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1 SUMMARY

The trace metal manganese (Mn) plays a significant role in seawater as it is bio-essential for
phytoplankton. Mn plays a critical role as a redox center in Photosystem Il (PSIl) during the
conversion of water to oxygen in photosynthesis. It is also essential in other redox related
enzymatic processes; in particular Mn is important as the active metal center in superoxide
dismutase (SOD) which provides intracellular protection against oxidative stress due to
photochemically produced superoxide (O;). Mn exists in seawater in three redox states:
soluble and prevalent Mn(ll), insoluble Mn(lll) and Mn(IV)-oxides. In the euphotic zone the
biogeochemical cycling of Mn is strongly influenced by reactive oxygen species (ROS). The
highly reactive and short-lived superoxide (O,) and hydrogen peroxide (H,O,) can both act
as oxidants and reductants, and they play a key role in the Mn processes in seawater. For
example the dominant Mn sources to the open ocean are the Mn-oxides which are present in
atmospheric dust which are reduced to soluble Mn(ll) by photochemically produced H,O,.
While these processes have been crudely identified, the dominant reactions and
mechanisms of Mn and ROS in seawater are poorly understood. This lack of knowledge
demands investigations into the in-situ dissolution processes of Mn from dust and into
studying the exact reaction mechanisms between Mn and ROS in the euphotic zone.

This thesis comprises four manuscripts. Manuscripts 1 and 2 (Wulttig et al., subm., 2013a;
Wauttig et al., subm., 2013b) focus on the cycling and reaction mechanisms of Mn and ROS.
Manuscript 3 (Wuttig et al., in prep., 2013) addresses differences in the input and distribution
of cadmium (Cd), iron (Fe) and Mn in the Eastern Tropical Atlantic Ocean off Cape Verde,
and manuscript 4 (Wuttig et al., 2013) describes Mn cycling after dust additions in a trace
metal clean mesocosm experiment in the Mediterranean Sea.

This study has conclusively shown that Mn and organic matter are the dominant sinks for
O, in the Eastern Tropical North Atlantic (manuscripts 1; Wuttig et al., subm., 2013a). Mn
dominates this decay especially in the surface waters which are influenced by high
atmospheric dust deposition and near the sediment/water interface due to Mn sediment
resuspension. This contrasts with current knowledge based on findings from the Mn poor
Southern Ocean where copper (Cu) was shown to be the major sink.

In manuscript 2 it is demonstrated that O, decays by reaction with inorganic Mn(ll) in
seawater following a first order loss rate which appears to involve a catalytic reaction
involving the Mn(l1)/MnO," couple, in which MnO," is a manganous superoxide complex
(Wuttig et al., subm., 2013a). Thus in sunlit and oxygenated waters Mn(lll) is unlikely to be
found in significant concentrations when strong Mn(lll) binding ligands are not present. In

other studies Mn(lll) was found under anoxic conditions in the presence of unknown strong
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Mn(lIl) binding ligands. Therefore, in contrast to the Mn(I1)/MnO," pair, Mn(lll) cannot act as a
SOD in the oxygenated surface ocean.

In the Eastern Tropical North Atlantic Ocean atmospheric dust is the main source of Mn to
surface waters (manuscript 3; Wuttig et al., in prep., 2013). However this study provides clear
evidence that equatorial upwelling and sediment resuspension are important Mn sources in
this region. In contrast to findings from the Eastern Tropical Pacific, where unexpected high
surface concentrations were observed, no secondary Mn(ll) maximum was found in the
Eastern Tropical North Atlantic Ocean. This could have been introduced by a combination of
lateral transport of Mn rich waters from the coastal margins and reduction of Mn-oxides.
While Aeolian sources were predominantly influencing Mn and also Fe cycling in the Eastern
Tropical Atlantic, Cd was not controlled by dust deposition (manuscript 3; Wuttig et al., in
prep., 2013). These biologically relevant elements exhibited contrasting distribution patterns.
For Fe and Mn, atmospheric depositions masked a classical nutrient type profile, while Cd
was very depleted at the surface and concentrations steadily increased with depth. Cd was
highly correlated to Phosphate (hereafter referred to as P). The Cd/P ratio was mainly
controlled by P with elevated concentrations at depth resulting in strongly differing ratios in
surface and subsurface layers of 16.6 pmol/ pmol and 237 pmol/ pumol, respectively.

The complex photochemical processes during the dissolution of Mn dust are also subject of
manuscript 4. This paper describes a mesocosm project in the Mediterranean with two
consecutive additions of evapocondensed dust conducted. The data also show that the
dissolution and loss rates of Mn were comparable during both seedings. The calculated
fractional solubilities for the first and the second dust addition were 41 +9 % and 27 + 19 %,
respectively.

The results presented in this thesis have significantly improved our understanding of Mn
distribution and especially cycling in the euphotic zone. An insight into the mechanisms

between Mn and ROS and into the dissolution processes from dust is given.



ZUSAMMENFASSUNG




6 2 ZUSAMMENFASSUNG

2 ZUSAMMENFASSUNG

Das Spurenelement Mangan (Mn) ist von zentraler Bedeutung im Meer, da es ein
essenzieller Mikronahrstoff fir Phytoplankton ist. Es spielt eine wichtige Rolle im
Photosystem Il (PSIl) bei der Sauerstoffbildung aus Wasser in der Photosynthese. Des
Weiteren ist Mn wichtig fur weitere enzymatische Redoxprozesse, insbesondere als aktives
Metallzentrum in Superoxiddismutase (SOD), welche als intrazellulare Schutzmechanismen
vor oxidativem Stress durch photochemisch produziertes Superoxid (O,) fungieren. Im
Meerwasser kommt Mn in drei Oxidationsstufen vor: in erster Linie als lsliches Mn(ll), als
unlgsliches Mn(lll) und als Mn(IV)-Oxide. Der biogeochemische Kreislauf von Mn im
lichtdurchfluteten Ozean ist signifikant durch reaktive Sauerstoffspezies (ROS) beeinflusst.
Hierbei kdnnen das stark reaktive und kurzlebige Superoxid (O,) und seine Tochterprodukt
Wasserstoffperoxid (H,O,) gleichermalen eine oxidierende als auch eine reduzierende
Wirkung haben und spielen somit eine Schlisselrolle fur Mn Prozesse im Meerwasser. Im
offenen Ozean beispielsweise ist atmospharischer Staub die Haupteintragsquelle fir Mn und
das in oxidierter Form vorliegende Mn im Staub kann durch photochemisch gebildetes H,O,
reduziert und als Mn(ll) im Wasser gelést werden. Obwohl die groben Zusammenhéange
dieser Prozesse bekannt sind, sind die Hauptreaktionen und Mechanismen des
Zusammenspiels von Mn und ROS im Meerwasser kaum verstanden.

Die Dissertation umfasst vier Manuskripte. Manuskripte 1 (Wuttig et al., subm., 2013a) und 2
(Wulttig et al., subm., 2013b) konzentrieren sich auf Kreislaufe und Reaktionsmechanismen
von Mn und ROS. Manuskript 3 beschreibt die Unterschiede zwischen den
Eintragsprozessen und der Verteilung von Cd, Fe und Mn im 0&stlichen tropischen Atlantik
nahe den Kapverdischen Inseln (Wuttig et al., in prep., 2013). Manuskript 4 (Wuttig et al.,
2013) widmet sich der Untersuchung des Mn Kreislaufs in Folge der wiederholten
Staubzugabe in das oligotrophe Oberflachenwasser von spurenmetall-sauberen
Mesokosmen im Mittelmeer.

Im Gegensatz zu friheren Beobachtungen im Sudpolarmeer, konnte in dieser Studie klar
gezeigt werden, dass im dstlichen tropischen Atlantik Mn und organische Substanzen als
vorwiegende Senken fur O, darstellen (Manuskript 1; Wuttig et al., subm., 2013a). Mn
dominiert diesen Zerfall besonders im Oberflachenwasser, welches stark durch
atmospharischen Staubfluss beeinflusst ist, und nahe dem Meeresboden durch die
Resuspension aus dem Sediment.

Zudem konnte gezeigt werden, dass der Abbau von O, durch Reaktion mit anorganischem
Mn(ll) in Seewasser einer Zerfallsrate erster Ordnung folgt (Manuskript 2, Wuttig et al.,
subm., 2013b). Diese scheint eine katalytische Reaktion des Mn(l)/MnO," Paars zu

beinhalten, wobei MnO," der Superoxidkomplex ist. Des Weiteren ist es in der euphotischen



2 ZUSAMMENFASSUNG 7

und sauerstoffreichen Zone unwahrscheinlich, nennenswerte Mn(lll) Konzentrationen
aufzufinden, welche ohne starke Mn(lll) bindende Liganden nur unter anoxischen
Bedingungen erwartet werden. Somit kann Mn(lll) im Gegensatz zum Mn(ll)/MnO," Paar im
sauerstoffreichen Oberflachenwasser nicht als SOD agieren.

Atmosphérischer Staub ist die Haupteintragsquelle von Mn im Oberflachenwasser des
Ostlichen tropischen Atlantiks (Manuskript 3; Wulttig et al., in prep., 2013). Jedoch wurden in
dieser Region zusatzlich auch Eintrage von Mn durch &quatorialen Auftrieb und
Resuspension aus dem Sediment beobachtet. Zusatzlich wurde hier kein sekundares Mn(ll)
Maximum gefunden, welches bei gleichen Untersuchungen im dstlichen tropischen Pazifik in
200 m Tiefe der Fall war und vermutlich durch eine Kombination aus Eintragen durch
atmospharischen Staub und laterale Transportprozesse verursacht wurde.

Wahrend atmospharische Quellen dominierend den Mn und Fe Kreislauf beeinflussen, sind
Cd Konzentrationen im tropischen Atlantik nicht durch Staubeintrag kontrolliert
(Manuskript 3; Wuttig et al., in prep., 2013). Generell zeigten diese Spurenelemente
unterschiedliche Verteilungsmuster. Wahrend die fir biologisch relevante Elemente zu
erwartenden typischen nahrstoffahnlichen Tiefenprofiele durch den atmosphérischen Eintrag
von Fe und Mn Uberlagert wurden, waren die Cd Konzentrationen im Oberflachenwasser
sehr niedrig und nahmen mit der Tiefe zu. Das Cd/P Verhaltnis wurde dabei in erster Linie
durch die in der Tiefe erhdéhten P Konzentrationen bestimmt und wies dort ein Cd/P
Verhaltnis von 237 pmol/ pmol gegenuber 16.6 pmol/ umol im Oberflachenwasser aus.
Auch im Manuskript 4 (Wuttig et al., 2013), welches sich mit der Ldslichkeit und dem
Kreislauf von Mn nach zwei Zugaben prozessierten Staubs wéahrend eines Mesokosmen
Projektes im Mittelmeer beschéftigt, spielen die komplexen photochemischen Experimente
eine zentrale Rolle. Hinzukommend zeigen die Daten, dass die Mn Loslichkeits- und
Verlustraten nach den beiden Staubzugaben vergleichbar sind. Die anteilige Loslichkeit von
Mn aus dem Staubmaterial betrug 41 + 9 % flr die erste Staubzugabe und 27 + 19 % flr die

zweite Staubzugabe.
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3 GENERAL INTRODUCTION

The central focus of this thesis is on manganese (Mn), its concentration, its sources (e.g.
atmospheric input) and sinks and its relevance other biogeochemical cycles in seawater. The
thesis examines in detail the behavior of Mn with key reactive oxygen species (ROS)
including superoxide (O,) and hydrogen peroxide (H,O,) in the oligotrophic Eastern Tropical
Atlantic (ETA) Ocean. This general introduction describes the present knowledge for the
sources and sinks of Mn, its global oceanic distribution, biogeochemical processes and
photochemical reactions. This thesis encompasses studies of Mn chemistry in a wide range
of oceanic environments, from the surface ocean, the euphotic zone and in oxygen minimum
zones. Basic descriptions of the physical, chemical and biological oceanography for each of
the study areas is presented here as background information. Finally, the objectives of this
thesis, including an outline of the five manuscripts incorporated here and their relevance to

this thesis are presented.

3.1 Oceanic Manganese (Mn) distribution, sources an  d sinks

Mn is the twelfth most abundant element in the Earth’'s crust (Wedepohl, 1995) whereas in
open ocean Mn concentrations are in the low nanomolar range of 0.08 - 5 nmol L™ (Bruland
and Lohan, 2003). A compilation of published Mn surface distributions in the Atlantic ocean
were mapped by Shiller (1997) and clearly illustrate
the impact of atmospheric sources (i.e. Saharan
dust) and continental land runoff as visualized in
Fig. 3.1. The concentrations in the surface can
range from as low as 0.04 nmol L™ in the Southern
Ocean (Middag et al., 2011a) to 4.8 nmol L™ (Pohl
et al., 2011) or even 7.3nmolL™" in the ETA
(Chester and Stoner, 1974), and up to

40°

20°

18.4 nmol L* on the European shelf (Kremling,

20t 1983). The high concentrations observed are close

to continental margins and their runoff, whereas the

40" F Manganese in Atlantic

Surface Waters
(nmolkg)

levels in the Mn tongue in the ETA coincide with
the area of the high Saharan dust input which can

be observed in Fig. 3.2. Based on three model

studies (Ginoux et al., 2001; Mahowald and Luo,
Fig. 3.1. Mn distibution i n the surface 2003; Tegen et al., 2004) Jickells (1995) calculated

waters (0-30m) of the Atlantic Ocean  as  gnd plotted a global map with the annual global
collected by Shiller (1997).

dust inputs. In this figure the Mn tongue correlates
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with the dust deposition over this oligotrophic region. Mn is prevalent in crustal dust and the
supply of atmospheric dust input to the surface ocean has been argued to be the dominant
input pathway for Mn (Duce et al., 1991). A study published this year shows the importance
of long distance transport of Saharan dust particles which can act as cloud condensation
nuclei as far field as over the Western USA (Creamean et al., 2013). Dust is not only a
source of Mn, but of a number of important macronutrients (e.g. phosphate (PO,*)) and
micronutrients (e.g. Fe) (Jickells, 1995). In addition dust supplies a number of potential
lithogenic tracers to the ocean. Two of these tracers are Al and Ti. Al is suggested to be
mainly dissolved form Saharan dust in regions strongly influenced by wet deposition and it is
scavenged onto biogenic particles, whereas the contrasting Ti distribution in the surface
waters seems to be rather reflecting the annual dust deposition not the precipitation.
Therefore Al and Ti can be used as dust tracers but on different time scales. Al is suggested
to reflect the seasonal changes in the dust deposition and has a residence time of months to
years which is ~10 times longer for Ti which is suggested to show longer time scales
(Dammshauser et al., 2011).

Average dust deposition (g/m?/year)

0.00  0.20 50 1. 00 5. ; ; 50.

Fig. 3.2: Average annual global surface dust deposi  tion (Jickells et al., 2005). The model
calculations are based on three studies (Ginoux et al., 2001; Mahowald and Luo, 2003; Tegen
et al., 2004).

Not only the amount of dust is important for the dissolution from dust, but also a number of
other factors, e.g. the origin and type of the dust (Baker et al., 2006), the type of deposition
(wet or dry) (Pohl et al., 2011), the repetition of the dust input (Wuttig et al., 2013) and the
microbial processes and photoreduction of Mn-oxides in seawater which can be a major
contributor to the Mn surface maximum in the ocean (Sunda and Huntsman, 1994).
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The Mn concentration in seawater is strongly influenced by its sources which, apart from the
atmospheric sources (Baker et al., 2006), also include lateral transport from continental
margins (Martin and Knauer, 1983), upwelling (Johnson et al., 1992; Lewis and Luther Il
2000; Martin and Knauer, 1984) and reducing sediments (suboxic or anoxic) (Johnson et al.,
1992; Pakhomova and Yakushev, 2011). In coastal sediments as a result to MnO, reduction
by biota organic matter can be remineralized (Canfield et al., 1993). Other important
pathways are fluvial input (Aguilar-Islas and Bruland, 2006; Elderfield, 1976) and
hydrothermal vents (Klinkhammer et al., 1985; Klinkhammer and Bender, 1980; Middag et
al., 2011b).

In Fig. 3.3 three typical Mn depth profiles, sampled at

[Mn] nM
0 5 4 6 8 the Cape Verdean Ocean Observatory (now: CVOO,
0 ———tadl o Loy I former: TENATSO) time series  station  between
50 4 midnight and morning are shown. Mn is usually
1001 # described as having a scavenged-type distribution in
150 'f seawater (Bruland and Lohan, 2003; Nozaki, 1997).
_E 200 3 The deep distribution of Mn in seawater is uniformly
250
E‘ 300 low ranging from ~0.1-0.2nmolL" (Landing and
] Bruland, 1980; Middag et al, 2011a) with the
350 CvVoo : : i :
400 - GoFlos exception of areas with additional input pathways
(midnight-morning) . . .
450 4 occurring. Mn concentrations are highest close to the
500 - CTD (morning) sources, e.g. in the surface, due to atmospheric dust

_ _ deposition or continental land runoff as shown in Fig.
Fig. 3.3. Three dissolved Mn depth

profiles from CVOO in the ETA. The  3.1. Scavenged elements show strong interactions
samples have been taken at different

times of one day (on M83/1) and with with particles in seawater (Landing and Bruland, 1980;
different sampling devices: black circles .

with  GoFlo bottles (3 casts from Middag et al., 2011a; Statham et al., 1998) and are
midnight to morning), green squares
(midnight) and red square s (morning)
with the CTD.

removed with depth. Due to the depletion with depth,
the deep Mn concentrations are usually in the range of
0.1-0.2 nmol L. Another typical attribute of scavenged elements is their relatively short
residence time in seawater (about 100 — 1000 yr) in contrast to elements that show nutrient-
type distribution (Bruland and Lohan, 2003). Residence time for Mn in the deep ocean is
thought to be approximately 400 yr in the ETA (Statham et al., 1998). The range in the
surface water is significantly shorter with an estimation of 1 to 74 yr with shorter residence
times in areas of high dust deposition (Jickells, 1995; Jickells et al., 1994; Jickells, 1999;
Landing and Bruland, 1987). In some cases Mn is thought to belong to the category of
hybrid-type behavior as it can be controlled by recycling and scavenging processes. In the
photic zone soluble Mn(ll) can be photooxidized to insoluble Mn(lll)- and especially Mn(1V)-

oxides, -oxyhydroxides and hydroxides and is then lost from the water column as the soluble
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dissolved Mn(ll) species is not strongly complexed by sinking particles (Sunda and
Huntsman, 1987; Sunda and Huntsman, 1988; Yeats and Strain, 1990). Scavenging is a
ubiquitous trace metal process in seawater (Turekian, 1977). This process can be influenced
e.g. by carbon dioxide (CO,), oxygen (O,) and reactive oxygen species (ROS) (Tebo et al.,
2007). In sunlit waters photo-produced ROS play an important role in the recycling of Mn(ll)
as shown in Fig. 3.4 for hydrogen peroxide (H,O,) and superoxide (O,). In the euphotic zone
insoluble MnO, can be reduced by H,O, to form dissolved Mn(ll) (Sunda and Huntsman,
1988; Sunda and Huntsman, 1990; Sunda and Huntsman, 1994; Sunda and Kieber, 1994).
In the presence of organics this reaction can be accelerated due to an enhanced H,O,
production or complexation (Matsunaga et al., 1995).

Mn chemistry
in clouds

wet  deposition

h =
Mn(lI/Mn(IV) oxides photoreduction

dissolved Mn(Il)
particulate Mn reminer>

uptake upwelling alization

scavenging S

—

W= . reduction
phytoplankton ¥ '

&bacteria X
dissolved

OXidat/'on sediment

Mn(IIYMn(IV) oxides

Fig. 3.4: The Mn cycle in seawater.
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In experiments with an excess of Mn(ll), a catalytic decay of O, was observed and a cycle
between Mn(Il) and Mn(lll) proposed by Hansard et al. (2011). This implies that inorganic
Mn(ll) could be an important sink for O, in seawater which could play an important role in
sunlit waters in the biological protection against the cell damage by O,

This means that Mn is not only controlled by particle scavenging and its different input
pathways, but Mn can also be controlled biologically as it is a vital micronutrient for
phytoplankton (Bruland and Lohan, 2003). Abiotic Mn(ll) oxidation, e.g. by O, at pH close
to 8 (Morgan, 2005; von Langen et al., 1997), is slow compared to biological Mn(ll) oxidation
processes (Emerson et al., 1982).

The second important sink in seawater is the biological utilization by phytoplankton. It is
important to distinguish between internal and external uptake. These are two different
mechanisms. The first one is biological and means uptake before oxidation and the second
one is vice versa oxidation before uptake which is surface-adsorbed (Nakabayashi et al.,
2002). The Mn requirement of the species depend on the environmental conditions as
estuarine species have been shown to have a higher Mn requirement than species in metal
impoverished areas (Brand et al., 1983), where e.g. diatoms can be Mn limited (Sunda and
Huntsman, 1983) or some diatom species can be colimited by Mn and Fe (Peers and Price,
2004). A complicating factor here is also that Mn and the potentially toxic copper (Cu) share

the same uptake mechanisms and that Cu is thermodynamically favored, though strong

organically complexed by natural ligands.

Microbiological oxidation of Mn(ll) to Mn(IV) is
thought to be driven by bacteria and fungi
(and in particular by multicopper oxidase
(MCOs) (Webb et al., 2005)). The simplest
member of the MCO-family are laccases and
MCOs are capable of catalyzing the four-
electron reduction of O, at their trinuclear
center to water (H,O) (Bento et al., 2005).
Also MCOs have been shown to oxidize

Mn(ll) in two one-step electron transfer
processes in marine Bacillus sp. whereas the
Fig. 3.5 Mn-SOD monomer with folded protein first reaction is the rate limiting step (Webb et
strings and Mn as the active cofactor shown as a

magenta ball (Miller, 2004). al., 2005).

Mn plays a key role in biological processes, especially in the Photosystem Il (PSIl) in one of
the most significant reactions (Parkhill et al., 2001) in the 4 electron light energy using
conversion of H,O to O, (McEvoy and Brudvig, 2006). PSII is positioned in the thylakoid

membranes of cyanobacteria and its catalytic activity is located on a Mn,Ca cluster (Brudvig,
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2008). Mn also play an important role in a number of redox enzymes as the active metal
center such as in catalase or in superoxide dismutase (SOD) (Wolfe-Simon et al., 2006). Mn-
SOD shown as a monomer in Fig. 3.5 (Miller, 2004) can also occur as dimer or tetramers
(Wintjens et al., 2004).

The functionality of SODs is to protect cells from intracellular oxidative stress. As the reactive
oxygen species (ROS) superoxide radical (O,) is very short-lived reactive and can damage

the cell. SODs catalyze the reaction 1.:

(reaction equation 1)

O; is the intermediate product in the redox cycle of oxygen (O,) and H,0O, (Fig. 3.6).

< Photosynthesis
- AR T gy ecsessesees . ,——\‘ ,—'—\‘
¥ : Yy : ) ‘: L U
02 : 02- : § H202§ OH Hzo ROS
Respirat;T-/ U>
0,/ H,0,
HO, DOC Mn, Cu, Fe

Fig. 3.6: The redox pathways of the different react ive oxygen species (ROS) such as superoxide (O ) and
hydrogen peroxide (H 20). There are three different types of decay reactio ns of O2 to H205. In pink the
selfdismutation reaction. In blue the reaction with dissolved organic carbon (DOC) and in orange the
metal catalyzed (by manganese (Mn), copper (Cu) or  iron (Fe)) destruction of O 5.

Three types of SODs are known (1) Cu/Zn-SODs, (2) Ni-SODs and (3) Fe/Mn-SODs (Miller,
2004). The Fe/Mn-SODs are divided into SODs that are specific either for just Fe or Mn or
that function with both metals which is called cambialistic behavior (Miller, 2004). The
different types of SODs are found in different marine organisms. While Fe-SODs are widely
distributed in Archaea (Wolfe-Simon et al., 2005), the Mn-SOD gene, sodA, was rather often
found in bacteria (Li et al., 2002) and eukaryotes (Fridovich, 1995) especially in some marine
diatoms (Peers and Price, 2004; Wolfe-Simon et al., 2006). Mn can be especially important
for marine diatoms under low Fe conditions as they respond to the oxidative stress induced
by the missing Fe with an upregulation of the SOD which requires more Mn (Peers and

Price, 2004). Growth rates of marine phytoplankton cultures are reduced as a result to low
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levels of free Mn(Il) (Brand et al., 1983; Sunda and Huntsman, 1986), but this has not been
yet shown for species in ambient seawater (Peers and Price, 2004). In a culture of
Thalassiosira oceanica Sunda and Huntsman (1986) showed that the growth was not limited
by Mn(ll) concentrations down to 0.6 nmol L™, but Thalassiosira pseudonia was limited below
1.7 nmol L. The difference is that T. oceanica can accumulate Mn intracellularly. When the
authors added Cu to their culture, the growth rate and the intracellular accumulation
decreased as a result to the favored Cu instead of Mn uptake.

In the case of Mn-SOD the active redox pair is Mn(Il)/Mn(lll) (Hansard et al., 2011) and both
species can react quickly with O, leading to a catalytic decay. Not only inorganic Mn(ll) can

act as a Mn-SODs but also naturally produced Mn porphyrins (Batinic-Haberle et al., 2010).

3.2 Mn speciation and photochemical processes

Mn is a bioactive metal with a complex chemistry in seawater. Mn exists in three main
oxidation states: Mn(ll), Mn(lll) and Mn(IV). In oxygenated seawater and at high pH the
thermodynamically favored species Mn(IV) is not the dominant species. In O,-free seawater
and at low pH the thermodynamically favored species would be Mn(ll) (Tebo et al., 2007).
Most of the Mn in seawater exists as the soluble Mn(ll) which is the oxidation state taken up
by biota (Tebo et al., 2007). Mn(ll) can persist in oxygenated waters partially due to its slow
reaction kinetics (Huntsman and Sunda, 1980), but an important factor are the
photochemical reactions especially with ROS. In contrast to the speciation of other trace
metals, such as Fe and Cu, dissolved Mn(ll) is not thought to be organically complexed
(Sunda, 1984). In seawater it exists mainly as the free aquo ion, MnClI*, and to a smaller
extent as sulfate and carbonate complexes (Byrne, 1988).

A number of reactions can influence the natural cycle of Mn (Fig. 3.4). Mn(ll) can be oxidized
by O, to Mn(lll) or Mn(IV) via one-electron transfer reactions (Luther Ill, 2005; Luther Il
2010), though this process is very slow (Morgan, 2005; von Langen et al., 1997), but it can
be accelerated by particle surfaces (Morgan, 2005; Yeats and Strain, 1990), via microbial
processes (Sunda and Huntsman, 1987; Tebo and Emerson, 1986; Tebo et al., 2005) or via

photo-oxidation due to humic substances in seawater (Nico et al., 2002):
Mn?*t 4+ 0, » Mn3t + 05 (reaction equation 2, slow)

Jacobsen et al. (1997) observed these two reaction equilibria (3 and 4) are affected most by
the transient aquo Mn(ll)-oxy, MnO,", complex. In reaction 3 the forward reaction was
determined to be significantly faster than the back reaction -3. In reaction 4 both reactions

are similarly fast. The decay reactions of MnO," are described in the following reactions:
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Mn?* + 0; - MnOF (reaction equation 3, fast)
MnO3F - Mn?* + 05 (reaction equation -3, slow)
Mn?* + HO, & MnOF + H* (reaction equation 4, similar rate)

The higher oxidation states of Mn are poorly soluble and while dissolved Mn(lll) and Mn(IV)
organic species are possible, there is no strong evidence for their existence in oxygenated
seawater and are thought to be negligible (Roitz and Bruland, 1997). Under these conditions
Mn(lll) is easily hydrolyzed and precipitated as Mn(lll) oxides. Thus dissolved Mn(lll) can be
only determined under special conditions like in suboxic zones in the presence of ligands that
stabilize Mn(lll) (Trouwborst et al., 2006).

Mn3* + 30H™ - Mn(OH); < MnO(OH) + H,0 (reaction equation 5)

Additionally the thermodynamically unstable Mn(lll) disproportionates rapidly into Mn(IV)
oxides and Mn(ll) (Kostka et al., 1995; Nealson et al., 1988; Stumm and Morgan, 1996).
Mn(lll) is only stabilized in the presence of strong ligands such as pyrophosphate (Barnese
et al., 2008; Klewicki and Morgan, 1998; Kostka et al., 1995), citrate (Barnese et al., 2012) or
oxalate (Hatakka, 1994; Stone, 1987; Xyla et al., 1992). Often EDTA, CDTA or DTPA are
used as artificial Mn(lll)-ligands (e.g. Stein et al., 1979), but the strong oxidizing Mn(lll) can
oxidize the ligand.

Mn(Il) and O, are in equilibrium with the transient MnO," in pyrophosphate and phosphate
(Barnese et al., 2008; Cabelli and Bielski, 1984a; Cabelli and Bielski, 1984b) as shown in the
reactions 3 and -3. Barnese et al. (2008) postulated that the strong Mn(lll) complexing

ligands stabilize the Mn(lll):

MnOF + L - Mn3*L + H,0, (reaction equation 6, fast)
In environments with only weak Mn(lll) ligands, the transient MnO," does not decay to
Mn(ll1). In a disproportionation of MnO," second-order kinetics are followed instead (Barnese
et al., 2008; Jacobsen et al., 1997):

2MnOF + 2H' - 2Mn?* + H,0, + 0, (reaction equation 7)

At lower pH, the reaction velocity is increased and below pH 2 the reaction becomes first-

order (Jacobsen et al., 1997):

2MnO3F + HO, + HY - 2Mn?* + H,0, + 0, (reaction equation 8, fast)
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Mn(Il) can also be a minor part of the insoluble Mn(l11)/(1V) oxides. As MnO the Mn can be
lost from the water column and brought into sedimentation (Post, 1999) (Fig. 3.4). Mn(lll)

oxides can be further oxidized to form particulate MnO,:

MnO(OH) + 0.50, + H -» MnO, + H,0 (reaction equation 9)

In the sunlit waters a Mn diel cycle has been postulated as Mn can be reduced and oxidized
and the dissolution and formation of particles is strongly influenced by photochemical and
microbial processes (Sunda and Huntsman, 1990). Organic matter can complex Mn(ll) or
lead to photo-produced H,O, (Bertino and Zepp, 1991; Matsunaga et al., 1995). This can
enhance the effect that particulate MnO, can be reduced by H,O, to soluble Mn(ll) in the
euphotic zone (Sunda and Huntsman, 1988; Sunda and Huntsman, 1990; Sunda and
Huntsman, 1994; Sunda and Kieber, 1994):

MnO, + 2H,0, + Ht - Mn?* + 2H,0 + 20, (reaction equation 10)

As seen in the reaction schematics presented above, there are numerous dual redox-

reactions of Mn and ROS as in the case of Mn and H,05:

Mn3* + H,0, » Mn** + OH™ + OH (reaction equation 11)
Mn*t + H,0, > Mn3t + H* + HO, (reaction equation 12)

Mn(lIO(OH) is oxidized above pH 8 (equation 11) whereas Mn(IV)O, is reduced below pH 8
(equation 12) (Kanungo et al., 1981). This shows that the dissolution rate is pH-sensitive and
that the dissolution processes of MnO, depend on the structure of the particulates as
MnO(OH) is thought to be on the surface and in the lattice of MnO..

There are also a number of redox processes with other trace metals or reducing or oxidizing

species like HS", which will be discussed in more detail in section 3.3.

3.3 Low O, conditions and the influence on Mn

In tropical oceans low O, conditions can be observed in vast areas. These oxygen minimum
zones (OMZs) differ in their O, content, as O, concentrations in the southern Pacific OMZ are
for example significantly lower than O, concentrations in the northern Atlantic OMZ
(Karstensen et al., 2008). These OMZs and their properties are described in detail in section

3.4.1 and 3.4.2. Nonetheless it is important to note here that the O,-deficient waters are
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expanding worldwide. O, concentrations are decreasing in the layer between 300 to 700 m
depth and consequences for the ecosystems have to be expected (Stramma et al., 2008).
The O, concentration in seawater can affect numerous biogeochemical processes including
the whole redox chain and the Mn cycle. In Fig. 3.7 the redox chain for a number of important
redox-sensitive elements in suboxic (<5 umol L") seawater is shown (Rue et al., 1997).
Under these conditions the first ones to be reduced completely are iodate (I03) to iodide (IY)
and particulate MnO, to soluble Mn(Il).

- With its three oxidation states

0, B0 in seawater and due to its rapid
;: B reactions by bacteria and
i [0y -

— photochemical processes, Mn

MnOy(s —M.n“i )
: can serve as a Catalyst In

: NOg - NO;~ i i i
e M : : seawater. It can be a one-
i NOy -N;-NH, : :
! ———— : : electron-transfer system and

S0 0N help shaping the O,-poor

- _H - _Or E_ . . .
Be0. ™ - HyeO,~ Org Sef:1N) regions and their gradients. In

—_— : :
: : Fe(Ill) —Fe** .
: ———: the Pacific Ocean both,
: _ : SO Y dissolved Mn(ll) and O, are
15 10 5 0 B .10 ¢€nriched in the surface waters

and decrease with depth (left
Fig. 3.7: Redox chain with calculated redox potentials pE .
predicted for seawater at pH 7.5 (Rue et al., 1997) and modified ~ Fig. 3.8 by Johnson et al.,

after (Stumm and Morgan, 1996). 1992). Between 500 and
1000 m, the seawater is O,.deficient whereas the Mn(ll) concentration is enhanced to a
secondary Mn peak. And finally both elements increase close to the bottom (bottom depth at
2000 m).

The observation of a secondary Mn(ll) maximum can be observed under suboxic conditions
(Johnson et al., 1992; Lewis and Luther 1ll, 2000) due to the reduction of MnO, as a result of

its high redox potential. The reaction occurring under the anoxic conditions is:
MnO, + HS™ + 3H* - Mn?* + S° + H,0 (reaction equation 13)

Lewis and Luther Il (2000) and Johnson et al. (1992) found high fluxes from the continental
margins in the secondary Mn(ll) maximum and observed a more pronounced and shallower
secondary Mn(ll) peak in the Pacific OMZ than in the Atlantic. The Mn(ll) concentrations
were increased when the O, concentrations were depleted below 2 umol L™ (right side of Fig.
3.8 by Lewis and Luther III (2000)).
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Fig. 3.8: On the left Mn and O » depth profiles in the Pacific OMZ (Johnson et al., 1992). On the right Mn(Il)
versus O » from the upper 2000 m of the Arabian Sea. Enhanced Mn  (ll) concentrations are correlated with
O, levels <2 pmol L and in the euphotic zone >150 pumol L * (Lewis and Luther 111, 2000).

In two regions with extreme O,-deficiency, the Chesapeake Bay and the Black Sea,
Trouwborst et al. (2006) measured soluble Mn(lll) instead of soluble Mn(ll). They used
cathodic stripping voltammetry (CSV) to detect Mn(lll) as the known desferrioxamine-B
(DEF-B) complex. Bacteria produce the Fe(lll)-binding ligand, DEF-B. The 1:1 complex
Mn(lII)DEF-B exhibits SOD activity (Faulkner et al., 1994). Trouwborst et al. (2006) observed
5 pmol L™ soluble Mn(lll) by this technique in the suboxic zone of the Black Sea which
contributes up to 100% of the total dissolved Mn pool. Two different pathways result in this
amount of soluble Mn(lll) in the suboxic zone which is indicated to be stabilized by unknown
natural ligands. At the top of the OMZ Mn(ll) is thought to be oxidized and at the bottom
Mn(IV)O, reduced.

3.4 Study Areas

In this thesis data from three different regions, the Eastern Tropical Atlantic (three cruises:
M80/1, M83/1 and MSM17/4), the Eastern South Pacific Ocean (M77/4) and Mediterranean
Sea (DUNE-2) are used to show the processes governing the Mn cycling in the sunlit

oceans.



22 3 GENERAL INTRODUCTION

3.4.1 Eastern Tropical Atlantic (ETA)
The Eastern Tropical Atlantic (ETA) Ocean (the sampled area is shown in the red square in
Fig. 3.9) is a key area to observe global changes to the ocean environment. This region has
some very dominant and strongly influencing features, primarily it is strongly influenced by
the deposition of atmospheric dust (Fig. 3.2 (Jickells, 1995)) and second, because of the
presence of an expansive oxygen
‘W 50W  40°W  30°W  20'W  10W  0°  350'W 340'W minimum zone (OMZ) between
= 100 and 700 m depth with its core
around 400 m (Karstensen et al.,
2008). As shown by Duce et al.
(1991) the input of desert dust
can have severe impacts on the
concentrations of micro- and
macronutrients and thus the
growth of biota, their capability of
CO,- and N--fixation and the
influence of climate relevant

greenhouse gases.

Desert dust can enter the surface

ocean via wet or dry deposition.
Fig. 3,90 Three cruises (M80/1, M83/1L and MSM17/4) were  Depending on the trace metal one
conducted in the ETA in the region of the red square

or the other type can dominate
the input. Dry deposition can introduce high amounts of Mn and Fe, for example close to the
Cape Verdean Islands. However, In regions with strong precipitation such as the Inter
Tropical Convergence Zone (ITCZ), wet deposition is the dominant source of trace metals.
Here, surface Mn concentrations up to 4.8 nmol L™ were observed by Pohl et al. (2011). In
the ITCZ tropical trade winds cluster and it is a band of high rainfall >2000 mm yr™ (Tchernia,
1980). The position of this band varies seasonally. During the northern summer and autumn
it precipitates north of the equator (~10N) while during northern winter and spring it is
located nearly on the equator (Sultan and Janicot, 2000). As precipitation and dust
deposition vary heavily over the ETA, the influence of dry and wet deposition does as well.
The ITCZ was observed to induce high levels of H,O, to the surface ocean and H,O, was
shown to have a remarkable influence on the speciation of trace metals (Croot et al., 2004).
As ROS and Mn have been shown to be related and this influences the speciation of Mn and
therefore its bioavailability for marine phytoplankton, the location of the ITCZ plays an

important role in the biogeochemical cycling of Mn (Sunda and Huntsman, 1988).
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This OMZ in this oceanic region is usually not suboxic with oxygen (O,) values not lower than
40 umol kg™ (Karstensen et al., 2008). But recently O, values below this threshold and an
deoxygenation rate of ~0.5 umol kg™ yr * have been measured (Stramma et al., 2009). This
deoxygenation might have severe impacts on the delicate ecosystems and the high primary
productivity coastal upwelling regions of the ETA (Stramma et al., 2008; Stramma et al.,
2010b) (Fig. 3.9). Upwelling is an important supply pathway of macro- and micronutrients like
phosphate (PO,*) and cadmium (Cd) to the surface waters (Van Der Loeff et al., 1997). This
permanent relatively weak upwelling region is part of the North Equatorial Current (NEC), the
North Equatorial Countercurrent (NECC) and the North Equatorial Undercurrent (NEUC) and
it coincides with the OMZ (Siedler et al., 1992).

20°N- -

15°N . - -
10°N ~ i -
5ON - =
0° - TR ) g ¢ B
SOS - L

10°S - 4 L

15°S ‘ : r

20°S s Y
- T

f T - T - T T T - T T
70°W 60°W 50°W 40°W 30°W 20°W 10°wW 0° 10°E

Fig. 3.10: The main currents for the upper 100 m of  the Tropical Surface Water layer (TSW) (Stramma et
al., 2003). Abbreviations are as follows: North Equator ial Current (NEC), the Guinea Dome (GD), the North
Equatorial Countercurrent (NECC), the Guinea Current (GC), the South Equatorial Current (SEC) with the
northern (nSEC), equatorial (eSEC), central (cSEC) and so uthern branches (sSEC), the Equatorial
Undercurrent (EUC), the North Brazil Current (NBC),  the Angola Gyre (AG), the Angola Current (AC), the
Angola Dome (AD), the South Equatorial Undercurrent (  SEUC), the South Equatorial Countercurrent
(SECC) and the Brazil Current (BC). The general upwel ling areas are marked as green “Up”.

In Fig. 3.10 the predominant currents in the Tropical Surface Water (TSW) are shown. It is
the mixed, near surface layer (~0 — 100 m) with temperatures about 27<C. The TSW is
separated from the waters below by a sharp thermocline in which 10C over the next 50 m
are lost (Stramma et al., 2003; Stramma and Schott, 1999). It is important to note that in this
region zonal jets and counter current bands of smaller meridional and vertical extent play an

important role in the transport of water masses to this region and with it macro- and
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micronutrients. The South Equatorial Current (SEC) is the main water supply pathway to the
tropical Atlantic and it consists of two westward flowing branches, the northern (hSEC) and
the eastern (eSEC). These two parts of the SEC heckle the Equatorial Undercurrent (EUC)
(Schott et al., 2003 and Brandt et al., 2006). On the Meteor cruise M80/1 (which will be
discussed in manuscript 3 in details) the eastward flowing EUC was an ostentatious feature
observed on the equator and its core was allocated at 60 — 80 m depths (Brandt et al., 2011).
The EUC also has two more important branches, the NEUC and the Southern Equatorial
Undercurrent (SEUC) (Stramma et al., 2003).

3.4.2 Eastern Tropical Pacific (ETP)
The dominant feature in the Eastern Tropical Pacific (ETP) is its OMZ which is pictured in
Fig. 3.11 (Stramma et al., 2010a).
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Fig. 3.11: Eastern Tropical Pacific O » concentrations at a salinity fo 26.3 kg m “*petween 150 - 300 m and
showing the near surface currents (Stramma et al., 2010a). Abbreviations are as follows: North
Equatorial Current (NEC), the North Equatorial Counte  rcurrent (NECC), the South Equatorial Cu rrent
(SEC) with the northern (SEC(N)) branch, the Equatorial Undercurrent (EUC), the North ern and Southern
Subsurface Countercurrents (NSCC and SSCC) and the South Equatorial Countercurrent (SECC).

The core of the OMZ is between 300 and 500 m at 10°S where O, concentrations are below
4.5 umol kg™ and can even reach less than 1 pmol kg™ (Karstensen et al., 2008). Fuenzalida
et al. (2009) showed that the OMZ (<20 pmol kg™) has huge extensions 1000 km off the
coast of Peru from 5 to 13°S and with a thickness o f more than 600 m. The large extensions
are due to ocean circulation and to oxygen utilization in the OMZ (Karstensen et al., 2008).
The suboxia is formed by the distinct remineralization in the coastal Peruvian upwelling

accompanied by a missing O, supply from adjacent waters (Czeschel et al., 2011).
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The main supply of O, to the OMZ of the

ETP is by oxygen-rich zonal tropical
currents (Stramma et al., 2010a). In Fig.
3.12 the O, concentration (M77/4) of this
region is shown together with the main
currents (Czeschel et al., 2011). O, is
supplied by the EUC, Northern and
Southern  Subsurface Countercurrents
(NSCC and SSCC) and the Northern and
Southern Intermediate Countercurrents
(NICC and SICC) (Stramma et al., 2010a).
Over the last 34 yr the O, concentration
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decreased by ~0.5-0.8 umolkg™yr" in
this region (Czeschel et al., 2012). The

shallow Peruvian coastal upwelling is
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Fig. 3.12. Horizontal distribution of the dissolved 0, concentrations of greenhouse gases to be

concentration and the main zonal currents at 400 m . .
depth taken on M77/4 (manuscript 4) (Czeschel et al., emitted to the atmosphere (PaU|m|er et

2011). al., 2008). Also the concentration of O,
can have severe influences on the speciation of trace metals and their half-life times as, for
example, in the case of Fe. Croot et al. (subm.) showed that the short-lived species Fe(ll)
can be stabilized in the permanent Peruvian OMZ and high Fe(ll) fluxes from the sediments
into the water column were observed. The relationship of the Mn(IV)O, - Mn(Il) couple to the
O, — H,0 couple is illustrated in Fig. 3.7 (Rue et al., 1997). In contrast to the Peruvian OMZ,
in the OMZ of the Arabian Sea two Mn maxima were found. The upper one was observed in
the core of the OMZ coinciding with the secondary nitrite maximum and the deeper Mn
maximum (~600 m) due to horizontal fluxes from reducing sediments (Lewis and Luther Il
2000). In the ETP this phenomenon has not been investigated yet.

Immediately prior to, and during, this PhD thesis | took part in two research expeditions to the
Eastern Tropical Pacific, M77-4 (Feb 2009) and M90 (Nov 2012), in conjunction with the
SFB754. The cruisetrack (M77/4) in the ETP is shown with its GoFlo sampling stations in

Fig 3.13.
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Fig. 3.13: Cruise track in the Eastern Tropical Paci  fic (ETP) with the cruise track of M77/4 and its 15  GoFlo

stations.

The analysis of samples from M77-4 was undertaken during this thesis work and formed the
initial stages of the optimization of the Mn-FIA method. The results of all the trace metal work
performed during M77/4 are currently in preparation for publication (Croot et al., in prep.).
The Mn data are shown in Fig. 3.14 for comparison with the work conducted in the ETA
presented in manuscripts 1-3. Surprisingly high concentrations of dissolved Mn were found
offshore along 88° 50’ W and appear to be related to the passage of eddies from the coast to
the open ocean that are elevated in Mn. Dust deposition to the ocean from the trade wind
transport of material from coastal Peru/Chile or the altiplano (Andean Plateau) also appears
to be a factor. However, no strong supporting satellite evidence could be found due to the
cloudiness of this region. A secondary Mn maximum was found at 200 m at 14°S coincident
with the secondary NO,” maximum. Sea surface height anomalies (AVISO) indicate eddy
presence at the time and place of sampling, which may explain the high NO,  and Mn at
depth as these features are unlikely to have formed in the open ocean in the absence of a

high DOM flux. Data from the M90 cruise are currently being analysed at the time of writing.
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Fig. 3.14: Distribution of dissolved Mn (colours) a nd NO»2 (white contours) along 88° 50° W during M77-4

(Croot et al. in preparation).

3.4.3 North Western Mediterranean

The North Western Mediterranean between the Southern Coast of France and the isles of
Corsica is called the Ligurian Sea. The predominant current is the Ligurian current. This
cyclonic Western-Corsican Current which flows along the Western Coast of Corsica (Barth et
al., 2005) isolates the coast of the island from more productive waters in the middle of the
Ligurian Sea (Guieu et al., 2010). In summer it is a typical marine oligotrophic region with a
chlorophyll-a content of less than 0.1 mg m™ (Carr et al., 2006). It can be also described as a
low nutrient, low chlorophyll (LNLC) region. On the 1% July 2010, when the DUNE-2 (a DUst
experiment in a low Nutrient, low chlorophyll (LNLC) Ecosystem) experiment was started,
Giovagnetti et al. (2012) determined a typical oligotrophic chlorophyll-a content of
0.02 - 0.03 mg m™. This feature can also be clearly seen in the MODIS satellite picture of this
initial day in Fig. 3.15. In summer often strong thermal stratifications occur and the capture of
water masses in mesocosms as shown in Fig. 4.2 simulates this naturally occurring process

(Bressac et al., in prep.).
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Fig. 3.15: On the left Aqua MODIS satellite image s howing the chlorophyll- a distribution in the Ligurian
Sea at the start of the DUNE-2 experiment (site mark ed with a red star at 42.374°N, 8.554°E) on the 1 %
July 2010 (Guieu et al., in prep.) and on the right satellite image from s pace over the Western
Mediterranean showing dust particles being transpor ted (NASA-EO, 2011).

A second important influence in this region is the input of Saharan dust (Fig. 3.15). Nutrient
release from desert dust can lead to a subsequent increase of biota in this LNLC region
(Bonnet et al., 2005; Herut et al., 2005). On the coast of Corsica over a ten year period, an
annual mean flux of 12.5 g m? of dust has been recorded (Loye-Pilot and Martin, 1996). But
during dust storms depositions of more than 22 g m? have been observed (Bonnet and
Guieu, 2006; Ternon et al., 2010).

3.5 Thesis outline

Our understanding of the processes of Mn in the sunlit Tropical oceans is poor. The key
processes that dominate in the eutrophic zone and their reaction velocities and importance
are not clear. Not only the Mn concentration, but also the Mn speciation can be influenced by
a number of factors. In the Tropical oceans atmospheric dust deposition is a main source of
Mn to the surface. Previous research has identified the photochemically produced ROS
especially O, and H,0O, to have a major influence on the redox switch of Mn (Hansel and
Francis, 2006; Sunda and Huntsman, 1988; Sunda and Huntsman, 1990). O, and its
daughter product H,O, can both act as an oxidant and as a reductant of trace metals like Mn
and their cycling. But the role and importance of the ROS in the ocean is only now starting to
become clearer. Their mechanisms and critical kinetic rates and fluxes still need a lot of
research, especially with different trace metals and organic species that can be present in
seawater. In manuscript 1 | investigated the pathways of the O, decay in the Tropical

Atlantic Ocean.
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Recent research on the species Mn(lll) found out that Mn(lll) cannot only be particulate but
also in high concentrations as the soluble species under suboxic condition (Dellwig et al.,
2011; Trouwborst et al., 2006). As the O,-deficient areas are expanding in the Eastern
Tropical oceans, this can have severe implications on the bioavailability of Mn. Mn(lll) can be
stabilized by the siderophore DEF-B and this complex can be influenced by the ROS, O, and

H,0,, and by O.,. | present these reaction pathways and the redox cycles in manuscript 2.

One of the goals of this thesis was to set up a method for Mn(ll) determination that can be
used at sea and is less time consuming than graphite furnace atomic absorption (ETAAS).
Therefore, | refined the method by Aguilar-Islas et al. (2006) for a higher sample measuring
capacity and enhanced the sensitivity significantly. | applied this method on a number of
cruises and also on stored samples. Some of the obtained results are presented in a number

of manuscripts (3, 4 and 5).

In manuscript 3, | investigated the different behavior of the three biologically relevant trace
metals Cd, Fe and Mn on a transect under the Saharan dust plume and in the northeastern
Atlantic OMZ. It can be clearly seen that these three metals are influenced by different input

pathways.

In manuscript 4, | present the results of two consecutive artificial dust deposition events to
mesocosms situated in an oligotrophic area (DUNE-2 experiment). The dissolution and loss
rates and fractional solubility of Mn were determined. The key micronutrient Fe and the
amount of it being complexed by Fe-binding ligands were investigated. The data were

compared to the results for the lithogenic tracer Al.



30

3 GENERAL INTRODUCTION




MATERIAL

AND

METHODS




32

4 MATERIALS AND METHODS




4 MATERIAL AND METHODS 33

4 MATERIAL AND METHODS

4.1.1 Reagents and bottles

Due to the low concentrations of trace metals present in seawater, necessary precautions
were taken to avoid contamination. All analytical work at sea was performed in an over-
pressurized 1SO class 5 clean container, inside of which analysts wore the appropriate clean
room apparel: overalls with hood (Tyvek), shoes (Abeba) and plastic gloves (Carl Roth). On
land, the sample processing and analysis steps were performed in HEPA filtered laminar flow
benches inside class 100 clean rooms. All manipulations were performed in class 100-
laminar flow benches. All reagents that were used were of highest purity available (Fischer
Scientific and Sigma-Aldrich) and were prepared using ultrapure (18 MQ cm™ resistivity)
water (MQ water) from a Milli-Q purification system (Millipore). Sub-boiled quartz-distilled
hydrochloric acid (hereafter Q-HCI) and sub-boiled quartz-distilled nitric acid (hereafter
Q-HNO3) were made by single distillation from 25 % HCI and from 65 % HNOs. All
plasticware and bottles (low density high polyethylene (LDPE) and Polytetrafluoroethylene
(PTFE)) used for seawater samples were cleaned according to the trace metal clean
procedures (Bruland et al., 1979; Cutter et al., 2010) and then protected by double bags
(Minigrip™).

4.2 Sample collection

Samples were collected during four ocean going expeditions and one mesocosm project.
The latter was deployed in the Northwestern Mediterranean in the framework of the DUNE-2
project in June 2010. Samples were taken in-line with a Teflon™ pumping system as
described in 4.1.3 and the results are published in manuscript 4 (Wulttig et al., 2013).

On four cruises samples were taken with two types of hydrocasts: (1) the CTD rosette
system and (2) the GoFlo-sampling devices. Work in the home laboratory in Kiel was
performed in a clean room, inside of which analysts wore the appropriate clean room
apparel.

This work in the ETA was performed using the German research vessels Maria S. Merian
(MSM17/4, March/April  2011) on the Mauretanian shelf and Meteor (M80/1,
October/November 2009 and M83/1, October/November 2010) and findings are shown in
manuscript 1-3 (Wuttig et al., subm., 2013a; Wulttig et al., subm., 2013b; Wuttig et al., in
prep., 2013). On the two Meteor cruises (M80/1 and M83/1) the Cape Verdean Ocean
Observatory (CVOO) time series station was occupied.

For the work in the Pacific (ETP) sampling was also performed on board of the research
vessel Meteor (M77/4, January/February 2009) and results are shown in manuscript 4 (Croot

et al., in prep.).
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4.2.1 CTD-sampling

Samples for salinity, oxygen, macronutrients, chlorophyll-a and pigment measurements were
obtained from two Seabird SBE 9 plus CTD rosette systems (Fig. 4.1) with one Digiquartz™
pressure and one chlorophyll-a sensor and double sensor packages for temperature,
conductivity and oxygen (Brandt et al., 2011). The discrete samples for oxygen,
macronutrients and chlorophyll-a were unfiltered and analyzed using standard protocols
(Grasshoff et al., 1983). The oxygen and chlorophyll-a data were used for calibration of the
relevant sensors. Samples for hydrogen peroxide (H,O,) and Fe(ll) were also sampled from
the CTD rosette into clean brown low density high polyethylene (LDPE) bottles. As Fe(ll)
species have a very short half live time, they are much less prone to contamination than
other Fe species and can be sampled with less precautions. Samples for dissolved Mn and
chromophoric dissolved organic matter (CDOM) were obtained from the CTD to achieve a
higher resolution of sampling achieved by purely using the GoFlo-bottles. Both Mn and
CDOM were sampled and then filtered with
0.2 pum filters (Sartorius Filtropur S 831826001)
and Teflon syringes under a class 100-laminar
~ flow bench. Discrete samples for Mn were further

| processed as described below (4.2.2).

4.2.2 GoFlo-sampling
Seawater samples were collected at 6-15

GoFlo stations per expedition. Each GoFlo

station consisted of 1-3 casts with usually 4
GoFlo bottles each. One GoFlo bottle attached

Fig. 4.1: In the left corner the CTD rosette and
on the Kevlar rope a GoFlo bottle attached
coming out of the water (Foto: M. Dunker).

to a Kevlar line can be seen in Fig. 4.1. Samples
were obtained from the upper water column (0 —
400 or max. 800 m depending on the cruise) using modified Teflon coated PVC General
Oceanics (Miami, FL, USA) GoFlo bottles of 8 L in which the original drain cock was replaced
by a Teflon stop cock. These bottles were deployed on a Kevlar line from the side of the ship.
Immediately upon recovery of the GoFlo bottles, they were brought into the clean container
and instantly unfiltered samples taken for H,O, and Fe(ll) analysis. Then samples were
filtered in-line through 0.2 um filter cartridges (Sartorious Sartobran filter capsule
5231307H5) by N, overpressure into acid cleaned and three times rinsed bottles and then
protected by double bags (Minigrip™). The filtered samples for dissolved trace metal analysis
were directly acidified after the filtration with 3 mL 6 mol L quartz distilled hydro chloric acid
(Q-HCI) per L to pH <2 and for dMn 570 uL 6 mol L™ Q-HCI per 0.1L to pH 1.7 under a

class 100-laminar flow bench. Sample processing and analysis steps were performed under
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HEPA filtered air on laminar flow benches inside a class 5 clean room in Kiel. For CDOM and

superoxide (Oy), the samples were stored in the dark at 4C prior to analysis.

™ pump

In each of the six DUNE-2 mesocosms flexible reinforced PVC tubings were installed at 0.1,

4.2.3 Sampling with a Teflon

5, and 10 m depth. Additionally in two dust seeded mesocosms (D1 and D2) three
supplementary tubings were installed at 2.5, 7.5 and 12.5 m depth. Sampling was performed
with a Teflon™ diaphragm pumping system as shown in Fig. 4.2. For dissolved trace metals,
samples were filtered inline through 0.2 um filter cartridges (Sartorius Sartobran filter capsule
5231307H5, Germany). The samples were stored in the dark prior to processing under
HEPA filtered air on laminar flow benches.

N ‘,

sub-Surf SRS 4

Fig. 4.2: Sampling of the DUNE-2 mesocosms with 6 sa mpling depths and inline filtration (photo D.
Luquet).



36 4 MATERIALS AND METHODS

4.3 Chemical analysis

4.3.1 Total dissolved trace metal analysis

The filtered samples for dissolved trace metal analysis were directly acidified with Q-HCI to
pH < 2 under a class 100-laminar flow bench. Precisely this means that to 1 L of 0.2 um
filtered seawater in clean LDPE bottles 2 — 3 mL Q-HCI were added to adjust the pH. The
bottles were double bagged and the sample processing and analysis steps were performed
in laminar flow benches inside the class 100 clean room in the chemical oceanography
department at GEOMAR in Kiel. Dissolved total trace metal (cadmium (Cd), cobalt (Co),
copper (Cu), iron (Fe), nickel (Ni), lead (Pb) and zinc (Zn)) concentrations were determined
using the graphite furnace atomic absorption (ETAAS, Perkin-Elmer Model 4100ZL) method
after pre-concentration by simultaneous dithiocarbamate-freon extraction from seawater
(100-250 g) (Danielsson et al., 1978; Grasshoff et al., 1983). The samples were not UV
irradiated prior to analysis as recent work has shown that this is important for determining
total Co concentrations (Milne et al., 2010; Shelley et al., 2010). The accuracy of the method
was evaluated by measuring SAFe and GEOTRACES intercalibration samples. Our SAFe
data in Table 1 are close to the average consensus (Bruland, 2011).

The precision for replicate analysis was between 3 - 5% at the concentrations found in this
study. The procedural (analytical) blank was 0.041 + 0.024(cy,) nmol L™ (Fe) and <1 pmol L™
(Cu).

Table 1: SAFe comparison data of our data and the co  nsensus values
(Bruland, 2011).

SAFe
dissolved Reference | Our data Consensus values
trace metal [Sample (nmol L'l)(a) (nmol L'l)(b)
Cu S 0.395 +0.025 0.52 +0.05
D2 2.22 +0.23 2.28 +0.15
Fe S 0.112 £0.013 0.093 +£0.008
D2 0.829 +£0.127 0.933 +£0.023
Mn D2 0.42 £0.05 0.35+0.06

(8) The errors presented with our data in this table correspond to the standard deviation as 95 %
confidential intervall. Our data (n = 4) was measured between January 2009 and March 2013.
(b) Note that in contrast to our data the errors presented with the consensus values in this table

correspond to the standard deviation (1 0).
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4.3.2 Dissolved manganese (Mn) analysis

Samples for dissolved Mn were analyzed using two different analytical approaches. The
existing method used in the laboratory is solvent extraction using oxine, which is very labour
intensive and cannot be used at sea. Equipment and software for the second method, Flow
injection analysis (FIA) with spectrophotometric detection, was constructed and developed
during this thesis (manuscripts 3 and 5).

For the Mn analysis by graphite furnace atomic absorption (ETAAS, Perkin-Elmer Model
4100ZL) after solvent extraction modified after Klinkhammer (1980), 200 g of filtered and
acidified seawater were extracted with 8-hydroxychinoline in distilled chloroform as Mn-
oxinates, back-extracted with 3 mol L* Q-HNO; and then analyzed with ETAAS. SAFe
reference seawater D2 was determined as 0.42 +0.05 nmol L* (consensus value
0.35 + 0.06 nmol L™) as shown in Table 1 and these Mn values for the validation are given in
appendix. As explained above, the ETAAS method is very time consuming and not
applicable at sea. As we were only able to analyze a certain number of samples in the given
time frame by this method we primarily used it to demonstrate the comparability of the results
of the FIA method.

For the flow injection method we collected 0.2 um filtered seawater samples off the GoFlo
bottles and off the CTD rosette system. The samples were acidified to pH 1.7 with Q- HCI
under a class 100-laminar flow bench on board or in the case of the DUNE-2 project on site.
Prior to analysis the acidified samples were equilibrated for at least 1 h. Then they were
analyzed spectrophotometrically using a slightly modified flow-injection analysis system (FIA)
modelled after Aguilar-Islas et al. (2006) as shown in Fig. 4.3. This Mn-FIA was built and
developed further during the course of this thesis. We used one 8-channel peristaltic pump
(Rainin), two electrically actuated 6-port valves, one electrically actuated 10-port sample
valve (all VICI, Valco Instruments), one dry bath (Fisher) kept at 35 C and a variable
wavelength spectrophotometer (USB-4000, Ocean Optics, Inc.) with an internal Ocean-
Optics light-source and a 1 cm quartz flow-through cell (100-QS, 10.00 mm, Hellma GmbH &
Co. KG). The flow rates were identical with those described by Aguilar-Islas et al. (2006).
The filtered and acidified seawater samples were preconditioned for 30 s by flushing with
0.05 mol L™ ammonium borate rinse solution on a pre-concentration column (GLOBAL-FIA)
filed with Toyopearl AF-Chelate-650M resin. The timing parameters were for
preconditioning, loading, rinse and elution of the column were 30, 120 - 180, 30, 180 s. This
setup was used for DUNE-2 (Wuttig et al., 2013). For the low Mn concentrations in the open
ocean, the optical part was improved to enhance the sensitivity of the measurements and
improve the detections limit. The variable wavelength spectrophotometer (USB-4000, Ocean
Optics, Inc.) was coupled with the help of optical fibres (QP400-025-SR) to an external
UV/VIS-light source (Micropak DT-Mini-2GS, Ocean Optics, Inc.) and to a 10 cm Liquid
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Waveguide Capillary Cell (LWCC-2010, World Precision
Instruments, Inc.) which replaced the 1 cm quartz flow-through
cell (100-QS, 10.00 mm, Hellma GmbH & Co. KG) and the
internal light source. The electrically actuated 10-port sample
valve was replaced by an electrically actuated 26-port sample
valve (all VICI, Valco Instruments) for a higher and continuous
throughput of samples.

Calibration curves were determined daily by the addition of
standards (0 - 10 nmol L") produced by serial dilution of a
1000 ppm Mn(ll) standard (Fluka) into 0.2 um filtered Mn

depleted seawater of the corresponding region.

Samples, standard additions and blanks were measured in

Fig. 4.3: Photo of the Mn flow-

iF”IJ'Aey“O” analysis system (Mn- triplicates or quadruplicates. Analytical precision (expressed as

percent relative standard deviation o) was typically <8 %. The
accuracy of the analytical procedure was evaluated by daily measurements of SAFe
intercalibration samples S (consensus value 0.79 +0.06 nmol L™* with the FIA methods
yielding systematically slightly lower values than the ETAAS/ICP-MS methods) and D2
(consensus value 0.35+0.06 nmol L™). This worked well in open ocean regions as the
natural occurring Mn concentrations were in the same range as the intercalibration samples.
The Mn concentrations in the Mediterranean DUNE-2 project were much higher than the
concentrations in the SAFe standard (initially 3.4 + 0.6 nmol L™ versus <1 nmol L™). This led
to lower precision for the SAFe samples using our system optimized for Mediterranean
surface waters. SAFe values determined in Corsica were as follows: 0.85 + 0.14 nmol L™ (S)
and 0.35 + 0.09 nmol L™ (D2) of Mn (n = 8) (consensus values are 0.79 + 0.06 nmol L™ and
0.35 + 0.06 nmol L™ respectively) (Bruland, 2011). We used a large volume of secondary
standard (0.2 um filtered Mediterranean seawater (t0, sampled outside the mesocosms,
5 m)) throughout the DUNE-2 work as the seawater in which standard additions were
prepared. The complete Mn-FIA measurements over the course of the work in Corsica
resulted in a value of 3.60 +0.30 nmol L™, which was in good agreement with values
measured by ETAAS in Kiel: 3.55 + 0.08 nmol L™. The detection limit (3 o of the blank) for
the Mn flow injection system used here was estimated in the lab in Kiel by repeated
measurements of very low Mn Antarctic seawater (<0.2 nmolL™; collected during
ANTXXIV-3) at 150 pmol L™. The use of a low Mn or Mn free seawater is preferred to running
MQ blanks, as the MQ systems both in Corsica and in Kiel were contaminated with Mn due

to problems with the ion-exchange units of the systems employed there.
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The comparability of samples determined for Mn, which were taken of the GoFlo bottles and
of the Niskin bottles attached to the CTD rosette system was tested. The metal parts in the

Niskin bottles did not contaminate the samples for Mn.

4.3.3 Hydrogen peroxide (H ,0,) analysis

Discrete samples for the redox sensitive species hydrogen peroxide (H,O,) and Fe(ll) were
collected in brown 125 mL LDPE bottles by a sample procedure similar to that used in
sampling for dissolved oxygen (O,). The bottles were rinsed three times with seawater and
then the sample was taken from the Niskin or GoFlo bottle with the help of acid cleaned
tubing after flushing all the bubbles in the tubing. The filled bottles were immediately brought
to the lab and analyzed within 1-2h of collection. We used a flow injection
chemiluminescence (FIA-CL) method which was recently developed in our group. With this
method the two short-lived species H,O, and Fe(ll) can be detected alternately. For H,O, the
methodology was further developed after Yuan and Shiller (1999) and Croot et al. (2004).
For Fe(ll) the method, as described in Croot and Laan (2002), was combined with the H,0O,
method in the FIA. Both the H,O, and the Fe(ll) method rely on the chemiluminescence
reagent luminol, but differ slightly in the reagent cocktails used. For measuring both species,
the reagents are injected alternately to the seawater sample stream allowing alternating
detection in the same FIA.

Samples were analyzed 3 to 4 times: typical precision was 2 — 3 % through the concentration

range 0.5 — 100 nmol L™, the detection limit (3 o) was typically 0.2 nmol L™.

4.3.4 Superoxide (O ,) analysis and experiments

An aliquot of 60 mL of clean seawater was transferred directly into a PTFE bottle.
Diethylenetriaminepentaacetic acid (DTPA), Cu (0.79, 1.58 nmol L), Mn (1, 2 nmol L), or
Fe (0.90, 1.79 nmol L") were added and samples were equilibrated overnight. Unamended
samples were also incubated similarly and measured as blanks. In some experiments,
Mn(lll)-acetate in Ethanol (1, 2 nmol L") or Mn(lll)-Desferioxamine B (Mn(Il)DEF-B) (1,
2 nmol L™ or 1, 2 umol L") was added to the aliquot directly before the measurement as
described in Wuttig et al. (subm., 2013b). The sampling and experimental set up is shown in
Fig. 4.4. The next morning 10 mL of the prepared seawater aliquots were pipetted accurately
into 60 mL PTFE bottles. The O, source was added either (1) 20 pL of KO, directly when the
measurement was started or (2) 20 pL of the thermal source bis(4-carboxybenzyl)hyponitrite
(SOTS) in dimethyl sulfoxide (DMSO) was added to all the aliquots at the same time and
they were measured repetitively. SOTS decays exponentially at constant temperature

allowing determination of the O, production rate (Heller and Croot, 2010a). O, was



40 4 MATERIALS AND METHODS

measured by chemiluminescence of the Cypridina luciferin analog, 2-methyl-6-(p-
methoxyphenyl)-3,7-dihydroimidazol[1,2-a]pyrazin-3-one (MCLA) (Heller and Croot, 2010a).

Sampling Methodology: Superoxide Kinetic Reactivity

a S \
Seawater only
-
_ i +DTPA
0.2 ym Q =
Filtration & & e
il il
{ o >—>
D
' ' : +SOTS-1
8L GO-FLO 1 L Teflon O FlA Chemiluminscence
Hydrowire . With MCLA
ED & seawater only for +Mn(Ill)DFB
' . Mn(IIl)DFB addition shortly before O, source
\

Samples equilibrated overnight

Fig. 4.4: The sampling methodology is shown with sa mples from the GoFlo-bottles
filtered into 1 L Teflon bottles and the split up i nto 60 mL aliquots in Telfon bottles
and spikes with different metals or DTPA and equilib rated over night. Directly before
starting the measurement, the short-ived Mn(lI)DF B was added to the
corresponding aliquot. To every aliquot a superoxid e source was added when the
measurement was started.

The procedures were adapted according to earlier work (Heller and Croot, 2010a; Heller and
Croot, 2010b; Heller and Croot, 2010c; Heller and Croot, 2011). Decay rates were similarly
assessed using earlier procedures (Heller and Croot, 2010c; Heller and Croot, 2011). We
applied the same terminology for the measured decay rates for O, as used in previous
works: kew (s'l) reaction in unamended seawater, Kptpa (s'l) reaction in seawater with DTPA,
kw (M* s™) metal (Cu, Fe and Mn) reaction rate constant in seawater calculated from
regression analysis of the observed first order decay rates, ko (™), from the metal addition
experiments. The rate of reaction with organic matter is assumed to be equal to the reaction
in the presence of DTPA, Kqq = Kotea. The calculation of O, decay rate (ksw) in seawater from
analysis is explained in detail in the manuscripts 1 and 2 (Wuttig et al., subm., 2013a; Wulttig
et al., subm., 2013b).
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ABSTRACT

Superoxide (O,: IUPAC name dioxide (*1-)) is an important transient reactive oxygen
species (ROS) in the ocean formed as an intermediate in the redox transformation of oxygen
(O,) into hydrogen peroxide (H,O,) and vice versa. This highly reactive and very short-lived
radical anion can be produced both via photochemical and biological processes in the ocean.
In this paper we examine the decomposition rate of O, throughout the water column, using
new data collected in the Eastern Tropical North Atlantic (ETNA) Ocean. For this approach
we applied a semi factorial experimental design, to identify and quantify the pathways of the
major identified sinks in the ocean. In this work we occupied 6 stations, 2 on the West African
continental shelf and 4 open ocean stations, including the CVOO time series site adjacent to
Cape Verde. Our results indicate that in the surface ocean, impacted by Saharan aerosols
and sediment resuspension, the main decay pathways for superoxide is via reactions with

Mn(ll) and organic matter.

wet deposition

Kb 87
000 002 004 006

DTPA

M83 GoFlo-6

Key:
Cu

sediment
remineralization

Abstract Figure: Trace metal and reactive oxygen species cycling in the sunlit tropical waters of the Eastern
Tropical North Atlantic showing the influence on each other. This influence can be photochemistry, dust
depositions and sediment remineralization. In this depth profile on the left hand side the observed loss rate of O,
kobs, at the GOFLO-Station 6 (open ocean) is shown. The reaction with organic matter, korg, is assumed to be
equal to the measured reaction when DTPA is added, kprpa (beige line). ksw is the reaction measured in
unamended seawater (blue line). ksw-caic IS the calculated reaction with seawater (red line). With the help of the
pie-charts the contribution from Organic matter, Cu, Fe and Mn on ksw.caic iS shown as explained for Figure 2.
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1. INTRODUCTION

The short lived superoxide (Oy) radical is the intermediate reaction product in the formation
of hydrogen peroxide (H,O,) from oxygen (O,) and is an important species in its own right in
the redox cycling of metal ions and organic matter in the ocean 2. In the sunlit surface ocean
O, is predominantly produced via O, reactions during the photo-oxidation of coloured
dissolved organic matter (CDOM) °. O, may also be produced in the water column via
metabolic processes in phytoplankton and bacteria '>*°. Other sources of O, in seawater
may be significant below the euphotic zone and these may include the oxidation of reduced
thiols and hydroquinones/semi-quinones derived from lysis or breakage of bacteria and
phytoplankton cells " 8. There have been a few attempts to directly measure O, production
rates in open ocean seawater, with a single study published on photoproduction °. More

recent work has examined non-photochemical production ***°

utilizing the reaction between
O, and 2-methyl-6-(p-methoxyphenyl)-3,7-dihydroimidazol[1,2-a]pyrazin-3-one (MCLA) to
produce chemiluminescence *°.

For some metals, redox pairs exist (e.g. Cu(Il)/Cu(l), Fe(I)/Fe(lll) and Mn(ID/Mn(lIl)), were
both species react rapidly with O, leading to a catalytic cycle for superoxide decay % * °.
These metals form the redox centre for enzymes such as catalases, peroxidases and
superoxide dismutases (SODs) that are present in organisms to catalyse the dismutation of
O, and protect the cell from damage.

Previous work on O, reactivity in filtered seawater has shown that reactions with organically
complexed copper (Cu) are the dominant decay pathway * °. Hence reactions of iron (Fe)
with O, appear to be a smaller sink for O,” ® !’ but may be significant for the formation of
Fe(ll) in seawater ** *° by reduction of inorganic or organically complexed Fe. More recently
Mn was identified as a potential sink for O, in surface waters °>. CDOM may also be a
significant sink for O, in natural waters ® %. A schematic summarizing the different pathways
for superoxide decay is shown in Figure S1.

The aim of the present work was to determine and quantify the pathways of O, decay in the
upper water column of the Eastern Tropical North Atlantic (ETNA). We examine here the role
of natural organic matter and the complexes of Cu, Fe, and manganese (Mn) in open ocean
seawater to act as sinks for O, by relating the decay rate of O, to the metal concentrations
and speciation. In the present work the concentration of O, in the experimental treatments
was followed by a chemiluminescence technique using MCLA after additions of potassium

superoxide (KO,) as described previously % *’.
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2. EXPERIMENTAL SECTION

Complete descriptions of the experimental methods can be found in the supplementary

information (SI) accompanying this manuscript.

Materials and Chemicals:

Due to the low concentrations of the trace metals present in seawater, all laboratory work
was performed in a trace metal clean chemistry laboratory under ISO Class 5 conditions. For
shipboard work a specially designed containerized clean room (Clean Modules UK)
belonging to the GEOMAR was employed.

The reagents were prepared as for our earlier works on O, reactivity in seawater, a complete
description is provided in the SI accompanying this manuscript. All chemicals that were used
in this study were of ultrapure grade unless noted. Ultrapure (UP) water
(resistivity >18.2 MQ cm™) was obtained in the laboratory and in the ship going clean
container via a Millipore Synergy 185 system that was fed by an Elix-3 (Millipore) reverse
osmosis system connected to the mains supply. All plasticware and bottles (low density high
polyethylene (LDPE) and Polytetrafluoroethylene (PTFE)) were extensively cleaned
according to the GEOTRACES trace metal clean protocols .

Field Sample collection. Seawater samples were collected at 6 GoFlo-Stations occupied
during the Meteor M83/1 expedition in the ETNA (Table S1 and Figure S2).

Procedure to Determine Superoxide reactivity in Sea  water:

An aliquot of 60 mL of clean seawater was transferred directly into a PTFE bottle. This
aliquot was either left unamended or diethylenetriaminepentaacetic acid (DTPA), Cu (0.79,
1.58 nM), Mn (1.00, 2.00 nM), or Fe (0.90, 1.79 nM) was added and equilibrated overnight.
The next morning 10 mL of the prepared seawater aliquots were pipetted accurately into
60 mL PTFE bottles. 20 puL of KO, were added directly when the measurement was started.
The procedures were adapted accordingly to our earlier work ®® '’ Decay rates (Table S4)
were similarly assessed using our earlier procedures ® *’. In this work we use the same
terminology for the measured decay rates for O, as used in our previous works: ksw (s™)
reaction in unamended seawater, Kptpa (s'l) reaction in seawater with DTPA, ky (M'1 s'l)
metal (Cu, Fe and Mn) reaction rate constant in seawater calculated from regression analysis
of the observed first order decay rates, kqs (™), from the metal addition experiments. The
rate of reaction with organic matter is assumed to be equal to the reaction in the presence of
DTPA, Korg = Kopa.
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Calculation of superoxide decay rate  ksw in seawater from analysis:
The measured values of the decay rate kobs from each experiment were combined using the

following formula including all the experimental parameters:
Kabs = Korg e [Cu] ke [ Fe] *Kun [ Mn] (Equation 1)

(1) There are a number of assumptions inherent in this approach:

(2) That the response of the system is simply a linear combination of the organic and
metal species involved. That there are no synergistic effects (e.g. Cu(l) reduces
Fe(lll)).

(3) That all the metal species are made inert by complexation with DTPA.

(4) That the self-dismutation reaction can be ignored.

(5) That there are no other species involved in the dismutation of O, in seawater.

(6) That the value of the metal reaction rate with O, ky, represents a catalytic reaction
where the metal is cycled between the reduced and oxidized states via reaction with
O, such that the overall reaction rate is Ky = 2Kegkox/ (KreatKox), Where kred is the
reaction rate of the reduced species with O, and k, is the reaction rate of the

oxidized species with O,".

Equation 1 was solved by combining the data from the 8 independent experiments, the
measured dissolved metal concentrations and solved for the 4 unknowns using the least
squares multiple regression analysis tool in Excel™. Individual metal addition experiments
were also solved using single factor regression analysis as previously made. Figure 1 shows
the 4 possible cases considered for the decay of O, in seawater for the metal addition

experiments.
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Figure 1: 4 different cases of the catalysed dispro portionation of O ; in seawater.

All four cases are shown in the same way: the observed O, loss rate in the presence of
DTPA (korpa) is assumed to be at zero concentration, the observed rate in unamended
seawater, Ksy, at its natural metal concentrations (measured by graphite furnace atomic
absorption (ETAAS)) and seawater with two increasing metal (M) additions (nM). Case la
represents a scenario when there is a linear response for the metal additions and the
intercept, ki, is equivalent to Kprpa indicating that the reaction in seawater can be described
solely by a single metal and the organic reaction (k). Case 1b is a special case related to
case la in which there is no apparent organic reaction (kg =0) and the self-dismutation
reaction becomes significant. A further possibility is Case 2, where the intercept of the
individual metal additions results in a value below kprpa, this represents a situation where
some of the metal is inert to exchange with DTPA. The final possible scenario (Case 3)
considered is where multiple metals contribute to the signal and the intercept for the single
metal titration lies above the value for kprpa. Based on our previous work in the Southern

Ocean we expected that most of our data would fit Case 3.
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3. RESULTS

The locations of the Go-Flo sampling stations in the ETNA are shown in Figure S2 and listed
in Table S1. In this paper we will focus on 3 stations: station 3 on the Mauritanian shelf and
stations 4 and 6 in the open ocean. Stations 3 and 6 are located in upwelling zones, on the
Mauritanian shelf and the equator respectively. For a full description of the study sites the
reviewer is referred to other recent works on this region ?* 2%, There were distinct differences
in the phytoplankton communities between the upwelling zones with the picoplankton
Prochlorococcus dominating the biomass ([BO % of total chlorophyll a in the upper 60 m) at
station 6, while it was almost completely absent at station 3 on the Mauritanian shelf which
had high concentrations of diatoms and haptophytes in the mixed layer (Taxonomic
chlorophyll data courtesy of Jasmin Franz, GEOMAR). Station 4 also had high
concentrations of Prochlorococcus present throughout the euphotic zone ([0 % of total
chlorophyll a in upper 60 m) and a distinct chlorophyll maximum was found at 50 m. The
cyanobacterium Synechococcus was present in the upper part of the water column at
station 3 but was found only in low concentrations at stations 4 and 6.

The dissolved metal concentrations (Table S2) were similar to concentrations and
distributions observed in the ETNA previously *?°. Cu increased monotonically with depth at
most stations and concentrations ranged from 0.5 to 1 nM with the highest values found at
station 3 near the Mauritanian shelf. Fe concentrations increased with depth throughout the
water column at all stations though at stations 4 and 6 the profiles showed a distinct
minimum in the vicinity of the chlorophyll maximum. Highest concentrations of Fe were found
in the bottom waters at station 3, consistent with the input of resuspended sediment at that
location as has been observed recently for particulate Fe along this shelf region ?’. Dissolved
Mn concentrations were elevated in the mixed layer of the ETNA with maxima of 2 —3 nM
due to atmospheric Saharan dust inputs and upwelling as has been observed previously *°.
For open ocean stations Mn decreased rapidly in the euphotic zone to deep values of 0.3 nM

as found in earlier studies %°.
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Figure 2: Example of the contribution of the organic matter (grey) and the three trace metals to ksw wi  th

data from GOFLO-Station4, 400m (Pie-Chart). The contr ibution of Mn (red), Cu (blue) and Fe (green) is
assessed via titration which is shown sperately as x-y-plots for each metal.

Figure 2 shows an example of data from 400 m at station 4 of the individual metal additions
and the resulting estimation, by multiple regression displayed as a pie chart of the
contribution of organic matter and Fe, Cu and Mn towards the decay rate of O,. In this
example it can be seen that all 3 metals contribute to the loss, but Mn to a greater extent
than Fe and Cu and this example is analogous to Case 3 as shown in Figure 1. In general,
most data could be described by Case 3, suggesting more than one metal played a role in
the decay of O,. For some samples from surface waters with high Mn concentrations the
data could not be statistically distinguished from Case 1. We observed a few examples of
Case 2 data that were statistically significant (i.e. ki < kprpa) for Mn in the upper water 100 m
at station 3 on the Mauritanian shelf and in the open ocean at station 4 at 60 m. In general
the Mn additions were almost always linear in line with the lack of apparent organic
complexation ?® (i.e. no complexation) while the Fe and Cu are almost always complexed and
therefore the additions may not always be linear and easy to interpret. The full dataset for
this work is found in Tables S3.
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In Figure 3-5 it is demonstrated that at each depth of the GoFlo-Stations 3, 4 and 6 the
contributors to the decay of O, and therefore their slices of the pie vary depending on depth

and location.

kﬂbs s-l
0.00 0.02 0.04 0.06 0.08

0 | 1 L | | 1 L ]
DTPA/ SW
100 - "
E 200 - M83 GoFlo-3
2
g SW-cal
300 - Key:
| Cu O ].g.
|_
| Fe  Mn
400 - '

Figure 3: In this depth profile of observed loss ra te of O3z, Kobs, at the GOFLO-Station 3. The reaction with
organic matter, k o, is assumed to be equal to the measured reaction w  hen DTPA is added, k prpa (beige
line). k sw is the reaction measured in unamended seawater (bl  ue line). k sw-carc is the calculated reaction
with seawater (red line). With the help of the pie- charts the contribution from Organic matter, Cu, Fe and
Mn on K sw-calc IS Shown as explained for Figure 2.

The calculated (red) rates, Ksw.cac, COincide well with the measured rate, ksw (blue). In the
open ocean Mn clearly dominates the reaction in the euphotic zone (Figures 4 and 5) in
contrast to the shelf (GoFlo-Station 3) where organic material is the main contributor
throughout the whole water column, but most pronounced in the surface, where also high
rates for kprpa Were observed. At the offshore stations the kprpa rates varied little with depth,

indicating a relatively constant contribution from organic matter to the decomposition of O,
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and Mn at GOFLO-Station 4 and plotted in the same

and Mn at GOFLO-Station 6 and plotted in the same
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4. DISCUSSION

O, reactions with Cu and Fe

In our previous work in the Southern Ocean ° and in the Tropical Atlantic near Cape Verde *’
we had observed that Cu was a major pathway for O,  decomposition. In the present work we
find that the Cu pathway in the ETNA was somewhat reduced in comparison with lower
values of k¢, than observed previously (Table S5). A possible explanation for these results is
differences in Cu complexation in these waters, as it has been shown that strong Cu binding

ligands are produced by both Synechococcus and Prochlorococcus

and appear to be
mostly effluxed from the cell in response to Cu stress *°. Other eukaryotic phytoplankton also
produce Cu binding ligands in response to Cu stress but these ligands are typically weaker
Cu complexing agents *. The reactivity of O, with the Cu in the Cu complexes produced by
Synechococcus in culture has been determined, ke, = 5 + 3 x 10° M* s™ 2. There are no
reported values for k¢, for Cu binding ligands produced by other phytoplankton species.
Throughout our study, Prochlorococcus was the dominant phytoplankton, thus one possible
explanation is that the Cu complex produced by Prochlorococcus reacts more slowly with
0O, though this remains to be proved.

In this study the O, decay pathway with Fe was a minor component throughout the study
area in agreement with our previous work in the ETNA close to Cape Verde '’ and in the
Southern Ocean °. It appears that much of the Fe present is relatively inert to reaction with
O, and may exist as soluble or colloidal organic complexes *” *. Recent work suggests that
the slow kinetics of exchange of Fe in thermodynamically weak Fe binding ligands helps to
maintain soluble Fe in this region *.

It is now apparent that the O, reactivity of a complex is not simply related to the conditional
or thermodynamic binding strength of the complex. For example the Cu complex of 1,4,8,11-
Tetraazacyclotetradecane (Cyclam) (log K¢y, =27.2) is thermodynamically strong and
essentially inert to exchange in seawater 3 put SOD active, because it has free sites for
water exchange *. Measurement of the rate of exchange of fluoride (*°F) with SODs has
shown strong correlations with their O, reaction rates ** *'. These findings have been
suggested as evidence for an inner sphere second-order mechanism where ligand exchange
is the rate limiting step and the dissociation of the complex is not required *. Thus it is clear
that specific data on the O, reactivity of Cu and Fe complexes produced in seawater by

bacteria and phytoplankton are required to help interpret field data of this type.

Mn reactivity with O ;" in seawater
Mn speciation in seawater contrasts with that of Fe and Cu as there is no apparent organic

complexation % and it exists mainly as the free aquo ion, MnCI* and to a smaller extent as
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sulphate and carbonate complexes *. Mn is similar to Fe in that the higher oxidation states
are poorly soluble, however there is no strong evidence for organic forms of Mn(lll) or
Mn(IV). The abiotic oxidation of Mn(Il) by O, is slow ***! but the rate is enhanced on particle

4942 and via microbial processes *®. Assuming no organic complexation of Mn(ll), it

surfaces
would be inferred that ky, would not vary with depth as there are only minor changes in pH,
chloride or carbonate concentrations. This is indeed what we observed (Table S4) with no
significant variation in ky, apparent with depth and a mean value of log ky,=7.29 + 0.26 (n =
35). For more details on the proposed mechanism for the Mn reactions with O, in seawater

the reader is referred to the companion paper to this work **.

O, loss rates in the presence of DTPA: organic or non  -exchangeable SODs

At stations in regions of high primary productivity (Stations 2, 3 and 6) elevated values for
kptea Were found in the euphotic zone and may represent increases in fresh reactive organic
matter produced by phytoplankton exudation or zooplankton grazing. However
measurements of bulk CDOM absorbance and fluorescence showed no direct correlation
between kprpa and CDOM as seen previously in oligotrophic waters at CVOO 8 In that work,
guinones were identified as the most likely functional group to explain the vertical distribution
of kprpa. In the following we explore the possibility that kprpa includes inert metal complexes
that can act as SODs.

SODs catalyse the dismutation reaction of O, radicals to H,O, and O,. These different
metalloproteins are grouped by their central redox-active metal cofactor into three major
families: Cu/Zn-, Mn- or Fe-SOD (specific for either or, or some can use both = cambialistic)
and Ni-SOD *. SODs fulfil an important role as a primary defence mechanism against
oxidative stress and are found in most cells in the cytosol, chloroplasts and mitochondria
depending on the type of SOD. A review of SOD usage by algae “*° indicated that Fe-SODs
are prevalent in Archaea, which include some cambialistic SODs. The Mn-SOD gene, sodA,
is more widely distributed in the bacteria and eukaryote in particular some marine diatoms *'.
Cu/Zn-SODs appear to be mostly absent in eukaryotic algae *® but are found in the periplasm
of a, B, and y proteobacteria *°. In the marine environment, recent work has shown that Ni-
SODs are the sole SOD found in the cyanobacteria Prochlorococcus and in some open
ocean Synechococcus species *°.

Extracellular SODs are known to be produced by higher organisms in the terrestrial
environment *° but there is no data on marine organisms. There is however evidence for the
presence of dissolved catalase or peroxidase in seawater, as experiments with filtered
seawater (0.4 um) indicate a continual loss of H,O, in the dark *°. Ultrafiltration experiments

suggest that the decomposition of H,O, is predominantly by colloidal species
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(1 kDa < x < 0.4 ym) °*; thus specific SODs from bacteria and phytoplankton may be present
in the dissolved phase through direct excretion, zooplankton grazing or viral lysis.

The question then arises, can natural SODs contribute to the high values for kprpa found in
the euphotic zone (Figures 3-5), and can they exchange their metal content with DTPA?
Unfortunately there is very little data about the binding strength of the metal centres in SODs.
It is common practice in biological studies to add EDTA at a concentration of 0.1 mM
immediately prior to experiments using Cu/Zn-SOD to bind extraneous Cu. It is reported that
EDTA has no influence on the observed O, decay rate *?, though these experiments are too
short to allow the Cu in the SOD to come into equilibrium with EDTA. Some data does exist
for the Cu/Zn-SOD binding strength for bovine erythrocyte SOD Cu,Zn,-SOD?, which
contains two identical subunits. For Cu there was a strong pH dependence with log K; = 15.6
and log K, = 14.1 at pH 7 (0.2 M phosphate buffer) and the solutions took several days to
come into equilibrium with 2-pyridinecarboxylate *. A further study examining the inhibition of
human erythrocyte Cu/Zn found that DTPA and EDTA were able to strongly inhibit this SOD
and suggested a chelator with a log K; between 12.6 and 13.8 is required to remove Cu from
the enzyme **. We could find no relevant data on the binding strength of Mn- or Fe-SODs.

There have been a few studies on the use of EDTA to remove metals from organic ligands in
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seawater. EDTA was used in combination with XAD-2 resin or electrodialysis to
determine the binding strength of natural Cu and Zn complexes in seawater. Kinetic
experiments indicated that equilibrium was achieved in less than 24 hours under the
experimental conditions employed, though it is not clear if 100 % recovery was
achieved *>°®, In our work, Case 2 above would result from incomplete exchange with DTPA,
and we only observed this in the specific case of Mn and this could suggest the existence of
Mn-SODs in the dissolved phase. Thus it appears that DTPA removes the bulk of metals
from the natural organic complexes but further work is required to verify this for SODs from

the marine environment.

Involvement of other metals as SODS in solution

Ni-SODs are present in Synechococcus and Prochlorococcus *°, the predominant
picoplankton found in the ETNA 2. Thus there is the possibility that Ni-SODs may be
released to the dissolved phase via grazing or viral lysis, the stability of extracellular
Ni-SODs in seawater is not known at present however. During M83/1 dissolved Nickel (Ni)
concentrations ranged from 2to 6 nM (Table S3) in the water column. The only study
published on Ni speciation in the open ocean suggests that only 10 - 20 % of the dissolved
Ni is present as strong organic complexes, with the rest present as weak organic or inorganic
species °’. Thus potentially 0.2 to 1.2 nM of Ni may have been present as Ni organic

complexes some of which may have been Ni-SODs or other extracellular Ni enzymes or
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transport ligands . However the slow exchange kinetics of Ni makes it difficult to
determine the true degree of organic complexation in seawater as most approaches
measuring its speciation are most likely of shorter duration than that required to reach
equilibrium. In relation to the present work, as the inorganic form of Ni(ll) is apparently in
excess in seawater and by itself it does not react rapidly with O, it would be expected that
metal addition experiments with inorganic Ni(ll) would not influence ksy. Thus the question of
whether Ni-SODs are present in solution is still open and further work on this is needed.

Cobalt (Co) when incorporated into Vitamin By, - cob(ll)alamin — has been identified as a
functional SOD ® however dissolved cobalt (all forms) is only present at 40 to 100 pM in the

Atlantic Ocean ©

. If all the Co were Bi, it would only be a minor contributor to ksw
(Keo = 10" M st x 10" M = 102 s™). Most other trace metals lack a suitable redox pair for
reaction with O, (e.g. Cd and Zn) or their reactivity (e.g. Mo and V) with O, is sluggish .

The present work strongly indicates that reaction with dissolved Mn(ll) can be a significant
pathway for O, decay in the surface ocean of regions impacted by terrestrial runoff or

atmospheric deposition.
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Supplementary Information:

A schematic summarizing the different pathways for O, decay as described in the paper is

shown in Figure S 1.

A
S % Other trace
% - metals
- O, /HO,

$ Ee

in seawater
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2

Figure S 1: Schematic of the different decay pathway s for O, decay in the ocean. O 7 is biologically and
photo produced.

Seawater sampling
Sampling Stations. The location of the sampling GoFlo-Stations in the Eastern Tropical
North Atlantic (ETNA) used in this study can be found in Table S 1 and Figure S 2.

Table S 1. Location of the 6 sampled GoFlo-Stationso  n M83/1.
Station Date Time Latitude Longitude Depth
dd.mm.yy (UTC) (m)

GOFLO1 ME831/769-1 | 17.10.10 23:15 | 17°39.01'N 24° 15.01'W | 3593.7

GOFLO2 MES831/798-1 | 22.10.10 06:18 | 12°30.06' N 17° 37.36'W 649.9

GOFLO3 ME831/831-1 | 26.10.10 07:00 | 09°59.99'N 16° 59.98' W 444.0

GOFLO4 ME831/861-1 | 30.10.10 09:48 | 07°59.96'N 25° 29.98'W | 4923.8

GOFLO5 ME831/881-1 | 03.11.10 09:13 | 10°00.06' N 24° 59.99'W | 5475.1

GOFLO6 ME831/912-1 | 08.11.10 06:46 | 01°57.94'N 23° 00.06'W | 4263.0
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Figure S 2. Map showing the location of the 6 GoFlo sampling stations in this work (M83/1).

Water Sampling. All analytical work at sea was performed in an over-pressurized ISO class
5 clean container, inside of which analysts wore the appropriate clean room apparel, overalls
with hood (Tyvek), shoes (Abeba) and plastic gloves (Carl Roth). Seawater samples in this
work were obtained from the whole water column using modified Teflon coated PVC General
Oceanics (Miami, FL, USA) GoFlo bottles of 8 L in which the original drain cock was replaced
by a Teflon stop cock. These bottles were deployed on a Kevlar line from the side of the ship.
Immediately upon recovery of the bottles, samples were filtered in-line through 0.2 um filter
cartridges (Sartorious Sartobran filter capsule 5231307H5) by slight N, overpressure into
acid cleaned 1 L PTFE bottles for O, and into LDPE bottles for trace metal analysis (both
Nalgene).
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Experimental Details:

Ultrapure (UP) water (resistivity > 18.2 MQ cm™) for the total dissolved trace metal analysis
was obtained in the laboratory in Kiel from a Millipore Synergy 185 system that was feed by
an Elix-3 (Millipore) reverse osmosis system connected to the mains supply.

Ultrapure HNOz; and HCI were obtained by quartz (hereafter denoted as Q-HNOs; and Q-HCI)
sub-boiling distillation from analytical grade acids (Merck) in the laboratory in Kiel. For
comparison purposes a commercial source of ultrapure HCI was also used in analysis (J.T.
Baker, ULTREX II). Pipettes (Finnpipette) were calibrated frequently and trace metal clean
pipette tips (Rainin RT-250 and RT-1000) were used as supplied. An inoLab pH 720 (WTW)
was used to determine pH values on the NBS scale.

All plasticware and bottles (low density high polyethylene (LDPE) and Polytetrafluoroethylene
(PTFE)) were extensively cleaned according to the GEOTRACES trace metal clean
protocols *. In brief this consisted of sequential cleaning in a detergent solution and then
soaking in acids for a period of weeks, followed by rinsing in UP water and allowing to dry on
a Class 5 laminar flow bench before double bagging in polyethylene reclosable zipper bags
(Minigrip™). All reagents and seawater samples were stored in these cleaned bottles. All the
seawater used for O, experiments was stored in PTFE bottles and the experiments also
performed in these. Samples for dissolved trace metal analysis (filtered through 0.2 um) were
directly acidified with Q-HCI to pH <2, under a class 100-laminar flow bench. Sample
processing and analysis steps were performed in laminar flow benches inside a class 100

clean room in Kiel.

Determination of Mn, Fe, Cu and Ni in seawater.  Dissolved total trace metal (Copper (Cu),
Iron (Fe) and Nickel (Ni)) concentrations were determined in the clean laboratory of the
GEOMAR in Kiel using the graphite furnace atomic absorption (ETAAS, Perkin-Elmer Model
4100ZL) method after pre-concentration by simultaneous dithiocarbamate-freon extraction
from seawater (250 - 300 g) 2. The accuracy of the analytical procedure was evaluated by
measurement of the SAFe intercomparison standard °. Our SAFe data (SAFe S: 0.395 +
0.025 nM Cu, 0.112 = 0.013 nM Fe, 1.61 + 0.19 nM Ni; SAFe D2: 1.480 = 0.481 nM Cu,
0.829 £ 0.127 nM Fe, 6.59 £ 0.76 nM Ni) are close to the average consensus values for Fe
(SAFe S: 0.090 £ 0.007 nM, D2: 0.90 £ 0.02 nM) and Cu (SAFe S: 0.51 £ 0.05 nM, D2: 2.25
+ 0.11 nM). Our Ni values are slightly lower than the consensus values (SAFe S: 2.31 +
0.01 nM, D2: 8.56 + 0.22 nM) *. The precision for replicate analysis was between 3 - 5 % at
the concentrations found in this study. The procedural (analytical) blank was 0.041 *
0.024(0y,) nM (Fe) and <1 pM (Cu). The accuracy of the method was evaluated by measuring
SAFe and GEOTRACES intercalibration samples.
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Dissolved Manganese (Mn) was also analysed in the clean laboratory in Kiel by graphite
furnace atomic absorption (ETAAS, Perkin-Elmer Model 4100ZL) after solvent extraction
modified after °>. SAFe reference seawater D2 was determined as 0.423 +0.05nM
(consensus value (0.35 £ 0.06 nM).

The dissolved total trace metal concentrations are given in Table S 2.

H,O, measurements. Samples for H,O, were analysed within 1 — 2 h of collection using a
flow injection chemiluminescence (FIA-CL) reagent injection method ° as described
previously . Samples were analysed using 4 replicates: typical precision was 2 —3 %

through the concentration range 0.5 — 100 nM, the detection limit (3 s) was typically 0.2 nM.

Calibration of the initial superoxide concentration . In the present work we routinely
measured the absorbance of the standard solution of KO, using UV spectrophotometry with
either a 1 m LWCC-2100 (100 cm) pathlength liquid waveguide cell (World Precision
Instruments, Sarasota, FL, USA) and an Ocean Optics USB4000 UV-VIS spectrophotometer
in combination with an Ocean Optics DT-MINI-2-GS light source. Concentrations of H,O, and
O, were determined by determining the least squares solution to the measured absorbance,
at multiple wavelengths, by using published molar extinction coefficients for H,0,® and O, °.
Mean initial concentrations in the primary KO, solution assessed in this way were
900 £ 50 pM for H,O, and 90 + 10 uM O,". No DTPA or other complexing agents were added
to our KO, primary solution. H,O, in the final seawater solutions was also assessed on
occasion by the chemiluminescence flow injection method described above ° and the results
agreed well with the concentrations determined by direct spectrophotometry. For more

information on specific calibration issues for O, the reader is referred to our earlier work *°.

Overview of the FeLume chemiluminescence system. This system comprises a light tight
box equipped with a Plexiglas spiral flow cell mounted below a photon counter (Hamamatsu
HC-135-01) linked to a laptop computer via a Bluetooth connection controlled through a
purpose built Labview™ (National Instruments) virtual instrument. For O, determination we
ran the sample and the MCLA reagent directly into the flow cell using a peristaltic pump
(Rainin™, operating at 16.00 rpm,) with the sample line being pulled through the flow cell as
this leads to the smallest amount of dead time in the system (typically 2 — 3 s). The overall
flow rate through the cell was 8.25 mL min™, comprising 5.0 mL min™ from the MCLA and
3.25mL min? from the sample. The transit time through the optical cell (300 pL) was
therefore 2.18 s.
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Calculation of rate data for superoxide. The raw chemiluminescence signal for the
reaction between MCLA and O, recorded by the computer was processed using a specially
designed Labview™ VI constructed for this purpose using standard kinetic fitting procedures
to determine both the 1% (ko) and 2™ order (k) rates simultaneously. The photon counter
has a base counting period of 10 ms, for the present work we used average counts of an
integration time of 200 ms. Dark background counts for this detector were typically
60 - 120 counts s™*. Apparent reaction rates for Mn (kun), Cu (kcu) and Fe (kee) with O, were
calculated via linear regression of kgs versus the total metal added = Using our
experimental setup the minimum quantifiable values for ku,, kcy and Kkge is estimated at
1x10°Ms™

Model Calculations for O , kinetics. Numerical modelling of O, reactions in seawater was
performed using a fully explicit model written in C++ updated from an earlier version ** to
include Mn chemistry. Rate constants for the key reactions involved were compiled from

those already published in the literature (see Table S 4).
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Figure S 3: In this depth profile of observed loss r ate of Oy, kobs, at the GOFLO-Station 2 (on the shelf).
The reaction with organic matter, kK oy, iS assumed to be equal to the measured reaction w  hen DTPA is
added, k prpa (beige line). k sw is the reaction measured in unamended seawater (bl ue line). K sw-caic IS the
calculated reaction with seawater (red line). With the help of the pie-charts the contribution from Or ganic
matter, Cu, Fe and Mn on kK sw-calc IS Shown as explained for Figure 2.

Sampling Methodology: Superoxide Kinetic Reactivity
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Figure S 4: Experimental design and description of th e sampling protocol employed in this work which
was further developed according to our previous wor k'
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Table S 2: M83/1 GoFlo-Station, depth (m) and total C  u, Fe, Mn and Ni (nmol L '1) concentrations measured
by ETAAS. Numbers in brackets indicate samples suspec ted of contamination.

Station — Depth Cu [nM] Fe [nM] Mn [nM] Ni [nM]
1-19m 0.741 1.024 2.45 5.486
1-40m - - 2.056 -
1-140m 0.830 0.716 0.59 2.317
1-200m 0.627 0.895 1.65 2.283
1-600m 0.998 1.325 0.62 6.065
2—-46m 0.851 1.232 2.72 3.016
2-59m 0.905 2.167 3.36 3.050
2—-80m 0.692 1.445 1.26 2.556
2-96m 0.827 2.543 0.883 5.367
2—-109m (1.907) 1.361 3.52 (14.073)
2—-200m 0.783 4.477 1.08 3.868
2-304m 0.815 2.256 0.55 3.987
2-391m 0.859 5.211 0.906 (7.463)
3-20m 0.938 0.552 3.08 3.510
3-40m 0.875 0.883 1.73 2.624
3-80m 1.021 0.714 0.615 2.828
3-100 m 0.772 1.771 0.826 3.050
3-200m 0.917 1.515 0.573 3.493
3-300m 0.780 1.739 0.570 4.123
3-400m 0.916 2.029 0.675 5.231
4-20m 0.550 0.851 2.25 2.470
4—-40m 0.594 0.754 2.30 1.550
4-60m 0.600 0.312 1.29 1.431
4-80m 0.605 0.324 1.17 4.208
4-100m 0.531 0.691 1.02 2.385
4-200m 0.649 1.359 0.415 2.794
4-300m 0.585 1.065 0.42 3.459
4-400m 0.823 1.295 0.457 (9.950)
5-20m 0.679 1.248 2.54 2.266
5-40m 0.667 0.457 1.92 2.010
5-60m 0.506 0.220 1.50 1.261
5-80m 0.649 0.297 1.17 5.418
5-100 m 0.709 0.886 0.724 3.612
5-200m 0.690 1.397 0315 3.425
5-300 m 0.709 1.076 0.382 3.135
5-400 m 0.764 1.402 0.462 5.265
6-20m 0.512 0.415 2.37 1.397
6—-40m 0.586 0.573 2.09 1.585
6 —60m 0.608 0.199 1.87 1.653
6—-80m 0.518 0.149 1.28 2.641
6—100m 0.693 0.333 0.83 3.347
6 —200m 0.700 0.842 0.399 3.391
6—300m 0.656 0.860 0.319 3.152
6—400m 0.808 0.963 0.326 5.486
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Table S 3: Compilation of specific metal decay rate
M83/1 and calculated ones with least squares multip

s of O in Tropical Atlantic seawater measured during
le regression analysis tool in Excel

™ in brackets.

Station — Depth log keu log Kre log kmn ksw Kptpa
1-19m 7.44 £0.12 7.14 +£0.08 7.18 £0.08 0.038 0.010

(7.25 +£0.25) (6.93 £ 0.44) (6.88 +0.35) (0.006 +0.017)
1-40m 7.30 £0.05 6.35 +0.09 7.40 £0.04 0.043 0.030

(6.97 £ 0.48) ) (7.15+£0.21) (0.024 £ 0.018)
1-140m 7.33£0.15 7.00 £0.17 6.13 £0.03 0.025 0.014

(7.17 £ 0.24) (7.73 £ 0.6) (7.03£0.3) (0.008 +0.013)
1-200m 7.36 £0.01 6.88+£ 0.52 7.06 £0.11 0.039 0.020

(7.36 +0.15) (6.59 +0.73) (7.02 £0.27) (0.017 +0.012)
1-600m 7.42+£0.11 7.37 £0.20 - 0.034 0.014

(7.25 +0.3) (7.14 +0.32) ) (0.008 +0.020)
2—-46m 7.73£0.13 6.43£0.14 7.29£0.17 0.076 0.031
2-59m 7.30 £0.17 <6.0 <6.0 0.086 0.036
2-80m 6.55 +0.12 <6.0 6.70 £ 0.05 0.040 0.024
2-96m 6.38 £0.04 6.31 £0.04 6.58 £ 0.05 0.036 0.019
2-109m - - 6.35+0.28 0.022 0.015
2-200m 6.38 £ 0.03 - 7.24 +£0.02 0.034 0.027
2-304m 6.94 £0.16 6.83 £0.09 6.81+0.14 0.021 0.016
2-391m 6.56 £ 0.15 - 6.67 +£0.00 0.027 0.022
3-20m 7.70 £0.14 7.82+0.19 7.30£0.01 0.065 0.045

(7.97 +0.21) (7.68 +0.39) ) (0.030 +0.077
3-40m 6.24 +1.27 6.67 £0.16 7.08 £0.08 0.061 0.089

(6.5+0.52) (6.84 +0.22) (7.14 £ 0.21) (0.024 +0.007)
3-80m 7.13+0.16 - 7.30£0.01 0.029 0.027

(6.98 +0.20) ) (7.27 £ 0.09) (0.013 £ 0.007)
3-100m 6.42 £2.79 - 7.42 £0.02 0.036 0.030

(6.78 £ 0.91) ) (7.37 £0.19) (0.017 £ 0.021)
3-200m - - 7.54 £0.15 0.044 0.016

) ) (7.51 +0.13) (0.014 +0.019)
3-300m 6.86 £0.29 - 7.40 £0.01 0.037 0.035

(6.91 +0.18) ) (7.45 +0.04) (0.016 +0.006)
3-400m 6.51 +4.22 - 7.35+0.03 0.030 0.016

(7.05 +0.9) ) (7.31 +0.42) (0.019 +0.039)
4-20m 6.85£1.35 7.2240.11 7.57+0.04 0.046 0.017

) (6.50 + 2.16) (7.38 £ 0.19) (0.011 +0.030)
4-40m 6.14+0.95 6.9840.45 6.71+2.12 0.044 0.014

) (6.97 £1.01) (7.07 £0.52) (0.018 £ 0.040)
4-60m <6.0 6.88+0.04 7.2240.08 0.033 0.028

) (6.58 +0.71) (7.07 £0.17) (0.023 +0.0103)
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4-80m - - 6.72+0.08 0.048 0.021

(6.34 £1.44) ) (7.05+£0.2) (0.024 £0.011)
4—-100m 7.31 £0.37 6.83 £0.49 7.20 +0.04 0.036 0.018

(7.13+£0.32) (6.51 +£1.16) (7.15+£0.21) (0.012 £0.015)
4-200m 6.91 £0.18 - 7.02 £0.01 0.021 0.012

(6.44 £0.72) ) (7.06 £ 0.15) (0.014 £0.073)
4-300m 6.37 £0.16 <6.0 6.90 £ 0.07 0.015 0.011

(6.19 £ 0.38) (5.87 £0.63) (6.9 £ 0.06) (0.011 £0.0 22)
4—-400 m 6.56 +0.06 6.34 £ 0.06 7.04 £0.08 0.017 0.011

(6.37 £ 0.49) (5.99 £ 0.95) (6.99 £0.1) (0.01 £0.004)
5-20m No data No data No data No data No data
5-40m No data No data No data No data No data
5-60m 6.54+0.24 - 6.920.09 0.031 0.017

(6.69 £0.27) ) (6.9+£0.12) (0.019 £ 0.005
5-80m No data No data No data No data No data
5-100m 6.45+0.0 - 6.96 +0.04 0.020 0.010

(6.6 +£0.19) (5.82 £0.99) (7.01 £ 0.66) (0.011 £ 0.003)
5-200m 6.50£0.2 - 7.09 £0.02 0.015 0.007

) (7.47 £ 0.45) ) (0.019 £ 0.007)
5-300m 6.09 £0.36 Below detection | 6.99 +0.07 0.013 0.006

(6.06 £ 0.76) (6.23£0.42) (7.02 £0.07) (0.007 +0.000)
5-400m No data No data No data
6—-20m 7.16 £0.00 6.86 £ 0.02 7.35+0.08 0.048 0.050

(7.11 £0.17) (6.77 £ 0.33) (7.29 £ 0.07) (0.007 £ 0.008)
6—-40m <6.0 6.25+ 0.96 7.17 £0.09 0.054 0.044

(6.96 £ 0.37) (6.89 £ 0.40) (7.31£0.12) (0.014 £0.012)
6—-60m 6.79 £0.94 - - 0.063 0.051

(7.16 £ 0.69) ) (7.16 £ 0.45) (0.020 £ 0.035)
6—-80m - <6.0 6.91 +£0.06 0.044 0.040

(7.02 £ 0.59) (6.85 + 0.86) (7.12 £0.37) (0.023 £0.021)
6—-100m 6.97 £0.22 6.33+0.14 - 0.044 0.045

) ) (7.66 £ 0.51) (0.026 £ 0.095)
6-200m 6.38 £0.04 - 7.08 £0.07 0.011 0.011

(6.41 £ 0.36) ) (7.20 £ 0.07) (0.007 £0.003)
6—-300m No data 6.20 £0.04 7.24 £0.31 0.009 -

() () )

6 —400 m 6.85 +0.34 <6.0 7.17 £0.10 0.009 0.011

(6.51 £0.77) ) (7.10 £ 0.16) (0.006 +0.009)

Notes: 95% ClI listed for lower data.
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Table S 4. 2”“,’Order Reaction Rate Constants (M ! s'l) for Metal species with O 2" modified after Heller and
Croot (2010) *.

Species HO, Oy
cu(l) >1*10° @ ~1*10% @
. 9.4+0.8*10°
. 1.98+0.05*10°
cu(ll) 1.2*10° @ 1.1*10%° @
. 6.63 +0.71*10°©
Fe(ll) 1.240.5*10° © 7.2*10% "
1.2+0.2*10° ¥ 1.0+0.1*10" @
Fe(lll) - 1.8*10° @
3.1x10° ™ 1.5+0.2*10° ¥
Mn(ll) 5.4+10" ¥
2.8x10" ™
1.7*10" ©
Mn(Il) 8.9+10% ™
HO, 8.3+0.7*10° 9.7+0.6*10" ™
Cu(llL - 2.9-8.1¥10°©
- 5+3+10" ®
Fe(llL - 9.3+0.2*10°
- 2.3+0.1*10° "

Notes: The reader is also referred to the compilation of Bielski et al. °. In describing the
experimental setup used in each work we use the following abbreviations: pulse radiolysis
(p.r.), flash photolysis (f.p.), y irradiation (y-r), optical detection of superoxide (opt) and
chemical detection of superoxide or equivalent (chem.). The pKa for HO, is 4.60 + 0.15 *. All

experiments are in the range 20 - 25°C.

@cCu(l), pH 5.3, p.r. opt. *°. ®cu(l), p.r. opt. *. ©Cu(l) and Cu(ll) in seawater, p.r. opt. *.
@cu(Il) and Cu(ll)-arginine, p.r, opt.*®. ©@Fe(ll), pH 1, p.r, opt.”®. ®Fe(ll) and Fe(lll), p.r., opt %°.
@Fe(Il) species, pH 1-7, p.r, opt 2. ®Fe(lll) species, pH 2.74, p.r., opt % OFe(lll)(OH)
species, pH 1-7, p.r, opt 2. 9 Mn(l) in sulphate, pH 7, y-r, opt Z. ® Mn(l) in phosphate, pH 7,
v-r, opt2. O Mn(l) in pyrophosphate, pH 7, y-r, optZ. ™Mn(lll) in phosphate, pH 7, y-r, opt®.

9 11

™As summarized in Bielski et al. °. ©Natural seawater with Cu complexing ligands

P)Copper complexing ligands produced by Synechococcus ™

. “Fe(lll) complexed with
desferrioxamine B in bicarbonate buffered solution . “Fe(lIl) complexed with natural organic

matter in bicarbonate buffered solution .



Table S 5: Compilation of ranges of specific metal

reactions of superoxide in seawater during M83/1 an

d from other studies.

Study Cruise Station Depth Cu[nM] | Fe[nM] | Mn [nM] | log kg, log Kre log kyin | Ksw Kotpa
This study RV Meteor GoFLo 1 19-600 0.63- 0.72- 0.59- 7.30-7.44 | 6.35- 6.13- 0.025- 0.010-
M83/1 (CvOO0) 1.00 1.32 2.06 7.37 7.40 0.043 0.030
ETNA
GoFLo 2 46-391 0.70- 1.23- 6.38-6.94 | <6-6.83 | <6.00- | 0.021- 0.016-
0.90 5.21 7.24 0.086 0.36
GoFLo 3 20-400 0.78- 0.55- 0.57- 6.24-7.70 | 6.67- 7.08- 0.029- 0.016-
1.02 2.02 3.08 7.82 7.54 0.065 0.089
GoFLo 4 20-400 0.55- 0.31- 0.42- <6-7.31 <6-7.22 | 6.71- 0.015- 0.011-
0.82 1.36 2.30 7.57 0.048 0.028
GoFLo 5 20-400 0.51- 0.22- 0.31- 6.09-6.54 | <6-7.47 | 6.92- 0.013- 0.006-
0.76 1.40 2.54 7.09 0.031 0.017
GoFLo 6 20-400 0.51- 0.15- <6.-7.16 <6-6.86 | 6.91- 0.009- 0.011-
0.80 0.97 7.35 0.063 0.051
®Hansard et | GoA1-4 Added 6.78-
al., 2011 Gulf of Alaska Mn: 7.00
3-24
BHeller and | RV Polar-stern | 230-6 25-1000 | 1.4-1.89 | 0.346- 7.27-7.85 | <6-7.64 0.014- 2.00x10°-
Croot, (ANT24/3) 1.78 0.041 9.36x10"
2010a Antarctica
236-5 25-2800 | 1.07- 0.109- < 6-7.79 < 6-7.43 0.008- 1.77x10°-
1.95 1.91 0.037 7.21x10"
249-3 25-1000 | 0.85- 0.22- 6.4-7.9 <6-7.79 0.009- 1.17x10°-
2.27 0.666 0.021 4.46x10*
*Heller and | RV Islandia 10 10 0.78 0.6 75 7.19 0.023 0.013
Croot, ETNA (CvOO)
2010b
“Heller and | RV Islandia 8 5 0.68 0.81 7.4 6.28 0.036 0.013
Croot, 2011 | ETNA
Voelker et *log Keyia:
al., 2000 < 8.00
log Kcuiz:
8.46-8.91

Korea should be 10* M™ s is the 2™ order rate for superoxide decay.

T 1LdIdOSNNVIN

LL
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Table S 6: Normalized estimated % for each reaction

the pie charts.

pathway by multiple linear regression and used in

Station - Depth % DTPA % Cu % Fe % Mn
1-19m 12.05 29.41 19.37 39.17
1-40m 39.49 13.32 0 47.19
1-140m 29.47 43.08 13.50 13.95
1-200m 43.84 36.32 8.88 10.97
1-600m 19.81 44.16 45.46 0
2—-46m 20.46 50.39 0 29.15
2-59m 35.57 36.23 0 28.02
2-80m 59.65 9.16 1.69 29.50
2-96m 54.86 7.61 11.12 26.41
2-109m 43.70 25.26 0 31.04
2—-200m No data No data No data No data
2—-304m 49.67 29.27 10.28 10.77
2-391m 60.12 13.08 0 26.80
3-20m 78.12 0 0 21.88
3-40m 42.45 4.85 10.67 42.04
3-80m 43.92 19.27 0 36.81
3-100m 40.75 11.39 0 47.86
3-200m 44.02 0 0 58.19
3-300m 40.75 16.55 0 42.70
3-400m 43.80 24.03 0 32.17
4-20m 13.67 0 6.45 79.88
4-40m No data No data No data No data
4-60m 60.74 0 3.16 40.07
4-80m 62.67 3.38 0 33.95
4-100m 33.56 20.05 6.19 40.19
4-200m 68.61 8.63 0 22.77
4-300m 69.35 5.26 483 20.57
4—-400m 59.49 10.96 7.60 21.96
5-20m No data No data No data No data
5-40m No data No data No data No data
5-60m 62.36 8.22 0 29.75
5-80m No data No data No data No data
5-100 m 57.06 14.72 3.05 25.17
5-200m 41.74 0 89.31 0
5-300m 54,92 6.40 14.28 24.39
5-400m No data No data No data No data
6—-20m 14.93 13.37 4,94 66.73
6—-40m 31.31 12.19 10.04 46.46
6-60m 39.37 17.31 0 43.32
6-80m 58.87 13.82 2.65 24.66
6—100 m 58.88 0 0 41.15
6—200m 58.88 15.77 0 25.35
6—-300m No data No data No data No data
6 —400 m 48.39 21.71 0 29.90




MANUSCRIPT 1 79

REFERENCES

1.

10.

11.

12.

Cutter, G. A.; Andersson, P.; Codispati, L.; Croot, P. L.; Francois, R.; Lohan, M.; Obata,
H.; Rutgers van der Loeff, M. Sampling and Sample-handling Protocols for
GEOTRACES Cruises.
http://www.geotraces.org/libraries/documents/Intercalibration/Cookbook.pdf.

(a) Bruland, K. W.; Franks, R. P.; Knauer, G. A.; Martin, J. H., Sampling and Analytical
Methods for the Determination of Copper, Cadmium, Zinc, and Nickel at the Nanogram
Per Liter Level in Sea-Water. Analytica Chimica Acta 1979, 105 (1), 233-245; (b)
Danielsson, L.-G.; Magnusson, B.; Westerlund, S., An improved metal extraction
procedure for the determination of trace metals in sea water by atomic absorption
spectrometry with electrothermal atomization. Analytica Chimica Acta 1978, 98 (1), 47-
57; (c) Grasshoff, K.; Kremling, K.; Ehrhardt, M., Methods of seawater analysis. Verlag
Chemie: Weinheim, 1983.

Johnson, K. S.; Boyle, E.; Bruland, K.; Coale, K.; Measures, C.; Moffett, J.; Aguilar-
islas, A.; Barbeau, K.; Berquist, B.; Bowie, A.; Buck, K.; Cai, Y.; Chase, Z.; Cullen, J.;
Doi, T.; Elrod, V.; Fitzwater, S.; Gordon, M.; King, A.; Laan, P.; Laglera-Baquer, L.;
Landing, W.; Lohan, M.; Mendez, J.; Milne, A.; Obata, H.; Ossiander, L.; Plant, J,;
Sarthou, G.; Sedwick, P.; Smith, G. J.; Sohst, B.; Tanner, S.; Berg, S. v. d.; Wu, J.,
Developing Standards for Dissolved Iron in Seawater. EOS, Transactions of the
American Geophysical Union 2007, 88 (11), 131-132.

(a) Ellwood, M. J., Wintertime trace metal (Zn, Cu, Ni, Cd, Pb and Co) and nutrient
distributions in the Subantarctic Zone between 40-52°S; 155-160€E. Marine Chemistry
2008, 112 (1-2), 107; (b) Sohrin, Y.; Urushihara, S.; Nakatsuka, S.; Kono, T.; Higo, E.;
Minami, T.; Norisuye, K.; Umetani, S., Multielemental Determination of GEOTRACES
Key Trace Metals in Seawater by ICPMS after Preconcentration Using an
Ethylenediaminetriacetic Acid Chelating Resin. Analytical Chemistry 2008, 80 (16),
6267-6273.

Klinkhammer, G. P., Determination of manganese in sea water by flameless atomic
absorption spectrometry after preconcentration with 8-hydroxyquinoline in chloroform.
Analytical Chemistry 1980, 52 (1), 117-120.

Yuan, J.; Shiller, A. M., Determination of Subnanomolar Levels of Hydrogen Peroxide
in Seawater by Reagent-Injection Chemiluminescence Detection. Analytical Chemistry
1999, 71 (10), 1975-1980.

Croot, P. L.; Streu, P.; Peeken, I.; Lochte, K.; Baker, A. R., Influence of the ITCZ on
H,O, in near surface waters in the equatorial Atlantic Ocean. Geophys. Res. Lett.
2004, 31 (23), L23S04.

(a) Taylor, R. C.; Cross, P. C., Light Absorption of Aqueous Hydrogen Peroxide
Solutions in the Near Ultraviolet Region. Journal of the American Chemical Society
1949, 71 (6), 2266-2268; (b) Baxendale, J. H.; Wilson, J. A., The photolysis of
hydrogen peroxide at high light intensities. Transactions of the Faraday Society 1957,
53, 344-356.

Bielski, B. H. J.; Cabelli, D. E.; Arudi, R. L.; Ross, A. B., Reactivity Of HO,/O, Radicals
In Aqueous-Solution. Journal Of Physical And Chemical Reference Data 1985, 14 (4),
1041-1100.

Heller, M. I.; Croot, P. L., Application of a Superoxide (O, thermal source (SOTS-1) for
the determination and calibration of O, fluxes in seawater. Analytica Chimica Acta
2010, 667, 1-13.

Voelker, B. M.; Sedlak, D. L.; Zafiriou, O. C., Chemistry of Superoxide Radical in
Seawater: Reactions with Organic Cu Complexes. Environmental Science and
Technology 2000, 34, 1036-1042.

Croot, P. L.; Laan, P.; Nishioka, J.; Strass, V.; Cisewski, B.; Boye, M.; Timmermans, K.;
Bellerby, R.; Goldson, L.; de Baar, H. J. W., Spatial and Temporal distribution of Fe(ll)



80

MANUSCRIPT 1

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

and H,O, during EISENEX, an open ocean mesoscale iron enrichment. Marine
Chemistry 2005, 95, 65-88.

Heller, M. I.; Croot, P. L., Superoxide Decay Kinetics in the Southern Ocean. Environ.
Sci. Technol. 2010, 44 (1), 191-196.

Zafiriou, O. C., Chemistry of superoxide ion (O,) in seawater. |. pKas, (HOO) and
uncatalysed dismutation kinetics studied by pulse radiolysis. Marine Chemistry 1990,
30, 31-43.

Rabani, J.; Klug-Roth, D.; Lilie, J., Pulse radiolytic investigations of the catalyzed
disproportionation of peroxy radicals. Aqueous cupric ions. The Journal of Physical
Chemistry 1973, 77 (9), 1169-1175.

Piechowski von, M.; Nauser, T.; Hoigné, J.; Buhler, R., O,  decay catalyzed by cu®*
and Cu” ions in aqueous solutions: a pulse radiolysis study for atmospheric chemistry.
Ber. Bunsenges. Phys. Chem. 1993, 6, 762-771.

Zafiriou, O. C.; Voelker, B. M.; Sedlak, D. L., Chemistry of the superoxide radical (O)
in seawater: Reactions with inorganic copper complexes. Journal of Physical Chemistry
A 1998, 102 (28), 5693-5700.

Cabelli, D. E.; Bielski, B. H. J.; Holcman, J., Interaction between Copper(ll)-Arginine
Complexes and HO,/O, Radicals, a Pulse Radiolysis Study. Journal of the American
Chemical Society 1987, 109, 3665-3669.

Jayson, G. G.; Parsons, B. J.; Swallow, A. J., Oxidation Of Ferrous lons By
Perhydroxyl Radicals. Journal Of The Chemical Society-Faraday Transactions | 1973,
69 (1), 236-242.

Matthews, R. W., The radiation chemistry of aqueous ferrous sulfate solutions at
natural pH. Australian Journal of Chemistry 1983, 36, 1305-1317.

Rush, J. D.; Bielski, B. H. J., Pulse Radiolytic Studies of HO,/O, with Fe(ll)/Fe(lll) lons.
The reactivity of HO,/O, with Ferric lons and Its Implication on the Occurrence of the
Haber-Weiss Reaction. Journal of Physical Chemistry 1985, 89, 5062-5066.

Sehested, K.; Bjergbakke, E.; Rasmussen, O. L.; Fricke, H., Reactions of H,O3 in the
Pulse [I-Irradiated Fe(ll)-O, System. The Journal of Chemical Physics 1969, 51 (8),
3159-3166.

Barnese, K.; Gralla, E. B.; Cabelli, D. E.; Selverstone Valentine, J., Manganous
Phosphate Acts as a Superoxide Dismutase. Journal of the American Chemical Society
2008, 130 (14), 4604-4606.

Rose, A. L.; Waite, T. D., Reduction of organically complexed ferric iron by superoxide
in a simulated natural water. Environmental Science & Technology 2005, 39 (8), 2645-
2650.

Hansard, S. P.; Easter, H. D.; Voelker, B. M., Rapid Reaction of Nanomolar Mn(Il) with
Superoxide Radical in Seawater and Simulated Freshwater. Environ. Sci. Technol.
2011, 45 (7), 2811-2817.

Heller, M. 1.; Croot, P. L., Kinetics of superoxide reactions with dissolved organic matter
in tropical Atlantic surface waters near Cape Verde (TENATSO). J. Geophys. Res.
2010, 115 (C12), C12038.

Heller, M. I.; Croot, P. L., Superoxide decay as a probe for speciation changes during
dust dissolution in Tropical Atlantic surface waters near Cape Verde. Mar. Chem. 2011,
126 (1-4), 37-55.



MANUSCRIPT 1

81




82

MANUSCRIPT 1




MANUSCRIPT 2

Reactivity of Inorganic Mn and
Mn Desferioxamine B with O,, Oy

and H,O, In seawater




84

MANUSCRIPT 2




MANUSCRIPT 2 85

Reactivity of inorganic Mn and
Mn Desferioxamine B with O,, O, and

H-,O, In seawater

Kathrin Wuttig*, Maija | Heller*? Peter L Croot>*”

'GEOMAR Helmholtz Centre for Ocean Research Kiel, Marine Biogeochemistry,

Dusternbrooker Weg 20, 24105 Kiel, Germany
University of Southern California, Los Angeles, United States of America.
3plymouth Marine Laboratory (PML), Plymouth, United Kingdom.

“Earth and Ocean Sciences, School of Natural Sciences, National University of

Ireland, Galway (NUIG), Galway, Ireland.

"Corresponding Author

Draft only — do not cite unless prior permission from the authors.
For submission to Environmental Science and Technology
This version April 16, 2013

(Word limit = 5487 words + 5 figures = 1500 words < 7000 words)



86 MANUSCRIPT 2

ABSTRACT

Manganese (Mn) is a required element for oceanic phytoplankton as it plays a critical role in
photosynthesis, through its unique redox chemistry, as the active site in photosystem Il and
in enzymes that act as defences against reactive oxygen species (ROS), most notably for
protection against superoxide (O,), through the action of superoxide dismutase (SOD), and
against hydrogen peroxide (H,0,) via peroxidases and catalases. The distribution and redox
speciation of Mn in the ocean is also apparently controlled by reactions with ROS. Here we
examine the connections between ROS and dissolved Mn species in the upper ocean using
field and laboratory experimental data. Our results suggest it is unlikely that significant
concentrations of Mn(lll) are produced in the euphotic zone, as in the absence of evidence
for the existence of strong Mn(lll) ligands, Mn(ll) reacts with O,  to form the short lived
transient manganous superoxide, MnO," which may react rapidly with other redox species in
a similar manner to O,. Experiments with the strong Mn(lll) chelator, desferrioxamine B
(DFB), in seawater indicated that the Mn(lll) species is unlikely to form, as the pre-cursor
Mn(ll) complex under natural ambient conditions due to the high side reaction of DFB
with Ca.

<Wl>
P O
i

Mn3+L
Mn(I11/1V)
oxides
Mn(l1)
C—

Mn(lll) CE—

oxides

Abstract figure: showing the different Mn ROS reacti on pathways, the main ROS and Mn sources and
importan species.
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1 INTRODUCTION

Manganese (Mn) is an essential element for phytoplankton in the ocean due to its
fundamental role in Photosystem Il (PSIl) in the 4 electron conversion of H,O to O, *. Mn
possesses a rich redox chemistry ? and for this reason it is used by organisms to control
levels of reactive oxygen species (ROS) inside cells as Mn complexes are capable of acting
as superoxide dismutases (SODs), catalases and peroxidases ®. Manganese induced growth
limitation of phytoplankton has been found to occur below 100 pM Mn(ll) in laboratory
experiments * and there is yet no evidence for Mn limitation of phytoplankton growth in the
field > ®, presumably as Mn concentrations in surface waters are typically > 100 pM even in
the Southern Ocean ’.

The main source of Mn to the open ocean is from the deposition of continental aerosols ® °
with significant amounts of the Mn in the aerosol being easily solubilized ' **. Closer to the
coast, oxygen poor shelf sediments can be important sources of Mn to the water
column >3, The residence time for Mn in the upper ocean has been estimated to be on the

1% and 60 years for the full water column *°. While Mn(IV) is the

order of 4 —5 years
thermodynamically favoured redox state in oxygenated seawater, kinetic limitations lead to
the predominance of the soluble Mn(ll) aquo ion, as the higher oxidation states, Mn(lll) or
Mn(lV), are poorly soluble and found almost exclusively in particles. The distribution and
speciation of Mn in the surface ocean is strongly related to redox cycling through reactions
with ROS. Particulate MnO, reacts with hydrogen peroxide (H,O,) rapidly to form Mn(ll) and
is believed to be the main reason for the retention and accumulation of Mn(ll) in the euphotic
zone *°. The abiotic oxidation of Mn(ll) in seawater by O, is very slow *" '8 however the

1 Furthermore bacteria can facilitate Mn(ll)

reaction is accelerated on particle surfaces
oxidation by both direct (enzymatic) and indirect (e.g., non-enzymatic bacterial spore coat
mediation) processes ** ?!. Oxidation of soluble Mn(ll) ions to Mn(lll/IV) oxides has been
primarily attributed to direct enzymatic oxidation by microorganisms, via the production of
superoxide (O,) #. Photo-oxidation in the presence of humic substances has also been
suggested as a pathway for the formation of Mn oxides #*. Soluble Mn(lll) is rare in natural
waters because it rapidly hydrolyses and precipitates as Mn(lll) oxides or disproportionates
into Mn(1V) and Mn(ll) > ?°, unless stabilized in complexes with ligands ?® 2’

Over the last two decades the role of Mn(lll) in the marine environment has begun to be
investigated in more detail >"*°. However progress for resolving Mn(lll) in the water column is
limited by the detection limits of the current analytical methods being no lower than the
100 nM level * * almost a 100 times higher than oxic seawater concentrations. In the
suboxic waters of the Black Sea concentrations of up to 5 uM Mn(lll) have been reported *

and it was suggested that this intermediate is stabilized by an unknown ligand, and formed
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from the oxidation of Mn(ll) and the reduction of particulate MnO,. Recently it was also
suggested that Mn(lll) may form in the oxic euphotic zone of the ocean via the Mn(ll/1ll)
redox couple catalysing the decay of O, *. However other laboratory studies indicate the
Mn(l1l) only forms in reaction with O, when a strong Mn(lll) ligand is present ***. One group
of ligands that could potentially fill this role are the hydroxamate siderophores as several of
them are easily oxidized by air from the Mn(ll) to Mn(lIl) complexes

In the present work we examined the interaction of the Mn and ROS redox cycles in the
euphotic zone of the ocean through a combination of laboratory, field and modelling
experiments. A companion paper *° examines the overall role of metals and organics on the
decay of O, in seawater. In this work we focus on the potential for Mn(lll) formation in natural

seawater and in the presence of the siderophore desferrioxamine B (DFB).

2 EXPERIMENTAL SECTION

Material and Chemicals. Seawater samples used in this work were collected on three
separate research expeditions, full details can be found in the supplementary information
accompanying this paper. Due to the low concentrations of Mn present in seawater, all
laboratory work was performed in a trace metal clean chemistry laboratory under 1ISO Class
5 conditions. All reagents and seawater samples were stored in either FEP or LDPE bottles
that had been extensively cleaned before use according to existing trace metal clean
protocols (GEOTRACES). For shipboard work a specially designed containerized clean room
(Clean Modules UK) belonging to the GEOMAR was employed. All chemicals that were used
in this study were of ultrapure grade unless noted. Pipettes (Finnpipette) were calibrated
monthly and trace metal clean pipette tips (Rainin RT-250 and RT-1000) were used as
supplied. An inoLab pH 720 (WTW) was used to determine pH values on the NBS scale
(PHngs)-

Ultrapure (UP) water (>18.2 MQ ) was obtained in the laboratory and in the ship going clean
container via a Millipore Synergy 185 system that was feed by an Elix-3 (Millipore) reverse
osmosis system connected to the mains supply. Ultrapure HNO; and HCI were obtained by
guartz (hereafter denoted as Q-HNO; and Q-HCI) sub-boiling distillation from analytical grade
acids (Merck) in the laboratory in Kiel.

A primary 2-methy-6-(p-methoxyphenyl)-3,7-dihydroimidazol[1,2-a]pyrazin-3-one (MCLA)
standard, 1 mM MCLA, was prepared by dissolving 10 mg of MCLA in 34.5 mL of MQ water;
1 mL aliquots of this solution were then pipetted into polyethylene vials and frozen at -80 C
until required for use. For the O, kinetic measurements a working MCLA standard, 1 uM,

was prepared from a thawed vial of the primary stock by dilution into 1 L of UP water.
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Fluorescence measurements (3D Excitation Emission Matrix) of oxyMCLA the decay product
of MCLA were acquired using a Cary Eclipse fluorometer. This solution was buffered in
0.05 M sodium acetate and adjusted to pHygs of 6 with Q-HCI. Stock solutions (3.8 mM) of
Diethylentriaminepentaaceticacid (DTPA) were prepared by dissolving 0.6 g in 400 mL MQ
water. All plasticware used in this work was extensively acid cleaned before use. Stock
solutions (10 mM) of desferrioxamine B (DFB) were prepared by dissolving the mesylate salt

(Sigma-Aldrich) directly in UP water.

Synthesis and spectrophotometric determination of M n(lll) complexes: Mn(lll)acetate
was purchased directly from Sigma Aldrich. A 10 uM standard was prepared in ethanol to
prevent dismutation. Mn(lIl)DFB was prepared by aerial oxidation of a solution containing
200 uM Mn(Il) and 400 uM DFB in seawater. The pH of the solution was adjusted by the
addition of 1 M sodium hydroxide (NaOH) (prepared from ultrapure NaOH pellets). The
concentration of Mn(ll)DFB was assessed by monitoring the absorbance at 310 nm
(€ = 2060 +20 M™* cm™) * using a Horiba Aqualog (1 cm cell) or with a 1 m LWCC-2100
(100 cm) pathlength liquid waveguide cell (World Precision Instruments, Sarasota, FL, USA)
and an Ocean Optics USB4000 UV-VIS spectrophotometer in combination with an Ocean
Optics DT-MINI-2-GS light source.

Procedure to determine O 5 reactivity in Seawater: An aliquot of 20 mL of seawater was
pipetted accurately into a Teflon bottle. The procedures were adapted as accordingly to our
earlier work using KO, as the O, source *'. Analysis of the loss rates was evaluated

according to existing protocols ** 3,

Dissolved O , measurements: Dissolved O, was measured using an optode (Planar
Oxygen-Sensitive Spot, SP-PSt3-NAU-D5-YOP, PreSens Precision Sensing GmbH)
attached via silicon glue to the inside of a clear glass BOD bottle fitted with a glass stopper.
The optode was illuminated by a fiber optic connected to a Fibox 3 (Fiber optic oxygen
transmitter, PreSens Precision Sensing GmbH) equipped with a PT1000 temperature probe.
The fiber optic was attached directly opposite the optode on the outside of the BOD bottle.

Calibration was performed according to the manufacturer’s instructions.

H,O, measurements: Samples for H,O, were analysed directly using a flow injection
chemiluminescence (FIA-CL) reagent injection method * as described previously *.
Samples were analysed using 5 replicates: typical precision was 2 -3 % through the

concentration range 0.5 - 100 nM, the detection limit (3 s) is typically 0.2 nM.
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3 RESULTS & DISCUSSION

The decay of an excess of a O, in seawater amended with inorganic Mn(ll) results in an

increase in an apparent first order loss rate of O, that increases linearly in proportion to Mn

32,39

additions (Figure 1) as observed recently in other studies

!
@
8
0o 1 2
1 Mn [nM]
11 T ' j - T T T y 1
20 30 40 50 60
time (s)

Figure 1: Mn reactivity 400m sample Station 4 M80 in  sert Kk ops VS Mn concentration.

The apparent first order catalytic reaction rate, ky,, for Mn in the Eastern Tropical North
Atlantic Ocean (ETNA) was found to be relatively constant log ky,= 7.29 +0.26 (n = 35) *°.
Recently Hansard et al. * suggested that Mn can act as a catalytic SOD for O, in seawater

42, 43

in the same manner as the Cu and Fe redox cycles with the formation of Mn(lll) as part

of the redox cycle **. However the presence of Mn(lll) contrasts with the recent analysis by

Barnese and colleagues ** 3

, who found Mn(lll) is only formed through reaction with O, in
the presence of strong Mn(lll) stabilizing ligands (e.g. pyrophosphate and citrate) in a non-
catalytic stoichiometric reaction that also produces H,O, but not O,. In contrast the catalytic
reaction is found with weak ligands (e.g. carbonate and phosphate) and involves a MnO,"
intermediate, with no Mn(lll) formation and the formation of H,O, and O,. In this context the
MnO," species is interpreted as a manganous superoxide complex and not the alternative
manganic peroxide species ** ** #’. Thus it appears that the SOD behaviour of Mn in

seawater must be achieved through the non redox Mn(I1)/MnO," pair.
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Reaction Modelling: Mn(I1)/Mn(l1l) or Mn(Il)/MnO " in the catalytic decomposition of O 5

in seawater.

Previous studies **% %68 have indicated that the initial reaction of O, with free Mn(ll) is rapid
(1.5x108M*s?) and reversible, forming MnO,", the back reaction step is slower

(6.5 x 10° s™ for aquo ion, 7 s™ for HCO3 complex)

2+ - +
Mn“ +0O, - MnQO, (R)

+ 2+ -
MnO, - Mn= +0O, (R

In the presence of a strong Mn(lll) coordinating ligand the following reactions can also

proceed, resulting in the stoichiometric production of H,O»:

Mn**L+0O, - MnO,L (R2)

MnO;L - Mn*L+0O, (R.)
+ 3+

MnO; L O T - Mn*L+H,0O, (R3)

Strong Mn(lll) complexes (e.g. pyrophosphate) apparently do not react with O, . However it

is important to note the reaction 3 may also be reversible (see below).

3+ +
Mn*L +H,0, O BT - +MnO; L (R2)

In the absence of a Mn(lll) stabilizing ligand Jacobsen et al. “® proposed that the reactions
proceed according to R, (1.1 x 10° M s™) forming a catalytic cycle with R, with a yield of 0.5
H,O,and O, per O,

MnO; + 0O, OHT -~ Mn* +H,0, +0, (RJ)

|34

Barnese et a ruled out R, from their analysis due to consideration of the conditions

employed in their work ([Mn(Il)] > [O.]) and instead proposed the following scheme in which

an additional anion reversibly binds to the MnO,’L species:

Anion™ +MnO, L - [MnOz*L(Anion)]n_l (Re)

[Mn02+ L(Anion)]n_1 . Anion™ +MnO; L (R-s)

The MnO,’L species then can undergo dismutation to form H,O, and O,

MnO;L +MnO;L ORI~ 2Mn”L+H,0,+0, (g
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This overall reaction scheme suggests that for a Mn(Il) complex to act as a successful SOD
then ky >> k. and this is satisfied with regard to the Mn(ll) phosphate, citrate and carbonate
complexes *. In the present work we note that at the concentrations of Mn(ll) (0.2 — 5 nM)
and O, (~90 nM) employed in our KO, addition experiments the reported rate constant for Re
is too slow and that R, is a more likely pathway.

Hansard et al. ** from their work in seawater postulated a further reaction, R; (below) by
which the Mn(lll) formed via R; reacted with O,” to complete a catalytic cycle that produced
both O, and H,0, :

3+ - 2+
Mn> +0O, - Mn“ +0O, R>)

The reader is referred to Table S1 for a compilation of the published rates for Mn reactions
with ROS.

Speciation of inorganic Mn(ll) in seawater and reac  tivity with O

The speciation of inorganic Mn(ll) in seawater is dominated by the free aquo ion, with smaller
contributions from chloride, sulphate, and carbonate complexes *"*°. None of the complexing
ligands identified as binding Mn(ll) in seawater form strong Mn(lll) complexing agents. See
also the supplementary information for Mn speciation data in seawater. Comparing the
inorganic Mn species in terms of their known reactivity with O,” Barnese et al.** suggest that
the back reaction for free Mn(ll) and Mn sulphate species is sufficiently large to prevent them
acting as efficient SODs (see Table S1), however if the pH is increased (>9) and MnCO;
becomes predominant the efficiency would increase due to the slower back reaction with this
complex. There is no data for the MnCI* complex with O, but it may be assumed they react

similarly to free Mn(ll).

Stoichiometry of H ,0, formation from O , in seawater amended with Mn.

In a further test we examined the stoichiometry of H,O, formation for Mn addition
experiments in natural seawater in the presence of the thermal O, source SOTS-1 which
decays exponentially at constant temperature allowing determination of the O,  production
rate **. Our data (Figure 2) indicates that the yields of H,O, were roughly half of the O,
reacted. In seawater samples, decay by Mn is not the only possible pathway for O,
decomposition *. If a Mn(Ill) complex is formed we would have expected a yield of 100%
from the Mn pathway, which would lead to an increase in the H,0O, yield with increasing Mn
addition. In fact the opposite is observed indicating that we most likely have a catalytic SOD
cycle via the intermediate MnO," as proposed by Barnese et al. **. Thus based on the

inorganic speciation of Mn(ll) in seawater and the H,O, yield it does not appear feasible that
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significant concentrations of Mn(lll) are formed in seawater during reaction with O,". However
experiments in seawater with KO, ([O2]>[Mn(l)] and SOTS-1 (JO,] < [Mn(ll)] showed
apparent catalytic dismutation of O, and there were no obvious signs of a stoichiometric

reaction between Mn(ll) and O,’,

100 -
1 H,0, yield SOTS-1
oS 80 - MSM 17-4 S5 20 m
g ]
o
& 60
[\l
) ]
ae)
- 40
9 l
g 20
0 T r r r )

DTPA Seawater +1 nM [Mn] +2 nM [Mn]

Figure 2: Yield of H O, from Mn addition experiments to seawater amended w ith SOTS-1 as a superoxide

source.

MnO," reactivity with other redox species?

The predicted Mn(ll) speciation in seawater appears at odds with a catalytic SOD cycle for
O, dismutation as earlier work had indicated that a catalytic SOD cycle was only possible
with sulphate complexation, not phosphate, at Mn concentrations greater than 100 uM .

Later however Barnese et al.

indicated that a catalytic SOD cycle was possible with
phosphate and carbonate Mn(Il) complexes. For Mn(l1)/MnO," to behave as a catalytic SOD
in seawater and exhibit an overall first order decay, it requires that the back reaction k; or
k., << k4 [O7]. Based on the published kinetic data (Table S1) this condition is unlikely to be
met under ambient seawater conditions for the inorganic Mn(ll) species present in seawater
as the back reaction k, for the aquo or k., for the sulphate complex are too fast (6500 and
8500 s respectively) and steady state O, concentrations too low (e.g. 10 —200 pM)
requiring a value of k, that would be close to or above the diffusion limit. Previous workers
have estimated the value of k; or k., by plotting k.ns against [Mn(ll)], for which they obtain k;
from the slope and k; from the intercept. In the seawater case this is not a valid approach as
the value of the intercept will also include contributions from other O, dismutation

pathways *°.
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One possible explanation for the apparent SOD behaviour then is that MnO," is stabilized in
seawater through complexation by CI or other ligands present in seawater and this leads to
a reduction in k; resulting in a first order dependence on Mn(ll) in the reaction. There are no
previous studies reported in ClI' media but several studies have noted an apparent rate
dependence on ionic strength *>“® %" put not to the degree that is required to stabilize MnO,".
In our seawater experiments we observed a mean value for ky, = 1.9 x 10’ M s™ which is
very close to published values for the reaction of the aquo Mn(ll) with O, (Table S1). This
suggests to us a possible mechanism by which the catalytic Mn and O, cycles are

completed by a reaction with another redox pair (M™/M™') as proposed below:

+ n+l 2+ n+
MNnO; +M™ @ - Mn* +M™ +0, (Re)

MnO; +M ™ O - Mn* +M ™ +H,0, (Ro)

Thus the MnO," is essentially reacting here similar to the free O, complex. There is some
precedent for this as it has been reported that MnO," reacts faster with ascorbates than free
0, %°. However we could find no other published data on the reactivity of MnO," with other
redox species. Our own data does show some evidence for cross reactivity between trace
metal redox cycles as Figure 3 clearly shows the influence of the ambient Mn concentration
on the apparent catalysis rates for O, reactions with Cu and Fe. This is however not
conclusive proof, as Mn while is not organically complexed in seawater, both Cu and Fe are
extensively so, and this may simply reflect a common dependence on depth for the O

reactive complexes of these metals.

3e+007
KCu = 1.5x107[Mn]+1.3x10°

W 2.5e+007 4Rr*=o0975

S 204007

% 1.5e+007

= 1e+007

Eﬁ 501006 kFe = 1.4x10’[Mn]-2.0x10°

R? = 0.794

00 05 10 15 20 25
Mn [nM]

Figure 3: O , reaction kinetics versus the ambient Mn conentrati on in seawater.
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Reactivity of simple Mn(lll) complexes with O 5

The stoichiometric response seen upon the reaction of O, with Mn(ll) to form Mn(lll)
complexes of pyrophosphate or citrate strongly indicates that these Mn(lll) complexes do not
react significantly with O, %, This suggests that stabilization of Mn(lll) by complexation may
lead to lower reactivity with O,” and thus it is unlikely that Mn(lll) plays a role in the catalytic
reaction observed here in seawater. Published rates for the reaction of O, with Mn(lll)
complexes of EDTA (k=5x10"M*s") and CDTA (k=1x10°M*s™) indicate that this
reaction is significantly slower than that required here for a catalytic cycle and importantly it

appears that the e” exchange is not with Mn(ll1) but with the complexing ligand >*.

Formation of Mn(lll) complexes in ambient seawater

Strong Mn(lll) binding ligands however do exist in seawater, e.g. hydroxamate
siderophores ¢, probably as Fe(lll) ligands, but are only present at < 20 pM in the ETNA *2.
The paradigm of no Mn organic complexes in seawater has to date not been extensively
tested owing to the analytical challenge of determining pM organic complexes in a total pool
of nM inorganic Mn. However work by Mackey ** did suggest that Mn organic complexes in
seawater exist and can be retained on hydrophobic C18 columns. No data exists for Mn(lll)
complexes with humic matter, however in the present context, potential candidates are Mn

porphyrins which can act as SOD mimics Ky ~10° M™* 713545,

Formation and speciation of Mn(llI)DFB in seawater

It is previously been shown in NaCl solutions (0.1 M) that the rate of formation of MNHDFB*
from the aerial oxidation of Mn(ll)-DFB species is related to the presence of [MnHDFB?]
(rate = k[IMn(Il)DFB][O,], pH 7.9, k=0.15+0.02M"s"; pH8.1 k=0.29+0.03M"s* ;
pH 8.6 k=0.34+0.07 M*s™) *°. In seawater DFB is also complexed by Ca* and Mg*
resulting in a substantial lowering of the effective conditional stability constant for the
Mn(II)DFB species (see Table S3). Indeed the presence of 2 nM DFB in seawater leads to
less than 1 x 10 of the total Mn being in the form of [MnHDFB°] (Figure S1). Thus the
formation of MNHDFB™ in seawater is potentially limited by the non-formation of the precursor
MnHDFB® complex. Indeed for typical surface seawater at pH 8.2, only at levels above
200 uM DFB does the MnHDFB® complex become significant (Figure S2).

Our experiments at pH 8.6 in seawater (Figure 4) amended with 400 uM DFB had an initial
formation rate of 0.177 + 0.025 M™ s™ (95 % confidence interval), or approximately half the
rate observed in 0.1 M NaCl “°, consistent with the speciation in seawater under these
conditions (see the SlI) which indicate that ~38 % of the Mn was present as MnHDFB and
~12 % as MnH,DFB in our experiment, with the remainder as Mn inorganic species. We

simultaneously observed O, loss rates of 25.5+0.3 nM s™ (95 % confidence interval) over
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the first half hour. Mn(lIl)DFB formation rates during this time were 12.8 + 1.8 nM s™ leading
to a stoichiometry of 1:2 for MnDFB:O, when a ratio of 2:1 might be predicted from a

balanced 2e redox reaction:

O, +2Mn(I1)DFB O T - 2Mn(INDFB+H,0, iy

100 - 100
O, loss on Formation of Mn(lll)HDFB
%. 75 Gas Tight System | 75
Seawater pH 8.6
& =
P =1
A 50 - - 50 &
-
=, z
S 25 - L 95
0 . . ! . . 0
0 30 60
time (mins)
Figure 4: Formation of Mn(IlIl)HDFB (green circles)  in seawater and loss of O ; (blue circles).

Conditions: 200 mM Mn(ll), 400 mM DFB, in seawater adjusted to pH 8.6.

This strongly suggests that the O, formed from the initial 1e" reduction of O, was also
reacting with other redox species present in seawater resulting in a decreased MnDFB:O,
stoichiometry, as presumably the O, oxidation of Mn(ll)DFB was reduced due to the
reduction of O, from these other reactions.

Electrochemical studies of Mn(Il)DFB have found that the reduction wave is irreversible °
though formal potentials have been estimated (pH 9.2, 1=0.1 M, 25 °C 176 mV (NHE) “;
pH 9.5, | = 0.2 M, 0.47 V (NHE) *®). Interestingly these studies conflict with studies in suboxic
water were the reduction potential was reported to be -0.946 V (NHE) *° close to the direct
reduction of DFB itself -1.096 V (NHE). Thus in the latter case it is more likely to be a ligand
centered reduction of the Mn(I1)DFB that is observed.

We can use the formal potential for Mn(llI)DFB + e to examine if the reactions between the
ROS species and Mn(Il/1Il)DFB are thermodynamically feasible (Figures S3-S5). This type of
analysis indicates that the oxidation of Mn(HDFB)? by O, should not occur spontaneously
given the published formal potentials, however the conversion reaction between O, and

Mn(HDFB)" should proceed. Based on the Nernst equation, the spontaneous oxidation of a
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Mn(ll) complex by O, to the equivalent Mn(lll) species requires a ligand that significantly
stabilizes Mn(lll) over Mn(Il).

Mn(lIDFB — Catalytic or Stoichiometric reactionw  ith O ,?

Darr et al. > first reported the SOD properties of the complex formed from the reaction of
MnO, and DFB, a related study assessed its ability to protect a unicellular green alga from
paraquat toxicity *®. Beyer and Fridovich *° reported the formation of a green Mn(ll)DFB
complex from the aerial oxidation of Mn(ll) and DFB, they noted that the complex did not
form in the absence of O,. They were however able to produce the same green complex
from a mixture of DFB with Mn(OH); produced by the Winkler method . They also observed
that Mn(lI)DFB slowly decomposed to Mn(ll) and MnO,. A pink Mn(lII)DFB has also been
reported *° after reacting DFB with MnO, in the presence of ascorbate. Other studies have
found the pink complex hard to prepare with reports of it converting to the green form upon
isolation °*.

Initial studies with the green complex formed from aerial oxidation of Mn(ll) with DFB
suggested that the complex was a Mn(IV)DFB and it was oligomeric in solution ®. Faulkner
et al. *® undertook a more extensive characterization of the green MNDFB complex and their
results strongly indicated it was a 1:1 complex of Mn(lll) with DFB. They also indicated that
the Mn(Il)DFB complex did exhibit SOD activity (k=1x 10%s™), in contrast with the
summary of earlier work by Gray and Carmichael ® which suggested the SOD was due to
Mn(ll) released from the complex. Faulkner et al. *® also found that the Mn(Ill) complex
formed with a related siderophore, desferrioxamine E, was more resistant to exchange with
EDTA than with DFB and was less reactive towards O, (k= 9.5 x 10*s™) based on the
cytochrome ¢ SOD assay.

Weiss et al. * studied the reactivity of Mn(ll) and Mn complexes of DFB with O, using
stopped-flow analysis (HEPES buffer) and found that they had no detectable SOD activity
(Keat < 10°° M s1) using this approach. They did find however that MNnDFB complexes did
inhibit the reduction of cytochrome ¢ by O, generated by the xanthine/xanthine oxidase
assay. These authors ascribed the inhibitory effects of MNDFB in the cytochrome ¢ assay as
being due to stoichiometric, not catalytic, reactions with O, as had also been noted by Gray
and Carmichael ®. Our own work in seawater (Figures S7 and S8) found contradictory
evidence for the kinetics of the reaction of O, with Mn(HFDB)" utilizing MCLA
chemiluminescence. At nM levels of Mn(HFDB)" (Figure S7) we found that the addition of
KO, lead to a quasi-stable signal, lacking the usual first order decay (e.g. as in Figure 1) that
was proportional to the Mn(HFDB)® concentrations but in excess of the added KO,
suggesting production of O,". A potential source of this O,  could be from reaction between

Mn(HFDB)" and H,O, produced from the dismutation of the O,. However with puM
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concentrations of Mn(HFDB)" a weak first order loss rate dependent on Mn(HFDB)" was

observed (Figure S8) in line with earlier results suggesting a stoichiometric reaction ®* ®,

Earlier Faulkner et al. °°

observed that Mn(ll) was released from the related
Mn(lll)-desferrioxmaine E complex after reaction with O,’, and based on the weak stability of
the Mn(Il)DFB complex in seawater we would also predict that this occurs and prevents the
reoxidation back to the Mn(HDFB)* complex. Additionally Hahn et al. ® found that
Mn(HDFB)" was able to rapidly oxidize Fe(Il) and Cu(l) bound to DNA with the Mn(ll) formed
lost from the DFB complex, which subsequently bound the oxidized Fe or Cu. This finding
then would place limits on the existence of Mn(HDFB)" in suboxic waters with elevated Fe(ll)

levels such as the Peruvian oxygen minimum zone °°.

Production of O 5 in reaction of Mn(II)HDFB with H ,0,

Further experiments with MCLA indicated that O,  was formed in the presence of Mn(HDFB)"
and an excess of H,O, (Figure S9) as MCLA was rapidly converted to the fluorescent product
OxyMCLA ®. MCLA reacts rapidly with both O, (2.54x10®M*s?* ®) and 'O,
(2.94 x 10° M s %), In the present case the most likely reaction is thought to be the
formation of a Mn(lll)-peroxy complex that undergoes an internal transition to form the Mn(ll)-
superoxide complex analogous to MnO,". This is based on previous work on the Mn(lll)-
CyDTA complex which was found to react with H,O, with an overall 2:1 stoichiometry to give
Mn(I1)-CyDTA and O, °. O, was an intermediate product of the reaction. Thus the following

reaction scheme may apply (based on Jones and Hamm):

Mn**HDFB + H,0, O T . MnO;HDFB (R sors)
MnO; HDFB (I - Mn**HDFB + O, (R20rs)

Mn**HDFB + O, M - Mn**HDFB +O, (Rioprs)

In addition to the reactions outlined by Jones and Hamm a further reaction is identified:

MnO; HDFB + MnO; HDFB [ fiff - 2Mn* HDFB+H,0, +O,  (Reors)

As noted above reaction Rioprg is apparently very slow as the Mn(HDFB)* complex does not
react rapidly with O, analogous to the pyrophosphate and citrate complexes. Thus O, is
most likely formed through reaction Rgprg Or the self dismutation reaction. A similar reaction
(R3) was proposed for Mn(lll) with H,O, * and it was found that the rate increased as a
function of pH (at pH5.2, ks=1.1x10°M™*s™) in line with the increased reactivity of
Mn(OH),®™* analogous to increased reactivity of Fe(lll) hydroxy complexes due to faster
water exchange rates with greater hydroxide complexation . The production of HO, has

been suggested previously for the reaction of aquo Mn(lll) and H,O in acid ", though a later
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study indicated that O, was formed without the apparent formation of O,” and suggested that

MnO," was formed instead ".

Catalase activity of Mn(lII)DFB reactivity withH  ,0,

Many Mn complexes are well known to act as both SODs and catalases, most notably the
Salen based ligands > . The production of O, in the reaction of Mn(HDFB)* with excess
H,O, in seawater (Figure S10) was kinetically slow (ko =2 +0.2M™*s™). At high H,0,
concentrations the solution eventually went clear indicating the decomposition of DFB
(Figure 5). However it is difficult to quantify this loss spectrophotometrically as the
decomposition products of DFB also complex Mn(lll) and absorb in the same wavelength
range. In these experiments we also saw no evidence of MnO, formation. The lack of MnO,
formation is important, as it is well known that the reaction of MnO, with H,O, produces O,
and O, but not 'O, or OH radicals " 8,

Stadtman " had previously reported that DFB in the presence of Mn(ll) and mM HCOjs
stimulated the decomposition of H,O,, resulting in O, evolution, though they made no
reference to the potential role of Mn(HDFB)®. In our own work we found no evidence for the
oxidation of Mn(ll)DFB to Mn(HDFB)" in seawater by mM H,O, in the absence of O, (data not
shown). In seawater with lower concentrations of H,O, (Figure S11) it could be clearly
observed that O, consumption was also taking place indicating reactions with other organic
molecules as the re-oxidation of Mn(ll) to Mn(HDFB)" in the presence of an excess of DFB

would be too slow at this O, concentration.

Existence of Mn(lll) in the photic zone

Our results indicate that given our current understanding of Mn redox chemistry in seawater
it is unlikely that significant concentrations of Mn(lll) complexes form in the photic zone of the
ocean due to the combination of a lack of suitable ligands to stabilize Mn(lll) combined with
the reactivity of Mn(lll) species with ROS. However our work has shown the complexity and
interlinkages between Mn redox species and ROS in the ocean and how unravelling these
reactions will lead to improved modelling of both pathways of ROS formation and destruction

in the ocean and the residence time of Mn in the upper ocean.



100 MANUSCRIPT 2

ACKNOWLEDGMENTS

We sincerely thank the officers and crew of the research vessels Meteor and Maria S. Merian
for their help at sea. This study was financially supported by grants to PLC from the DFG
(CR145/17-1 & SFB754) and BMBF. This work is a contribution of the
Sonderforschungsbereich 754 “Climate — Biogeochemistry Interactions in the Tropical
Ocean” (www.sfb754.de). This work was supported by the BMBF Verbundprojekt SOPRAN
(IGO3) and forms part of the German contribution to SOLAS (Surface Ocean Lower

Atmosphere Studies).

Supporting Information Available
Full details of Station Locations and the experimental setup and related analysis methods are
supplied as supplementary information. This information is available free of charge via the

Internet at http://pubs.acs.org.



MANUSCRIPT 2 101

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

McEvoy, J. P.; Brudvig, G. W., Water-Splitting Chemistry of Photosystem Il. Chemical
Reviews 2006, 106, (11), 4455-4483.

Armstrong, F. A., Why did Nature choose manganese to make oxygen? Philosophical
Transactions of the Royal Society B: Biological Sciences 2008, 363, (1494), 1263-
1270.

Batinic-Haberle, I.; Reboucas, J. S.; Spasojevic, |., Superoxide Dismutase Mimics:
Chemistry, Pharmacology, and Therapeutic Potential. Antioxidants & Redox Signaling
2010, 13, (6), 877-918.

Brand, L. E.; Sunda, W. G.; Guillard, R. R. L., Limitation of marine phytoplankton
reproductive rates by zinc, manganese and iron. Limnol. Oceanogr. 1983, 28, 1182-
1198.

Coale, K. H., Effects of Iron, Manganese, Copper, and Zinc Enrichments on
Productivity and Biomass in the Sub-Arctic Pacific. Limnol. Oceanogr. 1991, 36, (8),
1851-1864.

Scharek, R.; van Leeuew, M. A.; de Baar, H. J. W., Responses of Southern Ocean
phytoplankton to the addition of trace metals. Deep-Sea Research Part Il 1997, 44,
209-228.

Middag, R.; de Baar, H. J. W.; Laan, P.; Cai, P. H.; van Ooijen, J. C., Dissolved
manganese in the Atlantic sector of the Southern Ocean. Deep Sea Research Part II:
Topical Studies in Oceanography 2011, 58, (25-26), 2661-2677.

Shiller, A. M., Manganese in surface waters of the Atlantic Ocean. Geophysical
Research Letters 1997, 24, (12), 1495-1498.

Jickells, T. D., The inputs of dust derived elements to the Sargasso Sea; a synthesis.
Marine Chemistry 1999, 68, 5-14.

Guieu, C.; Duce, R.; Arimoto, R., Dissolved input of manganese to the ocean: Aerosol
source. Journal of Geophysical Research 1994, 99, 18789-18800.

Mendez, J.; Guieu, C.; Adkins, J., Atmospheric input of manganese and iron to the
ocean: Seawater dissolution experiments with Saharan and North American dusts.
Marine Chemistry 2010, 120, (1-4), 34-43.

Martin, J. H.; Knauer, G. A., Lateral Transport Of Mn In The Northeast Pacific Gyre
Oxygen Minimum. Nature 1985, 314, (6011), 524-526.

Lewis, B. L.; Luther lll, G. W., Processes controlling the distribution and cycling of
manganese in the oxygen minimum zone of the Arabian Sea. Deep-Sea Research Il
2000, 47, 1541-1561.

Martin, J. H.; Knauer, G. A., VERTEX: manganese transport through oxygen minima.
Earth and Planetary Science Letters 1984, 67, (1), 35.

Martin, J. H.; Knauer, G. A., Manganese cycling in northeast Pacific waters. Earth and
Planetary Science Letters 1980, 51, (2), 266-274.

Sunda, W. G.; Huntsman, S. A., Photoreduction of manganese oxides in seawater.
Mar. Chem. 1994, 46, (1-2), 133-152.

Morgan, J. J., Kinetics of reaction between O, and Mn(ll) species in aqueous solutions.
Geochim. Cosmochim. Acta 2005, 69, (1), 35-48.

von Langen, P. J.; Johnson, K. S.; Coale, K. H.; Elrod, V. A., Oxidation kinetics of
manganese (Il) in seawater at nanomolar concentrations. Geochim. Cosmochim. Acta
1997, 61, (23), 4945-4954.

Davies, S. H. R.; Morgan, J. J., Manganese(ll) oxidation kinetics on metal oxide
surfaces. Journal of Colloid and Interface Science 1989, 129, (1), 63-77.

Tebo, B. M.; Bargar, J. R.; Clement, B. G.; Dick, G. J.; Murray, K. J.; Parker, D.; Verity,
R.; Webb, S. M., Biogenic manganese oxides: Properties and mechanisms of
formation. Annu Rev Earth Pl Sc 2004, 32, (1), 287-328.

Sunda, W. G.; Huntsman, S. A., Microbial oxidation of manganese in a North Carolina
estuary. Anglais 1987, 32, (3), 552-564.



102

MANUSCRIPT 2

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Learman, D. R.; Voelker, B. M.; Vazquez-Rodriguez, A. |.; Hansel, C. M., Formation of
manganese oxides by bacterially generated superoxide. Nature Geosci 2011, 4, (2),
95-98.

Nico, P. S.; Anastasio, C.; Zasoski, R. J., Rapid photo-oxidation of Mn(ll) mediated by
humic substances. Geochim. Cosmochim. Acta 2002, 66, (23), 4047-4056.

Nealson, K. H.; Tebo, B. M.; Rosson, R. A,; Allen, I. L., Occurrence and Mechanisms of
Microbial Oxidation of Manganese. In Advances in Applied Microbiology, Academic
Press: 1988; Vol. Volume 33, pp 279-318.

Stumm, W.; Morgan, J. J., Aquatic Chemistry. Wiley-Interscience, New York (1996)
1996, 1022 pp.

Klewicki, J. K.; Morgan, J. J., Kinetic Behavior of Mn(lll) Complexes of Pyrophosphate,
EDTA, and Citrate. Environmental Science & Technology 1998, 32, (19), 2916-2922.
Kostka, J. E.; Luther Ill, G. W.; Nealson, K. H., Chemical and biological reduction of Mn
(lN-pyrophosphate complexes: Potential importance of dissolved Mn (lll) as an
environmental oxidant. Geochim. Cosmochim. Acta 1995, 59, (5), 885-894.

Schnetger, B.; Dellwig, O., Dissolved reactive manganese at pelagic redoxclines (part
I): A method for determination based on field experiments. Journal of Marine Systems
2012, 90, (1), 23-30.

Luther 1ll, G. W.; Ruppel, D. T.; Burkhard, C., Reactivity of Dissolved Mn(lll)
Complexes and Mn(IV) Species with Reductants: Mn Redox Chemistry Without a
Dissolution Step? In Mineral-Water Interfacial Reactions, American Chemical Society:
1999; Vol. 715, pp 265-280.

Trouwborst, R. E.; Clement, B. G.; Tebo, B. M.; Glazer, B. T.; Luther, G. W., Soluble
Mn(ll) in suboxic zones. Science 2006, 313, (5795), 1955-1957.

Madison, A. S.; Tebo, B. M.; Luther lii, G. W., Simultaneous determination of soluble
manganese(lll), manganese(ll) and total manganese in natural (pore)waters. Talanta
2011, In Press, Corrected Proof.

Hansard, S. P.; Easter, H. D.; Voelker, B. M., Rapid Reaction of Nanomolar Mn(Il) with
Superoxide Radical in Seawater and Simulated Freshwater. Environ. Sci. Technol.
2011, 45, (7), 2811-2817.

Barnese, K.; Gralla, E. B.; Cabelli, D. E.; Selverstone Valentine, J., Manganous
Phosphate Acts as a Superoxide Dismutase. Journal of the American Chemical Society
2008, 130, (14), 4604-4606.

Barnese, K.; Gralla, E. B.; Valentine, J. S.; Cabelli, D. E., Biologically relevant
mechanism for catalytic superoxide removal by simple manganese compounds.
Proceedings of the National Academy of Sciences 2012, 109, (18), 6892-6897.

Cabelli, D. E.; Bielski, B. H. J., Pulse-Radiolysis Study Of The Kinetics And
Mechanisms Of The Reactions Between Manganese(ll) Complexes And HO,/O;
Radicals .2. The Phosphate Complex And An Overview. Journal Of Physical Chemistry
1984, 88, (25), 6291-6294.

Duckworth, O. W.; Spoosito, G., Siderophore-Manganese(lll) Interactions. 1. Air-
Oxidation of Manganese(ll) Promoted by Desferrioxamine B. Environmental Science &
Technology 2005, 39, 6037-6044.

Harrington, J. M.; Parker, D. L.; Bargar, J. R.; Jarzecki, A. A.; Tebo, B. M.; Sposito, G.;
Duckworth, O. W., Structural dependence of Mn complexation by siderophores: Donor
group dependence on complex stability and reactivity. Geochimica et Cosmochimica
Acta 2012, 88, (0), 106-119.

Szabd, O.; Farkas, E., Characterization of Mn(ll) and Mn(lll) binding capability of
natural siderophores Desferrioxamine B and Desferricoprogen as well as model
hydroxamic acids. Inorganica Chimica Acta 2011, In Press, Accepted Manuscript.
Wuttig, K.; Heller, M. I.; Croot, P. L., Pathways of Superoxide (O;) decay in the Eastern
Tropical North Atlantic. submitted to Environmental Sciences and Technology 2013.
Duckworth, O. W.; Sposito, G., Siderophore-Manganese(lll) Interactions. . Air-
Oxidation of Manganese(ll) Promoted by Desferrioxamine B. Environmental Science &
Technology 2005, 39, (16), 6037-6044.



MANUSCRIPT 2 103

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Heller, M. I.; Croot, P. L., Application of a Superoxide (O;’) thermal source (SOTS-1) for
the determination and calibration of O, fluxes in seawater. Analytica Chimica Acta
2010, 667, 1-13.

Heller, M. I.; Croot, P. L., Superoxide Decay Kinetics in the Southern Ocean.
Environmental Science & Technology 2010, 44, (1), 191-196 DOI: 10.1021/es901766r.
Heller, M. I.; Croot, P. L., Superoxide decay as a probe for speciation changes during
dust dissolution in Tropical Atlantic surface waters near Cape Verde. Marine Chemistry
2011, 126, (1-4), 37-55.

Yuan, J.; Shiller, A. M., Determination of Subnanomolar Levels of Hydrogen Peroxide
in Seawater by Reagent-Injection Chemiluminescence Detection. Analytical Chemistry
1999, 71, (10), 1975-1980.

Croot, P. L.; Streu, P.; Peeken, |.; Lochte, K.; Baker, A. R., Influence of the ITCZ on
H,O, in near surface waters in the equatorial Atlantic Ocean. Geophysical Research
Letters 2004, 31, (23), L23S04.

Cabelli, D. E.; Bielski, B. H. J., Pulse-Radiolysis Study Of The Kinetics And
Mechanisms Of The Reactions Between Manganese(ll) Complexes And HO,/O,
Radicals .1. Sulfate, Formate, And Pyrophosphate Complexes. Journal Of Physical
Chemistry 1984, 88, (14), 3111-3115.

Pick-Kaplan, M.; Rabani, J., Pulse radiolytic studies of aqueous manganese(ll)
perchlorate solutions. The Journal of Physical Chemistry 1976, 80, (17), 1840-1843.
Jacobsen, F.; Holcman, J.; Sehested, K., Manganese(ll)-Superoxide Complex in
Aqueous Solution. The Journal of Physical Chemistry A 1997, 101, (7), 1324-1328.
Millero, F. J.; Hawke, D. J., lonic interactions of divalent metals in natural waters.
Marine Chemistry 1992, 40, (1-2), 19-48.

Cabelli, D. E., The interactions between MnO,"/Mn®* complexes and ascorbates: A
pulse radiolysis study. Free Radical Biology and Medicine 1989, 6, (2), 171-177.

Stein, J.; Fackler, J. P.; McClune, G. J.; Fee, J. A,; Chan, L. T., Superoxide and
manganese(lll). Reactions of manganese-EDTA and manganese-CyDTA complexes
with molecular oxygen. X-ray structure of potassium manganese-EDTA.2 water.
Inorganic Chemistry 1979, 18, (12), 3511-3519.

Mawiji, E.; Gledhill, M.; Milton, J. A.; Tarran, G. A.; Ussher, S.; Thompson, A.; Wolff, G.
A.; Worsfold, P. J.; Achterberg, E. P., Hydroxamate Siderophores: Occurrence and
Importance in the Atlantic Ocean. Environmental Science & Technology 2008, 42, (23),
8675-8680.

Mackey, D. J., Metal-Organic Complexes in Seawater - an Investigation of Naturally
Occurring Complexes of Cu, Zn, Fe, Mg, Ni, Cr, Mn and Cd using High-Performance
Liquid Chromatography with Atomic Fluorescence Detection. Marine Chemistry 1983,
13, 169-180.

Faulkner, K. M.; Liochev, S. I.; Fridovich, I., Stable Mn(lll) porphyrins mimic superoxide
dismutase in vitro and substitute for it in vivo. Journal of Biological Chemistry 1994,
269, (38), 23471-23476.

Friedel, F. C.; Lieb, D.; lvanovi¢-Burmazovic, I., Comparative studies on manganese-
based SOD mimetics, including the phosphate effect, by using global spectral analysis.
Journal of Inorganic Biochemistry 2012, 109, (0), 26-32.

Faulkner, K. M.; Stevens, R. D.; Fridovich, I., Characterization of Mn(lll) Complexes of
Linear and Cyclic Desferrioxamines as Mimics of Superoxide Dismutase Activity.
Archives of Biochemistry and Biophysics 1994, 310, (2), 341-346.

Darr, D.; Zarilla, K. A.; Fridovich, 1., A mimic of superoxide dismutase activity based
upon desferrioxamine B and manganese(lV). Archives of Biochemistry and Biophysics
1987, 258, (2), 351.

Rabinowitch, H. D.; Privalle, C. T.; Fridovich, I., Effects of paraquat on the green alga
Dunaliella salina: Protection by the mimic of superoxide dismutase, desferal-Mn(IV).
Free Radical Biology and Medicine 1987, 3, (2), 125-131.



104

MANUSCRIPT 2

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Beyer, W. F.; Fridovich, I., Characterization of a superoxide dismutase mimic prepared
from desferrioxamine and MnO,. Archives of Biochemistry and Biophysics 1989, 271,
(1), 149.

Winkler, L. W., Die Ldslichkeit der Gase in Wasser. [Dritte Abhandlung]. Berichte der
deutschen chemischen Gesellschaft 1901, 34, (2), 1408-1422.

Samuni, A.; Mitchel, J. B.; Degraff, W.; Krishna, C. M.; Samuni, U.; Russo, A., Nitroxide
Sod-Mimics: Modes of Action. Free Radical Research 1991, 12, (1), 187-194.

Rush, J. D.; Maskos, Z.; Koppenol, W. H., The superoxide dismutase activities of two
higher-valent manganese complexes, MnlV desferrioxamine and Mnlll cyclam.
Archives of Biochemistry and Biophysics 1991, 289, (1), 97-102.

Gray, B.; Carmichael, A. J., Kinetics of superoxide scavenging by dismutase enzymes
and manganese mimics determined by electron spin resonance. Biochem. J. 1992,
281, (3), 795-802.

Weiss, R. H.; Flickinger, A. G.; Rivers, W. J.; Hardy, M. M.; Aston, K. W.; Ryan, U. S;
Riley, D. P., Evaluation of activity of putative superoxide dismutase mimics. Direct
analysis by stopped-flow kinetics. Journal Of Biological Chemistry 1993, 268, (31),
23049-54.

Hahn, S. M.; Krishna, C. M.; Samuni, A.; Mitchell, J. B.; Russo, A., Mn(lll)-
desferrioxamine superoxide dismutase-mimic: Alternative modes of action. Archives of
Biochemistry and Biophysics 1991, 288, (1), 215-219.

Hong, H.; Kester, D. R., Redox state of iron in offshore waters of Peru. Limnol.
Oceanogr. 1986, 31, 512-524.

Kambayashi, Y.; Ogino, K., Reestimation of Cypridina Lueciferin Analogs (MCLA) as a
Chemiluminescence Probe to detect active oxygen species-Cautionary note for use of
MCLA. The Journal of Toxicological Sciences 2003, 28, (3), 139.

Suzuki, N.; Suetsuna, K.; Mashiko, S.; Yoda, B.; Nomoto, T.; Toya, Y.; Inaba, H.; Goto,
T., Reaction-Rates For The Chemiluminescence Of Cypridina Luciferin Analogs With
Superoxide - A Quenching Experiment With Superoxide-Dismutase. Agricultural And
Biological Chemistry 1991, 55, (1), 157-160.

Suzuki, N.; Mizumoto, I.; Toya, Y.; Nomoto, T.; Mashiko, S.; Inaba, H., Steady-State
Near-Infrared Detection Of Singlet Molecular-Oxygen - A Stern-Volmer Quenching
Experiment With Luminol, Superoxide-Dismutase, And Cypridina Luciferin Analogs.
Agricultural And Biological Chemistry 1990, 54, (11), 2783-2787.

Jones, T. E., Hamm, R. E., Kinetics of the reaction between 1,2-
diaminocyclohexanetetraacetatomanganate(lll) ion and hydrogen peroxide. Inorganic
Chemistry 1974, 13, (8), 1940-1943.

Jacobsen, F.; Holcman, J.; Sehested, K., Oxidation of manganese(ll) by ozone and
reduction of manganese(lll) by hydrogen peroxide in acidic solution. International
Journal Of Chemical Kinetics 1998, 30, (3), 207-214.

Hudson, R. J. M.; Covault, D. T.; Morel, F. M. M., Investigations of iron coordination
and redox reactions in seawater using 59Fe radiometry and ion-pair solvent extraction
of amphiphilic iron complexes. Marine Chemistry 1992, 38, 209-235.

Wells, C. F.; Mays, D., The kinetics of the reaction of aquomanganese(lll) ions with
hydrogen peroxide in perchlorate media. Journal of the Chemical Society A: Inorganic,
Physical, Theoretical 1968, 665-667.

Archibald, F. S.; Fridovich, I., The scavenging of superoxide radical by manganous
complexes: In vitro. Archives of Biochemistry and Biophysics 1982, 214, (2), 452-463.
Abashkin, Y. G.; Burt, S. K., (salen)Mnlll Compounds as Nonpeptidyl Mimics of
Catalase. Mechanism-Based Tuning of Catalase Activity:[] A Theoretical Study.
Inorganic Chemistry 2005, 44, (5), 1425-1432.

Baudry, M.; Etienne, S.; Bruce, A.; Palucki, M.; Jacobsen, E.; Malfroy, B., Salen-
Manganese Complexes Are Superoxide Dismutase-Mimics. Biochemical and
Biophysical Research Communications 1993, 192, (2), 964-968.



MANUSCRIPT 2 105

77.

78.

79.

Furman, O.; Laine, D. F.; Blumenfeld, A.; Teel, A. L.; Shimizu, K.; Cheng, I. F.; Watts,
R. J., Enhanced Reactivity of Superoxide in Water-Solid Matrices. Environmental
Science & Technology 2009, 43, (5), 1528-1533.

Watts, R. J.; Sarasa, J.; Loge, F. J.; Teel, A. L., Oxidative and Reductive Pathways in
Manganese-Catalyzed Fenton's Reactions. Journal of Environmental Engineering
2005, 131, (1), 158-164.

Stadtman, E. R.; Berlett, B. S.; Chock, P. B., Manganese-Dependent
Disproportionation Of Hydrogen-Peroxide In Bicarbonate Buffer. Proceedings Of The
National Academy Of Sciences Of The United States Of America 1990, 87, (1), 384-
388.



106 MANUSCRIPT 2

Supporting Information

To accompany the manuscript entitled

Reactivity of inorganic Mn and Mn
Desferrioxamine B with O,, O, and H,0,

In seawater

Kathrin Wuttig, Maija I. Heller and Peter L. Croot

Comprising :
30 Pages
3 Tables
11 Figures



MANUSCRIPT 2 107

Supplementary Information:

Cautionary Tales for comparing O , decay rates: The published literature for the reactivity
of Mn complexes with Oy is littered with apparently contradictory results, some of which is
related to the choice of buffer and the detection system employed * 2. Problems may also
occur through other redox reactions involving probe compounds (e.g. oxidation of
ferrocytochrome, reduction of nitroblue tetrazolium (NBT)). In our evaluation of the literature
we also came across two other critical problems:

(1) The frequent use of the piperazine ring containing Good’s buffer * HEPES (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid) without apparent recognition that this
buffer is known to react with O, producing HEPES radicals *. It has also been shown
that H,O, oxidizes HEPES °. Indeed a number of studies have recommended that
HEPES should not be used for O, quantification .

(2) The reporting of reaction rates for different Mn species but without consideration of
the complexation effects of the buffer. In many cases where phosphate buffers have
been used results are interpreted in terms of a synergistic effect of phosphate on the
rates however a closer examination of the Mn speciation may reveal it is simply the

reactivity of the Mn phosphate complexes in solution.

Seawater sampling

Sampling Stations. The seawater used in this study was collected during three research
expeditions with the German research vessels RV Meteor and RV Maria S. Merian. The first
cruise was performed in the Eastern Tropical North Atlantic (ETNA) during M83/1 (Las
Palmas, Gran Canaria, Spain — Mindelo, Cape Verde), from 14 October to 13 November
2010. The second expedition took place in the ETNA during MSM17/4 (Dakar, Senegal to
Las Palmas, Spain) from 10 March to 12 April 2011. The final cruise was in the Eastern
Tropical Pacific (ETP) during M90 (Colon, Panama — Callao, Peru), from 26 October to 26
November 2012.

Field Sample collection. All analytical work at sea was performed in an over-pressurized
ISO class 5 clean container, inside of which analysts wore the appropriate clean room
apparel; overalls with hood (Tyvek), shoes (Abeba) and plastic gloves (Carl Roth). Seawater
samples in this work were obtained from the whole water column using modified Teflon
coated PVC General Oceanics (Miami, FL, USA) GoFlo bottles of 8 L in which the original
drain cock was replaced by a Teflon stop cock. These bottles were deployed on a Kevlar line
from the side of the ship. Immediately upon recovery of the bottles, samples were filtered in-
line through 0.2 um filter cartridges (Sartorious Sartobran filter capsule 5231307H5) by N,

overpressure into acid cleaned 1 L Teflon bottles (Nalgene).
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Overview of the FeLume chemiluminescence system: This system comprises a light tight
box equipped with a Plexiglas spiral flow cell mounted below a photon counter (Hamamatsu
HC-135-01) linked to a laptop computer via a Bluetooth connection controlled through a
purpose built Labview™ (National Instruments) virtual instrument. For O, determination we
ran the sample and the MCLA reagent directly into the flow cell using a peristaltic pump
(Gilson Minipuls 3, operating at 18 rpm,) with the sample line being pulled through the flow
cell as this leads to the smallest amount of dead time in the system (typically 2 — 3 's). The
overall flow rate through the cell was 8.25 mL min™, comprising 5.0 mL min™ from the MCLA
and 3.25 mL min™ from the sample. The transit time through the optical cell (300 pL) was
therefore 2.18 s. For the precision and accuracy of the method, please, see assessment in
Heller and Croot . For more information on specific calibration issues and impurities for O,

the reader is referred to Heller and Croot °.

Calculation of rate data for superoxide. The raw chemiluminescence signal for the
reaction between MCLA and O, recorded by the computer was processed using a specially
designed Labview™ VI constructed for this purpose using standard kinetic fitting procedures
to determine both the 1% (ko) and 2™ order (k,) rates simultaneously. The photon counter
has a base counting period of 10 ms, for the present work we used average counts of an

integration time of 200 ms. Dark background counts for this detector were typically

60 - 120 counts s~ *. Apparent reaction rates for Mn complexes with O, were calculated via

linear regression of kqys versus the total metal added. Using our experimental setup the

minimum values for k.ps that we can determine is estimated at 1 x 10° mol L* s™.

Model Calculations for O , kinetics. Numerical modeling of O, reactions in seawater was
performed using a fully explicit model written in C++. Rate constants for the key reactions
involved were compiled from those already published in the literature (see Table S2 in our

companion paper *°).
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Water exchange rates for Mn(ll) and Mn(lll) complex es:

Water exchange rates for the d®> Mn(ll) aquo ion have been determined, ke, = 2.1 x 10 * s,
Measurements for the rate of water exchange for the d* Mn(lll) aquo ion do not exist as yet,
but have been recently estimated by comparison with Fe at ke 0 10% — 10° s* *2 Ligand
exchange rates for the fluoride complexation of the aquo Mn(lll) ion (kex = 1 x 10* s, 10 °C)
and Mn(OH)?* ion (kex 010* — 10° s, 10 °C) have been reported and the fast rates ascribed
to a strong Jahn-Teller effect . The water loss kinetics of Mn(OH)," and Mn(OH); are not
determined but we would predict greater rates of water exchange in which water loss rates
increase as the charge to radius ratio of the metal iron decreases analogous to that for
Fe(lll) **. Data for Mn(lll) porpyhrins indicates that exchange of axial ligands is rapid
kex=0.4—-2.8 x 10 " s due to the charge density of the metal centre and the steric

decompression of the complex *.

Reactions of O ,” with Mn(ll) organic complexes

There are only a limited number of published data sets on the reactions of other Mn(ll)
organic complexes with O, *°. Fisher and colleagues *° using O, detection with NBT reported
a value of k = 6 x 10° M* s™ for the reaction of Mn(Il) EDTA with O,, while a more recent
study could only place an upper bound for this reaction of k < 3 x 10° M* s™ using
spectrophotometry/stopped flow *. It is noted however that other studies have found no

evidence for this reaction 1"%°,
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Thermodynamic calculations used in Figures S3-S5

Reduction reactions for relevant oxygen and Mn reactions normalized to on electron. All
species are in aqueous form except for MNOOH. Activities of all reactants other than H* are
at unity.

Oxygen Reactions

One electron transfer reactions only

O,+e - O, pe = pe’ =-2.72
O,+ 2H + & — H,0, pe = pe° - 2pH = 29.08 - 2pH
H,0,+ H' + & - H,0 + OH pe = pe’ - pH = 16.71 - pH

Manganese Reactions

One electron transfer reactions only
MnOOH + 3H" + & - Mn*" + 2H,0 pe = pe® — 3pH = 25.35 - 3pH
Mn(HDFB)* + & —~ Mn(HDFB)° pe = pe® = 2.98
Mn®* +e - Mn* pe = pe® = 25.3

References: Oxygen reactions ?**# MnDFB

Determination of required binding strength for Mn(l INL for spontaneous oxidation of

Mn(IL by O , using the Nernst equation.

PEMnamumnane = PEmnammnany 109 (“Kmnany/ “Kmnainwy)

where °K is the conditional stability constant for the complex of the form
Mn™ + L™ _ MnL™™ and pE®° is the negative of the natural logarithm of the formal electron
potential. pE = E / 0.059.

If AG < O for the 1 electron oxidation by O, to proceed then pE > 0 for the combination of the
two 1e transfers, this condition is reached when pPE°unmyumnm <-2.72. Then using
pE=253 for the Mn*+e - Mn® results in log(*Kmnany Kinguy) < -28.02.  Thus
Komnauyy! Ko > 107292

Notes: Complexation by Ca and Mg will result in the same lowering of the conditional stability

constant for both Mn(1l) and Mn(lll) complexes if their stoichiometry is the same.
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Table S1: Mn(ll), Mn(lll) and Mn(IV) reactivity with O, HO,, O, and H>0>
Reactant Products Forward reaction k¢ Reverse Ref

reaction k;

0% + MnOH* 1.66 x10°M*s™ 2
02 + Mn(OH), 2.09x10'M*s? 2
02 + Mn(C03),* 8.13x10°M*s™ 24
0, + Mn™Glu) Mn(Ill)Glu + X 2.8x10°M*s? %
H20; + Mn** MnO;" + 2H" 28+03x10°M's™ %
H.0, + Mn** Mn?* + HO, + H* 2.8+03x10°M*s™ (see below) z
H20; + 2Mn®" 2Mn** + 0y + 2H" 2
H20, + Mn®") Mn®* + 2H" + O, k>1x10°m*s™ z
H20; + MnO; Mn* +0, +2H" 7x10°M' st 2
H.0, + Mn"gluconate 25x10°M* st %0
HO, + Mn** MnO;" + H* 1.1+02x10°m* s &_51 :_11.0 x 10° | *°

HO, + Mn®*(Pyrophosphate)

Mn"Pyrophosphate
+ H,O

~3x10°M* st

31

07 + Mn** MnO," 15+02x108M*s? 6.5+1.0x 10° | %
o
07 + Mn?* (Sulfate) MnO," (Sulfate) 40+05x10'M*s? 8.5+2.0x 10° | %
e
0, + Mn**(Formate) MnO," (Formate) 46x10'M*st 22
07 + Mn?* (Sulfate) MnO," (Sulfate) 54x10" M*s? %2
0, + Mn®" (Phosphate) MnO," (Phosphate) 28x10"M* st 8
02 + Mn?* (Pyrophosphate) Mn"Pyrophosphate | ~2 x 10' M* s i
+ H,O
0, + Mn?" (Pyrophosphate) MnO," 1.7x10' M*s™? 32
(Pyrophosphate)
0, + Mn?* (Citrate) MnO," (Citrate) 1.3x10'M*s™ <10s™ 3
07 + MnHCOs" MnO,HCOs 1.4x108M* st 7st 3
02 + MnHPO, MnO2(HPO,) 23x10'M*'st 10s™ 3
02 + MnNTA 4x10°M'st %
0, + MnEDTA 75x10°M*s? 35
0, + Mn*' Keat = 1.3 x 10° M s @ 20
07 + Mn** MnO," Keat = 8.9 x 10° Mt s ® 32
0, + Mn*' Keat = 4 x 10° M s © 18
07 + Mn** Keat=2.7+0.1x10° Mt st @ !

Keat =4.5+0.3x10° M1 s1®
Keat =6.9+0.3x10° M1 s™®
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HO, + Mn**

k<1x10°M*s?

26

O, + Mn3+(OAc')3

No activity

36

0, + Mn""DFB Keat = 1.5x 10" Mt s @

MnO,’L (L=Pyrophosphate) Mn**L + H,0; >2x10%s™ s
MnO,'L (L=Phosphate) Mn*'L + H,0; 2x10%s™ 3
MnO'L (L=NTA) Mn*'L + H,0; 3x10°%s™ %
MnO,’L (L=EDTA) Mn**L + H,0; 9x10's* s
MnO.'L (L=Formate) Mn*'L + H,0; <5s* 3
MnO,’L (L=Sulfate) Mn**L + H,0; <1.4s™ s

MnO" + MnO," (+2H")

2Mn% + Hy0; + Oy

6.0+1.0x10°M*s?

26

MnO;" L+ MnO,'L (L=HCO3)

2Mn2+L + H,0, + Oy

1.5x10°M*s?

34

MnO," L+ MnO,'L (L= HPO4?)

2Mn%L + Hp0; + Oy

8.9x10°M*s*

HO2 + MnO," (+H")

Mn2+ + H,0, + Oy

1.0+03x10"M*s?

26

07 + MnO,'(sulfate) (+2H")

MnZ* + Hp0, + Oy

3.3x10'M's?

33

Notes: (a) Pulse radiolysis, 0.05 M Potassium phosphate, pH 7.8, 25 °C. (b) **Co gamma

irradiation, 0.05 M phosphate medium, pH 7, 25 °C. (c) Xanthine oxidase/Xanthine, pH.
(d)DMSO/KO, Phosphate buffer pH 7.8, no apparent activity in HEPES at pH 7.8 or 8.1(e)
DMSO/KO, Phosphate buffer pH 7.4, (f) DMSO/KO, Phosphate buffer pH 7.0. (g) Xanthine
oxidase/Xanthine, pH 7, Cytochrome c.

32,34
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Table S2: Table: Mn(ll) and Mn(lIl) Speciation in Se awater

Reactant Ref.
Mn?" + H,0 MnOH" + H* Log Ki=-10.6 37
Mn?* + 2H,0 Mn(OH), +2 H* Log Bo= -22.2 ol
Mn?* + 3H,0 Mn(OH)s +3 H* Log Bs= 34.8 87
Mn?* + 4H,0 Mn(OH)4* +4 H* Log Bs= -48.3 87
Mn?* + COs% MnCOs Log K= 4.4 8
Mn?" + 2C0O5* Mn(COs).* Log K=5.7 %
Mn?" + COs%+H" MnHCO3" Log K=11.6 %
Mn?* + COs%+H,0 MnOHCO3 Log K= -6.1 8
Mn?" + NH3 MnNHz?" Log K= 1.0 %
Mn?* + 2NHs Mn(NHs).>* Log K= 1.5 8
Mn?* + CI MnCI Log K= 0.66 8
Mn?" + SO,% MnSO4 Log K= 2.3 %
MnZ* + F MnF Log K= 1.3 8
Mn? + O, Mn®* + Oy Log K= -17.82 %8
MnOH" + O, MnOH*"+ Oy Log K= -9.2 %8
Mn(OH); + O2 Mn(OH), + O Log K= -3.12 8
Mn* + H,0 MnOH?* + H* Ki=1.0£0.2 %
Mn* + H,0 MnOH?* + H* 'K1=0.4+0.1 40
Mn** + 2H,0 Mn(OH)," +2 H* ‘B2=0.1+0.1 4
MnOH?* + H,0 Mn(OH)," + H* K2=5.0+0.1 2
Mn** + H,0 MnOH?" + H* Log Ky = -0.12 4
Mn(lll) + OH’ Mn(OH)** Log Ky =12.5 42
Mn(1l1)+20H Mn(OH)," Log B2 = 24.0 2
Mn(I11)+30H Mn(OH)3 Log B3 = 35.6 42
2Mn(lll) (+2H20) MnO; + 4H" + Mn?* Log K 08.4 40

Notes: 95% CI listed for lower data. Data in reference 43 was estimated from uptake of **Mn

onto particles.
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Table S3: Dissociation constants (pK) for Desferrixo amine B and overall stability constants (log Bpgr)
Thermodynamic data for Mn(ll) DFB Speciation in Seawa  ter
Metal pK Lab ? pK Seawater b Reference
H H+L* 10.84 10.85 3
H*+HL> 9.46 9.47 3
H*+H,L 9.00 9.00 3
H™+HaL 8.30 8.30 3
Metal MpLqHr Log Bpgr Log Bpgr Reference
pqr (Lab)® (seawater)
Mn** 110 6.81 6.83 4
111 17.39 17.41 4
112 25.51 25.53 a“
113 32.6 32.62 4
Mn®* 111 36.5 36.53 44
111 39.56° 39.24 2
Mg?* 110 2.8 2.82 a3
111 14.66 14.68 43
112 23.85 23.87 3
ca* 110 3.03 3.05 3
111 13.25 13.27 43
112 22.41 22.43 3
Notes: 2Conditions: | = 0.2 mol dm® KCI, 25 °C. "Conditions: | = 0.7 mol dm?, 25 °C

(seawater), corrected using the Davies Equation. “Calculated from B1;:=K;K where log K =
28.6 + 0.5, for K = [MnHDFB]/[Mn][HDFB], conditions: | = 0.1 mol dm™ NaCl, 25 °C.
pKw = -13.63 (from Millero calculation at 25C and lonic strength 0.7, equivalent to salinity

33.950)
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ABSTRACT

Seawater samples (20 — 400 m) were measured for dissolved cadmium (Cd), iron (Fe), and
manganese (Mn) in the Eastern Tropical Atlantic (ETA) ocean on a transect along 23W from
5°S to 17N and at the Cape Verde Ocean Observatory (CVOOQ) time-series station (Cape
Verde Islands). The distribution of these trace metals was compared to oxygen and nutrient
(nitrate, nitrite and phosphate) distributions and the main hydrological features. In this region
Fe and Mn are clearly influenced by Aeolian sources due to surface deposition of Saharan
dust. Mn was depleted with depth and from north to south. Fe was depleted in a subsurface
minimum between 40 -80 m coinciding together with the observed nitrite (NO;) and
chlorophyll-a maximum. On the equator Fe exhibits a clear signal for the core of the
Equatorial Undercurrent (EUC) at 60 m with elevated Fe of 0.84 nmol L™ in comparison to
concentrations of the surrounding water masses. Cd was not influenced by dust deposition
and showed very low surface concentrations (<10 pmol L™ in the upper 60 m) which
increased steadily with depth (nutrient like behavior) by roughly 100 pmol L™ per 100 m (from
100 - 400 m). Cd was highly correlated to phosphate (P) and the Cd/P ratio revealed two
different slopes and ratios. The surface ratio was 16.6 pmol/umol and the deep ratio was
237.4 pmol/umol and exhibited higher P, but comparably even higher Cd values than in the

surface.

1 INTRODUCTION

Alongside the macronutrients (e.g. phosphate (in the following just P), nitrate (NO3) and
nitrite (NOy)), a number of bio-essential micronutrients like the trace metals iron (Fe),
manganese (Mn) and cadmium (Cd) have been moved into the spotlight of attention in the
last few years. These and other trace metals are vital for the growth of phytoplankton in the
oceans as for example for macronutrient uptake, as cofactors or in respiration processes. In
some regions trace metals can be the limiting factor (Morel et al., 1991). As the name
implies, the concentrations of trace metals in the oceans are very low (in the nano- and even
picomolar range) (Morel and Price, 2003). Both the macro- and the micronutrients can be
supplied to the surface ocean from the atmosphere. For some metals like Fe and Mn which
are abundant in crustal dust, atmospheric dust deposition has been argued to be the main
supply to the ocean (Duce et al., 1991). Other important pathways can be riverine input,
sediments and fluvial and hydrothermal vents. The oligotrophic Eastern Tropical Atlantic
(ETA) ocean, where this study was conducted, is highly impacted by the influence of
Saharan dust as a natural source for the input of macro- (like phosphorous) and
micronutrients (Fe and Mn) (Jickells, 1995). Though recent work has also suggested that

supply from the continental shelf may also be important closer to the coast of West Africa
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(Lam et al., 2012). Riverine supply to the ETA is limited only to the Senegalese shelf region
(Cotrim da Cunha et al., 2009).

In this region Mills et al. (2004) performed bioassay experiments by adding dust to filtered
seawater and observed an increase of chlorophyll-a. The authors showed that some
processes like nitrogen fixation are not only limited by either macro- or micronutrients, but by
the combination of Fe and P. Saito et al. (2008) have suggested that three types of limitation
exist: Type I, the independent co-limitation like N and P (Benitez-Nelson, 2000), type Il, the
biochemical substitution like Fe and Mn in superoxide dismutases (SODs) (Wolfe-Simon et
al., 2005) and type lll, a dependent nutrient co-limitation. An example for type Ill can be the
co-limitation of Fe and P (Mills et al., 2004). For phytoplankton, Fe is the key bio-essential
trace metal due to its necessity in its photosystems | and Il (PSI and PSIl) and in the
microbial loop for nitrogen fixation (Moore et al., 2009). Mn plays a prominent role for
photosynthesis thanks to its unique role in PSII (Parkhill et al., 2001) and as a central-active
metal cofactor in defense mechanisms such as SODs (Wolfe-Simon et al., 2006). Mn as the
metal centre in Mn SODs can be outcompeted by cellular Fe and the antioxidant effect of Mn
SOD minimized (Aguirre and Culotta, 2012). Cd can be utilized in the enzyme carbonic
anhydrase by marine diatoms when Zinc (Zn) limited (Lane and Morel, 2000), but at the
same time Cd can be toxic for phytoplankton and therefore it exudates strong Cd binding
ligands (phytochelatin) for detoxification (Lee et al., 1996).

Not only do the trace metals limit the biological reproduction, species composition and
growth rates, but the other way round as well. Biota can influence the initial concentration of
trace metals in seawater, their chemical speciation (e.g. Fe(ll) and Fe(lll) (Gledhill and Buck,
2012; Zhuang et al., 1992)) and the redox cycling of trace metals (Sunda, 2012) as the
phytoplankton produces chelating ligands to stabilize one chemical species to make it more
bioavailable as in the case of Fe. Recently a Prochlorococcus sp. strain has been shown to
upregulate its siderophore transport proteins when less Fe was available (Malmstrom et al.,
2013).

The finding of the biological usage of Cd by Lane and Morel (2000) provided an explanation
for the nutrient-like behavior of Cd in seawater. Like many other trace metals Cd is depleted
in the surface due to uptake by phytoplankton. Many other trace metals exhibit this kind of
depth profile, because they are strongly mediated by biota with a similar distribution to
macronutrients. An exception is Mn which is mostly not limited in surface waters and which is
often dominated by scavenging, but due to its uptake in phytoplankton, it belongs into the
category of hybrid-type behavior. Fe also is a member of this category as it behaves mostly
like a nutrient, except in areas of high dust input with high surface concentrations, it shows a

mixed behavior of nutrient-like and scavenged (Bruland and Lohan, 2003).
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The expansive Atlantic oxygen minimum zone (OMZ) is located between 100 and 700 m
depth with its core around 400 m and dissolved oxygen of ~40 umol kg™ (Karstensen et al.,
2008). Oxygen has been shown to influence the trace metal speciation as in the case of Fe.
In suboxic waters (<5 umol L") of the OMZ significant amounts of the short-lived Fe(ll) have
been determined (Hong and Kester, 1986; Hopkinson and Barbeau, 2007; Moffett et al.,
2007). The changes in the oxygen concentration can also affect the Mn biogeochemical
cycle. According to the redox chain, particulate MnO, is reduced under suboxic conditions to
soluble Mn(Il) (Rue et al., 1997). As a result a secondary Mn(Il) maximum was observed in
the OMZ in the Arabian Sea and the North Pacific (Johnson et al., 1992; Lewis and Luther I,
2000). Soluble Mn(lIl) was detected with concentrations up to 5 pmol L™ in suboxic waters of
the Black Sea and contributed up to 100 % of the total Mn pool (Trouwborst et al., 2006).

As all three trace metals play critical roles in marine metabolisms, it is of interest to measure
the concentrations of these trace metals together and we report in this paper vertical profiles
(20 — 400 m) along 23W in the strongly dust influe nced ETA starting with the Cape Verdean
Ocean Observatory (former TENATSO, now CVOO) time series station close to the Cape
Verdean Archipelago down to 5. In the Pacific Equ atorial Undercurrent (EUC) large fluxes
of trace metals, especially of Fe, are observed (Gordon et al., 1997; Slemons et al., 2012).
The objectives for this paper in regard to this transect were: (1) the trace metal concentration
in the Atlantic Equatorial Undercurrent (EUC), (2) the role of the low oxygen concentration on
Fe and Mn and (3) the Cd/P ratio.
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2 MATERIALS AND METHODS

2.1 Field Sample collection

Figure 1 shows the M80/1 cruise track (in red) in the ETA open ocean in autumn 2010.
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Figure 1. The hydrographic setting of the ETA with i  ts main currents is plotted. Shown are the North
Equatorial Current (NEC), the Guinea Dome (GD), the N  orth Equatorial Countercurrent (NECC), the North
Equatorial Undercurrent (NEUC), the South Equatorial Cu  rrent (SEC) with its northern (nSEC) and
southern (sSEC) branches, the Equatorial Undercurrent (EUC), the South Equatorial Undercurrent (SEUC)
and the Angola Dome (AD). The GoFlo-section on M80/ 1 is shown in red and the 8 GoFlo-stations, startin g
with CVOO (GoFlo-station 1) and then along 23W, are plotted as black dots (plotted with GMT,
http://gmt.soest.hawaii.edu/). Trace Metal section with 8 GoFlo-stations as black diamonds (2 casts wi  th 4
GoFlos per GoFlo-station) starting with CVOO (GoFlo-  station 1) and then along 23W (plotted with GMT,
http://gmt.soest.hawaii.edu/). The M80/1 cruise tra ck in the ETA is shown in red. The CTD-stations are
shown as green dots. The Cape Verdean Archipelago wi  th GoFlo-station 1 is highlighted in the left high
corner.
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Samples were taken on board of the German research vessel Meteor (Table 2) for trace
metals and at 28 CTD-stations (green dots) for all ancillary parameters. The first station was
located at the CVOO time-series station close to the Cap Verde Island, Sao Vicente (17.35N
24.15W) (cvoo.geomar.de). The second station was |ocated at 8.15N 21.45W and the

other stations (3 - 8) were occupied on a 23W tran sect between 11N and 55 in the ETA

ocean (Figure 1). Each GoFlo-station consisted of two casts with 4 GoFlos each. Samples
were taken in the upper 400 m of the water column.

All trace metal clean analytical work at sea was performed in an over-pressurized ISO class
5 clean container, inside of which analysts wore the appropriate clean room apparel; overalls
with hood (Tyvek), shoes (Abeba) and plastic gloves (Carl Roth). Seawater samples in this
work were obtained from the water column using modified Teflon coated PVC General
Oceanics (Miami, FL, USA) GoFlo bottles of 8 L in which the original drain cock was replaced
by a Teflon stop cock. These bottles were deployed on a Kevlar line from the side of the ship.
Immediately upon recovery of the GoFlo bottles, samples were filtered in-line through 0.2 um
filter cartridges (Sartorius Sartobran filter capsule 5231307H5) by N, overpressure into acid
cleaned bottles. Directly following the filtration, the samples for dissolved trace metal analysis
(in 1 L LDPE bottles) were acidified with 2 mL Q-HCI to pH < 2 under a class 100-laminar
flow bench and then protected by double bags (Minigrip™). They were bagged and stored in
blue plastic boxes until further sample processing and analysis steps which were performed
under HEPA filtered air on laminar flow benches inside a class 5 clean room in Kiel.

Samples for oxygen, macronutrients and chlorophyll-a measurements were obtained from a
Seabird™ CTD rosette systems with one Digiquartz pressure and one chlorophyll-a sensor

and double sensor packages for temperature, conductivity and oxygen (Brandt et al., 2011).

2.2 Reagents and bottles

All reagents used were of highest purity available (Fischer Scientific and Sigma-Aldrich) and
were prepared using deionized (18 MQ cm™ resistivity) water (MQ water) from a Milli-Q
purification system (Millipore). Sub-boiled quartz-distilled hydrochloric acid (hereafter Q-HCI)
was made by single distillation from 25 % HCI. All plasticware and bottles (low density high
polyethylene (LDPE) and Polytetrafluoroethylene (PTFE) (Nalgene)) used for acidified
seawater samples for the total trace metal analysis were cleaned according to the trace

metal clean procedures (Bruland et al., 1979; Cutter et al., 2010).
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2.3 Chemical Analysis

2.3.1 Dissolved total trace metal analysis

Dissolved trace metal (Cd and Fe) concentrations were determined in the 1SO class 5 clean
laboratory of the GEOMAR in Kiel using the graphite furnace atomic absorption (ETAAS,
Perkin-Elmer Model 4100ZL) method after pre-concentration by simultaneous
dithiocarbamate-freon extraction from seawater (100 - 250 g) (Danielsson et al., 1978;
Grasshoff et al., 1983). Hereafter we will only discuss dissolved trace metal concentrations,
but will simply refer to them as Cd and Fe. The accuracy of the method was evaluated by
measuring SAFe and GEOTRACES intercalibration samples. We also reextracted the
samples in order to determine extraction efficiency and/or blank contributions and did not find
any significant re-extraction blank for Fe. As Baars et al. (for submission) found recovery
problems for this extraction method for their Antarctic Cd concentrations in seawater samples
acidified with Q-HCI, therefore we calculated the recovery for our Cd values. Based on the
re-extraction blanks the recovery of Cd was >85%. This means that our higher Cd
concentrations may be underestimated. Baars et al. (for submission) have shown that these
recovery problems are severe in the Antarctic as they seem to be a function of Cd
complexation and primary productivity. Thus we assume that this problem should not be as

severe in the ETA.

2.3.2 Dissolved Manganese (Mn) analysis

Samples for Mn were measured with a flow injection system (FIA) combined with
spectrophotometric detection modified slightly after Aguilar-Islas et al. (2006). Subsamples
(50 mL) were taken from the 1 L bottles and acidified with Q-HCI to pH 1.7 and measured
two years of storage in the clean laboratory Kiel. The method used for the M80/1 samples is
described elsewhere (Wuttig et al., 2012), but was refined and the variable wavelength
spectrophotometer (USB-4000, Ocean Optics, Inc.) was coupled with the help of optical
fibers (QP400-025-SR) to an external UV/VIS-light source (Micropak DT-Mini-2GS, Ocean
Optics, Inc.) and to a 10 cm Liquid Waveguide Capillary Cell (LWCC-2010, World Precision
Instruments, Inc.) which replaced the 1 cm quartz flow-through cell (100-QS, 10.00 mm,
Hellma GmbH & Co. KG), whereas the sensitivity was enhanced and the detection limit
lowered significantly. The signal was spectrophotometrically detected at 620 nm. The loading
time onto the column was enhanced from 120 to 180 s in comparison to a former study for
the Mediterranean (Mn concentrations of 3.60 + 0.30 nmol L™ (Wuttig et al., 2012)) to achieve
an increase of sensitivity in the open ocean samples. The electrically actuated 10-port
sample valve was replaced by an electrically actuated 26-port sample valve (both VICI, Valco

Instruments) whereby the Mn-FIA could be run nonstop for about a week.
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Calibration curves were determined daily by the addition of standards (O - 10 nmol L)
produced by serial dilution of a 1000 ppm Mn(ll) Standard (Fluka) into 0.2 pm filtered
Tropical Atlantic seawater (M80/2).

Samples, standard additions and blanks were measured in quadruplicates. Analytical
precision (expressed as percent relative standard deviation) was typically <8 %. The
accuracy of the analytical procedure was evaluated by daily measurements of SAFe
intercalibration samples S and D2. SAFe values determined as follows: 0.85 + 0.14 nmol L™
(S) and 0.35 + 0.09 nmol L™ (D2) of Mn (n = 8) (consensus values are 0.79 + 0.06 nmol L™
and 0.35 + 0.06 nmol L™, respectively). The detection limit (3o of the blank) for the Mn flow
injection system used here was estimated in the lab in Kiel by repeated measurements of low
Mn Antarctic seawater (< 0.2 nmol L™; collected during ANTXXIV-3) at 150 pmol L™.

2.3.3 Ancillary parameters
Seawater samples for macronutrient analyses were taken from the Niskin bottles mounted on

a Seabird™

CTD rosette systems (Brandt et al., 2011) into 60 mL polypropylene (PP) bottles
(Nalgene) and directly frozen at -20C. After thawing they were directly analyzed at the
GEOMAR with a continuous-flow-autoanalyzer system build after Grasshoff et al. (2007). For
precision, duplicates were sampled and analyzed at each station. Dissolved oxygen was
measured by classic Winkler titration and fluorescence chlorophyll-a was measured by

standard procedures (Grasshoff et al., 2007).
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3 RESULTS
3.1 Hydrography and currents

In Figure 1 we only present the most prominent currents and features in the ETA which are
important for our findings in the upper 400 m of the water column in in the area of our
sampled 23W transect in the ETA.

For detailed information on the hydrography and currents, see, for example, (Brandt et al.,
2008; Brandt et al., 2010; Brandt et al., 2006; Stramma et al., 2003; Stramma et al., 2005;
Stramma and Schott, 1999).

The Tropical Surface Water (TSW) is the mixed, near surface layer in this region with about
27<C (Figure 1). Underneath the TSW a sharp thermocline with a 10C temperature
decrease over 50 m can be found (Stramma et al., 2003; Stramma and Schott, 1999).
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Figure 2: Two dimensional plots of salinity and tem perature (in C) in the upper 400 m of the ETA water
column on M80/1 from south to north (along 23'W and at CVOO) (plotted with ODV (Schlitzer, 2012)).
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The authors show that in this region there are a number of zonal current and counter current
bands of smaller meridional and vertical extent. The main water pathway to the tropical
Atlantic is the South Equatorial Current (SEC). Two of its westward flowing branches (the
northern (nSEC) and the eastern (eSEC)) were observed in the surface waters surrounding
the Equatorial Undercurrent (EUC). The EUC was one of the most dominant features
observed (Brandt et al., 2011) with its core at 60 — 80 m depths on the equator and it flows
from the western boundary towards the eastern equatorial Atlantic (Schott et al., 2003 and
Brandt et al., 2006). Another branch was the also eastward flowing Southern Equatorial
Undercurrent (SEUC) with its center around 4.25S and its northern pendant (NEUC)
between 4 - 6N. North 6N bands of the eastward fl owing North Equatorial Countercurrent
(NECC) were observed (Brandt et al., 2011).

Another important feature in the ETA is the Inter-Tropical Convergence Zone (ITCZ) which
varies seasonally and during the northern autumn the band of rainfall is north of the equator
(~10N) while during northern winter is located nearly on the equator (Sultan and Janicot,
2000). In Figure 2 the salinity in the upper 400 m on 23W from south to north is shown and it
decreased from north to south. At CVOO (36.73 +£0.14 PSU) and from 0.5N to 3.5
(>36 PSU) salinity was enhanced in the surface 100 m whereas from 4.5N to 7N it was
depleted (<35 PSU) in the upper 30 m with its core in the north (5.5 — 7N).

3.2 Ancillary parameters

In Figure 3 oxygen, apparent oxygen utilization (AOU) and chlorophyll-a are plotted as two
dimensional plots of latitude (south to north as shown in Figure 1) and depth (0 - 400 m, in
the case of chlorophyll-a 0 - 200 m). Oxygen was typically depleted with depth (especially
below 60 m) reaching its minimum from 7°to 13N in the Eastern Tropical North Atlantic
Oxygen Minimum Zone (ETNA-OMZ) with values down to 40 pmol kg™. Between 2.5N and
2.5°S oxygen was enhanced at 400 m whereas this inc reased oxygen zone was narrower
(0 = 1.3N) above (150 — 300 m).

Between 5N and 15N (300 — 400 m) AOU reached its maximum with >200 pmol kg™. In
comparison to the surrounding waters at depth the AOU was lower around the equator. As
expected AOU increased with depth due to remineralization.

The maximum in chlorophyll-a was observed between 30 and 60 m (0.3 - 0.7 pg L™Y).
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Figure 3. Two dimensional plots of dissolved oxygen (in pmol kg ’1), apparent oxygen utilization (AOU in
pmol kg ’1) and chlorophyll- a (in pg L '1) in the upper 400 m of the ETA water column on M80/ 1 from south
to north (along 23'W and at CVOO). The discrete samp les taken with the CTD are shown as black dots

(plotted with ODV (Schlitzer, 2012)).
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The NO,” maximum (0.10 — 0.45 pmol L) was observed from 30 to 100 m (with its maximum
at 60 — 100 m) with the rest of the water column being depleted below 0.10 pmol L™ as
shown in Figure 4. This is imbedded into waters of low NO;" in the surface waters and below
150 — 200 m depth where it is really depleted. A slight variation was observed on the equator
and 2°S were NO , penetrated down to 200 and even 300 m.
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Figure 4. Two dimensional plot of the nutrients nit rite (NO2), nitrate (NO 3) and phosphate (PO 43') (in
pumol L '1) plotted in the same way as figure 3.
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The other two macronutrients (NO3; and P) are shown in Figure 4 and exhibit typical nutrient
like depth profiles. The surface shows the lowest concentrations of NO3 (<0.5 umol L") and
an increase with depth with a maximum at 400 m between 4.5N and 13N (>36 umol L ™).
The same feature was observed for P with surface concentrations of < 0.1 umol L™ and an
increase with depth to ~2 pmol L. The maximum core of 2.2 - 2.3 umol L™ was observed at
400 m between 6N and 7N. At CVOO the P concentrat ion was lower throughout the whole
water column compared to the rest of the transect.

3.3 Section of dissolved Cadmium (Cd)

Figure 5 shows the Cd concentration as a function of latitude (south to north as shown in
Figure 5) in the ETA upper 400 m of the water column. The depth profiles at all of the
sampled GoFlo-stations revealed the typical nutrient type behavior with very low
concentrations in the euphotic and increasing concentrations with depth. Cd showed
depleted concentrations in the surface (20 m) samples (3-11 pmolL?). Cd remained
depleted (< 30 pmol L™) at all stations in the upper 80 m of the water column with the only
exception of 86 pmol L™ Cd at 80 m of GoFlo-station 2 (8°15'N, 2145'W). A t some stations
the depletion remained down to 100 m, or even to 200 m at GoFlo-station 3 at 2N with less
than 5 pmol L™ down to 80 m, 12 pmol L™ at 100 m and 21 pmol L™ at 200 m. Below the
euphotic zone, Cd concentrations increased rapidly with depth (max. 472 pmol L™ at 400 m
at GoFlo-station 7 at 5N). Most stations show this feature, just some less pronounced than
others. An exception was GoFlo-station 4 on the equator with similarly low concentrations as
at 2N throughout the euphotic zone, but then the lowest concentrations at depth
(125 pmol L™ at 200 m, 140 pmol L™ at 300 m and 244 pmol L™ at 200 m).
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Figure 5. Two dimensional plot of dissolved Cadmium (Cd) (in nmol L '1) as a function of the upper 400 m
of the water column versus latitude (south to north ). The discrete samples taken with the GoFlo bottle s
are shown as black dots.
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3.4 Section of dissolved Iron (Fe)
In Figure 6 the Fe concentrations are displayed as a function of latitude. South of the equator
up to 2N Fe was distributed with its typical nutri ent like depth profile.
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Figure 6. On top two dimensional plot of dissolved iron (Fe) (in nmol L 'l) plotted in the same way as

Figure 5. Below on the left: temperature (in T) ve  rsus salinity (PSU) diagram with color of the dots sc aled
to the Fe concentration (in nmol L '1). The outliers with higher salinity from the line of other samples were
from CVOO and the dark blue is from the EUC. Below on the right: the Fe concentration (in nmol L '1) is
plotted versus the apparent oxygen utilization (AOU ) (in umol kg '1) the and in color the sampling depth (in
m).

The lowest concentrations were observed in the surface and penetrating deeper down in the
south (20 - 100 m < 0.40 nmol L™* at 25 and 5%) than in the north with its higher deep
concentrations (~0.57 nmol L™ at 40 m at ON and 2N). The lowest surface concen tration
was observed on the equator with 0.11 nmol L™. The deep (400 m) concentrations increased
from south (< 0.96 nmol L) to the Equator (~ 1.00 nmolL™) and further to the north
(~ 1.50 nmol L™). This feature was also observed at 200 and 300 m depth. Between 40 and
100 m the concentrations were nearly as low as the observed surface concentrations in the

Southern Hemisphere of our transect, but then increased towards the north. Though between
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the equator and 11N the concentrations in this 60 m range were lower than in the
surrounding water masses in the surface and below this “tongue”. In this region it becomes
clear that Fe does not reveal a purely nutrient-like, but a hybrid-type behavior as it is
biologically used at these depths. Two more high points stick out on the equator. On one
hand the comparably high Fe values between 40 and 60 m (0.559 and 0.840 nmol L™) and
on the other 1.377 nmol L™ at 150 m.

3.5 Section of dissolved Manganese (Mn)
In Figure 7 the Mn concentration is plotted as a function of the trace metal section at 23W
and the depth (0 — 400 m).
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Figure 7. Two dimensional plot of dissolved Mangane  se (Mn) (in nmol L '1) which is plotted in the same
way as Figure 5.

At all the sampled GoFlo-stations the Mn concentrations show typical scavenged depth
profiles with high surface concentrations and depletion with depths. The most elevated Mn
concentrations were found in the surface waters of CVOO with 2.38 nmol L™ and at 8N with
2.10 nmol L. Heading from CVOO to the south on the 23W transe ct, the Mn surface
concentrations kept decreasing towards the South with 1.31 nmol L™ found on the equator
and only 1.04 nmol L™ at 5. At 2N the Mn concentration in the upper 1 00 m nearly did not
vary at all 1.45 +0.05 nmol L™ and was then depleted to 0.51 +0.02 nmol L™. As expected
for a scavenged distributed trace metal the Mn concentrations were high in the surface and
then quickly depleted with depths at all the sampled stations. Though this feature was far
less pronounced at CVOO with the highest surface concentration detected on this cruise, still
high values in the top 80 m were observed and remained pretty constant from 100 — 350 m
(0.80 + 0.66 nmol L™) compared to the depleted Mn concentrations of 0.42 +0.11 nmol L™ at
depth (without CVOO and the equator station). Another exceptional station at depth was the
one on the equator with 0.72 + 0.11 nmol L™ compared to the other sampled stations.



140 MANUSCRIPT 3

4 DISCUSSION

4.1 Dissolved Cadmium (Cd) and Phosphate (P)

Due to the high dust inputs to the Eastern Tropical North Atlantic (ETNA), some of the P in
this region is introduced to the surface ocean via mineral aerosols (Mahowald et al., 2008).
As typically a low surface residence time for aerosols is found, this means that solubility is an
important factor and the soluble part of the aerosol total phosphorous is thought to be
phosphate with a content of approximately 10% in Saharan dust (Baker et al., 2006). The P
surface minimum (<0.1 pmol L") in our data was shallower (<40 m) between 6N and 13N
compared to the rest of the transect. At 6N and 7° N the core of the P maximum was
observed at 400 m. Baker et al. (2007) and Mills et al. (2004) found the P inputs to be
insufficient for N-fixation in this region. Upwelling brings micro- and macronutrient rich waters
up from below. Cd and PO,* have been shown to be upwelled uniformly from subsurface
waters and continental runoff (Boyle et al., 1981; Bruland, 1980; Van Der Loeff et al., 1997),
but Cd is depleted before PO,* in the surface waters and out of upwelling regions Cd is
depleted first (Van Der Loeff et al., 1997). Close to the West African higher PO,* were
observed in the surface waters (at 25 m depth), but further away from the coast in the open
ocean, close to the Cape Verdean Islands and close to the equator the concentrations are
low (Mather et al., 2008). Though the Northern Atlantic subtropical gyre has this higher dust
impact, the region is nonetheless depleted in PO,> as a result to the higher nitrogen fixation
due to the high Fe and P input (Mills et al., 2004). At 50 m elevated PO,* concentrations can
be observed close to the West African coast due to upwelling. The equatorial upwelling is
also a source of PO,* which can be observed below 150 m and is more pronounced in the
eastern than in the western basin (Levitus et al., 1993). These observations are comparable
to our results on the 23W transect where PO ,* behaved with its typical nutrient like behavior
with depleted surface concentrations (< 0.02 pmol L") and 2.06 + 0.11 umol L™ at 400 m. In
contrast to the dust-derived PO,*, the main source of Cd is vertical mixing from below whilst
atmospheric deposition and influence by the Inter-Tropical Convergence Zone (ITCZ) are
insignificant (Pohl et al.,, 2011; Van Der Loeff et al., 1997). In the upper 60 m Cd
concentrations remained below 10 pmol L™ which is in good agreement with the values
report by Pohl et al. (2011) for this region. We found that Cd was low in the surface/euphotic
zone throughout the region but the lowest in equatorial region due to primary productivity.
These are typical Cd values in the open Atlantic Ocean. Cd concentrations are found in the
low pmol L™ range in the surface and in the high pmol L*/nearly nmol L™ range in the deep
ocean (Ldscher et al., 1997). We observed at all stations below the TSW with its steady low

Cd concentrations a sharp increase with depth by roughly 100 pmol L™ per 100 m (from
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100 — 400 m). Therefore we also divided our results into two Cd/P ratios (in pmol/umol): the
surface Cd/P ratio and the deep Cd/P ¥ ratio. Dissolved Cd/P ratios (pmol/umol) are shown
in Figure 8 and were low in the euphotic zone (80 - 100 m depending on the station) below

100 m with a few exceptions were the PO,> was really depleted.
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Figure 8. Dissolved Cadmium (Cd) (in pmol L '1) versus phosphate (P) (in umol L '1) concentrations in the
upper 400 m of the water column on the trace metal section. The two Cd/P ratios are expressed as (i) fo r
the Cd depleted surface water (0 — 100 m) (black ci rcles and the Cd/P ratio as a black line) and (i) f or
100 — 400 m of the water column (blue squares andt he Cd/P ratio as a dashed blue line.

This ratio increased with depth to approximately 200 at 400 m. This increase was linear with
different slopes and intercepts for the different positions. These values are reported in

Table 3. The steepest slopes were observed at 2, 2N and 11N with 422 — 461 pmol/pmol
together with the most negative intercept ranging from -459 to -542 pmol/umol. The two
stations 5 and 5N of the equator revealed slopes of 265 pmol/pumol and 309 pmol/umol.
The lowest slopes and smallest intercept were observed on the equator
(slope = 141 pmol/umol, intercept = -39 pmol/umol) and at CVOO (slope =231 pmol/umol,
intercept = -48 pmol/umol). The deep ratio with 237.4 pmol/umol exhibited higher P, but also
comparably higher Cd values than in the surface. Our reported Cd/P deep ratio is similar to
the deep Atlantic ratio compiled and found by Ldscher et al. (1997). North of our sampling
area Kremling and Streu (1993) found an average Cd/P ratio in the ETA of
140 + 60 pmol/umol. The compiled data set for the global ocean by de Baar et al. (1994)
show Cd/P ratios which are comparable to our deep ratio. Cd/P ratios can be grouped along

isopycnal surfaces. The Cd/P ratio of 240 pmol/umol for the surface waters (0 - 700 m) of the
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Atlantic Ocean and of 252 pmol/umol for the North Atlantic Central Water (NACW) (Yeats,
1998) are similar with our deep ratio of 237.4 pmol/pumol (100 — 400 m).

As a result of higher biological fractionation (Saager, 1994) in the surface, this ratio was
significantly lower with 16.6 pmol/umol than the deep ratio. It has been shown that in the
oligotrophic surface waters of the Atlantic Ocean the Cd/P ratios are significantly lower than
in the deep due to favored mineralization of P (de Baar et al., 1994; Kremling and Streu,
1993; Yeats et al., 1995). This decoupling of Cd and P in the surface ocean is a result to
biologically produced organic chelators which can bind up to 70 % of the dissolved Cd. In
comparison Cd at depth is believed to be bound by mostly inorganic chloride components
with little to no organic complexation (Bruland, 1992) though there is no data from the
Tropical Atlantic and recent data from the Atlantic sector of the Southern Ocean (Baars et al.
submitted) suggests there is organic complexation of Cd in deep waters there. The surface
variations in Cd/P has been shown to be due to Fe limitation in high nutrient low chlorophyll
(HNLC) areas (Cullen, 2006; Lane et al., 2009). Similarly in laboratory studies Finkel et al.
(2007) observed that phytoplankton growth can lead to variations of Cd/P e.g. diatoms were

found to increase the Cd/P ratio due to a metabolic demand of Cd.

4.2 Dissolved Iron (Fe) and Nitrite (NO )

The main pathway for Fe to the oligotrophic ETA is via Saharan dust deposition (Jickells,
1995). It has been shown that for Fe the wet deposition outcompetes dry deposition in areas
of the ITCZ and can be an order of magnitude greater than Fe introduced to the surface
ocean by dry deposition, but dry deposition dominates in regions without rainfall (Sarthou et
al., 2003). Though in the ITCZ this does not account for N as both deposition types were
comparable and the wet deposition decreased westwards with distance from the African
coast (Baker et al., 2007). Saharan dust deposition was found to be depleted southwards of
the ITCZ as shown for the Aeolian tracer of dust aluminum (Al) (Measures, 1995). These
observations correlate nicely with our findings of Fe in the ETA. From 55 to 2N we
observed Fe with a nutrient like depth profile. Fe concentrations in the surface waters of 5°—
23N under the Saharan Dust Plume were the peak Fe concentrations depleting southwards
down to 5. Barrett et al. (2012) found the highest Fe surface concentrations between ~10°
and 20N as a result of high dust input and scaveng ing from lithogenic particles. South of the
Cape Verdean Islands Rijkenberg et al. (2012) found that vertical diffusive mixing can
outcompete the dust input as a source for Fe between 100 and 300 m which fits our elevated
Fe concentrations between 200 and 400 m between 5 and 23N. They consider that the
concurrence of the nutricline and ferricline confirm this finding and that in the Atlantic oxygen
minimum zone (OMZ) Fe is re-solubilized from sinking particles. Fe can be solubilized and

bound by organic ligands in the OMZ (Witter et al., 2000). In the euphotic zone the ligands
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outcompete the Fe and hence nearly 100 % of Fe is organically complexed (Gledhill and van
den Berg, 1994). Our results confirm these findings as we observed a correlation between 60
and 100 m for high NO," and low Fe concentrations. At 2N we observed a minimum in Fe of
0.24 nmol L™ at 60 m and 0.28 nmol L™ at 80 m together with depleted NO, concentrations
(0.01 and 0.06 pmol L™) compared to other NO, concentrations at similar depth (up to
0.40 ymol L'"). These minima were observed in the near-surface layer TSW which is a
western flowing current from the West African coast (Stramma et al., 2003) with high
biological uptake.

A recent study by Noble et al. (2012) showed on a west-east transect in the Southern
Tropical Atlantic that the two strongly dust/terrestrially influenced trace metals Fe and Mn can
be exponentially removed relative to the distance from the coast and relative to the
concentration of dissolved oxygen. Similar patterns have been observed in other regions
related to distance from the shore (Croot and Hunter, 1998; Johnson et al., 1999; Luther Il et
al., 1997). In Figure 6, Fe is plotted versus AOU below the mixed layer depth (100 — 600 m).
A cluster for the samples around 100 m was observed and a second smaller area for the
samples taken at greater depth.

On the equator we found some anomalies in our Fe data which has not been observed yet
as far as we know. We measured comparably high Fe values at 40 and 60 m (0.56 and
0.84 nmol L") and at 150 m (1.38 nmol L™). This enrichment in Fe can be due to high Fe
values transported eastwards with the EUC. The Fe peak data was found on the edges of
the EUC. In the upper part it coincides with the salinity maximum of the subtropical
underwater which was pronounced when the samples were taken. The peak Fe data at

150 m was on the lower edge of the EUC (Brandt, personal communication).

4.3 Dissolved Manganese (Mn)

Already, Kremling (1985) observed clear patterns for the Mn concentrations in the Atlantic
with the highest surface concentrations in the area of the Saharan dust. 2.74 + 1.01 nmol L™
were determined in areas of Aeolian influence, whereas in surface areas without this
influence they ranged around 1.0 nmol L™ (Kremling, 1985). High Mn due to dry deposition
around the Cape Verdean Islands and highest surface values in the ITCZ as a matter of wet
deposition (up to 4.8 nmol L™) were observed by Pohl et al. (2011). The ITCZ can have a
significant influence on the photodissolution of Mn from particles (Sunda and Huntsman,
1994) due to the high inputs of hydrogen peroxide (H,O,) with the precipitation (Croot et al.,
2004). Models predict high Aeolian dust deposition to the ETNA (Vink and Measures, 2001)
in comparison to the Eastern Subtropical Northern Atlantic (ESNA) (Mahowald et al., 2005).
As expected for an element introduced mainly by dust to the surface ocean in the region of

our transect (Shiller, 1997), Mn exhibits typical scavenged depth profiles at all stations on the
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23W transect. This distribution has been observed for Mn in the eastern Atlantic Ocean with
similar concentrations to our findings. The surface concentrations ranged from 0.90 to
2.12 nmol L™ and at depth Mn was depleted to ~0.2 nmol L™ as a result to scavenging
(Statham et al., 1998). The surface concentrations were comparable to previous studies with
a Mn peak at CVOO with 2.38 nmol L™. Mn concentrations show a similar feature like Fe in
the surface with high surface concentrations at CVOO. Clearly Mn is elevated in the whole
water column at CVOO compared to the more southern stations due to continental runoff as

it has been observed for the coast of West Africa (Lam et al., 2012).
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Table 2. 8 GoFlo-stations on the Meteor cruise M80/ 1.

GoFlo- Water Depth
station Meteor-Station Date Time (UTC) | Latitude Longitude (m) Wind
1 ME801/1071-1 | 10/26/09 20:42 17°36.04' N 24°146 1'W 3590 ENE 6
2 ME801/1081-1 |10/30/09 04:56 08°14.99'N 21°44.9 9'W 4392.2 NE 6
3 MES801/1090-1 |11/01/09 15:47 02°02.50'N 23°02.0 1'W 4363.1 SE 7
4 ME801/1115-1 | 11/04/09 21:20 00°00.06' N 23°00.0 2'W 3956.4 SE 7
5 ME801/1139-1 |11/07/09 16:35 01°59.99'S 23°00.0 O'W 5234.2 ESE 6
6 MES801/1148-1 | 11/09/09 09:28 04°59.99'S 23°00.0 4'W 5195.4 SE 7
7 ME801/1178-1 | 11/16/09 03:43 05°00.01'N 22°58.0 O'W 4191 ESE 6
8 ME801/1206-1 | 11/20/09 00:47 11°00.00' N 23°00.0 2'W 5145.8 NNE 6
Table 3. Cd/PO 4* ratio (pmol/umol), its slope, intercept and number (N) and depths (m) used for the calculation.
GoFlo-station Latitude Longitude Depth used (m) Slope Intercept n R®
1 17°36.04' N 24°14.61'W 80-350 230.9 -48.3 5 |0.9372
2 08°14.99'N 21°44.99' W 80, 100, 300 346.3 -296.5 3 | 0.9808
3 02°02.50' N 23°02.01' W 100-400 422 -458.6 4 1 0.9958
4 00°00.06' N 23°00.02' W 100-400 140.5 -38.7 4 10.947
5 01°59.99'S 23°00.00' W 80-400 461.3 -542.3 5 | 0.9607
6 04°59.99'S 23°00.04' W 100-400 264.8 -126 4 | 0.9854
7 05°00.01' N 22°58.00' W 80-600 308.6 -227.9 6 | 0.9904
8 11°00.00' N 23°00.02' W 100-400 447.3 -509.6 4 |0.9787
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Abstract. The deposition of atmospheric dust is the primary for dissolved Mn, Al and Fe. Even though the mixing con-
process supplying trace elements abundant in crustal rockditions differed from one seeding to the other, Mn and Al
(e.g. Al, Mn and Fe) to the surface ocean. Upon deposi-showed clear increases directly after both seedings due to
tion, the residence time in surface waters for each of theselissolution processes. Three days after the dust additions,
elements differs according to their chemical speciation andAl concentrations decreased as a consequence of scaveng-
biological utilization. Presently, however, the chemical anding on sinking particles. Al appeared to be highly affected
physical processes occurring after atmospheric depositiotry the concentrations of biogenic particles, with an order
are poorly constrained, principally because of the difficulty of magnitude difference in its loss rates related to the in-
in following natural dust events in situ. In the present work crease of biomass after the addition of dust. In the case of
we examined the temporal changes in the biogeochemistry odlissolved Fe, it appears that the first dust addition resulted
crustal metals (in particular Al, Mn and Fe) after an artificial in a decrease as it was scavenged by sinking dust patrticles,
dust deposition event. The experiment was contained insidevhereas the second seeding induced dissolution of Fe from
trace metal clean mesocosms (0—12.5m depths) deployetthe dust particles due to the excess Fe binding ligand con-
in the surface waters of the northwestern Mediterraneancentrations present at that time. This difference, which might
close to the coast of Corsica within the frame of the DUNE be related to a change in Fe binding ligand concentration in
project (a DUst experiment in a low Nutrient, low chloro- the mesocosms, highlights the complex processes that con-
phyll Ecosystem). Two consecutive artificial dust depositiontrol the solubility of Fe. Based on the inventories at the meso-
events, each mimicking a wet deposition of 10g%of dust,  cosm scale, the estimations of the fractional solubility of met-
were performed during the course of this DUNE-2 experi- als from dust particles in seawater were 144@.19 % and
ment. The changes in dissolved manganese (Mn), iron (Fe.91+ 0.83 % for Al and 419 and 27419 % for Mn for

and aluminum (Al) concentrations were followed immedi- the first and the second dust addition. These values are in
ately after the seeding with dust and over the following week.good agreement with laboratory-based estimates. For Fe no
The Mn, Fe and Al inventories and loss or dissolution ratesfractional solubility was obtained after the first seeding, but
were determined. The evolution of the inventories after the0.12+ 0.03 % was estimated after the second seeding. Over-
two consecutive additions of dust showed distinct behaviorsall, the trace metal dataset presented here makes a significant
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contribution to enhancing our knowledge on the processe¢Zhuang et al., 1992) and lability in the atmosphere and in
influencing trace metal release from Saharan dust and theeawater (Spokes and Jickells, 1996). Additional factors can
subsequent processes of bio-uptake and scavenging in a lobe the mixing layer structure (Croot et al., 2007; Moore et
nutrient, low chlorophyll area. al., 2006) as well as specific chelating substances in seawater
at the time of the deposition, as in the case of Fe (Gledhill
and Buck, 2012; Wagener et al., 2008).

The Mediterranean Sea is a LNLC area, especially in sum-
1 Introduction mer when the surface is strongly stratified. The atmospheric

load over the Mediterranean has been estimated to reach up

Marine oligotrophic areas, also described as low nutrient,to one billion tonnes per year, which is one of the highest
low chlorophyll (LNLC) areas, represent 60 % of the global dust loads reaching a LNLC area (Guerzoni et al., 1999). In
ocean (Longhurst et al., 1995) and are suggested to cororsica, dust deposition events-ef2 g ni 2 have been ob-
tribute up to 50 % oceanic carbon export from the surface toserved (e.g. Bonnet and Guieu, 2006). The Mediterranean is
the deep ocean (Emerson et al., 1997). These areas are charsuitable place to assess the impact of dust deposition on
acterized by low nutrient concentrations in oceanic surfaceLNLC areas. This is the objective of the project DUNE (a
waters resulting in reduced biological activity (Carr et al., DUst experiment in a low Nutrient low chlorophyll Ecosys-
2006; Longhurst et al., 1995). Vast surfaces of these LNLCtem) based on an original experimental approach: dust addi-
areas are subject to fluxes of lithogenic material through theion experiments into large, clean mesocosms. This experi-
atmospheric deposition of desert dust particles. Microcosmmental design constitutes an opportunity to study processes
experiments performed previously in the oligotrophic east-once particles have deposited at the surface ocean in a realis-
ern Mediterranean by Herut et al. (2005) found that the ad-ic way (Guieu et al., 2009, 2010).
dition of fresh mineral dust to seawater resulted in the re- During the first campaign in 2008 (DUNE-1), it was
lease of nutrients and to a positive growth response by biotagemonstrated that the mesocosms were sufficiently trace
however, they did not find a response of biota to pre-leachednetal clean to study the Fe cycle (Wagener et al., 2010). Two
dust, suggesting it was the presence of water soluble companajor results concerning Fe chemistry were gained from this
nents in the dust that provided the nutrient stimulus. Due tdfirst experiment:
the elemental composition of the earth crust, the flux of dust
particles constitutes a major source of trace metals to the sur-
face ocean (Duce et al., 1991; K. Desboeufs, personal com-
munication, 2013). For this reason, in addition to macronu-
trients (phosphorus and nitrogen) transported by dust parti-
cles, it has been suggested that the response of the biota to
dust might be (partially) controlled by trace metals. During
the last twenty years, due to its importance in high nutrient,
low chlorophyll (HNLC) areas, iron (Fe) has received much o
attention (Jickells et al., 2005), but in recent years, a num-
ber of studies have pointed to the importance of studying
other trace elements in order to more completely describe
the overall biogeochemical functioning of these LNLC areas
(e.g. Heller and Croot, 2010; Noble et al., 2008; Obata etal.,  he qust addition could have induced the production of
2008; Saito and Moffett, 2002)- ] ) Fe binding ligands and therefore increased significantly

_In order to assess the |_mpact of at_mospherl_call_y deposited e solubility of Fe. This would imply that a second ad-
micronutrients on the biogeochemical functioning of the dition of dust to the mesocosms might have a stimula-

LNLC areas, a variety of complex factors controlling the sol- tory effect on Fe dissolution and a contrasting impact
ubility of trace metals — from the solid form in a dust particle from the first addition.

to the dissolved form once it enters the water — have to be

taken into account (Baker and Croot, 2010). Indeed, in addi- A second experimental campaign was performed in June
tion to atmospheric factors controlling the inherent solubility and July 2010 (DUNE-2) (Guieu et al., 2013). Based on the
of the metal in the particle (size of the particles (Baker andexperience gained during the DUNE-1 experiment, the strat-
Jickells, 2006), mineralogy (Journet et al., 2008), chemicalegy for studying trace metals was slightly changed. Under-
composition (Sedwick et al., 2007)), there are a number ofstanding the processes that govern the fluxes of Fe to sea-
factors that can be important once the particle is depositedvater is a critical challenge in chemical oceanography today.
in seawater. These factors can be the initial concentration oWhile the importance of Fe to primary productivity in the
dissolved metals in seawater (Liu and Millero, 2002; Mendezocean is well demonstrated (Blain et al., 2007; Boyd et al.,
et al., 2010), photochemical processing (Fe(lll) to Fe(ll)) 2000), we are only now beginning to examine the exchange

1. A clear decrease of the dissolved iron (Fe) inventory in
the mesocosms, in which a wet deposition was simu-
lated, compared to the mesocosms without addition of
dust, has been observed. A simple 1-D model of the
mesocosms demonstrated that during the experiment the
addition of dust was a sink rather than a source of Fe due
to scavenging on dust particles (Ye et al., 2011).

Additionally, a second addition of simulated aeolian

dust in batch experiments performed with filtered sea-
water, obtained from the corresponding mesocosms
168 h after the first seeding, showed a clear increase in
the Fe solubility. Wagener et al. (2010) postulated that
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of Fe between different chemical forms in seawater (Croot2 Materials and methods

and Heller, 2012; Gledhill and Buck, 2012; Baker and Croot,

2010). The ability of Fe to form organic complexes (Croot 2.1 Experimental design and sampling

and Heller, 2012; Gledhill and Buck, 2012) helps to elevate

Fe levels above the low solubility of inorganic Fe(lll) in sea- N June 2010, seven trace metal clean mesocosms were
water (Liu and Millero, 2002): however, colloidal Fe still deployed in the Bay of Elbo in the conservation area of
dominates the dissolved fraction (Bergquist et al., 2007). The>candola, Corsica (42.37H, 8.554 E) during typical olig-
chemical reactivity and biological requirement for Fe result ©roPhic summer conditions (Millot, 1999). Marine olig-

in it being easily scavenged onto other particles and subse?troPhIC areas, also described as low nutrient, low chloro-

guently lost from the euphotic zone. For this reason, Fe bindPhYIl (LNLC) areas, are typically defined by a chlorophyll

ing ligand measurements have been performed in additioffontent of less than O.lmg‘rﬁ (Carretal., 2006; Longhurst

to the dissolved Fe concentration measurements. Moreoveft @l-» 1995). Giovagnetti et al. (2012) showed that during

two additional dissolved trace metals have been examined® DUNE-2 experiment the chlorophyil content always

during DUNE-2: the biogeochemically important micronu- remained below this threshold even after the seedings. Their

trient manganese (Mn) and the crustal metal aluminum (Al).Initial chlorophyll a concentration was 0.02-0.03 mg
In contrast to Fe, there is no organic speciation known for! "€ DUNE-2 mesocosm experiment design was based on the

Al and it is also considered to be negligible for Mn (Roitz exact same protocol as describe_d in dgtail earlier (Guieu et
and Bruland, 1997; Smdo-Wilhelmy et al., 1996). Al is a &l 2010) for the DUNE-1 experiment in 2008. The meso-
major and relatively invariant component of the earth crustc©Sms were entirely made out of plastic and were composed
and is not known to be actively assimilated by Organisms_ofacylln_dncal section of 12m length and 2.3min dlameFer.
However, Al is strongly influenced by scavenging mecha-The_ conical bottom started at 12 m depth and ended with a
nisms and is therefore considered to be a potentially useS€diment trap at 14.5m depth. In each mesocosm, the total
ful tracer for lithogenic input on relatively short time scales S€awater volume was 52mand, in general, the biological,
(Dammskiuser et al., 2011). On the other hand, Mn is acher_mcal a_nd_ physical properties of the water column were
bioactive metal with a complex chemistry in seawater. While €t@ined within the mesocosms. To protect the mesocosms
most of the Mn exists as soluble Mn(Il) which is not thought 29@inst naturally occurring dust events, they were covered
to be organically complexed, dissolved Mn(lll) and Mn(IV/) Wlth a transparent cover which was designed to let natural
organic species are possible, but have not yet been observd@ht pass and to allow gas exchanges between the water body
in oxygenated seawater. Soluble Mn(lll) is rare in natural wa-2nd the atmosphere. The three mesocosms to which the dust
ters because it hydrolyzes and precipitates as Mn(lll) oxidedVas added are referred to here as D1, D2 and D3 and “dust
or disproportionate into Mn(IV) oxides plus Mn(ll) (Nealson seeded mesocosm;". Further, .three trace-metal clean meso-
et al., 1988; Stumm and Morgan, 1996). Another importantcOSMs were kept without seeding as the cqntrol mesocosms
difference compared to DUNE-1 is that DUNE-2 was carried (@0€led here C1, C2 and C3). For comparison between the

out with two consecutive seedings with the same amount of©Ntrol mesocosms and the environment, samples were also

evapocondensed dust. After measuring the initial concentral@ken outside the mesocosms. _
The seeding with dust was performed using the follow-

tions, the seeding with dust was performed and all experi-, i
mental variables were determined with a higher resolution"d Protocol. After deploying the mesocosms, they were left
in the first day and then daily for one week. After the sec- °PEN fo'r 24 h in order to let the vyater masses inside equili-
ond addition of dust the variables were measured again foprat_e with the water masses outside of the mesocosms. After
one week with a similar resolution in order to assess if the¢/0Sing the mesocosms, t0 was sampled and then the meso-
biogeochemical response to a second seeding could be inflfOSMS were seeded. Two consecutive seedings with cloud
enced by the response to the former seeding. processed dust (Guieu et al., 2010) were performed at an in-
This paper presents the dissolved trace metal inventorieE,e,rV""llOf one W?ek- EaChlsegdlng was followed for a week
of Fe, Mn and Al during the DUNE-2 experiment. Based on with high resolution sampling in the first 24 h and subsequent
the revised experimental strategy after the DUNE-1 experi-d2ily sampling. Therefore, DUNE-2 had a higher time reso-
ment, the specific objectives of this study are (1) to assesition than DUNE-1 where sampling was performed daily
dissolution and loss rates of these trace metals after two corff Most parameters (Guieu et al., 2010). For each of the two

secutive additions of dust and (2) to quantify the processeSOnsecutive seedings, 41.5 g of evapocondensed dust was di-
involved at different time scales. luted in ultrapure water (hereafter referred to as MQ water —

see below) and sprayed with an all-plastic spray bottle onto
the surface of each of the mesocosms. This corresponds to a
simulated wet deposition of 10 gTA for each seeding. The
first seeding took place on 26 June 2010 at 09:00 UTC (t0),
the second on 3 July 2010 at 07:00 UTC (t166).
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In each of the six sampled mesocosms, flexible reinforcedKG). The flow rates were identical with those in Aguilar-
PVC tubings were installed at 0.1, 5 and 10 m depth. Samislas et al. (2006). The filtered and acidified seawater sample
pling was performed with a TefldN (polytetrafluoroethy-  was preconditioned for 30s by flushing with 0.05 mofiL
lene) diaphragm pumping system. For dissolved trace metalgmmonium borate rinse solution on a pre-concentration
samples were filtered inline through 0.2 um filter cartridgescolumn (GLOBAL-FIA) filled with Toyopearl AF-Chelate-
(Sartorius Sartobran filter capsule 5231307H5, Germany)650M resin. The timing parameters were for precondition-
Additionally to DUNE-1, two dust seeded mesocosms (D1ling, loading, rinse and elution of the column: 30, 120, 30,
and D2) were deployed with three supplementary tubings in-180 s, respectively.

stalled at 2.5, 7.5 and 12.5m depth in order to improve the Calibration curves were determined daily by the addi-
resolution in the water body and to be able to follow the pro-tion of standards (0-10 nmoH!) produced by serial dilu-

cesses after a simulated dust storm on a smaller scale. tion of a 1000 ppm Mn(ll) standard (Fluka) into 0.2 pum fil-
tered Mediterranean seawater which had been taken before

2.2 Chemical Analysis the first seeding at 5m depth outside of the mesocosms at
our external reference point (t0, outside, 5m). For exter-

2.2.1 Reagents and bottles nal validation, selected samples were also analyzed in the

clean laboratory in Kiel by graphite furnace atomic absorp-
Strict attention was paid to avoiding contamination in this tion (ETAAS, Perkin-Elmer Model 4100ZL; this method is
study. All manipulations were performed in class 100- described in detail below).
laminar flow benches. All reagents that were used were Samples, standard additions and blanks were measured in
of highest purity available (Fisher Scientific and Sigma- triplicates. Analytical precision (expressed as percent rela-
Aldrich) and were prepared using deionized (18&m~1 tive standard deviation) was typically8 % at 3.6 nmol L1
resistivity) water (MQ water) from a Milli-Q purification under the conditions employed here. The accuracy of the
system (Millipore). Sub-boiled quartz-distilled hydrochlo- analytical procedure was evaluated by daily measurements
ric acid (hereafter Q-HCI) was made by single distillation of SAFe intercalibration samples S and D2. It should be
from 25 % HCI. All plasticware and bottles (low density high noted, however, that the SAFe concentrations are over a
polyethylene (LDPE) and polytetrafluoroethylene (PTFE)) lower range & 1 nmol L~1) than the seawater samples from
used for acidified seawater samples for the total trace metahe mesocosms<(3.5 nmol L-1), which leads to lower pre-
analysis were cleaned according to the trace metal clean prazision for the SAFe samples using our system optimized
cedures (Bruland et al., 1979; Cutter et al., 2010) and therfor Mediterranean surface waters. SAFe values determined
protected by double bags (Minigfi§). The filtered sam-  while in Corsica were as follows: 0.850.14 nmol -1 (S)
ples for dissolved trace metal analysis were directly acidifiedand 0.35:0.09 nmol L1 (D2) of Mn (» = 8) (consensus
with Q-HCI to pH 1.7 under a class 100-laminar flow bench values are 0.7%0.06 nmol L% and 0.35+ 0.06 nmol L2,
in the lab at the port facilities used for servicing the meso-respectively). We used a large volume of secondary standard
cosms. Samples for Fe binding ligands were directly frozen(0.2 um filtered Mediterranean seawater (t0, outside, 5m))
(—20°C) upon collection in Corsica, transported frozen to throughout this work as the seawater in which standard ad-
Marseille, and thawed immediately prior to analysis. Sam-ditions were prepared. The complete Mn-FIA measurements
ple processing and analysis steps were performed in laminasver the course of the work in Corsica resulted in a value
flow benches inside class 100 clean rooms in Kiel (Germany)of 3.604 0.30 nmol L=, which was in good agreement with

and in Villefranche-sur-Mer (France). values measured by ETAAS in Kiel: 3.350.08 nmol 1.

In this paper we only discuss the dissolved trace metalsThe detection limit (3 of the blank) for the Mn flow
(referred to as Mn, Fe and Al). injection system used here was estimated in the lab in
Kiel by repeated measurements of low Mn Antarctic sea-

2.2.2 Dissolved manganese analysis water (<0.2nmolL-1; collected during ANTXXIV-3) at

150 pmol L=1. The use of a low Mn or Mn free seawater
Samples for dissolved manganese (Mn) were analyzed ors preferred to running MQ blanks, as both in Corsica and
site. The acidified samples were spectrophotometrically anain Kiel we found that there was detectable Mn in the MQ
lyzed using a slightly modified flow-injection analysis sys- systems due to problems with the ion-exchange units of the
tem (FIA) built following Aguilar-Islas et al. (2006). We systems.
used one 8-channel peristaltic pump (Rainin), two electron- A few samples of Mn, as a comparison to the di-
ically actuated 6-port valves, one electronically actuated 10+ect analysis in Corsica (FIA), were analyzed by graphite
port sample valve (all VICI, Valco Instruments), one dry furnace atomic absorption (ETAAS, Perkin-Elmer Model
bath (Fisher) kept at 35 and a variable wavelength spec- 4100ZL) in the clean laboratory in Kiel using solvent ex-
trophotometer (USB-4000, Ocean Optics, Inc.) with an in-traction modified after Klinkhammer (1980). Briefly, 2009
ternal Ocean Optics light source and a 1 cm quartz flow-of filtered and acidified seawater were extracted with 8-
through cell (100-QS, 10.00 mm, Hellma GmbH and Co. hydroxychinoline in distilled chloroform as Mn-oxinates,
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back-extracted with 3molt! distiled HNO; and then 3 Results

analyzed with ETAAS. SAFe reference seawater D1 was

determined as 0.4280.05nmolL-1 (consensus value The complete set of data is available as supplementary infor-
(0.3540.06 nmol - 1); these Mn values for the validation Mation to this paper.

are given in the Supp|ementary information. The nomenclature for samples of the DUNE-2 experiment
is as follows: dust seeded mesocosms D1, D2 and D3; un-
2.2.3 Dissolved iron and Fe binding ligand analysis seeded control mesocosms C1, C2 and C3; and the sampling

outside the mesocosms. Samples were taken at 0.1, 2.5, 5.0,
Fe concentrations were analyzed at Laboratoire7 5 10.0 and 12.5m depth. The timeis expressed in hours
d'Océanographie de Villefranche-sur-Mer between 4 (x) since the first dust addition and in parentheses) the
and 10 months after the experiment. A flow injection systemtime (in h) since the second dust addition. The samples out-
with online preconcentration and chemiluminescence detecside the mesocosms were taken as an external reference point
tion was used as described in Bonnet and Guieu (2006). They the control mesocosms and the concentrations are not re-

detection limit (DL) was 25 pmol L on average and blanks ported in the figures, but are available in the supplementary
were between 50 and 150 pmotL An internal acidified  information.

seawater standard was measured in order to control the
stability of the analysis during each series of measurements3.1 Evolution of dissolved manganese (Mn)
The reliability of the method was controlled by analyzing
the D2 SAFe seawater standard (Johnson et al., 2007), whichigure 1 shows the evolution of the concentration of Mn
was determined as 0.840.04nmolL"! of Fe (@ =05) as a function of time after the first seeding and depth
(consensus value is 0.900.02 nmol L-1). in each of the mesocosms. The initial Mn concentrations
The concentration of Fe complexing ligands, [L] was de- outside, in the control and dust seeded mesocosms were
termined by cathodic stripping voltammetry using the com- 3.4+ 0.6 nmol L%, Directly on the first day (t23) after
petitive ligand 2-(2-thiazolyazo-)-p-cresol (TAC) (Croot and the first dust addition, the Mn concentrations increased to
Johansson, 2000) at Institutéditerragen d’'Oéanologie, 4.9+ 0.4nmol L1 in the surface and at mid-depth (D1 and
Marseille (France) 18 months after the experiment. After D2). D3 was not sampled at t23 after the first addition. At t48
thawing of the samples, [L] complexing ligands were de- the same trend as in D1 and D2 was seen with a continua-
termined following the exact same protocol as described intion of the increase in Mn which was most pronounced in the
Wagener et al. (2008). A-Autolab voltammeter coupled —surface. After the continuous increase since the first seeding
to a Metrohm VA663 electrode stand with a static mercuryWith dust, at t71 Mn reached its maximum in all three dust
drop working electrode, a double junction Ag/AgCl refer- seeded mesocosms and in D1 at 5m depth the concentra-
ence electrode and carbon rod counter electrode was useHon was as elevated as 7.2 nmot'L After this initial eleva-
The titration data were calculated using a single ligand fittion of Mn, overall the concentration then decreased slowly
with the van den Berg/Ruzic linearization method (see, forin all three dust seeded mesocosms with time down to 3.0—

example, Croot and Johannsson, 2000). 4.6 nmol L1 after a week. These values were in the range of
the values before the first seeding.
2.2.4 Dissolved aluminum analysis After the second dust addition to the surface of the dust

seeded mesocosms, the increase in Mn was more pronounced
The aluminum analysis was conducted at GEOMAR, Kiel, than after the first addition. Concentrations of Mn in the
a few months after the experiment using the fluorometricsyrface (0.1 m) in the first few hours after the second seed-
method described by Hydes and Liss (1976). In short, theng increased strongly, especially in D2 to 13.2 nmotlat
reagent lumogallion was added to the sample, which wag171(5) and 11 nmolt? at t175(9). In these first 24 h after
then buffered to pH 5 with ammonium-acetate, and heatedhe second dust addition the concentrations of Mn at 5m
to 40-50°C for 3h to accelerate complex formation. The gnd 10 m remained constant at 3.2 to 4.4 nmdl.LWhile
fluorescence of the sample was measured with a Hitachihe values in the surface decreased slowly after the first
FL 2700 Fluorescence Spectrophotometer (excitation wavestrong pulse following the second addition, the Mn values
length 497 nm, emission wavelength 572 nm). The detectionncreased at 5m at t191(24) and even more at t215(49). At
limit varied between 0.1 and 0.3 anTF;, the blank values all depths the Mn concentrations in the dust seeded meso-
between 0.4 and 0.6 anI_E for the different days of anal- cosms decreased again with time down to 3-5 nmém_fter

ysis. In the SAFe reference seawater S1 (S1 543, S1 474)87(121) (with the exception of D3 10 m with a Mn concen-
1.81+0.24 nmol L1 of Al (n = 4) were determined (con-  tration of 5.7 nmol 1).

sensus value is 1.240.09 nmol L1).
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Fig. 1. Evolution of dissolved manganese (Mn) in the 6 mesocosms (left hand side — control mesocosms: C1, C2 and C3; right hand side —
dust seeded mesocosms: D1, D2 and D3). The graphs are plotted as the time since the first seeding (h) versus the depth (m) in the mesocosn
Black dots show the points were samples were taken. The two grey vertical bars highlight the time points when the seeding took place (t0
and t166(0)).

3.2 Evolution of dissolved iron concentration (Fe) and  creased quickly again down to 1.0—1.8 nmoltL This range
Fe binding ligands (L) remained the same until the end of the experiment.
Fe complexing ligands in the dissolved phas§ ere
measured on a limited subset of samples collected at 5m
In Fig. 2, the evolution of Fe values in the control and dustdepth. The evolution of the arithmetical means [L] for the
seeded mesocosms are shown. The initial Fe values befoi@ust seeded and the control mesocosms is presented in Fig. 3.
the dust addition varied between 2.2 and 4.4 nmdl in- Before and after the first seeding, ligands were close to sat-
side the mesocosms and outside (values available in the supwration or over-saturated, i.e. ([k]JFel) < total dissolved
plementary information). After the first addition of dust at Fe, with values ranging from 1.3 to 3.3 nmott.at t0-t143.
t10, there was a direct decrease in the Fe concentrations t& the control mesocosms the values remained in this range
2.5-2.9nmol 1 in the surface of the dust seeded meso-for the whole experiment. The saturation and over-saturation
cosms and values as low as 1.5 nmotLwere measured made a full analysis of the ligand complexation parameters
in D2 and D3. At t23 the values inside the control meso- complicated as the ambient system was already over titrated.
cosms still ranged from 3.0 to 3.5 nmotE. With more time ~ This situation indicated a limited capacity to take up more Fe
elapsing, this decrease in the Fe concentrations continued it the dissolved phase and a potential for greater scavenging
the dust seeded mesocosms but also occurred in the contrbites as increases in dissolved Fe can only be achieved by
mesocosms and outside. After t143 the Fe values in the corProcesses that do not impact the ligand concentration. This
trol mesocosms varied from 1.4-2.1 nmofiland inthe dust IS because as the soluble and colloidal ligand pools are sat-
seeded mesocosms from 1.6—2.0 nniotL urated, and the inorganic solubility is also maximized, any
After the second dust addition, a significant increase in Feémore Fe that dissolves will lead to Fe being incorporated into
was observed in the dust seeded mesocosms, whereas Fe vekisting colloidal aggregates or onto particles. However, af-
ues remained constant in control mesocosms. Directly afteter the second dust addition, the ligand concentration rose
this addition there was a strong increase in the surface wittsignificantly in the dust seeded samples with values reaching
a maximum at t191(25). In D1 and D2, the Fe concentration6.8 nmol ™! at t191(25), indicating a higher complexing ca-
increased up to 6.1 nmolt! at 2.5 m and upto3.8 nmott pacity for Fe. Att239(73) and t311(145) the values decreased
in the surface of D3. In the first 24 h after the second addi-to 5.2-5.3nmol ™.
tion the Fe values had increased in all the dust seeded meso-
cosms. However, after t215(49), the Fe concentrations de-
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Fig. 2. Evolution of dissolved iron (Fe) in the 6 mesocosms. This graph is plotted in the same way as Fig. 1.
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Fig. 4. In all three control mesocosms, similar features were %
observed: the values decreased nearly linearly with timez | . =
over the two weeks of the experiments, from 44nmotL = |§ 2
to 38 nmol L1. Values from outside the mesocosms were in ° °
the same range as those in the control mesocosms. 2] ? . 8 a2
In the dust seeded mesocosms, directly after the first ad-

dition of dust at t10, the surface Al values increased to ° o & =
54 nmol L1 and the rest of the water column was also el-
evated (48-50 nmolt!). The increase continued through-
out the dust seeded mesocosms (50—-56 nmdj,Lbut most
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Fig. 3. Evolution of the arithmetical means of the iron binding lig-

and (L) concentrations (nmoftl) of the dust seeded mesocosms

distinctive in the surface with concentrations up to 60— (red circles) and the control mesocosms (blue squares) at 5m depth
-1 . L.
63 nmol L™ att47. Atthe end of the first dust addition the Al with time since the seeding. The evolution of the arithmetical means

concentrations were constant in all dust seeded mesocosms &t ihe dissolved iron (Fe) concentrations (nmofy) of the dust
approximately 55 nmol L. seeded mesocosms (red empty circles) and the control mesocosms
After the second dust addition the Al concentrations in- (blue empty squares) at 5m depth with time since the seeding.

creased by approximately 10 nmott (t215(49)), for ex-

ample up to 78 nmolt?! in the surface in D1. At t239(73),

the minimum value was 58 nmolt! and the maximumwas 4 Discussion

reached with 66 nmolt! at several depths. At the end of

the experiment, the values decreased to 53 nmblih D1

and 55-60 nmol t! in D2. In D3, a similar decrease with

time could be observed, but the initial increase after the secAll the total dissolved trace metal concentrations measured

ond addition was smaller compared to D1 and D2. At theat the DUNE sampling site before the seeding are representa-

end of the experiment (t311(145)), the values dropped to 42-tive for the western Mediterranean basin (Boyle et al., 1985;

46 nmol L1, Copin-Montegut et al., 1986; Kremling and Petersen, 1981,
Morley et al., 1997; Sherrell and Boyle, 1988; Yoon et al.,
1999). The average values of the total dissolved trace metal
concentrations£ standard deviation) before the addition of

4.1 Trace metal concentrations at the DUNE site
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Fig. 4. The evolution of dissolved aluminum (Al) in the 6 mesocosms. This graph is plotted in the same way as Fig. 1.

dust at 5m depths at the DUNE site are given in Table 1.56 nmol L1 close to our study site off the coast of Corsica
For all the trace metals measured during DUNE-2, no signif-in 1977 (Caschetto and Wollast, 1979). Similar Al concentra-
icant differences could be observed between the initial valtions have also been observed in the western Mediterranean
ues inside and outside the mesocosms. This indicates that thesin (Chou and Wollast, 1997; Hydes et al., 1988; van den
deployment protocol of the mesocosms, developed for theBerg et al., 1994).
DUNE experiment (Guieu et al., 2010), does not contami-
nate the water column trapped inside for the trace elemen#.2 Changes in trace metal inventories: dissolution and
measured in this study. The concentrations are given as sup-  scavenging after the seeding
plementary information and will not be discussed here any
further. This is in agreement with the results obtained for FeThe temperatures measured at four depths (0, 3, 6 and 10m)
during DUNE-1 (Wagener et al., 2010). inside and outside the mesocosms are the only available
Sherrell and Boyle (1988) report a limited set of data for Physical continuously monitored parameters measured dur-
total and dissolved Fe in the western Mediterranean. Theynd the entire experiment. In Fig. 5a, the calculated temper-
found maximal values in the core of the Atlantic inflow jet to ature difference between the surface and the bottom of the
the Mediterranean in the Strait of Gibraltar of 53.0nmotkg Mesocosm is plotted (0-10m). The temperature difference
total Fe, with dissolved Fe making up only 30 % of this value, between 0 and 10 m measured inside the mesocosm is there-
indicating a high particuiate load. Outside this piume of Fe’fore used as an indicator for miXing or thermal stratification
total surface concentrations were around 5 nmcjilkgThe in the mesocosm in order to discuss the Changes in the inven-
range Of reported Fe Concentrations iS Simiiar to those previ.tories within the mesocosms. If there was little or no tempel’-
Ousiy pub“shed for the western Mediterranean basin (Bon_ature difference between O and 10 m, we interpreted this as an
net and Guieu, 2004: Sarthou and Jeandel, 2001; van detdication that the water column in the mesocosm was well-
Berg, 1995). However, the initial Fe values in the mesocosmdnixed. The more significant the temperature difference, the
were in the h|gher range of reported data for the open walnore I|ke|y the mesocosm was stratified. The main feature
ters of the western Mediterranean Sea, but similar coastal FE&s proxy provides is that the course of the experiment can
concentrations were determined in the Bay of Villefranche Pe separated into four periods. A relatively well-mixed meso-
at different times of the year (Bressac and Guieu, 2013)cosm during the first four days (t96) of the experiment, fol-
A study by Statham et al. (1985) of Mn concentrations in lowed by a stratification of the water column (t96—t180). The
the Mediterranean also showed a surface enrichment up téecond addition of dust therefore occurred in a more strati-
4.19 nmoi L_l_ QOur Observed Al Concentrations are in the f|ed water COIUmn than the first one. After t180 the water COI'

same range as previousiy reported surface values of abown was mixed again until 240 when a new stratification fol-
lowed until the end of the experiment (Bressac et al., 2013).
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Table 1. Trace metal concentrations before the start of the experi- 6 .
ment 5 Stratified (@)
Concentration ~ Concentration ;
(nmolL—1) (nmolL~—1) ® 2
inside the outside the g T
0-'Well Mixed
mesocosnfs mesocosm‘é T T T T T T T T T T T T T T
0 24 48 72 96 120 144 168 192 216 240 264 288 312
Al (FIA) 438+1.4 36.97 . ®
Cd (ETAASE  0.052+0.007 0.08 T : ! }
Co (ETAASF  0.099+0.007 0.1% T . . { I § . :
Cu (ETAASY 1.8340.30 1.4% 2 . ¢
Fe (FIA) 3.78+0.67 4.44 i R [ % i ¢ ¢
Mn (FIA) 3.3640.37 3.50 =0 t s "
H 30 T T T T T T T T T T T T T T
Ni (ETAAS)e 3.47+0.40 3.3% 0 24 48 72 96 120 144 168 192 216 240 264 288 312
Pb (ETAASF  0.104+0.017 0.08 50
Zn (ETAASE  2.144+0.67 1.0P £ % % ©
@ This value was measured at t47 after the start of the experiment. g 30
b These values were measured at t142%) after the start of the > E % ; e s
experiment® The errors presented with the mean values in this = 20 ] i E i i %
table correspond to the standard deviation)(dalculated on the = e %
values at 5m in the 6 mesocosms directly after their deployment. 10
dWe only had one reference point outside the mesocosms and 0 24 48 79 96 120 144 168 192 216 240 264 288 312
therefore cannot give an error for the outside concentratfofibe
graphite furnace atomic absorption method (ETAAS) for the 900 3 (@
dissolved trace metal concentrations (cadmium (Cd), cobalt (Co), &
copper (Cu), nickel (Ni), lead (Pb) and zinc (zZn)) is described in E 800 - [
the supplementary information (Grasshoff et al., 1983; Danielsson g 700 - i [ [
etal., 1978). 2 ® }
E 600 - 3
= ] . [ N
500 - -nusr b
g0 1=
Mesocosms are closed systems without lateral advection. 0 24 48 72 96 120 144 168 192 216 240 264 288 312

Time since seeding (hours)

Therefore, after the addition of dust, its effect on the cycling
of trace metals can be completely assessed by using invente g 5. gyolution of the temperature difference (0-10 a) and

ries over the water column of the mesocosms. For this reathe arithmetical means of the dissolved trace metal inventories
son the inventories were calculated for all three trace met{umolm=2) (Mn (b), Fe (c) and Al (d) from top to bottom) of

als for each 5m depth layer (0-5m and 5-10m). The finalthe dust seeded mesocosms (red circles) and the control mesocosms
conical section of the mesocosms was neglected. The fewblue circles).

missing values were interpolated if necessary by using the

average values between two depths, or the values at the ex-

tremes (surface and bottom). The inventories for the 5m infollowed by constant inventories during the rest of the ex-
crements were then added up as an inventory for the corrggeriment. Only a very transient, but strong increase could be
sponding mesocosm at the corresponding time painfig- observed in the dust seeded mesocosms one day after the sec-
ure 5 shows the evolution of the Mn (B), Fe (C) and Al (D) ond addition of dust (t191(25)).

inventories as a function of the time since the addition of Based on these inventory calculations, changes are dis-
dust. The plotted inventories were calculated as arithmeticussed (1) in terms of absolute inventories based on estima-
cal means for the control and the dust seeded mesocosmstons of trace metal solubilities from dust particles and (2) in
For all three elements (Fe, Al and Mn), the inventories in terms of relative changes of the inventories based on estima-
the dust seeded and control mesocosms were equivalent béens of dissolution and loss rates of the three elements.

fore the start of the experiment. The Mn and Al dust seeded

inventories were always higher than the Mn and Al control 4.2.1 Estimation of dissolution during the

inventories, which remained constant or decreased slightly mesocosm experiment

throughout the whole experiment, whereas the inventories in

the dust seeded mesocosms showed a remarkable increagbe fractional solubility (FracSol %) of an element from the
during t47—t73 after both the seedings, followed by a de-dissolution of dust particles in seawater (Baker and Croot,
crease in the inventories in the following days. Fe inventories2010) is typically expressed as the percentage of the soluble
showed a different trend with a distinct quicker and strongerelement compared to the total element in the dust particle.
decrease in the dust seeded compared to the control mes@his percentage allows an estimation of the impact of the at-
cosms after the first dust seeding. This decrease until t73 waospheric particle flux on the dissolved (and bioavailable)
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stock in the ocean (Landing and Paytan, 2010). In recentration before and after the dust addition. However, in order
years, two major experimental protocols have been used tto estimate FracSol % induced by the second dust addition
assess the solubility of collected dust particles in seawateronly, the amount of the dissolved element introduced needs
flow through protocols (e.g. Buck et al., 2006) and batch ex-to be calculated by comparison with the inventories in the
periments (e.g. Bonnet and Guieu, 2004). As discussed imust mesocosms (DM) immediately prior to the second seed-
Wagener et al. (2010), mesocosms allow us to estimate sokng (t143(23)) and we therefore utilized Eq. (2) for the sec-
ubility from dust particles in a somewhat in situ way: the ond seeding. An estimation of FracSol % based on Eq. (1)
settling of the particles through the water column and inter-for the second dust addition would cumulate the effect of the
actions with naturally occurring particles are both integratedtwo additions. Values of fractional solubility are reported in
in this approach. However, two main limitations are inher- Table 2.
t143)} (2)

ficially produced dust particles which might not completely

reproduce natural particles and (2) the results obtained argacsot%s) =

only relevant for the area where the mesocosms have been X Mpust

deployed. For a given element at a given time, the fractional

solubility is the ratio between the increase in the dissolved

metal concentrations /]) due to dust dissolution in seawa- Case 2: second addition

ter (in this case integrated over the entire mesocosm) and the

total amount of this element introduced with the dust parti-

cles & Mpysp — as indicated below. The fractional solubility for Al after the first and sec-
Here, the solubility of each element from the added dustisond dust addition was, respectively, 1:44€.19% and

estimated at the time point)(when the inventory of this dis- 0.91+0.83%. There is no significant difference between

solved element in the mesocosms is at its maximum after théhese additions and the high variability for the second addi-

dust addition. In the present work we utilized Eq. (1) (below) tion, which is due to the much lower values for Al observed

for the phase of the first dust addition, in which the amountin D3. In this mesocosm, significantly higher concentrations

of the dissolved element introduced by the dust is estimateaf bacteria were also observed, indicating that some other

as the difference between the inventories in the dust seedegrocesses were occurring in this mesocosm compared to D1

mesocosms (DM) and the control mesocosms (CM). The toand D2. Our data are consistent with results from Measures

ent to this approach: (1) the dust addition is based on arti- {
max A<

0
[[M]DM 0z

0
[[M]DM 0z

t

0
_f[M]DM 0z

0
[[M]CM 0z

FracSol(%) =

tal amount of the element introduced by dust is estimatecet al. (2010) who measured fractional Al solubilities of 0.087
from the amount of dust introduced to the mesocosm and itdo 14.3 % (average 4.6 %) in seawater with Hawaiian aerosol
elemental composition (K. Desboeufs, personal communicasamples. For Saharan dust, fractional Al solubilities of 1.9—
tion, 2013). It is assumed here that no dust was lost when i6.5% in pH 4.7 solutions have been published by Baker et
was sprayed at the surface of the mesocosm (see Sect. 2.1.31. (2006), so our data are consistent with these results given
the higher pH in seawater. For Mn, the fractional solubili-
max{A < )} ties are higher, but after both dust additions in the same or-
¢ / (1) der of magnitude with values of 419 and 27 19 %. Re-
S Mpust cently, Mendez et al. (2010) reported values of 12 to 14 % for
Saharan dust in laboratory experiments with seawater, while
Baker et al. (2006) reported values of 50—64 % in pH 4.7 so-
Case 1. first addition lutions. Earlier, Guieu et al. (1994) have shown fractional Mn
solubilities of 30-35% in pH 7 solutions. Values obtained
Where A is the surface area of the mesocosm and aswith the “mesocosm” method are thus comparable to other
suming it is a perfect cylinder,represents the time since the experimental setups.
first dust addition. During the DUNE-1 experiment no dissolution from the
Itis important to notice that in the case of this experiment, dust particles was observed for Fe and therefore no value
using the difference of the inventories between dust seedetbr the fractional solubility of Fe was obtainable (Wagener
and control mesocosms to estimate the dissolved amount akt al., 2010). Here, during DUNE-2, the same result was
lows us to take into consideration the ongoing changes in the@btained after the first seeding, but a fractional solubility
dissolved concentrations observed in the control mesocosmaf 0.12+ 0.03% was estimated after the second addition of
during the experiment. The inventory changes for the dis-dust. The reasons for this change in the amount of the dis-
solved metals in the control mesocosms are independent afolved element introduced by the dust and the induced frac-
the added dust and must therefore not be taken into accounional solubility are discussed in Sect. 4.4. Literature values
in the solubility calculation. This is an important difference for fractional Fe solubility range over more than three or-
with classical abiotic batch protocols where the amount ofders of magnitude (Baker and Croot, 2010; Sholkovitz et al.,
dissolved element is estimated from the difference in concen2012) with large differences depending on atmospheric and
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Table 2. Estimation of the elemental relative dissolution of dust in seawater.

\ Mn Fe Al
| Elemental dust addition (umoln$)2 63.7 4136 15271
Difference of inventories 25.6+5.8 NA 177424
First Average maximum in the dust seeded mesocosms minus average
control mesocosms (umol‘rﬁ)b
seeding
| Dissolution (%§ 40+9 NA 1.240.2
Time when dust seeded mesocosms inventories reached their max- t71 NA t47
ima (h)
Difference of inventories 17.1+11.¢ 49+12 1124+10F
Second Average maximum in the dust seeded mesocosms minus dust seeded
mesocosms prior to second addition (umm%ﬂ“
seeding
| Dissolution (%§ 27+199  0.124+0.03 0.73:0.67M
Time when dust seeded mesocosms inventories reached their max-  t239 t191 1215
ima (h)

a Estimation based on the addition of 10 gfof dust with an elemental composition of Mn0.0342 %, Fe=2.26 % and Ak 3.32 % (Desboeufs, personal
communication, 201$.Estimated with mean values for control and dust seeded mesoco&sismated as the ratio between the difference of inventories and the amount
of element added with dus‘{.High variability here related to differences in D3, also seen in bacterial numbers and phytoplankton abundance.

marine processes as well as on the experimental design useelven if the dust additions occurred under different stratifica-
In summary, based on a much more realistic protocol thartion conditions (Fig. 5a), the increase in the inventories and
the commonly used laboratory protocols, the fractional solu-the dissolution rates were the same when integrated over the
bility of Mn and the fractional solubility of Al in dust are in  entire mesocosm. However, Fig. 1 clearly shows that the in-
the range of previously published values. This overall givescrease in Mn concentrations was occurring throughout the
more confidence in consensus ranges for fractional Al andvhole water column for the first compared to the second
Mn solubility from dust. For Fe, the complex processes thatseeding, in which the increase was concentrated in the first
control the fractional solubility are clearly shown here, and few meters of the mesocosms. This implies that the overall
indicate that the use of a single absolute value for the fracrate of dissolution and fractional solubility was apparently

tional solubility of Fe is not realistic. not affected by the vertical mixing of the water column, but
that mixing diluted the maximal concentration observed for
4.2.2 Dissolution and loss rates the dissolved elements. This has important implications, il-

lustrating that the sampling resolution can impact the assess-

The rates of the decreases or increases in the inventories wepeent of the influence of dust addition. For example, the de-
quantified by estimating loss and dissolution rates. These egermination of vertical gradients, using finer spatial sampling
timated rates for Mn, Al and Fe are reported in Table 3. resolution within the mesocosms, helps better define the pro-

An overall trend, observed for the three dissolved tracecesses occurring.
metals, was a general decrease in the inventories in the con- The loss rates of Al and Mn behaved differently. Mn
trol mesocosms with low loss rates. This could correspondshowed quite equivalent loss rates for the first and the sec-
to scavenging onto particles, which is a common physical-ond seeding, whereas the Al loss rate was approximately
chemical process occurring in the ocean for trace metal®ne order of magnitude higher after the second seeding
(Turekian, 1977). The loss rate was well defined for Al, (—1.9umolnT2d=1) in comparison to after the first one
which is not known to have a bioactive role, whereas some(—0.07 pmolnt2d—1). Scavenging of Al is sensitive to the
variations over the general decreasing trend were observedmount of biogenic particles in seawater (Moran and Moore,
for Fe and Mn. This might be due to changes in biological 1988). During DUNE-2, an increase of chlorophyllin
utilization in response to the changes in stratification in thethe dust seeded mesocosms is reported by Giovagnetti et
mesocosms. al. (2012), suggesting an increase of biomass, which could

In the dust seeded mesocosms, the inventories of Mn an@xplain the observed significant change in the loss rates for
Alincreased with apparent dissolution rates which were quiteAl. Correlations of leachable Al and chlorophyliwere also
similar for both dust additions. It is interesting to note that, previously observed by Moran and Moore (1988), suggesting
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Table 3.Mn, Fe and Al dissolution and loss rates in umGI?rd_l (£10). They were calculated as the increase/decline of each metal in each

of the dust seeded mesocosms by applying a linear regression to the inventory as a function of time. For the dissolution rates the calculatior
was started at the point before each of the seedings until the point in time when the concentration reached its maximum. For the loss rates
the calculation was started at the point after each of the seedings when the concentration was the highest.

dissolved seeding Dissolution Time intervals loss rate Time intervals
trace rates (h)used [umolmd—1 (h) used
metal (umol nT2d—1)
Mn 1 0.43+0.09 t0-t71 —0.35+0.04 t71-t143
Mn 2 0.27+ 0.05 t143¢23)-t239(73) —0.25+0.08 1239(73)-t311(145)
Control —0.006+0.013 t0-t311(145)
Fe 1 NA NA NA NA
Fe 2 0.670.15 t171(5)-t191(25) NA NA
Control NA NA -0.01+0.01 t47—t311(145)
Al 1 28+ 13 t0—t47 —0.07£0.17 t47 — 1143
Al 2 1,1 t143¢23)-t215(49) —1.94+0.3 t215(49)-t311(145)
Control —0.24+0.07 t0-t311(145)

a link between scavenging of Al and chlorophyll During Mn pool, which is significantly above the range of rates (0.2—
DUNE-2 we also observed a similar correlation (Fig. 6) us-1.5% d™1) observed in oligotrophic regions (Moffett, 1997)
ing the chlorophylla inventory (Giovagnetti et al., 2012). but similar to that seen in coastal regions (Sunda and Hunts-
Figure 6 shows an increase of the chlorophwylinventory  man, 1987). Thus, the turnover time of the Mn pool was
related to an increase of the Al loss rate. Previous studies imbout 10 to 16 days in the dust amended mesocosms. The
the vicinity of Corsica have shown that Al is strongly covari- slower turnover of Mn in the control mesocosms presumably
ant with silicate (Mackenzie et al., 1978), suggesting removalindicates that Mn oxidation by bacteria may have been lim-
of dissolved Al by incorporation in diatoms with subse- ited by another substrate, in this case presumably suitable
quent remineralization at depth. In the present case, howeveagrganic carbon sources. Our rates are also integrated over the
non-siliceous pico-planktorSfnechococcusndProchloro-  whole day and it is also likely that a diel cycle in Mn ox-
coccug and nano-plankton (Haptophytes and Chlorophytes)idation was occurring due to photo-reduction of Mn@a
showed the major response to the dust additions, particularlyeaction with humics or photo-produce¢®p, and poten-
after the second addition (Giovagnetti et al., 2012). There-ial photo-inhibition of Mn oxidizing bacteria, as it has been
fore, it appears that the loss of dissolved Al was related toobserved in coastal waters and the Sargasso Sea (Sunda and
adsorption into organic matter on these cells and not incorHuntsman, 1988, 1990). Thus, it is likely that Mn oxidation
poration into biogenic silica. Stratification after the secondrates were maximal at night.

dust addition may have accentuated this Al removal at this Changes in the Fe inventories were complex with regard to
time, as higher concentrations of cyanobacteria and haptathe dust addition. In the first day (t0-t23), the loss rate in the
phytes were also observed at this time in the surface waterdust seeded mesocosms wat5.5 pmol 2 d—1, whereas it
(Giovagnetti et al., 2012). was slightly positive in that time frame in the control meso-

In the case of Mn, there was no appreciable differencecosms. The control inventories only started to decrease af-
in the loss rate after the first and second additions of dustter t23. The loss rate in the dust seeded mesocosms on the
suggesting that the loss of Mn was not affected by up-first day was comparable to the one reported for DUNE-1.
take or adsorption into phytoplankton. Scavenging of Mn This might demonstrate an assimilable scavenging onto dust
by particles requires the oxidation of Mn(ll) prior to parti- particles, which had been demonstrated for DUNE-1 (Wa-
cle loss, as Mn(ll) is only weakly complexed or adsorbed gener et al., 2010). Until t72, an overall sharp decrease in
to particles (Yeats and Strain, 1990; Sunda and Huntsmarthe loss rates was observed in both the control and the dust
1987). Abiotic oxidation of Mn(ll) is normally considered seeded mesocosms. This decrease had not been observed in
to be too slow to account for the adsorbed loss rates andhe control mesocosms during DUNE-1. A plausible reason
instead it is believed that bacterial oxidation is the majorfor this decrease could be adsorption onto the mesocosms’
pathway in the ocean (Morgan, 2005; von Langen et al.plastic walls, by which the walls were not in equilibrium with
1997). During this experiment bacterial numbers were relathe seawater initially during DUNE-2. It has been demon-
tively constant throughout the experiment in all mesocosmsstrated in bottle experiments (e.g. Fischer et al., 2007), that
suggesting that the Mn oxidation rate was relatively constanthis could represent up to 50 % of Fe in bottles. But, as the
(Pulido-Villena et al., 2013). The dissolved Mn loss rates ob-surface to volume ratio is much lower for large mesocosms,
served here are equivalent to 6.5-10.8% df the dissolved
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wall adsorption cannot explain entirely the Fe loss in the con- Chlorophyll a inventory (mg m~2)
trol mesocosms. 0.5 1.0

After the second addition, a transient dissolution of Fewas 00 ‘ oo
observed within the first day (t166(0)-t191(25)) with a dis- . p =0.01400 (n=8)
solution rate of 0.6 0.15 pmol nr2 d—1, which was higher ® e

than the loss rate observed after the first seeding. In the ear- _y5 |
lier DUNE-1 experiment, Wagener et al. (2010) estimated a ~
maximal biological uptake of Fe in the mesocosms of 0.5 to =

1.0 pmol nr2d=* for the productive conditions encountered o
during this experiment. During DUNE-2, the productive con- 3 107
ditions were in the same order of magnitude compared to g .
DUNE-1 in terms of autotrophic and heterotrophic organ- E
isms. We therefore postulate that dissolution from dust parti- g -1.5 1
cles could therefore sustain biological activity in terms of re- & °
lieving any potential Fe limitation. This transient dissolution =
observed after the second addition corresponds with a signif-  _, ; |
icant increase in Fe binding ligands in the dust seeded meso-
cosms in comparison to the control mesocosms (Fig. 3). The °
ligand concentration increased about 5 nmot between the
mean concentrations measured at t95 before the second dust
addition and the mean concentrations measured at t191(2%jg. 6. Correlation of Al loss rate vs. the chlorophylinventory.

after the second dust addition. This increase of the Fe bind-

ing capacity is compatible with the transient increase in Fe

concentration, with values up to 7.64 nmolLobserved at

t191(25) in the surface of D2. In any case, the observed exmeasurements revealed an accumulation of particles in the
cess of ligands would have helped to maintain Fe in solu-upper 2.5m layer directly following the second dust addi-
tion and drive the observed transient dissolution on addi-tion, likely due to the stratification of the water column (Fig.
tion of the dust. A similar occurrence was also seen during5a). This particle maximum was apparently partly due to in-
SOIREE, Southern Ocean Fe enrichment, where Fe bindingreases in phytoplankton abundance triggered by the second
ligand concentrations increased after successive Fe additiondust addition (Giovagnetti et al., 2012). This longer residence
leading to an increase in the retention of Fe in the water col{ime of particles in the subsurface could explain the high Fe

-2.5 -

umn (Croot et al., 2001). dissolution observed after the second addition of dust. How-

ever, the mass of material exported into the sediment traps

4.3 Insights into the time scales and possible was the highest at t191(25). Indeed, the mixing of the water
mechanisms of dissolution and scavenging column occurred between t179(13) (maximum of the tem-
processes during a dust event perature difference (0—10 m)) and t215(49) (Fig. 5a). Simul-

taneously, a sudden decrease of the beam attenuation in the
Our unique dataset allows a first order look at the scavengingubsurface was observed between t176(8) and t191(25), re-
mechanisms following atmospheric deposition events. Prevealing the activation of the particulate export (Bressac et
vious work on this has been done over much larger tempoal., 2013). The optical measurements indicate that part of
ral (week to month) and vertical (hundreds of meters) scaleshe Saharan dust was rapidly lost from the mixed layer (esti-
through the use of sediment traps (Brust et al., 2011; Brusmated sinking rates- 24-86 md ). As reported above, af-
and Waniek, 2010). The DUNE-2 experiment is unique in theter the first seeding with dust, part of the Saharan dust pool
sense that optical measurements in the water column were/as rapidly exported. The physical characteristics of the wa-
made simultaneously, allowing an assessment of the particleer column differed widely between both dust addition ex-
residence time. This particulate export was controlled partlyperiments. This difference in physical conditions, especially
by the formation of organic—mineral aggregates (Bressac etnarked during the first hours after the seedings, likely im-
al., 2012). The mass of material exported into the sedimenpacted the particulate export dynamics and could partly ex-
traps (collected every 24 h) was the highest at t48. At theplain the differences observed in the kinetic dissolution be-
end of the first seeding experiment, the optical parametersween the two additions of dust. These findings are impor-
were homogenous from 0 to 10 m depth, but still slightly tant in the present context as they represent the removal of
higher than before the first addition of dust (Bressac et al. particulates and the adsorbed or scavenged metals they con-
2012). During the second part of the DUNE-2 experiment,tain. Our observations are consistent with field studies from
optical measurements were also performed in order to followthe Atlantic Ocean which have shown that the residence time
the particle dynamics (Bressac et al., 2013). These opticabf Fe in surface waters is strongly influenced by Saharan
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dust deposition (Croot et al., 2004), while that of Mn and dition rapidly decreased to the pre-addition values when a
Al are much less so (Jickells et al., 1994; Jickells, 1999).massive export of lithogenic particles was observed with the
In the case of Fe in the surface waters, Croot et al. (2004yelease of the stratification of the water column (Fig. 5a).We
showed that the fractional mean residence time was shortebserved different behavior for Mn and Al in comparison to
ened with increasing Saharan dust fluxes. Earlier laboratoryre and this can be explained by differences in their specia-
studies have shown that scavenging and export are controlletion in seawater. Whereas the solubility of Mn and Al is con-
by the formation of organic—mineral aggregates (Balistrieritrolled solely by inorganic species, the solubility of soluble
et al., 1981; Hunter, 1983), with scavenging related to par-and colloidal Fe is controlled by organic complexes (Gled-
ticle concentration (Honeyman et al., 1988). For particle re-hill and Buck, 2012). Indeed, opposing effects were observed
active elements, e.g. Fe, the transfer of colloidal to particu-for Al and Fe. The consecutive additions of dust did not im-
late phases (colloidal pumping) is also important (Honeymanpact the dissolution of Al but did impact the loss rate through
and Santschi, 1991). Combining the optical data with the disthe increase of scavenging onto biogenic particles induced
solved trace metal data suggests that the larger dust particlds/ biomass increase subsequent to the first dust addition.
sunk out quickly (Bressac et al., 2013) but played a smallHowever, this mechanism was not observed for Mn, which is
role in scavenging both Mn and Al from the water column, certainly subject to more complex redox and photochemical
as release processes dominated at that time. Thus, scavergrocesses (Sunda and Huntsman, 1987, 1988). Overall, this
ing by smaller particles (dust and phytoplankton/bacteria)demonstrates that the biogeochemistry of the surface ocean
appears to be the more important removal term over the duresponds in a nonlinear way to the atmospheric flux of dust
ration of the experiment. In particular, the production of or- to the seawater. The frequency of the depositions needs to
ganic material by bacteria and phytoplankton would lead tobe taken into account because it will condition the impact of
increased formation of organic—mineral aggregates and leathe deposited particles. This has important consequences on
to increased scavenging. the time scales that have to be studied in order to obtain a
realistic picture of the impact of dust deposition.
4.4 Effect of two successive dust additions on the

biogeochemistry of frace metals Supplementary material related to this article is

available online at: http://www.biogeosciences.net/10/

During the DUNE-1-P experiment, batch reactor d'SSOIUtlon2583/2013/bg-10-2583—2013-supplement.zip
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5 FINAL CONCLUSIONS AND FUTURE PERSPECTIVES

The major goals of this thesis were to investigate the biogeochemistry of the biologically
important micronutrient Mn in the upper ocean with emphasis on the processes affecting its
distribution, sources and sinks. A new aspect of this work was to examine the
biogeochemical interactions between Mn and ROS within the euphotic zone as earlier
studies had demonstrated the importance of reactions between Mn and ROS but had not
clearly elucidated exact pathways or chemical mechanisms. The ROS species O, and H,0,
can act as both an oxidant or reductant in seawater and thus directly influence the cycling
between the three main redox states of Mn: Mn(ll), Mn(lll) and Mn(IV). The redox states of
Mn are characterized by different solubilities (e.g. Mn(ll) is soluble, whereas Mn(lV) is
insoluble) and chemical reactivity. My thesis work was designed to address identified
knowledge gaps, through a combination of laboratory work and field studies performed in
contrasting environments; OMZ off Peru, the Mediterranean, the Mauritanian shelf and the
oligotrophic Atlantic Ocean. My thesis work has demonstrated the importance and quantified
the roles that O, and H,O, play in determining the bioavailability and residence time of Mn in
the ocean. More specifically, the results reported in this thesis have greatly improved our
understanding of the different reaction pathways and mechanisms of Mn, as well as
associated dissolution processes. The major results of this thesis are summarized below.
Subsequently the main pathways for ROS and Mn redox cycling in the sunlit ocean are
addressed. Finally, future perspectives of further work on this topic will be given towards the

end of this chapter.

e Mn method
In the course of this work a Mn FIA was constructed as outlined by Aguilar-Islas et al.
(2006) with some modifications to substantially improve the sensitivity and sample
throughput of measurements for Mn (Il) concentrations in the nanomolar and
picomolar range. The accuracy and precision of this method was compared to the
established Mn(Il) oxine extraction method and showed good agreement. The main
advantage of the Mn FIA measurements used in this study was the substantially
improved rate of sample analysis and the ability to conduct measurements at sea.

e Sampling for Mn
Mn samples were processed from trace metal clean GoFlo-bottles and from the
Niskin-bottles of a CTD rosette system and it was shown that samples from the CTD
rosette could be collected without Mn contamination. As sampling with the GoFlo-
bottles is very time-consuming and laborious, the ability to take non-contaminated

samples for Mn using the CTD system allows a considerable higher resolution for
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depth profiles and transects could be achieved than sampling solely with GoFlo-
bottles.

Mn sources and sinks

Mn was measured in different oceans and environments: the Mediterranean, the
Pacific and the Atlantic. Sampling took place in the surface of the coastal and open
ocean as well as in the OMZ of the Atlantic and the Pacific Ocean. Mn distributions
and cycling were compared to other important trace metals. Mn sources could be
clearly identified based on the increase of the Mn concentrations e.g. in coastal areas
close to sediments and especially in the ITCZ due to wet deposition of Saharan dust.
On the Mauritanian shelf the Mn concentrations in the water column were enhanced
in the water column consistent with either a Mn flux from the sediments and/or from
aeolian deposition of Saharan dust.

Mn in the OMZ and the Eastern Tropical Atlantic Oce an

For the Atlantic and in the Pacific different Mn distributions were shown. In the
Eastern Tropical Atlantic, the Mn concentration along with the concentration of the
key micronutrient Fe was strongly enhanced by the deposition of Saharan dust to the
surface. The strongest influence was observed in the ITCZ due to wet deposition. Mn
was depleted with depth and from north to south. No secondary Mn maximum was
observed in the Atlantic OMZ in contrast to the Arabian Sea this secondary Mn(ll)
maximum was observed under anoxic conditions due to the reduction of Mn(IV)O,
with HS- to Mn(ll) and SO (Johnson et al., 1992; Lewis and Luther IIl, 2000). The
reason that no secondary Mn(Il) maximum in the Atlantic could be observed was that
the O, concentrations are not as low as in the Arabian Sea or the Pacific Ocean.

Fe and Cd in the Atlantic Ocean

In contrast to the Mn distribution in the Atlantic, additional transport pathways and
biological utilization were seen for Cd and Fe. In the equatorial upwelling Mn was
slightly increased whilst Cd concentrations were significantly enhanced and no
difference was observed for Fe. In the euphotic zone Fe exhibited its biological
influence in the form of a distinct subsurface minimum which was correlated to a
chlorophyll-a and a nitrite maxima. However an additional transport pathway of Fe
was shown in the eastward flowing EUC which didn’t show any difference in the Mn
or Cd, but which had been shown before for the Pacific EUC (Slemons et al., 2012).
Mn in the Eastern Tropical Pacific Ocean and the OM  Z off Peru

In contrast to the Atlantic, in the Pacific a secondary Mn maximum was detected in
the OMZ where the nitrite was below its detection limit. Elevated surface
concentrations were detected at 14S and 5°S due to a combination of eddy transport

of Mn rich waters from the Peruvian coastal margins and possible dust deposition.
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e In-situ dust dissolution study
Contrasts and similarities between Mn and other trace metals were also shown in a
dust dissolution process study in trace metal clean mesocosms in the LNLC
Mediterranean. Trace metal biogeochemical processes after two consecutive dust
depositions with evapocondensed dust were followed in-situ. Al is a tracer for dust on
short time scales and was used to follow the dissolution processes from dust. After
both dust seedings the Al concentration increased and started to decrease three days
after the dust additions due to scavenging onto biogenic particles. The Al loss rate
was coupled to the increase of the biomass after the seeding with dust. Mn was also
clearly increased directly after both dust additions although the mixing conditions
varied. In contrast to the predominant inorganic form of Mn, Fe is mainly controlled by
organic complexation. This was evident after the second seeding. After the first dust
addition the dissolved Fe concentrations decreased due to scavenging, but after the
second addition Fe was dissolved from dust due to the presence of, and increase in,
Fe binding ligands in seawater.

e Mn dissolution from Saharan dust and loss rates and fractional solubility

The Mn dissolution were estimated as 0.43 + 0.09 umol m? d* and 0.27 + 0.05 pmol
m? d*, the Mn loss rates as -0.35 + 0.04 pmol m? d* and 0.25 + 0.08 pmol m? d* for
the first and the second dust addition. In the case of Al the dissolution rates for both
seedings were also comparable whereas the loss rate after the first addition was
nearly one order of magnitude lower compared to the loss rate after the second
seeding. The increase in the loss rate was linked to the correlated enhancement of
biomass. It was only possible to calculate a single Fe loss rate after the second dust
addition. This different behavior of Mn compared to Al and Fe is caused by its
complex photochemical and redox processes.
The fractional solubility was estimated to be similar after both dust seedings as
41+9% and 27 £19% for Mn for the first and the second dust addition. To
conclude, this demonstrates clearly that the biogeochemistry does not respond
linearly to the input of dust and that the frequency and time scales of repeated
atmospheric dust fluxes might have very different impacts.

e O, decay due to Mn and organics in the Eastern Tropic  al Atlantic Ocean
Furthermore the pathways of O, and H,O, and the processes involved with these
ROS and inorganic Mn(ll) and Mn(lll)DFB in the ETA were investigated. The ETA is
an area highly influenced by Atmospheric dust fluxes to the surface waters and also
by sediment resuspension. In this area Mn(ll) and organic matter are the major

contributors to the O,” decay. O, decays with inorganic Mn(ll) following a first order
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loss rate with the constant log ky, = 7.29 = 0.26 (n = 35). In contrast to our results Cu
was found to be the major sink in the Southern Ocean (Heller and Croot, 2010d). This
difference is probably caused by strong Cu binding ligands that are produced by both
Synechococcus and Prochlorococcus. Organic complexes as also in the case of Fe

seem to be relatively inert when it comes to reactions with O
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7 ABBREVIATIONS

Al Aluminium

Cd Cadmium

CDOM Chromophoric dissolved organic matter

Co Cobalt

Cu Copper

CuL Cu complex with the organic ligand L

Ccsv Cathodic stripping voltammetry

DEF-B Desferioxamine B

DL Detection Limit

DMSO Dimethyl sulfoxide

DTPA Diethylenetriaminepentaacetic acid

DUNE a DUst experiment in a low Nutrient, low chlorophyll Ecosystem
EDTA Ethylenediaminetetraacetic acid

ETP Eastern Tropical Pacific

ETA Eastern Tropical Atlantic

ETAAS Electrothermal Atomic Absorption Spectroscopy
ETNA Eastern Tropical North Atlantic

Fe Iron

FelL Fe complex with the organic ligand L

H,0, Hydrogen peroxide

Q-HCI Hydrochloric acid distilled with a sub-boiling quartz still
HNLC High Nutrient, Low Chlorophyll

Q-HNO; Nitric acid distilled with a sub-boiling quartz still
HOACc Acetic acid

ITCZ Inter Tropical Convergence Zone
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Kptra (s'l) reaction in seawater with DTPA

Ky (M 57 metal (C_:u, Fe and_ Mn) reaction rate constant in seawater calculated from
regression analysis of the observed first order decay rates

Kobs (s'l) from the metal addition experiments

Ksw (s'l) reaction in unamended seawater

L Organic binding ligand

LDPE Low density high polyethylene

LNLC Low Nutrient, Low Chlorophyll

M80/1 Expedition 80, leg 1 on the German RV Meteor

M83/1 Expedition 83, leg 1 on the German RV Meteor

MCLA 2-methyl-6-(p-methoxyphenyl)-3,7-dihydroimidazol[1,2-a]pyrazin-3-one

MCO Multicopper Oxidase

MSM17/4 Expedition 17, leg 4 on the German RV Maria S. Merian

Mn Manganese

Mn(lII)DEF-B Mn(ll1)-Desferioxamine B

NH; Ammonia

Ni Nickel

0O, Oxygen

Oy Superoxide radical

oMz Oxygen Minimum Zone

Pb Lead

PTFE Polytetrafluoroethylene

ROS Reactive Oxygen species

SOD Superoxide dismutase

SOTS Bis(4-carboxybenzyl)hyponitrite

Zn Zink
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