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Preface  I 

Preface 
 
This study was conducted as part of the Research Center Ocean Margins (RCOM) at the 
University of Bremen funded by the Deutsche Forschungsgemeinschaft (DFG). This work is 
submitted as a dissertation and has been supervised by Prof. Dr. Horst D. Schulz, under the 
guidance of PD Dr. Sabine Kasten, within the scope of subproject C1 “Gauging diagenetic 
processes versus terrigenous and biogenic influx from physical, chemical and mineralogical 
attributes of sedimentary deposits in high productivity systems “.  
 
The present work is a supplement of four separate manuscripts based primarily on my own 
investigations, analytical work, data processing, and numerical modeling. Additionally, the 
abstracts of two further manuscripts, to which I contributed analytical work and co-
authorship, are integrated into this thesis. The manuscripts have either been published or 
submitted for publication in international journals. In the introductory chapter a general 
introduction is outlined and a conclusion at the end of this thesis presents the main results, 
followed by an acknowledgement written in German. All data sets generated in the frame of 
this study are available via the geological data network Pangaea.  
 
The aim of this thesis was the investigation of non-steady state diagenetic processes in deeper 
subsurface marine sediments of different depositional environments. The first study area, the 
western Argentine Basin, was selected based on prior work by Dr. Christian Hensen and co-
workers. They pointed out the strong influence of the high dynamic depositional conditions in 
this area and its imprint on the geochemical record (C. Hensen, M. Zabel, K. Pfeifer, T. 
Schwenk, S. Kasten, N. Riedinger, H.D. Schulz, and A. Boetius: Control of sulfate pore-water 
profiles by sedimentary events and the significance of anaerobic oxidation of methane for the 
burial of sulfur in marine sediments). This paper deals with the reconstruction of sedimentary 
events, reflected in sulfate pore water profiles, by applying numerical modeling on 
geochemical and physical properties. Furthermore, the influence of anaerobic oxidation of 
methane on sulfur burial was examined. The investigations in this area were continued to 
study the diagenetic impact under such highly variable depositional settings on the 
geochemical as well as the magnetic record. Distinct minima in the magnetic susceptibility at 
the current sulfate/methane transition at three sites were reconstructed, applying numerical 
modeling on geochemical records (N. Riedinger, K. Pfeifer, S. Kasten, J.F.L. Garming, C. 
Vogt, and C. Hensen: Diagenetic alteration of magnetic signals by anaerobic oxidation of 
methane related to a change in sedimentation rate). One of these study sites was then chosen 
for detailed investigations of its rock-magnetic properties, with a comprehensive 
characterization of diagenetic alteration affecting magnetic mineral assemblages (J.F.L. 
Garming, U. Bleil, and N. Riedinger: Alteration of magnetic mineralogy at the sulfate 
methane transition: Analysis of sediments from the Argentine continental slope). Furthermore, 
studies on sediments from the western Argentine Basin were carried out, to investigate the 
effect of deeper buried reactive minerals on geochemical and microbiological systems (N. 
Riedinger and S. Kasten: Alteration of manganese minerals and release of ferrous iron in 
deeper subsurface marine sediments from the western Argentine Basin). The second study 
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area, the northern Cape Basin, was selected due to its contrasting depositional environment 
compared to the Argentine Basin. The diagenetic impact on the geochemical record in a rather 
static depositional system was studied and the preservation of reactive minerals, such as 
barite, in deeper subsurface sediments was discussed (N. Riedinger, S. Kasten, J. Gröger, C. 
Franke, and K. Pfeifer: Active and buried authigenic barite fronts in sediments from the 
eastern Cape Basin). In contrast to the prior manuscripts, the last paper presents results of 
laboratory experiments, which aimed at demonstrating that pyrite, although being assumed 
stable under anoxic conditions, can undergo biomediated alteration in anoxic marine 
environments (N. Riedinger, S. Kasten, and M. Krüger: Microbial alteration of pyrite under 
anoxic conditions). 
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Abstract  1 

Abstract 
 
In marine sediments, early diagenetic processes have a strong impact on the primary signals 
of the sedimentary records. This limits the application of such signals as paleoenvironmental 
proxies or stratigraphic tools.  
 
The focus of this work is to study the impact of non-steady state diagenesis on primary 
geochemical and geophysical properties. We investigated the influence of depositional 
dynamics on diagenetic processes, by studying sediments recovered in the western Argentine 
Basin as well as in the northern Cape Basin. These two areas are characterized by contrasting 
depositional conditions as well as different input of organic matter.  
 
The western Argentine Basin is characterized by highly dynamic depositional conditions, and 
thus represents a suitable sedimentary environment to study non-steady state processes. 
Geochemical and geophysical investigations were carried out on sediments from selected 
sites. The main process which drives diagenetic alteration in these sediments is the anaerobic 
oxidation of methane (AOM). This biogeochemical process leads to a depletion of sulfate at 
the sulfate/methane transition (SMT), a few meters below the sediment surface. The shape of 
the pore water sulfate profiles is influenced by sedimentary events. Such events can be 
reconstructed and a timing can be estimated by numerical modeling based on geochemical 
and physical properties. Linear profiles of sulfate pore water concentrations at some of the 
investigated sites indicate constant low sedimentation rates for a period of time. These sites 
are characterized by distinct gaps in magnetic susceptibility within the sulfidic zone. The 
nearly complete loss of magnetic susceptibility is shown to result from the reduction of sulfate 
by the process of AOM. This process releases H2S into the pore water, which leads to the 
alteration of iron (oxyhydr)oxides to iron sulfides. Results of numerical modeling of 
geochemical data suggest that during the Pleistocene/Holocene transition a drastic decrease in 
sedimentation rate occurred, which caused a stagnation of the SMT. This fixation caused an 
enhanced diagenetic dissolution of ferrimagnetic iron minerals within the sulfidic zone. In this 
sediment interval a distinct overall fining of the grain-size of magnetic particles was found, 
which can be attributed to intense diagenetic alteration of the magnetic minerals. Further 
analyses of the rock magnetic properties revealed that the depletion in the magnetic signal 
results from complete pyritization.  
 
Furthermore, in the sediments of the western Argentine Basin pore water concentration 
profiles of H2S and manganese suggest that manganese is precipitated in the sulfidic zone. 
Above and below the sulfidic zone dissolved manganous ions occur. In addition, ferrous iron 
is released into the pore water in the methanic zone. We assume that the reduction of reactive 
manganese and iron minerals in the methanic zone could be related to biomediated processes. 
Identifying the exact reaction pathways as well as the microorganisms involved in these 
processes will advance the understanding of processes in the deep biosphere, especially 
concerning the availability of terminal electron acceptors. 
 



2   Abstract 
 

In contrast to the western Argentine Basin, the eastern Cape Basin is characterized by 
relatively constant depositional conditions. Investigations of sediments from this area reveal 
the occurrence of distinct barium enrichments at the SMT. These authigenic barite fronts are 
formed by the reaction of upward diffusing barium with interstitial sulfate. At one study site, 
barite enrichments in sulfate-depleted sediments buried a few meters below the SMT were 
observed. The occurrence/preservation of these barite enrichments is presumably associated 
with a decelerated dissolution of barite, which could be explained by high concentrations of 
dissolved barium in the pore water. Furthermore, the alteration of barite into witherite via the 
transient phase barium sulfide could be another mechanism leading to the preservation of a 
former barite peak. Calculation of the enrichment time and the results of numerical modeling 
imply that a rapid relocation of the barite front to a shallower depth occurred between the last 
glacial maximum (LGM) and the Pleistocene/Holocene transition. We suggest that the 
upward shift of the SMT, which leads to the establishment of a new barite front, can be 
explained by an increase in the upward flux of methane. The most likely mechanism which 
has caused the rapid upward migration of the SMT is the burial of high amounts of organic 
matter below the SMT, followed by an increase in the rate of methanogenesis and upward 
flux of methane.  
 
In addition to the investigations of sediments from natural environments, laboratory 
experiments were carried out. We studied the possible diagenetic alteration of pyrite under 
anoxic conditions which in general is assumed to be stable in this redox environment. To 
reveal the capability of bacteria to perform the process of pyrite reduction to iron monosulfide 
(FeS) with H2 as the required electron donor, different experimental setups were continuously 
sampled over a time period of about one year. The results of microbiological and geochemical 
investigations imply, that the reduction of pyrite to FeS does indeed occur and is mediated by 
bacteria, although the postulated reaction could not be satisfactorily verified by our 
experiment. However, we assume that the microbial reduction of pyrite is a likely mechanism 
to explain alteration of supposedly stable minerals in anoxic marine environments. 
 
The results of this thesis show that the sediments in the two contrasting depositional 
environments are both affected by diagenetic processes under non-steady state conditions. 
While in the Argentine Basin the strong changes in sedimentation rates are the main 
mechanisms leading to non-steady state conditions, the dominant process in the Cape Basin is 
a change in the upward flux of methane. The burial of reactive phases in deeper marine 
sediments can fuel biogeochemical processes. Thus, even in deeper sediments non-steady 
state diagenesis strongly influences geophysical and geochemical properties, which are used 
for the interpretation of the sedimentary record.  
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Zusammenfassung 
 
In marinen Sedimenten haben frühdiagenetische Prozesse einen großen Einfluss auf die 
Erhaltung primärer Signale und limitieren daher die Anwendbarkeit eines breiten Spektrums 
von sedimentären Proxy-Parametern. 
 
Im Mittelpunkt dieser Arbeit steht die Untersuchung der Auswirkung von instationären 
Prozessen auf primäre geochemische und geophysikalische Eigenschaften. Der Einfluss der 
Ablagerungsdynamik auf diagenetische Prozesse wurde untersucht. Zu diesem Zweck wurden 
Sedimente untersucht, die im westlichen Argentinienbecken sowie im östlichen Kapbecken 
genommen wurden. Diese beiden Gebiete sind durch gegensätzliche Ablagerungssysteme 
sowie den unterschiedlichen Eintrag von organischem Material charakterisiert.  
 
Das westliche Argentinienbecken ist durch hochdynamische Ablagerungsbedingungen 
geprägt und eignet sich damit sehr gut für Studien instationärer Prozesse. An Sedimenten von 
ausgewählten Standorten wurden geochemische und geophysikalische Untersuchungen 
durchgeführt. Der Hauptprozess, der für die diagenetische Überprägung dieser Sedimente 
verantwortlich ist, ist die anaerobe Oxidation von Methan (AOM). Dieser biogeochemische 
Prozess führt zum Verbrauch von Sulfat an der Sulfat/Methan-Übergangszone (SMT), wenige 
Meter unterhalb der Sedimentoberfläche. Die Form der Sulfat-Porenwasserprofile wird durch 
sedimentäre Ereignisse beeinflusst. Durch Anwendung von numerischen Modellen auf 
geochemische und physikalische Eigenschaften können solche Ereignisse rekonstruiert und 
datiert werden. Lineare Sulfat-Porenwasser Profile an einigen der untersuchten Standorte 
deuten auf eine zeitweilig konstante Sedimentation hin. Diese Gebiete sind durch eine 
deutliche Abnahme der magnetischen Suszeptibilität im Bereich der sulfidischen Zone 
gekennzeichnet. Der nahezu vollständige Verlust der magnetischen Suszeptibilität in 
diskreten Horizonten ist auf die Reduktion von Sulfat durch den Prozess der AOM 
zurückzuführen. Dieser Prozess setzt Schwefelwasserstoff (H2S) in das Porenwasser frei, was 
zu einer Umwandlung der Eisen(hydr)oxide in Eisensulfide führt. Ergebnisse der 
numerischen Modellierung von geochemischen Daten deuten auf einen drastischen Rückgang 
der Sedimentationsrate am Pleistozän/Holozän-Übergang hin, der zu einer Fixierung der SMT 
führte. Die Fixierung dieser geochemischen Grenze verursachte eine erhöhte diagenetische 
Lösung ferrimagnetischer Minerale in der sulfidischen Zone. In diesem Sedimentintervall 
wurde eine deutliche Verfeinerung der Korngröße magnetischer Partikel beobachtet, die sich 
aus der intensiven diagenetischen Umwandlung der magnetischen Minerale ergibt. Weitere 
Analysen der gesteinsmagnetischen Eigenschaften ließen erkennen, dass der Einbruch im 
magnetischen Signal aus dem Prozess der vollständigen Pyritisierung resultiert. 
 
In den Sedimenten des Argentinienbeckens deuten des weiteren Porenwasser-
Konzentrationsprofile von Mangan und H2S auf eine Fällung von Mangan in der sulfidischen 
Zone hin. Ober- und unterhalb dieser Zone tritt dagegen gelöstes Mangan auf. Zusätzlich wird 
in der methanhaltigen Zone Eisen in das Porenwasser freigesetzt. Unsere Ergebnisse legen 
nahe, dass die Reduktion von reaktiven Eisen- und Manganmineralen in der methanhaltigen 
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Zone unter der Beteiligung von Mikroorganismen abläuft. Die Identifizierung dieser Prozesse 
könnte helfen die Prozesse in der tiefen Biosphäre, besonders im Bezug auf die Verfügbarkeit 
terminaler Elektronenakzeptoren, zu erklären bzw. das Verständnis zu vertiefen. 
 
Im Gegensatz zum westlichen Argentinienbecken ist das Kapbecken durch über die Zeit 
relativ konstante Ablagerungsbedingungen charakterisiert. Untersuchungen an Sedimenten 
aus diesem Gebiet zeigen das Vorkommen deutlicher Barium-Anreicherungen an der SMT. 
Diese authigenen Baryt-Fronten entstehen durch die Reaktion von nach oben diffundierendem 
Barium mit dem im Porenwasser gelösten Sulfat. An einem der untersuchten Standorte 
wurden in den sulfatfreien Sedimenten, einige Meter unterhalb der SMT, Baryt-
Anreicherungen gefunden. Das Vorkommen bzw. die Erhaltung dieser Baryt-Anreicherungen 
ist vermutlich mit einer verlangsamten Lösung der Baryt-Kristalle verbunden, die durch die 
hohe Konzentration von Barium im Porenwasser erklärt werden könnte. Des weiteren könnte 
die Umwandlung von Baryt in Whiterit, mit Bariumsulfid als Übergangsphase, zu einer 
Erhaltung der ehemaligen Baryt-Anreicherung führen. Berechnungen der Zeit, die zur 
Bildung dieser Anreicherungen erforderlich war, und Resultate von numerischen 
Modellierungen deuten auf eine Verlagerung der Baryt-Front in geringere Tiefen zwischen 
dem Letzten Glazialen Maximum und dem Pleistozän/Holozän-Übergang hin. Die 
Aufwärtsbewegung der SMT, die zu der Bildung einer neuen Baryt-Front führte, kann durch 
eine Zunahme des Methanflusses erklärt werden. Diese Zunahme ist vermutlich auf hohe 
Gehalte organischen Materials unterhalb der SMT und eine daraus resultierende erhöhte 
Methanbildungsrate zurückzuführen.  
 
Zusätzlich zu den Untersuchungen an natürlichen Sedimenten wurden Laborexperimente zur 
möglichen Umwandlung von Pyrit durchgeführt, der unter anoxischen marinen Bedingungen 
als stabil angenommen wird. Um zu zeigen, dass Bakterien den Prozess der Reduktion von 
Pyrit zu Eisenmonosulfid (FeS) mit H2 als Elektronendonor vermitteln können, wurden 
unterschiedlich angesetzte Versuche über den Zeitraum von einem Jahr beprobt. Die Resultate 
der mikrobiologischen und geochemischen Untersuchungen weisen auf eine durch Bakterien 
vermittelte Reduktion von Pyrit zu FeS hin, auch wenn diese postulierte Reaktion in unseren 
Experimenten nicht zufriedenstellend bestätigt werden konnte. 
  
Die Ergebnisse dieser Arbeit zeigen, dass die beiden untersuchten und durch unterschiedlich 
sedimentäre Bedingungen geprägten Ablagerungssysteme durch diagenetische Prozesse unter 
instationären Bedingungen beeinflusst werden. Während im Argentinienbecken maßgeblich 
die vorherrschenden Ablagerungsprozesse zu den instationären Bedingungen führen, ist im 
Kapbecken hauptsächlich die Veränderung des aufwärts gerichteten Methanflusses hierfür 
verantwortlich. Die Einbettung reaktiver Minerale in tieferen marinen Sedimenten kann die 
dortigen biogeochemischen Prozessen antreiben bzw. verstärken. Somit werden 
geophysikalische und geochemische Sedimenteigenschaften, die zur Interpretation von 
Sedimentabfolgen herangezogen werden, auch in tieferen Sedimenten durch instationäre 
diagenetische Prozesse stark beeinflusst.  
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Introduction 
 
Marine sediments provide unique archives to study changes in paleoclimatic conditions and 
their impact on continental and marine environments. The reconstruction of these 
environments requires the development of specific proxies. However, the sedimentary record 
is often influenced by early diagenetic processes which have a strong impact on the reliability 
of paleoceanographic proxy records. Diagenetic overprint does not only occur directly after 
deposition but can also cause alteration of sediment composition long after initial deposition. 
This substantially influences geochemical, mineralogical, and geophysical signals and further 
complicates the interpretation of the sedimentary record. 
 
Early diagenesis and redox zonation 
 
The degradation of organic matter starts in the water column during sinking of particles and 
aggregates, and continues in the sediment using oxygen as the preferred electron acceptor. 
When oxygen is exhausted microorganisms switch to alternative terminal electron acceptors. 
The general sequence of electron acceptors used is oxygen, nitrate, manganese oxides, iron 
oxides, and sulfate. This succession corresponds to a decreasing energy yield of oxidized 
organic carbon (e.g. Froelich et al., 1979). These oxidation processes often lead to the 
establishment of typical domains in marine sediments, which are described as redox zonations 
(Fig. 1). In the oxic zone oxygen in interstitial waters is still available, while in anoxic 
environments the pore waters contain no measurable amounts of dissolved oxygen. The 
anoxic environment can be further subdivided into post-oxic, sulfidic, and methanic 
environments as described by Berner (1981). In post-oxic environments diagenesis has 
proceeded beyond the oxic stage and nitrate, manganese oxides and iron oxides are used as 
oxidants. Sulfidic environments are characterized by the formation of hydrogen sulfide due to 
bacterial reduction of dissolved sulfate, and a continued decomposition of organic matter by 
fermentation results in the formation of methane, in the methanic zone.  
 
The mineralization of organic matter proceeds via biologically mediated redox reactions, 
which drive most of the early diagenetic processes (Froelich et al., 1979). The products of this 
mineralization are afterwards involved in secondary reactions including redox reactions, 
sorption, dissolution and precipitation processes. Thus, the stability of reactive minerals is 
successively reduced and numerous biotic and abiotic processes are activated causing 
alteration and remineralization of sediment components. These processes can lead to an 
overprint of constituents for example used as proxies in paleoceanography or stratigraphy. 
Thus, there is a need to understand and quantify the processes that occur in these systems. 
 
Iron oxide minerals, which are a common component of marine sediments (e.g. Haese et al., 
2000), have a proxy potential for selective environmental reconstructions. They are important 
carriers of magnetostratigraphic and paleomagnetic information (Frederichs et al., 1999; Bleil, 
2000). 
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Fig. 1. Schematic representation of redox zonation in marine sediments as well as the most important 
early diagenetic processes for the alteration of the primary sediment composition and for the formation of 
secondary signals in the sedimentary record, modified after Kasten et al. (2003). The classification of the 
different early diagenetic environments according to Berner (1981) is shown on the left side. Pore water 
profiles of the dissolved terminal electron acceptors (TEA) and the products of the different TEA 
processes are depicted here as well. This illustration represents a particular situation in which the sulfate 
pore water profile is primarily shaped by the reaction with upward diffusing methane, i.e. by anaerobic 
oxidation of methane.  
 
The alteration of these primary signals limits the application of iron oxides as a proxy. After 
deposition primary iron mineral inventories pass through a sequence of early diagenetic 
alteration. This can lead to strong modification of primary iron oxide/hydroxides and rock 
magnetic properties and precipitation of secondary minerals, particularly across the FeII/FeIII 
redox boundary (e.g. Wilson et al., 1986; Tarduno and Wilkison, 1996; Kasten et al., 1998; 
Funk et al., 2003) and in the post-oxic zone where sulfate is reduced (e.g. Passier et al., 1998).  
 
A further good example for the impact of diagenetic processes on paleoceanographic proxies, 
is barium or barite in deep-sea sediments. The accumulation of barium in the solid phase has 
been discussed as a proxy for productivity (e.g. Bishop, 1988; Dymond et al., 1992; Gingele 
and Dahmke, 1994; Paytan et al., 1996). The link between productivity and the amount of 
barium in the sediment is thought to be established by the formation of distinct barite (BaSO4) 
particles associated with the decay of organic matter in the water column (Goldberg and 
Arrhenius, 1958; Church, 1979; Chow & Goldberg, 1960; Dehairs et al., 1980; Bishop, 1988; 
Dehairs, 1991; Ganeshram et al., 2002). When barite is buried in the zone where sulfate is 
depleted, it will be dissolved and barium will be released into the pore water. Thus, diagenetic 
processes such as the anaerobic oxidation of methane (AOM), which lead to the alteration of 
primary Ba-signals, are one of the most important limitations for application of barium as a 
proxy for paleoproductivity (e.g. von Breymann et al., 1992).  
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Non-steady state processes and mechanisms 
 
Early diagenetic processes are often assumed to proceed under steady state conditions, where 
inputs of reactive minerals and overlying water properties remain constant (Kasten et al., 
2003). However, the balance between fluxes and sedimentation rate is very delicate, as 
pointed out by Pruysers et al. (1993). Thus, steady state conditions persisting over a long 
period of time are unlikely in most sedimentary environments and non-steady state conditions 
can be considered to be the more common situation (Kasten et al., 2003). The main 
mechanisms and processes which lead to non-steady state conditions can be summarized 
under: 1) oceanographic conditions, 2) depositional dynamics, 3) sedimentary input, and 4) 
methane flux.  
 
Changes in oceanographic conditions comprise oxygen and/or nutrient supply and 
temperature changes. These factors primarily affect the benthic boundary layer. Processes 
within deeper subsurface sediments are more influenced by depositional dynamics such as 
gravity mass flows, slumps, slides, turbidites, or sudden changes in sedimentation rate. High 
sedimentation rates can lead to a preservation/shielding of reactive mineral phases e.g. iron 
(oxyhydr)oxides (Roberts and Turner, 1993). These reactive phases then influence early 
diagenetic processes in the deeper sediments. Deeper sediments are furthermore affected by 
both qualitative and quantitative changes of particle input. Distinct modification of mineral 
assemblages mostly occurs in and around organic matter rich layers (e.g., sapropels), marking 
episodic productivity extremes or enhanced preservation of organic matter (Passier et al., 
1996). The last discussed mechanism leading to non-steady state conditions, is a change in the 
upward flux of methane. Gas hydrate disintegration, increase in the formation of thermogenic 
methane, or methane formation within TOC rich layers can increase the methane flux and 
thus lead to an upward shift of the sulfate/methane transition (SMT). Although sediment 
sequences may have deposited under constant conditions over time, they can be subject to 
different degrees of diagenetic overprint driven by influences from below e.g. burial of 
organic matter rich layers or gas hydrate disintegration. 
 
The schematic representation in Fig. 2 points out the broad spectrum of mechanisms and 
processes which can lead to non-steady state conditions. This emphasizes the wide occurence 
of non-steady state conditions compared to steady state situations. Suitable indices of non-
steady-state diagenetic environments are elements and minerals precipitated and immobilized 
under suboxic to anoxic conditions. In this regard, authigenic barite precipitation is greatly 
influenced by non-steady state diagenesis. A drastic decrease in sedimentation rates can fix 
such a barite front at a discrete interval, which leads to the formation of a large barite deposit 
(Torres et al., 1996). Furthermore, the formation of a new barite enrichment can be triggered 
by a decrease in the methane flux, which shifts the position of the SMT downward (Dickens, 
2001). Therefore, decreases in the upward methane flux, and thus, former positions of the 
SMT, can be reconstructed by barite fronts preserved above the SMT. Thus, under the 
premise that the SMT moves down, authigenic barite enrichments provide a good indicator 
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for non-steady state conditions. If the SMT moves up, former barite fronts are generally 
assumed to be destroyed by dissolution (Dickens, 2001). 
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Fig. 2. Examples of processes and mechanisms which can lead to non-steady state conditions.  
 
Overall, depositional dynamics, qualitative and/or quantitative changes in sediment input, and 
changes in the upward flux of methane can have a strong influence on the diagenetic 
processes in deeper buried marine sediments. The alteration of minerals, which can lead to a 
loss of the primary signal, can proceed long time after initial deposition of the sediments. This 
non-steady state diagenetic impact on minerals in deeper buried sediments, is the focus of this 
work. 
 
Microbial processes in deeper subsurface sediments  
 
Prokaryotes of subseafloor sediments have been estimated to constitute as much as one-third 
of the Earth’s total living biomass (Whitman et al., 1998) and biogeochemical reactions with 
high turnover rates take place. In the last decades it could be shown that processes, which 
were assumed to be chemically driven are often microbially mediated. These biomediated 
processes can lead to the alteration of reactive minerals. In sediments throughout the world 
ocean prokaryotic activity occurs among others in the form of sulfate reduction and/or 
methanogenesis (D’Hondt et al., 2002). Boetius et al. (2000) could demonstrate that the 
anaerobic oxidation of methane (AOM) by sulfate is mediated by a consortium of methane-
consuming archaea and sulfate-reducing bacteria. Sulfate reduction driven by AOM releases 
hydrogen sulfide (H2S) and bicarbonate into the pore water according to the following net 
equation (Barnes and Goldberg, 1976; Bernard, 1979; Blair and Aller, 1995; Borowski et al., 
1996; Niewöhner et al., 1998): 
CH4 + SO4

2- → HCO3
- + HS- + H20   (1)  
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The process of AOM strongly affects the sedimentary solid phase. The released HCO3

- ions 
can potentially lead to the precipitation of Mn and Ca carbonate phases (e.g. Kasten et al., 
2003). Hydrogen sulfide liberated by AOM is responsible for the alteration of Mn-oxides and 
iron (oxyhydr)oxides into sulfides (Fig. 1), which is a very important geochemical process 
leading to the loss and new formation of magnetic signals (Kasten et al., 1998; Passier et al., 
1998).  
 
The overprint of magnetic attributes is a major cause for the loss of paleomagnetic and 
magnetostratigraphic records in marine sediments (Canfield and Berner, 1987; Channell and 
Hawthorne, 1990; Karlin, 1990; Roberts and Turner, 1993; Furukawa and Barnes, 1995; 
Passier et al., 1998; Channell and Stoner, 2002). The strong influence on the magnetic signal 
is caused by the conversion of ferrimagnetic iron oxides, which carry remanent magnetism, to 
paramagnetic iron sulfides (Berner, 1970; Canfield et al., 1992). Pyrite is the 
thermodynamically stable endmember of the transformation of iron oxide/hydroxides to iron 
sulfides via intermediate minerals (Berner, 1970; Roberts and Turner, 1993; Coleman and 
Raiswell, 1995). At excess H2S in pore water, pyrite is formed by the oxidation of FeS by H2S 
(Morse and Cornwell, 1987; Butler and Rickard, 2000), which causes a drop in the magnetic 
signal. If free H2S is not available, metastable iron sulfides like pyrrhotite (Fe7S8) or greigite 
(Fe3S4) can persist for a considerable period of time (Berner, 1967, 1982). These intermediate 
minerals are ferrimagnetic and can lead to the formation of a strong secondary magnetic 
signal (Fig. 3). This emphasizes, that the formation of authigenic iron sulfides is critical to 
sedimentary paleomagnetic studies, because of the alteration of magnetic signals. 
 

(titano-)
magnetite Fe2+

(aq)

amorphous
iron sulfide,
mackinawite

[instable]

pyrrhotite,
greigite

[metastable] pyrite
[stable]

fast

ferrimagnetic
[prim. signal] paramagnetic ferrimagnetic paramagnetic

no formation of strong sec. magnetic signal

 
 
Fig. 3. Simplified major pathways of the transformation of iron oxides to iron sulfides in anoxic marine 
environments, in relation to the alteration of the magnetic record. If pyrite is precipitated directly from 
amorphous iron sulfide or mackinawite there is no formation of a secondary strong magnetic signal. 
Pyrrhotite and greigite are instable in the presence of hydrogen sulfide, where pyrite is the stable 
endmember. For more details and references see text. 
 
 
In addition to AOM, there are further biotic processes in deeper subsurface sediments which 
affect reactive minerals, such as iron and manganese reduction (D’Hondt et al., 2004). In 
areas with high accumulation rates reactive minerals are buried rapidly and considerable 
amounts can be shielded from reduction (Damuth, 1977; Canfield and Berner, 1987; Finney et 
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al., 1988; Roberts and Turner, 1993). The availability of these minerals can even activate 
some of the microbial processes in the deeper sediments. Preserved minerals in these depths, 
such as reactive iron phases, can be reduced by microorganisms coupled to the oxidation of 
H2 in anoxic marine sediments (Lovley et al., 1989; Lovley, 1993). Thus, by providing 
terminal electron acceptors reactive minerals buried in deeper sediments can have great 
influence on biogeochemical processes in the deeper biosphere.  
 
To explore life in deeply buried marine sediments expeditions of the Ocean Drilling Program 
(ODP) were undertaken. The occurrence of microbial activity and abundant cells in these 
deep sediments could be documented (e.g. D’Hondt et al., 2002; Schippers et al., 2005). The 
availability of substrates for microbial activity in the deeply buried sediments is rather low. 
Because of the high amounts of prokaryotes in the deep biosphere the calculated metabolic 
activities relating to the single cell is quite low. However, due to the possible existence of 
dormant cells, specific rates of active cells might be much higher. Despite the ubiquity of life 
in deeper marine sediments, little is known about which organisms are responsible for which 
metabolic activities in these sediments. Their effects on global biogeochemical cycles as well 
as on geochemical and biological resources are poorly understood (D’Hondt et al., 2002, 
2004).  
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Abstract  

Gravity driven mass-flow deposits proven by sedimentary and digital echosounder data 
are indicative for prevailing dynamic sedimentary conditions along the continental margin of 
the western Argentine Basin. In this study we present geochemical data from a total of 23 
gravity cores. Pore-water SO4 is generally depleted within a few meters below the sediment 
surface by anaerobic oxidation of methane (AOM). The different shapes of SO4 profiles 
(concave, kink- and s-type) can be consistently explained by sedimentary slides possibly in 
combination with changes in the CH4 flux from below, thus, mostly representing transient 
pore-water conditions. Since slides may keep their original sedimentary signature, a combined 
analysis and numerical modeling of geochemical, physical properties, and hydro acoustic data 
could be applied in order to reconstruct the sedimentary history. We present first order 
estimates of the dating of sedimentary events for an area where conventional stratigraphic 
methods failed to this day. The results of the investigated sites suggest that present day 
conditions are the result of events that occurred decades to thousands of years ago and 
promote a persisting mass transport from the shelf into the deep-sea, depositing high amounts 
of reactive compounds. The high abundance of reactive iron phases in this region maintains 
low hydrogen sulfide levels in the sediments by a nearly quantitative precipitation of all 
reduced sulfate by AOM. For the total region we estimate a SO4 (or CH4) flux of 6.6 x 1010 
moles per year into the zone of AOM. Projected to the global continental slope and rise area, 
this may sum up to about 2.6 x 1012 moles per year. Provided that the sulfur is completely 
fixed in the sediments it is about twice the global value of the recent global sulfur burial in 
marine sediments of 1.2 x 1012 moles per year as previously estimated. Thus, AOM obviously 
contributes very significantly to the regulation of global sulfur reservoirs, which is hitherto 
not sufficiently recognized. This finding may have implications for global geochemical 
models, as sulfur burial is an important control factor in the development of atmospheric 
oxygen levels over time. 



2.2  15 

Diagenetic alteration of magnetic signals by anaerobic oxidation of 
methane related to a change in sedimentation rate 

 
 
 

N. Riedinger*1, K. Pfeifer1, S. Kasten1, J.F.L. Garming1, C. Vogt1, and C. Hensen2

 
 

1 Fachbereich Geowissenschaften, Universität Bremen, Klagenfurter Straße, 28359 Bremen, 
Germany 

2 GEOMAR – Forschungszentrum für Marine Geowissenschaften, Wischhofstr. 1-3, 24148 
Kiel, Germany 

 
 

 
 
 
Abstract   

Geochemical and rock magnetic investigations of sediments from three sites on the 
continental margin off Argentina and Uruguay were carried out to study diagenetic alteration 
of iron minerals driven by anaerobic oxidation of methane (AOM). The western Argentine 
Basin represents a suitable sedimentary environment to study non-steady state processes 
because it is characterized by highly dynamic depositional conditions. Mineralogical and bulk 
solid phase data document that the sediment mainly consists of terrigenous material with high 
contents of iron minerals. As a typical feature of these deposits, distinct minima in magnetic 
susceptibility (κ) are observed. Pore water data reveal that these minima in susceptibility 
coincide with the current depth of the sulfate/methane transition (SMT) where HS- is 
generated by the process of AOM. The released HS- reacts with the abundant iron 
(oxyhydr)oxides resulting in the precipitation of iron sulfides accompanied by a nearly 
complete loss of magnetic susceptibility. Modeling of geochemical data suggest that the 
magnetic record in this area is highly influenced by a drastic change in mean sedimentation 
rate (SR) which occurred during the Pleistocene/Holocene transition. We assume that the 
strong decrease in mean SR encountered during this glacial/interglacial transition induced a 
fixation of the SMT at a specific depth. The stagnation has obviously enhanced diagenetic 
dissolution of iron (oxyhydr)oxides within a distinct sediment interval. This assumption was 
further substantiated by numerical modeling in which the mean SR was decreased from 100 
cm kyr-1 during glacial times to 5 cm kyr-1 in the Holocene and the methane flux from below 
was fixed to a constant value. To obtain the observed geochemical and magnetic patterns, the 
SMT must remain at a fixed position for approximately 9000 years. This calculated value 
closely correlates to the timing of the Pleistocene/Holocene transition. The results of the 
model show additionally that a constant high mean SR would cause a concave-up profile of 
pore water sulfate under steady state conditions.  
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1. INTRODUCTION 
 
Iron (oxyhydr)oxides are a common component of marine sediments (e.g. Canfield, 1989; 
Haese et al., 2000), and are important carriers of magnetostratigraphic and paleomagnetic 
information (Frederichs et al., 1999; Bleil, 2000). After deposition primary iron mineral 
assemblages pass through a sequence of early diagenetic zones in which the minerals undergo 
alterations. Strong modifications of iron (oxyhydr)oxides and rock magnetic properties during 
the early stages of diagenesis across the Fe redox boundary have been documented by 
numerous studies (Wilson, 1986; Tarduno and Wilkison, 1996; Funk et al., 2003a and b; Reitz 
et al., 2004). The early diagenetic transformation of iron (oxyhydr)oxides in marine sediments 
is linked to different pathways. One important process is the reaction with hydrogen sulfide 
via sulfate reduction (Berner, 1970; Froelich et al., 1979; Canfield, 1989; Lovley, 1991; 
Haese et al., 1998). Besides sulfate reduction driven by the bacterial degradation of organic 
matter, which typically occurs at high rates in the upper layers of the sediment (Jørgensen, 
1982; Ferdelman et al., 1999), the process which ultimately leads to the complete 
consumption of interstitial sulfate in marine sediments is the anaerobic oxidation of methane 
(AOM). This important biogeochemical process finds its geochemical expression in a 
characteristic sulfate/methane transition (SMT) typically located one to a few meters below 
the sediment surface. Sulfate reduction driven by AOM releases adequate amounts of 
hydrogen sulfide into the pore water (Barnes and Goldberg, 1976; Bernard, 1979; Blair and 
Aller, 1995; Borowski et al., 1996; Niewöhner et al., 1998; Jørgensen et al., 2004). The 
liberated hydrogen sulfide leads to diagenetic alteration of primary geochemical and 
geophysical properties and the formation of distinct secondary signals in the zone of AOM 
(Passier et al., 1998; Kasten et al., 2003; Neretin et al., 2004).  
 
The extent of geochemical and magnetic overprint occurring at geochemical boundaries and 
reaction fronts, particularly in deeper sediments is poorly understood. An important 
geochemical process in the zone of AOM is the transformation of magnetic iron minerals 
(Kasten et al., 1998; Passier et al., 1998). One of the major minerals to carry remanent 
magnetism in sediments is the ferrimagnetic mineral (titano-)magnetite. The conversion of 
magnetite to iron sulfides during sediment diagenesis is a major cause of the loss of the 
magnetostratigraphic record in marine sediments (Karlin and Levi, 1983, 1985; Channell and 
Hawthorne, 1990; Karlin, 1990; Passier et al., 1998; Channell and Stoner, 2002). 
Ferrimagnetic iron oxides can be altered to paramagnetic iron sulfides (Berner, 1970; 
Canfield et al., 1992) and the magnetic signal can change dramatically (Canfield and Berner, 
1987; Channell and Hawthorne, 1990; Channell and Stoner, 2002). An often cited mechanism 
is the formation of the iron sulfide pyrite via an intermediate sulfide mineral like greigite 
(Berner, 1967; Roberts and Turner, 1993). These latter minerals are ferrimagnetic and their 
preservation would lead to the formation of a strong secondary magnetic signal (Roberts and 
Turner, 1993; Kasten et al., 1998; Jiang et al., 2001; Neretin et al., 2004). Intermediate iron 
sulfides are metastable, but they can persist for a considerable period of time if hydrogen 
sulfide is entirely consumed (Berner, 1982; Kao et al., 2004). Pyrite is thermodynamically 
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more stable and thus will be the end-member of the transformation from iron (oxyhydr)oxides 
to iron sulfides (Berner, 1970; Coleman and Raiswell, 1995). However, if hydrogen sulfide is 
present in pore water, the oxidation of iron monosulfides by hydrogen sulfide can form pyrite 
directly without a greigite intermediate (Morse and Cornwell, 1987; Rickard et al., 1995; 
Butler and Rickard, 2000). Therefore, the diagenetic formation of iron sulfides in aquatic 
sediments has a strong effect on the interpretation of paleomagnetic data (Roberts and Turner, 
1993; Furukawa and Barnes, 1995; Neretin et al., 2004).  
 
The continental margin off Argentina and Uruguay represents a suitable sedimentary 
environment to study non-steady state processes because it is characterized by highly dynamic 
depositional conditions (Ewing et al., 1971; Biscaye and Dasch, 1971; Ledbetter and Klaus, 
1987; Hensen et al., 2000, 2003). The sediment has a high content of ferric iron minerals and 
specific variations in magnetic signals (Sachs and Ellwood, 1988). Extensive geochemical 
and geophysical studies were carried out by Hensen et al. (2003) on sediments from the 
western Argentine Basin. Focusing on the reconstruction of mainly modern sedimentary 
history, especially gravity-driven mass flows, gravity cores with non-steady state sulfate pore 
water profiles (concave, kink-, and s-type) were investigated. In this study, we present 
geochemical, magnetic and mineralogical data for three sediment cores from the continental 
margin off Argentina and Uruguay. These coring sites are characterized by a rather 
homogenous recent sedimentation and linear sulfate pore water profiles. We investigate the 
influence of depositional settings and AOM on the diagenetic overprint of iron 
(oxyhydr)oxides and the resulting change in the magnetic record and we present results of 
numerical modeling of the processes involved.  
 

2. MATERIALS AND METHODS 
 
2.1. Location and Geological Settings 
 
The study area is located in the western South Atlantic on the continental margin off 
Argentina and Uruguay (Fig. 1). The investigated gravity cores (Table 1) were taken during 
expeditions M46/2 and M46/3 of the RV Meteor (Bleil et al., 2001; Schulz et al., 2001). The 
gravity cores were retrieved east of the Rio de la Plata at the western boundary of the 
Argentine Basin. Sedimentation in this area is controlled by two main processes: gravity-
controlled sediment transport and strong current circulation (Ewing and Leonardi, 1971; 
Klaus and Ledbetter, 1988). Terrigenous input originates from the numerous fluvial 
tributaries along the coast of Argentina and Uruguay (Iriondo, 1984; Piccolo and Perillo, 
1999). The sediments are transported directly down-slope along the western margin of the 
Argentine Basin by gravity-controlled processes (Ewing et al., 1971; Biscay and Dasch, 1971; 
Klaus and Ledbetter, 1988; Sachs and Ellwood, 1988; Romero and Hensen, 2002; Hensen et 
al., 2003). These gravity-driven mass transports, such as debris flows and turbidity currents, 
are the main pathways of sediment supply into the deeper basin. 
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Fig. 1. Location map of the study area offshore of the Rio de la Plata. Arrows indicate simplified pathways 
of the main currents (solid line presents the surface water currents MC (Malvinas Current) and BC 
(Brazil Current), while the lower level and bottom water currents are marked by dashed lines with 
NADW=North Atlantic Depth Water and AABW=Antarctic Bottom Water). 

 

The second important process controlling sedimentation in this area is the strong currents 
along the continental margin. The currents in the upper water column are the southward 
flowing Brazil Current and the northward flowing Malvinas (Falkland) Current (Peterson and 
Stramma, 1991). These two currents meet in the Brazil Malvinas Confluence (BMC), located 
in front of the Rio de la Plata. The confluence of the two different water masses leads to an 
increase in primary production over a large area (Antoine et al., 1996; Behrenfeld and 
Falkowski, 1997), which results in relatively high inputs of organic carbon into the sediment.  
 

Table 1. Studied gravity cores with the location and water depth.  

Station Longitude   
[W] 

Latitude       
[S] 

Water Depth 
[m] 

Core Length 
[m] 

GeoB 6223-6 
GeoB 6223-5a

49°40.86’ 
49°40.86’ 

35°44.42’ 
35°44.43’ 

4280 
4280 

8.67 
8.15 

GeoB 6229-6 52°39.00’ 37°12.41’ 3446 9.50 
GeoB 6308-4 53°08.70’ 39°10.00’ 3620 11.66 

 
a Core GeoB 6223-5 is the parallel core at site GeoB 6223 subjected to magnetic analysis. 
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The suspended load of the Rio de la Plata is carried by northerly currents and thus forms a 
tongue of fine-grained sediment which is deposited parallel to the shore line off the coast of 
Uruguay (Ewing and Lonardo, 1971; Ledbetter and Klaus, 1987; Frenz et al., 2003). Between 
depths of 2000 and 4000 m, the water column is governed by the southward-flowing North 
Atlantic Deep Water (NADW). Below 4000 m, the strong currents carry Antarctic Bottom 
Water (AABW) to the north. These currents flow parallel to the continental margin supplying 
benthic diatoms from higher latitudes (Romero and Hensen, 2002). The AABW dominates the 
transport of predominantly fine-grained sediment below 4000 m water depth. The currents 
winnow and entrain sediments deposited by gravity-controlled mass flows, and the fine 
material is transported into the deep basin (Groot et al., 1967; Ewing et al., 1971; Ledbetter 
and Klaus, 1987; Sachs and Ellwood, 1988). 
 
The composition of the sediments in the study area is characterized by low calcium carbonate 
concentrations, but with relatively high amounts of organic carbon, biogenic opal and iron 
(oxyhydr)oxides. Due to the sediment composition and the highly dynamic sedimentary 
conditions, few to no reliable stratigraphic information for this region exists (Romero and 
Hensen, 2002; Hensen et al., 2003). 
 
2.2. Sampling  
 
To prevent warming of the sediments after retrieval on board, all core segments were 
immediately placed in a cooling laboratory and were maintained at a temperature of about 
4°C. Gravity cores were cut into 1-m segments on deck, and syringe samples were taken from 
the bottom of every segment for methane analysis. Higher resolution sampling for methane 
was carried out in the cooling room by sawing 4x4 cm rectangles into the PVC liner. Syringe 
samples of 5 ml of sediment were taken every 20 to 25 cm. For hydrogen sulfide analyses at 
higher concentrations, 1 mL sub-samples of the pore water were added to a ZnAc-solution in 
order to fix all hydrogen sulfide present as ZnS (see also Hensen et al., 2003).   
 
Within the first two days after recovery, gravity cores were cut lengthwise into two halves and 
processed within a glove box under argon atmosphere. Conductivity and temperature were 
measured on the archive halves. On the working halves, pH and Eh were determined by 
punch-in electrodes and sediment samples were taken every 25 cm for pressure filtration. 
Solid phase samples for total digestions, sequential extractions and mineralogical analyses 
were taken at 10-cm intervals and kept in gas-tight glass bottles under argon atmosphere. The 
storage temperature for all sediments was -20°C to avoid dissimilatory oxidation of reduced 
species. Teflon squeezers were used for pressure filtration. The squeezers were operated with 
argon at a pressure that was gradually increased up to 5 bar. The pore water was retrieved 
through 0.2 µm cellulose acetate membrane filters. 
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2.3. Pore Water Analysis 
 
The parameters hydrogen sulfide, sulfate, alkalinity, phosphate, and iron (Fe2+) were 
determined by standard methods, as described in detail by Schulz (2000), within a few hours 
after retrieval of the pore water. All further analyses were carried out at the University of 
Bremen. Methane was measured with a gas chromatograph (Varian 3400) equipped with a 
splitless injector, by injecting 20 µL of the headspace gas. The concentrations were 
subsequently corrected for sediment porosity. Aliquots of the remaining pore water were 
diluted and acidified with HNO3 for determination of cations using atomic absorption 
spectrometry (AAS, Unicam Solaar 989 QZ) and inductively coupled plasma atomic emission 
spectrometry (ICP-AES) techniques (Perkin Elmer Optima 3000 RL). For further information 
regarding analytical methods and devices, we refer to the homepage of the geochemistry 
group under http://www.geochemie.uni-bremen.de at the University of Bremen. 
 
2.4. Solid Phase Analysis 
 
All solid phase analyses were performed on anoxic subsamples. For total digestion, the 
samples were freeze-dried and homogenized in an agate mortar. About 50 mg of the sediment 
was digested in a microwave system (MLS – MEGA II and MLS – ETHOS 1600) and was 
treated with a mixture of 3 mL HNO3, 2 mL HF, and 2 mL HCl. Dissolution of the sediments 
was performed at 200°C at a pressure of 30 bar. The solution was fully evaporated, 
redissolved with 0.5 mL HNO3 and 4.5 mL deionized water (MilliQ) and homogenized. 
Finally, the solution was filled up to 50 mL with MilliQ. Major and minor elements were 
measured by ICP-AES. The accuracy of the measurements was verified using standard 
reference material USGS-MAG-1. The reference material element concentrations were within 
certified ranges. The precision of ICP-AES analyses was better than 3%.  
 
The concentrations of reactive Fe phases were determined following the method described by 
Haese et al. (2000). In the first step, 150-250 mg of the wet sample was treated with 20 mL of 
an ascorbate solution (a weak reducing agent) containing sodium citrate, sodium carbonate, 
and ascorbate acid and extracted over 24 hours. In the second step, the ascorbate residuum 
was treated with 20 mL of a dithionite solution consisting of acetic acid, sodium citrate, and 
sodium dithionite and kept in suspension for one hour. The extractions of ascorbate and 
dithionite were diluted 1:10 and measured by ICP-AES. Standards were prepared using the 
corresponding matrix.  
 
For the determination of inorganic carbon (IC) and total organic carbon (TOC) contents, 
freeze-dried and homogenized samples of cores GeoB 6229-6 and GeoB 6308-4 were 
measured using a LECO CS-300 carbon sulfur analyzer. For organic carbon, the samples 
were treated with 12.5% HCl, washed two times with MilliQ and dried at 60°C. The accuracy, 
checked by marble standards, was ± 3%. The samples of core GeoB 6223-6 were measured 
using a Shimadzu TOC with SSM 5000A carbon analyzer. Inorganic carbon was measured by 
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adding 35% phosphoric acid to the sample and heating up to 250°C. The accuracy is ± 3%, 
and the limit of detection is below 0.05% for a 100 mg sample.  
 
The data set of pore water and solid phase measurements is available via the geological data 
network Pangaea (http://www.pangaea.de/PangaVista?query=@Ref26445). 
 
2.5. Mineral Analysis 
 
Mineral identification was carried out by X-ray diffraction (XRD), which was performed at a 
few selected depths of core GeoB 6229-6 (75, 375, 545, 675, and 725 cm) using Philips 
X´Change (Cu-tube) with fixed divergence slit. The measurement was carried out with a first 
angle of 3° 2Θ and a last angle of 100° 2Θ. The step size was 0.02° 2Θ, with measurement 
time of 12 s/step. Samples from core GeoB 6223-6 (255, 525, 655 cm) and core GeoB 6308-4 
(555 and 655 cm) were measured using an X’Pert Pro MD, X’Celerator detector system, with 
a step size of 0.033° 2Θ, and the calculated time per step was 219.7 seconds. Quantification 
of the mineral content was carried out with QUAX (for further information see Vogt et al., 
2002). Scanning electron microscope (SEM) analysis was performed on selected samples.  
 
2.6. Magnetic Susceptibility Measurement 
 
The magnetic susceptibility data for site GeoB 6223 were obtained on the parallel core GeoB 
6223-5 on board the RV Meteor. Determination of susceptibility on the archive halves of the 
gravity cores GeoB 6229-6 and GeoB 6308-4 took place at the University of Bremen. The 
susceptibility measurements were performed using a non-magnetic automated core conveyor 
system equipped with a commercial Bartington Instruments MS2 susceptibility meter with an 
F- type spot sensor. The measurement interval was 2 cm and 1 cm, respectively. 
 
2.7. Geochemical Modeling  
 
AOM and the associated diagenetic processes were simulated with the non-steady state 
transport and reaction model CoTReM. A detailed description of this computer software is 
given in the CoTReM User’s Guide (Adler et al., 2000; http://www.geochemie.uni-
bremen.de/downloads/cotrem/index.htm) and by Adler et al. (2001). The upper 20 m of the 
sediment (model area) was subdivided into cells of 5 cm thickness. The time-step to fulfill 
numerical stability was set to 10-1 yr, and the porosity of the sediment was set to 75%. 
Transport mechanisms were molecular diffusion (Ds) for all solutes in the pore water and the 
sedimentation rate (SR) for the solid phase and pore water. Diffusion coefficients were 
corrected for tortuosity (Boudreau, 1997) using a temperature of 2°C. The bottom water 
concentration of species defines the upper boundary condition. The lower boundary is defined 
as an open/transmissive boundary which means that the gradient of the last two cells is 
extrapolated to allow diffusion across the boundary. For methane, a fixed concentration was 
defined at the lower boundary which creates the gradient necessary to simulate the measured 
influx of methane into the model area from below. For geochemical reactions, 0th order 
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kinetics were used by defining maximum reaction rates. These rates are used as long as the 
educt species are available in sufficient amounts. If the amount decreases, the rates were 
automatically reduced to the available amount of reactants in each cell to avoid negative 
concentrations (for further details see Hensen et al., 2003). All input parameters are given in 
the respective section below. 
 

3. RESULTS AND DISCUSSION 
 
3.1. Sediment Composition 
 
Sediment composition and grain size are two important parameters that affect diagenetic 
processes (Roberts and Turner, 1993). These attributes vary in all three cores. While the 
sediment of cores GeoB 6229 and GeoB 6308 is quite variable in grain size, the sediment in 
core GeoB 6223-6 is rather fine-grained, as identified macroscopically and by SEM. At all 
sites, the composition of the sediment is dominated by lithogenic components, as indicated by 
the major mineral assemblages of selected samples from all three cores (20-28 wt% quartz, 
18-35 wt% feldspar and 23-44 wt% phyllosilicates). The lowest amounts of phyllosilicates 
were found at site GeoB 6308. Additionally, solid phase concentrations of Al and Ti indicate 
a high terrigenous input (Fig. 2).  
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Fig. 2. Solid phase data for Al (solid squares) and Ti (solid triangles) indicating the dominance of 
terrigenous input. The cross-hatched area indicates the amount of reactive Fe(III) phases. 
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Total concentrations of Al and Ti positively correlate in sediments of the southernmost site 
GeoB 6308-4 (R2=0.93), which is not the case for the other two sites (GeoB 6229-6: R2=0.60 
and GeoB 6223-6: R2=0.75). We attribute this finding to variable depositional processes. The 
comparatively high content of glauconite (3-17 wt%) detected by XRD in the sediment from 
all three cores gives evidence for mass flow deposition events. In general, glauconite in recent 
sediment is an indicator of slow rates of clastic deposition in shallow marine environments 
(Odin and Matter, 1981; Harris and Whiting, 2000). The presence of this mineral at all three 
sites suggests erosion of near shore/shelf sediments and redeposition at greater water depths 
on the continental slope. A further characteristic component of the sediments of this area is 
the relatively high amount (up to 1 wt%) of reactive iron (oxyhydr)oxides (Fig. 2).  
 
All three cores display a distinct change in sediment composition in the uppermost section. 
Total organic carbon (TOC) reaches values of up to 1.1 wt% close to the sediment surface, 
while the mean content for the deeper sediment is about 0.7 wt% (Fig. 3). Correspondingly, 
calcium carbonate also has the highest overall concentrations in the uppermost sediments.  
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Fig. 3. Solid phase concentrations of total Ca (cross-hatched area), calcium carbonate (open circles), and 
total organic carbon (TOC, solid squares). The TOC in the upper layer of core GeoB 6308-4 is diluted by 
the higher amount of CaCO3. There is no measurable carbonate in the sediment of core GeoB 6223-6, but 
there is a higher organic carbon content in the uppermost centimeters before it decreases toward the 
sediment surface.  
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The calcium carbonate contents are generally low and are well correlated with the total 
concentration of calcium obtained from acid digestion. The lack of carbonate in the deepest 
core GeoB 6223-6 can be due to the depositional system, e.g., dilution by terrigenous input, or 
because of its depth lying below the lysocline resulting in dissolution of carbonate (Archer, 
1996; Frenz et al., 2003). At site GeoB 6229, CaCO3 concentrations of up to 5 wt% were 
determined, and, at the southernmost site GeoB 6308, high CaCO3 contents of up to 18 wt% 
are found in the uppermost layer (Fig. 3). A similar transition from terrigenous dominated to 
carbonate enriched sediments in the upper sediment layers is also found in sediments of the 
Amazon Fan (e.g. core GeoB 1514-6 of Kasten et al., 1998). In these sediments, a 
sedimentation change is found at about 60 cm, with CaCO3 gradually increasing upward. 
While the glacial sedimentation rate (SR) for the Amazon Fan area amounts to a few meters 
per kyr (Flood et al., 1995), stratigraphic data for the upper 35 cm at site GeoB 1514 indicate 
a Holocene age with a SR of 3.5 cm kyr-1 (Schneider et al., 1991). A similar transition from 
terrigenous dominated to more calcareous sediments in the upper sediment layers for the 
investigated sites would suggest a Holocene SR of about 3 to 7 cm kyr-1. This is in good 
agreement with unpublished stratigraphic data by O. Romero (pers. comm.) from Argentine 
Basin sites (e.g. GeoB 6340 at 44°54,95’S, 58°05,78’W, water depth 2785 m), which reveal a 
SR of a few cm per kyr in the Holocene. Although the mean SR in the investigated area is not 
the same as for the Amazon Fan, similar patterns in sediment composition are consistent with 
a comparable decrease in mean SR during the glacial/interglacial transition.  
 
3.2. Diagenetic Alteration  
 
The sulfate pore water profiles for all three studied cores show a linear decrease with depth, 
which indicates a currently steady state situation (Fig. 4). The SMT is located between 5 and 
5.5 mbsf (meters below seafloor) in each case. In cores GeoB 6229-6 and GeoB 6308-4, 
excess hydrogen sulfide could be detected at depths of 4-7 and 4-6 mbsf, respectively. The 
sulfidic sediment intervals are characterized by distinct minima in magnetic susceptibility 
(Fig. 4). Based on the pore water data, we suggest that the characteristic decrease in magnetic 
susceptibility (κ), which is a widespread phenomenon in sediments of the continental margin 
off Argentina and Uruguay, is caused by diagenetic processes within the zone of AOM. 
Except for the decrease in magnetic susceptibility in the uppermost centimeters of core GeoB 
6308-4, which is due to dilution by CaCO3, we attribute the decrease in magnetic 
susceptibility to the reduction of iron (oxyhydr)oxides by hydrogen sulfide and subsequent 
formation of iron sulfides as described by Karlin and Levi (1983) and Channell and 
Hawthorne (1990). 
 
Because of the current relatively high fluxes of methane and sulfate into the SMT at all three 
sites (Fig. 4), we suggest that deep sulfate reduction is primarily driven by AOM (Niewöhner 
et al., 1998). Thus, hydrogen sulfide is produced by a reaction of sulfate and methane (e.g. 
Barnes and Goldberg, 1976): 
 
CH4 + SO4

2- → HCO3
- + H2O + HS-.  (1) 
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The species distribution of hydrogen sulfide is pH dependent (Pyzik and Sommer, 1981). 
Based on the measured pH values (7.2 to 8.0), we conclude that HS- is the predominant 
hydrogen sulfide species in the sediment of the studied cores.  
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Fig. 4. Sulfate (solid circles), methane (open circles) and sulfide (solid stars) pore water profiles (pore 
water data for methane, sulfate and sulfide for core GeoB 6223-6 and sulfate for core GeoB 6229-6 are 
taken from Hensen et al., 2003) and the magnetic susceptibility (gray area) (note that the offset for data 
from core GeoB 6223-5 is probably due to the measurements coming from a parallel core). Except for the 
decrease in magnetic susceptibility at the top of the core GeoB 6308-4, due to the dilution by higher 
carbonate concentrations, the decrease in susceptibility is restricted to the sulfidic zone. 

 
The concentration of measured reactive iron (oxyhydr)oxides for cores GeoB 6223-6 and 
GeoB 6308-4 is low (Fig. 2) in the interval where magnetic susceptibility data show a 
minimum (Fig. 4). In this zone, the iron (oxyhydr)oxides are almost completely reduced and 
only relict concentrations are left. For the process of iron (oxyhydr)oxide reduction, the 
assumed reactions for lepidocrocite (Eq. 2) (as an example for iron (oxyhydr)oxides) and for 
magnetite (Eq. 3) are: 
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2FeOOH + HS- + 5H+ → 2Fe2+ + S0 + 4H2O (2) 
 
Fe3O4 + HS- +  7H+ →  3Fe2+ + S0 + 4H2O.  (3) 
 
The available dissolved ferrous iron reacts directly with HS- (Berner, 1970; Pyzik and 
Sommer, 1981) according to the following equation:  
 
Fe2+ + HS- → FeS(s) + H+.    (4) 
 
The precipitated amorphous iron sulfide is highly unstable and transforms rapidly to other 
iron sulfide phases (Schoonen and Barnes, 1991). Morse (2002) discussed that the oxidation 
of FeS by hydrogen sulfide (Eq. 5) is the faster process compared to the oxidation by 
elemental sulfur as discussed by Berner (1970). In addition, Rickard (1997) pointed out that 
pyrite formation through oxidation by HS- is thermodynamically favored:  
 
FeS(s) + HS-

(aq) + H+ (aq) → FeS2(s) + H2(g)  (5) 
 
In contrast to the intermediate iron sulfides, pyrrhotite (Fex-1S) and greigite (Fe3S4), the iron 
disulfide pyrite is paramagnetic and therefore has a low magnetic susceptibility and does not 
contribute to the remanent magnetization of a sediment. As both pyrite and marcasite are 
paramagnetic, we term all iron disulfides as pyrite for simplicity. Thus, the dissolution of 
magnetite and the precipitation of pyrite would cause a strong decrease in magnetic 
susceptibility. Such a decrease of the magnetic signal can be observed in the susceptibility (κ) 
at all three sites (Fig. 4).  
 
3.3. Magnetic Susceptibility Profiles 
 
We have explained the mechanisms of alteration of iron (oxyhydr)oxides to iron sulfides 
within the zone of AOM, but we still have to explain the occurrence of iron (oxyhydr)oxides 
below the SMT. We assume that there are only a few possible processes that can cause a 
decrease of iron (oxyhydr)oxides that is limited to the zone of AOM and that leads to a 
localized minimum in magnetic susceptibility.  
 
One  process would be the reoxidation of ferrous iron below the sulfidic zone. The oxidation 
could be driven by Mn(II) released during reduction of Mn-oxides (Aller and Rude, 1988; 
Postma and Appelo, 2000; Schippers and Jørgensen, 2002). This process could explain the 
existence of iron (oxyhydr)oxides below the SMT where no hydrogen sulfide is present. 
Detailed rock magnetic and scanning electron microscope (SEM) analyses performed on 
magnetic minerals of samples from core GeoB 6229-6 by Garming et al. (in press) reveal that 
the magnetic mineral assemblages above and below the zone of AOM are similar and that the 
authigenic formation of iron oxides can therefore be excluded. 
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Another process that could potentially cause a distinct loss in magnetic susceptibility in the 
zone of AOM is a variation in the parameters controlling the position of the SMT. The depth 
at which the SMT is established is driven mainly by the upward flux of methane and the 
downward diffusion of sulfate, which is directly influenced by the SR. We simulated different 
scenarios with the numerical model CoTReM, to investigate whether a constant mean SR 
alone can lead to the observed profiles of magnetic susceptibility. Under steady state 
conditions prevailing over a long period of time, with continuous sedimentation and no 
change in the upward flux of methane, the zone of AOM would keep a fixed offset with 
respect to the sediment surface (Borowski et al., 1996; Kasten et al., 2003). This process 
would lead to a continuous reduction of iron (oxyhydr)oxides within the SMT and below. The 
degree of reduction to which every sediment layer is subject would thereby be coupled to the 
rate at which the zone of AOM moves upward as a function of SR. The dissolution rate is 
dependent on the reactivity of the iron (oxyhydr)oxides and their grain size, and the time 
period over which they are in contact with hydrogen sulfide (Pyzik and Sommer, 1981; Karlin 
and Levi, 1983, 1985; Canfield and Berner, 1987; Canfield, 1992; Roberts and Turner, 1993).  
 
Hensen et al. (2003) give a detailed description for reaction kinetics of hydrogen sulfide with 
a continuum of different Fe(III)-phases. The reaction rates are sensitive to dissolved Fe and 
HS- in the model approach because HS- is involved in two reactions (Eq. 3 and 4). For 
simplicity, we consider only magnetite (Fe3O4) and adapt a maximum reaction rate of 3 x 10-5 
mol L-1 yr-1 to account for the measured hydrogen sulfide concentration compared to rates of 
between 5.5 x 10-6 mol L-1 yr-1 and 1.2 x 10-4 mol L-1 yr-1 in Hensen et al. (2003). The initial 
concentration of Fe3O4 is set to 1 wt%, which is reduced to iron monosulfide (FeS) in the 
sulfidic zone. A compilation of input parameters for all simulation runs is given in Table 2, 
where the lower boundary is defined at a model depth of 20 m (while the figures are only 
displayed to a depth of 13 m).  
 

Table 2. Parameters used in modeling of magnetic susceptibility profiles for different sedimentation rates.  

Parameters   

Model areaa: 20 m  

Cell discretization: 5 cm  

Time step: 1 x 10-1 yr  

Sediment porosity: 75%  

Temperature: 2°C  

Input concentration   

Magnetite (Fe3O4): 1 wt%  

 Upper boundary Lower boundary 

Sulfate (SO4
2-): 26 mmol L-1 0 mmol L-1

Methane (CH4): 0 mmol L-1 45 mmol L-1

a The model area is the sediment column incorporated in the approach. 
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During simulation of a relatively low mean SR of 5 cm kyr-1 (Fig. 5a), the SMT moves slowly 
upward resulting in the complete transformation of the initially present magnetite into iron 
sulfides (Fig. 5b).  
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Fig. 5. Modeling results for diagenetic alteration of magnetite to iron monosulfide. a. Sulfate, methane and 
sulfide profiles at a constant mean SR of 5 cm kyr-1. b. All iron (oxyhydr)oxides are altered into iron 
monosulfides.   

 
In contrast, more rapid sedimentation can lead to the preservation of a considerable amount of 
magnetic iron oxides and therefore to a preservation of the magnetic record, as also discussed 
by Canfield and Berner (1987). Model runs with a high mean SR of 200 cm kyr-1 result in fast 
burial of magnetite (Fig. 6a), with reduction of only a small amount (about 1/5) of Fe3O4 (Fig. 
6b). These model runs demonstrate that the observed patterns cannot be formed under 
conditions of constant mean SR. 
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Fig. 6. Model results for a constant mean SR of 200 cm kyr-1. a. The high mean SR leads to good 
preservation of magnetite below the SMT. The pore water profile for sulfate shows a concave-up shape. b. 
Only a small amount of iron sulfide is precipitated in this scenario.  

 
Different scenarios were modeled to assess the influence of variations in depositional and/or 
geochemical conditions on the position of the SMT. A sudden increase in the upward methane 
flux would push up the SMT and result in a concave-up sulfate pore water profile (Hensen et 
al., 2003; Kasten et al., 2003). At a constant high mean SR, this concave-up profile would 
remain and the observed linear sulfate profile would not be seen. At low mean SR, the SMT 
would move rapidly upward due to the increased methane flux until a new steady state with a 
linear sulfate pore water profile is regained. But, as shown in the simulation of constant mean 
SR (Fig. 5a), at a low mean SR all available reactive iron (oxyhydr)oxide would be altered 
and thus the increased methane flux would not produce the observed localized magnetic 
susceptibility minimum.  
 
After demonstrating that variations in the upward methane flux alone cannot produce the 
observed patterns, we simulated the effect of changing mean SR. Kasten et al. (1998) 
demonstrated that the strong decrease in SR for Amazon Fan sediments as a consequence of 
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the glacial/interglacial transition was responsible for the fixation of the SMT for a prolonged 
period of time. To test whether the observed profiles of magnetic susceptibility could be 
explained by a drastic decrease in mean SR, we modeled scenarios of different mean SR with 
a constant methane flux over time. The history of sedimentary events for the three studied 
sites are not known in detail. We therefore assume, as the starting condition for the model, a 
high mean SR of 100 cm kyr-1 (Fig. 7a). This mean SR includes all possible mechanisms of 
sediment deposition. This mean SR is sufficiently high to limit the contact time between the 
iron oxides and the sulfidic pore water, and thus to alter only one third of the initially present 
iron into iron sulfides. With a subsequent decrease in the rate of sedimentation to about 5 cm 
kyr-1, estimated from CaCO3 concentrations in the solid phase (see section 3.1), the SMT 
moves upward until a steady state is regained (Fig. 7b). In this scenario, there is a complete 
transformation of all available iron oxides to iron monosulfides in the SMT and subsequently 
in the expending zone of excess hydrogen sulfide (Fig. 7c).  
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Fig. 7. Modeling results for diagenetic alteration of magnetite to iron monosulfide with a major change of 
mean SR (for sediment porosity of 75%). a. A mean SR of 100 cm kyr-1 leads to reduction of only about 
one third of the Fe3O4. b. If the mean SR is decreased to 5 cm kyr-1, a time interval of approximately 8000 
years is needed to reduce the total amount of magnetite for an interval of 2 m thickness. c. The cross-
hatched area indicates the total amount of precipitated monosulfides for the modeled scenario with 
change in mean SR. 
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Although the results of our approach are strongly dependent on the boundary parameters, the 
estimation correlates well with a change in mean SR at the glacial/interglacial transition. This 
process causes a pronounced loss in magnetic susceptibility in a particular sediment interval. 
The time needed for the complete conversion of magnetite into iron sulfides in an interval of 
2 m (e.g. GeoB 6308-4) is about 8000 years. 
 
A further interesting finding of the simulation is the concave-up sulfate profile at high 
constant mean SR. This shape of the sulfate profile has previously been described for non-
steady state conditions such as an increased methane flux (Kasten et al., 2003), upward-
directed advective flow (e.g. Aloisi et al., 2004) or by transient diagenesis after a sedimentary 
event has occurred (Hensen et al., 2003). An example of a transient event is a single 
submarine slide event, which results in a kink-type profile (de Lange, 1983; Zabel and Schulz, 
2001) that is smoothed to a concave-up and finally a linear profile by diffusion. As shown by 
our model outcome, the concave-up sulfate profile can also result from high mean SR under 
steady state conditions. This could be explained by the high sulfate accumulation compared to 
the diffusion flux of  sulfate. 
 
3.4. Solid Phase Enrichment of Iron and Sulfur 
 
For core GeoB 6308-4, the solid phase profiles of total iron and sulfur (Fig. 8) indicate an 
enrichment of iron sulfides between 6 and 7 mbsf. Similar solid phase peaks of total iron and 
sulfur are found at site GeoB 6223, where XRD analyses of the sample taken at 525 cm prove 
the presence of pyrite (2.5 wt%). The accumulation of authigenic iron sulfides within this 
distinct interval could be explained by diffusion of ferrous iron from below reacting with 
hydrogen sulfide (e.g. Kasten et al., 1998). At site GeoB 6223, ferrous iron is detected in pore 
water directly below the solid phase iron enrichment (Fig. 8). Another explanation for the 
enrichment of iron in the solid phase could be in consequence of an initial enrichment of iron 
(oxyhydr)oxides at this particular layer due to a sedimentary event. The iron (oxyhydr)oxides 
will be reduced and the ferrous iron can be transformed directly into iron sulfide. As the 
enrichment of total iron and sulfur in core GeoB 6308-4 is located below the distinct 
susceptibility minimum, we suggest that the reduction of the magnetic minerals ((titano-
)magnetite) has not yet taken place and that only the more reactive iron phases have been 
reduced. 
 
Under the premise of a decrease in mean SR, and hence a fixation of the zone of AOM for a 
specific length of time, we calculated the time needed to produce the total amount of solid 
phase sulfur in the sediments of site GeoB 6223 at 525 cm and at site GeoB 6308 at 625 cm. 
The calculation is described in detail by Kasten et al. (1998). We simulated the enrichment of 
solid phase sulfur by downward diffusion of sulfate, assuming that the sulfur contained in the 
solid phase was fixed due to the precipitation of iron sulfide as a result of hydrogen sulfide 
liberated by AOM. 
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Fig. 8. Total sulfur (solid triangles) and total iron (solid squares) concentrations of the solid phase. 
Correlation of the iron and sulfur peak at sites GeoB 6223 and GeoB 6308 indicates an iron sulfide 
enrichment. The iron minimum in the sediment of core GeoB 6229-6 correlates with a turbidite sequence. 
Open circles indicate ferrous iron pore water concentrations.  

 
Assuming a linear sulfate pore water profile over the whole time of iron sulfide formation, the 
flux of pore water sulfate is calculated using Fick’s first law, with a diffusion coefficient in 
free solution (D0) for sulfate of 165 cm2 yr-1 (after Iversen and Jørgensen, 1993). The 
sediment dry density averages 2.2 g cm-³, and the temperature is 2°C. The presumed mean 
Holocene SR amounts to 5.0 cm kyr-1. If we assume a porosity of 70% for the sediment of 
core GeoB 6223-6 and 75% for core GeoB 6308-4, the time needed to produce the measured 
sulfur peak would be about 9000 years. This calculated result is in good agreement with the 
outcome of the model above. Based on the model results, we suggest that the only scenario 
that produces the observed localized loss in magnetic susceptibility is a non-steady state 
diagenetic scenario involving a drastic decrease in mean SR, from a few hundred cm to about 
5 cm per 1000 years, during the Pleistocene/Holocene transition leading to a fixation of the 
SMT for a period of 8000 to 9000 years.  
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4. CONCLUSIONS 
 
A marked localized minimum in magnetic susceptibility in distinct sediment intervals of 
Argentine Basin deposits is observed, which correlates with the current position of the SMT. 
To explain the diagenetic impact of AOM on magnetic susceptibility, we modeled different 
geochemical and depositional scenarios. The model results indicate that the depletion of iron 
(oxyhydr)oxides and the resulting strong decrease in magnetic susceptibility within the 
sulfidic zone around the current depth of the SMT is an effect of the rather low and constant 
mean SR since the beginning of the Holocene, compared to the high mean SR of one to 
several meters per kyr during the last Glacial. The drastic change in mean SR results in a 
fixed or slow moving SMT, which increases the time of contact between iron (oxyhydr)oxides 
and the liberated hydrogen sulfide, leading to enhanced dissolution of iron (oxyhydr)oxides 
and formation of the paramagnetic iron sulfide pyrite in this particular sediment layer. 
Furthermore, the results of the model indicate that a constant high mean SR is able to cause a 
concave-up pore water sulfate profile. Such concave-up sulfate profiles have been previously 
interpreted to result from either non-steady state depositional conditions or from upward-
directed advective flow. In the scenarios that we have modeled, the concave-up sulfate profile 
would be a steady state case. A low mean SR with a fixation of the SMT is necessary to 
produce an enrichment of iron and sulfur in the solid phase, as can be found in the sediment at 
sites GeoB 6223 and GeoB 6308. We calculated the time needed to produce the total amount 
of sulfur in the solid phase to be about 9000 years, which corresponds well with the 
estimation of the model and the Pleistocene/Holocene transition.  
 
However, the stagnation of the SMT caused a loss of magnetic signal by diagenetic 
destruction of magnetite due to AOM. Another influence of AOM on sediment magnetism 
can be e.g. a magnetic enhancement via growth of greigite. This important but different 
magnetic effect was described by Neretin et al. (2004). The two effects are both results of 
similar processes, except that pyritization seems to have been arrested in the study by Neretin 
et al. (2004), which has led to preservation of greigite nodules with magnetizations 10-100 
times greater than surrounding sediments. The net result is that non-steady state diagenesis 
can have varying effects on the magnetic record. Thus, diagenetic transformation of iron 
oxides to iron sulfides in the zone of AOM that corresponds to a loss and new formation of 
magnetic signals, should be considered in the interpretation of magnetic records.  
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Abstract  

On the Argentine continental slope off the Rio de la Plata estuary, the sulfate-methane 
transition (SMT) has been encountered at shallow depths of a few meters below the seafloor. 
At around this horizon, where sulfate diffusing downward from the bottom water is met and 
reduced by methane rising from deeper in the sediment column, intense alteration affects the 
detrital magnetic mineral assemblage. Less than 10% of the dominant primary low coercivity 
ferrimagnetic (titano-)magnetite remains after alteration. In the upper part of the suboxic 
environment, underlying the iron redox boundary, which is located at a depth of ~ 0.1 m, 
approximately 60% of the finer grained detrital fraction is already dissolved. While the high 
coercivity minerals are relatively unaffected in the suboxic environment, large portions 
(> 40%) are diagenetically dissolved in the sulfidic SMT zone. Nevertheless, the 
characteristics of the magnetic residue are entirely controlled by a high coercivity mineral 
assemblage. Unlike common observations, that diagenetic alteration produces coarser 
magnetic grain-sizes in suboxic milieus, a distinct overall fining is found in the sulfidic zone. 
Different factors should contribute to this effect. Scanning electron microscope analysis, 
combined with X-ray microanalysis, identified fine grained (titano-)magnetite preserved as 
inclusions in silicates and between high Ti titanohematite lamellae, and possibly of prime 
importance, a comprehensive fragmentation of larger grains in the course of maghemitization. 
The only secondary iron sulfide mineral detected is pyrite, which is present as clusters of 
euhedral crystals or directly replaces (titano-)magnetite. The thermomagnetic measurements 
did not provide evidence for the presence of ferrimagnetic sulfides such as greigite. Different 
from other studies reporting a marked magnetic enhancement at around the SMT due to the 
precipitation and preservation of such metastable ferrimagnetic sulfides, a complete 
pyritization process will cause a distinct magnetic depletion, like in the present case. 
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Abstract 

To study diagenetic alteration of iron and manganese minerals, geochemical and 
mineralogical investigations of sediments from the western Argentine Basin were carried out. 
The dynamic depositional conditions prevailing in the study area were found to be mirrored in 
the solid phase and pore water concentration profiles of manganese. The data further show a 
relationship between manganese and hydrogen sulfide (H2S) pore water profiles, suggesting 
the precipitation of manganese in the sulfidic zone. Above and below the sulfate/methane 
transition (SMT), release of divalent Mn occurs, which indicates the presence of reactive Mn-
phases. The reduction of these phases are assumably due to biomediated processes. We 
discuss the occurrence of ferrous iron in pore water below the SMT as process of ferric iron 
reduction mediated by methanogens. This is the first study which gives geochemical evidence 
for this recently found biogeochemical process – which has been proposed on the base of 
laboratory studies – to occur in natural aquatic environments. We predict that the 
biogeochemical processes observed in the methanic zone could be relevant to advance the 
understanding of processes in the deep biosphere.  
  
 
Keywords: Manganese; Hydrogen sulfide; Methanic zone; Ferrous iron; Microorganisms; 
Argentine Basin 
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1. INTRODUCTION 
 
In marine surface sediments manganese is highly mobile due to early diagenetic processes 
(Goldberg and Arrhenius, 1958; Lynn and Bonatti, 1965; Calvert and Price, 1972; Froelich, 
1979; Berner, 1981; Baturin, 1988; Lovley, 1991; Canfield et al., 1993; Thamdrup, 2000; 
a.o.). The reduction of Mn-oxides driven by the degradation of organic matter releases 
divalent Mn into the pore water (Froelich et al., 1979; Lovley and Phillips, 1988). A further 
reduction of Mn-oxides occurs due to ferrous iron oxidation (Postma, 1985; Canfield et al., 
1993) as well as by anaerobic oxidation of iron sulfide, as demonstrated experimentally by 
Aller and Rude (1988) and Schippers and Jørgensen (2001). Migration of manganous ions 
from deeper suboxic/anoxic layers towards oxic levels near the sediment-water interface 
results in the precipitation of Mn-oxides (Lynn and Bonatti, 1965; Berner, 1981; Thamdrup et 
al., 1994). This diagenetic process leads to an enrichment of Mn-oxides at the Mn-redox 
boundary (e.g. Li et al., 1969; Canfield et al., 1993; Haese et al., 2000). The described redox 
cycling of manganese can be found in the upper layers of marine sediments, at the boundary 
between oxic and postoxic zone (Berner, 1981). In the postoxic zone released manganeous 
ions also diffuse downwards into the sulfidic zone, where they can either precipitate as Mn-
carbonates (rhodochrosite) or Mn-sulfides (alabandite, e.g. Suess, 1979; Berner, 1981; Appelo 
and Postma, 1994; Lepland and Stevens, 1998), or they can co-precipitate with iron sulfides 
(Arakaki and Morse, 1993). The precipitation of Mn-sulfides requires high concentrations of 
divalent Mn in the pore water. The only known Mn-sulfides from recent marine sediments 
were found in the Baltic Sea (Suess, 1979; Böttcher and Huckriede, 1997; Lepland and 
Stevens, 1998). The cycling of manganese requires a significant amount of reactive Mn-
phases in the sediment, resulting from hydrothermal sources or terrigenous input (Li et al., 
1969), or an initial enrichment of Mn-oxides at the sediment/water inteface due to oxidation 
of formerly anoxic water column and precipitation of Mn-oxides (Sternbeck and Sohlenius, 
1997; Neumann et al., 2002). In environments of rather slow sedimentation Mn-oxides alter 
quite fast and manganese cycling processes are restricted to the uppermost sediment layer 
(Suess, 1979). Only in areas with high accumulation rates Mn-oxides are buried rapidly and a 
considerable amount could be shielded from reduction (Canfield and Berner, 1987; Riedinger 
et al., in press). At greater sediment depth Mn-oxides could be relevant for biomediated 
processes along with iron conversion. These processes still require more investigations. 
 
The sedimentary environment along the continental margin off Argentina and Uruguay is 
characterized by highly dynamic depositional conditions (Ewing et al., 1971; Biscay and 
Dasch, 1971; Ledbetter and Klaus, 1987; Hensen et al., 2000). Riedinger et al. (in press) 
could show that high sedimentation rates shield iron oxides from reduction, resulting in burial 
of these minerals in deeper sediment layers. Thus the western Argentine Basin provides a 
unique study area to investigate geochemical processes regarding the alteration of manganese 
in deeper subsurface sediments. In this study, we investigate the influence of depositional 
settings and anaerobic oxidation of methane (AOM) on the diagenetic overprint of Mn-oxides 
and the release of manganous ions into the pore water, presenting geochemical and 
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mineralogical data. Additionally, we discuss the processes causing the release of ferrous iron 
into the pore water below the sulfidic zone.  
 

2. MATERIALS AND METHODS 
 
2.1. Geological Settings 
 
The sites of investigation are located in the western South Atlantic on the continental margin 
off Argentina and Uruguay (Fig. 1) between a water depth of 1100 and 4300 m.  
 

 

Fig. 1. Location map of the investigated gravity cores at GeoB stations in the western Argentine Basin. 
The sites discussed in more detail are indicated as bold symbols. 

 
The depositional environment of this study area is characterized by strong current circulation 
and gravity-controlled sediment transport (Ewing and Leonardi, 1971; Klaus and Ledbetter, 
1988). The extensive sediment transport along the western margin of the Argentine Basin 
from the shelf to the basin is controlled by gravity-driven mass transports, such as debris 
flows and turbidity currents (Ewing et al., 1971; Biscay and Dasch, 1971; Klaus and 
Ledbetter, 1988; Sachs and Ellwood, 1988; Hensen et al., 2003). Currents winnow and entrain 
sediments deposited by gravity-controlled mass flows, and the fine material is transported into 
the deep basin (Groot et al., 1967; Ewing et al., 1971; Ledbetter and Klaus, 1987; Sachs and 
Ellwood, 1988). The sediment at the study sites is characterized by low calcium carbonate 
contents, as well as relatively high amounts of organic carbon and iron (oxyhydr)oxides 
(Hensen et al., 2003; Riedinger et al., in press; Garming et al., in press). 
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2.2. Sampling an Sample Processing 
 
The investigated gravity cores (Table 1) were retrieved east of the Rio de la Plata at the 
western boundary of the Argentine Basin, during expeditions M29/1-2 (1994) and M46/2-3 
(1999-2000) of the RV Meteor.  
 

Table 1. Studied gravity cores with geographical positions and water depths.  

Station Longitude 
[W] 

Latitude 
[S] 

Water Depth  
[m] 

SMTa

[mbsf] 
GeoB 2704-2 53°55.30’ 38°55.10’ 3226 - 
GeoB 2803-3 53°42.40’ 37°24.40’ 1163 - 
GeoB 2806-5 53°08.60’ 37°50.00’ 3538 3.7 
GeoB 2809-4 51°31.20’ 36°20.30’ 3561 9.3 
GeoB 2811-2 52°16.30’ 35°45.20’ 1774 5.9 
GeoB 6214-7 51°26.57’ 34°31.52’ 1566 4.9 
GeoB 6219-2 50°33.88’ 35°11.14’ 3551 4.3 
GeoB 6223-6 49°40.86’ 35°44.42’ 4280 5.1 
GeoB 6229-6 52°39.00’ 37°12.41’ 3446 5.6 
GeoB 6308-4 53°08.70’ 39°10.00’ 3620 5.0 

a The sulfate/methane transition (SMT) was defined on the base of the sulfate penetration depth (see 
Hensen et al., 2003). 

 
The sampling procedures and analytical techniques are only briefly described below and were 
described in more detail for the investigated sites by Hensen et al., 2003 and Riedinger et al., 
in press. For detailed information regarding analytical methods and devices, the reader is 
referred to Schulz (2000) and the homepage of the geochemistry group 
http://www.geochemie.uni-bremen.de at the University of Bremen.  
 
To prevent a warming of the sediments after retrieval on board, all cores were immediately 
placed in a cooling laboratory and maintained at a temperature of about 4°C. Gravity cores 
were cut into 1 m segments on deck, and syringe samples were taken from every cut segment 
surface for methane analysis. For H2S analysis of higher concentrations 1 mL sub-samples of 
the pore water were added to a ZnAc-solution in order to fix all sulfide present as ZnS. Within 
the first two days after recovery, gravity cores were cut lengthwise into two halves and 
processed within a glove box under argon atmosphere. EH and pH were determined by punch-
in electrodes and sediment samples were taken every 25 cm for pressure filtration of pore 
water. Solid phase samples for total digestions, sequential extractions and mineralogical 
analyses were taken at 10 cm intervals and kept in gas-tight glass bottles under argon 
atmosphere. The storage temperature for all sediments was -20°C to avoid dissimilatory 
oxidation of reduced species. For pressure filtration Teflon-squeezers were used, operated 
with argon (5 bar). The pore water was retrieved through 0.2 µm cellulose acetate membrane 
filters. The parameters hydrogen sulfide (H2S), sulfate, alkalinity, and iron (Fe2+) were 
determined by standard methods, within a few hours after retrieval of the pore water. All 
further analyses were carried out at the University of Bremen. Methane was measured with a 
gas chromatograph (Varian 3400) and the concentrations were subsequently corrected for 
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sediment porosity. Aliquots of the remaining pore water were diluted and acidified with 
HNO3 for determination of cations using inductively coupled plasma atomic emission 
spectrometry (ICP-AES) techniques (Perkin Elmer Optima 3000 RL). Total digestions of the 
sediment were performed on anoxic subsamples, and analyzed by ICP-AES techniques. Total 
carbon (TC) and total organic carbon (TOC) contents were determined by measuring freeze-
dried and homogenized samples using a LECO CS-300 carbon sulfur analyzer. The data that 
we report here can be accessed at the World Data Centers for Marine Environmental Sciences 
(http://www.pangaea.de/PangaVista). 
 
2.3. Mineral Analysis 
 
Mineral identification was carried out by X-ray diffraction (XRD). XRD was performed at a 
few selected depths of core GeoB 6229-6 by Philips X´Change (Cu-tube) with fixed 
divergence slit. The measurement was carried out with a first angle of 3° 2Θ and a last angle 
of 100° 2Θ. The step size was 0.02° 2Θ, and the time per step was 12 s/step. Samples of cores 
GeoB 6223-6 and GeoB 6308-4 were measured by X’Pert Pro MD, X’Celerator detector 
system, with a step size of 0.033° 2Θ, and the calculated time per step was 219.71 seconds. 
Mineral content quantification was carried out with QUAX (for further information see Vogt 
et al. 2002). Special mineral identification was performed on frozen and anoxic stored 
subsamples. Gravity separation was applied on the samples to enrich the heavy mineral 
phases. Glass capillars (0.5 mm) were filled with the sample material and sealed afterwards. 
The measurement was carried out with a STOE image plate diffractometer system (IPDS), 
with monochromatic Mo-ray. The image plate distance was 150 mm and the exposure time 
was 480 min, at 50 kV and 40 mA. The data qualification was carried out with X'Pert 
HighScore. Geophysical analysis using low-temperature mineral magnetic techniques were 
carried out at a few selected samples (for further details see Frederichs et al., 2003).  
 

3. RESULTS AND DISCUSSION 
 
3.1. Manganese Pore Water Profiles 
 
The pore water profiles of manganese indicate the release of manganous ions in the postoxic 
zone, and an immobilization of divalent Mn in the sulfidic zone (Fig. 2). Furthermore at 
several sites an increase in Mn pore water concentrations within the methanic zone below the 
SMT is observed. In the sulfidic zone the pore water concentration profiles of H2S and Mn 
show a relationship, where H2S is consumed the immobilization of divalent Mn occurs. At the 
investigated sites the Mn-redox boundary, coinciding with the oxic/postoxic interface, is 
located at about 5 to 15 cm depth as shown by Haese et al. (2000).  
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In contrast to divalent Mn, which was primarily released from Mn-oxides below the Mn-
redox boundary, pore water sulfate has its dominant (unlimited) source in seawater. Hensen et 
al. (2003) discussed in detail sulfate concentration gradients of pore water profiles for the 
study area, which are characterized by non-steady state processes. They discussed the impact 
of young sedimentary events on the shape of sulfate pore water profiles. The impact of such 
depositional dynamics can also be found in the profiles of pore water manganese. For 
example at sites GeoB 2809 and GeoB 6214 the sulfate profiles show s-type and a kink-type 
shapes, respectively. These shapes can be explained by younger depositional events as 
sedimentary slides or slumps (Hensen et al., 2003).  

 
Although the western Argentine Basin is characterized by highly dynamic sedimentary 
conditions (Ledbetter and Klaus, 1987; Hensen et al., 2000), Riedinger et al. (in press) could 
show that areas with constant and rather slow sedimentation rates since the 
Pleistocene/Holocene transition exist. Sediments at these sites are characterized by linear 
sulfate pore water profiles (Riedinger et al., in press), indicating that the pore water system is 
currently in steady state, such as at sites GeoB 6229 and GeoB 6223. The manganese profile 
at site GeoB 6229 shows a release of divalent Mn into the pore water at about 10 cm below 
the surface, at the oxic/postoxic boundary. The released divalent Mn is transported by 
diffusion upward to the Mn-redox boundary and downward into the sulfidic zone (Fig. 3).  
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Fig. 3.  Pore water data at site GeoB 6229 showing a double precipitation front of manganese in the 
sulfidic zone. The gray bar marks the location of the sulfate/methane transition (SMT). 



2.4 Alteration of manganese minerals and release of ferrous iron 47 
 

Solid phase data of sediments from site GeoB 6223 display an enrichment of manganese in 
the upper 5 cm (Fig. 4). In contrast to site GeoB 6229 the Mn pore water profile at site GeoB 
6223 does not show a release of divalent Mn slightly below the Mn-redox boundary which is 
located at about 15 cm below the sediment surface, but at a depth of about 2.5 mbsf. The 
absence of released manganous ions directly below the Mn-redox boundary could be 
explained by very low sediment deposition. As a result of sediments accumulating at small 
rates, the Mn-oxides have not been buried below the Mn-redox boundary and remain in the 
oxic zone. Thus no reduction of the Mn-oxides is taking place. Furthermore, a low input of 
organic matter, at site GeoB 6229 the current input of TOC is about twice as high as at site 
GeoB 6223 (Riedinger et al., in press), results in a deepening of the Mn-redox zone.  
 
The increase of divalent Mn at about 2.5 mbsf indicates the presence of an additional 
manganese source. Mineralogical measurements show that at 2.55 mbsf enhanced amounts of 
glauconite are present and also Mn-oxides were detected. Because of the high amount of 
glauconite at this depth we assume that also higher amounts of Mn-oxides must have been 
initially present due to a sedimentary event, for example, a turbidity flow.  
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Fig. 4.  Solid phase Mn at site GeoB 6223 showing an enrichment of manganese where manganese in pore 
water data is consumed – at the oxic/postoxic boundary and in the sulfidic zone. The gray bar represents 
the sulfate/methane transition (SMT).  
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In this way, downward transported surface sediments could have enriched oxidized minerals 
at this site, which were buried without or minor reduction because of high sedimentation 
rates. We suggest that the ongoing reduction of Mn-phases unstable in this postoxic 
environment has only left a minor fraction. The released manganous ions are transported 
upward by diffusion to the oxic/postoxic boundary and downwards to the sulfidic zone, 
resulting in the observed shape of the pore water profile (Fig. 4), and leading to enrichments 
in the solid phase at these sediment levels as shown in the model in Fig. 5, which is based on 
numerical modeling using the transport and reaction program CoTReM (Adler et al., 2000). A 
similar Mn profile of pore water and solid phase was observed by Thomson et al. (1986), in 
deep marine sediments from the north Atlantic. Enrichment of Mn-oxides at the sediment 
surface were rapidly buried due to turbidity emplacements. The downward and upward 
diffusion of divalent Mn in the pore water resulted from the reduction of this Mn-oxide front. 
The by Thomson et al. (1986) discussed Mn profiles, which were found in marine sediments, 
show a good correlation with the assumed initial situation in our theoretical approach, and 
thus emphases the plausibility of our model. However, the pore water data for both sites show 
that although the sulfate profiles already regained steady state conditions after sedimentary 
events or changes in depositional conditions, the impact of these sedimentary dynamics can 
still be found in pore water profiles of manganese.  
 

post-oxic zone

oxic zone

sulfidic zone

methanic zone

Concentration

SMT

t2

HS-

Concentration

D
ep

th
 [m

bs
f]

Mn2+ Mn2+

MnO2 MnO2

t1

HS-

SMT

 
 

Fig. 5.  Theoretical approach to explain the shape of the Mn pore water profile found at site GeoB 6223. 
Reduction of solid tetravalent Mn (the reactive Mn-phases are summarized as MnO2, dashed line) releases 
divalent Mn into the pore water (Mn2+, solid line). Manganous ions are transported upward and 
downward by diffusion and are consumed at the oxic/postoxic boundary and within the sulfidic zone (t1). 
This process leads to an enrichment of solid phase manganese in the sulfidic zone and at the oxic/postoxic 
boundary. Due to a very low accumulation rate the Mn-oxides in the oxic zone still have not been buried 
below the Mn-redox boundary. The absence or very low amount of further reducible Mn-phases in the 
postoxic zone would smooth the shape of the pore water profile of Mn because of no or a very low release 
of divalent Mn into the pore water (t2). The gray bars mark the sulfate/methane transition (SMT). 
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3.2. Precipitation of Mn(II) in the sulfidic zone 
 
The diffusion of manganous ions into the sulfidic zone occurs from the postoxic zone as well 
as from the methanic zone. In the sulfidic zone the pore water profiles of manganese depicted 
in Fig. 2 show a complete consumption of divalent Mn. These minima correlate quite good 
with the H2S peaks and thus indicates a precipitation of Mn-phases in the sulfidic zone. The 
pore water data would suggest a precipitation of Mn-sulfides like e.g. alabandite (MnS) 
(Berner, 1981): 
 
HS- + MnO2 + 3H+ → Mn2+ + S0 + 2H2O    (1) 
 
Mn2+ + HS- → MnS + H+.     (2) 
 
However, XRD measurements do not show any Mn-sulfides, what would also suggest that 
Mn-sulfide is present in amounts below the detection limit of XRD. The pore water 
composition of samples from the sulfidic zone modeled using the code PHREEQC 2.10 
(Parkhurst and Appelo, 1999) show an undersaturation of MnS. A precipitation of MnS would 
require a more alkaline environment or much higher concentrations of divalent Mn in the pore 
water (e.g. Suess, 1979). Furthermore the modeling using PHREEQC 2.10 only indicates the 
precipitation of rhodochrosite (MnCO3) or rather Ca-Mn-carbonates (Franklin and Morse, 
1983; Dromgoole and Walter, 1990; Alvi and Winterhalter, 2001). Li et al. (1969) suggested 
the precipitation of MnCO3 on the base of pore water profiles: 
 
Mn2+ + HCO3

- → MnCO3(s) + H+.    (3) 
  
However, neither XRD measurements nor geophysical analysis of samples from this depth 
did show any indication of rhodochrosite. If a precipitation of Mn incorporated in Ca-
carbonate would take place, we would assume that the Mn pore water profile would show a 
similarity to the one of Ca. This is, however, in contradiction to the observed pore water 
profiles (Fig. 3 and 4). The calcium profile implies a consumption at one distinct layer, in the 
same way as the alkalinity profile. This indicates a CaCO3 precipitation at a restricted horizon, 
which can be shown for site GeoB 6229 (Fig. 6). In contrast, the Mn pore water profile for 
site GeoB 6229 shows a consumption at two distinct horizons. Nevertheless, if there is a Mn 
precipitation associated with carbonate, we assume Ca-rich rhodochrosite is present (e.g. 
Neumann et at., 1997). 
 
The consumption of divalent Mn in the sulfidic zone could be furthermore explained by 
coprecipitation with and/or adsorption of manganous ions on fine-grained iron monosulfides 
(mackinawite) as discussed by Arakaki and Morse (1993). But in that case, corresponding to 
ferrous iron, no manganese should be detected in the pore water where sulfide is present. 
However, at e.g. site GeoB 6223 (Fig. 4), there is still divalent Mn in the sulfidic zone, thus 
we assume that the reaction of Mn2+ and H2S is thermodynamically rather slow compared to 
iron, and can only occur when the availability of H2S exceeds Fe2+, as was also discussed by 
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Lepland and Stevens (1998). A coprecipitation of divalent Mn and iron monosulfide could not 
be found in the investigated sediment on base of XRD and SEM analytical techniques. SEM 
analysis shows that the occurrence of manganese can only be associated with Fe-oxides but 
not with Fe-sulfides (Garming et al., in press). Regarding all the data from the sulfidic zone, 
our assumption is that either excessive H2S is somehow affecting/facilitating the Mn-
carbonate precipitation or Mn-sulfides. 
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Fig. 6.  Solid phase data at site GeoB 6229 showing in detail the enrichment of calcium at 5.37 mbsf (Ca 
data shown on the left side were taken from Riedinger et al., in press). An increase in the concentration of 
Mn at the same depth was found.  

 
3.3. Dissolved Manganese in the Methanic Zone 
 
To occurrence of manganous ions in pore water below the sulfidic zone can be related to the 
depositional conditions. An intense decrease in sedimentation rate would result in a stagnation 
of the formerly rapidly upward moving SMT as discussed by Riedinger et al. (in press) for the 
investigated area. The released H2S could cause a drop in the previously linear Mn profile, 
where the new zone of SMT has established (Fig. 7). Thus, the concentration of Mn in pore 
water below the new SMT could be seen as a relict of the former profile. Furthermore, a high 
sedimentation rate leads to a preservation of iron oxides below the zone of AOM (Riedinger 
et al., in press). As summarized by Thamdrup (2000), abiotic reduction of highly reactive iron 
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hydroxides by HS- occurs at higher rates than the reduction of Mn-oxides. This can explain 
the availability of Mn-oxides in the methanic zone, providing a source for divalent Mn. The 
released manganous ions move downward and upward by diffusion. In the sulfidic zone the 
divalent Mn is consumed, which leads to a drop in the pore water profile.  
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Fig. 7.  Theoretical influence of a drastic change in sedimentation rate on the pore water profile of Mn. 
The initial situation shows a linear pore water profile of Mn with consumption in the sulfidic zone and 
release below the oxic/postoxic boundary (t1). On the basis of high mean sedimentation rate (x1) the SMT 
(gray bar) moves up rapidly resulting in a constant but rather low release of divalent Mn into pore water 
(t2), on top of the linear concentration profile (t1). A drastic decrease in the sedimentation rate (x2) causes 
a fixation of the SMT (t3). This leads to an increase of H2S liberation resulting in a consumption of 
manganous ions at a distinct layer. In the postoxic zone the pore water profile is adjusting to the new 
depositional and geochemical conditions. The dashed line represents the initial Mn pore water profile.  

 
Comparing the theoretical profile in Fig. 7 with its rather smoothed curvature and the Mn 
profiles in Fig. 2, we suggest that the observed kinks in the measured profiles can be 
explained by such shielded Mn-oxides, providing an additional source of divalent Mn within 
the methanic zone. Because the rapid upward movement of the SMT as well as the deeper 
buried sources of divalent Mn are related to sedimentary conditions, we think that the 
observed Mn profile reflect the depositional dynamics at the investigated sites.  
 
Assuming that the divalent Mn sources in the methanic zone are mainly Mn-oxides, the 
liberation of manganous ions could be the result of nonenzymatic oxidation of ferrous iron by 
Mn-oxides (Lovley and Phillips, 1988; Aller and Rude, 1988; Canfield, 1993; Jørgensen, 
2000; Schippers and Jørgensen, 2002): 
 
2Fe2+ + MnO2 + 4H20 → Mn2+ + 2Fe(OH)3 + 2H+.   (5) 
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Modeling of pore water data at a depth of 8.10 mbsf by using PHREEQC 2.10 indicate that 
the reduction of Mn-oxides by ferrous iron and a subsequent precipitation of iron hydroxides 
would not occur under the prevailing reducing conditions. Furthermore this process implies a 
release of divalent Mn into pore water with a concurrent consumption of ferrous iron (Postma 
and Appelo, 2000). Such a decrease cannot be found in the pore water profiles of core GeoB 
6229-6 (Fig. 3), suggesting that below the SMT different processes are relevant for the release 
of manganous ions into the pore water. We suggest that the processes of liberation of 
manganous ions and ferrous iron in the methanic zone at the investigated sites are not related 
to each other by abiogenic reaction but we assume that they are rather microbially driven. 
Most of the microorganisms that are capable of reducing tetravalent Mn can also reduce ferric 
iron (Lovley, 1993; Thamdrup, 2000). Most of these microbial processes are (mostly based on 
laboratory results) described for the postoxic zone only, with relation to the degradation of 
organic matter (e.g. Burdige and Nealson, 1985; Hastings and Emerson, 1986; Myers and 
Nealson, 1988; Lovley, 1991; Thamdrup 1994), and are not directly transferable to the 
methanic zone.  
 
Similar Mn-profiles to those we found in sediments of the investigated cores, can also be 
discovered in deeply buried sediments as for example in ODP cores at Leg 172 (Çağatay et 
al., 2001) and Leg 201 (D’Hondt et al., 2004). In contrast to ODP sites, the processes of 
manganese reduction and precipitation at the studied sites proceed over a small range of 
depth. However, understanding the processes taking place in the methanic zone at the 
investigated sites could be relevant to advance the comprehension of processes in the deep 
biosphere, for example, which electron acceptors are available in such depths for microbial 
mediated processes.  
 
3.4. Iron Reduction in the Methanic Zone 
 
Below the zone of AOM ferrous iron is released into the pore water, correlating with a 
decrease in pH (Fig. 3 and Fig. 4). Iron oxides and glauconite which contains high amounts of 
ferric iron (Odin and Matter, 1981) could serve as substrates for iron reduction (Riedinger et 
al., in press). The presence of glauconite in sediments of the methanic zone, despite its high 
reactivity towards H2S (Berner, 1981), was verified by XRD. However, as discussed above 
for the released manganese, we assume that the ferric iron is not reduced abiotically. As 
proposed by Canfield (1989), bacterial iron reduction seems to be the most likely source for 
dissolved iron in sediments where sulfate reduction is absent. Assuming that the release of 
ferrous iron into the pore water is associated with the reduction of ferric iron driven by 
degradation of organic matter, we would expect an increase in pH rather than a decrease as 
observed. Although the pH cannot be used as a proof because it can be influenced by many 
processes, we assume that the reduction of ferric iron is due to microbial mediated processes.  
 
Furthermore Lovley and Phillips (1988) discussed the inhibition of ferric iron reduction in the 
presence of tetravalent manganese. As we find the release of manganous ions as well as 
ferrous iron at a similar depth within the methanic zone, we propose that the reduction is a 



2.4 Alteration of manganese minerals and release of ferrous iron 53 
 

result of microbial processes, which are different than compared to the occurring processes in 
the postoxic zone. We suggest that the release of ferrous iron into pore water below the zone 
of AOM could be due to the reduction of ferric iron by methanogens – a new process which 
was reported recently by Bond and Lovley (2002) based on laboratory results. According to 
Bond and Lovley (2002) the reduction of Fe(III) by methanogens can only proceed in 
environments where methanogens and reducible iron oxides co-exist. Solid phase extractions 
e.g. of core GeoB 6223-6, in fact, show the presence of iron oxides below the sulfidic zone 
(Riedinger et al., in press). The reduction of ferric iron by microorganisms is coupled to the 
oxidation of H2 (Lovley et al., 1989; Lovley, 1993): 
 
2Fe3+ + H2 → 2Fe2+ + 2H+.      (6) 
 
The excess hydrogen could be supplied by the oxidation of methane by methanogens (Lovley 
and Goodwin, 1988), but in the presence of ferric iron the production of methane is inhibited 
(Lovley and Philips, 1987; Lovley et al., 1995). However, the oxidation of iron monosulfides 
by H2S also liberates hydrogen (Rickard, 1997) which could provide the energy source for the 
microbial metabolism (Drobner et al., 1990). Both the pH profiles at sites GeoB 6223 and 
GeoB 6229 show a drop where ferrous iron is liberated (Fig. 3 and Fig. 4). The decrease can 
be explained by the reduction of ferric iron by hydrogen-utilizing methanogens (Eq. 6). The 
reduction of ferric iron by methanogens could also be a promising candidate to explain 
processes concerning the release of ferrous iron in deeply buried sediments e.g. at ODP Leg 
201 (D’Hondt et al., 2002). 
 

4. CONCLUSIONS 
 
Our study shows that sedimentary events or changes in depositional conditions can be 
identified by pore water profiles of manganese, when sulfate in pore water shows steady state 
profiles and cannot be used for such interpretation. Generally, pore water profiles of 
manganese should not be underestimated for interpretations of distinctive sedimentary 
settings. The shape of the pore water profile of manganese is not only influenced by 
depositional dynamics but also by the presence of ferrous iron and H2S. Thus, manganese 
profiles can provide a good complementary tool for the reconstruction of sedimentary 
dynamics. However, we suggest that the term steady state/non-steady state has to be applied 
more careful discussing pore water or solid phase data. As we could show, single constituents 
in pore water can be already in steady state while others are still exposing non-steady state 
conditions and minerals although being unstable in particular geochemical environments can 
be present or preserved at considerable amounts in deeper subsurface sediments. 
 
The pore water data suggest that the consumption of divalent manganese in the sulfidic zone 
is related to excess H2S, although we cannot provide significant proof for direct precipitation 
of manganous ions by H2S. The excessive H2S is, however, likely to facilitate the 
precipitation of Mn-sulfides or Mn-carbonate. Because of the low amounts of the precipitated 
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Mn-phases it is difficult to detect these minerals by conventional techniques (e.g. XRD). 
However, we assume that the release of manganous ions into pore water within the methanic 
zone is microbially mediated corresponding to the processes of ferrous iron release. We 
suggest that ferrous iron released below the sulfidic zone is driven by the reduction of ferric 
iron by methanogens as described by Bond and Lovley (2002) on the base of laboratory 
results. The prerequisites stated by Bond and Lovley (2002) for this process to occur – namely 
the co-existence of methanogens and reactive iron (oxyhydr)oxides – are met in the study 
area. However, understanding the processes taking place in the methanic zone at the 
investigated sites, for example the release of ferrous iron and manganous ions in the methanic 
zone by e.g. methanogens, could be relevant to advance the understanding of processes in the 
deep biosphere, concerning the availability of electron acceptors for microbial mediated 
processes. Our findings emphasize the need for more intensive studies of the microbial 
mediated and geochemical processes in the methanic zone of deeply buried sediments and to 
identify the responsible microorganisms. 
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Abstract  

Sediment cores retrieved in the Benguela coastal upwelling system off Namibia show very 
distinct enrichments of solid phase barium at the sulfate/methane transition (SMT). These 
barium peaks represent diagenetic barite (BaSO4) fronts, which form by the reaction of 
upwardly diffusing barium with interstitial sulfate. Calculated enrichment times of these 
barium spikes indicate a formation time of at least 10,000 years. Barium enrichments a few 
meters below the SMT were observed at one of the investigated sites (GeoB 8455). Although 
this sulfate-depleted zone is undersaturated with respect to barite, the dominant mineral phase 
of these buried barium enrichments was identified as barite by scanning electron microscopy 
(SEM). This is the first study which reports the occurrence/preservation of pronounced barite 
enrichments in sulfate-depleted sediments buried a few meters below the SMT. Modeling the 
measured barium concentrations at site GeoB 8455, applying the numerical model CoTReM, 
reveals that the dissolution rate of barite directly below the SMT is about one order of 
magnitude higher than at the subjacent barium enrichments. This indicates that the dissolution 
of barite at these deeper buried fronts must be decelerated. A possible explanation for the 
preservation of the enrichments in solid phase barium in core GeoB 8455-2 could be a 
decreased dissolution of barite due to the high concentrations of dissolved barium in pore 
water. Furthermore, the alteration of barite into witherite (BaCO3) via the transient phase 
barium sulfide could lead to the preservation of a former barite front. The calculations and 
modeling suggest that between the last glacial maxium (LGM) and the Pleistocene/Holocene 
transition occurred a relocation of the barite front to a shallower depth. Due to the prevailing, 
rather static depositional environment in this area we suggest that the upward shift of the 
SMT most likely is the result of an increase in the upward methane flux due to the burial of 
high amounts of organic matter below the SMT thus elevating the rates of methanogenesis. 
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1. INTRODUCTION 
 
Sediments which underlay areas of high primary productivity are often enriched in barium 
bearing solid phases (e.g. Goldberg and Arrhenius, 1958; Church, 1979; Bishop, 1988; 
Dymond et al., 1992). The link between productivity and the amount of barium in the 
sediment is thought to be established by the formation of distinct barite (BaSO4) particles in 
the water column associated with the decay of organic matter or rather the decay of 
phytoplankton (Chow and Goldberg, 1960; Dehairs et al., 1980; Bishop, 1988; Dehairs, 1991; 
Ganeshram et al., 2002). Thus, in marine deposits barite is often used as a tracer of 
paleoproductivity (e.g. Breymann et al., 1992; Gingele and Dahmke, 1994; Paytan et al., 
1996; Gingele et al., 1999). Besides the utilization of barium, in particular barite, as a 
productivity-proxy several other indications can be drawn from barium compounds. Marine 
barite is often used to reconstruct past Sr isotope compositions of seawater, or for Sr isotope 
stratigraphy (e.g. Paytan et al., 1996; Mearon et al., 2002). Furthermore it can be applied to 
reconstruct the former sulfur isotope ratio of marine sulfate, or to draw conclusions about past 
changes in the upward flux of methane (Dickens, 2001). However, the use of barium as a 
proxy (e.g. for paleoproductivity) is clearly limited as shown in several studies (e.g. 
Breymann et al., 1992; McManus et al., 1998; Gingele et al., 1999). The alteration of the 
primary barium signal by diagenetic processes is one of the most important limitations for the 
application of barium and barium compounds as a proxy. Generally, barite is relatively 
resistant to alteration after burial (Paytan et al., 1993; 2002). However, in zones of sulfate 
depletion barite is dissolved and barium is released into the pore water. The upward transport 
of barium by diffusion into sulfate-bearing pore waters is leading to precipitation of 
authigenic barite in diagenetic fronts. Thus, barite fronts are mainly found directly above the 
sulfate penetration depth, at the sulfate/methane transition (SMT) (Cronan, 1974; Dean and 
Schreiber, 1978; von Breymann et al., 1992; Torres et al., 1996a; Dickens, 2001). The 
formation of authigenic barite fronts is affected by diagenetic alteration due to sulfate 
reduction and driven by anaerobic oxidation of methane (AOM) (e.g. Kasten and Jørgensen, 
2000; Dickens, 2001). Non-steady state diagenesis greatly influences authigenic barite 
precipitation (Kasten et al., 2003). Drastic decreases in sedimentation rate can fix the barite 
front at a discrete interval, which can lead to the formation of large barite deposits (Torres et 
al., 1996a). Moreover, changes in methane flux can shift the SMT and thus the position of the 
barite front (Dickens, 2001). Thus, barite fronts above the SMT, which formed when the SMT 
was located at a shallower sediment depth in the past, can be used to reconstruct decreases in 
the upward flux of methane. However, generally only former barite fronts above the current 
depth of the SMT which formed in association with a downward migration of the SMT can be 
used. Burial of barite enrichments in sulfate-depleted sediments will result in their fast 
dissolution. Up to now, barium enrichments preserved below the SMT have only been 
described in deeply buried sediments, drilled by ODP (Ocean Drilling Program). These 
barium enrichments were mostly described as the result of hydrothermal intrusions or 
associated with fluid seeps (e.g. Varnavas, 1987; von Breymann et al., 1992; Torres et al, 
1996b). 
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In this study we report on barite enrichments at the SMT and in addition we present data of 
solid phase Ba-enrichments in the sulfate-depleted zone. Scanning electron microscopy 
(SEM) and energy dispersive spectrometry (EDS) were carried out for identification and 
semi-quantification of the Ba phases in the sediment. Furthermore, we discuss the 
mechanisms and/or conditions which lead to the preservation of the barite enrichments below 
the SMT. To investigate the processes involved, we applied numerical modeling of the 
geochemical data and we calculated the time needed to produce the barium peaks observed.  
 

2. MATERIALS AND METHODS 
 
2.1. Sampling Sites  
 
The two gravity cores investigated in this study were retrieved on a down slope transect (T2) 
on the continental margin off Namibia in the eastern South Atlantic (Fig. 1) during RV 
Meteor expedition M57/2 (Zabel et al., 2003). The cores GeoB 8426-3 (13°21.1’E, 25°28.9’S) 
and GeoB 8455-2 (13°11.0’E, 25°30.4’S) were recovered at water depths of 1045 and 1503 
m, respectively.  
 

 
Fig. 1 Map displaying the location of the investigated gravity cores taken at GeoB stations on transect 2 
(T2).  
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The sediments in the eastern Cape Basin are characterized by low input of terrigenous matter 
and high biogenic contents. The high amounts of organic matter (up to 12 wt% at site GeoB 
8426, and 9 wt% at site GeoB 8455) in the sediment are due to the enhanced primary 
productivity in the surface water (Embley and Morley, 1980; Gingele and Dahmke, 1994). 
The Benguela upwelling system is controlled by the predominant southeasterly trade-winds, 
which drive the coastal upwelling of cold and nutrient-rich water (Shannon, 1985; Wefer and 
Fischer, 1993). Occasional berg winds, perpendicular to the coast, are the most important 
means of transport for terrestrial material (Wefer and Fischer, 1993; Shannon and Nelson, 
1996). Minor amounts of terrigenous sediment are supplied by perennial rivers (Orange 
River) and rivers sporadically carrying water, like the Swakop River (Bremner and Willis, 
1993). The deposition of river discharge is limited to the shelf, and the slope mainly consists 
of calcareous ooze (Rogers and Bremner, 1991; Bremner and Willis, 1993). Quaternary 
slumps and slides can only be found close to the Walvis Ridge (Summerhayes, 1979; Embley 
and Morley, 1980) and do not represent important sediment transport processes in the study 
area. 
 
2.2. Sampling and Sample Processing 
 
The sampling procedures and analytical techniques are only briefly described below. For 
detailed information regarding analytical methods and devices, the reader is referred to Schulz 
(2000) and to the homepage of the geochemistry group http://www.geochemie.uni-bremen.de 
at the University of Bremen. The set of pore water and solid phase data is available via the 
geological data network Pangaea (http://www.pangaea.de/PangaVista).  
 
After retrieval on board, gravity cores were cut into 1-m segments on deck and syringe 
samples were taken from every cut segment bottom for methane analysis. Syringe samples of 
5 ml of sediment were injected into 50 ml septum vials containing 20 ml of seawater, and 
were stored at -20°C. To prevent warming of the sediments, all cores were immediately 
placed in a cooling container and were maintained at a temperature of about 4°C. Within the 
first two days after recovery, gravity cores were cut lengthwise into two halves and were 
processed within a glove box under argon atmosphere. Sediment samples were taken every 
25 cm for pressure filtration. Solid phase samples for total digestions, sequential extractions 
and mineralogical analyses were taken at 10 cm intervals and were kept in gas-tight glass 
bottles under argon atmosphere. The storage temperature for all sediments was -20°C to avoid 
dissimilatory oxidation of reduced species. Teflon-squeezers, provided with 0.2 µm cellulose 
acetate membrane filters, were used for pressure filtration (5 bar). For H2S determination 
1 mL sub samples of the pore water were added to a ZnAc-solution (400 µL) in order to fix 
all sulfide as ZnS. Sub samples for sulfate determination were diluted 1:20 and stored frozen 
for ion chromatography (HPLC). All further analyses were carried out at the University of 
Bremen. Methane was measured with a gas chromatograph (Varian 3400) equipped with a 
splitless injector, by injecting 20 µL of the headspace gas. The concentrations were 
subsequently corrected for sediment porosity. H2S was determined using a titration method. 
Aliquots of the remaining pore water were diluted and acidified with HNO3 for determination 
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of cations by atomic absorption spectrometry (AAS, Unicam Solaar 989 QZ) and inductively 
coupled plasma atomic emission spectrometry (ICP-AES, Perkin Elmer Optima 3000 RL).  
 
All solid phase analyses were performed on anoxic subsamples. Sample solutions obtained by 
total acid digestion were analyzed by ICP-AES, with an analytical precision of less than 3%. 
Total carbon (TC) and total organic carbon (TOC) contents were determined by measuring 
freeze-dried and homogenized samples using a LECO CS-300 carbon sulfur analyzer. For 
organic carbon analysis, the samples were treated with 12.5% HCl, washed two times with 
Milli Q and dried at 60°C. The accuracy, checked by marble standards, was ± 3%. Sediment 
physical measurements of electrical resistivity, as a measure of porosity and density, were 
performed at a resolution of 1 cm on board using a GEOTEK Multi-Sensor Core Logger 
(MSCL). Selected dry bulk sediment samples were analyzed by scanning electron microscopy 
(SEM) using a Philips XL30 SFEG (operating between 10 kV to 12 kV) equipped with an 
EDAX energy dispersive spectrometer (EDS). Non-embedded powder samples were fixed on 
a carbon sticker, previously stuck onto the top of a standard SEM stub, and coated under 
argon atmosphere with a 5 nm Pt/Pd layer. For EDS analysis the analytical program AnalySIS 
Pro was applied.  
 

3. RESULTS AND DISCUSSION 
 
3.1. Authigenic Barite Fronts 
 
In contrast to the non-reactive terrigenous Ba phase, biogenic barium is discussed as the labile 
Ba phase which is subject to (partial) remobilization in marine sediments due to sulfate 
depletion (e.g. McManus et al., 1994; Torres et al., 1996a). Because of the high productivity 
within the Benguela upwelling area the input of reactive (biogenic) barium into the sediment 
in this area is displayed by high concentrations, while the amount of terrigenous barium is low 
(Pfeifer et al., 2001). The pore water and solid phase barium profiles at site GeoB 8426 (Fig. 
2) display the typical diagenetic cycling of barium as discussed by von Breymann et al. 
(1992).  
 
The reactive solid phase barium is dissolved in the sulfate-depleted zone below the SMT and 
Ba2+ is released into the pore water. The upward migration of the dissolved barium into the 
sulfate-bearing zone is leading to the precipitation of authigenic barite at the SMT, which is 
currently located at about 3.20 mbsf at site GeoB 8426. Just below the SMT, the solid phase 
profile displays a pronounced Ba peak (Fig. 2). This Ba enrichment contains barite particles, 
which partially show dissolution structures (Fig. 3). This “double” barium peak indicates a 
recent upward shift in the SMT, with the small uppermost peak representing the site of the 
current/active barite front. Due to the diagenetic cycling of reactive barium, the authigenic 
barite peak is slowly but constantly growing. The active front slowly moves upward, keeping 
a constant offset to the sediment surface, corresponding to the SMT. 
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Fig. 2. Solid phase and pore water profiles of barium at site GeoB 8426. The current position of the barite 
front at the sulfate/methane transition (SMT) is indicated by the gray bar. 

 
 

 
Fig. 3. Scanning electron micrograph of a larger barite particle at site GeoB 8426 slightly below the SMT 
(3.83 mbsf).  

 
The penetration depth of sulfate in the study area is controlled by the anaerobic oxidation of 
methane (AOM) as shown by Niewöhner et al. (1998). At the SMT sulfate is consumed, and 
hydrogen sulfide is produced due to AOM (e.g. Barnes and Goldberg, 1976; Bernard, 1979). 
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The sulfate pore water profiles of the investigated cores GeoB 8426-3 and GeoB 8455-2 show 
a linear decrease with depth (Fig. 4). At site GeoB 8455 the SMT is located at about 3.80 
mbsf, where solid phase barium is enriched similar to site GeoB 8426 with a second larger 
peak slightly below the SMT. In contrast to site GeoB 8426, the barium solid phase profile at 
site GeoB 8455 is characterized by the occurrence of two further distinct Ba peaks a few 
meters below the SMT (Fig. 5).  
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Fig. 4. Pore water profiles of sulfate, methane und hydrogen sulfide at the investigated sites. 

 
The shape of the barium pore water profile reveals that the deeper buried barium enrichments 
provide an source for barium into the pore water. This indicates the presence of reactive Ba 
phases in the sediment. Selected, representative samples analyzed by SEM and EDS indicate, 
that the main Ba-mineral present in these enrichments is barite. Although the deeper buried 
barite fronts, at depths of about 7.69 and 9.18 mbsf, are dominated by rather small particles, 
the shape of the barite crystals is similar to those found within the barite peak at the SMT. 
Some barite crystals from the barite fronts in the sediments of core GeoB 8455-2 are 
displayed in Fig. 6 A-F. In contrast to the displayed barite particles at 4.22 mbsf, the barite 
grains at 7.69 and 9.18 mbsf show strong dissolution structures. 
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Fig. 5. Barium enrichments at site GeoB 8455. The gray bar marks the current barite front at the 
sulfate/methane transition (SMT). Two further barium enrichments are located a few meters below the 
SMT, indicating a release of barium into the pore water displayed by the dissolved barium profile.  

 
  

 
Fig. 6. Scanning electron microscope images of barite crystals at site GeoB 8455 at: A and B: 4.22 mbsf. C 
and D: 7.69 mbsf. E and F: 9.18 mbsf. The barite particles of the last four panels (C – F) show strong 
dissolution structures.  
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3.2. Enrichment Calculation 
 
Under the premise of a constant diffusive upward flux of barium into the sulfate-bearing zone, 
we calculated the time needed to produce the measured barium enrichment in the solid phase 
at the SMT. The duration of barium precipitation can be simulated assuming linear diffusive 
concentration gradients over time (see also Dickens, 2001). Slight changes in the average 
porosity have substantial influence on the calculated enrichment periods. It has to be clearly 
pointed out that the calculated time needed for the formation of each barium enrichment is 
just an approximation due to these uncertainties. The calculation of the diffusive fluxes was 
performed according to Fick’s first law with a diffusion coefficient in free solution (D0) for 
barium of 147,6 cm2 yr-1, which was corrected for tortuosity (for details see Schulz, 2000). 
The relict concentration of solid phase barium at sites GeoB 8426 and GeoB 8455 amounts to 
0.5 g kg-1 and 0.65 g kg-1, respectively, and the dry density averages 2.7 g cm-3. If we assume 
an average porosity of 75% for both cores, the time needed to produce the observed barium 
peaks at the SMT would be between 11,000 and 13,000 years. Assuming that the barium flux 
decreased with time, due to the decreased amount of reactive barite at the subjacent barium 
fronts or a decreased dissolution rate, the calculated times would be slightly overestimated. 
However, the results of the calculation emphasize that the barite enrichments in the deeper 
sediments at site GeoB 8455 were exposed to a sulfate-depleted environment for at least 
10,000 years.  
 
3.3. Numerical Modeling 
 
To assess the influence of different mechanisms and/or conditions on the observed solid phase 
barium profiles observed in core GeoB 8455-2, such as dissolution rates, diffusive barium 
fluxes or variations in sedimentation rate or methane flux, we simulated different scenarios by 
numerical modeling. These computer simulations are based on the assumption that the 
amount of diagenetic barite, which precipitated at the SMT, was primarily supplied by 
upward diffusion of dissolved barium, resulting from the dissolution of barite at the subjacent 
peaks. 
 
To simulate the process of barite dissolution and reprecipitation, the column transport and 
reaction model CoTReM was used. A detailed description of this computer software is given 
in the CoTReM User Guide (Adler et al., 2000; http://www.geochemie.uni-
bremen.de/downloads/cotrem/index.htm) and by Adler et al. (2001). The model area, 
representing the core length of 12 m, was subdivided into cells of 5 cm thickness. The time 
step to fulfill numerical stability was set to 1 x 10-1 yr, and the porosity of the sediment was 
set to 75%. The sulfate bottom water concentration of 28 mmol/L was defined as the upper 
boundary condition. To define a diffusive flux of methane into the model area from below, we 
started with a fixed methane concentration of 36 mmol/L at the lower boundary. This methane 
value was defined to create the gradient necessary to simulate the measured influx of CH4. 
The concentration of refractory solid phase barium below the SMT was set to 0.65 mg kg-1 
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and the input concentration above the SMT was 1.0 mg kg-1. For site GeoB 8455 we used a 
mean SR of 10 cm kyr-1, adopted from adjacent sampling sites at similar water depths with 
sedimentation rates of 8-11 cm kyr-1 (Donner and Giese, 1992; Mollenhauer et al., 2002).  
 
Modeling of the measured barium pore water profile of site GeoB 8455 reveals that the 
dissolution rate of barite directly below the SMT is much higher (about one order of 
magnitude) than at the deeper buried Ba enrichments. This indicates that the dissolution of 
barite at these deeper fronts must be decelerated compared to the dissolution rates directly 
below the SMT. Furthermore, the results of the simulations show that at steady state 
conditions the thickness of the barium peak at the SMT (mainly) depends on the 
sedimentation rate. At the investigated sites the barite peaks at the SMT are characterized by a 
large peak and a second, smaller one directly above, representing the current barite front. 
Thus, there must have been a slight recent upward shift of the SMT, resulting in the formation 
of the uppermost barite enrichment. To find out whether this process is limited to the 
investigated sites, we compared barium solid phase data of adjacent coring sites, e.g. site 
GeoB 3718 (Heuer et al., 2002, Kasten et al., 2003). The similarity in the shape of the barium 
profiles and the formation times reveals a more regional process.  
 
Modeling the current positions of the barium peaks in core GeoB 8455-2 indicates an 
enrichment due to non-steady state conditions. Possible non-steady state processes causing the 
formation of the observed barite fronts could be related to the sediment composition, the 
depositional dynamics, such as drastic changes in the sedimentation rate, or variations in the 
upward methane flux. An increase in the upward flux of methane over a larger area can be 
caused by the degradation of organic matter in deeper sediments, or the decomposition of gas 
hydrate. Although the thermodynamic stability criteria for gas hydrate at the sampling sites 
are fulfilled, no indications of gas hydrates could be found in the sediments. High resolution 
echosounder profiles, as recorded by the PARASOUND shipboard system, indicate no 
depositional irregularities. An increase in methane concentrations could be explained by the 
burial of high amounts of non-refractive organic matter below the SMT and resulting elevated 
rates of methanogenesis due to the degradation of the organic matter. But this process would 
be assumed to be more regional. Regional processes can only account for the recent shift of 
the SMT leading to the formation of the small current barite peak, which was found at both 
studied sites. In contrast, the finding of additional barium enrichments below the SMT is 
limited to site GeoB 8455. However, because the sedimentary records do not indicate any 
sedimentary event, we assume that a change in the methane flux is the only process which 
also explains the prior pronounced shift in the SMT, and thus the preservation of additional 
barium fronts a few meters below the current SMT.  
 
3.4. Barite Preservation 
 
In sulfate-depleted marine sediments, barite is supposed to be highly instable. The results of a 
dissolution experiment performed by Schweizer et al. (subm.), using freshly precipitated 
barite in sulfate-free artificial seawater, demonstrate that barite dissolution is a fast process 
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which occurs on a time scale of minutes. This result is in good agreement with rates reported 
by Dove and Platt (1995). Adopting such high dissolution rates in the numerical model 
described above, the total amount of barite below the SMT would be dissolved within a very 
short time. In contradiction to these experimental dissolution rates, the modeled rates are 
about 6 orders of magnitudes lower. This emphasizes that the dissolution rates in natural 
marine environments are much lower than those obtained under laboratory conditions, which 
is documented by the occurrence of barite enrichments below the SMT at site GeoB 8455. 
Furthermore, it shows that additional processes or conditions decelerate the dissolution rate of 
barite in the sulfate-depleted sediments at site GeoB 8455.  
 
One mechanism in this regard could be the strikingly high amount of total barium in the 
sediment system at site GeoB 8455 (Fig. 5). High concentrations of dissolved barium below 
the SMT could influence the dissolution rate of barite. Modeling such high barium 
concentrations in pore water by using PHREEQC 2.10 (Parkhurst and Appelo, 1999) indicates 
that very low concentrations of sulfate would be sufficient to obtain the barite saturation. 
Thus, at high barium pore water concentration the equilibrium with respect to barite is 
obtained with only low sulfate concentrations. Therefore, high concentration of barium in the 
pore water results in lower barite dissolution.  
 
Further explanation concerning the enrichment of barium minerals in the sulfate-depleted 
zone could be the occurrence of other Ba phases, which show decreased amounts of oxygen 
compared to common barite element associations. Energy dispersive spectra of barium 
particles from the deeper buried barium enrichments at site GeoB 8455 reveal that some 
barium phases are decreased in oxygen concentrations while the amount of sulfur and barium 
is constant and only the carbon concentration increases (Fig. 7). This suggests that some 
barite particles were altered, or that primary sulfate-free Ba phases exist. González-Muñoz et 
al. (2003) reported microbially mediated precipitation of barite under laboratory conditions, 
and found that Ba phases were incorporated into spherical aggregates without sulfate. These 
spherical aggregates of 0.5 to 1 µm in diameter show a striking similarity to some of the 
barium particles which were found within the barium enrichments at site GeoB 8455 (Fig. 
7C). The observed spherical aggregates described by González-Muñoz et al. (2003) mainly 
contained barium and phosphorus and were supposed to represent an early stage of crystal 
growth. This does not necessarily imply that the spherical aggregates found in core GeoB 
8455-2 were formed by bacterially mediated processes, but that the crystals either are in an 
early stage of growth, or that the growth of the crystals was inhibited at an early stage. 
 
Another process which could explain the occurrence of oxygen-depleted Ba phases compared 
to barite would be the dissimilatory reduction of sulfate from barite, as investigated by Baldi 
et al. (1996). On base of laboratory results, they discussed the microbial reduction of barite 
via the formation of other barium compounds, such as witherite (BaCO3) and the transient 
species barium sulfide (BaS). These coexisting barium phases were also reported by Malysh 
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et al. (2002). They examined the influence of carbon-containing phases on the reduction of 
recycled barite in laboratory experiments. 
 

 
 

Fig. 7. Energy dispersive spectra (EDS) of barium particles (site GeoB 8455). A: Barite crystal at 7.69 
mbsf with a characteristic barite ratio of barium, sulfur, and oxygen. B: Larger barite crystal with strong 
dissolution structures at 9.18 msbf. The EDS spectrum indicates a decreased oxygen concentration. C: 
Barium particle at 9.18 mbsf with calcium incorporations and carbon, but low oxygen concentrations. 

 
The reduction of barite, or more precisely the reduction of barium-sulfate, with carbon leads 
to the formation of the mineral witherite via the transient phase barium sulfide: 
 
BaSO4 + 2C → BaS + 2CO2    (1) 
 
BaS + CO2 + H2O → BaCO3 + H2S.   (2) 
 
This process is accelerated due to the catalyzing effect of the formed barium sulfide particles 
(Malysh et al., 2002). Furthermore, the conversion of barite into barium sulfide could lead to 
a coating sulfide rim, which can be compared with coatings of ferric iron minerals by iron 
sulfides in sulfidic sediments (e.g. Garming et al., in press). This process could shield the 
barite particle, covered with barium sulfide, from further dissolution. It would also provide a 
small sink for hydrogen sulfide in deeper sediments. One indication for the process of barite 
reduction to occur in this environment is the increasing amount of carbon with decreasing 
oxygen concentrations found in some of the barium particles from the deeper buried barite 
fronts at site GeoB 8455 (Fig. 7). The sediments of the coring sites are characterized by high 
concentrations of hydrogen sulfide, high alkalinity (up to 80 mmol(eq) L-1), and high amounts 
of TOC, and thus would provide a suitable environment for the alteration of barite into 
witherite (via barium sulfide). However, these processes in marine sediments require further 
investigations.  
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4. CONCLUSIONS 
 
Sediments of two site from the eastern Cape Basin were examined for pore water and solid 
phase geochemistry. Small uppermost barium enrichments at both sites at the current SMT 
and large barium peaks slightly below imply a slightly upward shift of the SMT in the recent 
past, which is likely to be a widespread regional phenomenon in the study area. At one site, 
distinct solid phase barium enrichments occur a few meters below the SMT in sulfate-
depleted sediments, which are dominated by small barite particles. These preserved buried 
barite fronts indicate former positions of the SMT. We assume that the abrupt relocation of 
the SMT, and thus the formation of new barite fronts, is most likely triggered by an increase 
in the upward flux of methane. Calculations of the formation time of these enrichments and 
numerical modeling suggest that this shift of the SMT occurred between the last glacial 
maximum (LGM) and the Pleistocene/Holocene transition. High amounts of non-refractive 
organic matter buried below the SMT, which lead to higher rates of methanogenesis, could 
explain such increases in methane concentrations and fluxes. Our results highlight the 
importance of quantity and quality of settling organic matter concerning biochemical 
processes in deeper sediments. Furthermore, the detection of barite below the SMT indicates 
that although being metastable/instable in the prevailing geochemical environments, such 
minerals can be preserved/shielded from dissolution by specific processes or mechanisms, and 
thus be buried into deeper sediments. At such depths barite, for example, could fuel/support 
AOM to proceed below the SMT. Thus, reactive minerals buried in deeper sediments can 
have great influence on biogeochemical processes in the deep biosphere by providing terminal 
electron acceptors.  
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Abstract 

Pyrite is the dominant iron sulfide in marine sediments, while in deeper sediments other 
iron sulfide minerals are often enriched compared to pyrite. We hypothesize that in anoxic 
sediments microorganisms can use hydrogen (H2) as electron donor to reduce pyrite (FeS2) to 
iron monosulfide (FeS). Therefore, the role of indigenous microbial communities in the 
process of pyrite reduction to FeS with H2 as the required electron donor in anoxic marine 
sediments was investigated. To reveal the capability of microorganisms to perform the 
postulated process, different assays containing pyrite inoculated with marine inoculum as well 
as abiotic controls were continuously sampled for microbiological and geochemical 
investigations over a time period of about one year. We assigned the observed release of 
ferrous iron into the medium to the reduction of pyrite to FeS mediated by microorganisms. 
This assumed mechanism of microbial pyrite reduction is a promising approach to explain the 
alteration of minerals which are generally assumed to be stable in anoxic marine 
environments.  
 
 
Key words: Anoxic marine sediments, Hydrogen, Iron monosulfide (FeS), Microbial 
reduction, Pyrite (FeS2)  
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1. Introduction 
 
In anoxic marine sediments, authigenic iron sulfides are formed as the result of bacterial 
sulfate reduction. The degradation of organic matter by sulfate reducing bacteria and sulfate 
reduction driven by anaerobic oxidation of methane (AOM), release substantial amounts of 
hydrogen sulfide (H2S) into the pore water (Barnes and Goldberg, 1976; Jørgensen, 1982; 
Blair and Aller, 1995; Niewöhner et al., 1998). The liberated H2S can react with dissolved 
iron or reactive iron phases to form iron sulfide minerals (e.g. Berner, 1984; Canfield and 
Berner, 1987; Canfield, 1989). The formation of pyrite (FeS2) is presumably due to the 
oxidation of FeS by H2S or with polysulfides (Berner, 1970; Morse et al., 1987; Luther, 1991; 
Schoonen and Barnes, 1991; Rickard and Luther, 1997; Morse, 2002). Donald and Southam 
(1999) suggested that sulfate reducing bacteria are able to stimulate the transformation of FeS 
into pyrite. The released H2, as a result of this oxidation process, provides an (additional) 
energy source for microbial metabolism (Drobner et al., 1990; Rickard, 1997). However, the 
different proposed pathways of pyrite formation have only been demonstrated in laboratory 
experiments (Morse, 2002), thus it is still not clear which parameters drive the formation of 
pyrite in natural marine environments.  
 
At the sediment surface, pyrite is chemically oxidized by O2 (Ferdelman et al., 1997). Only in 
deeper subsurface sediments under anoxic conditions pyrite is supposed to be stable (Berner, 
1971). In contrast, biologically mediated anaerobic FeS oxidation by MnO2 in marine 
sediments was shown by Aller and Rude (1988). In addition, Schippers and Jørgensen (2002) 
demonstrated that in anoxic marine sediments also pyrite can be oxidized by MnO2. 
Furthermore, they studied the potential of NO3

2- and Fe(III)-oxides as electron acceptors. 
Although these oxidizing processes using the latter electron acceptors are possible according 
to thermodynamic considerations, they could not be detected by Schippers and Jørgensen 
(2002).  
 
Although pyrite is the predominant iron sulfide mineral in marine sediments, iron sulfides like 
greigite and pyrrhotite, which are intermediates in pyrite formation, have been reported to 
accumulate in marine sediments as well (Roberts and Turner, 1993, Kao et al., 2004). In 
deeper sediments intermediate iron sulfides even dominate the sediment composition 
compared to pyrite (Kasten et al., 1998). So, the question arises, whether in deeper sediments 
these minerals are only initial/intermediate phases in the sequence of reactions leading to 
pyrite formation, as discussed for Black Sea sediments (Jørgensen et al., 2004, Neretin et al., 
2004), or possibly result from the reverse reaction, the alteration of pyrite into FeS.  
 
In this study we investigated the role of indigenous microbial communities in the process of 
pyrite reduction to FeS in anoxic marine sediments using H2 as the electron donor – a process 
that is reverse to the formation of pyrite. To reveal the capability of microorganisms to 
perform/mediate the postulated process, different set-ups of pyrite inoculated with marine 
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inoculum from wadden sea as well as abiotic controls, were continuously sampled and 
measured over a time period of approximately one year.  
 

2. Material and Methods 
 
2.1. Extraction of Microorganisms from Sediments 
 
The extraction of microorganisms from anoxic sediments was carried out by a method 
modified after Bakken and Lindahl (1995). Nycodenz®, a non-ionic tri-iodinated derivative 
of benzoic acid with three aliphatic hydrophilic side chains, was used to carry out the 
separation of intact living cells from the sediment by centrifugation. To prepare the 
Nycodenz® solution, 8 g of Nycodenz® were dissolved in 10 mL sulfate reduced medium. 
The anoxic, sulfate reduced artificial seawater medium was prepared as described by Widdel 
and Bak (1992).  
 
Microorganisms were extracted from anoxic wadden sea sediment retrieved from the 
intertidal mud flats at the Padingbütteler Deich, close to Misselwarden, Germany. To 
homogenize the sediment, about 4 kg of fresh anoxic marine sediment with a temperature of 
about 4°C were mixed with cold oxygen-free seawater (1:1). The suspension was kept cool 
and stirred 2 times on a magnetic stirrer for 15 min, interrupted to be ultrasonicated twice for 
1.5 min. Afterwards, the suspension was transferred into 500 mL centrifuge bottles and 
centrifuged at 800 x g for 15 min at 4°C to pellet the sediment. The supernatant was decanted 
into separate 500 mL centrifuge bottles and stored at 4°C. The sediment pellet was extracted 
again with cold, oxygen-free seawater. This step was repeated twice. The pooled supernatant 
containing microbes was centrifuged at 800 x g for 15 min at 4°C to remove residual 
sediment. Then, the supernatant was transferred into new 500 mL centrifuge bottles and 
centrifuged at 14,000 x g for 25 min at 4°C to pellet microbial cells. The supernatant was 
poured into a new bottle and the pellet was thoroughly resuspended to a final volume of 10 
mL. This suspension was transferred into a 25 mL centrifuge tube and an equal volume of 
Nycodenz® solution was added below the sediment resuspension, creating a cushion. To 
produce a distinct layer the Nycodenz® - sediment resuspension was centrifuged in a swing-
out rotor at 10,000 x g for 2 h at 4°C. The middle layer, containing the bacterial cells, was 
carefully transferred (under anoxic conditions) into a new tube. To remove the remaining 
Nycodenz®, the pellet was resuspended in medium and centrifuged again at 10,000 x g for 15 
min. This step was repeated twice and afterwards the pellet was resuspended in medium to the 
final volume (1-2 mL) and stored anoxically. The presence of living microorganisms was 
verified by microscopic analysis.  
 
2.2. Pyrite Preparation 
 
The pyrite used in the experiment was collected from the lime pit Lägerdorf, Company Alsen 
AG. A few kg of the pyrite nodules were broken up into smaller pieces in a jaw crusher and 
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afterwards sieved to gain the <63 µm fraction. To remove oxidized iron and FeS from the 
surface, the fine grained pyrite was washed with boiling 6 molar HCl and subsequently rinsed 
with oxygen-free, deionized water (MilliQ). Afterwards, free sulfur was removed from the 
surface of the remaining pyrite by washing with boiling acetone and rinsing with oxygen-free 
MilliQ (modified after Schippers and Jørgensen, 2001). The washing steps were carried out 
under anoxic conditions (argon), using a vacuum filtration with a regenerated cellulose filter 
of 0.65 µm pore size. In the final step the pyrite was dried under permanent argon supply. In 
the treated sample, pyrite was the only mineral detected by X-ray diffraction (XRD). The 
surface area of the extracted pyrite fraction averages 0.4 m2 g-1, measured by using the BET-
method (Brunauer et al., 1938).  
 
2.3. Anoxic Pyrite Oxidation Experiments 
 
For the experiment we chose closeable, flat flange glass vessels with a diameter of 120 mm 
(Fig. 1), where the upper part of the glass vessel is divided by a gas permeable disk. The vents 
in the flat flange lid used for sampling were sealed with butyl-rubber septa and the centered 
fermentation cap was filled with water. The HCl washed glass vessels were filled with 
medium under anoxic conditions, in a N2 flushed glove box, adding pyrite and bacteria 
depending on the assay requirement (Table 1). Assay BP 1, containing pyrite inoculated with 
the extracted microorganisms and flushed with H2/CO2, where the postulated process is 
assumed to proceed, is termed the positive assay. BP 2 is flushed with N2/CO2 instead of 
H2/CO2, to investigate the role of H2 as electron donor.  
 

Pyrite 

Medium

Fermentation cap

Sealing ring

Gas input -  
pressure
sensitive valve

Gas permeable disk

Septum
(butyl rubber)

 
 
Fig. 1. Sketch of the flat fledge glass vessels used in the experiment. Due to the pressure of the gas 
mixture the medium is prevented from sinking below the gas permeable disk. 
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In the BP 3 assay no pyrite is added to define the background concentration for ferrous iron in 
the medium. BP 4 is the abiotic control and BP 7 is a identical replicate of BP 1. The assays 
BP 5, BP 6 and BP 8 are the replicates of assay BP 1, BP 3 and BP 4, respectively, without 
gas supply. 
 
The glass vessels were kept light protected at room temperature and the temperature was 
recorded over the whole time of the experiment. The assays were daily flushed for a constant 
time interval with a mixture of H2/CO2 (80/20, v/v) and CO2/N2 (10/90, v/v), respectively.  
 
Table 1.  Complementary list of the experiment with the description of the set ups of each assays. 
 

Glass vessel FeS2 
[g] 

Medium  
[mL] 

Bacteria H2/CO2 N2/CO2 Remarks 

BP 1 30.5 300 + +  positive 

BP 2 30.5 300 +  +  

BP 3 0.0 300 + +   

BP 4 30.6 300  +  abiotic control 

BP 5 30.4 300     

BP 6 0.0 300 +    

BP 7 30.5 300 + +  positive replicate 

BP 8 30.5 300 +    

 
A routine oxygen measurement was applied during the experiments by using optical oxygen 
sensors to exclude the penetration of oxygen into the glass vessels (for detailed information 
see Hecht and Kölling, 2001). 
 
2.4. Chemical Analysis 
 
Samples were taken weekly for the measurement of pH, EH and biological studies. All further 
analyses were carried out on filtered (0.2 µm) samples. Subsamples for sulfate determination 
were diluted 1:20 for ion chromatography (HPLC). For H2S determination by titration, 1 mL 
of the pore water was added to a ZnAc-solution (400 µL) in order to fix all sulfide as ZnS. 
Aliquots of the remaining pore water were diluted and acidified with HCl for determination of 
iron and sulfur by ICP-AES techniques (Perkin Elmer Optima 3000 RL). The precision of 
ICP-AES analyses was better than 3%. Methane was determined using a GC 14B gas 
chromatograph (Shimadzu) as described in Nauhaus et al. (2002). Short chain fatty acids in 
pore water samples were determined via analysis with an HPLC equipped with UV and RI 
detectors (Rabus et al., 1996). 
 
To determine the amount of FeS, solid phase samples were treated with 6 molar HCl and the 
released H2S was precipitated in a trap containing a ZnAc solution (Zhabina and Volkov, 
1978; Fossing and Jørgensen, 1989), which was adapted to the expected H2S concentration. 
To determine the amount of H2S, the residual Zn concentration of the ZnAc solutions was 
measured using ICP-AES techniques.  
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2.5. Microbial Analysis 
 
Epifluorescence microscopy of bacteria 
At several time points during the incubations samples were withdrawn for microscopical 
investigation of microbial growth. Samples (0.5 mL) were fixed with 4% paraformaldehyde 
solution as described by Eller et al. (2001) and stored in ethanol : phosphate buffered saline 
(PBS) (1:2) at –20°C until hybridization. Dilutions of these samples were filtered on 
polycarbonate filters (GTBP, 0.2 µm pore size; Millipore, Eschborn, Germany), stained with 
Acridine Orange (Meyer-Reil, 1983) and analyzed with an Axioplan microscope (Zeiss, 
Oberkochen, Germany).  
 
Molecular community analysis 
The DNA extraction was carried out using the Fast DNA Kit for Soil (BIO USA) according to 
the manufacturers instructions. To amplify the 16S ribosomal RNA (rRNA) gene of bacteria, 
the primer set GM3f/GM4r (Ravenschlag et al., 1999) was used. For sulfate-reducing bacteria 
a primer set targeting the gene for the adenosine-phosphosulfate-reductase (APS-reductase) 
was used (Friedrich, 2002). The 16S rDNA of Archaea was amplified with the primer set 
Arch20F/Arch958R (DeLong, 1992). Furthermore, a primer set targeting the mcrA gene of 
the methyl coenzyme-M reductase, a key enzyme for methanogenic Archaea was used: 
HAME1F/HAME2R (Hales et al., 1996).  
 

3. Results and Discussion 
 
Among other iron sulfide minerals pyrite is the dominant iron sulfide species in marine 
sediments (e.g Berner, 1970). In iron dominated anoxic sediments mostly iron monosulfides 
(FeS) occur, while in hydrogen sulfide (H2S) dominated sediments pyrite is dominant. Once 
pyrite is formed and buried in anoxic sediments, it is supposed to be stable (Berner, 1967; 
1971). However, Schippers and Jørgensen (2001, 2002) could show that in anoxic marine 
sediments MnO2 chemically oxidizes pyrite to sulfate. This demonstrates, that alteration of 
pyrite in anoxic marine sediments is possible. Theoretically, in anoxic marine sediments 
microorganisms could reduce pyrite with a suitable electron donor like hydrogen (H2) to FeS.  
 
To study the role of indigenous microbial communities to perform the postulated process, 8 
different setups were continuously sampled and measured. The positive assay contained pyrite 
inoculated with marine inoculum. The results of the geochemical solid phase measurements 
performed in this study showed that less than 0.01 wt% of FeS were present. This finding 
indicates that the reduction of pyrite to FeS indeed took place, although the concentration was 
too low for a verification by XRD. Overall, the results of the liquid phase measurements 
showed a slight decrease in the pH (Fig. 2) and an increase in ferrous iron (Fe2+) and sulfur 
(S) concentration (Fig. 3), except for the N2/CO2 flushed assay BP 2.  
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Due to a damage in the equipment of assay BP 2, the medium got oxidized and pyrite 
oxidation with the release of sulfate occurred. The assay was set up again with two other 
assays and marked as BP V2. The duration of the new experiment was decreased to 120 days 
but the sampling resolution was increased. In the retried experiment of assay 2 (BP V2) we 
replaced the pressure sensitive glass valves by injection needles with pressure sensitive 
valves. Due to the rather low pressure this equipment is more applicative for the experiment. 
The results expose almost no release of iron but little release of sulfur into the medium (Fig. 
4) and thus are comparable with the results of assay BP 8 (Fig. 2 and 3). The assays BP 5 and 
BP 8, which were not supplied with gas, show very similar results in EH and pH values as 
well as in the sulfur and iron concentrations. In some extent BP 6 is comparable to BP 5 and 
BP 8, only differing in the amount of released S. 
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Fig. 4. Retried experiment of assay BP 2. 
 
The concentration profiles of total dissolved iron and sulfur in Fig. 3 show, that there is a 
resemblance between assays BP 1, BP 4 and BP 7. Except for the low iron amount, BP 3 
shows a similarity to assays BP 1, BP 4 and BP 7. Because the assays, which were not 
supplied with gas or gassed with nitrogen, show no or very low concentrations of iron in the 
medium, the release of ferrous iron into the medium in the positive assays BP 1, BP 4, and BP 
7 indicates a dissolution of the iron phases related to hydrogen. After about 40 days the 
pressure sensitive glass valve got tilted in assay BP 4, and microscopic analysis showed that 
some bacteria were introduced. Thus, this abiotic control got altered into a positive replicate 
assay. Nevertheless, we suggest that the reaction of pyrite with H2 is microbially mediated by 
bacteria using H2 as the electron donor to reduce pyrite to FeS:  
 
H2 ↔ 2e- + 2H+     (1) 
 
FeS2 + H2 ↔ HS- + H+ + FeS.  (2) 
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But due to the alteration of the abiotic assay BP 4 into a positive assay we have no proof that 
a chemical reaction can be excluded. However, considering the standard free energy change 
for the reaction (Eq. 2) of 32.94 kJ (compare Rickard, 1997), we assume that the reaction is 
unlikely to proceed abiotically. Modeling the observed data using PHREEQC 2.10 (Parkhurst 
and Appelo, 1999), supports this view, as pyrite is saturated in the model result. In contrast, 
FeS is undersaturated, explaining the low amounts of FeS in the solid phase. Due to its acid 
solubility protons dissolve FeS according to the equation (Schippers and Jørgensen, 2002): 
 
H+ + FeS ↔ HS- + Fe2+.   (3) 
 
This abiotic reaction releases ferrous iron into the medium with a free energy change for this 
reaction of –12.04 kJ mol-1 (compare Canfield, 1989; Krom et al., 2002). The reaction (Eq. 3) 
would suggest that equal amounts of iron and sulfur are released into the medium. The 
detected lower concentrations of sulfur compared to iron indicate either a leakage of H2S or 
that the bacteria have consumed the released sulfur.  
 
Microscopic analysis revealed that the total amount of bacteria in assay BP 1 slightly 
decreased while the amount of bacteria increased in assay BP 3. Geochemical results also 
reveal, that there is a small release of ferrous iron into the medium in assay BP 3. Because this 
assay only contains bacteria in the medium, we suggest that there is a reduction of iron phases 
due to some contamination e.g. from the extraction of microorganisms from the marine 
sediment, where some cells are attached to particles as implied by analysis. We took this into 
account to define the background concentration for the released iron.  
 
Table 2.  Results of PCR amplification of DNA with selected primer sets during and at the end of the 
incubations.  
 

Number Sample Sampling Date Archaea Methanogens SRB Bacteria 
1 BP 1 07.01.2003   ++ + 
2 BP 2      
3 BP 3     + 
4 BP 5      
5 BP 6     + 
6 BP 7  +  + + 
7 BP 1 03.02.2003   + + 
8 BP 2    +  
9 BP 3    + + 
10 BP 5    +  
11 BP 6     + 
12 BP 7     + 
13 BP 1 03.07.2003 + + + + 
14 BP 2      
15 BP 3     + 
16 BP 5      
17 BP 6     + 
18 BP 7      
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Furthermore, microscopic analysis showed high numbers of active/living bacteria of different 
shapes and forms, with no selective enrichment of one type, but rather specialized synthrophic 
communities/consortia in the positive assays. Furthermore, microbial analyses showed that 
bacteria dominate the microbial community (Table 2). In BP 1 the dominant organisms were 
probably homoacetogens, which produce acetate from H2 and CO2, especially when no 
methanogens or SRB are present. Comparison with HPLC results emphasize the presence of 
homoacetogens due to the high amounts of acetate (Table 3). Homoacetogens can live in 
symbioses with other microorganisms e.g. methanogens. They can use the H2 produced , thus 
driving otherwise energetically rather unfavorable reactions. However, homoacetogens also 
could outcompete other organisms, and use the H2 for pyrite reduction. It seems that 
methanogens were effectively inhibited, which was confirmed by gas chromatography.  
 
Table 3.  Results of short chain fatty acid analyses for selected sampling dates. Acetate is given in mM L−1, 
presence of further fatty acids are indicated.  
 

Sample 07.01.2003 03.02.2003 03.07.2003 
BP 1 20.32 (P,F) 30.46 (P) 30.55 (B) 
BP 2 - - - 
BP 3 20.45 (P) 31.29 (P) 31.76 (P,B) 
BP 5 - - - 
BP 6 0.2 - - 
BP 7 18.00 (F) 34,48 30.96 

P (propionate) 
F (formiate)  
B (butyrate) 
 
A preliminary qualitative determination of microbial diversity revealed that Archaea were 
mostly absent and the number of active/living bacteria was highest in the assay BP 3 with the 
gas mixture H2/CO2 as substrate. The lower number of bacteria in the positive assays could 
indicate, that the reduction of pyrite with the accompanied release of trace elements (e.g. Cr, 
Ni) provides an unsuitable or almost toxic environment for some bacteria and only specialized 
synthrophic communities/consortia are present. However, microbial activity is dependent on 
the prevailing pH value (Brock et al., 1994). In marine sediments the pH values are more or 
less neutral due to carbonate buffering. In the experiment the pH dropped down to a value of 
4 to 5 in the H2/CO2 gassed assays which can have an impact on the extent of microbially 
mediated reactions. The slight excess of H+ coincides with the release of ferrous iron into the 
pore water.  
 

4. Perspectives and Conclusions 
 
Small amounts of FeS present in the solid phase of the positive assays were detected applying 
geochemical methods. However, the amounts were too low and thus the carried out 
measurements were not precise enough to quantify the exact amounts with high accuracy, or 
even be detected by X-ray diffraction (XRD). Thus, we recommend that measurements of 
using e.g. Mössbauer or scanning electron microscope (SEM) technique should be carried out. 
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Furthermore, we suggest that the fermentation cap should be filled with a ZnAc solution to 
trap released H2S thus giving an indication for the presence of the postulated reaction. In 
addition, buffering of the medium by carbonate would reduce the influence of pH on bacterial 
activity and would better simulate conditions in natural marine environments.  
 
Although the postulated reaction, the microbially mediated reduction of pyrite to FeS, could 
not be satisfactorily verified by our experiment, we assign the observed release of ferrous iron 
into the medium to the reduction of pyrite to FeS mediated by bacteria. We suggest that the 
reaction would be restricted to areas with high amounts of H2, e.g. due to hydrothermal 
intrusions (Chapelle, et al., 2002), or with H2 producing and H2 consuming bacteria growing 
in close proximity (Conrad et al., 1986; Jørgensen, 2000). We think that this approach of 
microbial pyrite reduction is a promising candidate to explain alteration of some supposedly 
stable minerals in anoxic marine environments. However, the postulated process requires 
further investigation, especially concerning the microorganisms involved.  
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Conclusions and perspectives 
 
The manuscripts presented in this thesis are based on geochemical, geophysical and 
microbiological results. The interdisciplinary approach of combining different methods 
revealed a good tool to investigate processes which proceed in deeper subsurface sediments.  
 
In our studies we could show that sedimentary events or changes in depositional conditions 
can be identified and in some cases even be reconstructed by the application of numerical 
modeling on pore water profiles and solid phase records. Sulfate pore water profiles are 
directly influenced by depositional dynamics such as gravity flows. Time estimates for 
younger sedimentary events (between tens to hundreds of years) can be gained by modeling 
the shape of sulfate pore water profiles. For the identification of older depositional events 
manganese profiles could provide a good complementary tool. In addition to pore water 
interpretations, solid phase records can provide valuable information on changes in 
depositional conditions and fluxes of oxidants and reductants over time.   
 
Drastic decreases in sedimentation rate can result in a fixed or slow moving sulfate/methane 
transition (SMT). The sulfide released by anaerobic oxidation of methane (AOM) leads to 
enhanced dissolution of ferrimagnetic iron minerals and to the formation of paramagnetic 
pyrite. This diagenetic transformation causes a loss of the primary magnetic signal, which has 
a strong effect on the interpretation of paleomagnetic data. Our model results indicate, that 
gaps in magnetic susceptibility found within the sulfidic zone around the current depth of the 
SMT in sediments of the western Argentine Basin result from a strong decrease in 
sedimentation rate at the Pleistocene/Holocene transition. It could further be shown, that high 
mean sedimentation rates can lead to a burial of reactive minerals in considerable amounts in 
deeper sediments. The observed release of ferrous and manganous ions into pore water within 
the methanic zone indicates the alteration of reactive minerals at this depth, probably related 
to biomediated processes. Moreover we could show, that metastable minerals can be 
preserved or shielded from dissolution by specific processes or mechanisms, such as coating 
by non-reactive phases or high sedimentation rates, and thus be buried in deeper sediments. In 
sediments from the eastern Cape Basin we found authigenic barite enrichments below the 
SMT, in sulfate-depleted sediments. In these deeper sediments, barite could provide terminal 
electron acceptors for sulfate reducing bacteria and support the anaerobic oxidation of 
methane well below the SMT. Thus, deeper buried reactive minerals can fuel biogeochemical 
processes in deeper sediments.  
 
Contrary to these processes would be the microbially mediated alteration of minerals, which 
are generally supposed to be stable under anoxic conditions. Based on our experimental 
results of microbial pyrite reduction, we assume that in deeper anoxic marine sediments 
biomediated processes can affect stable minerals such as pyrite. Our findings emphasize the 
need for more intensive studies of the microbially mediated and geochemical processes in the 
methanic zone of deeper buried sediments especially concerning the microorganisms 
involved. 
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In marine depositional environments such as the highly dynamic western Argentine Basin, 
compressed sequences of redox zones can be found, which show great similarities to 
geochemical zonations identified in sedimentary sequences of several hundreds of meters 
drilled by the ODP. We suggest, that understanding the processes taking place in the methanic 
zone at the investigated sites – like in the Argentine Basin – could be relevant to advance the 
comprehension of processes within the deep biosphere. It could help to understand for 
example, which electron acceptors are available at such depths for microbially mediated 
processes.  
 
Overall, we could demonstrate that geophysical and geochemical properties, used for the 
interpretation of paleomagnetic data or as proxy for paleoproductivity, are strongly influenced 
by non-steady state diagenesis. Moreover we could show, that non-steady state diagenesis can 
have an impact on mineral assemblages in deeper marine sediments. Reactive minerals buried 
into deeper sediments can fuel microbiological processes. Thus, we suggest that processes 
observed in the studied sediments could help to understand biogeochemical processes 
occurring in the deep biosphere, and should be subject to further detailed investigation. 
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