0.92
-0.89
-0.87
-0.85
-0.80
-0.71
-0.48
-0.94
-0.94
-0.94
-0.94
-0.94
-0.93
-0.92
-0.90
-0.86
-0.81
-0.72
-0.63
-0.50
-0.34
-0.07
0.61
1.10
0.86
-0.05
-1.31
-1.61
-1.74
-1.65
-1.67
-0.44
-0.29
-0.08
-0.00
0.35
0.58
1.29

Salinity
34.211
33.873
33.133
32.650
31.758
34.943
34.942
34.939
34.937
34.934
34.930
34.927
34.924
34.923
34.921
34.920
34.902
34.943
34.943
34.942
34.940
34.937
34.934
34.930
34.927
34.923
34.920
34.920
34.912
34.900
34.885
34.871
34.875
34.854
34.768
34.511
34.212
33.932
32.763
31.910
31.604
34.900
34.882
34.869
34.868
34.869
34.867
34.864

dFe [nmol/I]
0.81
0.81
1.64
1.90
1.40
0.35
0.36
0.40
0.40
0.48
0.49
0.65
0.64
0.48
0.47
0.41
0.51
0.35
0.36
0.32
0.34
0.44
0.34
0.51
0.60
0.70
0.49
0.40
0.34
0.40
0.40
0.44
0.45
0.35
0.45
0.28
0.62
0.8
1.63
1.82
1.35
0.39
0.39
0.39
0.46
0.49
0.57
0.46



DATA TABLE ARK XXII/2 Continued

Station
316
316
316
316
316
316
316
316
316
319
319
319
319
319
319
319
319
319
319
319
319
319
319
319
319
319
326
326
326
326
326
326
326
326
326
326
326
326
326
326
326
326
326
326
326
326
326
326

Latitude [°N]
88.177
88.177
88.177
88.177
88.177
88.177
88.177
88.177
88.177
88.665
88.665
88.665
88.665
88.665
88.665
88.665
88.665
88.665
88.665
88.665
88.665
88.665
88.665
88.665
88.665
88.665
88.029
88.029
88.029
88.029
88.029
88.029
88.029
88.029
88.029
88.029
88.029
88.029
88.029
88.029
88.029
88.029
88.029
88.029
88.029
88.029
88.029
88.029

Longitude [°E]
139.616
139.616
139.616
139.616
139.616
139.616
139.616
139.616
139.616
153.661
153.661
153.661
153.661
153.661
153.661
153.661
153.661
153.661
153.661
153.661
153.661
153.661
153.661
153.661
153.661
153.661
170.084
170.084
170.084
170.084
170.084
170.084
170.084
170.084
170.084
170.084
170.084
170.084
170.084
170.084
170.084
170.084
170.084
170.084
170.084
170.084
170.084
170.084

Date
30-08-07
30-08-07
30-08-07
30-08-07
30-08-07
30-08-07
30-08-07
30-08-07
30-08-07
31-08-07
31-08-07
31-08-07
31-08-07
31-08-07
31-08-07
31-08-07
31-08-07
31-08-07
31-08-07
31-08-07
31-08-07
31-08-07
31-08-07
31-08-07
31-08-07
31-08-07
01-09-07
01-09-07
01-09-07
01-09-07
01-09-07
01-09-07
01-09-07
01-09-07
01-09-07
01-09-07
01-09-07
01-09-07
01-09-07
01-09-07
01-09-07
01-09-07
01-09-07
01-09-07
01-09-07
01-09-07
01-09-07
01-09-07

Depth [m]
250
201
150
100
75
54
50
25

5
2650
2600
2401
2200
2000
1750
1501
1250
1001

750
500
300
201
100
50
22

3900
3800
3700
3500
3251
3001
2750
2500
2249
2000
1750
1500
1001
751
500
300
200
150
100
75
50
24

6 (°C)
1.21
1.06
-0.02
-1.32
-1.61
=AL7i
=L, 722
-1.64
-1.68
-0.82
-0.80
-0.74
-0.67
-0.55
-0.55
-0.49
-0.41
-0.25
0.07
0.62
1.06
0.50
=37/
=.7/3)
-1.60
-1.64
-0.54
-0.54
-0.54
-0.54
-0.54
-0.53
-0.53
-0.52
-0.52
-0.51
-0.49
-0.44
-0.20
0.03
0.48
0.89
0.34
-0.51
-1.50
-1.61
-1.63
=152

Salinity
34.828
34.783
34.512
34.177
33.844
32.653
32.501
31.811
31.164
34.923
34.924
34.926
34.929
34.940
34.924
34912
34.898
34.881
34.871
34.873
34.852
34.673
34.116
32.470
31.084
30.424
34.955
34.955
34.955
34.955
34.955
34.955
34.955
34.955
34.953
34.950
34.943
34,931
34.895
34.876
34.867
34.843
34.649
34.410
34.032
33.461
32.167
30.369

Database

dFe [nmol/I]

0.42
0.42
0.56
0.98
1.10
(0.64)
1.82
1.97
2.60
0.92
0.67
0.82
0.96
0.58
0.41
0.59
0.70
0.60
0.55
0.54
0.49
0.48
0.48
1.88
2.07
1.61
0.24
0.32
0.33
0.35
0.36
0.25
0.35
0.49
0.30
0.31
0.36
0.42
0.38
0.46
0.37
0.45
0.45
0.41
0.68
0.96
1.46
2.54
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Chapter 8

DATA TABLE ARK XXIl/2 Continued

Station
326
328
328
328
328
328
328
328
328
328
328
328
328
328
328
328
333
333
333
333
333
333
333
333
333
333
333
333
333
333
333
333
333
333
333
333
333
338
338
338
338
338
338
338
338
338
338
338

250

Latitude [°N]
88.029
87.830
87.830
87.830
87.830
87.830
87.830
87.830
87.830
87.830
87.830
87.830
87.830
87.830
87.830
87.830
87.028
87.028
87.028
87.028
87.028
87.028
87.028
87.028
87.028
87.028
87.028
87.028
87.028
87.028
87.028
87.028
87.028
87.028
87.028
87.028
87.028
85.704
85.704
85.704
85.704
85.704
85.704
85.704
85.704
85.704
85.704
85.704

Longitude [°E]
170.084
189.437
189.437
189.437
189.437
189.437
189.437
189.437
189.437
189.437
189.437
189.437
189.437
189.437
189.437
189.437
213.601
213.601
213.601
213.601
213.601
213.601
213.601
213.601
213.601
213.601
213.601
213.601
213.601
213.601
213.601
213.601
213.601
213.601
213.601
213.601
213.601
224.961
224.961
224.961
224.961
224.961
224.961
224.961
224.961
224.961
224.961
224.961

Date
01-09-07
02-09-07
02-09-07
02-09-07
02-09-07
02-09-07
02-09-07
02-09-07
02-09-07
02-09-07
02-09-07
02-09-07
02-09-07
02-09-07
02-09-07
02-09-07
04-09-07
04-09-07
04-09-07
04-09-07
04-09-07
04-09-07
04-09-07
04-09-07
04-09-07
04-09-07
04-09-07
04-09-07
04-09-07
04-09-07
04-09-07
04-09-07
04-09-07
04-09-07
04-09-07
04-09-07
04-09-07
05-09-07
05-09-07
05-09-07
05-09-07
05-09-07
05-09-07
05-09-07
05-09-07
05-09-07
05-09-07
05-09-07

Depth [m]
10
3900
3001
2501
2001
1501
1001
501
301
201
150
101
76
50
25
5
3201
3000
2750
2501
2250
2000
1751
1501
1250
1000
750
501
401
301
200
150
100
75
49
24

1476
1400
1301
1250
1201
1100
749
501
300
200
150

6 (°C)
R0
-0.54
-0.53
-0.52
-0.51
-0.44
-0.22
0.43
0.89
0.29
-0.54
-1.53
-1.61
-1.64
=153
-1.54
-0.53
-0.53
-0.52
-0.52
-0.51
-0.51
-0.49
-0.45
-0.35
-0.20
0.05
0.55
0.79
0.82
0.04
-0.80
-1.54
-1.61
=1L57
-1.54
-1.55
-0.42
-0.39
-0.35
-0.33
-0.30
-0.24
0.05
0.41
0.61
-0.13
-0.95

Salinity
29.292
34.955
34.955
34.955
34.950
34.932
34.896
34.869
34.843
34.628
34.397
33.961
33.200
31.131
30.279
28.947
34.955
34.955
34.955
34.954
34.952
34.948
34.940
34.926
34.908
34.889
34.869
34.863
34.859
34.831
34.587
34.358
33.911
33.166
30.110
28.880
28.728
34.932
34.926
34.920
34.918
34.915
34.907
34.883
34.867
34.828
34.518
34.227

dFe [nmol/I]
2.52
0.27
0.29
0.46
0.26
0.37
0.32
0.28
0.44
0.42
0.29
0.68
1.09
1.95
2.94
2.49
0.20
0.21
0.20
0.21
0.21
0.23
0.24
0.26
0.25
0.39
0.34
0.37
0.38
0.37
0.40
0.43
1.00
1.10
1.82
2.20
2.40
0.20
0.28
0.24
0.35
0.29
0.20
0.21
0.20
0.20
0.23
0.40



DATA TABLE ARK XXII/2 Continued

Station
338
338
338
338
338
342
342
342
342
342
342
342
342
342
342
342
342
342
342
342
342
342
342
349
349
349
349
349
349
349
349
349
349
349
349
349
349
349
349
349
349
349
349
349
349
352
352
352

Latitude [°N]
85.704
85.704
85.704
85.704
85.704
84.500
84.500
84.500
84.500
84.500
84.500
84.500
84.500
84.500
84.500
84.500
84.500
84.500
84.500
84.500
84.500
84.500
84.500
85.064
85.064
85.064
85.064
85.064
85.064
85.064
85.064
85.064
85.064
85.064
85.064
85.064
85.064
85.064
85.064
85.064
85.064
85.064
85.064
85.064
85.064
86.638
86.638
86.638

Longitude [°E]
224.961
224.961
224.961
224.961
224.961
221.581
221.581
221.581
221.581
221.581
221.581
221.581
221.581
221.581
221.581
221.581
221.581
221.581
221.581
221.581
221.581
221.581
221.581
195.528
195.528
195.528
195.528
195.528
195.528
195.528
195.528
195.528
195.528
195.528
195.528
195.528
195.528
195.528
195.528
195.528
195.528
195.528
195.528
195.528
195.528
177.555
177.555
177.555

Date
05-09-07
05-09-07
05-09-07
05-09-07
05-09-07
07-09-07
07-09-07
07-09-07
07-09-07
07-09-07
07-09-07
07-09-07
07-09-07
07-09-07
07-09-07
07-09-07
07-09-07
07-09-07
07-09-07
07-09-07
07-09-07
07-09-07
07-09-07
09-09-07
09-09-07
09-09-07
09-09-07
09-09-07
09-09-07
09-09-07
09-09-07
09-09-07
09-09-07
09-09-07
09-09-07
09-09-07
09-09-07
09-09-07
09-09-07
09-09-07
09-09-07
09-09-07
09-09-07
09-09-07
09-09-07
10-09-07
10-09-07
10-09-07

Depth [m]
101
75
50
25
5
2200
2000
1750
1500
1250
1000
901
700
501
301
200
151
133
101
76
51
25
10
1951
1900
1800
1751
1501
1251
1001
751
501
401
300
251
225
201
175
150
124
101
75
50
25

3900
3750
3500

6 (°C)
-1.50
=1853
=IL5)
-1.39
-1.54
-0.50
-0.50
-0.48
-0.42
-0.30
-0.13
-0.04
0.19
0.40
0.30
-0.42
-1.20
-1.46
-1.38
-1.51
-1.59
-1.44
-1.47
-0.50
-0.50
-0.49
-0.49
-0.44
-0.34
-0.21
0.07
0.54
0.82
0.82
0.70
0.45
0.16
-0.25
-0.70
-1.15
-1.54
SI855
-1.54
-1.48
-1.40
-0.54
-0.54
-0.54

Salinity
33.315
31.906
30.300
29.711
28.586
34.952
34.947
34.940
34.928
34.915
34.900
34.895
34.882
34.862
34.764
34.413
34.082
33.708
32.513
31.476
30.511
30.297
29.291
34.950
34,948
34,945
34.943
34,928
34.909
34.887
34.871
34.862
34.860
34.830
34.790
34.701
34.600
34.472
34.338
34.162
33.870
32.891
31.128
29.004
26.967
34.955
34.955
34.955

Database

dFe [nmol/I]

0.61
0.60
0.26
0.38
0.58
0.26
0.20
0.30
0.25
0.33
0.41
0.40
0.31
0.47
0.29
0.65
0.60
0.36
0.86
0.45
0.22
0.18
0.33
0.59
0.49
0.55
0.84
0.53
0.74
0.84
0.49
0.36
0.36
0.38
0.42
0.51
0.45
0.44
0.55
0.73
0.82
1.10
1.01
2.88
2.71
0.30
0.24
0.24

251



Chapter 8

DATA TABLE ARK XXIl/2 Continued

Station
352
352
352
352
352
352
352
352
352
352
352
352
352
352
352
352
352
352
363
363
363
363
363
363
363
363
363
363
363
363
363
363
363
363
363
363
363
363
363
363
363
363
371
371
371
371
371
371

252

Latitude [°N]
86.638
86.638
86.638
86.638
86.638
86.638
86.638
86.638
86.638
86.638
86.638
86.638
86.638
86.638
86.638
86.638
86.638
86.638
86.459
86.459
86.459
86.459
86.459
86.459
86.459
86.459
86.459
86.459
86.459
86.459
86.459
86.459
86.459
86.459
86.459
86.459
86.459
86.459
86.459
86.459
86.459
86.459
84.653
84.653
84.653
84.653
84.653
84.653

Longitude [°E]
177.555
177.555
177.555
177.555
177.555
177.555
177.555
177.555
177.555
177.555
177.555
177.555
177.555
177.555
177.555
177.555
177.555
177.555
135.017
135.017
135.017
135.017
135.017
135.017
135.017
135.017
135.017
135.017
135.017
135.017
135.017
135.017
135.017
135.017
135.017
135.017
135.017
135.017
135.017
135.017
135.017
135.017
102.736
102.736
102.736
102.736
102.736
102.736

Date
10-09-07
10-09-07
10-09-07
10-09-07
10-09-07
10-09-07
10-09-07
10-09-07
10-09-07
10-09-07
10-09-07
10-09-07
10-09-07
10-09-07
10-09-07
10-09-07
10-09-07
10-09-07
13-09-07
13-09-07
13-09-07
13-09-07
13-09-07
13-09-07
13-09-07
13-09-07
13-09-07
13-09-07
13-09-07
13-09-07
13-09-07
13-09-07
13-09-07
13-09-07
13-09-07
13-09-07
13-09-07
13-09-07
13-09-07
13-09-07
13-09-07
13-09-07
16-09-07
16-09-07
16-09-07
16-09-07
16-09-07
16-09-07

Depth [m]
3250
3001
2751
2500
2251
2001
1751
1500
1250
1001
751
500
200
150
100
50
26

8
3850
3750
3500
3250
3000
2750
2500
2249
2001
1752
1501
1253
1001
752
502
400
301
201
151
100
75
50
25
10
4050
3500
3400
3301
3201
2999

6 (°C)
-0.54
-0.53
-0.53
-0.52
-0.52
-0.51
-0.49
-0.44
-0.36
-0.22
0.01
0.46
0.44
-0.31
-1.47
-1.66
-1.63
=Il.59
-0.94
-0.94
-0.94
-0.93
-0.92
-0.91
-0.89
-0.85
-0.79
-0.71
-0.57
-0.38
-0.12
0.16
0.91
1.25
1.27
0.74
-0.13
-1.09
-1.54
-1.70
=73
-1.68
-0.94
-0.94
-0.93
-0.94
-0.94
-0.94

Salinity
34.955
34.955
34.955
34.955
34.953
34.950
34.944
34.932
34.915
34.897
34.879
34.868
34.684
34.460
34.077
32.186
30.361
29.525
34.943
34.943
34.941
34.938
34.934
34.930
34.925
34.922
34.919
34.915
34911
34.901
34.890
34.872
34.880
34.878
34.831
34.732
34.559
34.303
34.065
33.082
32.370
31.303
34.942
34.941
34.941
34.940
34.938
34.935

dFe [nmol/I]
0.32
0.27
0.18
0.28
0.37
0.31
0.33
0.42
0.42
0.47
0.32
0.33
0.31
0.42
0.57
1.52
2.01
2.03
0.44
0.46
0.54
0.51
0.54
0.33
0.45
0.62
0.56
0.56
0.43
0.50
0.45
0.42
0.50
0.48
0.48
0.47
0.47
0.64
0.65
1.35
1.80
1.48
0.92
0.71
1.06
0.78
0.73
0.70



DATA TABLE ARK XXII/2 Continued

Station
371
371
371
371
371
371
371
371
371
371
371
371
371
371
372
372
372
372
372
372
372
372
372
372
372
372
372
372
372
372
372
372
372
372
372
372
372
373
373
373
373
373
373
373
373
373
373
373

Latitude [°N]
84.653
84.653
84.653
84.653
84.653
84.653
84.653
84.653
84.653
84.653
84.653
84.653
84.653
84.653
84.328
84.328
84.328
84.328
84.328
84.328
84.328
84.328
84.328
84.328
84.328
84.328
84.328
84.328
84.328
84.328
84.328
84.328
84.328
84.328
84.328
84.328
84.328
84.199
84.199
84.199
84.199
84.199
84.199
84.199
84.199
84.199
84.199
84.199

Longitude [°E]
102.736
102.736
102.736
102.736
102.736
102.736
102.736
102.736
102.736
102.736
102.736
102.736
102.736
102.736
107.310
107.310
107.310
107.310
107.310
107.310
107.310
107.310
107.310
107.310
107.310
107.310
107.310
107.310
107.310
107.310
107.310
107.310
107.310
107.310
107.310
107.310
107.310
108.936
108.936
108.936
108.936
108.936
108.936
108.936
108.936
108.936
108.936
108.936

Date
16-09-07
16-09-07
16-09-07
16-09-07
16-09-07
16-09-07
16-09-07
16-09-07
16-09-07
16-09-07
16-09-07
16-09-07
16-09-07
16-09-07
17-09-07
17-09-07
17-09-07
17-09-07
17-09-07
17-09-07
17-09-07
17-09-07
17-09-07
17-09-07
17-09-07
17-09-07
17-09-07
17-09-07
17-09-07
17-09-07
17-09-07
17-09-07
17-09-07
17-09-07
17-09-07
17-09-07
17-09-07
17-09-07
17-09-07
17-09-07
17-09-07
17-09-07
17-09-07
17-09-07
17-09-07
17-09-07
17-09-07
17-09-07

Depth [m]
2750
2500
2251
2000
1500
1001
501
301
151
100
74
50
26
10
4061
3750
3500
3301
3200
3134
3000
2750
2501
2251
2001
1502
1003
502
301
201
150
101
75
50
33
24

4049
3749
3492
3300
3201
3131
3001
2749
2500
2249
2000

6 (°C)
-0.92
-0.90
-0.87
-0.81
-0.62
-0.32
0.60
1.03
0.16
-1.16
-1.68
-1.80
-1.76
-1.69
-0.94
-0.93
-0.93
-0.93
-0.93
-0.93
-0.94
-0.93
-0.91
-0.88
-0.83
-0.67
-0.36
0.64
1.10
0.98
0.19
-1.25
-1.66
-1.76
=173
-1.67
-1.72
-0.93
-0.93
-0.93
-0.93
-0.94
-0.94
-0.94
-0.93
-0.91
-0.88
-0.83

Salinity
34.931
34.928
34.924
34.922
34913
34.881
34.871
34.849
34.583
34.260
33.923
33.726
33.422
33.157
34.942
34,942
34.941
34.940
34.940
34.940
34.937
34,933
34.929
34.926
34,923
34.916
34.894
34.882
34.858
34.784
34.549
34.236
33.929
33.511
33.079
32.168
31.821
34.942
34.942
34.942
34.940
34.939
34.939
34.936
34.932
34.929
34.925
34.923

Database

dFe [nmol/I]

0.68
0.62
0.63
0.56
0.54
0.50
0.35
0.50
0.51
0.55
1.04
1.08
1.33
1.37
0.39
0.78
0.48
0.58
0.67
0.75
0.79
0.75
0.70
0.70
0.48
0.58
0.85
0.60
0.54
0.64
0.66
0.86
1.22
1.87
1.59
1.72
1.65
0.70
0.37
0.55
0.59
0.52
0.53
0.49
0.57
0.58
0.64
0.80
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Chapter 8

DATA TABLE ARK XXIl/2 Continued

Station
373
373
373
373
373
373
373
373
373
373
373
373
379
379
379
379
379
379
379
379
379
379
379
379
379
379
379
379
379
379
379
379
379
379
379
382
382
382
382
382
382
382
382
382
382
382
382
382

254

Latitude [°N]
84.199
84.199
84.199
84.199
84.199
84.199
84.199
84.199
84.199
84.199
84.199
84.199
82.865
82.865
82.865
82.865
82.865
82.865
82.865
82.865
82.865
82.865
82.865
82.865
82.865
82.865
82.865
82.865
82.865
82.865
82.865
82.865
82.865
82.865
82.865
81.358
81.358
81.358
81.358
81.358
81.358
81.358
81.358
81.358
81.358
81.358
81.358
81.358

Longitude [°E]
108.936
108.936
108.936
108.936
108.936
108.936
108.936
108.936
108.936
108.936
108.936
108.936
117.830
117.830
117.830
117.830
117.830
117.830
117.830
117.830
117.830
117.830
117.830
117.830
117.830
117.830
117.830
117.830
117.830
117.830
117.830
117.830
117.830
117.830
117.830
120.719
120.719
120.719
120.719
120.719
120.719
120.719
120.719
120.719
120.719
120.719
120.719
120.719

Date
17-09-07
17-09-07
17-09-07
17-09-07
17-09-07
17-09-07
17-09-07
17-09-07
17-09-07
17-09-07
17-09-07
17-09-07
18-09-07
18-09-07
18-09-07
18-09-07
18-09-07
18-09-07
18-09-07
18-09-07
18-09-07
18-09-07
18-09-07
18-09-07
18-09-07
18-09-07
18-09-07
18-09-07
18-09-07
18-09-07
18-09-07
18-09-07
18-09-07
18-09-07
18-09-07
19-09-07
19-09-07
19-09-07
19-09-07
19-09-07
19-09-07
19-09-07
19-09-07
19-09-07
19-09-07
19-09-07
19-09-07
19-09-07

Depth [m]
1750
1500
1001
750
500
200
150
100
51
33
24
11
4325
4000
3750
3500
3249
3000
2751
2501
2251
2002
1751
1501
1001
746
502
200
149
100
75
50
31
24

5201
5000
4749
4500
4248
4001
3750
3500
3250
3000
2750
2500
2001

6 (°C)
-0.76
-0.67
-0.37
-0.08
0.63
0.95
0.07
-1.40
-1.79
-1.76
-1.67
-1.71
-0.93
-0.93
-0.93
-0.93
-0.94
-0.94
-0.93
-0.90
-0.87
-0.82
-0.76
-0.68
-0.40
-0.12
0.61
1.16
0.50
-1.03
-1.59
=1L.7/3
-1.74
-1.68
-1.66
-0.92
-0.93
-0.93
-0.93
-0.93
-0.93
-0.93
-0.93
-0.93
-0.93
-0.94
-0.93
-0.86

Salinity
34.920
34.916
34.893
34.875
34.879
34.783
34.534
34.192
33.674
33.304
32.618
31.862
34.942
34.942
34.943
34.942
34.940
34.936
34.932
34.928
34.925
34.922
34.919
34.916
34.896
34.880
34.886
34.828
34.634
34.282
34.057
33.485
32.970
32.699
31.107
34.942
34.942
34.942
34.943
34.943
34.943
34.943
34.943
34.942
34.940
34.935
34.931
34.924

dFe [nmol/I]
0.61
0.62
0.77
0.64
0.64
0.50
0.60
0.76
0.89
1.18
1.07
1.06
0.64
0.58
0.49
0.56
0.63
0.75
0.55
0.77
0.66
0.58
0.67
0.59
0.49
0.47
0.48
0.65
0.51
0.77
0.96
1.05
1.83
1.78
1.79
2.34
1.66
1.51
0.87
0.64
0.55
0.65
0.53
0.55
1.00
0.68
0.44
0.40



DATA TABLE ARK XXII/2 Continued

Station
382
382
382
382
382
382
382
382
382
382
385
385
385
385
385
385
385
385
385
385
385
385
385
385
385
385
385
385
385
385
385
385
385
385
389
389
389
389
389
389
389
389
389
389
389
389
389
389

Latitude [°N]
81.358
81.358
81.358
81.358
81.358
81.358
81.358
81.358
81.358
81.358
79.352
79.352
79.352
79.352
79.352
79.352
79.352
79.352
79.352
79.352
79.352
79.352
79.352
79.352
79.352
79.352
79.352
79.352
79.352
79.352
79.352
79.352
79.352
79.352
78.355
78.355
78.355
78.355
78.355
78.355
78.355
78.355
78.355
78.355
78.355
78.355
78.355
78.355

Longitude [°E]
120.719
120.719
120.719
120.719
120.719
120.719
120.719
120.719
120.719
120.719
124.360
124.360
124.360
124.360
124.360
124.360
124.360
124.360
124.360
124.360
124.360
124.360
124.360
124.360
124.360
124.360
124.360
124.360
124.360
124.360
124.360
124.360
124.360
124.360
124.515
124.515
124.515
124.515
124.515
124.515
124.515
124.515
124.515
124.515
124.515
124.515
124.515
124.515

Date
19-09-07
19-09-07
19-09-07
19-09-07
19-09-07
19-09-07
19-09-07
19-09-07
19-09-07
19-09-07
20-09-07
20-09-07
20-09-07
20-09-07
20-09-07
20-09-07
20-09-07
20-09-07
20-09-07
20-09-07
20-09-07
20-09-07
20-09-07
20-09-07
20-09-07
20-09-07
20-09-07
20-09-07
20-09-07
20-09-07
20-09-07
20-09-07
20-09-07
20-09-07
21-09-07
21-09-07
21-09-07
21-09-07
21-09-07
21-09-07
21-09-07
21-09-07
21-09-07
21-09-07
21-09-07
21-09-07
21-09-07
21-09-07

Depth [m]
1501
1000
500
200
150
101
75
50
25
10
3426
3251
3101
3001
2751
2500
2251
2000
1751
1501
1251
1000
892
750
500
400
301
201
150
101
75
50
25

2502
2250
2000
1751
1499
1251
1000
901
749
500
250
200
150
100

6 (°C)
-0.73
-0.43
0.51
1.19
0.63
-0.61
-1.36
-1.68
-1.67
-1.66
-0.92
-0.92
-0.93
-0.93
-0.92
-0.91
-0.88
-0.84
-0.79
-0.70
-0.57
-0.36
-0.25
0.10
1.08
1.36
1.89
2.23
1.70
-0.59
-1.44
=175
-1.68
-0.97
-0.92
-0.87
-0.82
-0.77
-0.66
-0.51
-0.32
-0.21
-0.05
0.81
191
1.85
1.05
=113

Salinity
34918
34.902
34.887
34.833
34.670
34.377
34.195
33.856
32.693
31.272
34.941
34.941
34,938
34.936
34.932
34,928
34.924
34.921
34919
34916
34.913
34,905
34.902
34.907
34919
34.910
34.920
34,912
34.793
34.389
34.192
33.989
33.815
31.207
34.935
34.924
34.920
34.914
34.912
34.906
34.896
34.892
34.883
34.900
34.886
34.847
34.696
34.354

Database

dFe [nmol/I]

0.47
0.61
0.37
0.48
0.41
0.38
0.29
0.27
0.29
0.42
0.68
0.55
0.65
0.68
0.41
0.36
0.55
0.40
0.59
0.50
0.40
0.54
0.58
0.56
0.58
0.63
0.57
0.56
0.55
0.53
0.55
0.47
0.82
1.22
0.5
0.59
0.85
1.23
0.37
0.46
0.43
0.52
0.36
0.47
0.37
0.36
0.38
0.37

255



Chapter 8

DATA TABLE ARK XXIl/2 Continued

Station
389
389
389
389
400
400
400
400
400
400
400
400
400
400
400
400
407
407
407
411
411
411
411
411

256

Latitude [°N]
78.355
78.355
78.355
78.355
77.388
77.388
77.388
77.388
77.388
77.388
77.388
77.388
77.388
77.388
77.388
77.388
76.181
76.181
76.181
75.200
75.200
75.200
75.200
75.200

Longitude [°E]
124.515
124.515
124.515
124.515
123.402
123.402
123.402
123.402
123.402
123.402
123.402
123.402
123.402
123.402
123.402
123.402
122.129
122.129
122.129
121.358
121.358
121.358
121.358
121.358

Date
21-09-07
21-09-07
21-09-07
21-09-07
22-09-07
22-09-07
22-09-07
22-09-07
22-09-07
22-09-07
22-09-07
22-09-07
22-09-07
22-09-07
22-09-07
22-09-07
23-09-07
23-09-07
23-09-07
23-09-07
23-09-07
23-09-07
23-09-07
23-09-07

Depth [m]
76
51
24
10

1093
999
750
509
308
202
151
101

76
51
27
10
56
30
10
35
25
20
15
10

6 (°C)
-1.63
-1.74
-1.62
-0.09
-0.19
-0.09
-0.02
0.50
1.39
1.73
0.07
-1.63
-1.54
-1.35
-1.39
-1.51
-1.63
-1.58
-0.12
0.02
0.46
0.48
1.18
0.45

Salinity
34.203
34.024
33.469
31.467
34.907
34.895
34.867
34.865
34.869
34.843
34.623
34.418
34.375
34.209
33.720
32.353
33.810
33.434
29.723
32.653
32.504
32.498
30.626
29.092

dFe [nmol/I]
0.39
0.53
1.24
1.42
0.66
0.66
0.60
0.44
0.83
0.47
0.63
0.63
1.20
1.17
1.33
2.33
1.51
1.35
2.96
10.47
10.14
10.11
4.37
3.01



ANT XXIV/3

Database

A total of 920 DFe datapoints is available from ANT XXIV/3; 896 samples from down-
cast stations and 24 surface samples [See Chapter 4]. For methods see Chapter 5.2
and 6.2. Outliers are marked with () brackets.

DATA TABLE ANT XXIV/3

Station
101
101
101
101
101
101
101
101
101
101
101
101
101
101
101
101
101
101
101
101
101
103
103
103
103
103
103
103
103
103
103
103
103
103
103
103
103
103
103
103

Latitude [°N]
-42.338
-42.338
-42.338
-42.338
-42.338
-42.338
-42.338
-42.338
-42.338
-42.338
-42.338
-42.338
-42.338
-42.338
-42.338
-42.338
-42.338
-42.338
-42.338
-42.338
-42.338
-46.000
-46.000
-46.000
-46.000
-46.000
-46.000
-46.000
-46.000
-46.000
-46.000
-46.000
-46.000
-46.000
-46.000
-46.000
-46.000
-46.000
-46.000
-46.000

Longitude [°E]
8.995
8.995
8.995
8.995
8.995
8.995
8.995
8.995
8.995
8.995
8.995
8.995
8.995
8.995
8.995
8.995
8.995
8.995
8.995
8.995
8.995
5.881
5.881
5.881
5.881
5.881
5.881
5.881
5.881
5.881
5.881
5.881
5.881
5.881
5.881
5.881
5.881
5.881
5.881
5.881

Date
13-02-08
13-02-08
13-02-08
13-02-08
13-02-08
13-02-08
13-02-08
13-02-08
13-02-08
13-02-08
13-02-08
13-02-08
13-02-08
13-02-08
13-02-08
13-02-08
13-02-08
13-02-08
13-02-08
13-02-08
13-02-08
16-02-08
16-02-08
16-02-08
16-02-08
16-02-08
16-02-08
16-02-08
16-02-08
16-02-08
16-02-08
16-02-08
16-02-08
16-02-08
16-02-08
16-02-08
16-02-08
16-02-08
16-02-08
16-02-08

Depth [m]
4353
4000
3505
3000
2501
2005
1751
1502
1253
753
502
401
301
251
199
98
76
48
48
25
4
3099
3001
2501
2001
1747
1747
1501
1253
1001
751
499
404
300
251
201
151
100
73
50

8(°C)
0.72
0.77
1.33
1.88
2.16
2.46
2.60
2.71
2.82
3.86
5.76
6.91
6.68
7.07
7.52
9.38
9.13
10.36
10.36
10.87
10.99
1.09
1.17
1.63
2.19
2.36
2.36
2.46
2.47
2.59
2.80
3.17
3.42
3.95
4.21
4.41
4.82
4.93
6.84
7.82

Salinity
34.732
34.736
34.783
34.828
34.818
34.766
34.717
34.621
34.494
34.274
34.352
34.449
34.267
34.273
34.262
34.453
34.264
34.246
34.197
34.075
34.02
34.738
34.742
34.769
34.78
34.75
34.75
34.704
34.611
34.488
34.327
34.185
34.161
34.137
34.125
34.078
33.984
33.869
33.807
33.746

dFe [nmol/1]

0.28
0.33
0.40
0.62
0.63
0.64
0.42
0.49
0.45
0.35
0.46
0.36
0.39
0.38
0.27
0.32
0.32
0.27
0.18
0.24
0.36
0.51
0.31
0.44
0.43

(0.77)
0.54

(0.61)
0.39
0.45
0.40
0.43
0.40
0.36
0.24
0.25
0.23
0.47
0.28
0.20

257



Chapter 8

DATA TABLE ANT XXIV/3 Continued

Station

258

103
103
103
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
107
107
107
107
107
107
107
107
107
107
107
107
107
107
107
107
107
107
107
107
107
107
110
110
110
110

Latitude [°N]
-46.000
-46.000
-46.000
-47.664
-47.664
-47.664
-47.664
-47.664
-47.664
-47.664
-47.664
-47.664
-47.664
-47.664
-47.664
-47.664
-47.664
-47.664
-47.664
-47.664
-47.664
-47.664
-50.274
-50.274
-50.274
-50.274
-50.274
-50.274
-50.274
-50.274
-50.274
-50.274
-50.274
-50.274
-50.274
-50.274
-50.274
-50.274
-50.274
-50.274
-50.274
-50.274
-50.274
-50.274
-51.945
-51.945
-51.945
-51.945

Longitude [°E]
5.881
5.881
5.881
4.289
4.289
4.289
4.289
4.289
4.289
4.289
4.289
4.289
4.289
4.289
4.289
4.289
4.289
4.289
4.289
4.289
4.289
4.289
1.453
1.453
1.453
1.453
1.453
1.453
1.453
1.453
1.453
1.453
1.453
1.453
1.453
1.453
1.453
1.453
1.453
1.453
1.453
1.453
1.453
1.453
0.013
0.013
0.013
0.013

Date
16-02-08
16-02-08
17-02-08
17-02-08
17-02-08
17-02-08
17-02-08
17-02-08
17-02-08
17-02-08
17-02-08
17-02-08
17-02-08
17-02-08
17-02-08
17-02-08
17-02-08
17-02-08
17-02-08
17-02-08
17-02-08
18-02-08
18-02-08
18-02-08
18-02-08
18-02-08
18-02-08
18-02-08
18-02-08
18-02-08
18-02-08
18-02-08
18-02-08
18-02-08
18-02-08
18-02-08
18-02-08
18-02-08
18-02-08
18-02-08
18-02-08
18-02-08
19-02-08
19-02-08
19-02-08
19-02-08
19-02-08
19-02-08

Depth [m]
45
26
8

4397
4202
4006
3502
3002
2499
1997
1748
1500
1252
998
750
502
399
301
199
99
48
17
3500
3500
2993
2500
2002
1749
1500
1250
1001
748
499
400
301
249
199
150
100
75
50
49
23

2700
2500
2249
2000

8(°C)
7.82
7.83
7.84
0.41
0.43
0.46
0.66
0.99
1.44
2.06
2.23
2.38
2.38
2.51
2.64
2.77
2.85
3.22
3.55
4.51
6.47
6.47
0.31
0.31
0.46
0.71
1.06
1.44
1.61
1.94
2.03
2.11
2.15
2.11
1.88
1.79
1.46
1.00
3.17
3.18
3.18
3.18
3.18
3.18
0.33
0.36
0.41
0.51

Salinity
33.746
33.746
33.746
34.694
34.696
34.699
34.713
34.731
34.753
34.778
34.76
34.728
34.649
34.547
34.411
34.239
34.164
34.118
33.944
33.811
33.727
33.727
34.688
34.688
34.695
34.704
34.719
34.745
34.743
34.745
34.71
34.638
34.524
34.461
34.322
34.252
34.13
33.928
33.761
33.761
33.761
33.761
33.762
33.761
34.687
34.688
34.691
34.695

dFe [nmol/I]
0.18
0.27
0.24
0.29
0.25
0.32
0.39
0.40
0.55
0.64
0.63
0.23
0.21
0.49
0.42
0.49
0.45
0.35
0.23
0.22
0.21
0.17
(0.77)
0.57
0.51
0.5
0.47
0.48
0.45
0.49
0.45
0.40
(0.56)
0.39
(0.49)
0.34
0.21
0.24
(0.38)
0.21
0.27
0.21
0.20
0.15
0.57
0.45
0.51
0.56



DATA TABLE ANT XXIV/3 Continued

Station
110
110
110
110
110
110
110
110
110
110
110
110
110
110
110
110
110
110
110
110
113
113
113
113
113
113
113
113
113
113
113
113
113
113
113
113
116
116
116
116
116
116
116
116
116
116
116
116

Latitude [°N]
-51.945
-51.945
-51.945
-51.945
-51.945
-51.945
-51.945
-51.945
-51.945
-51.945
-51.945
-51.945
-51.945
-51.945
-51.945
-51.945
-51.945
-51.945
-51.945
-51.945
-52.997
-52.997
-52.997
-52.997
-52.997
-52.997
-52.997
-52.997
-52.997
-52.997
-52.997
-52.997
-52.997
-52.997
-52.997
-52.997
-54.000
-54.000
-54.000
-54.000
-54.000
-54.000
-54.000
-54.000
-54.000
-54.000
-54.000
-54.000

Longitude [°E]
0.013
0.013
0.013
0.013
0.013
0.013
0.013
0.013
0.013
0.013
0.013
0.013
0.013
0.013
0.013
0.013
0.013
0.013
0.013
0.013
0.029
0.029
0.029
0.029
0.029
0.029
0.029
0.029
0.029
0.029
0.029
0.029
0.029
0.029
0.029
0.029
-0.000
-0.000
-0.000
-0.000
-0.000
-0.000
-0.000
-0.000
-0.000
-0.000
-0.000
-0.000

Date
19-02-08
19-02-08
19-02-08
19-02-08
19-02-08
19-02-08
19-02-08
19-02-08
19-02-08
19-02-08
19-02-08
19-02-08
19-02-08
19-02-08
19-02-08
19-02-08
19-02-08
19-02-08
20-02-08
20-02-08
20-02-08
20-02-08
20-02-08
20-02-08
20-02-08
20-02-08
20-02-08
20-02-08
20-02-08
20-02-08
20-02-08
20-02-08
20-02-08
20-02-08
21-02-08
21-02-08
21-02-08
21-02-08
21-02-08
21-02-08
21-02-08
21-02-08
21-02-08
21-02-08
21-02-08
21-02-08
21-02-08
21-02-08

Depth [m]
1748
1499
1248
1000
750
601
499
448
398
350
299
250
200
149
99
76
51
32
25
7
2351
2249
1997
1749
1501
1250
1000
749
499
401
300
200
150
100
74
10
2398
2248
2000
1749
1499
1249
999
750
649
600
552
500

8(°C)
0.71
0.91
1.23
1.51
1.71
1.80
1.83
1.82
1.79
1.74
1.68
141
1.05
0.89
2.33
2.33
2.33
2.34
2.35
2.36
0.30
0.31
0.36
0.45
0.59
0.81
1.06
1.27
1.55
1.58
1.41
0.63
0.32
1.20
1.22
1.27
0.23
0.25
0.32
0.41
0.56
0.79
1.07
1.39
1.49
1.54
1.58
1.61

Salinity
34.705
34.712
34.723
34.724
34.708
34.673
34.634
34.613
34.581
34.546
34.508
34.403
34.239
33.922
33.711
33.711
33.711
33.711
33.711
33.711
34.684
34.684
34.686
34.689
34.694
34.7
34.706
34.708
34.669
34.628
34.546
34.275
33.923
33.79
33.79
33.789
34.681
34.681
34.684
34.687
34.691
34.7
34.706
34.71
34.705
34.701
34.694
34.68

Database

dFe [nmol/I]

0.48
0.51
0.44
0.38
0.31
0.31
0.36
0.38
(0.51)
0.25
0.29
0.30
0.18
0.14
0.16
0.06
0.05
0.05
0.16
0.20
1.07
0.80
1.07
0.85
1.33
0.74
0.49
0.40
0.41
0.49
0.44
0.32
(0.05)
0.15
0.25
0.15
1.92
1.63
1.55
2.21
1.20
0.39
0.68
0.36
0.53
0.39
0.44
0.52
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DATA TABLE ANT XXIV/3 Continued

Station
116
116
116
116
116
116
116
116
116
116
116
116
119
119
119
119
119
119
119
119
119
119
119
119
119
119
119
119
119
119
119
119
119
119
122
122
122
122
122
122
122
122
122
122
122
122
122
122

260

Latitude [°N]
-54.000
-54.000
-54.000
-54.000
-54.000
-54.000
-54.000
-54.000
-54.000
-54.000
-54.000
-54.000
-55.001
-55.001
-55.001
-55.001
-55.001
-55.001
-55.001
-55.001
-55.001
-55.001
-55.001
-55.001
-55.001
-55.001
-55.001
-55.001
-55.001
-55.001
-55.001
-55.001
-55.001
-55.001
-56.005
-56.005
-56.005
-56.005
-56.005
-56.005
-56.005
-56.005
-56.005
-56.005
-56.005
-56.005
-56.005
-56.005

Longitude [°E]
-0.000
-0.000
-0.000
-0.000
-0.000
-0.000
-0.000
-0.000
-0.000
-0.000
-0.000
-0.000
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.009
0.009
0.009
0.009
0.009
0.009
0.009
0.009
0.009
0.009
0.009
0.009
0.009
0.009

Date
21-02-08
21-02-08
21-02-08
21-02-08
21-02-08
21-02-08
21-02-08
21-02-08
21-02-08
21-02-08
21-02-08
21-02-08
21-02-08
21-02-08
21-02-08
21-02-08
21-02-08
21-02-08
21-02-08
21-02-08
21-02-08
21-02-08
21-02-08
21-02-08
21-02-08
21-02-08
21-02-08
21-02-08
21-02-08
21-02-08
21-02-08
21-02-08
22-02-08
22-02-08
22-02-08
22-02-08
22-02-08
22-02-08
22-02-08
22-02-08
22-02-08
22-02-08
22-02-08
22-02-08
22-02-08
22-02-08
22-02-08
22-02-08

Depth [m]
450
401
350
301
301
251
152
101
76
51
25
8
1598
1500
1499
1400
1248
1247
1000
899
750
600
502
449
399
349
299
250
201
150
101
76
50
25
3548
3496
3247
2996
2747
2499
2247
1998
1753
1500
1251
997
745
501

8(°C)
1.63
1.67
1.68
1.69
1.69
1.64
0.40
0.99
1.02
1.03
1.05
1.05
0.53
0.60
0.61
0.71
0.90
0.90
1.17
1.29
1.45
1.62
1.68
1.63
1.65
1.63
1.58
1.51
1.09
0.55
0.84
0.88
0.91
0.92
-0.53
-0.53
-0.51
-0.47
-0.40
-0.34
-0.24
-0.17
-0.05
0.07
0.18
0.36
0.51
0.61

Salinity
34.669
34.649
34.628
34.602
34.601
34.56
34.197
33.851
33.85
33.848
33.846
33.846
34.689
34.692
34.692
34.695
34.7
34.701
34.709
34.711
34.707
34.694
34.683
34.66
34.641
34.615
34.572
34.533
34.403
34.253
33.869
33.867
33.862
33.861
34.655
34.655
34.656
34.657
34.659
34.661
34.664
34.666
34.67
34.674
34.678
34.684
34.685
34.674

dFe [nmol/I]
0.40
0.38
0.47
0.31
0.36
0.32
(0.77)
0.26
0.27
0.26
0.14
0.52
0.83
0.74
0.68
0.67
0.80
0.80
0.69
0.82
0.76
0.70
0.60
1.82
1.21
1.24
0.68
0.58
0.59
0.47
0.32
0.20
0.33
0.47
0.53
0.53
0.59
0.54
0.56
(0.12)
0.52
0.48
0.46
0.40
0.42
0.38
0.31
0.36



DATA TABLE ANT XXIV/3 Continued

Station
122
122
122
122
122
122
122
122
122
122
128
128
128
128
128
128
128
128
128
128
128
128
128
128
128
128
128
128
128
128
128
128
131
131
131
131
131
131
131
131
131
131
131
131
131
131
131
131

Latitude [°N]
-56.005
-56.005
-56.005
-56.005
-56.005
-56.005
-56.005
-56.005
-56.005
-56.005
-58.004
-58.004
-58.004
-58.004
-58.004
-58.004
-58.004
-58.004
-58.004
-58.004
-58.004
-58.004
-58.004
-58.004
-58.004
-58.004
-58.004
-58.004
-58.004
-58.004
-58.004
-58.004
-59.000
-59.000
-59.000
-59.000
-59.000
-59.000
-59.000
-59.000
-59.000
-59.000
-59.000
-59.000
-59.000
-59.000
-59.000
-59.000

Longitude [°E]
0.009
0.009
0.009
0.009
0.009
0.009
0.009
0.009
0.009
0.009
-0.001
-0.001
-0.001
-0.001
-0.001
-0.001
-0.001
-0.001
-0.001
-0.001
-0.001
-0.001
-0.001
-0.001
-0.001
-0.001
-0.001
-0.001
-0.001
-0.001
-0.001
-0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001

Date
22-02-08
22-02-08
22-02-08
22-02-08
22-02-08
22-02-08
22-02-08
22-02-08
23-02-08
23-02-08
23-02-08
23-02-08
23-02-08
23-02-08
23-02-08
23-02-08
23-02-08
23-02-08
23-02-08
23-02-08
23-02-08
23-02-08
23-02-08
23-02-08
23-02-08
23-02-08
23-02-08
23-02-08
23-02-08
23-02-08
24-02-08
24-02-08
24-02-08
24-02-08
24-02-08
24-02-08
24-02-08
24-02-08
24-02-08
24-02-08
24-02-08
24-02-08
24-02-08
24-02-08
24-02-08
24-02-08
24-02-08
24-02-08

Depth [m]
400
301
250
201
151
100

75
50
24
9
4466
4194
3998
3747
3497
2996
2498
1997
1744
1500
1001
749
498
401
311
199
151
108
87
74
47
10
4513
4466
4245
3996
3495
2997
2496
1999
1750
1499
1250
1001
749
501
401
300

8(°C)
0.68
0.69
0.28
-0.16
-0.67
-0.11
0.60
0.65
0.68
0.74
-0.67
-0.65
-0.63
-0.59
-0.54
-0.45
-0.34
-0.16
-0.05
0.05
0.30
0.44
0.57
0.58
0.64
0.39
-0.30
-1.07
-0.28
0.31
0.37
0.37
-0.76
-0.76
-0.74
-0.72
-0.64
-0.53
-0.42
-0.30
-0.21
-0.12
-0.03
0.09
0.22
0.36
0.44
0.49

Salinity
34.664
34.646
34.571
34.494
34.369
34.114
34.009
34.005
34.005
34.005
34.65
34.65
34.652
34.653
34.654
34.657
34.661
34.666
34.67
34.673
34.682
34.685
34.682
34.674
34.662
34.599
34.479
34.322
34.144
34.074
34.062
34.061
34.646
34.646
34.647
34.648
34.652
34.655
34.659
34.662
34.665
34.668
34.671
34.675
34.68
34.685
34.686
34.686

Database

dFe [nmol/I]

(1.87)
0.38
0.29
0.24
0.16
0.15
0.19
0.36
0.42
0.39
0.72
0.70
0.77
0.69
0.61
0.50
0.70
0.86
0.66
0.81
0.49
0.66
0.64
0.48
0.48
0.53
0.32
0.34
0.29
0.31
0.18
0.18
0.54
0.53
0.49
0.53

(0.77)
0.52
0.46
0.44
0.46
0.66
0.54
0.45
0.36
0.32
0.41
0.34
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DATA TABLE ANT XXIV/3 Continued

Station

262

131
131
131
131
131
131
131
135
135
135
135
135
135
135
135
135
135
135
135
135
135
135
135
135
135
135
135
135
135
135
138
138
138
138
138
138
138
138
138
138
138
138
138
138
138
138
138
138

Latitude [°N]
-59.000
-59.000
-59.000
-59.000
-59.000
-59.000
-59.000
-60.005
-60.005
-60.005
-60.005
-60.005
-60.005
-60.005
-60.005
-60.005
-60.005
-60.005
-60.005
-60.005
-60.005
-60.005
-60.005
-60.005
-60.005
-60.005
-60.005
-60.005
-60.005
-60.005
-61.001
-61.001
-61.001
-61.001
-61.001
-61.001
-61.001
-61.001
-61.001
-61.001
-61.001
-61.001
-61.001
-61.001
-61.001
-61.001
-61.001
-61.001

Longitude [°E]
0.001
0.001
0.001
0.001
0.001
0.001
0.001
-0.002
-0.002
-0.002
-0.002
-0.002
-0.002
-0.002
-0.002
-0.002
-0.002
-0.002
-0.002
-0.002
-0.002
-0.002
-0.002
-0.002
-0.002
-0.002
-0.002
-0.002
-0.002
-0.002
-0.004
-0.004
-0.004
-0.004
-0.004
-0.004
-0.004
-0.004
-0.004
-0.004
-0.004
-0.004
-0.004
-0.004
-0.004
-0.004
-0.004
-0.004

Date
24-02-08
24-02-08
24-02-08
24-02-08
24-02-08
26-02-08
26-02-08
26-02-08
26-02-08
26-02-08
26-02-08
26-02-08
26-02-08
26-02-08
26-02-08
26-02-08
26-02-08
26-02-08
26-02-08
26-02-08
26-02-08
26-02-08
26-02-08
26-02-08
26-02-08
26-02-08
26-02-08
26-02-08
26-02-08
26-02-08
26-02-08
26-02-08
26-02-08
26-02-08
26-02-08
26-02-08
26-02-08
26-02-08
26-02-08
26-02-08
26-02-08
26-02-08
26-02-08
26-02-08
26-02-08
26-02-08
26-02-08
26-02-08

Depth [m]
250
200
152

99
50
24
6
5291
5287
5254
5094
4994
4733
4500
3998
3491
2996
2497
1999
1501
1000
499
300
200
150
102
78
51
25

5321
5294
5192
4994
4495
3995
3495
2997
2497
1998
1498
999
750
501
300
201
149
100

8(°C)
0.53
0.52
-0.20
-1.18
0.14
0.14
0.14
-0.81
-0.81
-0.81
-0.81
-0.81
-0.80
-0.78
-0.70
-0.59
-0.50
-0.40
-0.28
-0.11
0.11
0.38
0.53
0.70
0.26
-1.70
-1.71
-0.11
0.09
0.09
-0.80
-0.80
-0.80
-0.80
-0.78
-0.70
-0.60
-0.51
-0.40
-0.29
-0.12
0.10
0.22
0.36
0.48
0.60
0.65
=ALil7

Salinity
34.685
34.677
34.576
34.392
34.007
34.008
34.008
34.645
34.645
34.645
34.645
34.645
34.646
34.647
34.651
34.654
34.657
34.66
34.663
34.669
34.677
34.686
34.687
34.689
34.63
34.394
34.316
33.949
33.909
33.906
34.645
34.645
34.645
34.645
34.647
34.65
34.654
34.657
34.659
34.663
34.668
34.676
34.68
34.684
34.685
34.682
34.672
34.466

dFe [nmol/I]
0.34
0.29
0.19
(0.34)
0.14
(0.23)
0.12
0.63
0.54
0.47
0.49
0.47
0.44
0.53
0.51
0.55
0.45
0.48
0.57
0.48
0.54
0.33
0.33
0.57
0.63
0.32
0.34
0.34
0.27
0.21
0.46
0.37
0.50
0.62
0.53
(0.40)
0.53
0.56
0.47
0.46
0.42
0.41
0.43
0.41
0.37
0.34
0.25
0.26



DATA TABLE ANT XXIV/3 Continued

Station
138
138
141
141
141
141
141
141
141
141
141
141
141
141
141
141
141
141
141
141
141
141
141
141
141
144
144
144
144
144
144
144
144
144
144
144
144
144
144
144
144
144
144
144
144
144
144
144

Latitude [°N]
-61.001
-61.001
-62.000
-62.000
-62.000
-62.000
-62.000
-62.000
-62.000
-62.000
-62.000
-62.000
-62.000
-62.000
-62.000
-62.000
-62.000
-62.000
-62.000
-62.000
-62.000
-62.000
-62.000
-62.000
-62.000
-63.000
-63.000
-63.000
-63.000
-63.000
-63.000
-63.000
-63.000
-63.000
-63.000
-63.000
-63.000
-63.000
-63.000
-63.000
-63.000
-63.000
-63.000
-63.000
-63.000
-63.000
-63.000
-63.000

Longitude [°E]
-0.004
-0.004
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.004
0.004
0.004
0.004
0.004
0.004
0.004
0.004
0.004
0.004
0.004
0.004
0.004
0.004
0.004
0.004
0.004
0.004
0.004
0.004
0.004
0.004
0.004

Date
27-02-08
27-02-08
27-02-08
27-02-08
27-02-08
27-02-08
27-02-08
27-02-08
27-02-08
27-02-08
27-02-08
27-02-08
27-02-08
27-02-08
27-02-08
27-02-08
27-02-08
27-02-08
27-02-08
27-02-08
27-02-08
27-02-08
27-02-08
28-02-08
28-02-08
28-02-08
28-02-08
28-02-08
28-02-08
28-02-08
28-02-08
28-02-08
28-02-08
28-02-08
28-02-08
28-02-08
28-02-08
28-02-08
28-02-08
28-02-08
28-02-08
28-02-08
28-02-08
28-02-08
28-02-08
28-02-08
28-02-08
28-02-08

Depth [m]
49
25

5294
5265
5192
4993
4744
4496
3995
3496
2997
2497
1998
1248
998
749
500
399
300
200
151
101
76
49
26
5252
5099
5000
4750
4501
4001
3501
3001
2499
2000
1501
1250
1001
752
500
403
299
201
152
101
75
49
25

8(°C)
-1.64
0.18
-0.81
-0.81
-0.81
-0.81
-0.80
-0.78
-0.67
-0.58
-0.49
-0.39
-0.27
0.01
0.13
0.26
0.40
0.44
0.48
0.55
0.37
-1.61
-1.81
-0.84
0.27
-0.80
-0.80
-0.79
-0.75
-0.70
-0.62
-0.54
-0.45
-0.37
-0.24
-0.09
0.01
0.11
0.22
0.33
0.38
0.41
0.26
-0.32
=AL7/S
-1.70
-0.75
0.52

Salinity
34.234
33.911
34.645
34.645
34.645
34.645
34.646
34.647
34.651
34.654
34.657
34.66
34.663
34.672
34.677
34.681
34.684
34.684
34.68
34.672
34.622
34.346
34.281
34.115
33.996
34.645
34.645
34.646
34.648
34.649
34.652
34.656
34.657
34.66
34.664
34.669
34.672
34.676
34.679
34.683
34.683
34.682
34.649
34.527
34.277
34.208
34.067
33.938

Database

dFe [nmol/I]

0.28
0.25
0.59
0.45
0.33
0.39
0.37
0.37
0.44
0.50
0.54
0.51
0.50
0.52
0.43
0.40
0.37
0.37
0.33
0.22
(0.31)
0.219
0.13
0.23
0.27
0.44
0.36
0.36
0.48
0.52
0.43
0.41
0.43
0.52
0.52
0.48
0.43
0.48
0.34
0.34
0.30
0.24
0.24
0.23
0.20
0.13
0.27
0.23
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Station
147
147
147
147
147
147
147
147
147
147
147
147
147
147
147
147
147
147
147
147
147
147
147
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
161
161
161

264

Latitude [°N]
-63.967
-63.967
-63.967
-63.967
-63.967
-63.967
-63.967
-63.967
-63.967
-63.967
-63.967
-63.967
-63.967
-63.967
-63.967
-63.967
-63.967
-63.967
-63.967
-63.967
-63.967
-63.967
-63.967
-65.000
-65.000
-65.000
-65.000
-65.000
-65.000
-65.000
-65.000
-65.000
-65.000
-65.000
-65.000
-65.000
-65.000
-65.000
-65.000
-65.000
-65.000
-65.000
-65.000
-65.000
-65.000
-66.501
-66.501
-66.501

Longitude [°E]
-0.021
-0.021
-0.021
-0.021
-0.021
-0.021
-0.021
-0.021
-0.021
-0.021
-0.021
-0.021
-0.021
-0.021
-0.021
-0.021
-0.021
-0.021
-0.021
-0.021
-0.021
-0.021
-0.021
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
-0.001
-0.001
-0.001

Date
28-02-08
28-02-08
28-02-08
28-02-08
28-02-08
28-02-08
28-02-08
28-02-08
28-02-08
28-02-08
28-02-08
28-02-08
28-02-08
28-02-08
28-02-08
28-02-08
28-02-08
28-02-08
28-02-08
28-02-08
28-02-08
29-02-08
29-02-08
29-02-08
29-02-08
29-02-08
29-02-08
29-02-08
29-02-08
29-02-08
29-02-08
29-02-08
29-02-08
29-02-08
29-02-08
29-02-08
29-02-08
29-02-08
29-02-08
29-02-08
29-02-08
29-02-08
29-02-08
09-03-08
09-03-08
09-03-08
09-03-08
09-03-08

Depth [m]
5155
5127
5000
4750
4500
4250
3998
3499
3001
2500
1999
1499
998
751
503
401
300
202
151
100
74
41
24
3673
3650
3600
3300
3000
2749
2500
2249
2000
1750
1501
1248
999
750
501
400
300
201
149
100
40
25
4381
4204
4000

8(°C)
-0.80
-0.80
-0.79
-0.70
-0.62
-0.58
-0.55
-0.46
-0.36
-0.23
-0.06
0.16
0.43
0.58
0.82
0.94
1.06
1.12
1.04
-0.01
“AL.57
0.16
0.44
-0.50
-0.50
-0.48
-0.43
-0.38
-0.32
-0.25
-0.18
-0.09
0.01
0.13
0.25
0.39
0.52
0.71
0.80
0.76
0.83
0.76
0.80
-0.18
-0.11
-0.57
-0.55
-0.53

Salinity
34.645
34.645
34.646
34.65
34.651
34.654
34.655
34.657
34.66
34.664
34.67
34.677
34.688
34.692
34.699
34.7
34.696
34.681
34.658
34.526
34.343
34.045
34.001
34.655
34.655
34.655
34.657
34.658
34.66
34.663
34.666
34.669
34.672
34.676
34.681
34.687
34.689
34.695
34.696
34.685
34.681
34.672
34.666
34.028
34.012
34.653
34.653
34.654

dFe [nmol/I]
0.38
0.46
0.39
0.37
0.56
0.43
0.38
(0.98)
0.41
0.41
0.46
0.34
0.30
0.31
0.35
0.32
0.39
(0.54)
0.17
(0.55)
0.28
0.18
0.32
(0.72)
0.45
0.39
(0.52)
0.41
(0.53)
0.38
0.42
0.35
0.35
0.36
0.31
0.33
(0.51)
0.29
0.25
0.23
0.29
0.20
0.19
0.14
0.16
0.40
0.37
0.40



DATA TABLE ANT XXIV/3 Continued

Station
161
161
161
161
161
161
161
161
161
161
161
161
161
161
161
161
161
163
163
163
163
163
163
163
163
163
163
163
163
163
163
163
163
163
163
163
163
163
167
167
167
167
167
167
167
167
167
167

Latitude [°N]
-66.501
-66.501
-66.501
-66.501
-66.501
-66.501
-66.501
-66.501
-66.501
-66.501
-66.501
-66.501
-66.501
-66.501
-66.501
-66.501
-66.501
-67.000
-67.000
-67.000
-67.000
-67.000
-67.000
-67.000
-67.000
-67.000
-67.000
-67.000
-67.000
-67.000
-67.000
-67.000
-67.000
-67.000
-67.000
-67.000
-67.000
-67.000
-68.000
-68.000
-68.000
-68.000
-68.000
-68.000
-68.000
-68.000
-68.000
-68.000

Longitude [°E]
-0.001
-0.001
-0.001
-0.001
-0.001
-0.001
-0.001
-0.001
-0.001
-0.001
-0.001
-0.001
-0.001
-0.001
-0.001
-0.001
-0.001
-0.000
-0.000
-0.000
-0.000
-0.000
-0.000
-0.000
-0.000
-0.000
-0.000
-0.000
-0.000
-0.000
-0.000
-0.000
-0.000
-0.000
-0.000
-0.000
-0.000
-0.000
-0.000
-0.000
-0.000
-0.000
-0.000
-0.000
-0.000
-0.000
-0.000
-0.000

Date
09-03-08
09-03-08
09-03-08
09-03-08
09-03-08
09-03-08
09-03-08
09-03-08
09-03-08
09-03-08
09-03-08
09-03-08
09-03-08
09-03-08
09-03-08
09-03-08
09-03-08
09-03-08
09-03-08
09-03-08
09-03-08
09-03-08
09-03-08
09-03-08
09-03-08
09-03-08
09-03-08
09-03-08
09-03-08
09-03-08
09-03-08
09-03-08
09-03-08
09-03-08
09-03-08
09-03-08
10-03-08
10-03-08
10-03-08
10-03-08
10-03-08
10-03-08
10-03-08
10-03-08
10-03-08
10-03-08
10-03-08
10-03-08

Depth [m]
3000
2500
1998
1749
1501
1250

748
299
251
203
150
101
77
50
44
28
10
4601
4499
4002
3000
2501
2000
1501
1251
1001
748
401
300
250
210
171
101
74
44
45
23

4429
4201
4002
2999
2499
1999
1746
1502
1252
1000

8(°C)
-0.36
-0.23
-0.06
0.04
0.15
0.27
0.57
1.00
1.05
1.05
1.01
0.58
-0.97
=1L77
-1.74
-1.17
-0.76
-0.63
-0.60
-0.53
-0.37
-0.24
-0.07
0.14
0.26
0.39
0.53
0.86
0.94
0.98
1.03
1.02
0.72
0.55
-0.87
-0.81
-0.75
-0.75
-0.58
-0.54
-0.52
-0.36
-0.25
-0.08
0.02
0.13
0.24
0.39

Salinity
34.66
34.664
34.67
34.673
34.677
34.682
34.693
34.698
34.695
34.687
34.671
34.612
34.433
34.347
34.334
341
33.91
34.652
34.653
34.654
34.659
34.664
34.669
34.677
34.682
34.687
34.69
34.7
34.698
34.696
34.694
34.687
34.651
34.627
34.036
33.996
33.972
33.971
34.653
34.654
34.654
34.66
34.663
34.67
34.673
34.677
34.681
34.687

Database

dFe [nmol/I]

0.39
0.33
0.35
0.39
0.37
0.42
0.43
0.27
0.28
0.28
0.24
0.18
0.19
0.16
0.17
0.16
0.29
0.36
0.37
0.32
0.41
0.42
(0.53)
0.26
0.23
0.25
0.20
0.31
0.23
0.25
0.20
0.16
0.11
0.09
0.05
0.08
0.16
0.13
0.78
0.48
0.53
0.42
0.38
0.39
0.33
0.48
0.35
0.39

265



Chapter 8

DATA TABLE ANT XXIV/3 Continued

Station
167
167
167
167
167
167
167
167
167
167
167
167
167
175
175
175
175
175
175
175
175
175
175
175
175
175
175
175
175
175
175
175
175
175
175
175
175
178
178
178
178
178
178
178
178
178
178
178

266

Latitude [°N]
-68.000
-68.000
-68.000
-68.000
-68.000
-68.000
-68.000
-68.000
-68.000
-68.000
-68.000
-68.000
-68.000
-68.996
-68.996
-68.996
-68.996
-68.996
-68.996
-68.996
-68.996
-68.996
-68.996
-68.996
-68.996
-68.996
-68.996
-68.996
-68.996
-68.996
-68.996
-68.996
-68.996
-68.996
-68.996
-68.996
-68.996
-69.400
-69.400
-69.400
-69.400
-69.400
-69.400
-69.400
-69.400
-69.400
-69.400
-69.400

Longitude [°E]
-0.000
-0.000
-0.000
-0.000
-0.000
-0.000
-0.000
-0.000
-0.000
-0.000
-0.000
-0.000
-0.000
0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.003
-0.004
-0.004
-0.004
-0.004
-0.004
-0.004
-0.004
-0.004
-0.004
-0.004
-0.004

Date
10-03-08
10-03-08
10-03-08
10-03-08
10-03-08
10-03-08
10-03-08
10-03-08
10-03-08
10-03-08
10-03-08
11-03-08
11-03-08
11-03-08
11-03-08
11-03-08
11-03-08
11-03-08
11-03-08
11-03-08
11-03-08
11-03-08
11-03-08
11-03-08
11-03-08
11-03-08
11-03-08
11-03-08
11-03-08
11-03-08
11-03-08
11-03-08
11-03-08
11-03-08
11-03-08
12-03-08
12-03-08
12-03-08
12-03-08
12-03-08
12-03-08
12-03-08
12-03-08
12-03-08
12-03-08
12-03-08
12-03-08
12-03-08

Depth [m]
749
499
399
298
250
199
145
100
74
50
38
25
9
3301
3200
2996
2752
2500
2251
2000
1749
1500
1251
1001
750
499
400
300
250
199
149
100
75
50
25
25

1910
1850
1800
1749
1699
1601
1500
1250
999

800

701

8(°C)
0.51
0.64
0.73
0.73
0.70
0.75
0.57
-0.95
-1.58
-1.60
-0.74
-0.73
-0.73
-0.35
-0.35
-0.33
-0.30
-0.25
-0.20
-0.12
-0.04
0.07
0.17
0.33
0.48
0.68
0.73
0.75
0.75
0.68
0.25
-1.36
-1.59
-1.19
-1.13
-1.13
-1.13
0.05
0.06
0.07
0.08
0.10
0.13
0.16
0.25
0.34
0.36
0.38

Salinity
34.689
34.689
34.691
34.682
34.675
34.672
34.65
34.505
34.43
34.36
34.031
34.028
34.027
34.657
34.657
34.658
34.658
34.66
34.661
34.664
34.667
34.67
34.674
34.678
34.683
34.686
34.681
34.672
34.664
34.654
34.607
34.462
34.415
34.094
33.98
33.981
33.981
34.669
34.668
34.669
34.669
34.67
34.67
34.671
34.672
34.668
34.657
34.65

dFe [nmol/I]
(0.45)
0.33
0.28
0.22
0.21
0.22
0.23
0.11
0.15
0.12
0.14
0.07
0.09
0.45
0.48
0.45
0.41
0.46
0.44
0.41
0.45
0.40
(0.51)
0.43
0.36
0.33
0.31
0.33
0.27
0.26
0.22
0.17
0.05
0.13
0.14
0.14
0.13
0.49
0.43
0.48
0.44
0.48
0.53
0.51
0.54
0.60
0.52
0.68



DATA TABLE ANT XXIV/3 Continued

Station
178
178
178
178
178
178
178
178
178
178
178
178
187
187
187
187
187
187
187
187
187
187
187
187
187
187
187
187
187
187
187
187
187
187
187
191
191
191
191
191
191
191
191
191
191
191
191
191

Latitude [°N]
-69.400
-69.400
-69.400
-69.400
-69.400
-69.400
-69.400
-69.400
-69.400
-69.400
-69.400
-69.400
-68.797
-68.797
-68.797
-68.797
-68.797
-68.797
-68.797
-68.797
-68.797
-68.797
-68.797
-68.797
-68.797
-68.797
-68.797
-68.797
-68.797
-68.797
-68.797
-68.797
-68.797
-68.797
-68.797
-67.339
-67.339
-67.339
-67.339
-67.339
-67.339
-67.339
-67.339
-67.339
-67.339
-67.339
-67.339
-67.339

Longitude [°E]
-0.004
-0.004
-0.004
-0.004
-0.004
-0.004
-0.004
-0.004
-0.004
-0.004
-0.004
-0.004
-17.947
-17.947
-17.947
-17.947
-17.947
-17.947
-17.947
-17.947
-17.947
-17.947
-17.947
-17.947
-17.947
-17.947
-17.947
-17.947
-17.947
-17.947
-17.947
-17.947
-17.947
-17.947
-17.947
-23.621
-23.621
-23.621
-23.621
-23.621
-23.621
-23.621
-23.621
-23.621
-23.621
-23.621
-23.621
-23.621

Date
12-03-08
12-03-08
12-03-08
12-03-08
12-03-08
12-03-08
12-03-08
12-03-08
12-03-08
12-03-08
15-03-08
15-03-08
15-03-08
15-03-08
15-03-08
15-03-08
15-03-08
15-03-08
15-03-08
15-03-08
15-03-08
15-03-08
15-03-08
15-03-08
15-03-08
15-03-08
15-03-08
15-03-08
15-03-08
15-03-08
15-03-08
15-03-08
15-03-08
17-03-08
17-03-08
17-03-08
17-03-08
17-03-08
17-03-08
17-03-08
17-03-08
17-03-08
17-03-08
17-03-08
17-03-08
17-03-08
17-03-08
17-03-08

Depth [m]
502
451
300
200
180
150
137

99
75
56
24
10
4700
4349
3999
2999
2498
1994
1751
1499
1250
1005
752
502
402
302
250
200
149
100
73
50
25
25
10
4799
4503
3998
3000
2501
2001
1749
1501
1251
1000
750
500
400

8(°C)
0.64
0.67

-0.24
-1.56
-1.64
-1.67
-1.70
-1.36
-1.34
=133
-1.56
-1.58
-0.77
-0.63
-0.58
-0.41
-0.31
-0.15
-0.06
0.04
0.15

0.27

0.41

0.57

0.65

0.75

0.65

0.31

-0.69
-1.68
-1.77
-1.73
-1.84
-1.84
-1.84
-0.82
-0.77
-0.63
-0.46
-0.36
-0.23
-0.15
-0.05
0.05

0.17

0.30

0.45

0.51

Salinity
34.655
34.651
34.542
34.422
34.408
34.396
34.371
34.127
34.085
34.081
33.929
33.912
34.647
34.653
34.654
34.659
34.662
34.667
34.67
34.673
34.678
34.682
34.687
34.69
34.691
34.69
34.677
34.642
34.543
34.45
34.427
34.411
33.812
33.812
33.812
34.645
34.648
34.653
34.658
34.661
34.664
34.667
34.67
34.674
34.678
34.683
34.687
34.688

Database

dFe [nmol/I]

0.97
1.05
0.64
0.30
0.28
0.44
0.36
0.19
0.28
0.26
0.46
0.22
0.27
0.38
0.45
0.31
0.38
0.40
(2.17)
0.28
0.28
0.34
0.25
0.2
0.16
0.14
0.13
0.13
0.24
0.10
0.08
0.10
0.06
0.13
0.06
0.45
0.36
0.56
0.35
0.31
0.28
0.15
0.24
0.21
0.21
0.3
0.24
0.14

267



Chapter 8

DATA TABLE ANT XXIV/3 Continued

Station

268

191
191
191
191
191
191
191
191
193
193
193
193
193
193
193
193
193
193
193
193
193
193
193
193
193
193
193
193
198
198
198
198
198
198
198
198
198
198
198
198
198
198
198
198
198
198
198
198

Latitude [°N]
-67.339
-67.339
-67.339
-67.339
-67.339
-67.339
-67.339
-67.339
-66.606
-66.606
-66.606
-66.606
-66.606
-66.606
-66.606
-66.606
-66.606
-66.606
-66.606
-66.606
-66.606
-66.606
-66.606
-66.606
-66.606
-66.606
-66.606
-66.606
-65.614
-65.614
-65.614
-65.614
-65.614
-65.614
-65.614
-65.614
-65.614
-65.614
-65.614
-65.614
-65.614
-65.614
-65.614
-65.614
-65.614
-65.614
-65.614
-65.614

Longitude [°E]
-23.621
-23.621
-23.621
-23.621
-23.621
-23.621
-23.621
-23.621
-27.185
-27.185
-27.185
-27.185
-27.185
-27.185
-27.185
-27.185
-27.185
-27.185
-27.185
-27.185
-27.185
-27.185
-27.185
-27.185
-27.185
-27.185
-27.185
-27.185
-36.398
-36.398
-36.398
-36.398
-36.398
-36.398
-36.398
-36.398
-36.398
-36.398
-36.398
-36.398
-36.398
-36.398
-36.398
-36.398
-36.398
-36.398
-36.398
-36.398

Date
17-03-08
17-03-08
17-03-08
17-03-08
17-03-08
17-03-08
18-03-08
18-03-08
18-03-08
18-03-08
18-03-08
18-03-08
18-03-08
18-03-08
18-03-08
18-03-08
18-03-08
18-03-08
18-03-08
18-03-08
18-03-08
18-03-08
18-03-08
18-03-08
18-03-08
18-03-08
21-03-08
21-03-08
21-03-08
21-03-08
21-03-08
21-03-08
21-03-08
21-03-08
21-03-08
21-03-08
21-03-08
21-03-08
21-03-08
21-03-08
21-03-08
21-03-08
21-03-08
21-03-08
21-03-08
21-03-08
21-03-08
23-03-08

Depth [m]
300
250
200
149
100

74
50
9
4800
4799
3999
2997
2500
2001
1750
1498
1251
1000
753
501
400
301
201
151
102
50
24

4702
4500
4000
3499
2998
2500
2000
1749
1500
1249
1000
749
500
401
300
200
149
99
74
49

8(°C)
0.50
0.48
0.16
-0.84
-1.69
-1.72
-1.75
-1.85
-0.83
-0.83
-0.63
-0.46
-0.36
-0.24
-0.16
-0.06
0.04
0.16
0.29
0.45
0.47
0.40
-0.28
-1.52
-1.75
-1.65
-1.67
-1.68
-0.86
-0.79
-0.65
-0.57
-0.48
-0.39
-0.26
-0.18
-0.08
0.02
0.14
0.27
0.40
0.38
0.23
0.24
-0.75
-1.73
-1.63
-1.42

Salinity
34.681
34.677
34.645
34.554
34.477
34.463
34.279
34.135
34.644
34.644
34.653
34.658
34.661
34.664
34.667
34.67
34.673
34.678
34.682
34.687
34.685
34.676
34.611
34.507
34.477
34.133
34.129
34.129
34.642
34.647
34.652
34.655
34.657
34.66
34.664
34.666
34.669
34.672
34.677
34.682
34.685
34.68
34.666
34.667
34.577
34.505
34.451
34.167

dFe [nmol/I]
(0.23)
0.15
0.15
0.05
0.07
0.03
0.10
0.05
(0.55)
0.44
0.37
0.38
0.35
0.35
0.24
0.25
0.27
0.26
0.24
0.38
0.36
0.25
0.19
0.24
0.08
0.06
0.10
0.17
0.30
0.27
0.28
0.29
0.32
0.31
0.16
0.18
0.15
0.15
0.16
(0.25)
0.11
0.06
0.04
0.10
0.14
0.04
0.04
0.04



Database

DATA TABLE ANT XXIV/3 Continued

Station |Latitude [°N] Longitude [°E] Date Depth [m] | 6 (°C) | Salinity | dFe [nmol/I]
198 -65.614 -36.398 23-03-08 25 -1.45 | 34.161 0.06
204 -64.790 -42.858 23-03-08 3996 | -0.66 | 34.652 0.61
204 -64.790 -42.858 23-03-08 3495 -0.58 | 34.654 0.27
204 -64.790 -42.858 23-03-08 2995 -0.49 | 34.657 0.38
204 -64.790 -42.858 23-03-08 2501 -0.39 | 34.66 0.29
204 -64.790 -42.858 23-03-08 2001 -0.27 | 34.663 0.2
204 -64.790 -42.858 23-03-08 1751 -0.19 | 34.665 0.2
204 -64.790 -42.858 23-03-08 1501 | -0.10 | 34.668 0.13
204 -64.790 -42.858 23-03-08 1253 0.01 | 34.672 0.15
204 -64.790 -42.858 23-03-08 1004 0.12 | 34.676 0.12
204 -64.790 -42.858 23-03-08 756 0.25 | 34.68 0.16
204 -64.790 -42.858 23-03-08 502 0.36 | 34.682 0.2
204 -64.790 -42.858 23-03-08 401 0.26 | 34.672 0.12
204 -64.790 -42.858 23-03-08 301 0.17 | 34.663 0.14
204 -64.790 -42.858 23-03-08 250 0.18 | 34.663 0.11
204 -64.790 -42.858 23-03-08 199 0.00 | 34.647 0.14
204 -64.790 -42.858 23-03-08 151 -1.36 | 34.537 (1.30)
204 -64.790 -42.858 23-03-08 100 -1.79 | 34.504 0.06
204 -64.790 -42.858 23-03-08 75 -1.79 | 34.494 0.04
204 -64.790 -42.858 23-03-08 50 -1.72 | 34.469 0.10
204 -64.790 -42.858 25-03-08 30 -1.78 | 33.916 0.02
204 -64.790 -42.858 25-03-08 25 -1.78 | 33.916 0.03
210 -64.037 -48.278 25-03-08 3946 | -0.82 | 34.633 0.69
210 -64.037 -48.278 25-03-08 3500 -0.50 | 34.656 0.45
210 -64.037 -48.278 25-03-08 2999 | -0.41 | 34.659 0.44
210 -64.037 -48.278 25-03-08 2500 -0.32 | 34.661 0.33
210 -64.037 -48.278 25-03-08 2000 -0.17 | 34.666 0.27
210 -64.037 -48.278 25-03-08 1749 | -0.08 | 34.669 0.33
210 -64.037 -48.278 25-03-08 1501 0.02 | 34.672 0.32
210 -64.037 -48.278 25-03-08 1000 0.26 | 34.681 0.33
210 -64.037 -48.278 25-03-08 750 0.40 | 34.686 0.25
210 -64.037 -48.278 25-03-08 500 0.38 | 34.674 0.23
210 -64.037 -48.278 25-03-08 350 0.39 | 34.671 0.19
210 -64.037 -48.278 25-03-08 249 0.47 | 34.674 (0.35)
210 -64.037 -48.278 25-03-08 200 0.19 | 34.649 0.18
210 -64.037 -48.278 25-03-08 150 -0.15 | 34.618 0.19
210 -64.037 -48.278 25-03-08 99 -1.14 | 34.533 0.08
210 -64.037 -48.278 25-03-08 49 -1.59 | 34.372 0.07
210 -64.037 -48.278 25-03-08 30 -1.71 | 34.022 0.12
210 -64.037 -48.278 26-03-08 25 -1.83 | 33.739 0.13
210 -64.037 -48.278 26-03-08 8 -1.81 | 33.738 0.16
212 -63.894 -49.079 26-03-08 400 0.48 | 34.671 0.34
212 -63.894 -49.079 26-03-08 201 -0.60 | 34.548 0.39
212 -63.894 -49.079 26-03-08 101 -1.82 | 34.434 0.26
212 -63.894 -49.079 27-03-08 50 -1.77 | 34.275 0.27
212 -63.894 -49.079 27-03-08 20 -1.77 | 34.173 0.33
216 -63.699 -50.845 27-03-08 2451 -1.26 | 34.607 0.30
216 -63.699 -50.845 27-03-08 2397 -1.18 | 34.61 0.29
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DATA TABLE ANT XXIV/3 Continued

Station

270

216
216
216
216
216
216
216
216
216
216
216
216
216
216
216
216
216
216
221
221
221
221
221
222
222
222
222
222
222
222
222
222
222
222
222
222
222
222
222
222
222
222
222
222
222
223
223
223

Latitude [°N]
-63.699
-63.699
-63.699
-63.699
-63.699
-63.699
-63.699
-63.699
-63.699
-63.699
-63.699
-63.699
-63.699
-63.699
-63.699
-63.699
-63.699
-63.699
-63.401
-63.401
-63.401
-63.401
-63.401
-63.354
-63.354
-63.354
-63.354
-63.354
-63.354
-63.354
-63.354
-63.354
-63.354
-63.354
-63.354
-63.354
-63.354
-63.354
-63.354
-63.354
-63.354
-63.354
-63.354
-63.354
-63.354
-63.285
-63.285
-63.285

Longitude [°E]
-50.845
-50.845
-50.845
-50.845
-50.845
-50.845
-50.845
-50.845
-50.845
-50.845
-50.845
-50.845
-50.845
-50.845
-50.845
-50.845
-50.845
-50.845
-52.543
-52.543
-52.543
-52.543
-52.543
-52.847
-52.847
-52.847
-52.847
-52.847
-52.847
-52.847
-52.847
-52.847
-52.847
-52.847
-52.847
-52.847
-52.847
-52.847
-52.847
-52.847
-52.847
-52.847
-52.847
-52.847
-52.847
-53.237
-53.237
-53.237

Date
27-03-08
27-03-08
27-03-08
27-03-08
27-03-08
27-03-08
27-03-08
27-03-08
27-03-08
27-03-08
27-03-08
27-03-08
27-03-08
27-03-08
27-03-08
27-03-08
28-03-08
28-03-08
28-03-08
28-03-08
28-03-08
29-03-08
29-03-08
29-03-08
29-03-08
29-03-08
29-03-08
29-03-08
29-03-08
29-03-08
29-03-08
29-03-08
29-03-08
29-03-08
29-03-08
29-03-08
29-03-08
29-03-08
29-03-08
29-03-08
29-03-08
29-03-08
29-03-08
29-03-08
29-03-08
29-03-08
29-03-08
29-03-08

Depth [m]
2397
1999
1750
1500
1250
1000

749
500
399
300
200
150
100
74
50
40
25
10
491
479
249
99
20
425
414
404
395
385
375
365
355
345
335
300
274
250
222
200
175
150
125
100
75
50
30
416
406
394

8(°C)
-1.18
-0.29
-0.12
0.03
0.17
0.33
0.48
0.47
0.42
-0.01
-1.48
-1.81
-1.81
-1.81
-1.81
-1.83
-1.85
-1.86
-0.75
-0.76
-1.23
-1.60
-1.83
-0.76
-0.76
-0.76
-0.76
-0.77
-0.78
-0.79
-0.80
-0.82
-0.84
-0.87
-0.86
-0.90
-1.01
-1.03
-1.22
-1.36
-1.51
-1.58
-1.51
-1.82
-1.81
-0.90
-0.90
-0.90

Salinity
34.61
34.657
34.664
34.669
34.674
34.679
34.682
34.669
34.653
34.599
34.458
34.436
34.427
34.415
34.27
34.2
34.135
34.093
34.591
34.592
34.507
34.363
34.138
34.58
34.58
34.58
34.58
34.579
34.577
34.575
34.573
34.571
34.568
34.559
34.547
34.536
34.522
34.517
34.489
34.464
34.424
34.371
34.316
34.099
34.08
34.558
34.559
34.559

dFe [nmol/I]
0.32
0.27
0.35
0.23
0.31
0.29
0.21
0.15
0.14
0.21
0.09
0.05
0.10
0.02
0.11
0.01
0.01
0.01
0.87
0.69
0.99
0.61
1.48
0.64
0.69
0.65
0.69
0.72
0.77
0.81
0.66
0.59
0.62
0.58
0.60
0.60
0.56
0.35
0.12
0.57
0.74
0.52
0.24
0.11
0.08
1.30
1.35
1.41



DATA TABLE ANT XXIV/3 Continued

Station
223
223
226
226
226
226
226
226
226
226
226
226
226
226
226
226
226
226
226
226
226
226
226
226
226
226
230
230
230
230
230
230
230
230
230
230
230
230
230
230
230
230
230
230
230
230
230
230

Latitude [°N]
-63.285
-63.285
-60.627
-60.627
-60.627
-60.627
-60.627
-60.627
-60.627
-60.627
-60.627
-60.627
-60.627
-60.627
-60.627
-60.627
-60.627
-60.627
-60.627
-60.627
-60.627
-60.627
-60.627
-60.627
-60.627
-60.627
-60.101
-60.101
-60.101
-60.101
-60.101
-60.101
-60.101
-60.101
-60.101
-60.101
-60.101
-60.101
-60.101
-60.101
-60.101
-60.101
-60.101
-60.101
-60.101
-60.101
-60.101
-60.101

Longitude [°E]
-53.237
-53.237
-53.830
-53.830
-53.830
-53.830
-53.830
-53.830
-53.830
-53.830
-53.830
-53.830
-53.830
-53.830
-53.830
-53.830
-53.830
-53.830
-53.830
-53.830
-53.830
-53.830
-53.830
-53.830
-53.830
-53.830
-55.275
-55.275
-55.275
-55.275
-55.275
-55.275
-55.275
-55.275
-55.275
-55.275
-55.275
-55.275
-55.275
-55.275
-55.275
-55.275
-55.275
-55.275
-55.275
-55.275
-55.275
-55.275

Date
01-04-08
01-04-08
01-04-08
01-04-08
01-04-08
01-04-08
01-04-08
01-04-08
01-04-08
01-04-08
01-04-08
01-04-08
01-04-08
01-04-08
01-04-08
01-04-08
01-04-08
01-04-08
01-04-08
01-04-08
01-04-08
01-04-08
01-04-08
01-04-08
03-04-08
03-04-08
03-04-08
03-04-08
03-04-08
03-04-08
03-04-08
03-04-08
03-04-08
03-04-08
03-04-08
03-04-08
03-04-08
03-04-08
03-04-08
03-04-08
03-04-08
03-04-08
03-04-08
03-04-08
03-04-08
03-04-08
03-04-08
05-04-08

Depth [m]
384
30
898
750
582
551
501
447
401
354
300
275
250
223
200
175
148
127
99
80
60
53
40
28
20
9
3422
3167
2999
2499
1998
1748
1501
1252
1000
750
600
498
399
353
300
249
199
148
96
75
49
23

8(°C)
-0.90
-1.82
0.80
0.78
0.58
0.71
0.77
0.79
0.69
0.64
0.46
0.42
0.35
0.32
0.35
0.38
0.46
0.49
0.56
0.62
0.63
0.63
0.63
0.63
0.63
0.63
-0.26
-0.16
-0.11
0.29
0.62
0.77
0.95
1.14
1.36
1.55
1.74
1.79
191
1L.E5
1.55
0.26
0.33
0.48
0.60
0.61
0.83
1.29

Salinity
34.559
34.18
34.687
34.674
34.626
34.631
34.621
34.612
34.57
34.546
34.499
34.476
34.459
34.442
34.422
34.4
34.369
34.361
34.336
34.323
34.322
34.321
34.321
34.32
34.321
34.321
34.658
34.662
34.664
34.696
34.708
34.713
34.718
34.723
34.727
34.722
34.715
34.692
34.674
34.654
34.592
34.44
34.405
34.349
34.309
34.301
34.133
33.923

Database

dFe [nmol/I]

0.71
0.89
1.04
0.87
1.36
0.91
0.91
(1.75)
1.40
1.63
1.49
1.35
1.47
1.78
1.57
1.25
0.95
1.43
1.15
0.98
1.12
1.09
1.19
1.12
1.84
1.28
0.65
0.6
0.75
0.41
0.35
0.42
0.44
0.42
(0.57)
0.41
0.40
0.41
0.39
0.58
0.64
1.03
1.32
1.86
2.22
1.94
1.13
0.21
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DATA TABLE ANT XXIV/3 Continued

Station

272

230
236
236
236
236
236
236
236
236
236
236
236
236
236
236
236
236
236
236
236
236
236
236
238
238
238
238
238
238
238
238
238
238
238
238
238
238
238
238
238
238
238
238
238
238
238
238
241

Latitude [°N]
-60.101
-58.970
-58.970
-58.970
-58.970
-58.970
-58.970
-58.970
-58.970
-58.970
-58.970
-58.970
-58.970
-58.970
-58.970
-58.970
-58.970
-58.970
-58.970
-58.970
-58.970
-58.970
-58.970
-58.300
-58.300
-58.300
-58.300
-58.300
-58.300
-58.300
-58.300
-58.300
-58.300
-58.300
-58.300
-58.300
-58.300
-58.300
-58.300
-58.300
-58.300
-58.300
-58.300
-58.300
-58.300
-58.300
-58.300
-57.628

Longitude [°E]
-55.275
-58.140
-58.140
-58.140
-58.140
-58.140
-58.140
-58.140
-58.140
-58.140
-58.140
-58.140
-58.140
-58.140
-58.140
-58.140
-58.140
-58.140
-58.140
-58.140
-58.140
-58.140
-58.140
-59.479
-59.479
-59.479
-59.479
-59.479
-59.479
-59.479
-59.479
-59.479
-59.479
-59.479
-59.479
-59.479
-59.479
-59.479
-59.479
-59.479
-59.479
-59.479
-59.479
-59.479
-59.479
-59.479
-59.479
-60.898

Date
05-04-08
05-04-08
05-04-08
05-04-08
05-04-08
05-04-08
05-04-08
05-04-08
05-04-08
05-04-08
05-04-08
05-04-08
05-04-08
05-04-08
05-04-08
05-04-08
05-04-08
05-04-08
05-04-08
05-04-08
05-04-08
06-04-08
06-04-08
06-04-08
06-04-08
06-04-08
06-04-08
06-04-08
06-04-08
06-04-08
06-04-08
06-04-08
06-04-08
06-04-08
06-04-08
06-04-08
06-04-08
06-04-08
06-04-08
06-04-08
06-04-08
06-04-08
06-04-08
06-04-08
06-04-08
07-04-08
07-04-08
07-04-08

Depth [m]
24
3500
3198
2797
2498
2251
1999
1748
1500
1251
1004
750
596
499
397
300
247
200
118
99
74
49
24
2953
2900
2748
2500
2249
1999
1749
1499
1248
1002
749
599
500
402
300
250
202
151
102
77
49
40
26

3350

8(°C)
.32
-0.21
-0.13
0.04
0.22
0.39
0.53
0.68
0.85
1.07
1.28
1.48
1.53
1.64
1.69
1.63
1.17
1.10
0.65
1.03
2.31
2.50
2.49
0.37
0.40
0.45
0.52
0.64
0.85
0.51
1.15
1.38
1.57
1.83
1.99
2.05
2.08
1.84
1.47
1.01
-0.12
1.36
2.17
2.20
2.22
2.23
2.26
0.44

Salinity
33.91
34.66

34.663

34.672

34.682

34.691

34.698

34.701

34.706

34.712
34.71

34.7

34.667

34.657
34.63

34.575

34.473

34.406

34.169

34.073
33.92

33.889

33.886

34.697

34.699

34.7

34.699

34.705

34.712
34.65

34.711

34.723

34.717

34.708

34.683

34.661

34.619

34.512

34.426

34.322

34.163

33.861

33.774

33.773

33.771

33.769

33.768

34.698

dFe [nmol/I]
0.23
1.42
0.69
0.57
0.60
0.49
0.48
0.46
0.58
0.43
(0.67)
0.51
0.50
0.78
0.40
0.57
0.68
0.45
0.18
0.11
0.07
0.06
0.18
0.59
0.56
0.53
0.43
0.53
0.49
(0.76)
0.53
0.42
0.39
0.27
0.25
0.34
0.41
0.23
0.13
(0.52)
0.04
0.01
0.01
0.02
0.02
0.29
1.32
0.35



Database

DATA TABLE ANT XXIV/3 Continued

Station |Latitude [°N] Longitude [°E] Date Depth [m] | 6 (°C) | Salinity | dFe [nmol/I]
241 -57.628 -60.898 07-04-08 3224 0.51 | 34.702 0.29
241 -57.628 -60.898 07-04-08 3002 0.51 | 34.702 0.30
241 -57.628 -60.898 07-04-08 2797 0.71 | 34.711 0.51
241 -57.628 -60.898 07-04-08 2500 0.90 | 34.716 0.72
241 -57.628 -60.898 07-04-08 2251 1.06 | 34.72 0.55
241 -57.628 -60.898 07-04-08 1999 1.26 | 34.724 0.52
241 -57.628 -60.898 07-04-08 1750 1.42 | 34.726 0.46
241 -57.628 -60.898 07-04-08 1499 1.63 | 34.725 0.30
241 -57.628 -60.898 07-04-08 1249 1.85 | 34.712 0.30
241 -57.628 -60.898 07-04-08 999 2.03 | 34.68 0.35
241 -57.628 -60.898 07-04-08 751 2.13 | 34.604 0.24
241 -57.628 -60.898 07-04-08 481 2.23 | 34.471 0.20
241 -57.628 -60.898 07-04-08 401 2.03 | 34.392 0.15
241 -57.628 -60.898 07-04-08 301 1.82 | 34.296 0.09
241 -57.628 -60.898 07-04-08 251 1.35 | 34.202 (0.24)
241 -57.628 -60.898 07-04-08 199 1.35 | 34.202 0.10
241 -57.628 -60.898 07-04-08 150 0.24 | 34.034 0.05
241 -57.628 -60.898 07-04-08 100 1.32 | 33.865 0.07
241 -57.628 -60.898 07-04-08 85 2.25 | 33.82 0.14
241 -57.628 -60.898 07-04-08 75 2.43 | 33.812 0.06
241 -57.628 -60.898 07-04-08 50 2.70 | 33.795 0.19
241 -57.628 -60.898 09-04-08 25 2.86 | 33.794 0.38
241 -57.628 -60.898 09-04-08 10 2.88 | 33.794 0.15
244 -56.919 -62.392 09-04-08 4002 0.48 | 34.699 0.33
244 -56.919 -62.392 09-04-08 3749 0.62 | 34.707 0.36
244 -56.919 -62.392 09-04-08 3501 0.69 | 34.71 0.39
244 -56.919 -62.392 09-04-08 2998 0.93 | 34.716 0.51
244 -56.919 -62.392 09-04-08 2497 1.30 | 34.725 0.41
244 -56.919 -62.392 09-04-08 1998 1.75 | 34.719 0.39
244 -56.919 -62.392 09-04-08 1749 1.75 | 34.719 0.45
244 -56.919 -62.392 09-04-08 1499 2.09 | 34.666 0.41
244 -56.919 -62.392 09-04-08 1250 2.26 | 34.617 0.52
244 -56.919 -62.392 09-04-08 1000 2.47 | 34.513 0.34
244 -56.919 -62.392 09-04-08 748 2.73 | 34.398 0.69
244 -56.919 -62.392 09-04-08 502 3.08 | 34.22 0.51
244 -56.919 -62.392 09-04-08 399 3.15 | 34.133 0.24
244 -56.919 -62.392 09-04-08 299 3.28 | 34.079 0.15
244 -56.919 -62.392 09-04-08 250 3.35 | 34.05 0.19
244 -56.919 -62.392 09-04-08 200 3.64 | 34.055 0.13
244 -56.919 -62.392 09-04-08 147 3.82 | 34.049 0.13
244 -56.919 -62.392 09-04-08 100 4.48 | 33.989 0.11
244 -56.919 -62.392 09-04-08 73 5.24 | 33.929 0.09
244 -56.919 -62.392 09-04-08 50 5.37 | 33.924 0.19
244 -56.919 -62.392 09-04-08 38 5.46 | 33.926 0.15
244 -56.919 -62.392 10-04-08 24 5.43 | 33.909 0.06
244 -56.919 -62.392 10-04-08 9 5.43 | 33.91 0.05
249 -56.119 -63.757 10-04-08 4253 0.35 | 34.692 1.00
249 -56.119 -63.757 10-04-08 4001 0.36 | 34.692 0.60
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DATA TABLE ANT XXIV/3 Continued

Station

274

249
249
249
249
249
249
249
249
249
249
249
249
249
249
249
249
249
249
249
249
249
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
251
251
251

Latitude [°N]
-56.119
-56.119
-56.119
-56.119
-56.119
-56.119
-56.119
-56.119
-56.119
-56.119
-56.119
-56.119
-56.119
-56.119
-56.119
-56.119
-56.119
-56.119
-56.119
-56.119
-56.119
-55.702
-55.702
-55.702
-55.702
-55.702
-55.702
-55.702
-55.702
-55.702
-55.702
-55.702
-55.702
-55.702
-55.702
-55.702
-55.702
-55.702
-55.702
-55.702
-55.702
-55.702
-55.702
-55.702
-55.702
-55.333
-55.333
-55.333

Longitude [°E]
-63.757
-63.757
-63.757
-63.757
-63.757
-63.757
-63.757
-63.757
-63.757
-63.757
-63.757
-63.757
-63.757
-63.757
-63.757
-63.757
-63.757
-63.757
-63.757
-63.757
-63.757
-64.424
-64.424
-64.424
-64.424
-64.424
-64.424
-64.424
-64.424
-64.424
-64.424
-64.424
-64.424
-64.424
-64.424
-64.424
-64.424
-64.424
-64.424
-64.424
-64.424
-64.424
-64.424
-64.424
-64.424
-65.176
-65.176
-65.176

Date
10-04-08
10-04-08
10-04-08
10-04-08
10-04-08
10-04-08
10-04-08
10-04-08
10-04-08
10-04-08
10-04-08
10-04-08
10-04-08
10-04-08
10-04-08
10-04-08
10-04-08
10-04-08
10-04-08
11-04-08
11-04-08
11-04-08
11-04-08
11-04-08
11-04-08
11-04-08
11-04-08
11-04-08
11-04-08
11-04-08
11-04-08
11-04-08
11-04-08
11-04-08
11-04-08
11-04-08
11-04-08
11-04-08
11-04-08
11-04-08
11-04-08
11-04-08
11-04-08
12-04-08
12-04-08
12-04-08
12-04-08
12-04-08

Depth [m]
3699
3497
2999
2498
1998
1749
1501
1250
1000
500
400
300
249
200
148
101
74
59
39
24

9
3725
3600
3299
3000
2749
2499
2200
2003
1601
1251
1000
901
701
500
400
302
200
150
100
74
59
39
26
10
1549
1476
1400

8(°C)
0.48
0.57
0.89
1.30
1.68
1.79
1.96
2.18
2.35
2,51
2.50
2.61
2.32
2.70
2.89
4.07
4.46
4.56
4.56
4.56
4.56
0.43
0.51
0.71
0.98
1.16
1.34
1.57
1.71
2.03
2.27
2.51
2.57
2.81
2.98
2.90
3.22
3.42
3.63
4.74
5.07
5.08
5.10
5.10
5.10
2.45
2.45
2.45

Salinity
34.699
34.703
34.715
34.725
34.715
34.708
34.687
34.639
34.562
34.228
34.158
34.113
34.03
34.029
33.991
33.903
33.875
33.87
33.87
33.87
33.87
34.696
34.7
34.709
34.718
34.721
34.723
34.718
34.712
34.682
34.597
34.505
34.456
34.346
34.191
34.116
34.063
34.039
34.017
33.92
33.896
33.896
33.896
33.896
33.896
34.555
34.556
34.555

dFe [nmol/I]
0.50
0.43
0.45
0.91
0.82
0.61
(0.93)
0.27
0.27
0.37
0.21
0.20
0.08
0.10
0.20
0.09
0.04
0.17
0.09
0.33
0.07
0.70
0.36
0.34
0.82
0.86
1.50
1.94
0.41
0.37
0.28
(0.96)
0.41
0.50
0.63
0.52
0.21
0.08
0.10
0.04
(0.62)
0.14
(0.47)
0.16
(3.78)
0.44
0.38
0.24
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Station |Latitude [°N] Longitude [°E] Date Depth [m] | 6 (°C) | Salinity | dFe [nmol/I]
251 -55.333 -65.176 12-04-08 1298 2.51 | 34.535 0.48
251 -55.333 -65.176 12-04-08 1199 2.62 | 34.501 0.24
251 -55.333 -65.176 12-04-08 1100 2.71 | 34.472 0.43
251 -55.333 -65.176 12-04-08 898 2.99 | 34.385 0.24
251 -55.333 -65.176 12-04-08 794 3.09 | 34.318 0.16
251 -55.333 -65.176 12-04-08 693 3.46 | 34.295 0.13
251 -55.333 -65.176 12-04-08 589 3.79 | 34.257 0.29
251 -55.333 -65.176 12-04-08 506 4.11 | 34.208 0.39
251 -55.333 -65.176 12-04-08 404 4.36 | 34.128 0.14
251 -55.333 -65.176 12-04-08 349 4.57 | 34.132 0.42
251 -55.333 -65.176 12-04-08 298 4.76 | 34.132 0.13
251 -55.333 -65.176 12-04-08 249 4.92 | 34.139 0.20
251 -55.333 -65.176 12-04-08 201 5.02 | 34.141 (0.04)
251 -55.333 -65.176 12-04-08 150 5.15 | 34.144 0.12
251 -55.333 -65.176 12-04-08 100 5.42 | 33.968 0.03
251 -55.333 -65.176 12-04-08 79 5.45 | 33.951 0.02
251 -55.333 -65.176 12-04-08 59 5.45 | 33.951 0.26
251 -55.333 -65.176 12-04-08 38 5.45 | 33.951 0.20
251 -55.333 -65.176 12-04-08 25 5.45 | 33.95 0.08
251 -55.333 -65.176 12-04-08 ¢ 5.45 | 33.95 0.24
252 -55.128 -65.532 12-04-08 376 4,91 | 34.145 0.14
252 -55.128 -65.532 12-04-08 350 5.02 | 34.14 0.10
252 -55.128 -65.532 12-04-08 324 5.12 | 34.137 0.14
252 -55.128 -65.532 12-04-08 299 5.21 | 34.135 0.10
252 -55.128 -65.532 12-04-08 277 5.30 | 34.129 0.11
252 -55.128 -65.532 12-04-08 251 5.62 | 34.107 0.10
252 -55.128 -65.532 12-04-08 225 6.03 | 34.079 0.05
252 -55.128 -65.532 12-04-08 201 6.57 | 34.041 0.21
252 -55.128 -65.532 12-04-08 159 6.90 | 34.005 0.14
252 -55.128 -65.532 12-04-08 140 7.19 | 33.978 0.17
252 -55.128 -65.532 12-04-08 122 7.80 | 33.896 0.18
252 -55.128 -65.532 12-04-08 100 8.13 | 33.849 0.25
252 -55.128 -65.532 12-04-08 90 8.20 | 33.827 0.20
252 -55.128 -65.532 12-04-08 79 8.29 | 33.761 0.44
252 -55.128 -65.532 12-04-08 70 8.32 | 33.743 0.15
252 -55.128 -65.532 12-04-08 59 8.33 | 33.723 0.10
252 -55.128 -65.532 12-04-08 49 8.42 | 33.665 0.23
252 -55.128 -65.532 12-04-08 39 8.78 | 33.537 0.43
252 -55.128 -65.532 08-03-08 23 9.18 | 33.114 1.00
252 -55.128 -65.532 08-03-08 10 9.11 | 32.784 2.64

Surface-1 -66.055 0.0 08-03-08 1 0.22
Surface-2 -66.251 0.0 09-03-08 1 0.21
Surface-3 | -66.409 0.0 09-03-08 1 0.12
Surface-4 -66.583 0.0 09-03-08 1 0.67
Surface-5 -66.720 0.0 09-03-08 1 0.10
Surface-6 | -66.875 0.0 09-03-08 1 0.19
Surface-7 -67.025 0.0 09-03-08 1 0.11
Surface-8 -67.155 0.0 09-03-08 1 0.33
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Station
Surface-9
Surface-10
Surface-11
Surface-12
Surface-13
Surface-14
Surface-15
Surface-16
Surface-17
Surface-18
Surface-19
Surface-20
Surface-21
Surface-22
Surface-23
Surface-24
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Latitude [°N]
-67.272
-67.392
-67.597
-67.767
-67.914
-68.000
-68.250
-68.500
-68.514
-68.638
-69.258
-69.340
-69.507
-69.588
-69.586
-69.586

Longitude [°E]
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

Date
10-03-08
10-03-08
10-03-08
10-03-08
10-03-08
10-03-08
10-03-08
10-03-08
10-03-08
10-03-08
10-03-08
12-03-08
12-03-08
12-03-08
12-03-08
12-03-08

Depth [m]
1

PR RPRRRPRRPRRRERRPRRERPRRER

0 (°C)

Salinity

dFe [nmol/I]
0.12
0.11
0.15
0.13
0.25
0.73
0.28
0.34
0.13
0.12
0.15
0.20
0.21
0.25
0.15
0.26
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Samenvatting

Samenvatting
Introductie

Fotosynthese, het proces waarbij koolstofdioxide en water met behulp van zonlicht
worden omgezet in organische verbindingen is het belangrijkste proces voor fotoau-
totrofe organismen om te groeien. In de Oceaan bestaan fotoautotrofe, cellen die
nutrienten omzetten met behulp van licht, organismen voor een groot deel uit een-
celligen planten, fytoplankton (algen) genaamd. Deze algen staan aan de basis van de
voedselketen in de oceaan, en zijn daarmee van wezenlijk belang voor het leven in de
wereldzeeén. Dit proces van fotosynthese samen met andere essentiéle processen in
de cel, vereist verschillende chemische bouwstenen, waaronder koolstof. Tijdens de
evolutie in de oceaan, zijn de destijds meest aanwezige en best beschikbare elemen-
ten het belangrijkst geworden voor groei; voor algen zijn dit met name stikstof (N)
en fosfaat (P). Daarnaast zijn er nog elementen in kleinere hoeveelheden essentieel
voor de groei van algen, de spoormetalen. Deze groep van zes metalen (mangaan
(Mn), ijzer (Fe), cobalt (Co), nikkel (Ni), koper (Cu) en zink(Zn)) is onmisbaar voor
omzettingsprocessen in de cel. Met name ijzer is geschikt voor opslag, transport en
het overbrengen van energie binnen de cel, het vastleggen van stikstof en een aantal
andere belangrijke processen. Tijdens de evolutie van de aarde, 3.8-2.5 miljard jaar
geleden was ijzer oplosbaar en er was een aanzienlijke hoeveelheid opgelost ijzer
aanwezig als Fe?*in de Oceanen. Echter, met het proces van fotosynthese kwam er
meer en meer vrij zuurstof in de oceanen. Vanaf ongeveer 1 miljard jaar geleden
reageerde dit vrije zuurstof op grote schaal met het ijzer (Fe(Il)) en werden grote
hoeveelheden ijzeroxiden gevormd en afgezet. Toen er geen Fe(ll) meer beschikbaar
was, leidde dat tot een toename van zuurstof in de atmosfeer en Oceaan. Daarnaast
was het beschikbare ijzer in de oceaan veranderd van goed oplosbaar Fe(ll), dat in
voldoende mate aanwezig was naar slecht oplosbaar Fe(lll), slechts aanwezig in hele
lage (nanomolair) concentraties. Deze extreem lage concentratie van ijzer in de mo-
derne oceaan is het onderwerp van dit proefschrift.

Al in 1934 viel het Hart op dat de fytoplankton concentraties rond South Georgia
aanzienlijk hoger waren dan in andere delen van de Zuidelijke Ocean. Hij vermeldde:
“..Een van de chemische elementen in zeewater...mogelijk limiterend voor fyto-
planktongroei, zou zeker ijzer kunnen zijn (...) waarbij het land gezien kan worden
als bron...”. De extreem lage concentratie van ijzer in de oceaan maakte het echter
moeilijk deze hypothese te testen. Het was pas in 1988 toen John Martin en collega’s
in experimenten groei van fytoplankton waarnamen na het toevoegen van ijzer aan
SubArctisch Stille Oceaan water. In de vervolgens opgestelde “ijzer hypothese” werd
gesteld dat ijzer depositie in de oceaan tijdens het laatste glaciale maximum (LGM)
de ijzerstress van de algen wegnam, waardoor de algengroei enorm is toegenomen
en veel koolstofdioxide uit de lucht in de Oceaan heeft vastgelegd, waardoor vervol-
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gens de temperatuur afnam. In de jaren daarna, zorgden de ontwikkeling van schone
monstername en analysetechnieken voor een veel beter begrip van de distributie en
bronnen van ijzer in de oceanen.

In de oppervlakte wateren zijn de belangrijkste bronnen van ijzer depositie van stof
door neerslag in de Oceaan, uitstromend rivier water en het vrijkomen van ijzer na
gereduceerde condities op de suboxische oceaan bodem. Daarnaast is aanvoer vanaf
de diepere oceaan erg belangrijk; door menging met en advectie van diepere wate-
ren met hogere ijzerconcentraties wordt de concentratie in de oppervlakte wateren
verhoogd. In de diepe wateren is er ook aanvoer van hydrothermale bronnen. lJzer
wordt verwijderd uit de oceaan door biologische opname en vervolgens uitzinking,
en ook door het invangen van ijzer door niet biologische deeltjes. De kringloop van
biologische opname en export uit de oppervlakte wateren naar dieper water, en ver-
volgens weer de opwelling naar het oppervlaktewater speelt de grootste rol in de
verdeling van ijzer in de oceanen.

De poolzeeén

De poolzeeén zijn een onmisbare schakel in de mondiale oceanstromingen, en daar-
mee, in het mondiale klimaat. Ondanks zijn relatief afgelegen locatie is de Noorde-
lijke lJszee (Arctische Oceaan) een onmisbare schakel in de globale oceaan circulatie.
De zware (koude) wateren uit de Arctische Oceaan, stromen in de Atlantische oce-
aan, alwaar ze de belangrijkste driver vormen voor de thermohaliene circulatie, en
daarmee voor de golfstroom. Daarnaast speelt de Arctische Oceaan een belangrijke
rol in de nutriénten huishouding; het fosfaat overschot in de wateren die vanuit de
Arctische Oceaan in de Atlantische Oceaan stromen complementeert de binding van
stikstof uit de lucht en reguleert daarmee de stikstof en fosfaat balans in de oceanen.
Vanwege de moeilijke meetomstandigheden en het ontoegankelijke klimaat was er
voor aanvang van onze expeditie vrijwel niets bekend over de cyclus van spoormeta-
len in de Arctische Oceaan, en over de ijzerconcentraties in de diepere wateren van
de Centrale Arctische Oceaan was zelfs nog helemaal niets bekend.

De Arctische Oceaan wordt gekenmerkt door een grote invloed van rivierwater dat
vanuit de grote Siberische en Noordamerikaanse rivieren in de ondiepe zeeén aan
de randen van de oceaan stroomt, waardoor het aandeel zoet water erg groot is. Dit
zoetwater reikt tot in het midden van de Arctische Oceaan, waardoor er een duidelij-
ke halocliene, een scheiding van waterlagen door verschillende saliniteiten, ontstaat.
Deze halocliene en de aanwezigheid van zeeijs, zorgen ervoor dat er nauwelijks men-
ging plaatsvindt, waardoor een belangrijke route voor (spoormetalen) grotendeels
geblokkeerd wordt. Deze grote hoeveelheid aan rivier water, de relatief grote rand-
zeeén en het slechts mondjesmaat voorkomen van menging bepalen voor een groot
deel de cyclus van spoormetalen in de Arctische Oceaan.
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De Zuidelijke Oceaan speelt een belangrijke rol in de thermohaliene circulatie. Sa-
mengevat stromen de watermassa’s op intermediaire diepte van de drie grote oce-
anen; de Atlantische, Pacifische en Indiase Oceaan, zuidwaarts richting de Zuidelijke
Oceaan. Daar wordt het water meegenomen in een stroming rondom Antarctica; de
Antarctic Circumpolar Current. In de Atlantische Oceaan is er zowel nabij het zeeop-
pervlak (Antarctic Intermediate Water; AAIW) als op grote diepte (Antarctic Bottom
Water; AABW) een terugstroom vanuit de Zuidelijke Oceaan naar het noorden. Dit
mechamisme is een belangrijke driver van de thermohaliene circulatie. Daarnaast is
het van wezenlijk belang voor de biochemische kringloop van de Zuidelijke Oceaan.
De sterke winden rond ~40°S zorgen ervoor dat het oppervilakte water naar het noor-
den stroomt (Ekman transport), waardoor het diepere water, dat rijk is aan nutrién-
ten naar de oppervlakte kan komen. Omdat dit water naast fosfaat en nitraat ook
veel silicaat bevat wordt de fytoplankton gemeenschap in de Zuidelijke Oceaan voor
een groot deel gevormd door diatomeeén, die silicaat nodig hebben in hun groei.
De hoge concentratie aan nutriénten wordt echter niet volledig opgemaakt door het
aanwezige fytoplankton. Er moet dus nog een limiterende (groei)factor zijn, en er is
verondersteld dat dit (met name) ijzer is. Om deze hypothese te testen zijn er in de
afgelopen decennia verschillende experimenten gedaan waarbij ijzer toegevoegd is
aan water uit de Zuidelijke Oceaan (of andere gebieden waar water met een hoge
nutriéntconcentratie maar relatief lage chlorofylconcentratie voorkomt). Uit deze ex-
perimenten blijkt dat inderdaad dat de groei gestimuleerd wordt door het toevoegen
van ijzer. Daarnaast blijkt dat de soortensamenstelling van het water verandert; bij
het toevoegen van ijzer komen er meer grote diatomeeén voor. Vanwege een ongun-
stige oppervlakte: volume verhouding kunnen deze kunnen deze grote diatomeeén
weinig ijzer opnemen bij lage concentraties.

Hoewel er al gegevens bekend waren over de verdeling en beschikbaarheid van ijzer
in de oceaan, is dit onderzoek (met de andere onderzoeken uitgevoerd in het kader
van IPY, zie onder) het eerste waarbij systematisch ijzer in kaart gebracht is over de
hele diepte van de oceaan over transecten in drie verschillende gebieden. Daarnaast
bieden de simultaan genomen monsters van andere chemische, biologische para-
meters en de beschikbaarheid van fysisch oceanografische data de mogelijkheid de
verdeling, herkomst en afname van ijzer in de context van het oceanografische en
biologische systeem van de Zuidelijke Oceaan te plaatsen.

IPY GEOTRACES

Dit onderzoek is uitgevoerd in het kader van het “Internationaal Polar Year 2007-
2008” (IPY), een internationaal gecodrdineerd onderzoeksprogramma waarin de
nadruk lag op onderzoek in de polaire gebieden. Daarnaast is dit werk uitgevoerd
binnen de scope van het internationale GEOTRACES Programma; een internationaal
onderzoeksprogramma binnen de oceanografie dat tot doel heeft;
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“Het identificeren en kwantificeren van fluxen die bepalend zijn voor de verdeling
van belangrijke spoorelementen en isotopen in de oceaan, en het onderzoeken van
de gevoeligheid van deze elementen voor omgevingsveranderingen”

Doordat dit onderzoek is uitgevoerd in het kader van deze onderzoeksprogramma’s is
het goed mogelijk geweest de data te combineren met andere beschikbare data om
tot conclusies te komen. Daarnaast heeft deze dataset van belang kunnen zijn bij het
interpreteren van andere data beschikbaar binnen IPY:GEOTRACES.

Opzet van het proefschrift
Hoofdstuk 1 van dit proefschrift geeft een algemene introductie van het onderwerp.

Hoofdstuk 2 van dit proefschrift beschrijft de distributie van ijzer(Fe) in the Kara,
Barentsz en Laptev zeeén en de oppervlaktewateren van de Noordelijke lJszee. In de
Barentsz Zee en Kara Zee, is opname van ijzer door fytoplankton waargenomen in
de laag net onder het oppervlak. Lagere concentraties in de Kara Zee duiden waar-
schijnlijk op het invangen van ijzer door biologisch materiaal en verwijdering door
uitzinken. Uitzonderlijk hoge ijzerconcentraties in de Laptev Zee (2-10 nM) worden
toegeschreven aan opwervelend sediment, het zinken van brijn en regeneratie van
ijzer. Massabalansen van 98¢0, saliniteit en nutriénten zijn gebruikt om onderscheid
te maken tussen het zoetwater van verschillende herkomst; zee-ijs, rivierwater en
het saliniteitsdeficiét van Pacifisch water (wat kan worden gezien als relatief “zoet
water” ten opzichte van het zoutere Atlantisch water). Het effect van smeltend zee-
ijs is niet erg groot, en beperkt zich vooral tot het Nansen Bassin. De Trans Polar Drift
(TDP) brengt rivierwater afkomstig van de Siberische rivieren naar de oppervlakte-
wateren in het midden van de Noordelijke 1Jszee (Amundsen en Makarov Basins) en
veroorzaakt daarmee hoge (>2 nM) ijzerconcentraties. Twee stations waren duidelijk
gelegen aan de Noordamerikaanse zijde van de TPD ; dit is te zien in een relatief lage
ijzer concentratie, die niet bepaald wordt door rivierwater, maar door de gecom-
bineerde effecten van smelten van zee-ijs, biologische opname en remineralisatie
processen.

De verdeling van ijzer in de diepe lagen van de Noordelijke lJszee wordt beschreven
in hoofdstuk 3. Het zee-ijs en de sterke halocliene in de Noordelijke lJszee voorko-
men een groot deel van de verticale menging met de bovenste wateren. Daarom
speelt laterale aanvoer van ijzer een relatief belangrijke rol. De helling van het conti-
nentale plat en de stroom vanuit de Atlantische Oceaan zijn de belangrijkste bronnen
van ijzer in het Nansen Bassin op tussenliggende diepte. Een sterk effect van hydro-
thermale bronnen op de aanvoer van ijzer (DFe>1.5 nM) is te zien in het grootste
gedeelte van de Nansen en Amundsen Bassins, waarbij concentraties oplopen met
het naderen van eerder geidentificeerde hydrothermale bronnen. Dit laat het belang
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zien van hydrothermale bronnen voor de concentratie van ijzer in de diepe Noorde-
lijke lJszee. De afwezigheid van aanvoerbronnen voor ijzer in de diepste (>3000m)
Amundsen en Makarov Bassins kan niet volledig gecompenseerd worden door or-
ganische complexatie. Dit verklaart de gevonden lineaire relatie met opgelost man-
gaan, en de erg lage concentratie van ijzer in deze diepe laag.

Hoofdstuk 4 beschrijft de verdeling van opgelost ijzer over een traject langs de nul-
meridiaan in de Zuidelijke Oceaan. De belangrijkste bronnen van ijzer naar het op-
pervlaktewater zijn vertikale menging en het opwellen van dieper water. Plaatselijk
kunnen ook atmosferische depositie (stof, neerslag) en smeltend zee-ijs belangrijke
bronnen zijn. Inverse correlatie tussen ijzer en fluorescentie wijst op biologische op-
name van ijzer over het zuidelijkste deel van het transect, in de Weddell Zee. De
concentratie in de diepere wateren wordt met name bepaald door intrusie van ijzer-
rijke noordelijke wateren (NADW), hydrothermale bronnen en verwijdering door het
uitzinken van deeltjes. In de diepe Weddell Gyre, in de stroom in oostelijke richting,
dichtbij het Antarctische continent, is aanzienlijk minder ijzer gevonden dan in de
westelijke stroom, verder naar het noorden. Dit duidt op een aanvoer van ijzer vanaf
het Antarctisch schiereiland en langs de Mid Ocean Ridge. De extreem lage ijzer-
concentraties zo dichtbij het continent zijn uniek; de ijskap voorkomt de normale
geobiochemische processen, die bij andere, niet ijsbedekte continentale randen, een
toename van ijzer veroorzaken.

De verdeling van ijzer in de Westelijke Weddell Zee en de Drake Passage is het onder-
werp van hoofdstuk 5. In de Weddell Sea worden zeer lage concentraties ijzer aan-
getroffen (0.01-0.1 nM). Deze kunnen deels worden verklaard door een hoge export
van dood organisch materiaal (afgestorven algen) en primaire productie (zoals af te
leiden uit de chlorophyll fluorescentie). De afname van de ratio stikstof:fosfor (N:P)
in de Westelijke Weddell Zee is constant (~11) met toenemende ijzerconcentraties in
het water, terwijl langs de nulmeridiaan een toename van deze ratio met toemend
ijzer was waargenomen. Dit is toe te schrijven aan het voorkomen van kleinere dia-
tomeeén in de Westelijke Weddell Zee. Kleine diatomeeén ondervinden minder ef-
fect van ijzer limitatie vanwege een hoger oppervlakte:volume ratio en daarnaast is
de diffuse laag van de cel kleiner, waardoor de concentratiegradient tussen de cel
en daarbuiten relatief groot is. De aanvoer van opgelost ijzer van het continentaal
plat van het Antarctisch Schiereiland heeft de grootste invloed in de Drake Passage,
waar het het water tot ver in de Passage, de lijnen van gelijke dichtheid volgt. Dit is
consistent met de verspreiding van het opgelost mangaan, aluminium en radium.
Een toename van ijzer (tot ~3 nM) en een lage saliniteit richting Tierra del Fuego
duidt op aanvoer van rivieren of ijs uit Patagonié. In de diepe wateren van de Wed-
dell Zee vormt zich water nabij de bodem (‘Weddell Sea Bottom Water’ (WSBW))
door convectie langs de continentale helling. Dit water heeft een relatief hoge ijzer
concentratie (0.6-0.8 nM), in vergelijking met de wateren daarboven (0.2-0.4 nM).
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Een deel van de diepste wateren in de Weddell Zee passeert de Scotia Zee, waar het
vervolgens ijzer opneemt, zoals te zien in de observatie van deze watermassa in de
diepe zuidelijke Drake Passage, met een ijzerconcentratie van ~1 nM. Het Weddell
Sea Deep Water (WSDW) verdeelt zich. Een deel stroomt door de Scotia Zee en gaat
noordwaarts als Antarctic Bottom Water (AABW) over de diepe Atlantische Oceaan.
Het grootste deel stroomt echter via de oostwaartse stroom van de Weddell Gyre
terug naar de nulmeridiaan en wordt onderweg verrijkt met ijzer. Dichtbij de con-
tinentale helling van Zuid Amerika (Patagonié) bevindt zich een waterlaag met een
uitzonderlijk hoge ijzerconcentratie (>1.5 nM), samenvallend met een maximum in
mangaan en een §°He anomalie, welke wordt toegeschreven aan de hydrothermale
bronnen in de Zuidelijke Stille Oceaan.

In hoofdstuk 6 wordt de ijzer data zoals gemeten in het kader van dit proefschrift
(van de ANT XXIV/3 cruise) gecombineerd met reeds bestaande data van ijzer bin-
nen de Antarctic Circumpolar Current (ACC), Weddell Gyre (WG) en Ross Gyre (RG).
Deze gecompileerde dataset is verdeeld over vier diepte lagen (de oppervlaktelaag
(door de wind gemengd), vanaf de ondergrens van de oppervlaktelaag-300m, 300m-
1000m, > 1000m). De gemiddelde concentratie van opgelost ijzer neemt toe met de
diepte, van gemiddeld 0.28 nM in de oppervlakte wateren tot gemiddeld 0.56 nM
in de wateren dieper dan 1000 meter. lets lagere concentraties ten zuiden van het
Polaire Front worden verklaard door opwellend water, met name in de Atlantische
Sector. Van Patagonié tot ongeveer 60°E worden relatief hoge ijzerconcentraties ge-
rapporteerd in de bovenste 1000 m. Dit is zeer waarschijnlijk toe te schrijven aan een
grote invloed van Patagonié (stofdepositie) en opwellend water. Binnen de Weddell
Gyre is opgelost ijzer iets hoger in de oostelijke terugstroom dan in de westelijke
stroom, die dichter bij het continent ligt. Nog hogere concentraties worden gevon-
den bij het Antarctisch schiereiland, dat waarschijnlijk als bron voor ijzer dient. Deze
hoge concentratie nabij het het schiereiland geeft de belangrijke rol van sedimen-
taire processen voor de aanvoer van ijzer in de Zuidelijke Oceaan weer. De compilatie
van beschikbare ijzermetingen op vier verschillende dieptes, geeft inzicht in de hoe-
veelheid ijzer die beschikbaar is voor de groei van phytoplankton, en is van waarde
voor modelstudies naar de biologie en chemie in de Zuidelijke Oceaan.

In hoofdstuk 7 worden de bovenstaande hoofdstukken samengebracht en samen-
gevat. Daarnaast worden er aanbevelingen gedaan voor verder onderzoek. Een van
de belangrijkste conclusies die uit dit onderzoek naar voren komen is de grote hoe-
veelheid ijzer die uit hydrothermale bronnen komt en de afstand die dit ijzer aflegt.
De cruises in het kader van dit onderzoek waren echter niet ontworpen om naar de
invloed van hydrothermale bronnen te kijken. Daarom zou het goed zijn in een ver-
volgonderzoek te kijken naar de verspreiding van ijzer en andere metalen vanuit hy-
drothermale bronnen, door verschillende transecten vanaf geidentificeerde bron-
nen, met monstername op de relevante diepte’s. Daarnaast zou het van wezenlijk
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belang zijn de seizoenscyclus van ijzer en andere elementen te kunnen inschatten.
Tot zover is er slechts een studie in de —Antarctische- wintermaanden uitgevoerd.
Toch is de hypothese dat in de winter er een aanvulling van ijzer plaatsvindt. De afwe-
zigheid van ijzermetingen in de wintermaanden is een lacune in de beschrijving van
de cyclus in de Poolzeeén en met name in de Zuidelijke Oceaan. Het zou erg relevant
zijn hier in een vervolg onderzoek aandacht aan te besteden. Inmiddels zijn er en-
kele nieuwe ontwikkelingen gaande die komende expedities aanzienlijk waardevoller
kunnen maken. De op het NIOZ ontwikkelde PRISTINE sampler maakt het mogelijk
om ultraschoon 24 monsters van 27 liter te nemen. Verder is het met nieuwe ICP-
MS technieken ook mogelijk meerdere metalen uit een monster te meten. Hierdoor
zouden naast de chemische parameters uit het zelfde monster ook biologische pa-
rameters gemeten kunnen worden, waarvoor vaak een groter watervolume nodig
is. Dit, samen met het verhogen van de resolutie van de metingen in de bovenste
300-500 m geeft een beter beeld van de wederzijdse invloed van ijzer op de biologie
in de Oceaan.
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