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Abstract

Trace metals are essential micronutrients required for marine life. They are
indispensable components of phytoplankton enzymes which catalyse important
biological functions. Due to their scarcity in the ocean, trace metals can (co-)limit
primary productivity and thus affect the efficiency of the biological pump. Marine
sediments are an important source and sink for trace metals to the ocean, especially
in low-oxygen environments. However, the key processes and parameters that lead to
trace metal release from or to fixation and burial within the sediments are not fully
understood for most trace metals and the corresponding fluxes are not well quantified.
As the oceans are losing oxygen, oxygen minimum zones serve as a present-day
example to study how benthic trace metal cycles will respond to future ocean
conditions. In order to investigate environmental controls on benthic trace metal
exchange and pathways from or to the sediment, this study combines sediment, pore
water, bottom water and benthic flux data. The main study site is the Peruvian margin,
where one of the largest and most intense oxygen minimum zones is located.

Additional data stems from a seasonally anoxic fjord in the Baltic Sea.

In the first scientific chapter of this thesis, Chapter II, the benthic cycling of the
two trace metals iron (Fe) and cadmium (Cd), which have a contrasting sulphide
solubility (Fe > Cd), is compared. Hydrogen sulphide concentrations exert an
important control on the benthic fluxes of both trace metals at the Peruvian margin.
Temporal magnitude changes of diffusive Fe effluxes into near-bottom waters are
related to Fe retention via sulphide precipitation in the sediment due to high hydrogen
sulphide concentrations. Further, benthic chamber incubation data indicated that Fe
accumulation in anoxic near-bottom waters coincided with the depletion of nitrate and
nitrite preventing Fe oxidation and subsequent (oxyhydr)oxide precipitation. Cadmium
has one of the lowest sulphide solubilities among trace metals. The removal of Cd from
near-bottom waters during benthic chamber incubations covaried with hydrogen
sulphide concentrations in the surface sediment. This suggest that Cd accumulation in
the sediment is mediated by precipitation of cadmium sulphide at the sediment-water

interface or within the water column.

Oxygen minimum zone sediments are a source for manganese (Mn) and cobalt
(Co) and a sink for nickel (Ni), cupper (Cu), zinc (Zn) and Cd. Chapter lll, deals with

the different mechanisms and pathways which lead to the enrichment or depletion of
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trace metals in sediments at the Peruvian margin. Even though Mn and Co are both
depleted in Peru margin sediments, the results of this thesis suggest that their cycling
is partly decoupled. At least half of the Mn depletion in shelf sediments can be
attributed to benthic diffusive efflux. In contrast, Co dissolution chiefly takes place in
the water column as benthic diffusive Co effluxes are much lower compared to the rate
of Co loss from the sediments. The majority of Ni accumulation in Peruvian shelf
sediments can be explained by direct phytoplankton uptake in the photic zone and
delivery with organic matter. For Cu, Zn and Cd however, this transport mechanism is
rather of minor importance. Therefore, a covariation in sediments of Cu with particulate
organic carbon suggests that the Cu accumulation may be primarily caused by
scavenging by downward sinking organic matter. In addition, similar to Cd, the Cu
delivery with sulphide minerals precipitated from the water column or near-bottom
water likely contributes to the accumulation. The enrichment of Zn is driven by diffusive
benthic fluxes from the near-bottom water into the sediment pore water, which matched
the excess Zn accumulation. This is likely followed by sulphide precipitation, causing

Zn retention in the sediment.

Chapter IV presents a novel device that was developed to sample dissolved and
particulate trace metals in the layer of water above the seafloor, the benthic boundary
layer. So far this has not been able to conduct with conventional trace metal sampling
methods. The new device overcomes the existing limitations. Successful testing
demonstrated that it enables simultaneous, uncontaminating and oxygen-free
sampling of suspended patrticles and near-bottom water in high-resolution within the
first few meters above the seafloor. The novel device will be an important tool for future
studies on dissolved-particulate interactions at the ocean’s lower boundary. It will help
to solve remaining questions on how benthic trace metal fluxes are modified in this

reactive interface layer and on trace metal particle association.

The results of this thesis demonstrate that trace metal behaviour in the ocean is
very diverse and future ocean conditions, with declining oxygen and increasing
hydrogen sulphide concentrations, may modify benthic trace metal fluxes individually.
The differing trace metal fluxes at the seafloor may change trace metal stoichiometry
in upwelling water masses and the future ocean, which can impact marine ecosystems

in the surface ocean.



Kurzfassung

Spurenmetalle sind essentielle Mikronahrstoffe fir das Leben im Meer. Sie sind
unentbehrliche Komponenten von Phytoplanktonenzymen, welche wichtige
biologische Funktionen katalysieren. Aufgrund ihrer Knappheit im Ozean kdnnen
Spurenmetalle die Primarproduktion (ko-)limitieren und dadurch die Effizienz der
biologischen Pumpe beeinflussen. Marine Sedimente sind eine wichtige Quelle und
Senke fur Spurenmetalle im Ozean, vor allem in sauerstoffarmen Gebieten. Die
Schlusselprozesse und Parameter, welche zur Freisetzung vom oder zum Eintrag und
zur Fixierung im Sediment fuhren, sind jedoch fir die meisten Spurenmetalle noch
nicht vollstdndig verstanden. Ebenso sind die entsprechenden Flisse nicht
ausreichend quantifiziert. Da die Ozeane Sauerstoff verlieren, stellen
Sauerstoffminimumzonen ein gegenwartiges Beispiel dar, wie sich zukinftige
Bedingungen auf die benthischen Spurenmetallkreislaufe auswirken. Um zu
untersuchen wie der Spurenmetallaustausch zwischen dem marinen Sediment und
dem Meerwasser von diesen Umweltbedingungen beeinflusst wird, kombiniert diese
Arbeit Sediment-, Porenwasser- und Bodenwasserdaten, sowie benthische Flisse.
Das Hauptuntersuchungsgebiet dieser Arbeit ist der Peruanischen Kontinentalrand,
wo sich eine der weltweit grof3ten und intensivsten Sauerstoffminimumzonen befindet.

Zusatzliche Proben stammen aus einem saisonal anoxischen Fjord in der Ostsee.

Im ersten wissenschaftlichen Kapitel dieser Arbeit, Kapitel Il, werden die
benthischen Kreislaufe der Spurenmetalle Eisen (Fe) und Kadmium (Cd), welche eine
gegensatzliche Sulfidléslichkeit  aufweisen (Fe > Cd), verglichen.
Schwefelwasserstoffkonzentrationen steuern wesentlich die benthischen Flisse
beider Spurenmetalle auf dem Peruanischen Schelf. Zeitliche Ver&nderungen in der
Magnitude von diffusen Fe Fliissen aus dem Sediment kbnnen auf Fe Zurtickhaltung
durch die Fallung von Sulfiden bei entsprechend hohen
Schwefelwasserstoffkonzentrationen zurtckgefiihrt werden. Des Weiteren weisen
Inkubationen mittels benthischer Kammern eine Zunahme von Fe bei gleichzeitiger
Abnahme von Nitrat und Nitrit im Bodenwasser auf, wodurch eine Fe-Oxidation und
folgende Ausféllung von Fe-Hydroxid(oxid) verhindert wird. Kadmium hat eine der
geringsten Sulfidldslichkeiten unter den Spurenmetallen. Die Abnahme von Cd im
bodennahen Wasser wahrend Inkubationen mittels benthischer Kammern auf dem

Peruanischen Schelf kovariierte mit Schwefelwasserstoffkonzentrationen im



Oberflachensediment. Dies deutet darauf hin, dass die Anreicherung von Cd im
Sediment mittels Sulfidfallung an der Sediment-Wasser-Grenzschicht oder auch in der

Wassersaule herbeigefihrt wird.

Sedimente in Sauerstoffminimumzonen sind eine Quelle fir Mangan (Mn) und
Kobalt (Co) und eine Senke flr Nickel (Ni), Kupfer (Cu), Zink (Zn) und Cd. Kapitel I
beschaftigt sich mit den unterschiedlichen (Transport-)Mechanismen, welche zur An-
oder Abreicherung von Spurenmetallen in Sedimenten am Peruanischen
Kontinentalrand fihren. Obwohl Mn und Co beide in den Sedimenten abgereichert
sind, deuten die Ergebnisse dieser Arbeit darauf hin, dass ihre Kreislaufe teilweise
entkoppelt sind. Mindestens die Halfte der Abreicherung von Mn kann auf den
diffusiven Fluss aus dem Sediment zuriickgefiihrt werden. Im Gegensatz dazu findet
die Losung von Co grof3tenteils bereits in der Wassersaule statt, da die diffusive
Freisetzung von Co aus dem Sediment wesentlich geringer als dessen Abreicherung
ist. Ein Grofdteil der sedimentdren Anreicherung von Ni in Peruanischen
Schelfsedimenten kann auf die direkte Aufnahme von Phytoplankton in der photischen
Zone und den Eintrag mittels organischer Materie zum Sediment erklart werden.
Hingegen spielt dieser Transportmechanismus fur Cu, Zn und Cd eher eine geringe
Rolle. Eine Kovariation von Cu und partikularem organischen Kohlenstoff weist daher
auf eine Anreicherung von Cu hauptsachlich mittels Bindung an absinkendes
organisches Material hin. Zusatzlich, &hnlich wie Cd, kann Sulfidfallung im
Bodenwasser oder in der Wassersaule zur Anreicherung von Cu beitragen. Die
Anreicherung von Zn wird durch den diffusiven benthischen Fluss vom Bodenwasser
ins Sedimentporenwasser gesteuert, welcher mit der Anreicherung von Zn
Ubereinstimmt. Die anschlielende Fixierung von Zn im Sediment ist

hdchstwahrscheinlich auf Sulfidfallung zurtckzufihren.

Kapitel 1V stellt ein neuentwickeltes Gerat zur Beprobung von geldsten und
partikularen Spurenmetallen in der Wasserschicht oberhalb des Meeresbodens, der
benthischen Grenzschicht, vor. Bisher konnte dies nicht mittels konventioneller
Methoden zur Spurenmetallbeprobung durchgefiihrt werden. Das neue
Beprobungsgerat Uberwindet die bestehenden Einschrankungen. Erfolgreiche Tests
beweisen, dass eine gleichzeitige, spurenmetallreine und sauerstofffreie Beprobung
von suspendierten Partikeln und Bodenwasser in hoher Auflosung in den ersten

Metern oberhalb des Meeresbodens ermdglicht wird. Dieses neuartige Geréat wird ein



wichtiges Werkzeug fur zukinftige Studien Uber Wechselwirkungen zwischen geldsten
und partikularen Spurenmetallen an der unteren Grenze des Meeresbodens sein.
Noch bestehende Fragen, wie Flisse von Spurenmetallen in dieser reaktiven
Grenzschicht modifiziert werden und auch in welcher Art partikulare Spurenmetalle

vorhanden sind, kbnnen hiermit geklart werden.

Die Ergebnisse dieser Arbeit zeigen ein sehr diverses Verhalten der
unterschiedlichen Spurenmetalle auf. Zuklnftige Bedingungen in den Ozeanen, mit
geringeren Sauerstoff- und hoheren Schwefelwasserstoffkonzentrationen, kénnen
benthische Spurenmetallfliisse individuell verandern. Dies hat zur Folge, dass die
unterschiedlichen Spurenmetallflisse am Meeresboden die Stdchiometrie von
Spurenmetallen in Auftriebswassermassen und im Ozean verandern kdnnen, was sich

wiederum auf marine Okosysteme im Oberflachenozean auswirken kann.
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General introduction

|. General introduction

[.1 Oxygen minimum zones

Oxygen minimum zones (OMZs) are oceanic regions with layers of water where
oxygen concentrations are low or virtually zero. Oxygen minimum zones can be found
throughout the world’s oceans, typically in eastern boundary upwelling systems e.g. in
the eastern Pacific and Atlantic Ocean but also in the northern Indian Ocean. Oxygen
minimum zones develop through a coupling of biogeochemical and physical
processes. Ekman-driven boundary upwelling supplies nutrient-rich subsurface waters
to the euphotic zone, which fuels primary productivity and thus leads to high oxygen
consumption through the respiration of organic matter. In addition the supply with
oxygen is limited by weak ocean ventilation (Helly and Levin, 2004; Pennington et al.,
2006; Karstensen et al., 2008; Paulmier and Ruiz-Pino, 2009; Brandt et al., 2015). Not
only in open marine upwelling systems, also in continental seas as the Black Sea and
the Baltic Sea anoxic conditions prevail, which is closely linked to stratification and
eutrophication (Diaz and Rosenberg, 2008; Breitburg et al., 2018). Figure 1.1 displays
the dissolved oxygen concentrations of the world’s oceans. Especially a large area off
the western coast of North and South America is depleted in oxygen, where
concentrations are below 20 pmol kg*. In particular in the eastern tropical South Pacific
off the coast of Peru one of the most intense and dynamic OMZs prevails, which is the

main study area of this thesis.

(z-w jow) usbAxo paajossiq

Figure 1.1: Global oxygen inventory (dissolved oxygen, colour coded). Lines indicate boundaries of
oxygen-minimum zones (OMZs): dashed-dotted, regions with less than 80 y mol kg~ oxygen anywhere
within the water column; dashed lines and solid lines similarly represent regions with less than 40 y mol
kg™t oxygen and 20 p mol kg~ oxygen, respectively. (Schmidtko et al., 2017)




General introduction

Off Peru equatorward winds favour coastal upwelling throughout the year. The
main source water for the upwelling is the southward subsurface flowing Peru-Chile
Undercurrent, which is rich in nutrients and low in oxygen (Pizarro, 2002; Penven,
2005). The supply of this nutrient-rich water to the euphotic zone leads to the formation
of one of the most productive regions worldwide (Pennington et al., 2006). The intensity
of phytoplankton blooms follows a seasonality and reaches its maximum in austral
summer (Echevin et al., 2008). The OMZ with complete oxygen depletion typically
extends between 100 and 400 m water depth. Within the OMZ microbial processes as
denitrification (the reduction of nitrate via nitrite and finally to nitrogen gas) and
anaerobic ammonium oxidation (where nitrogen gas is produced from ammonia and
nitrite) take place (Karstensen et al., 2008; Lam et al., 2009; Thamdrup et al., 2012;
Dalsgaard et al., 2012). However, the Peruvian system is very dynamic and can show
strong temporal changes of biogeochemical water column conditions. During (coastal)
El Nifio events, the Peruvian shelf can become oxygenated (Levin et al., 2002a;
Gutiérrez et al., 2008). In contrast, during phases of stagnation (or supported by La
Nifla events), when quantitative chemolithoautotrophic hydrogen sulphide oxidation is
inhibited due to nitrate and nitrite depletion, hydrogen sulphide produced in the
sediments by sulphide-reducing bacteria can accumulate in the water column
(Schunck et al., 2013; Ohde, 2018).

El Nifio and La Nifia events, which impact temperature, salinity and oxygen in
surface waters off Peru, are phases of El Nifio Southern Oscillation, a coupled ocean-
atmosphere system. During the neutral phase trade winds pile up warm surface water
in the western Pacific and favour the upwelling of cold water in the eastern Pacific. La
Nifla is an intensification of the neutral phase with unusual cold sea surface
temperatures in the eastern Pacific and often follows El Nifio events. El Nifio events
develop due to weak trade winds and are marked by unusual warm sea surface
temperatures in the eastern Pacific and heavy rainfall. At the same time the
thermocline deepens and the upwelling of cold and nutrient-rich water is reduced. The
periodic oscillations of warm and cold phases occur every 2 to 7 years (McPhaden et
al., 2006; Stramma et al., 2016; Echevin et al., 2018; Peng et al., 2019).

Throughout the past decades the world’s oceans have lost around 2 % of their
oxygen and OMZs have been expanding (Stramma et al., 2008; Stramma et al., 2010;

Helm et al., 2011; Schmidtko et al., 2017). As a consequence of climate change,
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General introduction

modelling scenarios predict a continuation of ocean deoxygenation and an expansion
of OMZs, which is driven by the following factors. First, ocean warming reduces the
oxygen solubility. Second, increased stratification decreases ventilation and oxygen
supply. And third, a potentially increased productivity, due to higher carbon dioxide
concentrations, could result in higher oxygen consumption through respiration of
organic matter (Bopp et al.,, 2002; Oschlies et al., 2008; Keeling et al., 2010).
Considering this development, it is important to evaluate the impacts that will be
caused by the environmental changes. Ocean anoxia threatens planktonic and benthic
organisms, of which many are not tolerant to low-oxygen conditions. Further hydrogen
sulphide is toxic for most multicellular organisms and the release into the water column
leads to the mortality of these organisms, including fish. (Torrans and Clemens, 1982;
Bagarinao, 1992; Hamukuaya et al., 1998; Diaz and Rosenberg, 2008; Levin et al.,
2009). Oxygen does not only play a key role for marine ecosystems and major nutrient
cycles (e.g. Bopp et al., 2002; Thamdrup et al., 2012), it is also an important parameter
which controls the cycling of trace metals (TMs) (Sundby et al., 1986; Morford and
Emerson, 1999; Tribovillard et al., 2006; Scholz et al., 2011; Rigaud et al., 2013;
Homoky et al., 2016; Rapp et al., 2020).

[.2 Trace metal requirements of marine phytoplankton

Primary production is crucial for the uptake of carbon dioxide and almost half of
the global net primary production takes place in the ocean. When phytoplankton takes
up carbon dioxide and produces organic matter in the surface ocean, it can be either
released through the respiration of this organic matter or exported to the seafloor and
buried within the sediments, which is called the biological pump (Falkowski, 1998;
Field, 1998; Geider et al., 2001). Besides the major elements and nutrients carbon,
nitrogen and phosphorus, TMs are essential micronutrients required by marine
phytoplankton. The TMs iron (Fe), manganese (Mn), cobalt (Co), nickel (Ni), cupper
(Cu), zinc (Zn) and cadmium (Cd) are essential components of many phytoplankton
enzymes that catalyse different important biological functions visualised in Figure 1.2.
Iron, Mn and Cu are required for photosynthesis, Co, Zn and Cd for carbon acquisition,
Fe, Ni and Cu for nitrogen acquisition and Fe and Zn for phosphorous acquisition.

Furthermore, Co is required for the biosynthesis of vitamin B12 (Morel and Price, 2003;

3



General introduction

Morel et al.,, 2014; Lohan and Tagliabue, 2018). Following the Redfiled ratio
(C120:N16:P1) an extended ratio for TMs in phytoplankton is approximately
(C124)1000:F€7.5:Mn:2.8:Zno.8:Cuo.38:C00.29:Cdo.21. However, this ratio is variable,
dependent on differing nutrient requirements of different organisms and the nutrient
availability (Ho et al., 2003; Moore et al., 2013).

HCO,~
1 2
Phytoplankton i
(CA and CCMs) |

Electron transport_

SiCuE=Fe EY

Light reaction

{ By, ‘
Co N

Figure 1.2: A model phytoplankton cell (green circle) showing the uptake of carbon, nitrogen and
phosphorus (blue) from seawater and the subsequent conversion of that carbon into organic matter.
The uptake requires enzymes (orange boxes) which have essential trace-metal requirements (black).
For photosynthesis, phytoplankton cells require manganese (Mn) to split water (H20) to produce oxygen
(O2) in photosystem Il (PSII). Copper (Cu) and iron (Fe) are also essential for photosynthesis. Vitamins,
such as B12 (purple box), require cobalt (Co). Abbreviations in alphabetical order: AP = alkaline
phosphatase; CA = carbonic anhydrase; CCMs = carbon concentrating mechanisms; DOP = dissolved
organic phosphorus; NaR = nitrate reductase; NiR = nitrite reductase; NtrA = nitrogenase; PSI =
photosystem I; PSIl = photosystem IlI; Ur = urease. (Lohan and Tagliabue, 2018)

Unlike their abundance in the continental crust, TM concentrations in the ocean
are as low as nanomole or picomole per litre and the scarcity of TMs can (co-)limit
marine primary production. Figure 1.3 compares the intracellular phytoplankton and
dissolved seawater stoichiometry of TMs normalised to carbon. It displays that the
ratios of TMs in phytoplankton are lower than or close to the seawater ratio, indicating
that all of the TMs Fe, Mn, Co, Ni, Cu, Zn and Cd can potentially limit phytoplankton
growth. Experimental and in-situ nutrient addition studies demonstrate that in around

30 % of the surface ocean, phytoplankton growth is limited by Fe availability, especially
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at high latitudes. In some regions Fe limitation is also accompanied by a co-limitation

of Co (Moore et al., 2013 and references therein; Morel et al., 2014).

Mg

o\V:

®s
® &« 10,000
Ca
10 C
s
2 Si 1,000
g ®s:
g 107
5 N ®
£ E4100 @
° g
5 .
s 10 Mo 3
- 210 2
8 Ni 3
3 Zn
F
o 10 1
= il gl
e g —
2 fe
Mn
1078 Y —— 01
Co
10 10 10 10 10 10

Cellular ratio (normalized to C)

Figure 1.3: Comparisons between intracellular and dissolved seawater elemental stoichiometry.
Representative (circle) and observed range (bar) of elemental ratios in oceanic phytoplankton
normalized to carbon (nutrient:C quotas), plotted against mean dissolved seawater ratios. Colours
indicate oceanic residence times. Dark and light grey regions indicate <10-fold and <100-fold excesses
and deficiencies relative to nitrogen, which is limiting over much of the ocean. Elements to the top left
of the shaded area are thus in great excess in sea water, and biological processing has little influence
on their distribution, whereas some of those in the shaded regions have the potential to become limiting.
(Moore et al., 2013)

I.3 Trace metal fluxes and cycling in marine sediments

In general, the sources of TMs to the ocean are known. These are supply from
continents by rivers, atmospheric dust, ice bergs, hydrothermalism or release from
marine sediments (Fig. .4, summarised by Scor Working Group, 2007; Homoky et al.,
2016). More recently, the TM supply to the ocean from marine sediments, especially
under low oxygen conditions, have become an important area of research. Several
studies documented high concentrations of Fe, Mn and Co in oxygen depleted water
columns and ascribed this to a sedimentary release of these TMs (Saito et al., 2004,
Noble et al., 2012; Rapp et al., 2019a). Indeed, diffusive fluxes from the sediments into
the water column are common for these TMs under low oxygen conditions (Heggie and
Lewis, 1984; Sundby et al., 1986; Pakhomova et al., 2007; Scholz et al., 2011; Noffke
et al., 2012; van de Velde et al., 2020). On the other side, TM enrichments of Ni, Cu,
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Zn and Cd in OMZ sediments, compared to the lithogenic background sedimentation,
demonstrate that TMs are being removed from the water column and transferred to the
sediments in oxygen-depleted settings (Borchers et al., 2005; Boning et al., 2009; Little
et al., 2015). Possible removal pathways for TMs from the ocean are diffusive fluxes,
which depend on the concentration gradient between the water column and the
sediment pore water. Furthermore, particulate input via scavenging by sinking organic
or inorganic matter, mineral precipitation or direct uptake of TMs by phytoplankton in
the photic zone and deposition via organic detritus can contribute to TM accumulation
in marine sediments (Fig. 1.4).

atmosphere continent
v 5
phytoplankton ‘."‘
scavenging
precipitation l A l
dissolution ;
D P sediments

hydrothermalism

Figure 1.4: Sources and sinks of trace metals in the ocean. Sources of trace metals to the water column
are displayed by dashed arrows. Sink mechanisms and trace metal removal from the water column and
deposition in the sediments are displayed by solid arrows.

Benthic fluxes and TM cycling in marine sediments are dependent on a range
of (redox) reactions that can take place during early diagenesis. Within the sediments
catabolic processes, the microbial respiration of organic matter, follows a sequence
involving different electron acceptors, called the early diagenetic sequence. The
consumption of the different electron acceptors or respiratory process follows the order

of decreasing energy yield that is: aerobic respiration, nitrate reduction, Mn reduction,

6
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Fe reduction, sulphate reduction and methanogenesis (Fig. 1.5) (Froelich et al., 1979;
Canfield and Thamdrup, 2009). The important diagenetic reactions that lead either to

TM release or TM fixation within the sediments are summarised in Table I.1.

Table I.1: Important diagenetic reactions involving trace metals (TM). OM stands for organic matter.
TM-FeS, TM-FeSz, TM-Fe(OH)s3, TM-MnO2, TM-COs and TM-OM represent trace elements association
on particulate phases by adsorption or coprecipitation without specifying the nature. (modified after
Rigaud et al. (2013))

Description

Reaction

Primary redox reactions

MnO:2 reduction

Fe(OH)s reduction

OM + 2 MnO2 + CO2 + H20 2 2 Mn%* + HCO3 + NHa4*
HPO*

OM + 4 Fe(OH)3 + CH,O + 8 H* > 4 Fe?* + 11 H,0 +
CO,

Secondary redox and precipitation reactions

Mn oxidation by O2

Fe oxidation by Oz

Fe oxidation by NO3’

Fe oxidation by NO2’
FeS precipitation
Pyrite precipitation

Reactions involving trace metals (TM)

TM sulphide precipitation

TM adsorption/coprecipitation on FeS/
FeS,

TM adsorption/coprecipitation on
Fe(OH);

TM adsorption/coprecipitation on
MnO,

TM adsorption/coprecipitation on CO3

adsorption on organic matter (OM)

Mn2* + % Oz + 2 HCO; > MnO2 + 2 CO2 + H20
Fe?*+%, O, + 2 HCO3 + % H20 > Fe(OH); + 2 CO,
2 Fe?*+ NO3 + 5 H,0 > 2 Fe(OH); + NO, + 4 H'

6 Fe?*+ 2 NOz + 14 H,0 > 6 Fe(OH); + N, + 10 H'

Fe?*+ 2 HCO;3; + Hy,S > FeS + 2 CO, + 2 H,0

FeS + H,S > FeS,+ H,

TM* +H,S > TMS + 2 H'

TM* + FeS > TM-FeS or TM*' + FeS, > TM-FeS,

TM®* + Fe(OH); > TM-Fe(OH);

T™M* + MnO, > TM-MnO,

TM** + CO3 > TM-CO;

T™M* + OM > TM-OM
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When Mn and Fe are released into the sediment pore water through microbial
reduction, they can be (re)oxidised with oxygen, nitrate or nitrite, either in the sediment
or after diffusion into the bottom water, depending on the prevailing redox conditions
(Scholz et al., 2016; Heller et al., 2017). Iron- and Mn-oxide minerals can also
incorporate other trace metals in particular Co and Ni, but also Cu, Zn and Cd.
Conversely the reductive dissolution of these oxides leads to the release of the
incorporated TMs (Finney et al., 1984; Shaw et al., 1990; Fernex et al., 1992; Tankéré
et al., 2001; Audry et al., 2006; Peacock and Sherman, 2007; Olson et al., 2017).
Furthermore the respiration of organic matter itself mobilises TMs which were
incorporated into or scavenged by organic detritus, but dissolved TMs can also
re(associate) with organic matter within the sediment (Audry et al., 2006; Rigaud et al.,
2013). When hydrogen sulphide is present some TMs form mono-sulphides (TMS)
while others are incorporated into pyrite (FeSz) (Morse and Luther, 1999). Furthermore,
TMs can be incorporated into or adsorbed onto carbonates precipitated in the water
column or sediment (Middelburg et al., 1987; Kuleshov, 2017).

Electron acceptor Respiration process Chemical zone

Oxic/aerobic .
respiration Oxic

Nitrate reduction Nitrogenous

Manganese reduction Manganous

Iron reduction

Ferruginous

Sulfate reduction
Sulfidic

Methanogenesis Methanic

co,

Figure 1.5: On the left, a cartoon representing the depth distribution of common electron acceptors in the
environment and the names used to represent the zones where these different electron acceptors are
used. This is an abstraction of the real system and not necessarily an accurate representation of how
these profiles would look in nature. On the right, a cartoon reflecting the chemical zonations, which
typically accompany the respiration processes on the left. Note that there is considerable overlap
between some of these chemical zones and that they do not necessarily reflect the depth distribution of
the accompanying respiration process. (Canfield and Thamdrup, 2009)
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I.4 Thesis objective and scientific key questions

The focus of this thesis lays on TM exchange processes between marine
sediments and the bottom water/water column in low-oxygen environments. Due to
ongoing ocean deoxygenation TM cycling in oxygen minimum zones serves as a
present-day example for future ocean conditions. It is well known that sediments
underlaying OMZs present a source for some TMs and a sink for others. However, the
controlling processes, parameters and the location of sink and source mechanisms is
poorly constrained for most TMs. Furthermore, a precise quantification of benthic TM
fluxes is still missing. Therefore, the scientific key questions and goals of this thesis

are:

1. Which are the important parameters and mechanisms involved in benthic TM cycling
and under which environmental conditions do marine sediments represent either a

source or a sink for TMs to the ocean?

2. A better quantification of TM fluxes associated with different pathways from or to the

sediments.
3. How do sedimentary TM cycling and fluxes respond to ocean deoxygenation?

To gain an integrated picture of TM cycling under low-oxygen conditions,
sediment, pore water and bottom water data, benthic fluxes, biological processes and
oceanographic transport are considered in this thesis. The results of this thesis
contribute to a better quantification of TM source and sink fluxes at the seafloor, which
help reduce the existing uncertainties in oceanic TM mass balances. Further the results
of this thesis can be used to refine the parameterisation of TM fluxes in global
biogeochemical models and to improve the applicability of TMs as paleo-proxies for
redox-conditions and biogeochemical cycling in the geological past.

This thesis consists of three stand-alone articles. Chapter Il focuses on how
hydrogen sulphide concentrations regulate benthic Fe and Cd fluxes in the OMZ off
Peru. Chapter Il deals with the different pathways of the TMs Mn, Co, Ni, Cu, Zn and
Cd from or to the sediment in the Peruvian OMZ. Chapter IV introduces a novel method
to sample dissolved and particulate TMs at the benthic boundary. Chapter Il and
Chapter Il have been published in peer-reviewed scientific journals and Chapter IV
was submitted to a peer-reviewed scientific journal. A summary of the main findings of

the three individual chapters and an outlook is provided in Chapter V.
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Abstract

Sediments in oxygen-depleted marine environments can be an important sink
or source of bio-essential trace metals in the ocean. However, the key mechanisms
controlling the release from or burial of trace metals in sediments are not exactly
understood. Here, we investigate the benthic biogeochemical cycling of Fe and Cd in
the oxygen minimum zone off Peru. We combine bottom water and pore water
concentrations, as well as benthic fluxes determined from pore water profiles and in-
situ from benthic chamber incubations, along a depth transect at 12° S. In agreement
with previous studies, both concentration-depth profiles and in-situ benthic fluxes
indicate a release of Fe from sediments to the bottom water. Diffusive Fe fluxes and
Fe fluxes from benthic chamber incubations (-0.3 — -17.5 mmol m=2 y!) are broadly
consistent at stations within the oxygen minimum zone, where the flux magnitude is
highest, indicating that diffusion is the main transport mechanism of dissolved Fe
across the sediment-water interface. The occurrence of mats of sulfur oxidizing
bacteria on the seafloor represents an important control on the spatial distribution of
Fe fluxes by regulating hydrogen sulfide (H2S) concentrations and, potentially, Fe
sulfide precipitation within the surface sediment. Rapid removal of dissolved Fe after

its release to anoxic bottom waters hints to oxidative removal by nitrite and interactions
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with particles in the near-bottom water column. Benthic flux estimates of Cd suggest a
flux into the sediment within the oxygen minimum zone. Fluxes from benthic chamber
incubations (up to 22.6 umol m? y1) exceed diffusive fluxes (< 1 umol m? y1) by a
factor > 25, indicating that downward diffusion of Cd across the sediment-water
interface is of subordinate importance for Cd removal from benthic chambers. As Cd
removal in benthic chambers co-varies with H2S concentrations in the pore water of
surface sediments, we argue that Cd removal is mediated by precipitation of CdS within
the chamber water or directly at the sediment-water interface. A mass balance
approach, taking into account the contributions of diffusive and chamber fluxes as well
as Cd delivery with organic material, suggests that CdS precipitation in the near-bottom
water could make an important contribution to the overall Cd mass accumulation in the
sediment solid phase. According to our results, the solubility of trace metal sulfide
minerals (Cd << Fe) is a key-factor controlling trace metal removal and consequently
the magnitude as well as the temporal and spatial heterogeneity of sedimentary fluxes.
We argue that depending on their sulfide solubility, sedimentary source or sink fluxes
of trace metals will change differentially as a result of declining oxygen concentrations
and an associated expansion of sulfidic surface sediments. Such a trend could cause
a change in the trace metal stoichiometry of upwelling water masses with potential

consequences for marine ecosystems in the surface ocean.

[1.1 Introduction

[1.1.1 Scientific rationale

The world’s oceans are losing oxygen (e.g. Keeling et al. 2010; Stramma et al.
2010; Helm et al. 2011). In total around 2 % of oxygen has been lost over the past five
decades (Schmidtko et al., 2017) and an expansion of oxygen minimum zones (OMZs)
in the tropical oceans has been documented over the same timespan (Stramma et al.,
2008). The biogeochemical cycling of several nutrient-type trace metals (TMs) is likely
to be particularly susceptible to changing oxygen concentrations as they occur in
different oxidation states (e.g. Fe, Mn, Co) and/or precipitate as sulfide mineral in
anoxic-sulfidic environments (e.g. Fe, Zn, Cd; listed in the order of decreasing sulfide
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solubility). However, with the exception of Fe (Dale et al., 2015a; Lohan and Bruland,
2008; Rapp et al., 2018; Schlosser et al., 2018; Scholz et al., 2014a), little information
is available on how other TM fluxes will respond to ocean deoxygenation. As certain
TMs are essential for the growth of marine organisms (e.g. Fe, Mn, Co, Ni, Zn, Cd),
TM availability can (co-)limit primary productivity and therefore affect oceanic carbon
sequestration through the biological pump (Saito et al., 2008; Moore et al., 2013; Morel
et al., 2014). As a consequence, a better understanding of how TMs respond to low
oxygen conditions is essential for predicting how marine ecosystems and the carbon
cycle will evolve in the future ocean, with modelling scenarios predicting a continuation

of ocean deoxygenation (Bopp et al., 2002; Oschlies et al., 2008; Keeling et al., 2010)

Marine sediments are an important source or sink of TMs to the ocean under
low oxygen conditions (Boning et al., 2004; Brumsack, 2006; Scor Working Group,
2007; Severmann et al., 2010; Noble et al., 2012; Biller and Bruland, 2013; Conway
and John, 2015a; Klar et al., 2018). In the OMZ off the coast of Peru, substantial fluxes
of reduced Fe and other TMs across the sediment-bottom water interface have been
documented (Noffke et al., 2012; Scholz et al., 2016) or inferred (Hawco et al., 2016).
While a number of studies have addressed biogeochemical processes that lead to
benthic Fe release, the key biogeochemical processes and conditions that control the
sedimentary release or burial of other TMs in open marine systems are still poorly
constrained. Moreover, a detailed picture of removal or stabilization processes and

rates that take place in the highly dynamic water layer overlying the seafloor is lacking.

In this article, we compare the benthic biogeochemical cycling of Fe and Cd. It
has been established that the Peruvian OMZ represents a source of dissolved Fe to
the ocean (Noffke et al., 2012; Fitzsimmons et al., 2016; John et al., 2018a). In
contrast, earlier studies have demonstrated that OMZs represent a sink for Cd
(Janssen et al., 2014; Boning et al., 2004). Because of their contrasting tendency to
form sulfide minerals and different supply pathways to the sediment, Fe and Cd can
serve as prototypes to provide information about how sedimentary fluxes of different
TMs may respond to declining oxygen concentrations. Under more reducing conditions
the mobility of TMs can either be enhanced or diminished, e.g., through precipitation
of sulfide minerals that are buried in the sediments (e.g. Westerlund et al., 1986;
Rigaud et al., 2013; Olson et al., 2017). Increased burial or release of TMs at the

seafloor can have an impact on the amplitude of primary productivity, especially at the
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eastern ocean boundaries where the near-bottom water column is connected to the
surface ocean via upwelling. Moreover, since the inventories of TMs in the ocean are
generally dependent on the respective input and output fluxes, changes in the balance
between trace metal recycling and burial can have an impact on oceanic TM reservoirs
on longer timescales. By comparing the benthic biogeochemical cycling of Fe and Cd
across spatial and temporal redox gradients, we aim to provide general constraints on
how the stoichiometry of bio-essential TMs in seawater may be affected by ocean

deoxygenation.

[1.1.2 Marine biogeochemistry of iron

Iron is the most abundant TM in phytoplankton and part of a range of
metalloenzymes that are involved in important biological functions, such as
photosynthesis or nitrogen fixation (Twining and Baines, 2013). Despite Fe being
highly abundant in the continental crust, its low availability limits primary productivity in
up to 30 % of the surface ocean area (Moore et al., 2013). This limitation arises from
the low solubility of its thermodynamically stable form in oxic waters, Fe(lll).
Concentrations can reach up to ~ 1 nM when Fe(lll) is kept in solution through
complexation with organic ligands (Rue and Bruland, 1997; Liu and Millero, 2002; Boyd
and Ellwood, 2010; Raiswell and Canfield, 2012). The thermodynamically stable form
of Fe under anoxic conditions, Fe(ll), is more soluble and therefore anoxic waters are
typically characterized by higher dissolved Fe concentrations (up to tens of nM) (Tim
M. Conway and John, 2014; Vedamati et al.,, 2014b; Fitzsimmons et al., 2016;
Schlosser et al., 2018).

Sediments within OMZs are considered an important source of dissolved Fe and
some of the highest sedimentary Fe fluxes have been observed in these regions
(Severmann et al., 2010; Noffke et al., 2012). Under anoxic conditions, Fe(ll) can be
liberated from the sediments into pore waters from Fe-(oxyhydr)oxides through
reductive dissolution by microbes or abiotic reduction with H2S (Canfield, 1989). In the
absence of oxygen, dissolved Fe(ll) escapes the rapid re-oxidation and subsequent
(oxyhydr)oxide precipitation and can, therefore, diffuse from pore waters into bottom
waters. However, in anoxic OMZs, where denitrification takes place, Fe(ll) can also be
re-oxidized with nitrate as a terminal electron acceptor, either mediated by nitrate-

reducing microbes or abiotically through reaction with nitrite (Straub et al., 1996;
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Carlson et al., 2013; Scholz et al., 2016; Heller et al., 2017). The solubility of Fe in
sulfidic (i.e. NOs and NO2" depleted) water is relatively high (Rickard et al., 2006) and
during sulfidic events dissolved Fe can accumulate in the water column (up to
hundreds of nM) because of decreased Fe oxidation (Scholz et al., 2016) and
stabilization as aqueous Fe sulfide complexes and clusters (Schlosser et al., 2018).
However, Fe fluxes across the benthic boundary have also been hypothesized to
decrease under strongly sulfidic conditions in the surface sediments, when pore waters
become oversaturated with respect to Fe monosulfide (Scholz et al., 2014a), which is
the precursor for pyrite (FeS2) (Raiswell and Canfield, 2012).

[1.1.3 Marine biogeochemistry of cadmium

Cd is abundant in phytoplankton despite concentrations that are one order of
magnitude lower than Fe (Moore et al., 2013; Twining and Baines, 2013). A function
for Cd as a catalytic metal atom in the carbonic anhydrase protein has been found in
diatoms (Lane and Morel, 2000) and it can also substitute Zn and enhance
phytoplankton growth under Zn limitation in different phytoplankton species (Price and
Morel, 1990; Lee and Morel, 1995; Sunda and Huntsman, 2000; Xu et al., 2008). In
marine sediments Cd can be released from the solid phase to the pore waters through
the remineralization of organic matter (Klinkhammer et al., 1982; Collier and Edmond,
1984; Gendron et al., 1986; Gerringa, 1990; Audry et al., 2006; Scholz and Neumann,
2007). After its release to the pore water, Cd can diffuse across the sediment-water
interface. Under anoxic and sulfidic conditions, Cd is thought to be precipitated as CdS
(Greenockite) and retained in the sediment (Westerlund et al., 1986; Gobeil et al.,
1987; Rosenthal et al., 1995; Audry et al., 2006). Due to its low sulfide solubility, CdS
can precipitate at much lower H2S concentrations than FeS (mackinawite) (Morse and
Luther, 1999).

Most previous studies have focused on the benthic cycling of Cd in near- and
in-shore environments such as estuaries and lagoons (e.g. Westerlund et al., 1986;
Colbert et al., 2001; Audry et al., 2006b; Metzger et al., 2007; Point et al., 2007; Scholz
and Neumann, 2007). By contrast, little is known about Cd cycling in open-marine
sedimentary environments, where the redox- and sediment-dynamics are different.
Previous studies on sedimentary Cd cycling generally concluded that the flux of organic

material and the presence of H2S are the most important factors controlling the balance
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between Cd recycling versus precipitation and burial (e.g. Westerlund et al., 1986;
Colbert et al., 2001; Audry et al., 2006; Metzger et al., 2007; Scholz and Neumann,
2007). Low oxygen regions in the ocean are considered an important sink for Cd
(Janssen et al., 2014; Conway and John, 2015b; Xie et al., 2019) and sediments below
OMZs are highly enriched in Cd (Ragueneau et al., 2000; Béning et al., 2004; Borchers
et al.,, 2005; Mufoz et al.,, 2012; Little et al., 2015). However, the respective
contributions of different Cd removal mechanisms to Cd accumulation in the sediment

have not been quantified.

[1.1.4 Study area

Seasonal upwelling of nutrient-rich waters off the Peruvian coast in austral
winter leads to high rates of primary productivity in the photic zone (~ 300 mmol C m-3
d?) (Pennington et al., 2006). The combination of oxygen consumption through the
respiration of this organic matter and low oxygen concentrations in water masses that
supply upwelling regions, leads to the formation of one of the world’s most intense
OMZs, with complete oxygen consumption in the OMZ core between ~ 100 m — 300 m
water depth (Karstensen et al., 2008; Thamdrup et al., 2012). Upon oxygen depletion,
NOs can serve as an electron acceptor for respiration. Therefore, denitrification,
dissimilatory reduction of NOs to ammonium (DNRA) and anaerobic ammonium
oxidation (anammox) with NOz™ are important biogeochemical processes within the
anoxic and nitrogenous water column (Lam et al., 2009; Lam and Kuypers, 2011,
Dalsgaard et al., 2012). The OMZ overlying the Peruvian shelf is a temporally and
spatially dynamic system where biogeochemical conditions can range from fully oxic
to anoxic and sulfidic. Occasional shelf oxygenation events occur mostly during El Nifio
events and are linked to the propagation of coastal trapped waves (Gutiérrez et al.,
2008). During such events, oxygenated water can be found on the upper slope to 200
— 300 m water depth (Levin et al., 2002b). By contrast, sulfidic events can occur during
periods of stagnation, when oxygen, NOs and NOz become depleted in the water
column due to sluggish ventilation. Once NOs and NO2z are depleted,
chemolithoautotrophic H2S oxidation is impeded. Hydrogen sulfide produced by
bacterial sulfate reduction in sediments can then be released to the water column

(Schunck et al., 2013) at rates reaching several mmol m=2 d (Sommer et al., 2016).
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Our sampling campaign (cruises M136 and M137) took place in April and May
2017, during the decline of a coastal El Nifio event. A coastal El Nifio is a local
phenomenon that refers to reduced upwelling and increased sea surface temperatures
off the coasts of Peru and Ecuador, with typically heavy rainfall on land. During this
event in austral summer, coastal waters off Peru showed a strong positive sea surface
temperature anomaly of up to 2 — 4 °C (Garreaud, 2018; Echevin et al., 2018). The
warming is proposed to be a result of strong local alongshore wind anomalies and
equatorial Kelvin waves propagating towards the Peruvian coast (Echevin et al., 2018;
Peng et al., 2019).
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Figure I1.1: Sampling stations on the Peruvian continental margin during cruises M136 & M137 along a
latitudinal depth transect at 12° S. The sampling stations for pore waters are depicted by white stars, for

bottom waters by yellow dots and for benthic chamber incubations by red dots.
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[1.2 Methods

[1.2.1 Sampling and sample handling

In this study, data from three different types of samples were combined: (1) pore
waters for the determination of benthic diffusive fluxes and to study TM cycling in
sediments; (2) Benthic chamber incubations, to determine in-situ fluxes across the
sediment-water interface; (3) Bottom water concentration-depth profiles to determine

the fate of TMs in the particle-rich and dynamic near-bottom water column.

The sampling took place during RV Meteor cruises M136 and M137 in austral
autumn between April and May 2017. We also compared our data to benthic diffusive
Fe(ll) fluxes from RV Meteor cruise M92 that took place in austral summer during
January 2013. Our sampling stations covered the entire Peruvian shelf and slope
across atransect at 12°S (Fig. 11.1) with water depths from 75 — to 950 m, thus including
stations above, inside and below the permanent OMZ. Our sampling of pore waters
and sample collection from benthic chamber incubations generally followed the
methodology described in Noffke et al. (2012).

Short sediment cores of 30 — 40 cm length were retrieved with a multiple corer
(MUC). Upon recovery, the cores were directly transferred into the ship’s cool room
(4°C). The supernatant bottom water was instantly sampled and filtered through 0.2
pm cellulose acetate filters (Sartorius) and acidified to pH < 1 with subboiled distilled
HNOs. The sediment cores were subsequently sampled in vertical sections in a glove
bag under Ar atmosphere to prevent any contact with oxygen. The sediment samples
were centrifuged to separate the pore waters from the sediment solid phase. Pore
waters were then filtered in another Ar-filled glove bag through 0.2 um cellulose acetate
filters (Sartorius). An 8 ml aliquot was acidified to pH < 1 with subboiled distilled HNOs3
and stored in acid cleaned low-density polyethylene (LDPE) bottles for TM analysis.
Another aliquot was taken for analysis of H2S concentrations. Additional sediment
subsamples were collected in pre-weighed cups for water content and porosity
determination as well as for Cd and organic C concentrations measurements in the

solid phase.

Benthic landers, constructed from titanium frames, containing two circular

benthic chambers for in-situ incubations, were deployed on the seafloor (see Sommer
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et al. (2009) for details). After placement of the lander on the seafloor, the benthic
chambers (internal diameter of 28.8 cm) were partially driven into the sediment,
covering a sediment area of 651.4 cm?. A volume between 12 — 18 |, overlying the first
20 — 30 cm of the seafloor, was enclosed in the chamber, depending on the insertion
depth of the chamber into the sediment. Prior to the incubation, the seawater contained
in the chamber was repeatedly replaced with ambient seawater to replace solutes and
flush out particles that might have been mobilized during the insertion of the chamber
into the sediment. Over the incubation time of around 32 hours, 8 consecutive samples
of 12 ml were filtered in-situ through 0.2 um cellulose acetate filters (Sartorius) via
peristaltic pumps and collected in quartz glass tubes. All sampling tubes were acid
cleaned prior to use to guarantee a TM clean sampling. After recovery of the lander,
the quartz glass tubes were transferred to the laboratory and samples were stored in
acid cleaned LDPE bottles and acidified to pH < 2 with subboiled distilled HNOs. Other
samples were collected simultaneously for analysis of nitrogen species. The incubated
sediments within the benthic chamber were sampled after recovery of the lander and
pore waters were extracted to analyze H2S concentrations for comparison with pore

water profiles from parallel MUCs.

To determine TM concentrations across the near-bottom water column, water
samples were collected at 0.5, 1.0, 2.0, 3.0 and 4.0 m above the seafloor using
sampling apparatus attached to the landers. Filter holders with 0.2 pum polyether
sulfone filters (Supor) were attached at the various depths and connected to sampling
tubes that went through peristaltic pumps into gas sampling bags (Tedlar). Sampling
at 3.0 m and 4.0 m above the seafloor was realized by attaching the filter holders and
tubing to an arm that was automatically unfolded upon placement of the lander at the
seafloor. The peristaltic pumps transferred the seawater from the sampling depths into
the sampling bags over the same time period as the lander incubations of around 32
hours. This resulted in an average sample volume of 1.5 | per depth. All filters, tubing
and sampling bags were acid cleaned prior to deployment to guarantee a TM clean
sampling. Directly after sample retrieval, a 60 ml aliquot was stored in acid cleaned
LDPE bottles and acidified to pH < 2 for TM analysis. Another aliquot was taken for
analysis of silicic acid (Si(OH)a4).
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[1.2.2 Analytical methods

Concentrations of Fe(ll) in pore waters were measured on board directly after
sample retrieval by photometry using the ferrozine method (Stookey, 1970). Other
geochemical parameters in our different samples were also determined photometrical
(U-2001 Hitachi spectrometer) using standard techniques (Grasshoff et al., 1999).
Hydrogen sulfide concentrations were determined using the methylene blue method
and Si(OH)s concentrations were determined using a heptamolybdate solution as
reagent. Concentrations of nitrogen species were determined by an auto-analyzer
(QuAAtro, SEAL Analytical) using sulfanilamide as reagent (Hydes et al., 2010).

For TM analysis of bottom water samples we followed the procedure described
by Rapp et al. (2017), whereby the TMs were pre-concentrated by a fully automated
device (SeaFAST). After raising the sample pH to 6.4 with an ammonium acetate buffer
(1.5 M), 15 ml of sample was loaded onto a chelating resin column, where the seawater
matrix was rinsed off, before the TMs were collected into 1ml elution acid (1 M
subboiled HNO3). Due to the smaller size of pore water samples and samples from
benthic lander incubations, a half-automated device (Preblab) with a smaller sample
loop and thus dead volume was used. On this device, sample loading and collection
as well as the addition of buffer was done manually. For samples from benthic lander
incubations and pore waters, an amount of 3 ml and 1 ml, respectively, was needed
for pre-concentration. The samples were diluted with de-ionised water (MilliQ,
Millipore) to increase the sample volume to 5 ml for samples from benthic chamber
incubations and to 3 ml for pore waters. The pre-concentrated samples were measured
by ICP-MS (HR-ICP-MS; Thermo Fisher Element XR) and TM concentrations were
guantified by isotope dilution. The detection limits were 28.8 pM for Fe and 0.8 pM for
Cd (Rapp et al., 2017). Accuracies for replicate measurements of reference seawater

certified for TMs are listed in Table 1l.1.

For the calculation of sedimentary Cd enrichments (Cdxs), Cd and Al contents
in sediments were determined following total digestions of freeze dried and ground
sediment samples. The sediment was digested in 40 % HF (suprapure), 65 % HNO3
(suprapure) and 60 % HCIOa4 (suprapure). Concentrations were measured by ICP-OES
(VARIAN 720-ES). The reference standard MESS was used to check the digestion
procedure. The accuracy was * 0.3 % for Cd and = 1.3 % for Al (MESS-3 Cd: 0.24 +
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0.01 pg g1, recommended value 0.24 + 0.01 pg g%, MESS-3 Al: 8.59 + 0.11 ug g,
recommended value 8.59 + 0.23 ug g1).

Organic carbon content in the sediment was determined using an Elemental
Analyzer (Euro EA) after removal of inorganic carbon with 0.25 mM HCI. Precision of

the measurement was + 1 %.

Table II.1: Accuracy of replicate concentration measurements (n = 7) of certified reference seawater for
trace metals NASS-7 and CASS-6 by ICP-MS.

NASS-7 NASS-7 CASS-6 CASS-6
certified value measured value certified value measured value
Fe (ug/L) 0.351 + 0.026 0.352 +0.017 1.56 +0.12 1.56 + 0.03
Cd (ug/L) 0.0161 + 0.0016 0.0162 + 0,0024 0.0217 +0.0018 0.0216 + 0.0016

I1.2.3 Diffusive flux calculations
Benthic diffusive fluxes (Fp) were determined using Fick’s first law of diffusion
using concentration gradients between the uppermost pore water sample (0 — 1 cm)

and the overlying bottom water (dC/dx) (Boudreau, 1997):
Fp = —®D,,,;(dC/dx) (Eq. Il.1)

The effective molecular diffusion coefficients of Fe and Cd for sediments (Dsed) were
calculated from the molecular diffusion coefficient in seawater (Dsw) under standard
conditions (Li and Gregory, 1974) by adjusting it to in-situ temperature, pressure and
salinity applying the Stokes-Einstein Equation. We determined the diffusion

coefficients for sediments as follows:
Dgeq = Dsy /6% (Eq. 11.2)
Tortuosity (8) was calculated from porosity (®) as follows (Boudreau, 1997):

02 =1—1In(¢?) (Eq..3)
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Positive values represent a flux from the bottom water into the sediment pore
water, negative values a flux from the sediment pore water into the bottom water. All
input values for the diffusive flux calculations are listed in Tables 11.S.1 and 11.S.2 in the

supplement.

Due to the coarse resolution of our pore water profiles and the steep gradients
between the uppermost pore water and bottom water sample (see close-up profiles,
Fig. 1.S.1 and 11.S.2 in the supplement), we chose to follow previous studies
(Pakhomova et al., 2007; Noffke et al., 2012; Scholz et al., 2016; Lenstra et al., 2019;
Scholz et al., 2019) and calculate diffusive benthic fluxes based on a two point
concentration gradient. Including deeper samples into a linear regression or applying
more advanced curve fitting methods would reduce the statistical uncertainty, but fail
to capture the sharp concentration gradients at the sediment surface and thus lead to

erroneous flux estimates (cf. Shibamoto and Harada, 2010).

The fluxes from benthic lander incubations were calculated by fitting a linear
regression to the concentration change over time. The relevant equations are listed
together with the coefficients of determination (R?) in Table 11.S.4 in the supplement.
Concentration changes over time were converted to fluxes by taking into account the
water volume enclosed in the benthic chamber, estimated for each deployment from
the insertion depth of the benthic chamber into the sediment. The uncertainties of
fluxes were estimated by propagating the uncertainties of the linear regressions.
Following previous studies (e.g. Friedrich et al. (2002); Lenstra et al. (2019)), only
fluxes where the linear regression has an R?> 0.3 are reported in Tables 11.2 and 11.3.

[1.3 Results

[1.3.1 Biogeochemical conditions in the water column

Due to the particular atmospheric and oceanographic conditions, the decline of
a coastal El Nifio during our sampling campaign (cruises M136 and M137), the water
column overlying the Peruvian shelf was oxygenated. Oxygen concentrations were >
20 uM in the water column down to around 100 m water depth. However, bottom water

oxygen concentrations directly above the seafloor, measured using optodes attached
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to lander, were below the detection limit (> 1 uM) at the shallowest station (Station 1).

The OMZ, with O2 concentrations < 5 uM, extended from around 120 to 400 m water

depth. The water column within the OMZ was nitrogenous (i.e. NOs™ reducing) as

indicated by the presence of NO2" (= 4 uM), an intermediate product of denitrification

(Zumft, 1997). Oxygen gradually increased to > 50 uM below 400 m towards 950 m

water depth (Fig. I1.2). As we will compare some of our data to those of an earlier cruise

(M92), the corresponding oxygen distribution across the Peruvian continental margin

is shown for comparison (Fig. 11.2).

Depth {(m)

Depth (m)

W =

[ B = Y Y
oo o o o o o o 9 o

]

100

()

0O; (uM)

0 30 100 150 200 250 300

o

¢

%

®
M136/M137

0, (uM)

0 50 100 150 200 250 300

100
200
300
400
500
600
700
800
900
1000

M92

L L L A L
RN AL LR BRI LA

0 10 20 30 40 50
NO; (pM)

I:l:.llll]llII|IIII|IIII|IIII[

0 10 20 30 40 50
(b) NO;’ (M)

I|III|III|III|I|I|III|

0 2 4 6 8 10

I|III|III|III|III|III[

02 4 6 & 10

NO," (uM) NO, (uM)
0, (M) 0, (UM)
0 10 20 30 40 50 0 10 20 30 40 50
—pondidin bl 0
= pa, 10
= e, 20
3 ¥ 30
—= S a0 3
o ) 50 =
= 1 i 3
3 ¢ ¢ 60
3 9 o 70 =
ERR: S 3
= 8
= 90 —
= M136/M137 3 M92
|I||||JI|||||||||||||||||I 100 ||||l||||I|||||I||||l||||||||||
¢ 5 10 15 20 25 30 (d) 0 5 10 15 20 25 30
NO, (uM) NO; (uM)
||II|||||||||||||||||I |I|||||||||||||||||l||
o 05 1 15 2 o o5 1 15 2
NO, (pM) NO, (pM)
[_|||||||||||[||[
4] 5 10 15
H.S (uM)

Figure 11.2: Oxygen (O2), nitrate (NOs" ), nitrite (NO2" ) and hydrogen sulfide (HzS) concentrations on

the Peruvian slope (Station 10, 1000m depth), crossing the oxygen minimum zone (a, b), and the upper

shelf (Station 1, 75m depth) (c, d) during cruises M136—M137 and M92 along the 12° S transect.
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[1.3.2 Bottom water, pore water and benthic flux data

[1.3.2.1 Iron

Iron concentrations in near-bottom waters decreased from near-shore to off-
shore stations, from > 100 nM at the shallowest shelf station at 75 m water depth
(Station 1) to 6 nM at 750 m water depth (Station 9) (Fig. 11.3a). At a number of stations
within the OMZ (Station 3 and 4), vertical concentration gradients were observed. Here
Fe concentrations decreased by 15 — 20 nM from 0.5 to 4 m above the seafloor.
Multiple sampling at the shallowest shelf station (Station 1) revealed that Fe
concentrations were temporally variable and ranged from ~ 100 nM at the end of April
to < 60 nM at the end of May 2017.
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Figure 11.3a: Near-bottom water concentrations of dissolved Fe and dissolved Fe to silicic acid ratios
0.5 m to 4 m above the seafloor across the 12° S transect. The red diamonds show results from a
second sampling at Station 1 one month later. Concentrations of silicic acid are listed in Table 11.S.3 in

the supplement.
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Figure 11.4: Pore water dissolved Fe(ll) and hydrogen sulfide concentrations. Data from an earlier
cruise, M92, at Station 1 (75 m water depth) are displayed for comparison. The uppermost sample

represents the bottom water concentration. The analytical error is smaller than the symbol size.

Concentrations of Fe(ll) in pore waters were highest (up to a few pM) in the
upper 5 — 10 cm of the sediment cores. Deeper in the sediment cores, concentrations
decreased to > 0.2 uM (Fig. 11.4). At all stations, sharp concentration gradients between
the uppermost pore water and bottom water sample were observed, with higher
concentrations in pore waters at the sediment surface (uM) than in the overlying bottom
water (nM). This observation implies a diffusive flux from pore waters into bottom
waters. The steepest concentration gradients across the sediment-water interface
were observed within the OMZ. The highest Fe(ll) concentrations at the sediment
surface (> 6 UM) were observed at Station 4 (145 m water depth). At this station, the

benthic diffusive flux into the bottom waters was also highest at -17.5 mmol m=2 y1.
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The lowest diffusive fluxes of 0.0 (due to concentrations below the detection limit) and
-0.3 mmol m?2 y* were observed on the upper slope below the OMZ at Stations 9 and
10 respectively (Table 11.2). An accumulation of H2S in pore waters coincided with a
depletion of Fe(ll) concentrations (Fig. 11.4). At Station 1, we observed the highest H2S
concentrations throughout the core and in particular at the sediment surface, with
maximum concentrations reaching > 4 mM. At Stations below the OMZ (Station 9 and

10), no H2S was detected within pore waters (Fig. 11.4).
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Figure 11.5: Dissolved Fe concentrations in incubated bottom waters from benthic chamber incubations.
The black dashed line represents the linear regressions of the concentration change over the incubation
time. The equations for these linear regressions are listed together with the coefficients of determination
(R?) in Table 11.S.4 in the supplement. The grey dashed line represents theoretical concentration
gradients over the incubation time based on our benthic diffusive fluxes (Table 11.2). The analytical error
is smaller than the symbol size.

[ron concentrations inside the benthic chambers reached maximum
values > 300 nM. At Station 4 and 6, located inside the OMZ, concentrations in the
chambers increased in a linear way during the incubation. At stations above and below

the OMZ, we did not observe a similar trend over time. For comparison with diffusive
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fluxes, we estimated benthic Fe fluxes from linear regressions of Fe concentrations
versus time (Table 11.2). We also calculated the theoretical concentration gradients
over time in the benthic chambers based on our diffusive flux estimates (Fig. 11.5). At
some stations the incubation data were largely consistent in direction and slope with
the diffusive fluxes. In particular at Station 4 and 6 inside the OMZ, where the highest
diffusive fluxes of -17.5 and -8.0 mmol m2 y! were observed, expected and observed
concentration gradients were in good agreement. At these stations also the highest R?
for the linear regressions of the concentration change over the incubation time were
calculated (Station 4: R? = 0.7, Station 6: R2 = 0.5) (Table I1.S.4). At stations below the
OMz, diffusive fluxes of < 1 mmol m? y*! were too low to be detected over the

incubation time of 32 hours.

[1.3.2.2 Cadmium

In near-bottom waters Cd concentrations increased with distance from the
coast, from 0.4 nM at the shallowest station at 75 m water depth (Station 1) to 1.1 nM
below the OMZ at 750 m water depth (Station 9). Cadmium concentrations were

constant at each station between 0.5 and 4 m above the seafloor (Fig. 11.3b).
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Figure 11.3b: Near-bottom water concentrations of dissolved Cd 0.5 m to 4 m above the seafloor across
the 12° S transect.
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Cadmium concentrations in pore waters ranged between 0.1 — 2 nM (Fig. 11.6). Within

the OMZ, bottom water concentrations were higher than concentrations in pore water

at the sediment surface (0 - 1 cm), indicating a downward diffusive flux into the

sediments. The benthic diffusive fluxes inside the OMZ were on the order of 0.6 — 0.8

umol m=2 y?! (Table I.3). In contrast, at Stations 1 and 9 an upward-directed

concentration gradient was observed, indicating a diffusive flux from the sediments into

bottom waters. The upward diffusive flux was -1.9 pmol m? y* above the permanent

OMZ and -0.2 umol m yt below the OMZ (Table 11.3). Pore water Cd concentrations

at greater sediment depths were mostly higher than bottom water concentrations. In

some cases (Station 3 and 4), elevated pore water Cd concentrations (up to 2 nM)

coincided with elevated H2S concentrations (few hundred pM).
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In the benthic chambers three different Cd trends were observed (Fig. 11.7).
Above the permanent OMZ (Station 1), Cd concentrations in the chambers were low
(< 0.2 nM) throughout the incubation period, indicating no Cd flux. At sites within the
OMZ (Station 4, 5 and 6), concentrations decreased from ~ 0.6 — 0.3 nM over the
course of the incubation. Below the OMZ (Stations 9 and 10), Cd concentrations in the
chamber were high (~ 1 nM) and remained constant or increased slightly during the
incubation. At sites within the OMZ, Cd removal within the chamber was near-linear
(Station 4, 5 and 6: R? = = 0.9) (Table 11.S.4), which translates to a removal flux of 13
— 23 umol m? y1. The Cd removal fluxes in benthic chambers were more than one
order of magnitude higher than diffusive benthic fluxes (0.6 — 0.8 pmol m2 y1) (Table
11.3).
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Figure 11.7: Dissolved Cd concentrations in incubated bottom waters from benthic chamber incubations.
The black dashed line represents the linear regressions of the concentration change over the incubation
time. The equations for these linear regressions are listed together with the coefficients of determination
(R2) in Table 11.S.4 in the supplement. The grey dashed line represents theoretical concentration
gradients over the incubation time based on our benthic diffusive fluxes (Table 11.3). The analytical error

is smaller than the symbol size.
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[1.4 Discussion

I1.4.1 Benthic iron cycling

11.4.1.1 Comparison of diffusive and in-situ benthic chamber iron fluxes
Concentrations of Fe in bottom waters from benthic chamber incubations are
mostly higher than in ambient bottom waters because of Fe release from the sediment
and an accumulation in the enclosed water volume inside the benthic chamber. In the
absence of oxygen and, thus, bottom-dwelling macrofauna at stations within the OMZ,
bioturbation and bioirrigation are unlikely to exert an important control on sedimentary
Fe release. Consistent with this notion, the slope calculated from benthic diffusive
fluxes is in good agreement with the concentration gradients observed within the
benthic chambers at two stations within the OMZ (Station 4 and 6) (Fig. 11.5). Moreover,
our fluxes from benthic chamber incubations and diffusive fluxes are of similar
magnitude at these stations (Table 11.2). Therefore, diffusive transport of dissolved Fe
from the sediment into the bottom water seems to be the main control on the

concentration evolution observed within the benthic chamber.

Some of the concentration gradients in benthic chambers are non-linear,
indicating that the Fe flux was not constant during the incubations. This is a common
observation in Fe flux data from benthic chamber incubations and higher Fe fluxes
generally have higher R? values for the linear regressions (Friedrich et al., 2002;
Turetta et al., 2005; Severmann et al., 2010; Lenstra et al., 2019). However, the non-
linearity can be used to identify additional processes affecting Fe concentrations and
fluxes within the benthic chamber, which may also affect fluxes under natural
conditions. One possible process that can remove dissolved Fe(ll) under anoxic
conditions is Fe oxidation with NO3™ as the terminal electron acceptor or oxidation with
NO2z (Straub et al., 1996; Klueglein and Kappler, 2013; Carlson et al., 2013). The
oxidation of reduced Fe in the absence of oxygen, either microbially mediated with
NOs  or abiotically with NO27, has been hypothesized to be important in the water
column of the Peruvian OMZ (Scholz et al., 2016; Heller et al., 2017). During our
incubation at Station 4 (Fig. 11.8), we observed a decline in Fe concentrations during
the first ten hours of the incubation time. Concurrently, NOs™ concentrations were
decreasing, while NO2" accumulated, presumably due to progressive denitrification and

release from the sediments. Once NOs and NO2 were depleted, Fe concentrations
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started to rise again, resulting in the highest in-situ Fe flux observed throughout our
sampling campaign (Table 11.2). The coincidence in timing of Fe accumulation and NO2
decrease suggest that depletion of Fe at the beginning of the incubation was most
likely caused by Fe oxidation with NO2". The incubation at Station 4 was the only one
where NO3z and NO2" were substantially removed during the incubation. However, the
high Fe flux cannot be interpreted as a natural flux estimate at steady state. In general,
we argue that bottom water NO2™ concentrations exert a first order control on the
intensity of Fe efflux at the absence of oxygen and, therefore, need to be considered

in the evaluation of sedimentary Fe mobility in anoxic-nitrogenous OMZs.
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Figure 11.8: Dissolved Fe, nitrate and nitrite concentrations in incubated bottom waters from the benthic

chamber incubation at Station 4 (145 m water depth).

During the incubations at Station 1, 9 and 10, Fe concentrations did not
continuously increase but fluctuated between high and low values. This observation
could be explained by a combination of bioirrigation and bioturbation at stations where
oxygen was present (Station 9 and 10), as well as rapid Fe oxidation and precipitation
processes. Under oxic conditions, bottom-dwelling macrofauna is likely to increase the
transfer of dissolved Fe from the sediments into the bottom water (Elrod et al., 2004;
Lenstra et al., 2019). During episodes of oxygenation a population of macrofauna that
can enhance bioturbation and bioirrigation was observed on the Peruvian shelf

(Gutiérrez et al., 2008). However, under oxic conditions, any Fe delivered to the
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chamber is prone to rapid oxidative removal. Moreover, ex-situ experiments have
demonstrated a fast and efficient removal of up to 90% of dissolved Fe in incubated
bottom waters due to particle resuspension (Homoky et al., 2012). Bioturbation and
bioirrigation could also contribute to particle resuspension at oxic stations, thus leading
to removal of dissolved Fe.

Furthermore, colloidal Fe could modify Fe concentrations within our samples
and explain some of the fluctuations observed during the incubations. Colloids are
quite reactive and much more soluble than larger particles. Therefore, they can be
rapidly reduced and dissolved in anoxic environments, but they can also aggregate
into larger particles (Raiswell and Canfield, 2012). The transfer of Fe between
dissolved, colloidal and particulate pools is likely to affect the balance between Fe
transport and re-precipitation and -deposition to some extent. However, since we did
not differentiate between colloidal and truly dissolved fractions during our sampling,

we cannot discuss this aspect further based on our data.

Oxidation processes and interactions with particles can efficiently remove Fe
shortly after its transfer to bottom waters and this process is likely to be most intense
close to the seafloor where the highest particle concentrations prevail. We argue that
the same processes are reflected by declining Fe concentrations away from the
seafloor in some of the bottom water profiles (Station 3 and 4) (Fig. 11.3b).

11.4.1.2 Removal rates of dissolved iron in the near-bottom water column

We observed declining Fe concentrations in the first 4 m away from the seafloor
at Station 3 and 4, which hints at removal of dissolved Fe in the near bottom waters
after its release from the sediments. To differentiate between dilution with ambient
bottom water (by currents) from Fe removal from the dissolved phase, Fe
concentrations were normalized by Si(OH)4 measured in the same samples (Fig. 11.3a).
Due to opal dissolution within Peru margin sediments, Si(OH)4 is released into bottom
waters (Ehlert et al., 2016). In contrast to Fe, we assume that Si(OH)s4 behaves
conservatively and precipitation reactions within the bottom waters are of subordinate
importance. The decreasing Fe to Si(OH)4 ratios at Station 3 and 4 with distance from
the seafloor indicate that there is Fe removal within the near-bottom water column that

must be related to precipitation processes or scavenging.
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We further constrained rates of dissolved Fe removal at stations with a
discernable Fe to Si(OH)4 gradient within the first 4 m distance from the seafloor. To
this end, we first determined an eddy diffusion coefficient (Ky) using Si(OH)4 fluxes
from benthic chamber incubations (Fsi) (see chapter 11.2.3 for methodology) and the
known concentration gradient of dissolved Si(OH)s4 within the bottom water (dsi/dx),
where X is the height above the seafloor. At the seafloor, the flux of Si(OH)4 from the

sediment is equal to the flux in the water column.
Fsi = =Ky (dsi/dy)  (Eq. 11.4)
This equation can be solved for the eddy diffusion coefficient.

Dissolved Fe in the bottom water (DFe) can be described by the solving the
diffusion-reaction equation for DFe (ignoring advection and assuming a steady-state

first-order consumption of dissolved Fe):

DFe = Cgy * exp.(—/ kreox/\/Ky)  (EQ. 11.5)

The equation can be fitted to the measured DFe concentrations in the bottom water by
adjusting the Fe concentration directly above the seafloor (Csw) and the Fe oxidation
constant (kreox). From the fitted first-order rate constant kreox, the half-life for dissolved
Fe in bottom waters can be calculated.

The half-lifes of dissolved Fe in the first 4 m away from the seafloor are 2.5 min
and 0.3 min at Station 3 and 4, respectively (Table 11.4). Another study reported a
dissolved Fe half-life of 17 hours under nitrogenous conditions in the first 10 — 20 m
above the seafloor in the Peruvian OMZ (Scholz et al., 2016). Our calculations suggest
that Fe removal in near-bottom waters is much faster. The approach assumes that
Si(OH)4 is transported vertically by eddy diffusion and oxidation controls the half-life of
Fe in the first 4 m above the seafloor. It is possible that our assumption of solute
transport by eddy diffusion is not correct. Alternatively, decreasing Fe and Si(OH)a
concentration above the seafloor could be due to super-imposed water layers with
different Fe and Si(OH)4 concentrations but little vertical exchange. In this case our
calculated half-life would be an underestimation.
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Table I1.4: Modelled half-lifes (ta2) of dissolved Fe within the first 4 m distance from the seafloor at

Stations 3 and 4 and data used for determination of ti2 using Eq. 1.4 and Eq. II.5.

station  water Si(OH), flux Si(OH),4 eddy diffusion modelled Fe Fe oxidation  half-life in near-
depth benthic concentration coefficient (K,)  at sediment constant bottom water
chamber (Fs) gradient (dsi) surface (Cgw) (Kreox) column (ty)
(m)  (umolcm?d?)  (umol cm3cm™) (m2s?) (nM) (dh (min)
3 130 0.73 -4.05*10° 1.55*10° 70 400 25
4 145 0.33 -1.44*10° 1.96*10° 81 3500 0.3

As mentioned above (chapter 11.4.1.1), in the absence of oxygen, removal
processes of dissolved Fe could be related to oxidation of dissolved Fe with NO2 or to
interactions with suspended particles, which are likely to be most abundant directly
above the seafloor. Further research on dissolved-particulate interactions, including
the role of colloidal Fe, in bottom waters is needed to better constrain how sedimentary

Fe fluxes are modified in the near-bottom water column.

11.4.1.3 Controls on the temporal variability of benthic iron fluxes

The Peruvian OMZ is known to experience high-amplitude fluctuations in
upwelling intensity as well as variability in bottom water oxygen, NOs", NO2 and Hz2S
concentrations (Pennington et al., 2006; Gutiérrez et al., 2008; Graco et al., 2017,
Ohde, 2018). To get an insight into how different biogeochemical conditions control
benthic diffusive Fe(ll) fluxes, we compared the fluxes from our recent cruise with
fluxes from our earlier cruise M92 (Fig. 11.9). Cruise M92 took place in austral autumn
2013 following the main upwelling season and during a period of intense primary
productivity. Due to reduced upwelling and stable density stratification, the water
column on the shallow shelf was not only depleted in oxygen but also in NOs  and NOz
during cruise M92 (Sommer et al, 2016). Under such conditions,
chemolithoautotrophic H2S oxidation with NOs™ or NO2" was impeded so that pore water

H2S could be released from the sediment into the water column. As a result, the water
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column during M92 was sulfidic between around 50 — 150 m water depth with the
highest H2S concentration of 13 pM observed at 50 m depth (Fig. 11.2). While the
biogeochemical conditions on the shallow shelf were fundamentally different to those
during M136 and M137, below 150 m water depth the conditions were largely
comparable (oxygen-depleted, NOs: 20 — 30 uM, NO2 up to 9 uM between 150 — 300
m). At the stations with similar biogeochemical water column conditions, the Fe(ll)
fluxes during both sampling campaigns were remarkably similar (Fig. 11.9). However,
similar to the temporal variability of Fe concentrations in bottom waters at Station 1
(Fig. 11.3a), we observed a pronounced difference in the diffusive flux magnitude on the
shallow shelf where the biogeochemical conditions differed between both cruises. The
highest diffusive flux during M92 in 2013 of -22.7 mmol m?2 y'! was measured at Station
1. By contrast, during M136/137 in 2017 we determined a much lower flux of -2.6 mmol
m-2y! at this station. During M136 and M137 the highest flux of -17.5 mmol m? ytwas

measured at Station 4 at 145 m water depth.
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Figure 11.9: Comparison of benthic diffusive Fe(ll) fluxes between cruises M136 & M137 and M92 on
the Peruvian shelf. Negative values represent fluxes from the sediment pore water into the bottom
waters. Shaded bars on the upper panel display the geochemical conditions in the water column during

the time of sampling.
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Diffusive fluxes are a function of the concentration gradient between pore water
and bottom water (Eq. Il.1). As dissolved Fe concentrations in bottom waters are
generally much lower (nM) compared to those observed in pore waters (UM), the flux
magnitude is chiefly determined by differences in pore water Fe concentrations. During
M92, pore waters at the sediment surface were characterized by high dissolved Fe
concentrations (4.8 uM in the upper pore water sample), which resulted in a steep
gradient and a comparably high Fe flux. Under the slightly sulfidic conditions that
prevailed in the water column during M92, oxidative removal of dissolved Fe(ll) with
NO3 or NO2" was impeded (Scholz et al., 2016) and dissolved Fe(ll) could be stabilized
as aqueous iron sulfide (Schlosser et al., 2018). Therefore, the bottom water was
characterized by high dissolved Fe concentrations (up to 0.7 uM in the supernatant
bottom water of MUCS).

Despite oxic conditions in the water column during M136 and M137, we
observed much higher H2S concentrations in surface sediments at Station 1 compared
to M92 (4100 pM during M136 and M137 versus 1800 pM during M92 within the first 8
cm of the core) (Fig. 11.4). Because of higher H2S concentrations, Fe concentrations
were controlled by the solubility of Fe monosulfide minerals (FeS). It may seem
counterintuitive that the surface sediment was highly sulfidic, while the overlying water
column was oxygenated. In order to explain this observation, we need to consider the
role of mats of filamentous sulfur oxidizing bacteria in controlling H2S concentrations
in surface sediments. (Gutiérrez et al., 2008; Noffke et al., 2012; Ycel et al., 2017).
During M92 these mats were generally abundant on the shelf and upper slope
(Sommer et al., 2016), thus limiting the extent of H2S accumulation within surface
sediments. Previous studies demonstrated that mats of sulfur oxidizing bacteria can
disappear during periods of oxygenation (Gutiérrez et al., 2008). Consistent with this
previous finding, visual inspection of the seafloor using the video-guided MUC revealed
that the abundance of bacterial mats on the seafloor seemed greatly reduced, which
is most probably related to oxic bottom water conditions on the shallow shelf during
the coastal El Nifio event. As these microaerophilic organisms tend to avoid high
oxygen concentrations they probably started to die off or withdraw into the sediment
once oxygen levels raised. We suggest that the disappearance of sulfide-oxidizing
bacteria under oxic conditions created a situation where H2S accumulation in the
surface sediment and FeS precipitation limited the extent of Fe release into the bottom

water.
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Table I1.2: Comparison of benthic diffusive Fe(ll) fluxes out of the sediment and geochemical bottom
water conditions between M136 & M137 and M92 on the Peruvian shelf. Fluxes during M92 correspond

to similar depth (see Fig. 11.9).

station M136 & M136 & M136 & M136 & M136 & M136 & M137 M92 M92
M137 M137 M137 M137 M137
water latitude longitude water column Fe(ll) flux Fe flux water column Fe(ll) flux
depth condition diffusive benthic condition diffusive
chamber
(m) (S) (W) (mmolm2y  (mmol m2y?) (mmol m2y
Y D)
1 75 12°13.52 77°10.93 O2<5puM -2.56 - slightly sulfidic -22.69
3 130 12°16.68 77°14.95 nitrogenous -0.81 - slightly sulfidic -3.16
4 145 12°18.71 77°17.80 nitrogenous -17.45 -8.57+2.18 nitrogenous -5.77
5 195 12°21.50 77°21.70 nitrogenous -2.49 - nitrogenous -1.51
6 245 12°23.30 77°24.82 nitrogenous -7.96 -5.43 + 2.36 nitrogenous -10.20
9 750 12°31.35 77°35.01 0O2>5puM 0.00 -6.11 £ 3.12 02>5puM 0.00
10 950 12°34.90 77°40.32 0O2>5puM -0.26 - 02>5puM -0.12

[1.4.2 Benthic cadmium cycling

11.4.2.1 Comparison of diffusive and in-situ benthic chamber cadmium fluxes

At stations above and below the permanent OMZ (Station 1, 9 and 10), the
slopes of Cd concentrations versus time during benthic chamber incubations were
largely consistent with theoretical Cd concentration gradients over time based on our
diffusive flux estimates (Fig. 11.7). In contrast, the fluxes determined with benthic
chambers at stations within the OMZ (Station 4, 5 and 6) were 25 to 40 times higher
than the diffusive flux (Table 11.3). This discrepancy demonstrates that diffusion cannot
be the dominant process leading to the continuous decrease of dissolved Cd during
benthic chamber incubations. Alternatively, Cd could be precipitated within the benthic
chamber and removed through downward sinking of Cd-rich particles. Cadmium

sulfide (greenockite) has a relatively low solubility compared to sulfide minerals of other
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TMs (CdS << FeS). Itis generally agreed that CdS precipitation can take place at trace
amounts of H2S (H2S < 1 uM, i.e., below the detection limit of the method applied in
this study) (Davies-Colley et al., 1985; Rosenthal et al., 1995). Previous studies using
in-situ benthic flux chambers have concluded that production of Hz2S in the sediment
or the accumulation of H2S in benthic chambers during incubations can switch the
direction of the Cd flux or intensify Cd removal through CdS precipitation (Westerlund
et al., 1986; Colbert et al., 2001). Precipitation of CdS during the incubation is,
therefore, a viable explanation for the discrepancy between diffusive Cd flux and Cd
fluxes in benthic chambers observed in our study. Furthermore, the three different
trends of Cd concentrations observed in benthic chamber incubations can be related
to H2S concentrations in the surface sediment below the benthic chambers (Table 11.3).
At stations within the OMZ (Station 4, 5 and 6), pore water H2S concentrations in
surface sediments were moderate (few pM). It is likely that there was a continuous
leakage of trace amounts of H2S from the pore water into the bottom waters during the
incubation, thus leading to CdS precipitation and declining Cd concentrations. On the
shallowest shelf station (Station 1), where pore water H2S concentrations in the surface
sediment were high (hundreds of uM), a potentially large amount could have been
released at the beginning of the incubation, thus explaining pronounced Cd depletion
in the chamber compared to the surrounding bottom water (0.1 nM within the chamber
compared to 0.4 nM outside the chamber). Below the OMZ (Station 9 and 10), where
there was no Hz2S present in surface sediments, there was no Cd depletion in the
chamber during the incubation and, consistent with previous studies in oxic settings
(Westerlund et al., 1986; Ciceri et al., 1992; Zago et al., 2000; Turetta et al., 2005),
both diffusive and benthic chamber flux data were indicative of an upward-directed flux
out of the sediment. Due to the absence of H2S, dissolved Cd released from biogenic
particles in the surface sediment could accumulate in the pore water thus driving a

diffusive flux out of the sediment.

[1.4.2.2 Quantification of the sedimentary cadmium sink

Consistent with our Cd flux data there is general consent that OMZs are a sink
for Cd. Several water column studies have observed Cd depletion in water masses
within the Peruvian and other OMZs, which was mostly attributed to Cd removal via

CdS precipitation in sulfidic micro-niches within particles in the water column (Janssen
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et al., 2014; Conway and John, 2015a). Sedimentary studies showed that Cd is highly
enriched in OMZ sediments, which has mostly been attributed to the delivery of Cd
with organic material and subsequent fixation as CdS within sulfidic sediments
(Ragueneau et al., 2000; Boning et al., 2004; Borchers et al., 2005; Muiioz et al., 2012;
Little et al., 2015). Based on our data, we can quantify the delivery of Cd to the
sediments via three different pathways: (1) diffusion across the sediment-water
interface and CdS precipitation within the sediment; (2) Cd incorporation by
phytoplankton and delivery to the sediment with organic matter; (3) CdS precipitation
in the water column and particulate delivery to the sediment (Table 11.3).

The enrichment of Cd in the sediment relative to the lithogenic background
(expressed as excess Cd concentration; Cdxs) was calculated using the following
equation (Brumsack, 2006):

Cdxs = Cdsample - Alsample * (Cd/Al)crust (Eq ”-6)

The Cd/Al ratio of the upper continental crust (1.22*10%) was used as lithogenic
background reference (Taylor and McLennan, 2009). To calculate the flux of Cd to the
sediment, Cdxs was multiplied with the mass accumulation rate (MAR) from published
data for each individual site (Dale et al., 2015b). To approximate the amount of Cd
delivered to the sediment with organic material, the average concentration ratio of Cd
to C in phytoplankton (Moore et al., 2013) was multiplied by published particulate
organic carbon rain rates (maximum estimate) or burial rates (minimum estimate) for
each individual site (Dale et al., 2015b). The Cd delivery via precipitation in the water
column was determined as the remainder of Cdxs * MAR after subtraction of the two

other sources (i.e., diffusive flux and minimum/maximum delivery by organic material).

Sediments at all stations on the Peruvian shelf and slope are enriched in Cd
relative to the lithogenic background. The accumulation rate of Cd decreases with
distance from the coast from 250 umol m2 y! at Station 1 to 4 umol m2 y! at Station 9
(Table 11.3). These fluxes generally exceed the amount of Cd delivered to the
sediments via diffusion and associated with organic material. Together these
mechanisms of Cd delivery can only account for ~ 20 % of the Cd enrichment at
stations above and inside the permanent OMZ, with the delivery with organic material
being of greater importance. The remaining Cd enrichment in the sediment (~ 80 %),

after subtraction of diffusive and minimum/maximum organic Cd sources, must be
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related to CdS precipitation in the water column and delivery of Cd-rich particles to the
sediment. This removal process can be a combination of CdS precipitation in sulfidic
micro-niches around sinking particles (Janssen et al., 2014; Bianchi et al., 2018), CdS
precipitation in sulfide plumes (Xie et al., 2019) when sedimentary H2S can spread
throughout the water column (Schunck et al., 2013; Ohde, 2018), and precipitation of
CdS in the near-bottom water (this study). Our estimated CdS precipitation in the water
column within the OMZ agrees with the Cd fluxes determined from benthic chamber
incubations, where dissolved Cd removal takes place in the 20 — 30 cm of overlying
water above the seafloor. These Cd removal fluxes from benthic chambers alone are
sufficient to account for 41 % — 68 % of the estimated particulate Cd removal from the
water column and 38 % — 60 % of total Cd enrichment in the sediment within the OMZ
(Table 11.3). Considering that Cd precipitation in near-bottom water is unlikely to be
restricted to the 20 — 30 cm above the seafloor, covered by our benthic chambers, the
removal flux associated with this process is likely to be even higher. At Station 1, where
the surface sediment below the benthic chamber was highly sulfidic, the particulate Cd
removal calculated from the concentration difference between the bottom water (0.5
m) and the first sample from the benthic chamber incubation (taken after 0.25 h) was
high enough to explain the total Cd enrichment in the sediment. Below the OMZ, at
Station 9, where the smallest Cd enrichment was observed, the relative contribution of
Cd delivery with organic material increases. About half of the Cd enrichment can be
attributed to organic material at this station.

Once Cd is delivered to the sediment, it can either stay fixed in the solid phase
or be released to the pore waters. Cadmium concentrations in pore waters of
subsurface sediments (> 10 cm sediment depth) were mostly higher than bottom water
concentrations (Fig. 11.6), indicating a transfer of Cd from the solid phase into pore
waters during early diagenesis. Cadmium sulfides are considered highly insoluble and
stable within sediments (Elderfield et al., 1981), even upon re-oxygenation (Rosenthal
et al., 1995). Therefore, Cd release through re-dissolution of CdS is ruled out as a
potential source of dissolved Cd. Alternatively, Cd liberation upon remineralization of
organic material could explain elevated Cd concentrations in the pore water. Elevated
Cd concentrations in sulfidic pore waters have been observed in previous studies and
attributed to Cd stabilization through formation of organic and inorganic complexes
(Gobeil et al., 1987; Sundby et al., 2004). Experimental data gave evidence for the

presence of dissolved Cd bisulfide and polysulfide complexes in pore waters. An
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increase of electrochemically active Cd after UV irradiation, was explained by the
destruction of electrochemically inactive bisulfide and polysulfide complexes (Gobeil et
al., 1987). At very high H2S concentrations (> 10-3 M) the solubility of Cd may increase
due to an increase in these bisulfide and polysulfide complexes. Under such highly
sulfidic conditions, Cd solubility may even exceed the solubility in oxygenated waters
and highly sulfidic sediment can eventually lead to a diffusive source of Cd to the
bottom water (Davies-Colley et al., 1985). Such a scenario may explain the negative
(i.e., upward-directed) diffusive Cd flux at Station 1, where the pore waters of surface
sediments are highly sulfidic.

Table 11.3: Comparison of sedimentary Cd excess compared to the lithogenic background and the
contribution of Cd delivery to the sediment via different pathways: (1) diffusion across the sediment-
water interface and Cd sulfide precipitation within the sediment; (2) Cd incorporation by phytoplankton
and delivery to the sediment with organic matter; (3) Cd sulfide precipitation in the water column and

particulate delivery to the sediment.

station water Cd excess (1) Cd flux Cd flux benthic H2S in surface (2) Cd from (3) Cds
depth sediment* diffusive chamber sediment organic matter? precipitation in
below benthic water column?®
chamber
(m) (umol m2y?)  (umol m?y?)  (umol m2y?) (UM) (umol m2 y) (umol m2 y?)
1 75 248.87 -1.85 —(3109.5)* 641.02 8.34-49.04 199.83 — 240.53
3 130 153.41 0.83 - - 4.87 —17.40 135.19 — 147.72
4 145 35.07 0.54 13.4+1.05 1.30 1.55-6.48 28.07 — 32.99
5 195 44.76 0.63 22.6+3.24 9.52 571-7.71 36.36 — 38.36
6 245 35.15 0.55 21.2+3.31 0.40 3.60 - 6.54 28.06 — 31.00
9 750 4.44 -0.30 0.00 £ 0.02 0.00 1.48-3.21 1.23-2.96
10 950 - - - 0.00 - -

1 Calculated after Brumsack (2006) and multiplied by the mass accumulation rate for each site (Dale et al., 2015b).
2 Determined by multiplication of Cd/C ratio in average phytoplankton (Moore et al., 2013) with particulate organic
carbon rain rates (maximum values) and organic carbon accumulation rates (minimum values) for each individual
site (data from Dale et al., 2015b). 3 Remainder of Cd excess in sediment after subtraction of diffusive and minimum
and maximum organic Cd sources. 4 Flux calculated from the concentration difference between the bottom water
(0.5 m) and the first sample from the benthic chamber incubation (taken after 0.25 h).
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[1.5 Conclusions and implications for trace metal sources and sinks in the
future ocean

Consistent with earlier work, our results demonstrate that that OMZ sediments
are a source for Fe and a sink for Cd. Moreover, based on our findings, biogeochemical
conditions and processes that control the benthic fluxes of these TMs across the

Peruvian OMZ can be further constrained.

Within the OMZ, where bottom dwelling macrofauna is absent, diffusion is the
main process that transports Fe from the sediment pore water into the bottom water.
The accumulation of high levels of H2S in pore waters, modulated by the abundance
of sulfur oxidizing bacteria, can reduce diffusive Fe release through sulfide precipitation
within pore waters. In anoxic bottom waters Fe can be rapidly removed, likely via
oxidation with NO2~ and/or interaction with particles. Benthic Cd fluxes are directed
from the bottom water into the sediment within the OMZ. Diffusive fluxes and delivery
of Cd via organic material cannot account for the sedimentary Cd enrichment. Instead
CdS precipitation in near-bottom waters could be the most important pathway that
delivers Cd to the sediments.

According to our results, H2S concentrations in surface sediments exert a first
order control on the magnitude and direction of Fe and Cd fluxes across the sediment-
water interface. With generally decreasing oxygen concentrations in the ocean and an
expansion of OMZs (Stramma et al., 2008; Schmidtko et al., 2017), sulfidic surface
sediments will likely also expand. With regard to the solubility of their sulfide minerals,
Fe and Cd represent two opposite end members. The solubility of sulfide minerals of
other important nutrient-type TMs, such as Ni and Zn, is intermediate between those
of Fe and Cd (Fe > Ni > Zn > Cd). An expansion of sulfidic surface sediments is thus
likely to affect sedimentary TM fluxes in a differing manner. This notion is illustrated in
Fig. 11.10, showing saturation indices calculated based on the range of TM
concentrations observed in the ocean and typical H2S concentrations observed in
anoxic marine environments (nM — UM concentrations represent sulfidic events in the
water column; UM — mM concentrations are typical for pore waters). Cadmium sulfide
minerals become oversaturated at nM to uM H2S concentrations, which explains why
Cd removal can take place in the bottom water in OMZs. By contrast, FeS is highly
undersaturated under the typical biogeochemical conditions in the water column.

Therefore, FeS precipitation is unlikely to take place in the water column, even under
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somewhat more reducing conditions. Other sulfide-forming TMs have an intermediate
sulfide solubility (e.g. Zn, Ni), which could imply that the direction and magnitude of
their sedimentary fluxes is susceptible to expanding ocean anoxia. The differing
response of TMs to an expansion of sulfidic conditions may cause a change in the TM
stoichiometry of upwelling water masses with potential consequences for TM-

dependent marine ecosystems in surface waters.
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Figure 11.10: Schematic overview of the possible mobility of different trace metal to an expansion of
sulfidic conditions. Saturation indices (Sl) were calculated for different H2S concentrations and reported
minimum and maximum concentrations of trace metals in the water column (data from Bruland and
Lohan 2003). Equilibrium constants (log K under standard conditions) for Fe (FeS ppt: -3.92), Ni
(millerite: -8.04), Zn (sphalerite: -11.62) and Cd (greenokite: -15.93) were taken from the PHREEQC
WATEQsF database (Ball and Nordstrom, 1991).The results are approximate since concentrations
instead of activities were used for calculations. A positive Sl is indicative of oversaturation whereas a

negative Sl is indicative of undersaturation.
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Supplement

Table 11.S.1: Input data from M136 & M137 for diffusive flux calculations.

station Fe(ll) Fe(ll) Cd Cd porosity temperature pressure salinity
concentration concentration concentration concentration
bottom water in pore water bottom water in pore water
at sediment at sediment
surface surface
(M) (M) (nM) (nM) (€) (bar)
1 0.10 1.06 0.22 0.90 0.93 16.17 8.77 35.06
3 0.17 0.47 0.81 0.65 0.95 13.96 13.90 34.97
4 0.00 6.34 0.66 0.47 0.96 13.96 15.40 34.97
5 0.00 0.59 0.68 0.44 0.96 13.21 20.40 34.92
6 0.06 3.14 0.76 0.55 0.95 13.33 25.60 34.94
9 0.00 0.00 0.99 1.25 0.74 6.28 75.00 34.55
10 0.01 0.37 - - 0.61 4.36 98.20 34.55
Table 11.S.2: Input data from M92 for diffusive flux calculations.
station Fe(ll) Fe(ll) porosity temperature pressure salinity
concentration concentration
in bottom in pore water
water sediment
surface
(M) (M) (€) (bar)
1 0.70 4.83 0.96 13.99 8.1 34.98
3 0.21 0.77 0.98 13.84 13.90 34.98
4 1.15 1.80 0.96 13.77 15.50 34.96
5 0.03 0.31 0.96 13.16 20.50 34.94
6 0.20 2.13 0.96 13.16 25.40 34.94
9 0.03 0.03 0.84 5.17 78.30 34.54
10 0.00 0.06 0.74 4.62 103.4 34.55
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Table I1.S.3: Silicic acid (Si(OH)4) concentrations in the near-bottom water column.

Station 1 Station 3 Station 4 Station 5 Station 6 Station 9
distance from Si(OH), Si(OH), Si(OH), Si(OH), Si(OH), Si(OH),
seafloor concentration concentration  concentration concentration concentration concentration
(m) (M) (™) (L)) (™) (™) (HM)
0.5 31.28 29.74 24.86 24.32 27.28 -
1 31.63 29.22 24.51 24.20 27.14 56.22
2 - 29.2 23.61 24.35 27.02 56.04
3 31.38 28.66 24.36 - - 55.96
4 31.27 28.17 24.20 24.00 27.04 55.44

Table 11.S.4: Equations for linear regressions from benthic chamber incubation data (Y =

concentration, X = incubation time) and coefficients of determination (R2).

station Fe Fe Cd Cd
linear regression R? linear regression R?
1 Y =0.88* X+ 186.18 0.01 Y=0.00* X + 0.068 0.06
4 Y=478*X+7.07 0.72 Y =-0.01* X +0.55 0.96
5 Y =-0.89 * X + 89.28 0.1 Y =-0.01*X+0.53 0.89
6 Y=232*X+57.34 0.47 Y =-0.01*X+0.58 0.87
9 Y =2.95*X+76.38 0.49 Y=0.00*X+1.01 0.36
10 Y =0.67 * X + 28.20 0.12 Y =0.00* X +0.99 0.07
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Figure 11.S.1: Close up of pore water dissolved Fe(ll) and hydrogen sulfide concentrations in the first 5

cm of the surface sediment. Data from an earlier cruise, M92, at Station 1 (75 m water depth) are

displayed for comparison. The uppermost sample represents the bottom water concentration. The

analytical error is smaller than the symbol size.
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Figure 11.S.2: Close up of pore water dissolved Cd and hydrogen sulfide concentrations in the first 5 cm

of the surface sediment. The uppermost sample represents the bottom water concentrations. The

analytical error is smaller than the symbol size.
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Abstract

Marine sediments are an important source and sink of bio-essential trace metals
to the ocean. However, the different mechanisms leading to trace metal release or
burial are not fully understood and the associated fluxes are not well quantified. Here,
we present sediment, pore water, sequential extraction and benthic flux data of Mn,
Co, Ni, Cu, Zn and Cd along a latitudinal depth transect across the Peruvian oxygen
minimum zone at 12°S. Sediments are depleted in Mn and Co compared to the
lithogenic background. Diffusive Mn fluxes from the sediments into the bottom water (-
26 to -550 umol m?2 y1) are largely consistent with the rate of Mn loss from the solid
phase (-100 to -1160 pumol m2 yrt) suggesting that 50 % or more of the sedimentary
Mn depletion is attributed to benthic efflux. In contrast, benthic Co fluxes (~ -3 pumol m-
2yr1) are lower than the rate of Co loss from the solid phase (up to -120 pmol m=2 yr-
1), implying Co dissolution in the water column. The trace metals Ni, Cu, Zn and Cd
are enriched within the sediments with respect to the lithogenic background. Uptake of
Ni by phytoplankton in the photic zone and delivery with organic matter to the sediment
surface can account for up to 100 % of the excess Ni accumulation (87 to 180 pmol m-

2 y'1) in shelf sediments near the coast, whereas at greater water depth additional
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scavenging by Mn- and Fe-oxides may contribute to Ni accumulation. Up to 20 % of
excess Cu (33 to 590 umol m2 y1) and generally less than 20 % of excess Zn (58 to
2170 pmol m? y1) and Cd (6 to 260 umol m=2 y!) can be explained by delivery with
fresh organic matter. Sequential extraction data suggest that the discrepancies
between the known sources of Cd (and Cu) and their excess accumulation may be
driven by the delivery of allochthonous sulphide minerals precipitated from the water
column. Additionally, Cu may be scavenged by downward sinking organic material. In
contrast, precipitation of Zn sulphide chiefly takes place in the sediment. Diffusive Zn
fluxes into the sediment (21 to 1990 pmol m y1) match the excess Zn accumulation
suggesting that Zn delivery is mediated by molecular diffusion from bottom waters.
Considering the diverse behavioural pattern of trace metals observed in this study, we
argue that declining oxygen and increasing hydrogen sulphide concentrations in a
future ocean will modify trace metal fluxes at the seafloor and the trace metal

stoichiometry of seawater.

[11.1 Introduction

Trace metals (TM) are involved in many biogeochemical processes in the ocean
For example, they are an essential component of enzymes that catalyse
photosynthesis (Mn, Cu) as well as carbon (Co, Zn, Cd), nitrogen (Ni, Cu) and
phosphorous (Zn) acquisition (Morel, 2003; Morel et al., 2014; Lohan and Tagliabue,
2018). Unlike their abundance in the continental crust, TMs are often scarce in
seawater, with concentrations in the range of nano- to picomoles per liter (Bruland and
Lohan, 2006). Because of their limited availability, TMs can (co-)limit primary
productivity in the ocean and limit the efficiency of the biological pump (Saito et al.,
2008; Moore et al., 2013; Morel et al., 2014).

In paleoceanographic studies, TM concentrations in sediments have been used
to infer past biogeochemical conditions in the water column and sediments (Brumsack,
2006). Certain TM enrichments (Ni, Cu) are indicative of high organic matter rain rates
to the seafloor as well as sulphidic conditions within the sediments as a result of TM
retention and burial as sulphide minerals (Tribovillard et al., 2006; Algeo and Liu,
2020). In contrast, sedimentary enrichments of Mn and Co may be indicative of
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hydrographically restricted conditions (Sweere et al., 2016) under which these

elements become trapped within basin sediments.

A meaningful application of TM concentrations as paleo-redox or
biogeochemical proxies requires a mechanistic understanding of their sources and
sinks in the ocean, especially in low-oxygen environments. Temporal or permanent
depletion of oxygen in the water column above the seafloor can affect the extent to
which TMs are removed from the water column and sequestered in the sediment
because TM mobility is redox-dependent (Sundby et al., 1986; Morford and Emerson,
1999; Tribovillard et al., 2006; Scholz and Neumann, 2007; Scholz et al., 2011; Rigaud
et al., 2013; Rapp et al., 2020). For example, sediments in the oxygen minimum zone
(OMZ) off Peru are enriched in some TMs (Ni, Cu, Zn, Cd) whereas others are depleted
(Mn, Co) compared to the lithogenic background (Boning et al., 2004; Little et al.,
2015). Similar patterns have been observed in the OMZs offshore Chile and Namibia
(Borchers et al., 2005; Boning et al., 2009). These enrichment or depletion patterns
are reflected in TM concentrations in the water column. High Mn and Co concentrations
in the water column of oxygen-deficient regions (e.g. Namibia, Peru, Mauretania,
Mexico, California) were ascribed to reductive dissolution or remineralisation in anoxic
waters or release from anoxic sediments (Johnson et al., 1996; Nameroff et al., 2002;
Noble et al., 2012; Hawco et al., 2016; Rapp et al., 2019b). Several studies have
reported a quantitative removal of dissolved Cu, Zn and Cd within anoxic water
columns of semi-restricted anoxic basins (e.g. Framvaren Fjord, Black Sea) and
depletion in open-marine OMZs (e.g., Peru, Mauritania, North-East Pacific) (Jacobs et
al., 1985; Tankéré et al., 2001; Janssen et al., 2014; Conway and John, 2015b; Roshan
and Wu, 2015; Janssen and Cullen, 2015; Vance et al., 2016; Xie et al., 2019).
However, the actual processes by which TMs are removed from the water column and

delivered to the sediment are, in many cases, poorly constrained.

Potential TM delivery mechanisms to the sediment include incorporation into
organic matter in the surface ocean by phytoplankton, scavenging by sinking organic
material or Mn- and Fe-oxides, and sulphide precipitation. After deposition at the
seafloor, TMs originally associated with fresh organic material or Mn- and Fe-oxides
can be released and/or transferred to other solid phases such as refractory organic
matter or sulphide minerals (Gendron et al., 1986; Shaw et al., 1990; Sheng et al.,
2004; Boning et al., 2004; Vijayaraghavan et al., 2005; Audry et al., 2006; Rigaud et
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al., 2013; Little et al., 2015; Olson et al., 2017). Trace metal precipitation within
sediments can also induce a downward-directed TM flux across the sediment-water
interface. These different delivery mechanisms are difficult to distinguish based on
water column or sediment solid phase data alone, because dissolution, transformation
and fixation is likely to take place during early diagenesis. Collectively, these processes
determine the extent of TM accumulation in the sediment and, ultimately, the oceanic

dissolved TM inventory.

In this manuscript, we aim to identify and quantify mechanisms that lead to the
release or sequestration of Mn, Co, Ni, Cu, Zn and Cd in sediments in the OMZ off
Peru. Our analysis is based on porewater and solid phase data for surface sediments
along a sampling transect at 12°S (six stations) (Fig. 1ll.1). We assign individual
delivery pathways to each of these TMs by comparing diffusive benthic fluxes and
accumulation rates due to organic matter burial and TM speciation data from sequential
extractions. Our findings may help to reduce uncertainties that are associated with
oceanic TM mass balances (e.g. Homoky et al., 2016; Little et al., 2016; Archer et al.,
2020) and to parameterize TM fluxes in global biogeochemical models (Dale et al.,
2015a; Homoky et al., 2016; Tagliabue et al., 2018).

[11.2 Methods

[11.2.1 Study area

The upwelling region in the Eastern Tropical South Pacific off the coast of Peru
is characterised by one of the most intense OMZs in the ocean. The OMZ forms
through a combination of seasonal upwelling of nutrient-rich water, high rates of
primary productivity and subsequent oxygen consumption in subsurface waters.
Waters with near-complete oxygen depletion are generally located between 100 and
500 m water depth (Pennington et al., 2006; Karstensen et al., 2008; Thamdrup et al.,
2012). The biogeochemical conditions in the water column at our study sites are
spatially highly variable and, at the shallower stations, also temporally variable. During

phases of water stagnation on the shelf the water column can become anoxic and
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depleted in nitrate (NOsz°) and nitrite (NO2) following intense denitrification (Sommer et
al., 2016). Hydrogen sulphide (H2S) generated in the sediments by microbial sulphate
reduction can then be released to the water column and accumulate to micromolar
levels (Schunck et al., 2013; Scholz et al., 2016; Ohde, 2018). In contrast. oxygenation
events on the upper slope (down to 200 - 300 m) are linked to the passage of coastal
trapped waves. The passage of these poleward waves often occurs during (coastal) El
Nifio phases and is associated with the deepening of the nutricline and upper oxycline
(Ulloa et al., 2001; Levin et al., 2002b; Gutiérrez et al., 2008; Echevin et al., 2008;
Ohde, 2018). A tracer release experiment that was carried out in our study area
revealed that nutrients released into bottom waters at the Peruvian shelf (< 250 m
depth) can potentially reach the surface ocean via transport and mixing processes
(Freund, 2020). This observation highlights the relevance of benthic trace metal fluxes

for biological processes in the surface ocean.
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Figure Ill.1: Sampling locations (stars) and station numbers on the Peruvian continental margin during

cruises M136 and M137. Water depths and station coordinates are summarised in Tab. II.S.1.
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The sediments at our study sites on the Peruvian shelf (< 200 m) consist of fine
grained diatomaceous and organic carbon-rich hemipelagic muds (Reimers and
Suess, 1983; Suess et al., 1987; Froelich et al., 1988). The sediments on the slope
consist of a mixture of phosphoritic sand, foraminiferal sand, and olive green mud
(Mufioz et al., 2004). Sedimentation rates are highest on the inner shelf (75 m) at 0.47
cm y* and decrease on the outer shelf and slope to 0.14 to 0.05 cm y* (130 to 750 m)
(Dale et al., 2020). The high productivity in surface waters leads to high particulate
organic carbon (POC) rain rates, which reach 955 mg m?2 d* at 75 m and decrease
offshore to 62 mg m2d* at 750 m (Dale et al., 2015b). The POC content in sediments
ranges between 30 and 200 mg g%, with highest values found underneath anoxic
bottom waters (Suits and Arthur, 2000; Boning et al.,, 2004; Dale et al., 2015b).
Hydrogen sulphide in sediment pore waters reaches several tens to thousands of
micromoles per litre (Suits and Arthur, 2000; Scholz et al., 2011; Noffke et al., 2012;
Plass et al., 2020). The contents of sulphur bound to pyrite within the OMZ sediments
are between 1 and 18 mg g, and the contents of sulphur bound to organic matter are
between 0.7 and 3.3 mg g, with the highest values in the centre of the OMZ (Suits
and Arthur, 2000; Scholz et al., 2014Db).

l11.2.2 Sampling and analytical methods

The sampling took place between April and May 2017 during RV Meteor cruises
M136 and M137 at six stations across the Peruvian shelf and slope between 75 m and
750 m water depth (Fig. lll.1). The station numbering was taken from Dale et al.
(2015b) with the geographical coordinates listed in the supplement (Table IlI.S.1).
Short sediment cores (ca. 30 cm) were retrieved with a multiple corer and immediately
transferred to the onboard cool room (4 °C). The supernatant bottom water above the
sediment core was then sampled and filtered through 0.2 um cellulose acetate filters
(Sartorius). Subsequently, the sediment cores were sliced in vertical sections in a glove
bag under Ar-atmosphere. The samples were then centrifuged, and the supernatant
was filtered as before under Ar-atmosphere and transferred to acid cleaned low-
density polyethylene (LDPE) bottles. Pore water and supernatant samples were
acidified to pH < 1 with subboiled distilled HNOs. Hydrogen sulphide concentrations
were measured photometrically (U-2001 Hitachi spectrometer) on separate non
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acidified pore water samples using standard spectrophotometric techniques (Grasshoff
et al., 1999). The centrifuged sediments were stored in the centrifuge tubes under Ar-
atmosphere for TM analysis at the home laboratory. Separate uncentrifuged sediment
samples were collected for determination of POC and total sulphur (TS) content as
well as water content and porosity. All sediment and porewater samples that were not

analysed on board were maintained at 4 °C.

To determine TM concentrations in the pore water, we generally followed the
pre-concentration method described by Rapp et al. (2017) but with a half-automated
device (Preplab). The acidified pore water samples (1 ml) were diluted with 2 ml of de-
ionised water (MilliQ, Millipore) and irradiated with UV by light for 4 hours to destroy
organic ligands that affect the recovery of Co and Cu. Before preconcentration the pH
value of the sample was raised to 6.4 with an ammonium acetate buffer (1.5 M).
Subsequently, the sample was loaded onto a chelating resin column where the
seawater matrix was rinsed off. Then the column was rinsed with 1 ml of elution acid
(3 M subboiled HNO3s) to collect the TMs. Trace metal concentrations in the pre-
concentrated samples were measured by high resolution inductively coupled plasma
mass spectrometry (HR-ICP-MS; Thermo Fisher Element XR). Trace metal
concentrations were quantified by standard addition (Mn, Co) and isotope dilution (Ni,
Cu, Zn, Cd). Accuracies for replicate measurements of reference seawater certified for
TMs (NASS-7 and CASS-6) are listed in Table 111.S.2. The pore water Cd data has
been previously published along with benthic chamber data in Plass et al. (2020).
These data are shown again here to explore the full range of TM behaviour on the

Peruvian shelf.

Solid phase TM analyses was targeted at eight sampling depths per core (0.5
cm, 2.5 cm, 4.5 cm, 7cm, 11 cm, 16 cm, and 20 cm). Total digestions were used to
determine total TM contents. Exactly 0.1 g of freeze dried and ground sediment was
digested in 2 ml concentrated HF (suprapure) (40 %), 2 ml concentrated HNO3
(suprapure) (65 %) and 3 ml concentrated HCIO4 (suprapure) (60 %) for 8 hours at 185
°C. The sample was then dried and re-dissolved with 1 ml concentrated HNO3
(suprapure) and 5 ml deionized water (Milli-Q, Millipore) at 145 °C for 2 hours. The
reference standard MESS-3 was treated in the same way to monitor the recovery of

the digestion procedure.
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A modified version of the four-step sequential extraction scheme of Huerta-Diaz
and Morse (1990) was applied to determine host phases of TMs within the sediment.
We opted to use unaltered wet sediment because drying can shift TMs from less mobile
to more mobile phases and thus distort the results from the sequential extractions
(Baeyens et al., 2003). For each extraction 0.5 g of wet sediment was used. To check
the long-term reproducibility of the sequential extraction protocol, we included our in-
house standard OMZ-2 (sediments from the Peruvian margin) into each extraction run
(relative standard deviation £ 2 %, for Zn £ 9 %). The reference standard MESS-3 was
also extracted along with the samples. All samples were constantly mixed on a shaking
table during the extraction. After each extraction step the sample was centrifuged and
the supernatant collected. The residual sediment was used for the subsequent

extraction step. A full description of the extraction procedure follows:

Sequential extraction step 1, HClo.sm-fraction: The sediment was extracted in 20
ml of 0.5 M HCI (subboiled and distilled) and shaken for 1 hr. After centrifugation the
supernatant was collected and stored for analysis. This extraction is operationally
defined to dissolve TMs present as TM-monosulphides and TMs associated to
amorphous (oxyhydr)oxides (Fe, Mn), carbonates and hydrous aluminosilicates
(Kostka and Luther, 1994).

Sequential extraction step 2, HCliu-fraction: 15 ml of 1 M HCI (subboiled and
distilled) were added to the residual sediment and shaken for 23 hr. After centrifugation
and collection of the supernatant, the sediment was washed with 10 ml de-ionised
water (MilliQ, Millipore) and centrifuged again. The supernatant was combined with the
prior collected supernatant (1 M HCI) and stored for analysis. In principle, this
extraction step is operationally defined to dissolve the same TM phases as step 1 plus
more crystalline phases and some silicates minerals (Huerta-Diaz and Morse, 1990;
Kostka and Luther, 1994).

Sequential extraction step 3, HF-fraction: During this step, 10 ml of 10 M HF
(suprapure) was added to the residual sediment and shaken for 1 hr. The sample was
centrifuged and the supernatant collected. Then, 10 ml of 10 M HF was added to the
sediment and shaken for 16 hr, before 2 g of boric acid was added to dissolve any
precipitated fluoride minerals. The shaking was then repeated for another 8 hr before
centrifuging and collection of the supernatant. Subsequently, the sediment was

washed with 10 ml boiling de-ionised water, centrifuged again and the supernatant
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collected. All three supernatants collected during this extraction step were combined
and stored for analysis. This extraction step is operationally defined to dissolve TMs

associated with silicate minerals (Huerta-Diaz and Morse, 1990).

Sequential extraction step 4, HNOs-fraction: For the last extraction step, 10 ml
of concentrated HNOs3 (subboiled and distilled) was added to the remaining sample and
shaken for 2 hr. Subsequently, the sample was centrifuged and the supernatant
collected. The residual sediment was washed with 10 ml of concentrated HNO3
(subboiled and distilled) and then with 10 ml of de-ionised water. After each washing
step, the sample was centrifuged, the supernatant collected and combined with the
prior collected supernatant and stored for TM analysis. This extraction step is
operationally defined to dissolve TM associated with organic matter and pyrite (Huerta-
Diaz and Morse, 1990).

Trace metals extracted in step 1, 2 and 4 are considered to be reactive and
potentially mobile within the water column and surface sediment whereas TMs
extracted in step 3 (silicate minerals) are considered to be of lithogenic origin and thus

unreactive.

Concentrations of TMs (and also Al) in solutions from digestions and sequential
extractions were measured by ICP-OES (VARIAN 720-ES). Due to its lower
sedimentary content, Co concentrations were measured by ICP-MS (Agilent 7500).
The recovery from replicate total digestions of the reference standard MESS-3 (n =17,
all within range) and the recovery from the sequential extraction method of our in-house
standard OMZ-2 (n = 3, recovery > 90 % Mn, Co, Ni and Cd and > 80 % for Cu and
Zn) are listed in Table 111.S.3. Possible contamination during the extraction procedure
was monitored using method blanks, which were treated in the same way as the
samples.

Total sulphur and POC contents in freeze dried and ground sediment
subsamples were determined by flash combustion in an Elemental Analyzer (Euro EA)
after removal of inorganic carbon with 0.25 mM HCI (analytical grade). Precision and
relative standard deviation of the measurement was + 3 % for TS and = 1 % for POC.
Further sediment subsamples were freeze-dried for the determination of water content

and porosity to convert the results from sequential extractions in mass units.
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[11.2.4 Flux calculations
To determine whether a TM is enriched or depleted relative to the lithogenic
background (expressed as excess; TMxs) we used the average TM and Al contents of

each core and applied the following equation (Brumsack, 2006):

Tst = TMsample - Alsample * (TM/Al)crust (Eq I”-l)

Positive and negative TMxs represent sedimentary enrichment and depletion,
respectively. The TM:Al ratio of andesite was used as the lithogenic background
reference, in line with the overall andesitic composition of Peru margin sediment
(Boning et al., 2004). We applied the same reference values for Mn, Ni, Cu, Zn, Cd
and Al from Peruvian andesite as Little et al. (2015) (taken from the GEOROC data
base (Sarbas and Nohl, 2009)). The reference value for Co was taken from average
andesite (Taylor and McLennan, 1995) which is nearly identical to the local andesite
Co:Al ratio (Aguirre, 1988). To determine the excess TM flux/accumulation in the
sediment, TMxs was multiplied by the mass accumulation rate (MAR) for each individual
site (taken from Dale et al. (2020)):

TM,s * MAR = TM,;MAR  (Eq.lll. 2)

To quantity TM delivered to or removed from the sediments via diffusive
transport (Fp) across the sediment water interface, we applied Fick’s first law of
diffusion (Boudreau, 1997):

Fp = —®Dgoq(dC/dx)  (Eg. II.3)

In this equation, dC/dx is the concentration gradient between the uppermost pore water
sample (0 — 1 cm sediment depth) and the bottom water. Dsed is the effective molecular
diffusion coefficient of a TM in the sediment, which was determined as follows (Plass
et al., 2020):

Dseq = Dsw /(1 — ln(q)z)) (Eq. 111.4)

The molecular diffusion coefficients in seawater (Dsw) under standard conditions (LI
and Gregory, 1974) were adjusted to in-situ temperature, pressure and salinity
applying the Stokes-Einstein Equation. The denominator in Eqg. lll.4 represents
tortuosity which is derived from porosity (®) (Boudreau, 1997). In this study, a positive
Fb represents a flux from the bottom into the pore water and vice versa. All data for
diffusive flux calculations are listed in Tables I11.S.5.
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Trace metals are also delivered to the sediment via incorporation into
phytoplankton and deposition of organic detritus on the seafloor. We approximated this
flux by multiplying the average TM to carbon (TM:C) ratio in average phytoplankton
(Moore et al., 2013) with POC rain rates and POC burial rates (data from Dale et al.
(2015b)) for each site. These give the maximum and minimum TM fluxes, respectively.
Regional TM:C ratios from the equatorial Pacific in bulk phytoplankton and diatoms are
available for some TMs from Twining et al. (2011) and for (mostly) zooplankton from
Collier and Edmond (1984). Compared to average phytoplankton, regional ratios are
generally slightly lower for Mn, similar for Ni and Cu, and slightly higher for Co, Zn and
Cd. Available TM data for suspended patrticles within the OMZ off Peru show elevated
TM to phosphorus (TM:P) ratios compared to average phytoplankton (Ohnemus et al.,
2017; Lee et al., 2018). In this study, we converted this local particulate TM:P to TM:C
ratio assuming a C:P ratio in phytoplankton of 124 (Ho et al., 2003; Moore et al., 2013).
The uncertainties associated with variable TM:C ratios are discussed in Section 111.4.2.

The results of all flux calculations are listed in Table 11l.1 and displayed in Figure 111.7.

[11.3 Results

[11.3.1 Biogeochemical conditions in the water column

The biogeochemical trends in the water column during our sampling campaign
are presented in detail by Lidke et al. (2020) and Plass et al. (2020). During the time
of sampling, the bottom water above our sampling stations on the shelf was depleted
in oxygen. The OMZ, with oxygen concentrations below the detection limit of the
Winkler titration (3 to 5 uM), extended down to around 450 m water depth (Fig. I1.2).
Within the OMZ, nitrogenous conditions prevailed and concentrations of nitrite were in

excess of 4 uM between 150 and 300 m water depth.
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Figure Ill.2: Dissolved oxygen (Oz2), nitrate (NO3") and nitrite (NO2’) concentrations in the water column

on the Peruvian shelf and slope during the time of sampling (from Plass et al. (2020)).

[11.3.2 Pore water data

Pore water concentrations of Mn were highest in the upper 5 to 10 cm of the
sediment at most stations, reaching several hundreds of nanomoles per litre. In deeper
sediments Mn concentrations dropped below 100 nM at Stations 1, 3 and 5 (75, 130
and 195 m). At all stations, higher concentrations in pore waters than in the overlying
bottom waters were observed. This implies an upward-directed diffusive flux of Mn to
the bottom water. Particularly sharp concentration gradients at the sediment-water
interface (up to 420 nM cm) were measured at the shallow shelf stations, which result
in the highest diffusive flux at St. 1 (75 m) (-550 umol m? y1). Diffusive Mn fluxes
decreased with increasing water depth and the lowest value was observed at Station
9 (750 m) (-26 pmol m2 y1).
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Figure 111.3: Pore water dissolved trace metal concentrations. The arrow represents the bottom water

concentration. Data for cadmium (Cd) and hydrogen sulphide (H2S) are from Plass et al. (2020).
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Concentrations of Co in pore waters increased from the sediment surface
towards deeper sediments by several nanomoles per litre at stations within the OMZ.
Concentrations in the uppermost pore water sample (~ 1 nM) were higher than in
overlying bottom waters (< 1 nM), which again implies an upward diffusive flux from
the pore water to the bottom water. Diffusive fluxes ranged between -4.1 and -1.7 pmol

m2 y1 on the shelf, whereas at St. 9 (750 m) the flux was lowest with -0.13 pmol m-
y*t.

Pore water Ni concentrations generally increased with increasing sediment
depth at most shelf stations, from a few nanomoles per litre at the sediment surface up
to 92 nM in deeper sediments at St. 6 (245 m). The highest pore water Ni
concentrations were observed at Station 9 (750 m) (up to 365 nM). With the exception
of Station 4 (145 m), diffusive fluxes ranging from -12 to -71 umol m~? y* were directed

from the pore water to the bottom water.

Copper concentrations were in the range of 2 to 26 nM and mostly varied around
an average of 7 nM at stations within the OMZ. Concentration gradients across the
sediment-water interface generally ranged between 2 and 10 nM cm ! and diffusive
fluxes were mostly directed out of the sediment (St. 1, 4, 5 and 9). The highest efflux
of -3.5 pmol m2 y'! was observed at St. 9 (750 m). The highest flux into sediment was
13 pumol m? y* at St. 6.

The concentrations of dissolved Zn ranged between 20 and 40 nM at most
stations and generally varied within a narrow range within the sediment cores. At a few
stations, single values of maximum concentrations in the upper 10 cm reached close
to or above 100 nM. Concentrations of Zn in bottom waters were of the order of several
hundred nanomoles per litre. The high concentration gradients across the sediment-
water interface imply downward diffusive fluxes of Zn into the sediment of up to 2000
umol m2y?tat St. 1 (75 m).

Concentrations of Cd in pore waters ranged between 0.1 and 2 nM. Bottom
water concentrations were higher than concentrations in the surface pore water at most
stations (St. 3, 4, 5 and 6) indicating a downward diffusive flux of 0.6 to 0.8 pmol m=2y
Linto the sediment. Upward directed fluxes were observed at St. 1 (75 m) (-1.8 pmol
m=2y?1) and St. 9 (750 m) (-0.3 pmol m=2 y1).
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The sediment pore waters contained H2S at all shelf stations. The highest
concentrations (> 4000 uM) were measured at St. 1 (75 m). At St. 3to 5 (130 to 195
m), concentrations reached up to 1000 pM. Hydrogen sulphide concentrations
increased with sediment depth either from the sediment surface (St. 1 and 3) or from
5 cm depth (St. 4 and 5). At several stations, H2S showed a peak between 5 and 15
cm (St. 1, 3, 4), whereas at St. 5 (195 m) the increase with depth was continuous. At

the deepest station on the slope (St. 9), no H2S was detected.

[11.3.3 Total digestion data and trace metal excess

The total digestion data is presented together with the sequential extraction data
in Fig. Ill.4. Total sedimentary contents of Mn, Co and Zn generally decreased with
distance offshore, whereas contents of Ni and Cd increased, except at St. 9 where Ni
contents decreased and Cd contents were lowest. Sedimentary Cu contents were
rather constant along the sampling transect. There were no large variations in total TM
contents with increasing sediment depth. Average station values for the different TMs
were between the following; Mn: 133 to 382 ug g, Co: 3to 8 ug g4, Ni: 22 to 104 ug
g?, Cu: 581046 ug g, Zn: 98 to 178, Cd: 2 to 52 ug g*.

The calculated enrichment or depletion of the different TMs compared to the
lithogenic background sedimentation off Peru (TMxs) is displayed in Fig. 1lIl.5. The
negative TMxs for Mn and Co illustrates that these TMs are depleted at all stations
whereas Ni, Cu, Zn and Cd are enriched. These depletion and enrichment patterns as
well as the ranges of TMxs are similar to those observed in previous studies on the
Peruvian margin (e.g. Boning et al., 2004; Little et al., 2015). Manganese showed the
smallest depletion at the shallowest station St. 1 (75 m) (-56 pug g?) and the largest
depletion at the deepest station St. 9 (750 m) (-138 pg g1). The depletion of Co (-4 to
-6 pg g'1) varied across the transect and was smallest at St. 6 (245 m) and highest at
St. 4 (145 m). Across the shelf, Nixs clearly increased (7 to 100 pg g*) whereas Cusxs
(33 to 40 pg g*) and Cdxs (26 to 52 ug g') increased only moderately with distance
offshore. In contrast Znxs (74 to 124 ug g!) decreased across the shelf. The enrichment
of Ni, Cu and Zn at the slope station (St. 9) was similar to those observed at the shelf

stations, whereas Cdxs was close to zero (2 pug gt).
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Figure lll.4: Total trace metal contents in sediments determined from total digestions (red dashed line)

and trace metal contents in different fractions determined from sequential extractions (HCI, HNO3z, HF).
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Figure 111.5: Enrichment of trace metals (TMxs) compared to the lithogenic background against water
depth. The average particulate organic carbon content is also plotted. Numbers in the upper panel depict

station numbers.
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Figure I11.6: Cross plots of trace metal contents in the combined HCl-fractions (TMs associated with
monosulphides, (oxyhydr)oxides, carbonates and hydrous aluminosilicates) and HNOs-fraction (TMs
associated with pyrite and organic matter) from sequential extractions versus total sulphur (TS) and

particulate organic carbon (POC) contents. Since no Cd was present in the HNOz-fraction it is not shown.
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[11.3.4 Sequential extraction data

As pointed out in Section 2.2, multiple TM host phases may be dissolved in each
step of the sequential extraction procedure (Huerta-Diaz and Morse, 1990;
Zimmerman and Weindorf, 2010). Therefore, we refer to the extraction medium rather
than specific target phases hereafter. The distribution of each TM across the different
fractions was similar at all stations. The sum of the TM fractions mostly matched well

with total TM contents obtained by total digestion (Fig. 111.4).

At all stations, the largest proportion (> 60 %) of sedimentary Mn and Co was
present in the HF-fraction (i.e. as silicates). Most of the remaining Mn and Co was
present in the combined HCI-fractions (i.e. as monosulphides, (oxyhydr)oxides,
carbonates). Compared to Mn (2 to 6 %), a larger amount of Co (7 to 21 %) was
present in the HNOs-fraction (i.e. as pyrite or organic matter). Approximately half of the
total sediment contents of Ni and Cu were present in the HClosw-fraction. The
remaining Ni was contained in the HNOs-fraction (30 %) and HClim-fraction (20 %).
The main host phase of Cu switched from the HClosm-fraction towards the HNOs-
fraction with increasing water depth. Similar to Ni and Cu, half of the total Zn content
at the shelf stations was present in the HClosw-fraction. The remaining Zn was
distributed among the HF-fraction (25 %), HCliv-fraction (20 %) and HNOs-fraction (10
%). At St. 9 (750 m), most Zn was present in the HF-fraction (40 %). With the exception
of Station 9, Cd was almost exclusively contained in the HClo.sm-fraction (95 %).

The combined HCI- and the HNOs-extractions are plotted against TS and POC
contents to help further constrain whether TMs in these host phases are likely to be
associated with organic matter or sulphide minerals, respectively (Fig. 111.6). The data
showed a negative correlation at the shelf stations (St. 1 to 6, 75 to 245 m) between
POC and Mn, Co and Zn in the HCl-fraction (R? = 0.61, 0.56 and 0.36 respectively)
and in the case of Mn also in the HNOs-fraction (R? = 0.68) (p < 0.001). At the shelf
stations, a positive correlation with POC was found for Ni in the HCI- and HNOs-
fractions (R? = 0.74 and 0.63 respectively, p < 0.001). A positive correlation of POC
with Cu was also observed at the shelf stations in the HNOzs-fraction (R? = 0.75) and
for Cd in the HCl-fraction (R? =0.57) (p < 0.001). Most TMs showed no clear correlation
with TS considering all shelf station data. However, in the HCl-fraction of the deeper
Stations 5 to 9 (195 to 750 m), Cd, Ni, and Cu (R? = 0.93, 0.83 and 0.82 respectively,
p < 0.001) and to a lesser extent Zn (R? = 0.46, p = 0.001) correlated with TS. If only
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St. 1 and 9 are considered, Co and Mn would fall on a line of linear regression in the
HCI- (R? = 0.94 and 0.92 respectively) and in the HNOs-fraction (R? = 0.77 and 0.71
respectively) (p < 0.001). If all stations are considered, Co still positively correlated with
TS in the HNOs-fraction (R? = 0.61, p < 0.001).

[11.4 Discussion

I11.4.1 Sedimentary depletion of manganese and cobalt

In line with other studies (Boning et al., 2004; Scholz et al., 2011; Little et al.,
2015), our data showed depletion of Mn and Co in sediments on the Peruvian margin
(Fig. ll1.6). Excess fluxes of both TMs displayed a similar pattern of decreasing
depletion along the transect and with distance from the coast (Mn: -1161 to -100 pmol
m2 y?! Co:-123 to -3.5 pumol m? y1) (Fig. 111.7). The depletion must be caused by a
transfer of TMs from the solid phase to the dissolved phase and transport away from
the study area. In anoxic sediments, Mn is commonly released from the solid phase to
the sediment pore water through the reductive dissolution of Mn-oxides coupled to the
remineralisation of organic matter (Canfield and Thamdrup, 2009). The sedimentary
cycling of Mn and Co is often coupled, whereby Co delivery is generally associated
with Mn-oxides. Dissolution of Mn-oxides thus also releases Co to pore waters under
reducing conditions (Heggie and Lewis, 1984; Gendron et al., 1986; Sundby et al.,
1986; Scholz and Neumann, 2007; van de Velde et al., 2020). However, our data are
only partly consistent with a close coupling between the cycling of Mn and Co on the
Peruvian shelf because the contribution of diffusive benthic efflux to the sedimentary

depletion differs between the two TMs.

The diffusive Mn effluxes from the sediment pore water into the bottom water of
26 to 551 pmol m? y determined from our sampling campaign may vary temporally
as function of bottom water oxygen concentrations. The fluxes are remarkably similar
to 5 to 460 umol m? y* determined off Peru at 11°S in 2008 (Scholz et al., 2011), but
orders-of-magnitude lower than values observed in less reducing continental margin

systems (McManus et al., 2012) and restricted basins (Pakhomova et al., 2007; van de
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Velde et al., 2020). The diffusive fluxes agreed well with the overall sedimentary
depletion at St. 4 (145 m) and 6 (245 m) (Fig. 111.7), demonstrating that loss by diffusion
across the sediment-water interface can account for Mn depletion at these sites. At St.
1 (75 m), 3 (130 m) and 5 (195 m) only half of the depletion can be related to benthic
efflux. Following previous studies (Landing and Bruland, 1987; Johnson et al., 1996;
Noble et al., 2012), we argue that the remaining Mn dissolution takes place in the
anoxic water column. Efficient offshore transport of the dissolved Mn liberated from
particles in the water column and sediments (Vedamati et al., 2014a) can explain
sedimentary Mn depletion and generally low benthic Mn fluxes compared to other
marine systems. At the slope station with oxic bottom water (St. 9, 750 m), Mn
depletion may be related to the particular sediment composition (phosphorite,
glauconite and lag sediment that generally contain less Mn) or to downslope transport
of Mn-depleted shelf sediment that has undergone extensive leaching prior to

deposition on the slope.

Few studies have reported diffusive benthic Co fluxes from sediments. The
effluxes of Co observed in our study were similar to those reported for sediments from
underneath oxygen-deficient bottom waters in the Santa Monica basin (around -4 pumol
m2 y1) (Johnson et al., 1988). In contrast to Mn, however, these are far too low to
account for a substantial portion of the total depletion from the solid phase (up to -123
umol m2 y1). Particularly at St. 1 (75 m) and St. 3 (130 m), the diffusive efflux
accounted for less than 10 % of the total depletion (Fig. 11.7). As for Mn at St. 1, 3 and
5, this implies that the bulk of particle-associated Co must have already dissolved in

the water column before reaching the seafloor.

The release of Co from particles in oxygen-deficient upwelling regions is
believed to play an important role in the Co budget of the upper ocean (Saito et al.,
2004; Noble et al., 2012). Model results suggest that the main external input flux of
dissolved Co to the ocean derives from sediments at continental margins, two thirds of
which is derived from sediments underneath oxygen-deficient bottom waters
(Tagliabue et al., 2018). By comparing Co:Al ratios in sediments off Peru to the ratio of
the lithogenic background, Hawco et al. (2016) calculated that around half of the land-
derived particulate Co is dissolved, which leads to the formation of a large Co plume
observed in the water column off Peru. This estimate agrees well with sedimentary

Co:Al ratios in our study. For comparison, Mn:Al ratios indicate that only 10 — 40 % of
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land derived particulate Mn is ultimately lost from the sediments. Modelling studies
estimated Co fluxes from sediments off Peru of 25 pmol m-? y! (Tagliabue et al., 2018).
The total depletion at the shelf stations 3, 4 and 5 (-27 to -12 umol m= y!) is in good
agreement with this estimate. However, our findings reveal that < 5 pmol m=2 y? is
released from the sediments by diffusion whereas the majority of the Co is dissolved

in the water column.

The spatial decoupling between the release of Co and Mn may be explained by
a scenario where Co desorption from Mn oxide surfaces (Murray, 1975; Shaw et al.,
1990) happens more readily and prior to Mn oxide dissolution itself. An alternate
explanation could be that upon release, Co chiefly remains in the dissolved phase
whereas Mn undergoes partial re-precipitation in the water column and deposition at
the seafloor. This mechanism may be particularly relevant at the shallow shelf (St. 1,
75 m) where the relative depletion of Co compared to Mn is higher (Coxs:Mnxs = 0.1)
than further offshore (Coxs:Mnxs = 0.04) due to decreasing Mn:Al ratios (derived from
Fig. 111.5). Consistent with this scenario, Mn oxidation has been shown to be faster than
Co oxidation (Landing and Bruland, 1987; Tebo, 1991; Thamdrup et al., 1994; Moffett
and Ho, 1996; Noble et al., 2012). Therefore, once released into the water column,
there is little Co scavenging or removal (Noble et al., 2012; Hawco et al., 2016).
Instead, Co concentrations in the water column are primarily controlled by

phytoplankton uptake rather than co-precipitation with Mn (Saito et al., 2004).

Within the sediment pore water, a decoupling was observed between Mn and
Co since dissolved Co:Mn ratios exceeded crustal and phytoplankton ratios and
increased in a downcore direction (Fig. 111.8). Increasing Co:Mn ratios in pore water
were related to decreasing Mn concentrations below a shallow maximum, which is
attributed to the precipitation of Mn carbonate or Mn adsorption onto calcite
(Middelburg et al., 1987; Kuleshov, 2017). Consistent with this notion, reactive Mn is
mainly present in the HCI soluble fraction, which contains Mn carbonates, oxides and
potentially some Mn bound to silicate minerals. In contrast to Mn, a significant
proportion of sedimentary Co (7 to 21 %) was extracted with HNOs and Co
concentrations within this fraction covaried with TS, which is mainly present as pyrite
(Suits and Arthur, 2000; Scholz et al., 2014b). This observation suggests that
authigenic pyrite is an important burial phase for Co in Peru margin sediments. Overall,

preferential precipitation and retention of Mn relative to Co in sediments on the shallow
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shelf is likely to contribute to increasing sedimentary Co to Mn contents along the

transect (Fig. 111.4).

[11.4.2 Sedimentary enrichment of nickel, copper, zinc and cadmium

The TMs Ni, Cu, Zn and Cd are enriched in sediments throughout the study
area. Zinc is the only TM where diffusion across the sediment-water interface can
explain the majority of TM accumulation (Fig. I11.7). By contrast, Ni, Cu and Cd must
primarily be supplied by particles. Nickel displays a negative diffusive flux out of the
sediment indicating that a fraction of the particulate TM delivered is solubilised within
the sediment and recycled into the bottom water. The various TM delivery pathways

are discussed in the following sections.

[11.4.2.1. Diffusive delivery of Zn

Based on a covariation between Zn enrichment factors and POC concentrations
in sediments and elevated Zn concentrations in plankton, prior studies concluded that
biological uptake and deposition of organic material represents the main delivery
pathway of Zn to sediments on the Peruvian margin (Boning et al., 2004, Little et al.,
2015). In contrast, our flux data reveal that this mechanism can only explain 10 to 20
% of the Zn accumulation on the shelf (60 to 2230 pmol m-2 y1) (Fig. 111.7). We find that
molecular diffusion of Zn is the main process of Zn delivery to the sediments on the
Peruvian margin. The diffusive flux of Zn into the sediment equals the total enrichment
flux at St.1 (75 m) (around 2000 umol m2 y-1) and the fluxes at the other shelf stations
are high enough or even exceed the fluxes required to account for the excess Zn

accumulation.

A steep Zn concentration gradient between the bottom water just above the
sediment surface and pore waters was the driver for high diffusive fluxes (Fig. I11.3).
Water column studies report Zn concentrations of only a few nanomoles (maximum10
nM) in open ocean waters (Bruland and Lohan, 2006; Tim M Conway and John, 2014;
Conway and John, 2015a; Janssen and Cullen, 2015; Sieber et al., 2020) including
those within the Peruvian OMZ (John et al., 2018b; Rapp et al., 2020). However, only
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a few Zn concentration data for bottom waters are available. In bottom waters from
benthic chamber incubations in productive coastal environments, Zn concentrations
can reach several hundred nanomoles (Westerlund et al., 1986; Ciceri et al., 1992;
Turetta et al., 2005), which is similar to the bottom water concentrations found in our
study (23 to 780 nM) (Fig. 111.3). We suggest that the high Zn concentrations in bottom
water are due to Zn release from labile organic matter within the benthic fluff layer
overlying the sediment. In that case, organic material could still play a role in the
delivery of easily dissolvable Zn to the seafloor. However, any Zn bound to organic
material is unlikely to originate through direct uptake from the photic zone as this flux
is far lower compared to the diffusive flux. Instead, Zn scavenging by downward sinking
organic material or Zn incorporation by pelagic microbial communities could be a viable
mechanisms by which Zn is bound to organic molecules (Sheng et al., 2004,
Vijayaraghavan et al., 2005; Ohnemus et al., 2017).

[11.4.2.2 Particulate supply of Ni, Cu and Cd by organic matter or metal oxides
Particulate supply with phytoplankton-derived organic matter may contribute to
the accumulation of Ni, Cu, and Cd in Peru margin sediments to a significant extent
(Fig. 1ll.7). This is particularly the case for Ni, where uptake by phytoplankton and
delivery to the seafloor could explain between 100 % (St. 1, 75 m) and 20 % (St. 5,
195 m) of the excess Ni accumulation at the shelf stations (87 to 180 umol m2 y1). A
correlation between Ni and POC is typically found in sediments below OMZs in
upwelling regions, including the sediments off Peru (Boning et al., 2015; Ciscato et al.,
2018a). It has been argued based on a correlation between concentrations of Ni and
chlorine (an intermediate degradation product of chlorophyll pigments) in surface
sediments off Peru that excess Ni is ultimately derived from enzymes within diatoms
(Boning et al., 2015). A coupled supply of Ni and organic matter to the sediment is also
supported by our sediment data. The station with the highest sedimentary Ni contents
also showed the highest POC content (St. 6, 245 m) (Table 111.S.4) and sequential
extraction data of Ni correlated with POC contents in the HNOs-fraction (Fig. 111.6).
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Figure 11l.7: Sedimentary trace metal excess accumulation or loss (TMxsMAR) (diamonds) and the
contribution of trace metal delivery to or removal from the sediment via different pathways; diffusion
across the sediment-water interface (blue) and trace metal incorporation by phytoplankton and delivery
to the sediment with organic matter (green) (displayed is the maximum value, see Methods). Positive
values represent fluxes into the sediment whereas negative values represent fluxes out of the sediment.

Numbers in the upper panel depict station numbers.
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Table Ill.1; Sedimentary trace metal excess accumulation (TMyxsMAR) and the contribution of trace metal delivery to the sediment by diffusion and
via incorporation by phytoplankton and deposition of organic particles (see section I11.2.4 for a detailed description how these fluxes were

calculated).
Station Diffusive flux Input via phytoplankton * Excess accumulation 2
(umol m2y1) (umol m2y) (umol m2y)
Mn Co Ni Cu Zn Cd Mn Co Ni Cu Zn Cd Mn Co Ni Cu Zn Cd

1 551 -257 -432 -2.82 1993 -1.84 112/ 7.55/ 398/ 151/ 323/ 834/ 1160 -123 145 504 2170 261
656 444 234 888 190  49.0

3 244 -166 -176 106 688 083 651/ 441/ 232/ 882 189/ 487 = 517 270 158 144 415 110
233 158 830 315 673 174

4 -390 -405 7.63 -040 -203 o054 208 141 741 281/ 6.02/ 1.56/ 386  -18.3 117 61.5 212 63.0
86.6 586 309 117 251 6.48

5 -160 -2.33 -115 -194 733 063 /63 517/ 272/ 103/ 221/ 5.7l 279  -11.0 180 918 165 63.0
103 700 368 140 298 7.71

6 128 -3.96 -71.3 127 209 o055 481/ 326/ 172/ 651 139/ 360/ 100 344 870 325 578 236
874 592 312 118 253 654

9 264 -013 -357 -347 117 030 197/ 134/ 7.04/ 267/ 571/ 148/  ggy = .333 249 168 356  5.78
429 290 153 581 124 321

Imultiplying the TM:C ratio in average phytoplankton (Moore et al., 2013) with particulate organic carbon rain rates (maximum values) and organic

carbon accumulation rates (minimum values) for each site (data from Dale et al. (2015b)).

2Excess accumulation was calculated from Eg. IIl.2 by multiplying the trace metal excess (calculated after Brumsack (2006) (Eq. 11l.1) with the

sediment mass accumulation rate for each site (Dale et al., 2020).
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In potential conflict with the above discussion, other studies have estimated that
direct Ni uptake by phytoplankton and organic matter export can contribute only a
fraction of the Nixs in Peru margin sediments (Little et al., 2015; Ciscato et al., 2018a).
This conclusion is based on a mismatch between the Ni enrichment factor and POC
contents in Peruvian sediments compared to sediments below other oxygen depleted
regions and higher Nixs:Znxs compared to plankton ratios (Little et al., 2015).
Furthermore, Ciscato et al. (2018) found a mismatch between Ni:C and Ni:Si ratios in
diatoms and Peru margin sediments. However, the Ni:C of sinking diatoms may be
increased by preferential dissolution of POC or by Ni incorporation in reducing
microniches within sinking organic matter, both of which would obscure Ni supply by
diatom remains (Ciscato et al., 2018a). Furthermore, sedimentary organic carbon is
subject to degradation (Dale et al., 2015b), biogenic silica undergoes dissolution (Dale
et al.,, 2020) and Zn is delivered by molecular diffusion (see Section 111.4.2.1).
Therefore, a match between Ni:C, Ni:Si and Ni:Zn in diatoms or plankton and
sediments is not expected. We compensate for the mismatch between organic carbon
delivery and sedimentary POC by considering POC rain rates rather than POC burial
rates.

Our estimate of Ni delivery with organic material is still dependent on the Ni:C
ratio within fresh biomass, which is applied in our calculations (8.06 - 10-). Using a
regional Ni:C ratio for diatoms (3.7 - 10) (Twining et al., 2011), POC-associated
excess Ni would decrease by ~50 %. In contrast, applying the regional bulk plankton
maximum ratio (11.9 - 0°) (Twining et al., 2011), the excess delivery would increase
by ~50 %. Another regional bulk plankton (mostly zooplankton) Ni:C ratio estimate
(9.15 - 10°%) (Collier and Edmond, 1984) is similar to the value used in our calculation.
Using the Ni:C ratio from particulate data off Peru (3.71 - 10-%), organic matter could
supply between 80 to 100 % of Ni excess on the shelf. However, this ratio is derived
from particles that are likely enriched in TMs by prokaryotic communities (Ohnemus et
al., 2017). The Ni:POC ratio measured in bulk sediments off Peru (average 16 - 10°)
were generally higher than the plankton ratios reported above (Fig. 111.9). However, the
ratios in the uppermost surface sediment sample were closer to phytoplankton ratios
than sedimentary ratios further downcore (surface Ni:POC =8 - 10> to 10 - 10 at St.
3 to 6). This observation suggests that Ni is progressively enriched relative to C during
degradation of organic matter and early diagenesis. Overall, our estimates suggest

that biological Ni uptake and delivery with organic material make an important
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contribution to Ni accumulation in Peru margin sediments. However, determining the
TM:C ratio in fresh local phytoplankton and zooplankton before alteration and in sinking
biogenic particles near the seafloor would help to reduce the uncertainty of TM fluxes

associated with organic matter on the Peruvian margin.

Some of the mismatch between Ni supply with organic matter and total Ni
accumulation could be related to the delivery of other Ni-containing particulate phases
such Mn- and Fe-oxides, which are known to scavenge Ni from the water column
(Shaw et al., 1990; Audry et al., 2006; Little et al., 2015; Olson et al., 2017). The Ni
content of the Mn-oxide birnessite has been shown to be as high as 40 mg g* (Peacock
and Sherman, 2007). Especially at the deeper shelf stations, where Ni delivery with
organic material is less important (20 to 50 %), Ni delivery by Mn- and Fe-oxides could
be important. Such a scenario is also supported by increasing Ni concentrations within
the pore water of surface sediments, which coincides with the initial accumulation of
dissolved Mn (and also of Fe) (Plass et al., 2020).

Only 16 to 36 % of the excess Cu accumulation (33 to 594 pmol m? y?1) can be
explained as direct uptake by phytoplankton (Fig. Ill.7). The remainder must be
delivered by another particulate phase. Pore water profiles of Cu and Cd (Fig. 111.3) do
not provide evidence for major recycling processes within the surface sediment, which
is why release of these elements from Mn- and Fe-oxides appears to be unlikely.
However, it is known that Cu is quite reactive towards biogenic particles and
scavenging by sinking biogenic material has been argued to be an important vector for
Cu transfer from the water column to the sediment (Fischer et al., 1986; Johnson et
al., 1988; Shaw et al., 1990; Sheng et al., 2004; Vance et al., 2008; Roshan and Wu,
2015; Little et al., 2017). Furthermore, the binding of Cu to organic matter is very stable
and a decrease in bottom water oxygen concentrations has been shown to increase
the association of Cu with organic matter (Fischer et al., 1986; Chakraborty et al., 2015;
Chakraborty et al., 2016). It therefore seems likely that the positive correlation between
POC and Cu in the HNOs-fraction (Fig. 11.6) is due to Cu association with organic
matter, either in the water column or during early diagenesis. In suspended particles
off Peru, Cu:C ratios (2.9 - 10°) are elevated compared to phytoplankton and
particulate Cu concentrations increase with water depth (Ohnemus et al., 2017; Lee et
al., 2018). Using this elevated Cu:C ratio to calculate Cu delivery with organic matter

yields a maximum estimate, which could explain the total Cu excess accumulation in
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shelf sediments. However, this ratio does not represent surface to mixed layer
phytoplankton uptake (Ohnemus et al., 2017; Lee et al., 2018) but rather reflects the

affinity of Cu to associate with sinking particles.

[11.4.2.3 Precipitation of TM sulphide minerals within the water column or
sediment

The TMs Cu, Zn and Cd are known to form their own sulphide minerals rather
than to become incorporated into Fe sulphides such as mackinawite (FeS) and pyrite
(FeS2). Furthermore, their solubility in sulphidic water is low compared to Mn, Co and
Ni (Morse and Luther, 1999; Audry et al., 2006). It is thus likely that interaction with
H2S, either within the sediment or during sulphidic events in the water column, affects

the mobility of Cu, Zn and Cd to some extent.

Cadmium sulphide (greenockite) has the lowest solubility among the TM
sulphides that are relevant to this study. In the marine environment, greenockite
precipitates at the presence of trace amounts of H2S (Davies-Colley et al., 1985;
Rosenthal et al., 1995). In a previous study, Plass et al. (2020) demonstrated based
on benthic chamber incubation data that Cd sulphide precipitation in near bottom
waters can quantitatively account for the majority (up to 60 %) of excess Cd
accumulation on the Peruvian margin (24 to 260 pumol m=2 y!). Our new sequential
extraction data provide additional evidence for the importance of Cd sulphide as a
delivery and burial phase of Cd. At the shelf stations, Cd was exclusively present in
the HCl-fraction at all sediment depths (Fig. 111.4) and Cd in the HCI-fraction correlated
with TS (Fig. III.5).

The behaviour of Cu in sulphidic environments is complex since multiple
different Cu sulphide minerals, which may be dissolved in either HC| or HNOs3, exist
(Morse and Luther, 1999). Furthermore, Cu may occur as Cu(l) or Cu(ll) in these
minerals and the conditions under which Cu reduction takes place is matter of debate
(Pattrick et al., 1997; Theberge et al., 1997; Al-Farawati and van den Berg, 1999;
Ehrlich et al., 2004; Goh et al., 2006). Copper forms sulphide complexes in anoxic
waters, which are quite stable compared to other TM sulphide complexes (Dyrssen,
1988; Pattrick et al., 1997; Theberge et al., 1997; Al-Farawati and van den Berg, 1999).

Experimental studies demonstrated that Cu sulphide complexes can be precipitated
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as covellite (CuS) from aqueous solutions (Luther et al., 2002). Therefore, a particulate
Cu input via sulphide precipitation may contribute to the Cu enrichment in Peruvian
sediments (cf. Ciscato et al., 2019). In particular at St. 1 (75 m), where the contribution
of organic matter is rather low (< 3%) and pore waters were highly sulphidic, a possible
release of H2S into bottom water may have favoured Cu sulphide precipitation, in a
similar manner as suggested for Cd. Ciscato et al. (2019) hypothesized that Cu
sulphide precipitation in the water column and sediment is the main control on Cu
delivery and retention in the Peru margin sediments. We cannot clearly distinguish
between Cu bound to sulphide minerals or organic matter with our sequential extraction
data. Given that we observed a positive correlation of Cu extracted with HNOs and
POC, Cu in this phase is likely related to organic matter rather than sulphide. However,
Cu sulphides may be present within the HCI phase, in which a positive correlation with
TS was observed (Fig. 111.6).

Unlike Cd (and maybe Cu), the precipitation of Zn sulphides (e.g., sphalerite) in
the water column is not an important mechanism of Zn delivery to the seafloor.
However, Zn sulphide precipitation within the sediment (Morse and Luther, 1999) is
likely to be the ultimate reason for low Zn concentrations in pore water (< 5 nM) and
downward diffusion of Zn from the bottom water. This notion is supported by our
sequential extraction data showing that the majority of Zn in shelf sediments is present
in the HCl-fraction (60 %), which contains ZnS (Fig. I11.4). By contrast, on the slope at
St. 9 (750 m), where no H2S was detected, Zn concentrations in pore waters are higher
(up to 18 nM) and only 30 % of Zn is present in the HCI-fraction. Zinc removal from the
anoxic water column has also been ascribed to Zn sulphide precipitation in particle
microenvironments (Conway and John, 2015a; Janssen and Cullen, 2015). However,
according to our data such a mechanism is not required to explain excess Zn

accumulation in the sediment.

In contrast to Cu, Zn and Cd, Ni is unlikely to be delivered and/or buried as
sulphide mineral on the Peruvian margin. In sulphidic marine environments, Ni is co-
precipitated with pyrite and does not form its own sulphide minerals (Morse and Luther,
1999). Furthermore, Ni does not become precipitated from anoxic-sulphidic water
columns (Tankéré et al., 2001). In agreement with a subordinate role of sulphides as
a host phase for Ni in the sediment, Ni in both the HCI-fraction and the HNOs-fraction
correlated with POC rather than TS (Fig. 111.6).
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Figure 111.8: Cobalt to manganese ratio (Co:Mn) in sediment pore waters, average phytoplankton
(Moore et al., 2013) and andesitic crust (Taylor and McLennan, 1995).
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Figure 111.9: Nickel to particulate organic carbon ratio (Ni:POC) within bulk sediments and average
phytoplankton (Moore et al., 2013).
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[11.5 Summary and conclusions

We presented TM data for sediments and pore waters along a latitudinal
transect across the OMZ off Peru. Consistent with previous studies, our data reveal
that sediments on the Peruvian shelf are a source of dissolved Mn and Co to the water
column, whereas they represent a sink for dissolved Ni, Cu, Zn and Cd. We provided
mass accumulation rates and diffusive benthic fluxes for each element, which can be
used to better constrain trace metal fluxes in models and mass balances. Furthermore,
our data provide new insights into the pathways and main processes by which TMs
are lost from or delivered to the sediment. Our findings are summarized in a schematic

sketch shown in Figure I11.10:

1. Manganese and Co show a similar pattern of sedimentary depletion across
the transect but the location where dissolution and liberation from particles takes place
is different. While Mn is mostly solubilised in the sediment and lost to the water column
by molecular diffusion across the sediment-water interface, the vast majority of Co is
already liberated in the water column. Moreover, partial Mn retention in the sediment
as Mn carbonates contributes to the decoupling of Mn and Co accumulation in

Peruvian margin sediments.

2. Delivery of Ni to the sediment seems to be mostly mediated via Ni uptake by
phytoplankton and downward sinking of organic material. In addition, scavenging of Ni
by metal oxides in the water column may contribute to Ni accumulation in the sediment
and some Ni recycling across the sediment-water interface as a result of metal oxide

reduction.

3. Direct uptake of Cu, Zn and Cd by phytoplankton can explain only a minor
fraction of the sedimentary accumulation of these TMs. Instead, Cu and Zn may
become passively scavenged by organic material during downward sinking though the

water column.

4. The majority of Zn accumulation is mediated by Zn sulphide precipitation in
the sediment coupled to molecular diffusion of Zn across the sediment-water interface.
High benthic Zn fluxes are primarily driven by high Zn concentrations in bottom waters,
which are attributed to Zn liberation from labile organic matter within the fluffy layer

overlying the sediment surface.
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5. Cadmium delivery to the sediment surface is mediated by sulphide
precipitation in the near-bottom water. A similar process may contribute to the

particulate delivery of Cu to the sediment.
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Figure 111.10: Schematic sketch illustrating the main pathways and processes by which TMs are lost
from or delivered to Peru margin sediments. Straight arrows represent solid phase transport, curved
arrows represent dissolved transport. Dashed arrows denote possible transport and precipitation
processes that are uncertain but can be potentially important. The arrow size depicts the relative
magnitude of the flux. The lower pannel illustrates net-depletion (upward directed arrow) or net-

enrichment (downward directed arrow) of the different trace metals in the sediment.

Our results demonstrate that bio-essential TMs are characterized by a complex
and divergent behaviour under low-oxygen conditions. A decline in oceanic oxygen
concentrations and an expansion of OMZs has been observed over the last decades
(Stramma et al., 2010; Helm et al., 2011; Schmidtko et al., 2017) and is predicted to
continue in the future (Bopp et al., 2002; Oschlies et al., 2008; Keeling et al., 2010).
According to our findings, TMs will respond differently to declining oxygen
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concentrations and the associated expansion of sulphidic conditions in surface
sediments and bottom waters. While some TMs may be become increasingly released
from patrticles or from the sediment into the water column (e.g. Mn, Co), others may be
removed or retained in the sediments more efficiently (e.g. Ni, Cu, Zn, Cd). Ultimately,
such different behaviour can modify the TM stoichiometry in upwelling water masses

and potentially affect TM-dependent ecosystems in the surface ocean.
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Supplement

Table I1.S.1: Station coordinates and water depth.

Station  Water depth Latitude Longitude
(m)
1 75 12°13.519'S 77°10.793' W
3 130 12°16.678'S  77°14.954' W
4 145 12°18.709'S 77°17.796' W
5 195 12°21.504'S 77°21.699'W
6 245 12°23.301'S 77°24.182' W
9 750 12°34.896'S 77°35.013' W

Table 111.S.2: Accuracy of replicate ICP-MS measurements (n = 7) of certified reference seawater

standards NASS-7 and CASS-6.

NASS-7
certified value

NASS-7

measured value

CASS-6
certified value

CASS-6

measured value

Mn (ug 1)
Co (ug I')
Ni (ug I'*)
Cu (ug I'")
Zn (pg Ih)

Cd (ug I")

0.75 + 0.06

0.146 £ 0.0014

0.248 £ 0.018

0.199 £ 0.014

0.42 £0.08

0.0161 + 0.0016

0.83+0.11

0.146 £ 0.0054

0.247 £0.039

0.216 £ 0.012

0.43+0.08

0.0162 + 0,0024

2.22+0.12

0.0627 + 0.0052

0.418 £ 0.040

0.530 £ 0.032

1.27 +£0.018

0.0217 + 0.0018

2.22 +0.40

0.0630 + 0.0105

0.438 +0.050

0.521 £ 0.051

1.29 £ 0.092

0.0216 + 0.0016
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Table 111.S.3: Trace metal contents of in-house reference standard (OMZ 2) from total digestions and
the total trace metal content from sequential extractions (n = 3). Reference values of trace metal
contents in the certified standard MESS-3 and trace metal contents from total digestions and the sum
content of the sequential extractions (n = 17).

Mn Co Ni Cu Zn Cd Al
(Mg g™) (Mg g™) (Mg g™) (Mg g™) (Mg g™) (Mg g™) (Mg g™)
OMZ 2 253.3+2.8 6.3+0.1 49.8+1.0 35.3+0.5 98.3+8.8 26.5+0.3 -
Reference value
(total digestion)
OMZ 2 251.6 +3.3 5.7+0.0 472 +27 28.0+0.5 82.3+3.1 27.2+0.5 -
sequential
extractions
MESS-3 324 £ 12 14420 46.9+£2.2 339+1.6 159+8 0.24+£0.01 8.59+0.23
Reference value
MESS-3 3235 142+03 46.45+0.1 33115 156 +5 0.24+£0.01 8.59+0.11
total digestion
MESS-3 311 +1 12.2+0.3 20.7+3.5 28.3+8.4 148 + 2 0.96 £ 0.38
sequential
extractions
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Table 11.S.4: Average trace metal and particulate organic carbon content in sediments of all samples
over each core.

Station  Water Trace metal content Particulate Total
depth organic sulphur
carbon content
content
(m) (Mg g™ (mg g™ (mg g™
Mn Co Ni Cu Zn Cd Al
1 75 386 7.89 23.3 57.6 176 25.8 54533 36.4 13.3
3 130 275 6.50 46.8 53.8 142 44.4 46424 73.8 14.8
4 145 234 4.93 56.2 44.7 130 44.8 44605 90.4 14.1
5 195 161 4.27 76.6 515 99.1 45.2 31966 112 12.0
6 245 156 4.61 109 54.9 105 51.8 32555 134 14.7
9 750 130 3.12 57.5 454 98.2 1.96 33190 42.1 3.81

Table 1l1.S.5a: Input data for diffusive flux calculations (Eg. I11.3 in main text).

Station \é\ga;ﬁ: Bottom water concentration Concentration at sediment surface
(m) M) (W)

Mn Co Ni Cu Zn Cd Mn Co Ni Cu Zn Cd
1 75 63.7 042 496 235 775 0.22 276 140 219 337 361 0.90
3 130 0.16 037 9.92 897 294 0381 93.0 099 16.1 517 4277 0.65
4 145 560 019 597 357 232 0.66 151 167 3.09 371 306 047
5 195 543 022 050 547 276 0.68 68.0 111 502 6.18 220 044
6 245 0 0 8.04 119 66.3 0.76 50.1 153 364 7.18 584 055
9 750 274 017 108 229 131 0.99 266 029 434 523 295 125
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Table 111.S.5b: Molecular diffusion coefficients in seawater (Li and Gregory, 1974), adjusted to in-situ

temperature, pressure and salinity, used for diffusive flux calculations (Eq. 111.3 in main text).

Station Molecular diffusion coefficients 106
(cm?s?)

Mn Co Ni Cu Zn Cd
1 4.42 4.49 4.36 4.71 4.59 4.60
3 4.38 4.45 4.33 4.67 4.56 4.57
4 4.42 4.49 4.36 4.71 4.50 4.61
5 4.26 4.33 4.20 4.54 4.79 4.44
6 4.24 4.31 4.19 4.52 4.41 4.42
9 2.36 2.40 2.33 2.52 2.46 2.46

Table 111.S.5c: Porosity used for diffusive flux calculations (Eq. 11.3 in main text) and in-situ

temperature, pressure and salinity data used to adjust molecular diffusion coefficients (Table 111.S.5b).

Station Water Porosity Temperature Pressure Salinity
depth
(°C) (bar)
1 75 0.93 16.2 8.77 351
3 130 0.95 14.0 13.9 35.0
4 145 0.96 14.0 15.4 35.0
5 195 0.96 13.2 204 34.9
6 245 0.95 13.3 25.6 34.9
9 750 0.74 6.28 75.0 34.6
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Abstract

The benthic boundary layer plays a crucial role in the exchange of trace metals
between surface sediments and the water column. So far it has been difficult to study
dissolved-particulate interactions of trace metals in this highly reactive interface layer
due to the lack of suited sampling methods. We developed a new device, called
Benthic Trace Profiler, which enables simultaneous sampling of near-bottom water and
suspended particles in high resolution within the first three meters above the seafloor.
The device was successfully tested in the Baltic Sea. The concentrations of several
trace metals (Co, Ni, Cu, Zn and Cd) in the collected bottom waters overlapped with
concentrations in water column samples above, which proves the sampling device and
method to be trace metal clean. Other trace metals like Fe and Mn showed
concentration gradients within the benthic boundary layer. This observation is
consistent with a diffusive benthic flux of these trace metals across the sediment-water
interface, which was independently verified using pore water profiles. Suspended
particles collected by in-line filtration can be used to study precipitation processes and
to determine the carrier phases of trace metals. The benthic trace profiler fulfilled all

the intended requirements as it allowed a simultaneous, uncontaminating and oxygen-
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free sampling of seawater and suspended particles to gather high-resolution profiles
of dissolved and particulate trace metal concentrations above the seafloor. The device
closes the gap between water column and sediment sampling and helps to understand

trace metal exchange processes across the ocean’s lower boundary.

IV.1 Introduction

Several trace metals (TM) are essential micronutrients required for marine life.
They are part of many enzymes, which catalyse important biological functions such as
photosynthesis (Fe, Mn, Cu) and carbon fixation (Co, Zn, Cd). Due to generally low
concentrations in the surface ocean the availability of TMs can regulate and (co-)limit
primary productivity (Morel, 2003; Saito et al., 2008; Moore et al., 2013; Morel et al.,
2014; Lohan and Tagliabue, 2018). Furthermore, sedimentary TM signatures can be
used as proxies to infer marine biogeochemical cycling and redox conditions in the
geological past (Brumsack, 2006; Tribovillard et al., 2006; Sweere et al., 2016; Algeo
and Liu, 2020).

Trace metal fluxes across the sediment-water interface at ocean boundaries
play an important role in regulating oceanic TM concentrations. In particular sediments
underlying oxygen minimum zones are a source for Fe, Mn and Co and a sink for Ni,
Cu, Zn and Cd (Brumsack, 2006; Boning et al., 2009; Little et al., 2015; Plass et al.,
2021). However, the processes that are involved in benthic TM cycling are not fully
understood. The benthic boundary layer may play a key role in modulating TMs fluxes.
This layer is characterised by high chemical reactivity and high exchange and
concentrations of dissolved and particulate matter between the water column and the
seafloor (Boudreau and Jorgensen, 2001). Depending on the prevailing redox
conditions TM precipitation can take place. For example, when dissolved Mn is
released from anoxic sediments it can reprecipitate in the bottom water through
oxidation processes and therefore be returned to the sediment (Sundby and
Silverberg, 1985; Pakhomova et al., 2007). Similarly, after release from the sediments
reduced Fe can be oxidised to insoluble Fe(lll) by oxygen, nitrate or nitrite (Scholz et
al., 2016; Heller et al., 2017; Schlosser et al., 2018). Furthermore, when hydrogen
sulphide escapes the sediment, TM removal from bottom water through sulphide
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precipitation can take place (especially CdS, which has a very low solubility) (Jacobs
et al., 1985; Sundby et al., 1986; Plass et al., 2020). Sampling of suspended particles
at the benthic boundary is required to constrain these precipitation reactions and also
to determine by which carrier phase TMs are delivered from the water column to the
sediment surface. The respective importance of different carrier phases is in many
cases poorly constrained. For example, TM sequestration by phytoplankton and
delivery with fresh organic material, TM scavenging by inorganic particles (e.g. metal
oxides) or refractory organic material and TM sulphide precipitation can contribute to
the particulate supply of TMs to the sediment (Boning et al., 2004; Audry et al., 2006;
Rigaud et al., 2013; Little et al., 2015; Ciscato et al.,, 2018b). Furthermore, the
biogeochemical conditions leading to TM stabilisation or precipitation in near-bottom
waters need to be evaluated in order to gain further insights into benthic TM cycling
and fluxes. This can ultimately help to better solve the oceanic mass balances of TMs
and to predict how environmental conditions impact the availability of TMs to marine

organisms in the surface ocean.

Devices and procedures for TM sampling of the water column are well
established, in particular by the GEOTRACES program (Scor Working Group, 2007;
Cutter and Bruland, 2012). However, the conventional sampling methods by GO-FLO
bottles fail to sample the benthic boundary, as they cannot reach close enough to the
seafloor. These bottles are commonly lowered only to a maximum of 5 m above the
seafloor to avoid damage to and contamination of the bottle due to touching the
seafloor and sampling of artificially re-suspended particles. Furthermore, as GO-FLO
bottles are lowered vertically, the samples represent an integrated signal over the
height of the bottle (typically > 1 m), which is an unsatisfying vertical resolution close
to the seafloor. On the other side, sampling of seawater right above the seafloor is
often conducted by the aid of a multiple corer and by collecting the water overlying the
sediment (~ 20 to 30 cm). By this method only a single sample representing the first
few centimetres to decimetres above the seafloor can be collected. Furthermore,
resuspension of sediments to the bottom water or admixing of oxygen during core
retrieval and recovery can lead to mixing of pore water and bottom water and/or
artificial TM scavenging. With both methods mentioned it is not possible to capture
concentration gradients in the first few meters above the seafloor. To close the gap
between water column and sediment sampling, bottom water samplers have been

developed (e.g. KUM, MARUM). However, consisting of a metal frame and being
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equipped with Niskin bottles with metal springs in the interior, these instruments do not
meet the requirements for contamination free TM sampling. In addition, the sampling
bottles are open while the device is lowered to the seafloor so that re-suspended
particles rather than naturally suspended particles are collected upon placement at the
seafloor. Furthermore, the sampling bottles are generally not suited for in-line filtration

under oxygen free conditions.

To overcome these problems a team of engineers and scientists designed and

custom-built a new device, which fulfils the following requirements:
1. Close the gap between water column and sediment sampling.

2. Simultaneous sampling of suspended particles and seawater in the benthic

boundary layer.
3. Sampling at several depths above the seafloor to resolve vertical gradients.
4. Sampling with a low risk of contamination.

5. Sampling under oxygen-free conditions.

IV.2 Materials and procedures

IV.2.1 Sampling site

The Benthic Trace Profiler was successfully tested during two short cruises of
RV Alkor in October 2018 and March 2019. Our sampling location, Boknis Eck
(54°31.2' N, 10°02.5' E), is located in the southwestern Baltic Sea at the entrance of
Eckernforde Bay (Fig. IV.1). Boknis Eck is a time series station, which has been
operated by marine scientists in Kiel for more than 60 years. The site is monitored on
a regular basis for physical and chemical water column properties such as
temperature, salinity, oxygen, dissolved nutrients and chlorophyll (see
https://www.bokniseck.de/de/home for data). Characteristic for this site is a strong
seasonal variability of the biogeochemical conditions in the water column. The

seasonal phytoplankton bloom in spring is accompanied by intense export production
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of organic material. Seasonal stratification during summer and early fall together with
organic matter respiration leads to oxygen depletion culminating occasionally in the
occurrence of sulfidic conditions within the deepest water layers at Boknis Eck (up to
30 m). In contrast, during the winter period the water column is generally well ventilated
and fully oxygenated (Smetacek, 1980; Hansen et al., 1999; Bange et al., 2011,
Lennartz et al., 2014). Due to the seasonal changes in oxygen and redox conditions,
Boknis Eck is well suited to study how these different biogeochemical conditions impact
TM cycling within the benthic boundary layer. Moreover, since the seafloor at Boknis
Eck is located within a local bathymetric depression with slow bottom currents and
strongly reducing conditions in the sediment, concentration gradients within the near-

bottom waters are likely to establish.

10°30'E

10°00'E

54°45'N | Baltic Sea

54°30'N -

0 20 40
Water depth (m)

NS

Figure IV.1: Sampling site Boknis Eck in the southwestern Baltic Sea.
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IV.2.2 Sampling system and operating mode

All the individual features of the novel bottom water sampler, described in the
following, are displayed in technical drawings in Fig. IV.2. The Benthic Trace Profiler
consists of a titanium frame with a height of roughly three meters. Five modified GO-
FLO bottles (General Oceanics) with a volume of 2.5 litres each are horizontally
attached to the frame at adjustable depths (default is 0.3, 0.9, 1.5, 2 and 2.6 m above
the seafloor). The sampling bottles are equipped with a plastic gear to their opening
mechanism (Fig. IV.3). The gear on the bottles is attached to a gear transmission on
the frame, which is controlled by a programmable electric motor (K.U.M. Umwelt- und
Meerestechnik Kiel GmbH) that steers the opening and closing of the sampling bottles.
The motor is powered by a battery pack (24 x Emmerich NiMH-Akku SUB-C 4000mAh
ZLF) within a deep-sea certified pressure housing. Before the sampling bottles are
attached to the device they are filled with deionised water (Milli-Q, Millipore) and closed
manually to avoid implosion due to the increasing hydrostatic pressure under water.
The device is then lowered to the seafloor using the winch and wire of a research
vessel. The Profiler is connected to the wire with a rotator shackle and equipped with
a fin allowing it to align with the prevailing current. Floats are attached to the wire above
the instruments to prevent it from entangling in the Benthic Trace Profiler. The bottom
weights (24 x 14 kg) that promote the sinking of the Profiler through the water column
are coated with plastic to preclude contamination. A bottom plate prevents the profiler
from sinking into the sediment. Once placed on the seafloor, a bottom contact sensor
is triggered and after a programmed period of time (e.g., 15 minutes) the sampling
bottles are opened by the electric motor and gear transmission. The delay between
the placement of the device and the opening of the bottles allows particles that were
resuspended to settle down and/or to be transported away by bottom currents. Once
the bottles are opened, the deionised water is replaced by denser (saline) near-bottom
water including naturally suspended particles. After another programmed period of
time (e.g., 5 minutes) the bottles are closed again and the device is heaved back to
the ship’s deck. As an alternative to the automatic opening and closing mechanism,
the deployment can also be visually monitored and remotely controlled using a deep-
sea telemetry. After recovery, the sampling bottles are detached from the frame and

taken to the lab, where they are attached to a custom-built rack (Fig. IV.3).
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Figure IV.2: Technical drawing of the Benthic Trace Profiler. The different views are displayed to
visualise the individual features of the Profiler (upper left: side view, upper rigt: front view, lower left: top
view, lower right: trimetric view). Numbers indicate dimensions in millimeters.
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Figure VI.3: Benthic Trace Profiler during deployment in the Baltic Sea (left), close-up of modified
sampling bottle and gear transmission mechanism (upper right), in-line filtration of samples in the ship’s
lab (lower right).

The following sampling procedure corresponds to GEOTRACES standards
(Cutter et al., 2010). Aninert gas line (argon) is connected to the bottles pressure valve.
The gas creates an overpressure (~ 0.2 bar) to collect the water samples and particles
under oxygen-free conditions through the sampling spigot. During our test cruises,
suspended particles were collected on 0.2 uym polyether sulfone filters (Supor,
diameter 47 mm). The near-bottom water was collected in 250 ml low-density
polyethylene (LDPE) bottles and acidified to a pH < 2 with subboiled distilled HNOs.
After the near-bottom water was sampled, the filter holder was immediately transferred
into a glove bag filled with argon to prevent oxidation reactions. Inside the glove bag
the filter holders were opened and the filters containing the suspended particles were

collected and stored in analyslides (Pall Laboratory). Subsequently, the filters were
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vacuumed and frozen until total digestion or sequential extraction followed by TM
analyses or synchrotron radiation-based x-ray analyses. These solid phase analyses
and the corresponding interpretation are not the focus of this manuscript and will be
presented in a separate publication. All materials used for sampling (sample bottles,
tubing and filters) were acid cleaned and rinsed thoroughly with deionised water before
usage following GEOTRACES standards (Cutter et al., 2010).

IV.2.3 Ancillary sampling and measurements

General water column properties such as temperature, salinity and oxygen
concentrations were determined using a CTD sensor system. To test the TM
concentration results obtained by our new sampling method, we additionally took water
column samples using a conventional TM clean sampling method following the
GEOTRACES protocol (Cutter et al., 2010). For this purpose, GO-FLO bottles were
lowered through the water column and triggered at five depths (5, 10, 15, 20 and 25
m). The GO-FLO bottles were always deployed before the Benthic Trace Profiler to
avoid water column contamination (which could create an artificial match between both
results). In the ship’s laboratory the collected water column samples were sampled
identically to bottom water samples: an inert gas line (argon) was attached to create
an overpressure (0.2 bar), the water sample was collected in low-density polyethylene
(LDPE) bottles and acidified to a pH < 2 with subboiled distilled HNOs.

To identify and quantify benthic diffusive trace metal fluxes across the sediment-
water interface, we took short sediment cores (30 cm depth with overlying bottom
water) with a multiple corer. The supernatant bottom water was collected and filtered
through 0.2 um cellulose acetate filters (Sartorius) immediately after retrieval. The core
was then transferred to a glove bag filled with argon and sliced into vertical sections.
These samples were then centrifuged to separate solid sediment and pore water. The
supernatant pore water was filtered in another argon filled glove bag and transferred
to acid cleaned low-density polyethylene (LDPE) bottles. Pore water and supernatant
bottom water samples were acidified to pH < 1 with subboiled distilled HNO3s. Separate
non acidified pore water samples were used to measure hydrogen sulphide

concentrations (U-2001 Hitachi spectrometer) using a standard photometric technique
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(Grasshoff et al., 1999). Additional uncentrifuged sediment samples were collected in

pre-weighed plastic cups to determine water content and porosity.

IV.2.4 Trace metal analysis

For TM analysis of water column and near-bottom water samples we followed a
preconcentration method using an automated preconcentration device (SeaFAST)
(Rapp et al., 2017). Briefly, a 15 ml sample was pH buffered to 6.4 with an ammonium
acetate buffer (1.5 M) before it was loaded onto a chelating resin column where the
seawater matrix was rinsed off. The TM were then collected by rinsing the column with
elution acid (1 M subboiled HNOs3). For the preconcentration of TMs from pore water
samples we followed the same procedure but with a half-automated device (Preplab),
due the lower volume of sample available. For this method 1 ml of pore water was

required and the buffer addition and sample loading was conducted manually.

The pre-concentrated samples were analysed by high resolution inductively
coupled plasma mass spectrometry (HR-ICP-MS; Thermo Fisher Element XR). Trace
metal concentrations were quantified by standard addition (Mn, Co) and isotope
dilution (Ni, Cu, Zn, Cd). Accuracies and detection limits of this method are listed in
Plass et al. (2020, 2021). The analytical error was determined through error

propagation.

IV.2.5 Diffusive flux calculations
The diffusive fluxes (Fp) of Fe and Mn across the sediment water interface were
determined by Fick’s first law of diffusion (Boudreau, 1997):

Fp = —$pDgeq(dC/dx)  (Eq. IV.1)

In this equation, dC/dx is the concentration gradient between the uppermost pore water
sample (0 — 1 cm sediment depth) and the bottom water and ¢ represents porosity.
The effective molecular diffusion coefficient of a TM in the sediment (Dsed) was derived

from the diffusion coefficients in seawater (Dsw) under standard conditions (Li and
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Gregory, 1974) and adjusted to in-situ temperature, pressure and salinity by applying

the Stokes-Einstein Equation and by dividing by tortuosity:

Dseq = Dsw /(1 — ln(d)z)) (Eq. IV.2)

A negative flux is directed from the pore water into the bottom water. All input data and
diffusive fluxes are listed in Table IV.1.

IV.3. Assessment

During our two sampling campaigns we observed differing physicochemical
conditions in the water column (Fig. 1V.4) and differing concentration gradients of
hydrogen sulphide in the surface sediment (Fig. 1V.6). In October 2018, the water
column was more stratified and the deep-water was characterized by lower oxygen
concentrations (130 uM O2) compared to the cruise in March 2019 (250 puM Oz2). The
surface sediment was highly sulphidic during October and hydrogen sulphide
concentrations reached up to 3 mM within the first few centimetres of the sediment
core. In contrast, during the March campaign no hydrogen sulphide was present at the
sediment surface and H2S concentrations remained below 1 mM within the first few
centimetres of the sediment core. As the mobility and cycling of TMs is dependent on
redox conditions (Sundby et al., 1986; Morford and Emerson, 1999; Tribovillard et al.,
2006; Scholz and Neumann, 2007; Scholz et al., 2011; Rigaud et al., 2013; Rapp et
al., 2020), the differing redox-conditions during our test deployments are expected to

affect TM gradients close to the seafloor.
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Figure IV.4: Water column temperature, salinity and oxygen profiles during the sampling campaigns in
October 2018 (left) and March 2019 (right) at Boknis Eck. The grey shaded area represents the seafloor.

IV.3.1 Comparison of trace metal concentrations in near-bottom water and
water column samples

To identify potential contamination of samples obtained by our new sampling
device, we compared TM concentrations in samples taken with the Benthic Trace
Profiler to concentrations in water column samples taken above with GO-FLO bottles
according to the widely applied GEOTRACES protocol (Section 1V.2.3). The
concentrations show some variability as a function of water depth and season (Fig.
IV.5a and IV.5b). However, in general, there is a good agreement between
concentrations obtained by the two different sampling methods. Most TM
concentrations in near-bottom water are consistent with the range of concentrations
observed in the water column above (Table IV.2). Most notably, the concentrations of
Zn, a TM that is highly prone to contamination (Cutter and Bruland, 2012), matched
well with water column concentrations. Given the generally consistent concentration
range in the open water column and near-bottom water, we see no evidence for

contamination.
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Figure IV.5a: Dissolved trace metal concentrations in the water column (blue) and near-bottom water
(orange) at Boknis Eck during the sampling campaign in October 2018. The analytical errors are
displayed by the black bars. The grey shaded area represents the seafloor.
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Figure IV.5b: Dissolved trace metal concentrations in the water column (blue) and near-bottom waters
(orange) at Boknis Eck during the sampling campaign in March 2019. The analytical errors are
displayed by the black bars. The grey shaded area represents the seafloor.
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Trace metal concentrations in the water column were variable between
sampling campaigns. This seasonal concentration change was also reflected in near-
bottom water samples collected with the Benthic Trace Profiler. During October the
concentrations of Ni, Cu, Zn and Cd were around half or less than half compared to
the March campaign. This observation could be related to enhanced trace metal
sequestration by phytoplankton and organic material during and after the productive
season (Kremling et al., 1997; Bruland and Lohan, 2006; Noble et al., 2012;). In
addition, more reducing and sulphidic conditions in the sediment before and during the
October campaign may have led to TM removal into sulphide minerals (Sundby et al.,
1986; Brugmann et al., 1998; Pohl and Hennings, 2005; Rigaud et al., 2013).

Some near-bottom water samples were characterised by elevated
concentrations of Fe and Mn (> 20 % compared to the water column), which is
indicative of a sedimentary source of these elements at our study site (see Section
IV.3.2). Concentration maxima of Fe and Mn at 20 m water depth during the October
campaign (Fig. 1V.5a) could be related to lateral supply from anoxic sediments
surrounding the bathymetric depression of Boknis Eck.

Table IV.2: Concentration range of trace metals within the water column and within near-bottom waters.

October March

Water column Bottom water Water column Bottom water

Fe (nM) 6.2-251 174 -23.1 6.2-12.8 8.6 -10.6
Mn (nM) 14.7 — 168.7 88.0 - 204.4 0.26-2.2 15-6.7

Co (nM) 0.29 -0.45 0.29 -0.40 0.11-0.23 0.04 -0.29
Ni (nM) 43-53 49-59 10.0-11.0 9.3-10.0
Cu (nM) 3.1-4.6 29-42 8.2-252 59-6.3

Zn (nM) 21-41 29-104 9.4-18.2 141-17.4
Cd (nM) 0.28 -0.42 0.37-0.48 0.31-1.52 0.37-2.60

137



Chapter IV

IV.3.2 Comparison of concentration gradients in near-bottom waters to benthic
fluxes

The Benthic Trace Profiler was designed to detect TM concentration gradients
within the benthic boundary layer. In particular Mn showed a clear concentration
gradient within the near-bottom waters during the October campaign. The
concentration of Mn increased almost linearly from 88.0 to 204 nM within the water
layer sampled by the Benthic Trace Profiler. During March, only the sample from
immediately above the seafloor (0.3 m) was characterized by elevated Mn (6.7 nM)
and Fe (26.1 nM) concentrations compared to the overlying water column (Mn: 1.5 nM,
Fe: 8.5 nM). These observations demonstrate that no oxygen contamination took place
during sampling as this would have resulted in rapid Fe oxidation and precipitation as
Fe (oxyhydr)oxide (Millero et al., 1987). Furthermore, the trend of differing Fe and Mn
concentrations in near-bottom water during our two test cruises is consistent with the
temporal evolution of pore water profiles and diffusive benthic fluxes. The pore water
profiles of Fe and Mn (Fig. IV.6) show an upward directed concentration gradient
across the sediment-water interface, which is indicative of a sedimentary Fe and Mn
efflux. The diffusive benthic flux of Fe was high during March 2019 (-47.1 mmol m=2 y-
1), which is consistent with the elevated Fe concentration in the sample taken from
immediately above the seafloor (Fig. IV.5b). In contrast to the sediment, the water
column was well-oxygenated during the March campaign (Fig. IV.4). Oxidative removal
of dissolved Fe is rapid under such conditions, which can explain the lack of an Fe
gradient with increasing distance from the seafloor. During October 2018, the diffusive
benthic flux of Fe was several orders of magnitude lower (-0.09 mmol m? y1), because
high concentrations of hydrogen sulphide in surface sediments (up to 3 mM) (Fig. IV.6)
and, thus, Fe sulphide precipitation prevented a high sedimentary Fe efflux.
Accordingly, Fe concentrations in near-bottom waters were not elevated compared to
the water column. This observation confirms that sedimentary Fe fluxes do not linearly
increase with decreasing bottom water oxygen concentrations. Instead, hydrogen
sulphide accumulation in surface sediments prevents sedimentary Fe release under
strongly reducing conditions (Scholz et al., 2014a). The opposite seasonal trend is
observed for Mn. Manganese does not form sulphide minerals under strongly sulfidic
conditions, which is why the highest diffusive benthic Mn flux (October 2018: -44.2

mmol m2 y1, March 2019: -38.6 mmol m? y!) and the highest Mn concentrations in
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near-bottom water (204 nM) were observed during the October campaign, when

oxygen concentrations in the water column were lower.

sediment depth (cm)
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Figure 1V.6: Pore water concentrations of iron,manganese and hydrogen sulphide during the sampling
campaigns in October 2018 (upper panel) and March 2019 (lower panel). The uppermost point of each
profile represents bottom waters sampled with the multiple corer.

Table IV.1: Input data for diffusive flux calculations (section 2.4) and diffusive fluxes of iron and

manganese.
Element Sampling Bottom water Concentration Porosity Effective Diffusive flux
season concentration at sediment molecular
surface diffusion
coefficient
(uM) (uM) (cm? sec?) (mmol m2y?)
Fe October 1.29 1.33 0.94 4.37 x 10 -0.09
Fe March 0.13 25.08 0.93 3.22x10° -47.10
Mn October 0.83 18.24 0.94 4.26 x 10°® -44.22
Mn March 0.26 21.22 0.93 3.14 x 10 -38.57
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IV.4. Discussion

Our results demonstrate that the benthic trace profiler is well suited for the
sampling of TMs that are prone to contamination. The sampling height and distances
are suited to detect changes in concentration profiles within near-bottom waters.
Furthermore, the height of the sampling bottles above the seafloor is variable and can

be adjusted to the requirements of the respective seafloor environment or study.

During our test cruises we were able to detect elevated TM concentrations close
to the seafloor (0.3 m) using the Benthic Trace Profiler. A water column sampling
campaign based on GO-FLO bottles alone would have failed to detect these gradients,
because these sampling devices cannot be lowered this close to the seafloor, thus
leaving a blind spot at the benthic boundary. On the other side, when elevated
concentrations in bottom waters above the seafloor are derived from measurements of
bottom water overlying sediment cores, it is uncertain whether these are natural or due
to mixing of pore water and bottom water during core retrieval and recovery. In addition,
it is unclear whether elevated concentrations persist at greater distance from the
seafloor as revealed here for Mn during the October campaign using the Benthic Trace
Profiler. In more general terms, this observation underscores that near-bottom waters
are an important transitional environment where TM fluxes are modified. Using the
Benthic Trace Profiler, it is possible to determine whether concentration gradients
derive from TM precipitation or simple dilution. In this context, it is important to note
that the new sampling device can be used without contaminating samples with oxygen.
Therefore, it is possible to detect natural concentration gradients that arise from redox-

controlled TM precipitation within the near-bottom water.

As the Benthic Trace Profiler has no limit in deployment depth it can not only be
deployed in coastal or shelf environments but it is also well-suited for deep-sea
research, e.g., in the context of studies on the impact of mining of manganese nodules
or on sediment-hosted hydrothermal systems. Another potentially important field of
application of the Benthic Trace Profiler are studies on so-called boundary exchange
of rare earth elements (REE) (especially neodymium, Nd). It has been suggested that
marine sediments represent a major source of Nd to the ocean (Abbott et al., 2015b;
Abbott et al., 2015a), which has implications for the applicability of Nd isotopes as a
tracer for past ocean circulation. However, the processes by which Nd and other REEs

are remobilised and how sedimentary fluxes affect water mass signatures are still
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poorly constrained (Haley et al., 2017). The Benthic Trace Profiler is a suitable tool to
investigate how water mass and sedimentary REE and Nd isotope signatures are
affected by benthic fluxes and interactions with suspended particles close to the

seafloor.

Future benthic studies of dissolved TM concentrations (and isotopes) in
combination with the analysis of suspended particles will give valuable information
about TM fluxes, precipitation processes and carrier phases. Combined with the
evaluation of environmental conditions this will help to better understand and quantify

TMs cycling and fluxes at the ocean’s lower boundary.
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V. Summary, conclusions and future directions

The aim of this thesis was to identify and quantify TM exchange at the ocean’s
lower boundary and to improve the understanding of parameters and processes that
control benthic TM cycling in low-oxygen marine environments. Considering ongoing
ocean deoxygenation, the results of this thesis will help to evaluate how TM cycling will
respond to future ocean conditions and to understand TM cycling processes in ancient
oceans where oxygen-deficient conditions prevailed.

Chapter Il compared the benthic fluxes of Fe and Cd, two opposite end-
members in terms of sulphide solubility (Fe > Cd). The results showed that the
sedimentary Fe release and Cd burial fluxes off Peru covaried with hydrogen sulphide
concentrations in surface sediments, controlling the magnitude and direction of their
fluxes across the sediment water interface. The spatial and temporal variability of
diffuse Fe effluxes is related to partial retention and Fe sulphide precipitation within the
sediments at high hydrogen sulphide concentrations. The Cd accumulation within the
sediments is mediated by sulphide precipitation at the sediment-water interface or in

the water column, which already takes place at trace amounts of hydrogen sulphide.

Chapter Il disentangled the different TM pathways that lead to the enrichment
of Ni, Cu, Zn and Cd or depletion of Mn and Co within sediments on the Peruvian
margin. The majority of Ni enrichment can be ascribed to phytoplankton uptake in the
surface ocean and delivery via organic material. Cupper becomes enriched through
scavenging by sinking organic matter and maybe partly also due to sulphide
precipitation in the bottom water or water column, similar to Cd. The main delivery
pathway for Zn is diffusion from the bottom water into the sediment, likely followed by
subsequent sulphide precipitation. The sedimentary depletion of Mn is mostly caused
by dissolution in the sediment and diffusion into the bottom water, while Co chiefly

dissolves already in the water column.

Chapter IV introduces a novel device that fills a gap between water column and
sediment sampling of TMs, the Benthic Trace Profiler. The Profiler enables
simultaneous, uncontaminating and oxygen-free sampling of dissolved and particulate
TMs in high-resolution within in the benthic boundary layer. The application of this
device will allow to make an important step forward to solve remaining questions on

benthic TM cycling.
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The overall finding of this thesis is that the behaviour of the different TMs is very
diverse and that the direction and magnitude of different TM fluxes will change
individually, dependent on the biogeochemical conditions. The differing TM fluxes
across the benthic boundary have the potential to lead to changes in the TM
stoichiometry of upwelling water masses and the future ocean, which can ultimately

impact marine ecosystems in the surface ocean which have certain TM requirements.

Despite the new insights provided by this thesis some open questions on
benthic TM cycling, fluxes and oceanic mass balances remain. The coverage for
benthic TM fluxes, especially in open marine systems is still very sparse. To get a
comprehensive picture on benthic source and sink fluxes under low-oxygen conditions,
further studies at other oxygen depleted sites are required, this should also include
less reducing systems. It is important to investigate how TM fluxes vary as a function
of regional differences. For example, the magnitude of primary production and the
organic carbon flux can regulate the magnitude of TM transport from the surface ocean
to the sediment surface via direct phytoplankton uptake or TM scavenging in the water
column. Furthermore, the extent of organic matter consumption can regulate the
prevailing redox conditions by which TMs are affected. Different sediment types,
depending on the source rock and the degree of weathering, can determine how easily
TMs can be released from lithogenic material. The corresponding sedimentation rate
can determine the supply of dissolvable TMs. The shelf geometry can influence
sediment transport processes to deeper sites and determines the sediment area
underlaying oxygen depleted waters. Further, the temporal/seasonal variability of TM
fluxes should be monitored. The flux magnitude and direction can change depending
on different temporal variable factors as productivity and/or biogeochemical conditions.

Another important aspect of future research is how benthic TM fluxes are
modulated within the reactive benthic boundary layer, where TM precipitation reactions
are likely to take place. The rate of precipitation or threshold values (of either oxygen
nitrate, nitrite or hydrogen sulphide) at which sediment-derived Fe, Mn and other TMs
are transported or precipitated remain to some extend unclear. The collection of
dissolved and particulate samples at the benthic boundary will give insights to this and
several other questions on TM patrticle association. The relative importance of different
TM carrier and scavenging phases have been difficult to discern so far, in particular

TM association with organic matter or sulphide. In addition, the determination of TM
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isotope signatures at the benthic boundary can further contribute to improve the
oceanic mass balances of TMs. To answer the remaining questions, future research

will largely benefit from samples retrieved by the Benthic Trace Profiler.
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