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Abstract

The major objective of this thesis was to assess the application of organic
carbon degradation indices and proxies. This work focused on the joint
application of the analysis of organic carbon pools, pigments and proteins, and
their related degradation indices, the Chlorin Index (CI) and the amino acid-
based Degradation Index (DI) that characterize the reactivity of organic
material. Reactivity was defined as the availability of organic carbon to
microbial degradation in sediments. Molecular carbon pools are suited to study
organic carbon reactivity since organic matter degradation is associated with
changing molecular composition as labile compounds are selectively depleted
and refractive compounds are enriched in these pools. Hence, organic carbon
availability to microorganism decreases with time.

Molecular degradation indices and proxies were applied to assess organic
carbon reactivity in sediments of the Benguela upwelling system and Arctic
shelf (Spitzbergen), both of which are characterized by high primary
productivity. Degradation indices were compared to rates of microbial sulfate
reduction as this is a dominant terminal electron acceptor process and thus
represents a measure of the current availability of organic carbon to
microorganisms.

Major goals of this study were the definition of time frames and potential
application boundaries of molecular degradation indices as well as to explore
the link between organic matter composition and carbon mineralisation. This
study was part of to a multidisciplinary project that has been performed within
the Research Center Ocean Margins (B2) with the aim to elucidate particulate
organic matter reactivity and transformation on the Benguela continental
margin. One manuscript (chapter 4) contributes to the CABANERA research
program, which was designed to assess the impacts of global warming induced

changes on benthic Arctic ecosystems.



Abstract

The reactivity of molecular chlorin and protein pools was related to their
relative time scales that were closely linked to the ability of pigment and
protein matter to associate with sediment structures and to the chemical
reactivity of molecules.

Organic matter composition changes on short time scales were addressed
in experiments on anoxic sediment incubations. Sediments from both study
areas, the Arctic and Benguela upwelling system, were enriched with fresh
algae to simulate the supply of phytodetritus to the seafloor. Time course
experiments showed that the Chlorin Index tracked the breakdown of
macromolecular matter, which is the rate-limiting step of organic matter
degradation. Conversely, the protein content and amino acid composition
remained constant through the duration of the experiments. In all experiments
the amount of refractive chlorin material and extent of mineralisation were
proportional related. THAA content and the DI exhibited changes over longer
time scales that were apparent in down core profiles of THAA and DI of both
study areas. Thus it has been concluded that the CI was highly sensitive to the
early stages of organic matter degradation and the DI represented later stages of
organic matter decomposition. Furthermore, the extent of primary production,
particle transport ways and physical protection of reactive compounds were

shown to impact organic matter composition.

This knowledge was applied to two environments, the Benguela
upwelling system (BUS) southeast of Africa and the Arctic shelf (Spitzbergen),
to evaluate the oceanographic controls on organic carbon reactivity.

The Benguela upwelling system is distinguished by two major deposition
areas of organic-rich sediments. The diatomaceous mud belt stretches close to
the coast on the Namibian shelf and contains large organic carbon contents as
much as 15 %. The adjacent Benguela slope is characterized by a major
depocenter with carbon contents reaching to nearly 9 % of TOC. This organic-
rich deposition area on the slope could be distinguished from the surrounding
slope by its comparatively larger concentrations of total chlorins and THAA
and consistent enhanced sulfate reduction rates. In contrast to overall highly
refractive organic matter, large amounts of slightly less degraded chlorin and

protein organic matter characterized the slope depocenter. With respect to the



large background of refractive organic matter, pigments represented an
ancillary tool to assess more reactive organic matter. High molecular carbon
concentrations and reactivity indicated a high vertical flux of fresher material to
the slope depocenter, provided by a secondary upwelling zone over the upper
slope. Overall, large concentrations of reactive chlorin and protein-rich organic
matter fueled high sulfate reduction rates in the anoxic shelf depocenter,
increased sulfate reduction rates in the slope depocenter sediments were driven

by large amounts of refractory chlorin and protein carbon.

Organic matter composition and benthic mineralisation in Arctic shelf
sediments (Spitzbergen) were primarily controlled by the seasonal extent of
carbon supply but also its mode of deposition. Seasonal high primary
production was primarily indicated by total chlorin amount and composition.
Whereas high concentrations of refractory chlorin matter characterized sites of
high carbon supply such as the marginal ice zone (MIZ) and Northwest coast
sediments, low amounts of very fresh chlorin material reflected sites of low
carbon supply, e.g. ice covered coastal sites, due to seasonal later ice retreat.
Consistent with amounts, sulfate reduction rates were largest at a high supply of
refractive chlorin matter. By contrast to chlorins, protein content was largest
northwest and southeast of Spitzbergen and continuously decreased towards the
north, thus on the track of the seasonal withdrawing sea ice. This trend and
down core profiles of THAA concentration in ice covered sediments revealed
that proteins reflected a later time slice of mineralisation. All in all, both
molecular proxies could be applied to characterize Arctic sediments: Chlorins
and the CI were suited to indicate seasonal changes of carbon supply and
benthic mineralisation, and proteins provided information on longer time scales,

exceeding seasonality.



Abstract

Finally chlorins and THAA were employed as proxies of organic carbon
fluxes. Molecular proxies were analysed in a deep sediment core on the
northern Benguela slope (2000m water depth) that represented climate
variations over the past 130 000 years. Chlorin contents were first used to
reconstruct paleo sulfate reduction rates. Based on these rates, past fluxes of
organic carbon supply and burial have been estimated. The results were in good
accord with vertical flux models (e.g. by Berger et al., 1989). High rates of
organic carbon burial occurred during the last glacial maximum (LGM) and
were related to high accumulation of refractive organic carbon, primarily
indicated by large chlorin amounts. Refractive organic carbon deposition in the
LGM was most likely related to enhanced particle sedimentation and
resuspension due to a lowered glacial sea level. Interglacial periods of high
carbon supply were characterized by larger amounts of more labile organic
matter, foremost indicated by proteins. They were attributed to result from
undiluted sedimentation and probably aggregation of organic matter, thereby
encapsulating reactive organic material. Thus, it was concluded that chlorin and
protein organic matter pools may be used to reconstruct past carbon fluxes, as

both compound classes reflect major carbon deposition modes in the study area.

Chlorins and the CI have demonstrated their versatility from initial to late
stages of carbon decomposition but proteins were mainly linked to later stages
of organic matter decay.

The application of molecular organic carbon pools in this study therefore
contributed to improve the understanding of time scales of organic carbon

degradation and might stimulate future applications of molecular proxies.



Kurzfassung

Kurzfassung

Das Ziel dieser Arbeit bestand in der Erfassung und Anwendung von
Abbauindikatoren des organischen Kohlenstoffs. Den Schwerpunkt dieser
Arbeit bildete die Untersuchung der Kohlenstoffreservoirs (,,pools®) von
Pigmenten und Proteinen, sowie der Anwendung daraus abgeleiteter
Abbauindikatoren, der Chlorin Index (CI) und der auf Aminosduren basierende
Degradationsindex (DI), mit denen die Reaktivitit des organischen Materials
charakterisiert werden kann. Reaktivitit ist als die Verfiigbarkeit von
organischem Kohlenstoff fiir den mikrobiellen Abbau im Sediment definiert.
Molekulare Kohlenstoffreservoirs eignen sich zur Erfassung der Reaktivitit von
organischem Kohlenstoff, da der Abbau von organischem Material mit einer
veranderten molekularen Zusammensetzung einher geht. Wihrend labile
Komponenten im organischen Material bevorzugt abgebaut werden, steigt mit
dem Abbaugrad des organischen Material der Anteil refraktirer Komponenten
in den Reservoirs, somit sinkt die Verfiigbarkeit von labilem Kohlenstoff.

Mit dem Ziel, die Reaktivitdt von organischem Kohlenstoff im Sediment
zu bestimmen, wurden molekulare Abbauindikatoren und Proxies im Benguela
Auftriebssystem (BUS) sowie auf dem Arktischen Schelf (Spitzbergen)
eingesetzt, die durch eine hohe Primérproduktion gekennzeichnet sind.
Molekulare Indikatoren wurden mit Umsatzraten der mikrobiellen
Sulfatreduktion  verglichen, da diese den wichtigsten terminalen
Elektronenakzeptorprozef3 in den untersuchten Sedimenten repriasentieren.

Die zentrale Aufgabe dieser Studie war die Ermittlung der Zeitskalen und
Einschrinkungen hinsichtlich der Anwendungsmoglichkeiten molekularer
Abbauindikatoren und die Erfassung der Zusammenhinge zwischen
Zusammensetzung und Mineralisierungsraten des organischen Materials. Diese
Arbeit trigt zu einem multidiziplindren Projekt im Rahmen des
Foschungszentrums Ozeanrdnder bei, dessen Ziel die Aufklidrung von
Reaktivitit und Prozessen zur Umsetzung des partikuldren organischen
Materials auf dem Kontinentalhang vor Namibia war. Eines der Manuskripte
(Kapitel 4) tragt weiterhin zu dem Projekt CABANERA bei, das die
Auswirkung der globalen Erderwirmung auf benthische Okosysteme in der

Arktis untersucht.



Die Reaktivitit der molekularer Kohlenstoff Pools wurde auf
unterschiedlichen Zeitskalen bestimmt, auf denen Pigmente und Proteine
agieren. Diese wurden vor allem von der chemischen Reaktivitit sowie dem
Assoziationsvermogen des molekularen Materials mit Sedimentstrukturen
bestimmt.

Anderungen in der molekularen Zusammensetzung wihrend der frithen
Abbauphase von organischem Material wurden mittels anoxischer
Sedimentinkubationen erforscht.  Hierzu wurden Sedimente aus beiden
Untersuchungsgebieten mit Algenmaterial angereichert, um einen frischen
Eintrag von Phytodetritus in das Sediment zu simulieren. Dieser Ansatz hat
gezeigt, dall ausschlieBlich der Chlorin Index in der Lage war, die Zersetzung
von makromolekularem  Material zu identifizieren, welches der
geschwindigkeitsbestimmende Schritt zum Abbau des organischen Materials
durch Sedimentbakterien ist. Proteingehalt und -komposition wihrend der
Experimente blieben indes unverdndert. Der Gehalt an refraktivem
Chlorinmaterial und die Hohe der Mineralisierungsrate waren einander
proportional. Anhand von Sedimentprofilen aus beiden Untersuchungsgebieten
konnte geschlossen werden, dall Proteine und der DI lingere Zeitskalen fiir den
Abbaus von organischem Material repriasentieren.

Es wurde gezeigt, daB3 der CI ein Indikator ist, der empfindlich wéihrend
der frithen Abbauphase reagiert und der DI vorwiegend den léngerfristigen
Abbau von organischem Material charakterisiert. Einen starken Einflu} auf die
molekulare Zusammensetzung organischen Materials {iben weiterhin die Hohe
der Primérproduktion, Partikeltransportwege und physikalische

Schutzmechanismen aus.



Kurzfassung

Diese Erkenntnisse wurden angewandt, um Kontrollfaktoren der
Reaktividt des Kohlenstoffs in den untersuchten Arbeitsgebieten zu ermitteln.

Das Benguela Auftriebssystem (BUS) 14Bt sich in zwei Regionen mit
kohlenstoffreichen Sedimentablagerungen unterteilen. Eine diatomeenreiche
Facies (mudbelt) mit bis zu 15% organischem Kohlenstoff auf dem
namibianischen Schelf, sowie ein weiteres Ablagerungszentrum auf dem
namibianischen Kontinentalhang (~9% organischer Kohlenstoffgehalt). Das
Ablagerungszentrum auf dem Hang konnte durch seine auffallend hohen
Chlorin- und Proteingehalte sowie deutlich erhohter Sulfatereduktionsraten von
der Umgebung unterschieden werden. Das molekulare Material war weiterhin
etwas weniger abgebaut als in anderen Hangsedimenten vergleichbarer
Wassertiefe. Anteile labilen Materials wurden auch durch Pigmentanalyse
ermittelt. Diese Ergebnisse lieBen auf einen vertikalen Eintrag frischeren
Materials aus der Primdrproduktion einer sekundidren Auftriebsregion tiber dem
duBeren Benguela Schelf schlieBen. Hohe Mineralisierungsraten auf dem Schelf
wurden durch einen hohen Gehalt an reaktivem Material angetrieben, wéhrend
erhohte Umsatzraten auf dem Hang von groflen Mengen refraktiren Materials

gespeist wurden.

Die Zusammensetzung des organischen Material und benthische
Mineralisierungsraten in Schelfsedimenten der Arktis (Spitzbergen) wurden
vorwiegend durch den saisonalen Eintrag des organischen Kohlenstoffs und
durch die vorherrschenden Ablagerungsprozesse bestimmt. Die Saisonalitit der
Primérproduktion wurde besonders durch Gehalt und Zusammensetzung der
Chlorine reflektiert. Hohe Gehalte refraktiren Chlorinmaterials wurden in
Regionen hoher Kohlenstoffzufuhr beobachtet, z.B. im Bereich der Eisrdnder
und Nordwestkiiste Spitzbergens, wihrend geringe Konzentrationen von
hochreaktivem, labilen Chlorinmaterial iiberwiegend eisbedeckte Sedimente
charakterisierten, die durch eine geringere Materialzufuhr gekennzeichnet
waren. Hohere Sulfatreduktionsraten traten im Zusammenhang mit einer hohen
Materialzufuhr z.B. an der Eisrandzone (MIZ) auf, aber waren geringer bei
niedrigen Chloringehalten. Die nordwértsgerichtete kontinuierliche Abnahme
der Proteine in der Sedimentoberfliche und verdnderte Proteingehalte in

Tiefenprofilen in den eisbedeckten Regionen lieBen auf einen spdteren



Proteinabbau schlieBen. Beide Kohlenstoffkomponenten konnten somit zur

Charakterisierung der Produktivitit in der Arktis herangezogen werden.

Chlorine  und  Proteine  wurden  schlieBlich  genutzt, um
Mineralisierungsraten der mikrobiellen Sulfatreduktion im Zeitrahmen der
letzten Glaziale / Interglaziale (~ 130 000 Jahre) und FluBraten von
organischem Kohlenstoff zu rekonstruieren. Die Ergebnisse waren in guter
Ubereinstimmung mit vertikalen FluBmodellen (Berger et al., 1989). Dabei
wurde eine auBergewohnlich hohe Erhaltung des organischen Kohlenstoffs
wiahrend des letzten glazialen Maximums (LGM) ermittelt, dessen Sediment
durch hohe Konzentrationen refraktdren Chlorinmaterials charaktisiert wurde.
Der Erhalt chlorinreichen Materials wurde auf erh6hte Sedimentakkummulation
und Partikelresuspension, potenziell durch einen gesenkten Meeresspiegel
wihrend des LGM, zuriickgefiihrt. Zwischeneiszeitlich erhohte Produktivitét
wurde durch vergleichsweise frischeres Material, vor allem angezeigt durch
Proteine, charakterisiert. Labile Proteinkomponenten wurden offensichtlich in
Aggregaten aus sedimentirem und bakteriellem refraktivem Material
eingeschlossen und blieben erhalten. Folglich sind Chlorine und Proteine fiir
die Rekonstruktion von Paldokohlenstofffliissen einsetzbar, da sie die primiren

Ablagerungsprozesse im untersuchten Gebiet reflektieren.

Chlorine und der Chlorin Index konnten in dieser Arbeit als vielseitige
Indikatoren zur Charakterisierung kurz- bis langfristiger Abbauprozesse
gezeigt werden. Beide molekulare Indikatoren haben zu einem besseren
Verstindnis hinsichtlich der Zeitskalen des Abbaus von organischem Material
sowie zur Quantifizierung gegenwirtiger und vergangener Kohlenstofffliisse
erheblich beitragen. Die Ergebnisse dieser Studie geben somit einen Anreiz fiir

zukiinftige Anwendungen molekularer Indikatoren.
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Introduction

Introduction
The organic carbon cycle

The global carbon cycle can be divided into two compartments, a biological sub
cycle and a geological cycle (Tissot and Welte 1984, Fig.1.1). The major part of
global carbon is fixed in sedimentary rocks. The geological cycle therefore represents
the major carbon reservoir, exceeding that of the biological cycle by several orders of
magnitude holding 6.4 - 10" t C compared to 3 - 10 '* t C. The biological cycle
begins with the photosynthesis of CO, to organic material (primary production) at the
ocean surface that removes atmospheric carbon dioxide. Subsequent to organic matter
deposition it ends with metabolic or chemical oxidation of detrital biomass back to
carbon dioxide. Thus, organic matter mineralisation in surface sediment represents a
leak between both cycles where a fraction of CO, can escape before it gets finally
buried. At the point where organic matter is incorporated into sediments the
geological cycle begins, leading to formation of fossil material (gas, coal, graphite)
that could leave the cycle through erosion and subsequent reoxidation of rocks to

carbon dioxide.

OM in fossil sediments,
CO. | coal and kerogen
1
Photosynthesis: ) Oil and
plants and bacteria OM in soils and gas
3 Recent sediments

Animals
Dead plants,
animals and

bacteria OM in metamorphic

o
I
l

i i sediments, e.g. graphite
I
I

Biological cycle Geological cycle

Fig.1 Carbon Cycle by Tissot and Welte (1984)
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Chapter 1

Generally the in and out fluxes of individual carbon reservoirs are balanced
(Tissot and Welte 1984). However, burning of fossil fuels since the industrial
revolution has created an increased carbon flux from the huge geological to the
comparatively small atmospheric reservoir that result in severely increased
atmospheric carbon dioxide concentrations and a global warming of the Earth’ climate

(Houghton et al., 2001).

From the ocean’s surface to the seafloor

Phytoplankton photosynthesis accounts for 95% of the global oceanic primary
production (Killops and Killops, 1993). As photosynthetic productivity depends on
the availability of light and nutrients, its spatial extent varies on a global scale. Total
annual primary production has been estimated in the range of 30-50 - 10° tons of
carbon (Berger et al., 1989; Hedges and Keil, 1995). Zones of particular high oceanic
carbon fixation occur on continental margins (several hundred g Cor m” v as
primary productivity is associated with nutrient-rich waters such as at the polar fronts
or at coastal upwelling areas (see Seiter et al., 2004, Fig.1.2). Marine phytoplankton
productivity along with physical transfer processes account for the partitioning of CO,
between ocean and atmosphere (Broecker and Peng, 1982), therefore, the rates at
which carbon is cycled through the ocean and the factors that may bias the rates of
transfer are important with respect to atmospheric levels of anthrophogenic produced

CO; (Jahnke, 1996; Jahnke et al., 1990).
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180 120 60 0 60 120 180
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Fig.1.2 Global distribution of minimum particulate organic carbon flux (g C m?y™) as calculated from

global in situ dissolved oxygen uptake (DOU), taken from Seiter et al. (2004)

At the ocean surface CO, is converted into organic matter by primary producers.
As organic matter sinks, it is in parts oxidised and microbially degraded, releasing
initially fixed carbon back to waters as CO, (Broecker and Peng, 1993). A fraction of
organic matter escapes rapid recycling within the mixed layer and is exported into
deeper water and to the sediment (Berger and Keir, 1984). The efficiency of this
“biological pump” is controlled by the magnitude of primary production: of the
organic matter produced at the ocean surface only a very small portion reaches the
underlying seafloor and is ultimately buried, generally this fraction depends upon
primary production rate and water column depth (Miiller and Siif3, 1979). Below the
productive euphotic zone organic matter export production decreases rapidly and will
be largely remineralized when entering the benthic boundary layer (Fig. 1.3 according

to Rullkétter, 2006).
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Fig.1.3 Scheme of the vertical organic matter flux from primary production at the ocean surface to
deposition on the seafloor, aerobic and anaerobic microbial mineralisation and subsequent burial of

organic carbon (modified after Rullkétter, 2006).
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mineralisation continues at several carbon oxidation pathways and even extends to
deep sub seafloor sediments, the so-called deep biosphere (Parkes et al., 1994;
D’Hondt et al., 2004). However, major carbon degradation and incorporation into the
sediment takes place within the surface mixed layer and mineralisation rates decrease
as sediment depth increases. Some 25 to 50 % of sinking organic matter may reach
the seafloor in coastal seas but only ~ 1% reaches deep-sea sediments (Suess, 1980).
The fraction of supplied organic carbon that escapes from microbial mineralisation
will be preserved and finally buried in sediments (Fig.1.4). Burial of initially
deposited organic matter is positively linked to the rate of deposition and constitutes
approximately 5-20 % in shelf sediments (Henrichs and Reeburgh, 1987) in contrast
to 1 to 0.01 % of surface primary productivity that was reported of being buried in the
deep sea (Berger et al., 1989(a), see Fig.1.4).

Continental margin systems (<2000m water depth) contribute to 10-15 % of the
global primary production and may be responsible for > 40 % of organic carbon
sequestration in the ocean (Muller-Karger et al., 2005); they represent a significant

sink of atmospheric carbon dioxide.
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Chapter 1

Diagenetic status of sinking OM

The transition from the biosphere to the geosphere is not clearly defined as the
transformation of biogenic matter already begins after the decay of living organisms
(Rullkotter, 2006). Sinking organic matter is subject to extensive degradation due to
microbial remineralisation and heterotrophic consumption (>99 %), both altering the
molecular composition of organic matter, thus its reactivity, during transit to the deep-
sea floor (Wakeham and Lee, 1993). Consistent with increased transformation of
organic matter composition its molecular characterizable fraction (composed of
pigments, lipids, amino acids, carbohydrates) is reduced from 80 % (fresh OM) at the
ocean surface to < 20 % in altered sediments (Wakeham et al., 1997). Progressive
changes of organic matter structure and chemical composition are a result of selective
degradation as labile compounds get preferably depleted, and refractory compounds
become selectively enriched during diagenesis (Wakeham et al., 1997; Cowie and
Hedges, 1994). The reactivity of organic material is defined by its lability towards
enzymatic decay (Dauwe et al., 1999). Moreover, the degradation state of organic
material determines its availability to microbial mineralisation. Therefore, there
should be a clear link between the degradation state - molecular composition,
packaging, and the ambient oxidant concentration — and the reactivity or susceptibility

of organic matter to further microbial decomposition.

17
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Controls of organic matter degradation and reactivity

Reactivity of organic matter (its availability to microbial mineralisation) can be
described as a function of the depositional environment and sediment packaging,
organic carbon composition and amount.

Factors that control the degradation time of organic matter during transit in the
water column are the water depth, the sinking velocity of particles that can be severely
enhanced through transit by fecal pellets (“fecal pellet express” e.g. in the deep ocean)
and high organic matter sedimentation rates, that decrease particle residence and thus
oxygen exposure times (Rullkdotter et al., 1987; Miiller and Sii3, 1979; Betzer et al.,
1984; Hartnett et al., 1998). Rate and extent of organic carbon mineralisation mainly
depend on the availability of electron acceptors in sediments — in particular oxygen-
(Canfield et al., 1993; Canfield, 1994), concentration and source of the metabolisable
pool of organic matter and its degradation state (Berner 1980, 1989; Westrich and
Berner, 1984; Hedges et al., 1988), sediment mixing and physical protection of
organic carbon e.g. by adsorption on sediment particles or association with the
sediment matrix (Keil et al., 1994; Mayer, 1994; Ransom et al., 1998).

Which of these controls exerts the greatest influence on organic matter
preservation represents a major challenge of biogeochemical research. Two principal
approaches have been discussed concerning organic carbon preservation. Deposition
of high organic carbon amounts in marine sediments has been ascribed to an oxygen-
free (euxinic) water column (stagnant basin or Black Sea model) by DeMaison and
Moore (1980). In contrast high primary productivity and associated high particle
sedimentation was proposed as the decisive factor that controls organic matter
accumulation (Pedersen and Calvert, 1990; Bailey, 1991). The productivity model is
based on high-productivity areas of the ocean (e.g. upwelling areas) where reduced
oxic or anoxic conditions result from large amounts of decaying biomass that settle on
the seafloor, enhancing oxygen consumption in water column and sediments. It has
been demonstrated that high organic matter sedimentation rates promote the burial of
organic carbon as a result of shortened oxygen exposure time (Canfield et al., 1993;
Hartnett et al., 1998; Devol and Hartnett, 2001).

Aerobic and microbial degradation may be reduced by physical protection of
labile organic matter through sorption onto surfaces of sinking particles during export
to the seafloor or at incorporation into the sediment (Keil et al., 1994). Chlorin-rich

organic matter (from phytoplankton) has a demonstrated high surface reactivity and
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Chapter 1

also amino acids were shown to sorb to mineral and sediment surfaces (Satterberg et
al., 2003; Henrichs and Sugai, 1993). Labile material may also be protected when
incorporated into small spaces of mineral matrices not accessible to exoenzymes that
perform hydrolytic breakdown of macromolecular matter. In conclusion,
circumstances of organic matter deposition vary and several combined factors may

control carbon preservation.

Carbon oxidation pathways

Most of the settling organic detritus which represents a compilation of complex
macromolecular compounds is completely mineralised to CO,. As prokaryote
organisms are not capable to take up particles and molecules larger than 600 daltons
(Weiss et al., 1991) the first step of organic matter mineralisation is the hydrolytic
breakdown of macromolecules through extracellular enzymes that are produced by
bacteria. At the same time this is the rate-limiting step of the subsequent sequence of
mineralisation processes, because cleaved monomer compounds do not accumulate,

but are rapidly metabolized in sediments (Arnosti, 2004).

Table 1.1 Pathways of organic carbon oxidation and their standard energy yields per mol organic carbon

(according to Jergensen 2000)

Pathway Reaction AG? .
(kJ mol™)
Aerobic respiration CH,0 + O, — CO, + H,O -479
Denitrification 5 CH,0 +4 NO; — 2N, +4 HCO5 + CO, + 3 H,O -453
Mn(IV) reduction CH,O0 + 3CO, + H,0 + 2MnO, — 2Mn," + 4 HCO;y -349
Fe (IIT) reduction CH,0O + 7CO, + 4Fe(OH); — 4 Fe ¥ + 8 HCO; + 3 H,O -114
Sulfate reduction 4 CH,0 + SO,* — H,S + 2HCO5 -77
Methanogenesis CH;COO + H" — CH,+ CO, -28
Fermentation CH;CH,COH + H,0 — CH;COO- + HCO;3 + 3H,+ H" 10

The complete mineralisation of organic carbon to CO; in sediments is mediated
by a successive sequence of carbon oxidation processes where different inorganic

acceptors are reduced and become depleted with depth as follows:

0, = NO5;” = Mn(IV) = Fe(Ill) = SO4* (Frohlich et al., 1979)
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Fig.1.5 Scheme of organic carbon oxidation pathways, their vertical geochemical zonation and
consumption of oxidant (After Fenchel and Jorgensen 1977, in Jorgensen 2006; modified after Kasten

et al., 2003)

This redox cascade corresponds to a decrease in the free energy available by
respiration with the different electron acceptors (Tab.1.1). Electron acceptors with
highest energy yields are usually preferred and due to the limited availability of
utilizable oxidants, a vertical zonation of carbon oxidation pathways is observed in
sediments that may spatially overlap depending on substrate availability (Fig.1.5)
(Jakobsen and Postma, 1999; Kostka et al., 1999; Jorgensen, 2000).

Aerobic respiration is the most energetic process that yields the largest free
energy (-479 kJ mol™). The oxic layer may extend down to several cm as oxygen
penetration depth increases with water depth in slope and deep-sea sediments,
however is limited to only mm to cm on the shelf or may be even absent at high
organic matter input such as on the Benguela shelf (Wenzhofer and Glud, 2002;
Fig.1.5, Jorgensen et al., 2005; Bailey, 1991). Subsequent to aerobic respiration,
denitrification of carbon molecules occurs in the suboxic zone. In contrast to these
most energetic processes, metal and sulfate reducing bacteria depend on the activity of
fermenting bacteria that decompose higher molecular weight compounds (e.g. sugars,
amino acids etc.). Fermentation products then serve as electron donors for i.e.
bacterial sulfate reduction. Below the sulfate reduction zone CO; is the only available
electron acceptor and methane remains as the terminal product of organic matter

degradation (Fig.1.5).
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Consistent with the overwhelming part of buried organic carbon being stored in
shelf (82%) and continental slope sediments (16%), the relative amount of aerobic and
anaerobic mineralisation of organic matter is also strongly related to the distance to
the ocean margins (Wollast, 1998; Jeorgensen and Kasten, 2006). Sulfate reduction
predominates overall organic carbon mineralisation in sediments underlying highly-
productive or oxygen-depleted coastal waters such as the Chilean upwelling area and
the Black Sea, where the fraction mineralised by SRR accounted for almost 80% or
even total mineralisation (Tab.1.2). In other shelf sediments anoxic sulfate reduction
represents ~ 25-50% of organic carbon mineralisation (Jergensen, 1982). With
increasing water depth and lowered organic matter supply the relative importance of
sulfate reduction drops below 1% down the continental slope and becomes less
significant in deep-sea sediments to the benefit of oxic respiration and suboxic

processes such as nitrate, manganese and iron reduction.
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Fig.1.6 Oxygen penetration depth, OPD, as a function of water depth: OPD exponentially increases
with water depth. In sediments <2000m of the South Atlantic OPD is approximately 2-3cm. (Taken
from Wenzhofer and Glud, 2002)
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Tab.1.2 Quantitative importance of sulfate reduction to the mineralisation of deposited organic material.

(According to Jergensen and Kasten, 2006)

Corg
. Rate of C,,, mineralised
Location Water Depth degradation by sulfate Reference
reduction
[m] [mmol m™ d™']
. Crill and Martens
0,

Cape Lookout Bight 9 114 75 % (1987)
Chilean shelf 34-122 10 56-79 % (Tll;a;g;imp and Canfield
Baltic Sea 16 9.8 44 % Jorgensen (1996)
Gulf of Maine 50-300 10.7 43 % Christensen (1989)
St. Lawrence Estuary 335 10 26 % Edenborn et al., (1987)
E. South Atlantic
(Benguela upwelling 850-3000 0.28-3.1 9-40% Ferdelman et al., (1999)
region)
Eastern tropical o) % D’Hondt et al. (2004)
Pacific 3760 05 0.05% Jahnke (1996)
Black Sea, anoxic 130-1176 1.30-2.86 ~ 100 % Jorgensen (2004)

*modeled rate

Degradability (availability) of organic matter

The degradability of organic material declines with sediment depth along with
microbial mineralisation. The progressive decrease of organic carbon reactivity is
often described by the multi-G model (Berner, 1980; Westrich and Berner, 1984).
During decomposition the most biologically labile compounds of organic biomass
will be preferably decomposed, leaving more refractory organic compounds behind.
These more refractive compounds may degrade as well, but on a slower time scale.
This decrease can be considered as the result of a number of different carbon pools
that decay each with its own degradation characteristics and are consecutively
depleted at exponential rates as diagenesis proceeds. Westrich and Berner (1984)
demonstrated in sediments where sulfate reduction is the prevailing carbon oxidation
process that measured rates of sulfate reduction reflect the actual rate of organic
carbon turnover, and thus represent a direct measure of the current availability
(reactivity) of organic matter to microbial degradation. Accordingly, sulfate reduction
rates depend on both, the concentration and the quality of available organic matter.
The overall rate of organic carbon oxidation by sulfate reduction is thus the sum of the
rates of decomposition (kiG;, with k; representing the first order rate constant and G;

the concentration of organic carbon of a specific degradability):

DG/dt:—(k1G1 +k2G2+k3G3+...) (1.1)
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Organic carbon pools and molecular composition

Organic tissue is composed of a variety of molecules with very different
properties and reactivities (Wakeham et al., 1997). Labile compounds of organic
matter mixtures such as pigments, selected lipids or hydrolysable amino acids get
preferently degraded and removed from the total organic carbon pool as diagenesis
progresses (Cowie and Hedges, 1994; Lee et al., 2000) and have been used to track
organic matter degradation. For example preferential enzymatic degradation of amino
acids relative to bulk organic matter causes the relative proportion of amino acid
nitrogen (%AA-N, hereafter expressed as relative proportion of total hydrolysable
amino acids to TN, THAA-%N and as part of TOC, THAA-%C) to decline from 75-
90% in fresh plankton to 40-50% in sinking aggregates and further to 10-30% in
sedimentary organic matter (Lee, 1988).

Preferably lost (pigments, proteins, lipids) and preserved (lignin) compounds
are thus more suitable indicators of organic matter degradation than bulk chemical
properties as i.e. the elemental C/N ratio. C/N values are often used to determine
organic matter maturity as preferential utilization of nitrogen increases this ratio from
low values (C/N 5-7) that indicate fresh material. Bulk organic matter composition
provides mechanistic information rather than of organic matter availability, because
C/N ratios also include the large proportion of uncharacterized material in the
sediments. They moreover lack the ability to clearly separate between terrestrial and

marine carbon sources (Cowie and Hedges, 1994).

We will focus on two of the more labile classes of organic matter in marine
sedimentary material, pigments and proteins. They constitute a major fraction of the
characterized carbon in marine particulate matter and therefore represent useful
indicators of organic matter degradation (Lee et al., 2000). Biomarkers that are either
selectively lost or preserved during diagenesis have often very specific degradation
pathways that complicate a clear separation of preferential breakdown and variable
input. As biomarker molecules usually occur in trace quantities they hardly represent
important energy sources for heterotrophic organisms (Dauwe and Middelburg, 1998).

The degradation of bulk organic matter results in systematic changes of the
molecular composition of amino acids. Principal component analysis of mol
percentage contribution of amino acids was used to establish a protein-based

Degradation Index (DI) developed by Dauwe and Middelburg (1998) and Dauwe et
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al. (1999) that ranked changes of individual acids to a general pattern. Amino acids
associated with structural compounds (e.g. diatom cell wall) such as glycine, serine
and threonine are enriched upon progressive degradation, whereas amino acids
contained in cell plasma (phenylalanine, glutamic acid and tyrosine) become
selectively depleted. The amino-acid based DI by Dauwe et al. (1999) varies from —
2.2 to 1.5. DI values of 1-1.5 identify more labile sources such as phytoplankton and
bacteria, between —0.3-1 in coastal and ocean margin sediments with values <-1 for
very refractive organic matter in deep-sea sediments. The DI was shown to be
consistent with other protein-based degradation indicators such as the relative
abundance of non-protein amino acids, y-aminobutyric acid (GABA) and B-alanine
(BALA) that usually increase during diagenesis. Consequently the ratio between the
protein precursor (e.g. aspartate) and the non-protein degradation product (e.g. PB-
alanine) is decreased (Cowie and Hedges, 1992 and 1994).

Probable mechanisms for the preservation of labile organic matter such as
proteins may include sorptive attachment to sediment surfaces (Keil et al., 1994), and
sorption in the small pores of minerals (Mayer, 1994), where bio molecules may be
protected from enzymatic hydrolysis. These possibilities must be considered if the DI
is interpreted. Moreover, the estimation of the total protein pool by measurement of
total hydrolysable amino acids (THAA) may not accurately reflect all protein
available for microbial degradation (Pantoja and Lee, 2003) as some amino acids are
bound in physical matrices (e.g. diatom walls, see Fig.1.7) or biominerals that may
not be released during acid hydrolysis (Ingalls et al., 2003).

Carbohydrates

: : : : : : : Other Components
ASP | SER | SER = GLY A THR ' SER | SER | Protein Template

Silica
Frustule

Fig.1.7 Structural model of the diatom cell wall with incorporated amino acids according to Lobel et

al.,1996 and Hecky et al., 1973.
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So far no direct relationship between rates of microbial degradation and quality
indicators based on bulk organic matter characteristics has been established.
Indicators as i.e. the C/N ratio describe rather the chemical composition of organic
material but lack information of the enzymatic susceptibility of macromolecular
matter or possible physical protection (Arnosti, 2004). Refractive organic matter may
drive high rates of carbon degradation as bacteria are able to thrive on a very small
fraction made up of labile (fresh) organic matter (Arnosti and Holmer, 2003) that may
be masked against a large background of highly altered organic material. Thus a
quality indicator should be very specific to fresh organic matter and highly sensitive

to microbial degradation to assess organic matter bioavailability.

CH, CH=CH,
C,H; CH,4
CH, CH,4

O=C——CH CH,CH,CO0C,(H;,

|
COOCH,

Fig.1.8 Molecular structure of chlorophyll a.

Chlorins, in contrast to proteins, are apparently better suited to assess the
availability or freshness of organic material as they represent the immediate decay
products of chlorophyll @, omnipresent in all photosynthetic organisms (Rowan, 1989)
(Fig.1.8). Due to inherent high lability of pigments, these reactive compounds are
quickly depleted during export in the water column and chlorophyll a thus rapidly
decomposes to pheophytins (by loss of the central Mg atom), pheophorbides (loss of
phytol side chain) and other chlorins (Stephens et al., 1997). Chlorins are particularly
sensitive to the early stage of organic matter decay (Meckler et al., 2004) and based
on the chemical lability of total chlorins (including chlorophyll a and all of its
degradation products), Schubert et al. (2002 and 2005) have developed a degradation
state indicator, the Chlorin Index (CI) that has been used to characterize organic
matter composition in sediments of the Peru and Chile upwelling regions

(Niggemann, 2005). Chlorins were applied to characterize present-day primary
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production as well as paleoproductivity (Schubert et al., 2005; Schubert et al., 1998;
Harris et al., 1996), however information on its application to short time scales of
organic matter degradation or in the Arctic realm affected by seasonal high
productivity, if compared to the perennial high production in the Benguela upwelling
system, are so far missing.

Therefore in chapter 2 of this study we will compare and discuss diagenetic
controls of molecular organic matter composition, identified by the pigment- and
protein-based CI and DI, in Arctic shelf and Benguela continental margin sediments.
The CI and DI will be studied with respect to their significance during short- as well
as medium-term organic matter degradation. Both indices will be further applied to
paleoenvironmental time scales in sediments of the northern Benguela slope and
discussed in chapter 5. Paleoceanographic implications from the chlorin and protein
carbon pools will finally be used to introduce an early model that shows how past

organic carbon fluxes may be reconstructed from molecular carbon pools (chapter 5).

The first move to a thorough understanding of organic matter composition and
its potential controls has been done by the assessment of a state-of-the-art
characterization of the two research areas: the highly-productive Benguela upwelling
system distinguished by two major shelf and slope depocenters and the seasonal high-
productive Arctic shelf. With the focus to evaluate organic matter reactivity in these
regions, molecular degradation indices are compared to sulfate reduction rates, which
represent the current organic carbon availability to microbial mineralisation. In
chapter 3 the molecular carbon pools and their degradation state will be discussed for
the Benguela depocenters, followed by a characterization of seasonal changes of
organic matter composition and carbon pools in chapter 4. In the following section an
overview of regional features of the Benguela upwelling system and Arctic shelf is
given. Subsequent chapters 2 to 5 represent manuscripts that are planned for

submission to scientific journals.
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Regional description
The Benguela Upwelling System

The Benguela upwelling system (BUS) is one of the four major coastal
upwelling system and located off Southwest Africa adjacent to the coasts of Namibia
and South Africa. Upwelling is bordered by the Agulhas retroflection in the south and
the Angola-Benguela frontal zone in the north, which are both warm water systems.
Its major currents are the equatorward flowing Benguela Ocean Current (BOC) and
the Benguela Coastal Current (BCC) over the Benguela shelf. Primarily driven by the
intensity of trade winds, the BUS can be divided into a northern area characterized by
perennial upwelling and a southern part with seasonal upwelling events.

The most intense coastal upwelling of nutrient-rich water and thus largest
primary productivity is located offshore Liideritz Bay, where high production rates of
~ 130-350 g C m? a”' were measured (Mitchell-Innes et al., 2002; Behrenfeld and
Falkowski, 1997). High rates of primary productivity off the Namibian coastline are
also visible by high concentrations of chlorophyll @ in surface waters that may form
large filaments stretching as far as 1300 km offshore (Summerhayes et al., 1995
(atb)) observed on satellite images (Fig.1.9). Rather than in its centre most of
enhanced productivity occurs at the outer fringe of upwelling cells (Lutjeharms and

Stockton, 1987).
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Fig.1.9 SeaWifs satellite image of ocean surface chlorophyll a concentration taken during the period of

the cruise to Namibia in February 2003.
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The continuous upwelling strip parallel to the coast and the secondary upwelling
front offshore, as indicated by eddies and filaments in surface waters correspond to
the double-shelf breaks observed in the region. The incidental shelf circulation of the
Benguela upwelling is characterized by a poleward flowing undercurrent and cross-
shelf flow (Shannon and Nelson, 1996) (Fig.1.10). Along both fronts high
accumulation of organic material (exported phytodetritus) and a widespread oxygen
minimum zone (OMZ) account for the formation of two major depocenters of organic
carbon, the Benguela shelf “mudbelt” (TOC of ~ 15%) and a major depocenter on the
continental slope offshore Namibia (TOC ~8%) (Bremner and Willis, 1993; Bailey,
1991; Walsh et al., 1981). Thus the BUS may represent a prominent sink of
atmospheric carbon dioxide and deserves closer attention with respect to the processes
that control organic carbon burial in high-deposition environments.

Diagenetic controls of organic matter production, deposition, remineralisation
and subsequent burial on the Benguela shelf and slope depocenter will be discussed in

chapters 2 and 3.

Water depth (m)

500 | | 1 | 1 | | | |

250 200 150 100 50 o
Distance from coast (km)

Fig.1.10 Model of the major upwelling pattern off Namibia. Shown are cross-shelf flowing water, surface
currents, poleward (circle with dots) and equatorward (circle with crosses) moving undercurrents with
respect to the coastal upwelling strip and the shelf-break front (taken from Mollenhauer et al., 2002,
modified after Summerhayes et al., 1995)
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The Arctic Shelf (Spitzbergen)

The Arctic contains the largest shelf area (>50%) of oceans worldwide that
represent important regions for sea-ice production, entrapment and processing of land
derived input of particulate matter (Jakobsson et al., 2003). Living conditions in the
polar climate are extreme due to persistent low temperatures and restricted solar
radiation (Sakshaug, 1997). Primary production thus strongly depends on the seasonal
increase in light, stabilisation of the upper water layers and subsequent large
phytoplankton blooms in the Barents Sea, where Spitzbergen is located (Fig.1.11),
that usually occur between May and June. Annual high primary production in the
Barents Sea was estimated to be as much as <20-200g C m™y" and 120 g C m?y™ in

the Barents Sea and the western Spitzbergen Shelf (Sakshaug, 2003).

(—_\_/

pola¥ ocea?

Q cold

Fig.1.11 Schematic map of the major currents: South and West Spitzbergen are affected by

Atlantic warm water and Northeast Spitzbergen is under the influence of cold Polar Ocean water.
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The Spitzbergen archipelago is located in the transition between the Atlantic
and Polar Arctic water masses. The northward flowing West Spitzbergen Current
carries warm and nutrient-rich Atlantic water along the northwest coast that promotes
earlier retreat of ice during spring, whereas the east coast of Spitzbergen is affected by
cold polar waters carried by the East Spitzbergen Current, and hence, shorter periods
of summer ice withdrawal (Hebbeln and Wefer, 1991; Falk-Petersen et al., 2000).

Sea ice is inherently important to Arctic life, as associated biological and
biogeochemical processes are manifold (Fig.1.12). Sea ice controls the heat transfer at
the ocean-atmosphere interface and the penetration of light into the sea, exerting
major influence of sub ocean surface productivity. During winter particles and snow
get deposited and embedded in ice that moreover represents a biological habitat
above, beneath (e.g. zooplankton) and within the ice (ice algae) as well as in its melt
water region, the marginal ice zone (MIZ), due to the summer stratification and high
primary productivity related with the ice edge. Benthic communities in sediments
beneath low (ice covered) as well as highly productive (ice margin, open water)
regions depend on the seasonal variable export flux of organic carbon and thus a
strong benthic-pelagic coupling exists in the Arctic (Jakobsson et al., 2004). To what
extent the composition (=availability) of seasonally supplied organic matter at the
different shelf processes may affect the extent of benthic mineralisation and relative

contribution of carbon oxidation pathways will be surveyed in chapter 4.
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Fig.1.12 Major processes that determine particulate organic matter flux associated with the seasonality

of sea ice in the Arctic (taken from Jakobsson et al., 2004, modified after MacDonald and Bewers,

1996)
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Abstract

The composition of molecular organic carbon pools, pigments and proteins, was
studied during different time frames of organic matter degradation and compared for
coastal sediments of the Arctic shelf and Benguela upwelling area. Results
demonstrated that the reactivity of both organic carbon pools was closely related to
their ability to associate with sediment structures as well as to the inherent chemical
reactivity of molecular compounds. This was confirmed by anoxic bag incubations of
sediments that were enriched with fresh algae. The experiments revealed a delay of
sulfate reduction activity with respect to the enzymatic breakdown of macromolecular
matter at the early stage of the experiments. This rate-limiting step of anoxic carbon
mineralisation was reflected by total chlorin concentrations and the degradation state
of chlorin organic matter, which was characterized by the Chlorin Index (CI).
However, neither the amount of total hydrolysable amino acids (THAA) nor its
molecular composition, indicated by the protein-based Degradation Index (DI), did
respond to the initial degradation of organic carbon. Down core changes of THAA
and the DI in sediment profiles revealed changes over longer time scales of organic
matter degradation. Hence, the CI was sensitive to the very early stages of organic
matter degradation; the DI corresponded to later organic matter decay, but provided a
higher resolution of organic matter degradation.

The observed diagenetic controls of molecular degradation indices were
manifold. In particular primary production, organic matter transport ways and
physical protection techniques affected organic matter composition. Refractive
organic matter, reflected by total chlorin amounts, usually regarded as “unreactive”
carbon compounds, acted as the major driver of anoxic carbon degradation in the
studied sediments.
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Introduction

Cycling of organic carbon and nutrient elements through marine reservoirs
plays a key role controlling atmospheric CO, concentrations and thus, global climate
(Jahnke, 1996). For a better understanding of the future development of atmospheric
CO; and interpretation of past changes from the sedimentary record, more efficient
estimates of carbon fluxes and assessment of factors that control organic carbon
transfer are required. Continental margin sediments are particularly suited to study
controls of organic carbon cycling as they represent major sites of carbon burial and
mineralization (Muller-Karger et al., 2005; Hedges and Keil, 1995; Berner, 1989;
Jorgensen, 1983).

Settling particulate organic matter is rapidly decomposed through bacterial
mineralisation that consequently changes its molecular composition down the water
column. Physical and microbial processes within the benthic boundary layer and at
the seafloor as well as oxygen conditions further alter its composition and reduce the
degradability of organic matter (Inthorn et al., 2005; Hartnett et al., 1998; Hartnett
and Devol, 2003) — that is referred to “organic carbon reactivity”.

Natural organic matter represents a heterogeneous mixture of recently
introduced fresh and older refractory material (Cowie and Hedges, 1994). Principally
the amount and degradability of supplied organic matter determine the overall rate of
carbon degradation (Berner, 1980; Westrich and Berner, 1984). During decomposition
biologically labile compounds will be preferably depleted, whereas sediments become
enriched in refractory compounds, thus its degradability is decreased. This decrease
results from a number of different carbon pools that are successively depleted, each at
its own degradation characteristics and at exponential rates (Westrich and Berner,
1984; Jorgensen, 2006). Therefore molecular proxies and their related degradation
indices can be used to study the diagenetic controls of organic matter degradation.

To investigate diagenetic controls of organic matter in upwelling and Arctic
shelf and slope sediments, we studied two major organic carbon pools, chlorins and
proteins, in marine sediments. Chlorins are a measure of immediate chlorophyll
degradation products and as well include chlorophyll a and phytoplankton pigments.
The protein pool was assessed by the total of hydrolysable amino acids (THAA).
Molecular organic matter composition was characterized with respect to the

degradation pattern of these pools and determined by specific degradation indices, the
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Chlorin Index (CI) and the protein-based Degradation Index (DI) (Schubert et al.,
2002 and 2005; Dauwe et al., 1999). They have been applied to characterize organic
matter composition of marine sediments in the Peru, Chile and northern Benguela
upwelling systems, the North Sea and Skagerrak (Schubert et al., 2002 and 2005;
Niggemann, 2005; Dauwe et al., 1999). However, information of their applicability on
short time scales of organic matter degradation and with respect to environmental
controls, such as seasonal high carbon supply and conditions of organic matter
deposition, remain scarce.

The time scales and diagenetic controls of the CI and DI are the focus of this
study. Therefore, molecular organic carbon pools, chlorins and THAA, and their
degradation indices will be studied and compared to rates of carbon mineralisation in
sediment incubations. With this approach we aim to assess molecular composition
changes on short-term periods that are representative to the time of initial organic
matter deposition. We apply these degradation indices to various sediment types from
the temperate Benguela upwelling system and the Arctic shelf (Spitzbergen) to

examine longer time frames.

Methods
Samples

Multicorer cores for site comparison of sediment profiles and for bag
incubations from the Benguela shelf and slope were collected during cruises with RV
Meteor in 1996 and 2003 (M34/2; M57/2). Recovered cores ranged from 70 to 1500m
water depth and contained organic-rich sediments from the anoxic shelf (“mudbelt”)
and oxic slope.

Arctic sediment from the oxic Spitzbergen shelf was collected onboard of RV

Jan Mayen in summer 2003 (CABANERA project cruise). Selected stations
represented the Marginal Ice Zone, MIZ (ARC-1), and the northern ice pack (ARC-2)
and covered 200 - 350 m water depth.

Sampling and Processing

A multiple corer was used to retrieve undisturbed sediment cores (25-40cm).
Sediment cores were kept at in situ temperature (4°C) and immediately sub-sampled
for organic geochemical analysis. Sediment samples were stored in the dark at -20°C

until further analysis.
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Sediment for bag incubations was collected from a total of eight cores. These
were back-to-back sub-sampled and sediments transferred into prepared gas-tight
bags, the residual air removed and the bags immediately sealed with an electric

welder. Samples were stored at 4°C in the dark.

Experimental setup

Anoxic incubations were performed on sediments from three sites. Sediment
was taken from the main sulfate reduction zone (5-10cm) and transferred into gas-
proof plastic bags (Wiirgler-Hansen et al., 2000). During the experiments all
incubated sediments were kept at 4°C in the dark.

Under nitrogen atmosphere, we prepared slurries from original sediment and
freeze-dried algae (diatom species) that were soaked in ~ 2ml of filtered sea water.
The appropriate amount of sediment volume and added algae was calculated prior to
the setup and depended on the experiment site (see below). Sediment volume was
admeasured, the algae added and the mixture stirred with a metal spatula until
combined. The slurry was then transferred into a separate Wiirgler bag, sealed and
incubated at 4°C in the dark.

Bags were sub-sampled under nitrogen atmosphere at weekly or biweekly
intervals. Aliquots of sediment were taken for the analysis of solid sediment
geochemical parameters. Aliquots of pore water have been obtained from sediment
samples by use of a pore water squeezer.

Experimental sites:
Spitzbergen shelf
ARC-1

Sediment from site ARC-1 represented an open-water station within the
Marginal Ice Zone (MIZ) southeast of Spitzbergen (75°N). From the stratified water
column, a relatively deep chlorophyll ¢ maximum (~ 40m) and the dominance of
colony-forming diatoms (Phaeocystis), we supposed that a post-bloom situation
determined local organic matter supply (Reigstad M., pers.communication; see also
chapter 4; Kristiansen et al., 1994).

We added 0.3g of dried algae to the slurry. Based on a concentration of 12.5 %
of TOC in the deployed species (diatom S. costatum) this was equal to 37.5mg algal
carbon. Incubations started onboard and were terminated after 72 days in the Bremen

laboratory.
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ARC-2

Sediment represented an ice-covered site northeast of Spitzbergen (79°N). Less
stratified water and a shallow chlorophyll ¢ maximum (25m) suggested a pre-bloom
situation. Prior to the experiment we prepared a dilution series of dry sediment and
freeze-dried algae (0.01-1%) series whose samples were analyzed for their chlorin
content and CI value. To obtain a measurable effect in artificially freshened sediment
by the CI, we had to add 0.5% dried algae (per g dry sediment) to the slurry. That was
equal to 104mg algal carbon based on a TOC content of 23% in the deployed species
(A4. kufferatii).

Benguela slope
12-600m

Sediment for incubations was taken from the upper Benguela slope at 25°S and
600m water depth. Based on a similar dilution series as described for ARC-2, we
added 1% of the same algae species to provide a measurable effect by the CI and total

chlorin amounts in slope sediments. This was equal to 92.3 mg algal carbon.

DIC measurement using flow-injection analysis

Dissolved inorganic carbon (DIC) in pore water samples was measured by flow
injection analysis following Hall and Aller (1992). Principally, CO, evolving in the
acidic carrier stream crosses a gas-permeable membrane and is trapped in an alkaline
receiver stream. We used 30 mM HCI as carrier, the receiving agent was 10 mM
NaOH. Prior to measurement, the instrument was calibrated using standard
concentrations of 0-20 mM NaHCO; freshly prepared standard solution. Triplicate

measurements of filtered sample aliquots of ~ 300u1 were performed.

Sulfate reduction rate measurements (SRR)
Experiments

Sediment was sub-sampled from the control and slurry bag incubation and
collected in triplicate sample aliquots of 2.5ml in glass cylinders, sealed with a soft
butyl rubber stopper at the bottom. Immediately after sampling, sediments in the glass
cylinders were incubated at 8-10 hours at 4°C in the dark after injection of 5 ul of 200
kBq radioactive sulfate tracer (Amersham) through the rubber stopper. Microbial

activity in sediment samples was stopped with 20% ZnAc-solution and storage at
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-20°C. The distillation of radioactive end products and calculations of sulfate

reduction rates were performed following Kallmeyer et al. (2004).

Multicores

Sulfate reduction rate measurements on multicores were conducted using the
whole-core *>S0O,4” method by Jergensen (1978). Incubation of the sub cores has been
performed at one cm intervals with 5 ul of 100 kBq ml” **SO4” tracer (Amersham) at
4°C in the dark for 8-12 hrs. Microbial activity was terminated as described for

experiments.

Bulk geochemical analysis

Freeze-dried homogenized samples were analyzed for total carbon (TC) and
nitrogen (TN) with a Fisons NA 1500 (Series 2) Elemental Analyzer. Total inorganic
carbon (TIC) was measured by coulometry at a TIC autoanalyser CM 5240 Orbis BV.
Total organic carbon concentration (TOC) was calculated by subtracting TIC from

TC.

Organic parameters: Total chlorins, Chlorin Index, Pigments

Total Chlorin concentrations and a related degradation state indicator, the
Chlorin Index (CI), were determined according to the method by Schubert et al.
(2002). Total chlorins were extracted from 5-20mg freeze-dried samples by threefold
solvent extraction in HPLC-grade acetone. During extraction samples were cooled
with ice and kept dark to prevent chlorin decomposition. Extracts were measured
immediately after extraction at a Hitachi F-2000 Fluorimeter at excitation wavelength
428 nm and emission wavelength 671 nm. Chlorophyll a (SIGMA) was transformed
to the chlorin phaeophytin a through acidification using ~ 100 pl of hydrochloric acid

and used as a standard for total chlorin concentrations.

Sediment extracts were acidified just as the standard and remeasured. The
derived Chlorin Index, CI, following Schubert et al. (2002) is defined as the ratio of
the fluorescence units of the acidified sample over the original extract (Equ.1). CI
values are on a scale from 0.2 (fresh organic matter) to 1 (refractory organic matter).

CI = fluorescent intensities acidified sample / fluOrescent intensities original sample (1)
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Pigments

Pigments were solvent-extracted from freeze-dried sediments by ultra sonication
(Bandelin Sonoplus HD 200 ultra sonication probe, MS73/D, 30 sec) following
Buffan-Dubau & Carman (2000). For extraction, 100% HPLC-grade acetone was
used, providing dark and cool conditions.

Chlorophyll a, pheophorbide a, pheophytin a and algal pigments were analysed
with a reversed-phased HPLC system and a protocol described in Wright et al. (1991).
Original sample aliquots of 100 pl were injected into a Waters HPLC advice (Waters
2690 Separation Module) equipped with a photo diode array detector (PDA 996).
Pigment detection was performed at 430.3 nm with an additional PDA spectrum from

350-800 nm recorded every second.

Organic parameters: THAA, Degradation Index

Total hydrolysable amino acids (THAA) were analysed following a method by
Dauwe and Middelburg (1998), and is further described in chapter 3. 100ul sample
aliquots were reacted with fluorescent agent, o-phtaldialdehyde (OPA) and analysed
at excitation/emission wavelengths 340/455 nm with a Hitachi F-2000 Fluorometer.

To calculate the degradation index (DI), the concentrations of 17 individual
amino acids were determined via pre-column o-phtaldialdehyde derivatisation (Hill et
al., 1979; Lindroth & Mopper, 1979), including an internal standard (SIGMA AA-S-
18) from 100 ml aliquots of neutralized sample. Individual amino acids were
separated by reverse-phased HPLC with a heated C;3 — column (30°C) and binary

solvent system with subsequent fluorescence detection.

A principal component analysis (PCA) (Meglen, 1992) was performed to
determine organic matter degradation state based on the sediment amino acid
composition and the selective degradation pattern of THAA. Mole percentages of
individual amino acids were standardized with this method and resulted in individual
site scores, termed Degradation Index (DI) as introduced by Dauwe and Middelburg
(1998). Their DI varied between values >1 to > 2 (highly reactive matter, fresh
phytodetritus) to values < -1 or lower (strongly degraded organic matter) (Dauwe et

al., 1999).
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Results

Experiments (Fig. 1-3)
ARC-1

Chlorin concentrations in control and slurry varied between 4 and 5 pg g and
were only enhanced in the slurry at the beginning of the incubation (6pg g™') (Fig.1.a
and b). CI values increased in both incubations (Fig. 1.c and d). In the control, the CI
changed from ~0.8 to 0.7 after 20 days and then inclined back to a value of ~0.85. In
the slurry, an initial CI of 0.9 decreased to 0.75 after 31 days and to ~0.84 at the end
of the experiment (72 days).

Sulfate reduction rates (SRR) were overall higher in the slurry (6-563 nmol cm™
d™) than in the control (3-276 nmol cm™ d™) (Fig.2.a). In control and slurry, SRR
increased to peak rates after 31 days that were already larger than the total DIC

production of 184 nmol cm™ d' calculated for the entire experiment (72 days).

ARC-2

Chlorin concentrations varied between 5.1 — 6.8 pg g™ in the control and 8.5 —
13.3 ug g in the slurry (Fig. 1.e and f). Total chlorin content in the control remained
at~ 6 ug g Slurry chlorin concentrations increased within 14 days (8.5 to 13.2 pg g
" and then declined again (~ 11 pg g™).

CI values in the control were between 0.7 and 0.8, and 0.4-0.6 in the slurry (Fig.
l.g and h). In the slurry, an initial CI of ~0.6 decreased from an initial value of ~ 0.6
after 7 days to 0.4 (took 14 days) and finally back to 0.5 (34 days).

Similar concentrations of ~ 3 mg g of total hydrolysable amino acid (THAA)
were constant in control and slurry (Fig.2.c and d).

Sulfate reduction rates of 6-8.8 nmol cm™ d' and 8.8 — 116 nmol cm™ d”! were
measured in control and slurry (Fig.2.b). Initial SRR were low in both incubations (0-
6 days). Microbial acticivity in the slurry increased to 48 (after 14 days) and finally to
116 nmol cm™ d™' (34 days). SRR exceeded the total DIC production rate of 171 nmol

cm™ d™' at the end of the experiment.
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BUS / T2-600m

Total chlorin concentrations differed between the control (165-227 pg g”) and
the slurry (217-442 pg g') (Fig. 3.a). In the control, chlorins slightly decreased
throughout the experiment (221 to 165 pg g'). In contrast, slurry chlorin
concentrations increased after an initial lag phase of 14 days from 223 to 442 pg g’
(42days) and finally dropped close to initial amounts.

CI values were ~ 0.8 in the control (Fig. 3.b). In the slurry, an initial CI value of
0.7 decreased to 0.6 after ~10 days of incubation time.

Chlorophyll a concentrations ranged from 0.2-0.3 pg g in control and 0.3-1pg
g in the slurry (Fig. 3.c). In the slurry, chlorophyll a increased within ~ 6 to 28 days
from ~ 0.4 to maximum concentrations of 1.2 pg g"'and finally declined to 0.6 ug g™

Compared to chlorophyll a, pheophytin a concentrations inclined continuously
between 8 and 42 days from ~0.4 to 1 pg g' (Fig.3.d). Final pheophytin a
concentrations resembled those in the control (~0.5pg g™).

THAA concentrations varied from 14 - 25 mg g in the control and from 14 —
30 mg g’ in the sediment slurry (Fig.3.¢). During the first 10 days THAA
concentrations declined in both incubations, and were slightly lower in the slurry than
in the control. Between 12 to ~28 days of incubation THAA concentrations
particularly increased in the slurry with maximum concentrations of 34 mg g™ after
28 days.

DI values were in a similar range in the control (-1.7 to -0.4) and exhibited a
slight variability in the slurry sediments (-2 to -0.4) (Fig. 3.f). DI values in the slurry
followed THAA concentrations: values first decreased and inclined to a maximum DI
value of -0.3 after 14 days.

Sulfate reduction rates of 22.3 — 37.9 and 1.6 — 187.0 nm cm™ d" were
measured in the control and slurry incubation, respectively (Fig. 3.g). In the control,
as expected, SR determined the overall total organic carbon mineralisation (DIC).
Microbial activity by SR in the slurry started to increase (beyond SRR in the control)
after 22days of incubation and determined total organic matter mineralisation after 42

days-that was a 2.5fold increase in SRR if compared to the control.
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(9) Sulfate reduction and DIC production
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Fig.3.g) T2-600m: Organic matter mineralisation, areal SRR and DIC production (equal to Total

organic carbon mineralisation) in the slope incubation.

Multicores

Molecular organic matter composition, bulk organic carbon characteristics and
sulfate reduction rates in sediment profiles of the studied areas will be described. The
sites have been arranged side by side for one parameter in Fig. 4 for a) sulfate
reduction rate, SRR, b) phytoplankton pigment concentration, c) total chlorins and d)
the CI. Fig.5 illustrates for the same sites a) THAA concentrations, b) the DI, c) the
percentage of amino acid carbon and nitrogen to TOC and TN, THAA-%C and
THAA-%N, d) total organic carbon content, TOC, and ¢) the molar C/N ratio.
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Arctic (oxic shelf)

Total organic carbon, total chlorins, pigments, THAA and THAA-%C and -%N
were characterized by general downcore decreasing and subsurface peak
concentrations. Variations were 1.5 — 2.5 % TOC, 4-31 pg g for total chlorins, 3 —
11 mg g"' THAA, 9-21% THAA-%C and 33-58 % THAA-%N. A converse trend was
observed for C/N values of 10-13 and CI values of 0.5 — 1. DI values were generally
larger at the surface (>0.0) and decreased with depth (< -2).

Sulfate reduction rates varied between 0.05 and 4.3 nmol cm™ d” with lowest
rates close to the sediment surface. SRR increased to maximum rates at 3.5-8cm with
peak SRR at 6cm.

TOC, chlorin and THAA concentrations and CI and C/N values were low within
the upper 2 cm sediment layer. Concentrations and degradation indices showed largest
variations within the major sulfate reduction zone: chlorins, THAA and TOC
decreased (31-5ug g, 11-5 mg g, 2.4-1.8%) and CI and C/N values increased (0.5-
0.9, 10-11.4).

Benguela anoxic shelf and mudbelt
21°S (70m water depth)

TOC, total chlorin, pigments, THAA and THAA-%C / %N exhibited greatest
variability within the upper 10cm anoxic sediment layer (MB-21°). In contrast to sub-
surface peak concentrations of pigments, THAA and TOC, total chlorin amounts were
largest at the surface and decreased with depth. Concentrations varied from 3 — 8 %
TOC, 155 — 937 pg g™ total chlorins, 20 — 72 mg g THAA, 17 — 49 % THAA-%C
and 48 — 95 % THAA-%N (Tab.3 A, for pigments refer to Tab.3 B).

CI values mainly increased within the upper 10 cm of the core (CI of 0.5 to 0.7)
and did not exceed values of ~ 0.7. C/N values varied between 7 and 11 and, except
for a sub-surface decrease at 3.5 cm, continuously increased with depth.

The DI was only estimated for half of the samples and varied between -7 and 3.
Largest DI values of 2.6-3 were measured within surface sediments (0-2.5cm) that
decreased to a value of ~ 0.7 at 10cm and an of all of the sites lowest DI of -8 at 30cm
depth.

Sulfate reduction rates varied from 0.3-43 nmol cm™ d"' and below 1.5 cm
sediment depth continuously decreased. At the core base (30-40cm) SRR slightly

increased again to 4 nmol cm™ d™.
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At the bottom of the core, total chlorin, THAA and TOC concentrations
increased (to 391 pg g™, 42 mg g, 8 %), and were consistent with SRR. CI values in
turn decreased from 0.65 to 0.6 and DI values increased from -7 to 2.6. The C/N ratio
increased to ~ 11. Base values of the CI, DI and C/N were similar to the core top

(1.5cm).

23°S (110m water depth)

Greatest variability of organic matter content was measured within the upper
core (15cm). Concentrations varied from 290 — 1088 ug g of total chlorins, 15 — 47
mg g’ THAA, 8-33% THAA-%C and 24 — 75% THAA-%N and 6 — 9 % TOC down
the core. Total chlorin amounts continuously decreased by ~ 50% in the upper core.
THAA and TOC exhibited sub-surface peak concentrations and after that TOC values
inclined, whereas THAA slightly decreased down core. In the upper core, rising CI
values (0.6 to 0.7) mirrored chlorin concentrations. In the upper core, DI values
scattered between ~ 2 and -2 and then decreased; the C/N increased consistently with
depth throughout the core.

Sulfate reduction rates were higher at 23°S than at 21°S (1.5 — 127 nmol cm™ d
1. In the upper core (0-14cm), rates varied less and declined from 127 to ~ 80 nmol
cm” d”'. In the lower core (16-28cm) SRR further decreased to 1.5 nmol cm™ d™.

In the lower core, THAA, THAA-%C and %N and DI values decreased
consistent with SRR. In contrast to rising total chlorin and TOC concentrations as

well as C/N values, the CI declined back to an initial value of ~ 0.6.

Benguela (oxic slope)
600m water depth

Total chlorin, chlorophyll a, phaecophytin a and TOC varied a lot within the
upper surface sediments (0-2.5cm). Changes of THAA, THAA-%C and -%N and
peridinin (dinoflagellate pigment) concentrations, however, were rather apparent at
lower depth (~5-10cm).

Total chlorin concentrations varied from 48 — 75 pg g , and decreased from
peak surface values to relatively constant concentrations (~ 50 pg g') within Scm.
Chlorophyll a and pheophytin a concentration declined from maximum surface

concentrations to relatively constant amounts within the upper 2.5cm (Tab.4B). In
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contrast to pigments, TOC concentrations increased within surface sediments (6-7%)
and below remained at ~ 6%.

THAA concentrations of 16-23 mg g hardly varied within the upper core (~ 22
mg g'l), but decreased in the lower core (> 6¢cm) to minimum amounts. THAA%C and
%N and peridinin concentrations changed in a similar manner with sub-surface peak
concentrations at Scm followed by a decrease.

CI values varied throughout the core between 0.75 — 0.77. The DI was only
measured for core top and bottom sediments and gave values of 0.4 and -2.6 (14cm),
respectively. C/N values also increased within surface sediments (0.5-2.5c¢cm) and
remained at 10 to 12 throughout the core.

Sulfate reduction rates (6-15 nmol cm™ d') were high close to the surface
(0.5cm, 10 nmol cm’ d'l), then increased to peak rates at S5cm, and after that declined

to values of 5.8 nmol cm™ d..

1500m water depth

Concentrations of total chlorins (21-28 pg g'l), TOC (7-9 %), THAA (19-25 mg
g") were lower than on the upper slope and hardly varied with core depth. THAA%C
and-%N showed sub-surface peak concentrations of 21 and 15 % at 4cm.

Consistent with total chlorin concentrations, CI values oscillated around ~ 0.8.
DI values at the core top and bottom (14cm) were around ~ 0.0 with 0.3 and 0.2,
respectively. C/N values increased from ~ 10 (surface) to ~ 11 (core bottom) except
for one major increase to a C/N ratio of ~13 below the surface (1.5cm).

Sulfate reduction rates (3-17 nmol cm™ d") increased to peak rates at Scm depth

and declined to rates similar to surface values at the bottom of the core (at 20cm).

Discussion

The term reactivity reflects the joint signal of organic matter composition and
source, (microbial) degradation pathways and particle association in sediments
(Schubert et al., 2005; Keil et al., 1994). Degradation indices, the CI and DI, provide a
measure of the degradation state of reactive carbon pools. Molecular composition is
changed when these carbon pools are exposed to microbial degradation, leading to
reduced organic carbon reactivity (Wakeham et al., 1997). CI and DI have been
applied to characterize sediments off the high-productivity Chilean and Peruvian

coastal systems and at the northern Benguela upwelling area (Niggemann et al, subm.
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2005; Schubert et al., 2000, 2002, 2005). Organic matter freshness in these regions
was primarily determined by the extent of degradation during transit in the water
column. However, the applicability of indices in sediments that are exposed to

seasonal (high) carbon supply and their time scales have not been discussed.

Short time scales

Short-term changes of organic matter composition and the extent of carbon
mineralisation were comparable in Arctic shelf and Benguela slope sediments despite
different site characteristics. At all sites organic carbon mineralisation by sulfate
reduction was initially retarded, between 8-14 days on the shelf (ARC-2) and 14-22
days on the slope (Fig.2.a and b, Fig.3.i). The delay was indicated by one unit
decreasing CI values, from an initial CI of 0.6 to 0.5 in the shelf and a CI of 0.7 to 0.6
in the slope sediments, followed by an increase of SRR. In contrast to the
continuously inclining chlorin and DIC concentrations at ARC-2, an overall delay of
parameters was observed in slope sediments. Interestingly, subsequent to the lag
periods (after 34 days) total DIC production and instantaneous SRR were comparable
for organic-poor Arctic and organic-rich slope sediments.

The increasing apparent freshness in the slurries reflected the release of
“fresher” organic material from the added algal substrate. Subsequent to release no
further compositional changes were observed due to a constant CI. We consider that
SRR took off as small, reactive molecular compounds had now become available for
microbial degradation.

Protein organic matter concentration and composition on the slope and shelf
(ARC-2) showed only minor differences between control and enriched sediments.
THAA amounts were slightly enhanced, but protein degradation indicators did not
significantly distinguish between incubations. In contrast to total chlorins, THAA
therefore exhibited a low availability to short-term microbial degradation.

On ecarly time scales, organic matter composition, thus its availability to
microorganisms, appeared to be the primary driver of carbon mineralisation in Arctic
shelf sediments, whereas organic matter amount was an additional factor of carbon
degradation on the slope (SRR).

We observed high organic carbon mineralisation rates that corresponded to
lower organic matter freshness (CI of 0.8 to 0.75) and concentration in MIZ sediments

(ARC-1) and fresher material (CI of 0.6 to 0.5) but lower SRR at the ice station
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(ARC-2). At ARC-2 DIC production in contrast to SRR was not delayed, probably
due to instantaneous uptake of small reactive organic matter compounds followed by
depolymerisation of the fresher (more complex) substrate. Initially refractive matter at
ARC-1 required less extensive hydrolysis, thus possessed a faster availability of OM
to microbial mineralisation. Depolymerisation by extra cellular enzymes into smaller
sized compounds (~600Da, Weil} et al., 1991) usually precedes microbial degradation,
and the “fresher” the organic material the more time-consuming is its
depolymerisation.

The activity of aerobic microorganismns has been suggested to affect the
breakdown of macromolecular organic matter and thus the release of bound
chlorophyll @ (Sun et al., 1993; Jorgenson, 1983; Kristensen et al., 1991). On the
oxygenated slope (BUS), where the sedimentary OM composition was comparable to
the MIZ (CI of 0.7 to 0.6, CI of 0.5), the by contrast much larger chlorin
concentrations seemed to balance the relation between carbon reactivity/availability
and supply as microbial decomposition of organic matter through SRR increased
rafter an initial delay. Large amounts of more refractive organic matter thus promoted
microbial mineralisation on the Namibian slope.

Our results were consistent with these of Aspetsberger et al. (subm. 2006) who
demonstrated faster uptake and more efficient growth of microbial biomass for altered
phytoplankton due to already largely depolymerised carbon compounds in Benguela
slope sediments. Fresher phytodetritus was rapidly mineralized due to take up of low
molecular weight compounds of the fresh substrate, however further mineralisation
due to depolymerisation was temporally delayed.

Alternative degradation processes such as Fe reduction might compete with
microbial sulfate reduction and retard SRR. On the Benguela slope iron reduction was
considered as a minor process (Aspetsberger et al., 2005); however, in Arctic
sediments characterized by a lower carbon content (e.g. at extensive ice cover), metal
reduction could be more important to total carbon mineralisation than SRR
(Vandieken et al., 2006). As we used sediment from the major sulfate reduction zone
(usually below that of metal reduction), such processes should be minor and not result

in the observed differences in degradation indices and carbon mineralisation rates.
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Long-term degradation and diagenetic controls

Water column depth, sedimentation rate and the prevailing carbon oxidation
pathways were major controls on the molecular composition and total quantity of the
chlorin and protein organic carbon pools. Whereas chlorin (matter) freshness and
degradation were closely related to processes in the water column and at the
sediment-water interface, protein (matter) diagenesis focused notably on sedimentary
processes within the mixed layer.

A strong response of aerobic as well as anaerobic mineralisation rates to total
organic carbon content in terms of increased Total Oxygen Uptake (TOU) rates and
SRR was reported for Arctic shelf as well as slope sediments at intermediate water
depth of the BUS (Hulth et al., 1994; Vandieken et al., 2006; Ferdelman et al., 1999;
Glud et al., 1998). Comparison of SRR and chlorin amounts in oxic/anoxic shelf and
slope sediments (Fig.4.a,c+d, 7.a) clearly demonstrated the influence of sedimentation
rate on anoxic carbon mineralisation, consistent with the global compilation of carbon
oxidation rates by Canfield et al.(2005 and 1993). Sulfate reduction accounts for a
larger fraction of total carbon mineralisation at sites of high chlorin supply
(sedimentation rates) such as the organic-rich anoxic Benguela shelf or oxic slope but
is minor in less productive areas such as the ice-covered oxic shelf. Increasing
sedimentation and intermediate chlorin freshness (CI of 0.6-0.7) apparently promoted
sulfate reduction rates (Fig.7b).

Water depth was a major control of chlorin freshness in Peruvian coastal
sediments (Niggemann et al., 2005). Applied to the Arctic shelf and Benguela slope,
the rate of sedimentation (and thus oxygen exposure time) is even more significant to
chlorin freshness. Examples from short-term experiments revealed that the organic

matter degradation state is particularly crucial at the early stage of carbon diagenesis

(Fig.1-3).
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Fig.4 Sediment profiles representing oxic shelf sediments (Arc-1 MIZ), anoxic shelf sediments of the
Benguela upwelling system (mudbelt) at 21°S (MB-21°, 226750) and 23°S (MB-23°, 226680) and oxic
slope sediments of the Benguela upwelling system at 25°S at 600 and 1500m water depth.

Demonstrated are a) sulfate reduction rate, SRR, b) phytoplankton pigment concentration: Chlorophyll

a, pheophytin a, fucoxanthin (diatoms), peridinin (dinoflagellates), c) total chlorin concentration, and

d) the CL
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Diagenetic controls
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Fig.5 Sediment profiles representing oxic shelf sediments (Arc-1 MIZ), anoxic shelf sediments of the
Benguela upwelling system (mudbelt) at 21°S (MB-21°, 226750) and 23°S (MB-23°, 226680)(long
cores; the dotted line indicates 20cm depth as shown for all other site profiles). Oxic slope sediments
represent the Benguela upwelling system at 25°S at 600 and 1500m water depth.

Demonstrated are a) THAA concentration, b) the DI, c) percentage of amino acid carbon and nitrogen
to TOC and TN, THAA-%C and THAA-%N,d) total organic carbon content, TOC and e) the molar
C/N ratio.
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Chapter 2

Site comparison

Overall organic carbon mineralisation as measured by sulfate reduction rates
was closely associated with the supply and composition of total chlorins. Anoxic shelf
sediments (BUS) were characterized by largest concentrations of relatively fresh,
unaltered chlorin organic matter (~200-1000 pg ") as shown by CI values of 0.5 —
0.6 (Fig. 4.c+d). Chlorin concentrations were consistent with measured areal SRR of
12 mmol m? d”' (integrated over 15 cm), which could be as high as 63 mmol m? d
on the northern Benguela shelf (Briichert et al., 2003). On the oxic slope of the
southern Benguela upwelling system total chlorin concentrations of 20-75 pug g and a
CI of ~ 0.75 suggested intermediate accummulation of refractive matter that
corresponded to likewise lower sulfate reduction rates (~ 1.6 mmol m? d™)(Fig.4.a).
Coastal sediments of the Peru upwelling region were characterized by a comparable
chlorin composition with CI values of ~ 0.6 and ~ 0.8 on the shelf and slope.
However, Peruvian sediments contained less chlorin amounts (shelf: ~ 300 pug g
slope (1300m): 13-22 pg g™') and correspondingly lower sulfate reduction activity of
6 to 0.3 mmol m? d"' (Niggemann, 2005). In contrast to the Peru upwelling area,
organic carbon content in the Benguela shelf sediments was largely composed of
chlorin-derived carbon (Fig.6; Tab.4.C). This was demonstrated by TOC-normalized
chlorin amounts that were by 2-5 fold higher (~ 16000 ug gTOC™) in Benguela than
in Peruvian shelf sediments (~3000-7000ug g TOC ™), however, the contribution of
chlorins to total organic carbon was similar in the slope sediments of both upwelling
regions (~ 400pg g TOC ™). Organic carbon content that was made up from chlorins
in sediments at the Marginal Ice Zone on the Arctic shelf was similar than on the
upper Benguela slope depocenter (600m, Fig.6). Chlorin organic matter was as fresh
as those on the anoxic Benguela shelf (CI of 0.5-0.6) (Fig.2) and corresponded to very

low