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Prcface

This study was conducted as part of the Special Research Project (Sonder
forschungsbereich, SFB) 261 "The South Atlantic in the Late Quaternary: Reconstruction
of Material Budget and Current Systems" at the University of Bremen funded by the
German Research Foundation (Deutsche Forschungsgemeinschaft). This work is submitted
as a dissertation and has been supervised by Prof. Dr. Horst D. Schulz within the frame of
the subproject TP A2 "Chemical processes and fluxes in sediment/porewater systems".

The thesis consists of foul' separate studies which have either been published or submitted
for publication in international journals. Their thematic context as weIl as a general
introduetion into the subject of the geoehemieal behaviour of metals in marine sediments is
outlined in an introduetory chapter. A summary at the end of this work presents the main
results. For the purpose of a homogeneous appearance of the whole work also these two
frame ehapters are written in English.

My own contribution to the publieation on "Solid-phase manganese in Southeast Atlantic
sediments: Implieations for the paleoenvironment" (manuseript No. (Il)) eonsists of
analytieal work (seleetive and bulk dissolution procedures and subsequent analysis), data
proeessing and authorship. The remaining three manuseripts are based primarily on my
own investigations whieh have been supplemented by data from other groups within the
SFB 261. Manuseript No. (I) on "Rare earth elements in manganese nodules from the
South Atlantic Oeean as indicators of oceanic bottom water flow" was realized in dose
cooperation with Dr. Geoffrey P. Glasby. Mineralogical data were provided by Prof. Dr.
Günther Friedrieh; Prof. Dr. S.l. Andreev was added to the list of authors for helpful
comments and diseussions and for providing aceess to Russian data on manganese nodules
from the South Atlantie Oeean. The seleetive dissolution data presented in manuscript No.
(III) ("Simultaneous formation of iron-rich layers in sediments of the Amazon Deep-Sea
Fan") are derived from an unpublished exam study of Tim FreudenthaI. The contributions
of the other eo-authors to this paper eonsist of mineralogieal analyses (Dr. Franz X.
Gingeie) and data on geophysieal properties, description of the geophysieal methods used,
and interpretation of the results (Dr. Tilo von Dobeneck). Manuseript No. (IV)
("Diserepaney between barium and biogenie constituents in sediments of the Ceani Rise
and Sierra Leone Rise - effeet of nonsteady-state diagenesis?") eontains additional data
provided by Ralf Haese and Dr. Matthias Zabel and uses published data by Dr. Carsten
Rühlemann and Dr. Stefan Mulitza.
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CHAPTERI

Introduction

The early diagenetic processes occuning in sediments accumulating at a steady-state - i.e.
under depositional conditions constant with time - have been weIl studied (e.g. Berner,
1980). This simplif)ring assumption may not be true for real sedimentary systems in which
periodically changing environmental conditions are common (e.g. Passier et al. , 1996).
During the transition from one depositional environment to another or at the interface
between the two sediment types nonsteady-state diagenetic processes are initiated which
have a high potential for modif)ring the sedimentmy record. It is mainly during such
transitions that pronounced solid phase signals which can be potentially preserved in the
sedimentary record may form. Metal-rich layers are typical features of sediments deposited
under nonsteady-state conditions which are often climatically induced. The present study
deals with the formation of these kind of solid phase emichments in different diagenetic
environments - focussing on the redistribution of manganese and iron. In addition the
formation and preservation of trace metal signals and their use as paleoceanographic
indicators is considered.

The study of metal behaviour m deep-sea sediments is as old as the discovery of
manganese nodules during the H.M.S. Challenger Expedition from 1872 to 1876 (Murray
and Renard, 1891). Research on manganese nodules between 1960 and 1980 primarily
focussed on their economic potential as a source ofNi, Cu and Co. Currently, the exploit of
manganese nodules is not considered to be economic. Today research related to manganese
nodules concentrates more on the assessment of possible environmental implications of
deep-sea mining, e.g. the international DISCOL project (Thiel, 1991) and the German
TUSCH Research group (TUSCH Research Group, 1991). A second important aspect is
the use of fenomanganese concretions in pa1eoceanography. In contrast to Mn and Fe
phases, which are buried in suboxic and anoxic sediments and are subject to mobilization
by reduction, the Mn and Fe oxyhydroxides, which ferromanganese nodules and crusts
consist of, are assumed to be weIl preserved under oxic conditions at the sediment/water
interface. Thus they represent valuable archives of oceanic conditions since their time of
formation. Due to their slow growth rates of a few millimeters per million years (Dymond
et al. , 1984; Mangini, 1988), fenomanganese nodules and crusts can be considered as
condensed stratigraphic sections that recorded oceanographic and geological conditions of
the surrounding environment during accretion. The particular Fe and Mn mineral phases as
weIl as the associated trace metals provide information on the changes in seawater
composition and bottom water conditions with time (e.g. Segl et al., 1989; Mangini et al.,
1990; Hein et al., 1992; McMurtry et al., 1994; see manuscript (I), chapter 2).
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The distributions of trace metals in sediments have been studied for various purposes.

These are either related to using meta1concentrations in sediments as a primary signal - i.e.
to trace the input flux of a particular metal into the sediment - 01' to use them as proxy
indieators to reconstruct the likely environment of deposition of a sediment section on

account of the redox sensitivity of specific metals.

Examples for the use of metals in relation to their primary input into the sediments are (l)

evaluation of hydrothermal activity from elements like U and Mo (e.g. Turekian and
Bertine, 1971), (2) reconstruetion of glacial/interglacial ditferences in wind intensities and

the position of wind systems from iron minerals which have been supplied to the sediment

via eolian transport (e.g. Balsam et a1., 1995),01' (3) estimates of paleoproductivity from
sedimentary Ba contents (e.g. Dymond et a1., 1992; Gingeie and Dahmke, 1994; Nürnberg,

1995; see manuscript (IV), chapter 5).

Due to the characteristics of many metals to respond to changes in redox conditions, the

investigation of their distribution in the marine environment has gained much attention in

relation to the formation of organic-rich black shales, as they are generally enriched by a
number of trace metals. There is a substantial debate on the environment of formation of
these deposits. One explanation is that bottom water anoxia led to enhanced preservation of

deposited organic matter (e.g. Demaison and Moore, 1980). An alternative explanation

could consist in an increased primary plankton production in the surface waters of the
ocean which resulted in an increased settling and burial flux of organic matter (e.g. Calvert

and Pedersen, 1993). The elucidation of the mechanisms on how transition metals are

trapped in such deposits would not only help to explain their formation, but could also

provide a valuable tool to assess whether sediments were deposited under oxic or anoxie

bottom waters. Thus, the distribution and concentration of some trace metals in sediments

could be used as a proxy indicator to examine the areal extent of anoxie environments - i.e.

bottom water anoxia, reducing sediments - in the geological past (Jacobs et al. , 1987;
Francois, 1988; Calvert and Pedersen, 1993). Arecent attempt to reconstruct changes in the

areal extent of reducing sediments has been undertaken by Hastings (1994) using the

concentration of vanadium in foraminiferal calcite. Rosenthai et al. (1995) studied the

possible influence of an expanded area of reducing sediments in glacial times in changing

the oceanic Cd inventory, thereby decoupling Cd from P04, from the concentrations of

authigenic Cd and U in glacial sediments.

All of the above described attempts that use metal concentrations in sediments as indicators

to trace the primary input flux or to reconstruct the redox conditions during deposition of

sediments, require a clear understanding of the early diagenesis of metals in different depo

sitional environments. There is a vast amount of literature on the perturbation of the

primary metal record during early diagenesis of organic matter. Recent studies have shown

that besides the destruction of primary sedimentary signals by early diagenesis, distinct

enrichments of numerous metals can be produced by post-depositional processes.
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I~specially nonsteady-state diagenesis has a high potential for producing and preserving
metal accumulations in sediments (e.g. Oe Lange et al., 1994; Passier et al. , 1996; see
manuscripts (I1), (III) and (IV) in chapters 3 to 5). There is promising evidence that - if the
processes which are active during nonsteady-state phases are fully understood - the metal
enrichments themselves could be used as valuable 1I1dicators for reconstructing the
depositional history. Therefore in order to model nonsteady-state accumulation of metals,
their cyc1ing under these conditions has to be weIl understood.

The following parts of this introductory chapter give an overview on the supply of metals
to the oceans, their transport to the sea-floor and the formation mechanisms of metal-rich
layers in sediments.

Marine geochemistry of the metals examined in this study

Like other elements, metals are supplied to the oceans from three major sources. These
comprise (1) river input in both dissolved and particulate forms; (2) atmospheric input 
mainly occurring via rain that washes substances out of the atmosphere (e.g. eolian dust);
(3) hydrothermal activity that introduces material by the interaction of sea-water with
newly forrned oceanic crustal basalt at ridge-crest spreading centres. This may occur via
both high temperature hydrothermal activity and low temperature interaction with newly
formed crust (Bruland, 1983).

The transport of trace metals to the sediments is strongly controlled by the abundance, pro
duction, sinking and decomposition of patticulate matter. Besides terrigenous material
originating from river and atmospheric input, partic1es are produced primarily by phyto
plankton in the surface water of the oceans. Together with the nutrients, metals are taken
up actively or passively by these primary producers and are incorporated into their cells.
The active uptake of trace metals such as V, Cr, Mn, Fe, Co, Ni, Cu, Zn and Mo by
phytoplankton in the photic zone of the oceans can be understood in terms of their function
as essential micro-nutrients which are involved in numerous metabolie processes (Bruland,
1983). Metals mayaiso be associated with phases of plankton such as calcium carbonate
and opal. Collier and Edmond (1984), however, have shown that these were not significant
caniers of the trace elements studied, but that the majority of the trace elements are directly
associated with the non-skeletal organic phases of the plankton. The bulk of the
phytoplankton is grazed upon by zooplankton and the undigested residues are packaged
into faecal pellets and aggregates ('marine snow') which sink at rates typically ranging from
50 to 300 meters per day (Gersonde and Kuhn, 1993).

Upon sinking through the water column, metals can be released from partic1es by the
degradation of organie matter or dissolution of the inorganic canier phases (metal oxides,
opal, calcite). The latter process can be of significance for Mn and Fe oxyhydroxides which
are subject to reduction within the oxygen-minimum-zone, resulting in a liberation of
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dissolved Mn and Fe as well as associated trace metals into sea-water (e.g. Koschinsky and
llalbach, 1995). In contrast to these metal release processes, an addition of metals to

sinking particles occurs via scavenging - i.e. adsorption of dissolved metals on reactive

surfaces such as metal oxyhydroxides, organics, clay particles and Si02. Scavenging of
dissolved metals from the water column represents an important mechanism of meta}

transport to the sediments (Goldberg, 1954; Balistrieri et al. , 1981). Both of these meta}
recycling processes - i.e. liberation and scavenging - do not only occur within the water

column but also take place in surficial sediments. While the release mechanisms of metals
associated with the degradation of organic detritus at the sea-floor are well studied subjects
(Klinkhammer, 1980; Klinkhammer et al., 1982; Sawlan and Murray, 1983), scavenging of

metals by the sediments is still a poorly understood process (Shaw et al. , 1990).

The vertical and horizontal distributions of dissolved metals in sea-water are a reflection of

the whole range of chemieal, oceanographic and sedimentary controls on their supply to,
distribution in and their removal from the ocean. Therefore, there has been large effort in

recent years in determining the vertical distributions of metals in sea-water, in order to elu

cidate the major processes controlling their biogeochemical cycling in the oceans. Various

distinct types ofvertical elemental profiles could be resolved (Bruland, 1983).

Mechanisms 0/metal accumulation in sediments

The following considerations demonstrate that the transport of metals to the sediments may

not directly contribute to metal accumulation due to degradation of the carrier phases dur

ing early diagenesis. The process of metal uptake from porewaters seems to be the primary

link between particulate flux and metal accumulation in the sediment, thus decoupling
transport processes from burial processes for many trace metals (Shaw et al., 1990). Under

oxic conditions, the release of metals from organic carrier phases is an important process,

while Mn and Fe as well as their associated trace metals will not be subject to substantial

mobilization. The distribution of these metals within oxic sediments will reflect the

primary input signal. Post-depositional redistribution of metals via porewater is, therefore,

more pronounced in suboxic and anoxie than in oxic sediments, due to the redox cycling of

Fe and Mn and the occurrance ofH2S.

A large fraction of biogenie detritus reaching the sea-floor is degraded directly at the sedi

ment/water interface (e.g. Bender and Heggie, 1984). This decomposition of organic matter

results in a release of the adsorbed and incorporated metals into the overlying bottom water

as well as into porewater. Once liberated into porewater, the mobility of a particular metal

depends on its chemical characteristics, the prevailing redox conditions, the chemical com

position of the porewater and the nature of the particulate phases present in the sediment.
Redox conditions in the sediment are arefleetion of the microbially catalysed

mineralization of organic matter by a suite of terminal electron acceptors. These terminal

electron acceptors - i.e. O2, N03-, Mn and Fe oxyhydroxides, sol-, organic matter - are
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often consumed in a typical succession reflecting their decreasing energy yield. The total of
these processes that lead to a post-depositional modification of the sediment composition is
referred to as early diagenesis (Froelich et al., 1979; Berner, 1980, 1981).

For elements whose valency varies as a function ofredox potential- as e.g. Fe, Mn, V, Cr~
As, Mo, Ce, U - the prevailing redox conditions determine the species distribution and as a
consequence their solubility and partitioning between the solid and solution phase. Fe, Mn
and Ce form highly insoluble oxides under oxic conditions, but are mobilized by microbial
reduction in reducing environments. Ce is the only rare earth element (REE) that can un
dergo changes in its oxidation state from the weIl soluble Ce(III) to the less soluble Ce(1V).
This exception to the typical REE behaviour allows a distinction of redox from nomedox
transp01i processes by normalization of the measured Ce abundances to those of other
REEs (German and Elderfield, 1990; see manuscript (1), chapter 2). This comparison be
tween Ce and other REEs is usually expressed as the Ce anomaly Ce/Ce* (de Baal' et al.,
1985) 01' as the Ce/La ratio (e.g. Kunzendorf et al., 1993).

V, Cl', Mo and U occur as high1y soluble anionic species in oxic waters and are reduced to
pmiicle reactive 01' insoluble species of lower valency under anoxic conditions (Wehrli and
Stumm, 1989; Hastings, 1994; Murray et al., 1983; Shimmield and Price, 1986; Cochran et
al., 1986). This geochemical behaviour is manifested in a marked emichment of this group
of trace metals in suboxic and anoxie sediments (e.g. Brumsack, 1986; Francois, 1988;
Shaw et al., 1990; Legeleux et al., 1994). Ba does not undergo changes in its +II oxidation
state under oceanic conditions (Li et al., 1984).

Also the amount 01' presence of certain porewater constituents can distinctly reduce the
solubility of some metals. This category embraces metals which form highly insoluble sul
fides - such as Fe, As, Cd, Co, Cu, Mo, Ni, Pb and Zn. All of these elements are usually
removed from solution in the presence of H2S by either direct precipitation or coprecipita
tion (e.g. Wallmann, 1990; Calvert and Pedersen, 1993).

Besides organic material, Fe and Mn oxyhydroxides - which can be present as distinct
phases 01' particle coatings - are further important carriers of metals to the sea-floor. Within
the sediments they can act as scavengers which are able to remove dissolved metal species
from porewater. They are reduced upon burial into more reducing subsurface sediments
and Fe, Mn and associated trace metals are liberated into porewater. Mn and Fe tend to
diffuse upwards and are subsequently trapped in oxic sediments. Numerous trace metals
show a strong coupling to the redox cycling of Fe and/or Mn. Shaw et al. (1990) reported
the release of Mn, Ni, Co, V, Cu and Mo in the manganese reduction zone and of Fe, Ni
and V in the iron reduction zone. Mo is known to be strongly related to the early diagenetic
cycling of Mn (e.g. Shimmield and Price, 1986). A close relationship between Ce and Mn
was found by Moffett (1994) reflecting their similaI' redox behaviour (see manuscript (1),
chapter 2). Ba can be taken up from seawater by adsorption onto Mn-oxyhydroxide phases
as has been shown by Li et al. (1984). Arsenic and U are more associated with the redox
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cycling of Fe and are released into porewater by reductive mobilization of ferric
oxyhydroxides (Peterson and Carpenter, 1986; McKee et al., 1987). Research on element
associations in ferromanganese concretions revealed significant correlations between Mn
and Ba, Cu, Mo, Ni and Zn and between Fe and As and Pb (Calvert and Price, 1977). The
REEs are usuaIly positively correlated with the Fe content in manganese nodules
(Kunzendorf et al., 1993). These inter-element relationships found in manganese nodules
can be explained by the high adsorption capacity of manganese oxides in the marine
environment (Glasby, 1984). The pH of the zero point of charge (pHzpc) of öMn02 is 2.25
compared with about 7.1 for goethite. In seawater (pH 7.8), manganese oxides are
negatively charged and, therefore, strongly adsorb cations whereas iron oxides are near
their zero point of charge. For Mo, however, which exists as the oxyanion in seawater, the
strong association with Mn oxyhydroxides is reported. Murray and Brewer (1977)
suggested that the sorption of metal ions is probably as much duc to the surface
coordination and metal oxide structure as simple coulombic attraction and charge density.
More recent publications have demonstrated that the mineralogy of the respective
manganese phase controls the distribution of certain transition metals in manganese
nodules and crusts (Lei and Bosträm, 1995).

A process which is capable of producing metal accumulations in sediments without any
supply via particulate carrier phases consists in the diffusion of metals which are mobile
under oxic conditions - such as As, Cl', Mo, V and U - from oxic bottom waters into the
sediment. These elements are immobilized at deeper sediment levels where more reducing
conditions are encountered, by reduction to less soluble or more partic1e reactive species or
by direct precipitation (e.g. WaIlace et al., 1988; Barnes and Cochran, 1990; Thomson et
al. , 1990; Emerson and Huested, 1991; Gariepy et al., 1994; see manuscript (III), chapter
4).

Nonsteady-state depositional conditions

Post-depositional metal enrichments can form under steady-state as weIl as under non
steady-state conditions. At steady-state, eady diagenetic metal spikes are formed at a spe
cific sediment depth that is determined by the balance between downward flux of oxidants
(e.g. O2, N03-) and upward flux of reductants (e.g. Mn2+, Fe2+) on the one hand and sedi
mentation rate on the other hand. In recent years, however, numerous studies have shown
that especiaIly nonsteady-state processes have a high potential for producing and
preserving metal-rich layers (Thomson et al. , 1984, 1990; Wilson et al., 1985, 1986;
WaIlace et al., 1988; Finney et al., 1988; Pruysers et al., 1993; De Lange et al., 1994).
Pruysers et al. (1993) pointed out that the balance between fluxes and sedimentation rate is
very delicate, and thus steady-state conditions persisting over a long period are unlikely in
most sedimentary environments. Therefore, besides being the more efficient condition for
producing metal enrichments, nonsteady-state conditions can also be considered to be the
more common situation encountered in sediments.
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Typical examples für nonsteady-state depositional conditions are emplacements 01'
turbidites and variations in organic carbon burial caused by changes in sediment

accumulation rate, organic carbon flux or bottom water oxygen content which are often

climatically induced. On agIobaI scale the strongest contrasts in sedimentmy conditions
occurred at glacial/interglacial transitions.

The formation of appreciable metal enrichments requires a nonsteady-state situation during
which a change to a more slowly sediment accumulating regime and/or a decreased input
of Corg takes place. The actual diagenetic process can be a downward progressing oxidation
front - a concept developed by Thomson et al. (1984) and Wilson et al. (1985, 1986) - or a

persistance of the redox boundaries at particular sediment levels for a prolonged time, thus
producing higher solid phase metal concentrations than under steady-state conditions (e.g.
Thomson et al., 1990).

Main objectives

In this study, the formation of metal-rich layers due to climatically induced changes in the

depositional conditions is examined along glacial/interglacial boundaries in different early

diagenetic environments of the Atlantic Ocean. As during such climatic transitions strong

changes in depositional eonditions are eneountered, sediments deposited during deglaeial

phases are likely to have experienced a pronouneed post-depositional modification of their

primary signal. Another aspect dealt with is the use of traee metals or trace metal ratios in
manganese nodules as redox indicators.

The main objectives can be summarized in the following questions:

• Can the CelLa ratio of manganese nodules trace the oxygen content of the ambient
bottom water?

• Are the manganese nodules from the South Atlantic mainly ofhydrogenous origin?

• Can manganese spikes in the sediment be used as indicators for changes in paleopro
ductivity or depositional conditions and which manganese phases are preserved upon

burial?

• 1'0 which extend do glacial/interglacial transitions influence the redistribution of iron
and related elements (sulfur, organic carbon, uranium, molybdenum) in oxie and anoxie

sediments and which are the dominating proeesses?

• Are there nonsteady-state diagenetic eonstraints using biogenic barium as a paleopro
duetivity indieator in oligotrophie oceanic regions?
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Overview of Research

The present thesis consists of the following foul' separate parts that have already been pub
lished or which are submitted for publication:

(I) Kasten, S., Glasby, G.P., Schulz, H.D., Friedrich, G. and Andreev, S.l.
Rare earth elements in manganese nodules fJ'om the South Atlantic Oeean as
indicators of oceanic bottom water flow. (submitted for publication)

In this study the mineralogy and geochemistry of a suite of manganese nodules from the
South Atlantic is investigated. As relatively !ittle is known about the differences in compo
sition of manganese nodules from the various basins of the South Atlantic it was decided to
compare the cOlnposition of nodules available from the South Atlantic in order to leam
something about the factors controlling their formation. The main objective, however, was
to examine whether the CelLa ratio of the nodules outer layers could be used as redox in
dicator to trace the oxygen content of the ambient water mass and the flow path of the
Antarctic Bottom Water.

(H) Gingeie, F.X. and Kasten, S., 1994.
Solid-phase manganese in Southeast Atlantic sediments: Implications for the
paleoenvironment. Mal'. Geo!., 121: 317-332.

This paper deals with the distribution of solid-phase manganese in sediment cores from
different early diagenetic environments and paleoceanographic settings of the Southeast
Atlantic. The main focus lies on the questions of the formation and preservation of the
different types of Mn-enrichments and their significance for paleoredox conditions and the
paleoenvironment.

(III) Kasten, S., Freudenthai, 1'., Gingele, F.X., von Dobeneck, 1'. and Schulz, H.D.
Simultaneous formation of iron-rich layers at different redox boundaries in sedi
ments ofthe Amazon Deep-Sea Fan. (submitted for publication)

The subject of this study is the examination of post-depositional redistribution of metals
and modification of the primary sedimentary signal due to the nonsteady-state conditions
induced by the dramatic change in sedimentary regime between the last Glacial and the
Holocene. In contrast to previous works on metal enrichments in deposits of the western
equatorial Atlantic as weIl as on metal diagenesis along glaciallinterglacial boundaries in
general, sediments were sampled continuously at a very high resolution in order to investi
gate the influence of climatically induced sedimentation rate contrasts also on deeper core
sections - namely within the sulfate reduction zone.



(IV) Kasten, S., Rühlemann, C., Haese, R., Zabel, M., Mulitza, S. and Schulz, H.D.

Discrepancy between barium and biogenic constituents in sediments 01' the Cearä

Rise and Sierra Leone Rise - ef1'ect 01' nonsteady-state diagenesis? (submitted 1'01'
publication)

In contrast to manuscript No. (III), which primarily 1'ocusses on post-depositional metal re
distributions along the oxic/post-oxic boundary and within the zone 01' sulfate reduction,
this paper is concerned with the distribution 01' barium along glacial/interglacial transitions
in oxic sediments. It is generally assumed that no perturbation 01' the barium record occurs

under oxic conditions.
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Abstract

The mineralogy and geochemistry of a suite of manganese nodules from the South Atlantic
have been determined. The CelLa ratios of the nodules were investigated to see if they
could be used as redox indicators to trace the oxygen content of the ambient water mass
and the flow path of the Antarctic Bottom Water as has previously been successfully

carried out in the Pacific Ocean. The CelLa ratios of the nodules decrease in the sequence
Lazarev Sea, Weddell Sea (10.4 and 9.7) > East Georgia Basin (6.5-7.1) > Argentine Basin

(5.0) but then increase in the Brazil Basin (6.2) and Angola Basin (9.8 and 15.1). A further
decrease was observed in the Cape Basin (7.6). An extremely high CelLa ratio of 24.4 had
already been determined far nodules sampled north of the Nares Abyssal Plain. These data
reflect the more complicated pattern of bottom water flow in the South Atlantic than in the
South Pacific. The penetration of more oxygenated North Atlantic Deep Water into the
South Atlantic accounts for the higher CelLa ratios in the nodules from the Angola and
Brazil Basins. Based on this study, the flow path ofthe Antarctic Bottom Water could only

be traced as far north as the Argentine Basin. The unique geochemistry of nodules from the
central Angola Basin (high Mn/Fe and CelLa ratios, high content of Ni, Cu, Zn and Mo)
appears to be a function of the nature of the overlying water mass and of the multiple
diagenetic sources of metals to the nodules. The high Ni+Cu contents of the Angola Basin

nodule (1.05 %) suggests the need to evaluate these nodules as possible economic-grade
deposits.
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2.1 Introduction

Thc use of the rare earth element (REE) contents and, in particular thc CelLa ratios, o:f
dcep-sea manganese nodules as a mcans of tracing the flow path of Antarctic Bottom
Watcr (AABW) was pioneered in thc S.W. and Central Pacific Ocean by Glasby et al.
(1987) and Kunzendorf et al. (1989, 1993) (cf. Eldcrfield 1988; German and Elderfield.;
1990). According to this method, the CelLa ratio in deep-sea manganese nodules may be
considered to be a redox indicator which decreases in value along the flow path of the
AABW. It was therefore considered appropriate to apply this method to the REE contents
of manganese nodules from the South Atlantic Ocean in order to see if the CelLa ratios
reflccted the oxygen content ofthe bottom water and therefore the flow path ofthe AABW.
At present, surprisingly few data exist on the REE contents of Atlantic Ocean manganese
nodules and crusts (Addy, 1979; Baturin et al. , 1989; Varentsov et al. , 1991; Varentsov,
1993). Within the South Atlantic, the Ce anomaly in marine carbonates has previously been
used to trace the evolution of oceanic circulation with time (Wang et al., 1986; Hu et al.,
1988; Liu et al., 1988).

For this study, several samples of manganese nodules which had been collected as part of
the Special Research Project SFB 261 'The South Atlantic in the late Quatemary:
Reconstruction of the Material Budget and Current System' undertaken by the University
of Bremen and the Alfred Wegener Institute in Bremerhaven were available for analysis. In
addition, relatively little is known about the differences in composition of manganese
nodules from the various basins of the South Atlantic Ocean. It was therefore decided to
compare composition of nodules from each of these basins in an attempt to leam something
about the factors controlling their formation. Previously, it was believed that nodules from
the Atlantic Ocean are dominantly hydrogenous in origin but this study has revealed that
Angola Basin nodules have a strong diagenetic component. F01' this reason, we decided to
focus in particular on the characteristics of nodules from that basin. Unfortunately, only 9
manganese nodules were available for study since nodules were not systematically
collected during SFB 261. This restriets the general applicability of the results but we
believe that our data show interesting new trends in the composition of South Atlantic
nodules which are geochemically meaningful. This view is supported by the observation of
Sorem and Fewkes (1979) that there are many gross similarities among nodules from the
same general area of the ocean floor (cf. Cronan, 1977; Piper and Williamson, 1977).

Previous study 01South Atlantic nodules

Manganese nodules were first recovered from the South Atlantic Ocean on 6 October 1873
at Stn 13 (29°35'S, 28°09'W, 4160 m) in the Brazil Basin during the H.M.S. Challenger
Expedition (Murray and Renard, 1891). The sample consisted of an earbone and pumice
coated with manganese. 30 large mammillated to polynucleate nodules up to 80 mm in
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diameter were later recovered on 20 October 1898 at Stn 87 (c. 300 30'S, 7°E, 5108 m) in
the Cape Basin during the German Deep-Sea Expedition aboal'd the Valdivia (Chun, 1900,
1908). Subsequently, relatively little work was carried out on South Atlantic nodules. In
1965, for example, Mero could present data on the chemical composition of only one
manganese nodule from the South Atlantic.

In his review on Atlantic Ocean manganese deposits, Cronan (1975) presented average
compositions of manganese nodules and cmsts from various regions of the South Atlantic.
Sixty percent of these sampIes were taken from the Drake Passage-Scotia Sea area.
Excluding these, only 24 sampIes were analyzed from the entire South Atlantic (Table I).
Ihis database did not contain any data on equatorial deep-water deposits and the
desirability of investigating the role of biological productivity in enriching Mn, Ni and Cu
in such deposits was noted. These data were subsequently used by Emery and Uchupi
(1984) and Baturin (1988) in their compilations of manganese nodule compositional data in
the Atlantic.

Table 1
Average composition of fenomanganese deposits from vanous regIOns of the South
Atlantic Ocean. All analyses in per cent. Data taken from Cronan (1975).

Depth NO.of Mn Fe Na K Ca Mg Ni Cu Zn Co Mn/Fe
[m] sampies

Argentine Basin 3800 4 23.7 17.9 2.4 0.7 1.6 1.4 0.55 0.18 0.11 014 1.3

Brazil Basin 4260 9 16.1 19.9 2.7 0.9 2.7 1.6 0.27 0.12 0.11 0.33 0.8

Drake Passage - 3700 36 13.0 25.8 2.4 09 1.9 1.9 0.24 0.10 0.08 0.18 0.5
Scotia Sea

Cape Basin 4920 4 23.4 137 2.4 0.8 1.5 2.0 0.95 0.50 0.18 0.21 1.7

Walvis Ridge 1840 3 23.0 18.1 1.5 0.4 2.4 1.3 0.48 0.08 0.12 068 1.3

South of South Africa 2720 4 17.8 20.3 1.8 0.4 4.8 1.2 0.26 0.06 0.16 0.40 0.9

Cronan's data showed that the Mn/Fe ratios of the nodules and cmsts from the South
Atlantic lie in the range 0.8-1.7. These ratios are low compared to those of Pacific Ocean
nodules. The ratio is highest in the Cape Basin (1.7) and next highest in the Argentine
Basin and Walvis Ridge (1.3). Ni+Cu+Zn contents are also highest in the Cape Basin
(1.34%) but otherwise are less than 1%. Co contents are highest in Walvis Ridge deposits
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(0.68%) corresponding to a shallower water dcpth (1840 m). Todorokite was observed in
nodules and crusts from thc Cape Basin, Argentinc Basin and Drake Passage-Scotia Sea
area but elsewhere 8-Mn02 was found. These compositional data demonstrate thc
oceurrenee of mainly hydrogenous nodules in the South Atlantic Ocean with the possiblc
intluence of oxie diagcnesis in nodules from the Cape Basin. Thc deposits from the Walvis
Ridge would appear to be Co-rich manganese crusts. Cronan (1975) attributed the low Ni
and Cu contents of Atlantic nodules compared to those from elsewhere to the high detrital
input to the Atlantic Ocean. One factor that might be important in controlling the
composition of these nodules is the mueh higher Mn and Fe contents of the particulate
matter in North Atlantic deep water compared to that in North Pacific deep water (by a
faetor of2.7 and 3.9 respectively) caused mainly by thc greater aeolian input into the North
Atlantic (Bruland et a1., 1994; Balsam et a1., 1995). This input was probably substantially
higher in glacial times (Kumal' et a1., 1995). It should be noted that the Mn/Fe ratio in the
particulate matter is also lower in the North Atlantic than in the North Pacific. Cronan
(1977) also presented a map showing the distribution of manganese deposits in the South
Atlantic and suggested that the higher abundances of nodules in the western South Atlantic
compared to those in the eastern South Atlantic might reflect the freer flow of bottom water
in the western South Atlantic (see also Emery and Uchupi, 1984, Fig. 353). Halbach et a1.
(1988) subsequently concluded that the Atlantic Ocean is not very suitable for the
occurrence of ore-grade nodules rich in Ni and Cu.

Summerhayes and Willis (1975) presented compositional data on manganese deposits from
the Angola Basin (one sampie), Walvis Ridge (five samples) and the Cape Basin/Agulhas
Basin (14 sampies) as part of a survey of such deposits around southern Africa. Their data
confirmed the high Co content of sampies from the Walvis Ridge (max 0.84%) and the
high Mn/Fe ratios (max. 3.2) and Ni+Cu contents (max. 1.8%) in sampies from the Cape
Basin. Sampies from the continental margin off the southern part of Afriea have very high
Mn/Cu ratios (max. 680) which suggested that diagenetic processes may control their
formation, although the influence of these processes on the composition of these
manganese deposits appears to differ from those found in other continental margin
environments.

A more detailed survey of manganese nodules from the Cape Basin was undertaken by
Rogers (1987, 1990, 1994, 1995) who showed that the occurrence of debris flows off the
western margin of southern Africa has restricted the occurrence of nodules to deeper
waters. However, erosion by AABW has resulted in the development of an extensive
manganese pavement and nodule field in the Cape Basin consisting of abundant, large,
todorokite-rich nodules. The nodules were thought to have an early-middle Pleistocene age
based on their occurrence on a regional unconformity (Tucholke and Embley, 1984). The
nodules tend to be draped by sediment which suggests that the intensity of AABW flow has
waned since their formation. The abundance of quartz grains in the nodules is thought to
reflect the influence of ice rafting. The compositional data show that the average grade of
the nodules is too low for commercial exploration but intensive exploration north of the



17

ieeberg limit and the turbulent eddies of the Agulhas Retrolleetion (i.e. north of 32°S off
South Afriea) was reeommended. However, part of this region includes the Namibiall
Abyssal Plain whieh would not be favourable for nodule formation.

The Romanehe Fraeture Zone forms a major eonduit for AABW 1l0w in the South Atlantic.
Manganese erusts from this fraeture zone have been shown to be typical hydrogenous
deposits over 10 mm thiek with growth rates in the range 1.3-2.8 mm/l06yr (Lalou et a1.,
1980; Odada, 1990, 1992; Bazilevskaya and Skolotnev, 1996).

Signifieant Russian literature also exists on South Atlantie manganese deposits. For
example, the atlas of the morphologieal types of ferromanganese nodules in the World
Oeean presents data on the morphology, eomposition and abundanee of eight manganese
nodules from four stations in the Brazil Basin and of a further eight nodules from four
stations in the Angola Basin (Anikeeva et a1., 1990). These data show that the nodules from
the Brazil Basin oeeur in the depth range 4690-5060 m, have an abundanee in the range
1.9-29.7 kg/m2 and an average eomposition of Mn 16.5%, Fe 15.6%, Ni 0.50%, Cu 0.21 %

and Co 0.30%. The eorresponding figures for the Angola Basin are 5261-5566 m, 2.6-8.9
kg/m2

, Mn 23.3%, Fe 8.9%, Ni 0.91 %, Cu 0.52% and Co 0.14%. The Brazil Basin nodules
are mainly spheroidal/ellipsoidal/polynucleate with mierobotryoidal surfaee texture
whereas the Angola Basin nodules are mainly ellipsoidal/diseoidal with equatorial rims and
mammillated surfaee texture. These data suggest that Brazil Basin nodules are dominantly
hydrogenetie whereas the Angola Basin nodules are dominantly diagenetie. Aeeording to
Anikeeva et a1. (1990), the Angola Basin nodules most resemble Peru Basin nodules in
terms of morphology and eomposition.

In a detailed study, Baturin and Yemel 'yanov (1992) analyzed nodules from four stations in
the Brazil and Cape Basins eolleeted during the 1983 R.V. Dmitri Mendeleyev eruise for
27 elements (induding the REE). The results are in general agreement with those presented
above. In partieular, these authors noted the higher iron eontents of the Atlantie nodules
eompared to those from the other oeeans. They attributed this to the greater sedimentary
input into the oeean from river runoff. They also demonstrated that Mn is eorrelated with
Ni, Cu, Zn, V, Mo and Cd and Fe with Co, Pb and V. In addition, Baturin et a1. (1989)
analysed manganese erusts 40-70 mm thiek sampled from the St. Helena Fraeture Zone in a
depth range 4520-4650 m and showed that they had an average Mn/Fe ratio of 0.83 and an
average CelLa ratio of 6.6.
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Relevant oceanographic and sedimentological parameters

'rhe main oceanographic parameters of relevance to deep-sea manganese nodule formation
are bathymetry, productivity of the overlying surface waters, sedimentation rate and type
and the intensity and flow path of ocean bottom water. A map showing the main basins of
the South Atlantic as weIl as the flow paths of AABW and NADW is presented in Fig. 1.

60'W 40'W

40'W

Weddell Sea

20'W

20'W

O'

Fig. 1: Map showing the locations of the manganese nodules and sediments studied here
as weil as the locations of the main basins of the South Atlantic Ocean as defined
by the 5000 m isobath. The main flow paths of AABW and NADW are indicated
by solid and dotted arrows, respectively.
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Maps of the productivity of the South Atlantic ()cean show that the ocean is characterized
by a low productivity, subtropical anticyclonic gyre centred at about 25°S, 200 W. Increased
productivity is observed south of 400 S as well as off the Zaire River (Berger, 1989; Mix,
1989).

Müller et al. (1988) have elaborated on the differences in sedimentation between the
Atlantic and Pacific Oceans. These authors showed that the ratio of the area of the
surrounding land to the ocean is much lügher in the Atlantic (0.6) than in the Pacific (0.1).
Sedimentation rates are therefore higher in the Atlantic than in the Pacific. This leads to a
lower average abundance of manganese nodules in the Atlantic compared to the Pacific.

The distribution of calcium carbonate is asymmetrie across the Atlantic with higher
carbonate contents in the eastern sector (Balsam and McCoy, 1987). Clays «15% CaC03)

are dominant in the Argentine and Brazil Basins, marI (30-60% CaC03) on the western
flanks of the Mid-Atlantic Ridge and calcareous ooze (>60% CaC03) in the eastern South
Atlantic. The lysocline occurs in a depth range of 4000-4300 m in the western Atlantic
corresponding to the boundary between North Atlantic Deep Water and AABW and at a
depth of 4800 m in the eastern Atlantic as a result of the reduced flow of the AABW
(Russell et al., 1994). Sedimentation rates are less than 4 mm/l03yr throughout most ofthe
deeper sections of the South Atlantic.

Three major sources of clay minerals exist in the South Atlantic (Petschick et al., 1996);
West Antarctica which supplies material to the Weddell Sea; the Andean chain of southern
South America and the Antarctic Peninsula which supply the Argentine, Brazil and
southern Cape Basins; and West and Southwest Africa which supply the Angola and
northern Cape Basins. Abyssal water flow is the major factor controlling the distribution of
these minerals in the South Atlantic. Fluctuations of clay minerals with depth in sediment
cores demonstrated the northward expansion of AABW during glacial times. As a result,
the southward transport ofNorth Atlantic Deep Water (NADW) was blocked at about 400 S
(Diekmann et al., 1996).

The Weddell Sea is the source ofthe AABW, the densest water in the Atlantic Ocean. The
flow paths of the AABW in the Weddell Sea and South Atlantic have been mapped by
Pudsey (1992) and Reid (1989, Fig. 30) respectively (cf. Johnson, 1985; Westall and
Fenner, 1991; Hogg, 1994). The AABW travels clockwise through the Argentine Basin and
then nOlihwards through the Vema Channel. The mean transport in the Vema Channelover
one year has been measured at about 4 x 106 m3

S-l with a mean flow rate of 10 cm S-l

occasionally attaining va1ues of up to 30 cm S-l (Speer et al. , 1992). The AABW then
trave1s through the Brazi1 Basin before being deflected through the Romanehe Fracture
Zone into the Guinea Basin (Connary and Ewing, 1974; Speer and Zenk, 1993; Mercier et
al. , 1994). The oxygen content of this bottom water drops from about 5.6 ml r1 in the
Georgia Basin to about 5.15 ml r1 in the Brazil Basin (De Madron and WeatherIy, 1994;
Tsuchiya et al., 1994). In the eastern South Atlantic, this AABW then flows southwards
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through the Angola Basin (Reid, 1989, Fig. 30). The oxygen eontent of the bottom water in
the Angola Basin is > 5.6 ml r l at 11 oS and 5.4 ml 1-1 at 24°S (Warren and Speer, 1991;
Zenk and Müller, 1995). The volume ofwater transported at 1l OS is 0.41-0.75 x 106 m3 s-J.
According to Bickert (I992), the water masses in the eastern Atlantic are not so cIearly
differentiated as in the western Atlantic. In the Angola Basin, for example, the amount of
NADW makes up more than 70% of the bottom water at depths greater than 4800m (van
Bennekom and Berger. 1984). However, although the inflow of NADW predominates over
that of the AABW at low latitudes in the eastern Atlantic in the modern ocean, the
northward flow of AABW has been shown to become more important during glacial times
(Corliss, 1982; Sarnthein et al., 1994; Beveridge et al., 1995; Oppo et a1., 1995; Cronin et
al., 1996). Because of depth constraints, intermediate water, probably NADW, is
transported across the Walvis Ridge into the Cape Basin at 22°S (Gordon and Bosley,
1991) (cf. Reid, 1989; Warren and Speer, 1991). Within the Cape Basin, circulation ofthe
bottom waters is c10ckwise (Reid, 1989, Fig. 31). These waters were originally thought to
be AABW (Tucholke and Embley, 1984). However, there appeal' to be two sources ofthis
water, NADW from the Angola Basin (Gordon and Bosley, 1991) and Lower Circumpolar

Water (LCW) from the southeast (Reid, 1989) (cf. Rogers, 1994). Jolmson (I982)
distinguished between "old" Circumpolar Water (CPW) and recently oxygenated NADW
and showed that these currents "block" each other at 300 S in the western Atlantic (cf.

Bickert, 1992).

The flow path of AABW and the occurrence of benthic storms in the Argentine Basin have
been well studied (Ewing et a1., 1971; Ledbetter and Klaus, 1987; Flood and Shor, 1988;

Richardson et a1. , 1993). The AABW follows the western boundary of the basin with
velocities in excess of 10 cm S-I. Most interestingly, the diagrams of Ewing et a1. (1971,
figs 6, 8 and 9) show that the occurrence of manganese deposits is strongly linked to the
flow path of this bottom water and that these deposits are associated with strong bottom

currents.

The importance of the AABW as an erosive agent and, in patiicular, the variation of its
erosive capacity with time are well known (Johnson, 1985). Fluctuations in bottom current
velocity during the Pliocene and Pleistocene have been inferred for the South Atlantic from
sediment grain-size measurements (Ledbetter and Ciesielski, 1982; Pudsey, 1992;
Ledbetter and Bork, 1993). These bottom currents have a major influence on the
distribution of manganese nodules in the western South Atlantic (Cronan, 1977; Emery and
Uchupi, 1984) and in the Cape Basin (Rogers, 1987, 1994). Temporal variations in the
current flow are also reflected in the internal structures of the nodules. An excellent

overview of the late Quaternary bottom water circulation in the eastern South Atlantic

Ocean has been presented by Bickert (1992) (cf. Broecker, 1992). A schematic model
showing deep-water advection in the southeastern Atlantic during glacial and interglacial

times has been given by Diekmann et a1. (1996).
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2.2 Nodule location and description

Locations and descriptions 01' manganese nodules studied here are given in Tables 2 and 3
respectively and the locations 01' the sampling sites shown in Fig. 1. At Stns PS2269-7 and
PS2268-3 in the East Georgia Basin, manganese nodules were distributed down the cores
to depths 01' 11 and 13 m respectively and occurred in both diatomaceous mud and diatom 
bearing mud (Bohrmann and Petschik, 1993). In core PS2268-3, two nodules from
different depths in the sediment column were studied. Sampie GeoB 2010-1 has been

described by Rogers (1994).

Table 2
Location, water depth, depth in sediment column and associated water mass of manganese
nodules analysed in this study.

Station No. Area Latitude Longitude Water depth Depth ofnodule Water mass
[m] in sediment [mm]

PS1833-1 Weddell Sea 65° 10.5' S 00° 27.4' W 4335 surface AABW

PS 1826-2 Lazarev Sea 65° 01.8' S 09° 10.7' E 4782 surface AABW

PS2269-7 East Georgia Basin 50° 22.2' S 33° 14.2' W 4779 25-65 AABW

PS2268-3 A East Georgia Basin 49° 45.0' S 34° 21.9' W 5126 0-50 AABW

PS2268-3 B East Georgia Basin 49° 45.0' S 34° 21.9'W 5126 140-160 AABW

GeoB 2825-3 Santos Plateau, 32° 30.0' S 41° 260' W 4356 0-10 AABW
Argentine Basin

GeoB 2010-1 Cape Basin 32°51.3'S 10 0 17.5'E 5049 0-50 LCDW

GeoB 2208-1 Brazil Basin 08° 55.0' S 33° 42.0' W 3977 0-10 NADW/AABW

GeoB 1037-2 Angola Basin 13°09.I'S 00° 09.0' E 5626 surface NADW

2.3 Methods

Nodules

Prior to mineralogical and geochemical investigations, nodules were carefully rinsed with

deionized water and dried at room temperature for several days. Sampies were then taken
from the outer surfaces 01' the nodules using a diamond microdrill. For chemical analysis,
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30-50 mg of nodule material were placed in PTFE containers and digested with a mixture
of 2 ml HF (40%), 3 ml HN03 (65%) and 0.5 ml I-h02 (35%) in apressure digestioll
system. After decomposition far 8 hrs at 180°C, the solutions were taken to driness,
redissolved with HN03 (65%) and fumed off again. The residues were taken up with 1 ml
HC1 (30%) and 5 ml deionized water and p1aeed into the pressure digestion system for
another 8 hrs at 180°C. After cooling, the solutions were made up to 100 ml. Al, Mn aud
Fe were analysed by inductively-coupled plasma-optical emission spectrometry (ICP-OES)
and V, Cl', Co, Ni, Cu, Zn, As, Mo, Ba as weH as the REE (La, Ce, Nd, Sm, Tb, Vb, Lu) by
inductively-coupled plasma-mass spectrometry (ICP-MS), respectively. The same REE
(with the exception of Eu) were chosen for analysis as previously determined by Glasby et
al. (1987) and Kunzendarf et al. (1989, 1993). Eu was not determined because of
interference with Ba. The accuracy of element analyses was checked using standard nodule
reference materials USGS-NOD-A-l and USGS-NOD-P-l. The element concentratious
determined were within the certified ranges. Mineralogical analyses were carried out by X
ray diffraction using CuKa radiation, a step size of 0.03° counting far 1.8 seconds per step
with generator settings of 45 kV and 35 mA. The average growth rate of the underside of
nodule GeoB 1037-2 from the Angola Basin was determined using the 230Th method
described by Halbach et al. (1983).

Sediments

Sampies of sediments associated with the manganese nodules were freeze-dried and ground
in an agate mortar. About 50 mg of sediment were digested with 2 ml HN03 (65%), 2 ml
HF (40%), and 3 ml HCl04 (70%) as described above. In the final digestion step, HN03
was used instead of HCl. The same analytical procedures were used as above. Precision
was checked using the standard sediment reference material USGS-MAG-l. Element
contents determined were found to be within the certified ranges.
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Table 3
Descriptions of the manganese nodules and sediments studied here.

Stn No. Nodule size Description
[mm]

PS1833-1 25 x 22 x 15 elongate polynucleate nodule with erratic nucleus strongly interpenetrated by
Mn oxides; mierobotryoidal surfaee; traees ofbenthie organisms on surface;
assoeiated sediment is Fe-stained lithified sand eontaining ice-rafted fragments
(0.5-3 mm) of slumped material; surfaee layer of sediment consists of dense Mn
oxides (0.5 mm thiek) with white faeeal traees on surfaee

PS1826-2 35xl5xl5 elongate polynucleate nodule with erratic nucleus; microbotryoidal surface; Mn
coating 2-7 mm on upper surface. I mm on lower surfaee; traces of benthic
remains on surface; assoeiated sediment is Fe-stained lithified sand containing
iee-rafted fragments (0.5-3 mm) 01' slumped material; surface layer of sediment
eonsists of dense Mn oxides (0.5 mm thiek) with white faecal traces on surface

PS2269-7 44 spheroidal nodule; botryoidal surfaee; porous; no diseernible nucleus; high
detrital eontent exeept far outer 2-3 mm; traces ofbenthic organisms on surface;
associated sediment is diatomaeeous mud

PS2268-3 A 29 spheroidal nodule; mierobotryoidal to botryoidal surface; parous; 110 discernible
l1ucleus; traces 01' benthic organisms on surface; no discernible l1ueleus;
associated sediment is diatomaceous mud

PS2268-3 B 19 spheroidal nodule; microbotryoidal to botryoidal surface; parous; no discernible
nueleus; high detrital content exeept for outer 1-2 mm; traces of benthic
arganisms on surface; associated sediment is diatomaceous mud

GeoB 2010-1 30 x 22 x 15 eIlipsoidal nodule; microbotryoidal surfaee; many smaIl angular fragments
adhering to surfaee; assoeiated sediment is pelagie c1ay

GeoB 2825-3 19x6x6 polynueleate eylindrieal nodule; microbotryoidal surface; associated sediment is
dark greyish brown mud

GeoB 2208-1 14 spheroidal nodule; microbotroidal surfaee; assoeiated sediment is brown mud

GeoB 1037-2 55x45x35 eIlipsoidal nodule with pronounced equatorial band (20-25 mm high); upper
and lower surfaees mainly botryoidal with mierobotryoidal texture on the
botryoids; botryoids typieaIly 3-10 mm in diameter; lower surfaee more coneave
and more subdued than upper surfaee; equatorial band mainly botryoidal
(botryoids 4-10 mm in diameter); no discernible nucleus; weIl developed
concentric banding; traces ofbenthic arganisms on equatarial band; associated
sediment is dark brown pelagic clay

2.4 Results

Nodules

The chemical composltlOns and mineralogy of the manganese nodules studied here are
presented in Table 4 and 5 respectively. The data confirm a hydrogenous origin for nodules
from the Weddell Sea, the Lazarev Sea, the Argentine and the Brazil Basin with Mn/Fe
ratios between 0.9 and 1.3 as proposed by Cronan (1975) and ö-Mn02 as the only
detectable manganese oxide mineral. No material was available for XRD analysis of

sampies from the Argentine Basin.



Table 4
Composition of manganese nodule surface scrapes analysed in this study.
Mn, Fe and Al in per cent; other elements in ppm.

N...,.

Station No. Area No.of Mn Fe AI V Cr Co Ni Cu Zn As Mo Ba MnlFe La Ce Nd Sm Tb Yb Lu CelLa
samples

PS1833-1 Weddell Sea I 15.1 14.1 1.9 579 44 5269 2261 1353 746 228 132 1090 1.1 164 1593 185 33.1 6.5 22.6 3.2 9.7
PS1826-2 Lazarev Sea 1 14.2 14.0 1.9 682 70 5347 2590 1279 596 241 161 857 1.0 149 1550 146 29.5 6.8 24.6 2.7 10.4

PS2269-7 East Georgia Basin 1 16.9 5.2 2.9 388 37 641 5764 2788 1908 83 269 656 3.3 31 205 40 11.1 2.0 7.0 0.8 6.6
PS2268-3 A East Georgia Basin 1 18.4 6.4 2.3 581 71 777 6738 3303 1731 144 315 644 29 40 283 53 19.9 5.4 12.2 0.8 7.1

PS2268-3 B East Georgia Basin I 19.9 5.8 2.5 422 41 555 5796 3924 2432 81 406 706 3.4 36 236 49 148 27 88 1.1 6.5

GeoB 2825-3 Santos Plateau, I 16.6 12.7 2.1 809 95 616 3515 1181 848 322 249 619 1.3 140 705 151 48.9 112 41.4 3.2 5.0

Argentine Basin

GeoB 2010-1 Cape Basin 1 18.1 9.0 2.1 573 48 1474 5904 2618 857 170 218 787 2.0 102 773 103 27.6 5.1 20.4 3.0 7.6

GeoB 2208-1 Brazil Basin 1 15.8 16.8 1.7 907 62 2554 2304 516 505 357 249 651 0.9 210 1307 190 40.4 7.4 30.6 4.1 6.2

GeoB 1037-2, Angola Basin 2* 31.2 2.7 2.4 633 55 579 4863 5422 1428 137 661 488 11.6 32 488 46 25.5 5.1 120 1.0 15.1

top

GeoB 1037-2, Angola Basin 3* 25.2 6.8 3.0 655 59 686 5750 5000 1030 168 417 720 3.7 59 575 75 29.5 5.9 17.9 2.4 9.8

bottom

* Number of surface scrapes taken from the top and the bottom ofnodule GeoB 1037-2.
Compositional data represent averages of 2 and 3 sampIes, respectively.
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Higher Mn/Fe ratios are observed for nodulcs from the Cape Basin (2.0) and the East
Georgia Basin (2.9 to 3.4) and reflect the diagenetic inHuence on nodule growth there.
'fhese findings are supported by the results of the mineralogieal analyses that revealed the
presence oftodorokite, birnessite and 8-Mn02 in these nodules (Table 5). It is possible that
the mineralogy and the lligher Mn/Fe ratios are partly a result of the nodules being samplcd
somewhat deeper in the sediment column (fable 2), although this is not considered to be
the dominant influence. These nodules are also characterizcd by high Ni (5700-6700) ppm,
Cu (2600-3900) and Zn (850-2400 ppm) contents again reHecting the diagenetic influence.
By contrast, nodules from the Weddell and Lazarev Seas display the highest Co contents (>

5000 ppm).

Table 5
Principal mineral phases of the outer layers of the manganese nodules studied here as
revealed by XRD analysis* .

Station No. Area Depth of nodule Definite Probable
in sediment [mm]

PS1833-1 Weddell Sea surface Ö-Mn02, Quartz, Illite, Vermiculite
Plagioclase

PS 1826-2 Lazarev Sea surface Ö-Mn02, Quartz, Hlite, Vermiculite
Plagioclase

PS2269-7 East Georgia Basin 25-65 Ö-Mn02, Todorokite, Birnessite,
Quartz, Plagioclase, Illite Chlorite

PS2268-3 A East Georgia Basin 0-50 Todorokite, Birnessite,
Ö-Mn02, Quartz, Illite,
Plagioclase

PS2268-3 B East Georgia Basin 140-160 Birnessite, Quartz, ö-Mn0 2
Plagioclase, Illite

GeoB 2010-1 Cape Basin 0-50 Todorokite ö-Mn02, llIite

GeoB 2208-1 Brazil Basin 0-10 Ö-Mn02, Quartz Hlite, Vermiculite

GeoB 1037-2 Angola Basin surface Todorokite, Quartz Ö-Mn02,
Plagioclase

* No material was available for analysis of sampies from the Argentine Basin

The Angola Basin nodule is quite different compositionally with high Mn/Fe ratios (3.7
11.6) and high contents of Ni (4800-5750 ppm), Cu (5000-5400 ppm), Zn (1000-1400
ppm) and Mo (400-660 ppm). These concentrations are similar to those reported by
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Anikeeva et al. (1990), except for a somewhat lower Ni content. The high Mo content of
this nodule may be explained by its strong association with Mn in deep-sea nodules
(Calvert and Price, 1977). Todorokite was found to be the principaJ manganese oxide
mineral (Table 5). If representative, the composition of this nodule reflects astrang
diagenetic influence on the formation of nodules in the Angola Basin. Our data show that
the Mn/Fe ratio of the upper surface of the nodule is higher (1 J .6) than that of the lower
surface (3.7). Cu, Zn and Mo (but not Ni) are also higher on the upper surface ofthe nodule
(Table 4).

The REE contents displaya wide variation with nodules from the Weddell Sea, Lazarev
Sea and Argentine Basin having the lüghest concentrations and those from the East
Georgia Basin and Angola Basin having the lowest concentrations (Table 4). Plots ofNorth
American Shale (NAS)-nonnalized REE data show sirnilar trends with a convex
distribution for the REEs with an atomic number greater than that of Nd and a marked
positive Ce anomaly for all sampies (Fig. 2).

The Ce/La ratio taken as a redox indicator decreases in the sequence Lazarev Sea (10.4),
Weddell Sea (9.7), East Georgia Basin (6.5-7.1), Argentine Basin (5.0) and then increases
again in the Brazil (6.2) and the Angola Basin (9.8 and 15.1). The corresponding value for
the nodule from the Cape Basin is 7.6. The extremely high Ce/La ratio ofthe upper surface
of the Angola Basin nodule (15.1) confirms the pronounced difference in fonnatioll
conditions compared to all other nodules studied as already indicated by trace metal data.
230Th analyses yielded an average growth rate for the underside of this nodule of 50 ± 20

mm /Ma (unpublished data by A. Mangini) which is high compared to those of
hydrogenous nodules which lie in the range 1-2 mm/Ma (Dymond et al., 1984; Huh and
Ku, 1984; Mangini, 1988).

A correlation matrix for the 9 nodules studied here shows that Mn is positively correlated
with Cu, Mo and the Ce/La ratio but not with Ni as is commonly observed in deep-sea
nodules (e.g. Baturin and Yemel'yanov, 1992; Mellin and Lei, 1993; Lei and Bosträm,
1995) (Table 6). Fe is positively correlated with V, Co, As and the REEs. These
associations are typical of deep-sea nodules (e.g. Calvert and Price, 1977; Kunzendorf et
al. , 1993).

In order to examine whether the Ce/La ratios in the studied nodules are controlled mainly
by the oxygen content of the overlying seawater, the Ce/La ratios of all studied nodules
were correlated with the corresponding bortom water oxygen concentrations.
Unfortunately, CTD measurements of the oxygen contents of the bortom waters were
available at only three of the sampling sites. The oxygen contents at other sites had to be
taken from the literature or deduced from contour plots. The values are listed in Table 7.
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Fig. 2: NASC normalized REE patterns of the manganese nodules studied here. REE
concentrations in NASC taken from Kunzendorf et al. (1993).

On the basis of the nodules studied, only a poor correlation was observed between the
oxygen content of bottom water and the Ce/La ratio of the associated nodules (Fig. 3). A
somewhat better correlation was obtained when only those sampies dominantly influenced
by the AABW (Weddell Sea, Lazarev Sea, East Georgia Basin, Argentine Basin) are
considered (although it is still not significant at the level p=O.05). The data imply that the
Ce/La ratios of the nodules decrease along the flow path of the AABW according to
decreasing oxygen contents in this deep water mass.
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Table 6
Correlation matrix of compositional data for all manganese nodules analysed in this study* .

Mn Fe Al V Cr Co Ni Cu Zn As Mo Ba La Ce Nd Sm Tb Yb Lu

Fe -0.73
AI 0.54 -0.80
V -0.10 0.67 -0.60
Cr -0.12 0.37 -0.34 0.72
Co -0.55 0.71 ·0.61 0.22 ·0.04
Ni 0.44 -0.85 0.72 ·0.62 ·0.26 -0.77
Cu 0.89 -0.91 0.77 ·0.47 ·0.31 ·0.61 0.73
Zn 0.30 ·0.78 0.63 -0.78 ·0.42 ·0.61 0.72 0.59
As ·0.42 0.88 -0.75 0.93 0.65 0.42 ·0.79 -0.75 -0.83
Mo 0.95 -0.76 0.52 ·0.13 ·0.09 ·0.64 0.46 0.86 0.47 -0.45
Ba ·0.57 0.52 -0.33 ·0.13 ·0.28 0.80 ·0.44 ·0.44 ·0.37 0.14 -0.72

La ·0.61 0.98 -0.84 0.74 0.34 0.69 -0.88 ·0.86 ·0.84 0.91 -0.66 0.46
Ce -0.49 0.86 -0.75 0.54 0.15 0.92 ·0.89 -0.68 -0.83 0.70 -0.60 0.68 0.88
Nd ·0.60 0.97 -0.82 0.70 0.34 0.72 ·0.90 -0.84 -0.84 0.90 -0.66 0.54 0.99 0.90
Sm ·0.21 0.72 -0.62 0.89 0.71 0.27 ·0.68 ·0.55 -0.81 0.93 -0.28 0.09 0.78 0.58 0.80
Tb ·0.23 0.65 ·0.56 0.85 0.87 0.24 -0.59 ·0.52 -0.72 0.87 ·0.29 0.05 0.67 0.49 0.70 0.95
Yb ·0.41 0.79 -0.65 0.84 0.74 0.31 -0.68 ·0.69 -0.78 0.93 -0.46 0.14 0.81 0.58 0.82 0.96 0.95
Lu ·0.46 0.89 -0.70 0.76 0.33 0.52 ·0.74 -0.71 -0.89 0.88 ·0.57 0.41 0.93 0.79 0.92 0.84 0.69 0.84
Ce/La 0.68 -0.34 0.15 ·0.04 -0.19 0.20 ·0.07 0.53 -0.11 ·0.23 0.56 -0.03 ·0.22 0.15 -0.19 -0.12 ·0.14 ·0.30 ·0.22

* correlation coefficients >0.64 are significant (p=0.05) and listed in bold type

Table 7
Concentrations of dissolved oxygen In bottom waters at locations where manganese
nodules were sampled.

Station Area Water depth Oxygen Data taken from
[m] [mlll]

PS1833·l Weddell Sea 4335 5.8 Olbers et al. (1992)
PSl826-2 Lazarev Sea 4782 58 Olbers et al. (1992)

PS2269-7 East Georgia Basin 4779 5.6 Gersonde (1993)
PS2268-3 East Georgia Basin 5126 5.6 Gersonde (l 993)

GeoB 2825 Santos Plateau, 4356 4.5 CTD at 4248 m
Argentine Basin

GeoB 2010 Cape Basin 5049 4.2 CTD at 4960 m

GeoB 2208 Brazil Basin 3977 4.9 CTD at 3935 m

GeoB 1037 Angola Basin 5626 5.2 calculated from
Zenk and Müller (1995)
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Sediments

Chemical compositions of the associated sediments are presented in Table 8 and the
corresponding correlation matrix in Table 9. For station PS1833, no sediment sampIe was
available. These data show that Mn is positively correlated with Co, Ni, Cu and Mo and Fe
with Al, V, Cr, Zn and Ba in the sediments, respectively.

With respect to the contents of trace metaIs in the sediments, the sampIe from the Angola
Basin displays the highest values for Mn (0.7 %), Co (65 ppm), Ni (318 ppm), Cu (205
ppm) and Mo (14.6 ppm) of all studied associated sediments. The sediments from the
Lazarev Sea (PSI826) and the Cape Basin (GeoB 2010) are also characterized by
comparatively high contents of Co, Ni, Cu and Zn. However, the pronounced enrichment
of Co in the nodule from the Lazarev Sea was not found for the associated sediment at this
station.

The organic carbon content in surface sediment sampIes from station GeoB 1037 in the
Angola Basin was determined to be 0.68 % (P.l. Müller, pers. comm.). This compares with
a value of about 0.3-0.4 % in surface sediments from the Clarion-Clipperton F.Z. (Müller
et aI., 1988).
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Tahle 8
Composition of sediments analysed in this study. Mn, Fe and Al in per cent; other elements
111 ppm.

Station No. Area Dcpth Mn Fe Al V CI' Co Ni Cu Zn As Mo Ba Mn/Fe
interval
[mm]

PSI 826-2 Lazarev Sea 0-10 0.19 4.3 6.9 107 46 41 201 131 147 11.8 1.7 1396 0.04

I'S2269-7 East Georgia Basin 0-10 0.23 2.1 3.5 69 26 II 97 65 89 9.6 6.8 695 0.11
I'S2268-3 East Georgia Basin 0-50 0.16 2.4 3.9 75 30 13 122 75 95 12.0 3.0 697 0.07
I'S2268-3 East Georgia Basin 140-160 0.13 2.7 4.4 80 32 14 119 66 84 8.8 4.3 631 0.05

GeoB 2825-3 Santos Plateau, 0-15 0.18 4.1 7.2 119 43 16 175 76 117 12.3 2.9 703 0.04
Argentine Basin

GeoB 2010-1 Cape Basin 0-10 0.48 3.9 5.5 100 45 60 298 152 141 27.4 11.1 942 0.12

GcoB 2208-1 Brazil Basin 0-5 0.09 1.2 2.0 50 20 17 64 29 38 28.0 2.5 200 0.08

GeoB 1037-5 Angola Basin 0-10 0.71 3.4 5.6 105 33 65 319 205 133 24.1 14.6 680 0.21

Tahle 9
Correlation matrix of compositional data for all sediment samp!es analysed in this study*.

Mn Fe Al V Cr Co Ni Cu Zn As Mo

Fe 0.38
Al 0.30 0.98
V 0.46 0.97 0.98
Cr 0.26 0.97 0.92 0.89
Co 0.88 0.55 0.43 0.54 0.51
Ni 0.89 0.73 0.64 0.75 0.66 0.94
Cu 0.91 0.65 0.57 0.67 0.56 0.94 0.96
Zn 0.58 0.93 0.87 0.88 0.89 0.70 0.84 0.82
As 0.51 -0.13 -0.23 -010 -0.10 0.61 0.42 0.34 -0.05
Mo 0.96 0.19 0.10 0.27 0.09 0.76 0.76 0.77 0.41 0.50
Ba 0.16 0.80 0.74 0.65 0.83 0.41 0.48 0.52 0.85 -0.31 0.00

* corre1ation coefficients >0.73 are significant (p=0.05) and listed in bold type
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2.5 Discussion

Diagenetic origin 0/Angola Basin nodules

The data presented here confirm the conclusion of Anikeeva et al. (1990) that the Angola
Basin nodules are dominantly diagenetic in origin. However, the question whether these
nodules most resemble those from the Peru Basin in terms of morphology and composition
as suggested by these authors needs to be considered in more detail.
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Fig. 4: Plots of Eh and nitrate concentrations in pore water as a function of sediment
depth at station GeoB 1037 in the Angola Basin. Open and solid circles represent
pore water sampies from box core GeoB 1037-2 and gravity core GeoB 1037-4,
respectively.

In the Angola Basin, the productivity of the ocean surface water at the location of station
GeoB 1037 lies in the range 60-90 g C mo2 y(l which is lower than that in the Peru Basin
but similar to that in the North Pacific manganese nodule belt located between the Clarion
and Clipperton Fracture Zones (Berger, 1991). Profiles of nitrate in the porewater and of
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Eh in the gravity core taken at this station also indicate that the sediment is oxygenated
throughout the core and that suboxic diagenesis can be exc1uded as a process for providing
metals for nodule formation at the sediment surface. Similar porewater profiles have been
obtained for sediments from the Clarion-Clipperton F.Z. (Müller et al., 1988). Sediments
(i'om station GeoB 1037 therefore appear to be subject to oxic diagenesis as reported für
the Clarion-Clipperton F.Z. rather than suboxic diagenesis as reported for the Peru Basin.
Differences in sediment type between these areas are also appparent. Sediments from
station GeoB 1037 are dark brown pelagic clay taken at a depth of 5626 m. By contrast, the
highest densities of nodules in the Peru Basin are found in the depth range 4100-4500 m
CI'hijssen et al., 1985) immediately above and below the Carbonate Compensation Depth
(4250 m) (Weber et al., 1995) and in the Clarion-Clipperton F.Z. in the depth range 4700
4900 m where siliceous ooze is dominant (Friedrich et al., 1983). Friedrich et aL (1983)
have shown that dissolution of siliceous tests or of manganese microdules in the sediment
column can provide the amount of trace metals required for the formation of nodules at the
sediment/water interface in the Clarion-Clipperton F.Z. However, other authors have

emphasized the breakdown of organic matter in supplying these trace metals to the nodules
(Aplin and Cronan, 1985; Müller et al., 1988; Cronan and Hodkinson, 1994).

Morphologically, the nodule from station GeoB 1037 is ellipsoidal with a pronounced
equatorial band and is more similar to those recovered from the Clarion-Clipperton F.Z.
(Raab and Meylan, 1977; Sorem and Fewkes, 1979; Friedrich et al., 1983; von Stackelberg
and Marchig, 1987) than those from the Peru Basin (Thijssen et al., 1985), although the

texture of the upper and lower surfaces of this nodule differs somewhat from those of
nodules from the Clarion-Clipperton F.Z. (Table 3). The nodules are also smaller and less
abundant than those from the Peru Basin. However, the nodule shows compositional

differences with nodules from the Peru Basin, Clarion-Clipperton F.Z. and the Aitutaki
Passage in the S.W. Pacific (Table 10). Although the high Mn/Fe ratio of this nodule
confirms its diagenetic origin, it is distinguished from the Peru Basin nodules by much
lower Ni and Ba contents and higher CelLa ratio, from the Clarion-Clipperton F.Z. nodules
by much lower Co, Ni, Cu and Ba contents and higher CelLa ratio and from the Aitutaki
Passage nodules by higher Mn, Ni, Cu and Zn but lower Fe, Co and Ba contents. Its
composition does not therefore correspond exactly to nodules formed as a result of suboxic
diagenesis, oxic diagenesis or hydrogenous deposition respectively (Halbach et al., 1981;
Glasby and Thijssen, 1982; Glasby et al., 1982; Dymond et al., 1984). Part of the reason for
the lower Ni and Cu contents of the Angola Basin nodules compared to those from the

Clarion-Clipperton F.Z. is that the associated sediments are pelagic clays. There is
therefore no possibility of the diagenetic release of these elements on dissolution of

siliceous ooze in the sediment column as in the Clarion-Clipperton F.Z. The Angola Basin
nodule also has a lower Ba content than those from the Peru Basin, Clarion-Clipperton F.Z.

and Aitutaki Passage which suggests that the content of this element in manganese nodules

can not always be used as a measure of palaeoproductivity (cf. Dymond et al., 1992; von
Breymann et al. 1992; Gingeie and Dahmke, 1994; Nürnberg, 1995).
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Tahle 10
Comparison of compositional data of Angola Basin nodule GeoB 1037 with those of
nodules from various regions of the Pacific Ocean. All analyses except Ce and La in per
cent; Ce and La in ppm.

Area NO.of Mn Fe Co Ni Cu Zn Ba Ce La Mn/Fe Ce/La
analyses*

Angola Basin (this study) top 2/2 31.2 2.7 0.(J6 0.49 0.54 0.14 0.05 488 32 11.6 15.1
bottom 3/3 25.2 6.8 0.07 0.57 0.50 0.10 0.07 575 59 3.7 9.8

Peru Basin ** 5/12 35.0 5.7 0.07 1.46 0.72 0.18 0.37 112 55 6.1 2.0

Area C*** (CCFZ) 40/9 29.1 5.4 0.23 1.29 1.19 0.16 0.33 344 93 5.4 3.7

Area K*** (Aitutaki 161/16 14.9 17.3 0.42 0.36 0.16 0.06 0.14 1360 169 0.9 8.0
Passage)

* No. of analyses for metals except Ce and La / No. of analyses for Ce and La
** Thijssen et al. (1985) (metal data except Ce and La); Glasby et al. (1987) (Ce and La data)
*** Friedrich et al. (1983) (metal data except Ce and La); Glasby et al. (1987) (Ce and La data)

As previously noted, the upper and lower surfaces of the Angola Basin nodule show
marked differences in composition (Table 4). The composition ofthe smooth upper surface
of nodules corresponds to a dominantly hydrogenetic origin and of the rough, lower
surfaces to a dominantIy diagenetic origin (Calvert and Price, 1977; Raab and Meylan,
1977; Moore et al., 1981; Calvert and Piper, 1984; Cronan and Hodkinson, 1994). Our data
confirm this pattern for the Angola Basin nodules with the Mn/Fe and Ce/La ratios being
much higher for the upper surface than the lower surface of the nodule whereas the
contents of Ni, Cu and Zn are much more similar. In order to explain this, we invoke the
model of Calvert and Piper (1984) for multiple diagenetic sources of metals. On this basis,
we believe that oxic diagenesis in the pelagic cIay would supply only limited amounts of
trace metals to the nodules at station GeoB 1037, although the intermediate Mn/Fe ratio
(3.7) and Ni+Cu content (1.07%) on the underside of this nodule would indicate that
diagenetic processes are occurring there (cf. Klinkhammer et al., 1982; Müller et al., 1988).
On the other hand, the area lies south of the region off Senegal where the Saharan dust
plume is at its maximum (Balsam et al. , 1995) and southwest of the high productivity
region associated with the slope of the southwestern African Continental Margin where
diagenetic remobilization of manganese into the overiying seawater is known to occur
(Gingeie and Kasten, 1994; Schulz et al., 1994). Transport of particulate manganese to the
Angola Basin from these sources (Kremling, 1985; Bruland et al., 1994) and its adsorption
on the surfaces of manganese nodules there may therefore account for the very high Mn/Fe
ratio (11.6) on the upper surface of this nodule. The reason for the high Ce/La ratio of the
upper surface of this nodule will be discussed in the next section.
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REE contents 0/nodules and relation to deep water circulation

The REE contents of the nodules show a strong correlation with the Fe contents (Table 6)

as is typical for deep-sea nodules (Glasby et a!., 1987). The Ce/La ratios confirm that all

the nodules were formed in well-oxygenated environments. However, the ratios do not

appeal' to decrease systematically along the flow path of the AABW as might have been

cxpected by analogy with previous work on Pacific Ocean nodules (Glasby et al., 1987;
Kunzendorf et al., 1989, 1993).

In fact, the Ce/La ratios of the nodules decrease in the sequence Lazarev Sea, Weddell Sea

(10.4 and 9.7) > East Georgia Basin (6.5-7.1) > Argentine Basin (5.0) but then increase in

thc Brazil Basin (6.2) and Angola Basin (9.8 and 15.1). They decrease again in the Cape

Basin (7.6). In this study, only Lazarev Sea, Weddell Sea and Angola Basin nodules were

taken at the sediment surface (Table 2) and this could influence the ratios. Buried nodules

might be expected to have lower Ce/La ratios than surface nodules as is observed für

manganese micronodules (Addy, 1979). In addition, the Ce/La ratio of the upperside of the

Angola Basin nodule (15.1) is higher than that üfthe underside (9.8) as has been previously

reported for diagenetic nodules from the equatorial Pacific (Elderfield et al., 1981; Murphy

and Dymond, 1984). However, the Angola Basin nodule has a very much higher Ce/La

ratio than that reported far the Peru Basin nodules (2.0) (Glasby et al., 1987). The variation

in Ce/La ratios in South Atlantic nodules does not therefore appeal' to be as simple as that

previously reported for Pacific nodules and the question is why.

Accurate profiles of the REE distributions in seawater are slowly becoming available

(Elderfield and Greaves, 1982; de Baal' et al. , 1985; Elderfield, 1988; Piepgras and

Jacobsen, 1992; Bertram and Elderfield, 1993; Möller et al., 1994; Shimizu et al., 1994;

Sholkovitz et a!., 1994; German et a!., 1995; Zhang and Nozaki, in press). These show that

the cerium anomaly in seawater is generally negative and increases with water depth. It also

decreases in the sequence Atlantic deep water (0.16) > Indian deep water (0.09) > Pacific

deep water (0.08). More recent data for the Atlantic Ocean have shown that NADW has a

smalleI' negative cerium anomaly than AABW (German et a!., 1995). In particular, German

and Elderfield (1990) and German et a!. (1995) have shown that the cerium anomaly of

deepwater (> 1000 m) is related to the Si content of the water. On this basis, NADW has

the lowest Si content (> 50 /-lg/kg) and the least negative Ce anomaly.

We have already mentioned the inflow ofthe NADW into the Brazil and Angola Basins at

the expense of AABW. We believe that the inflow ofthis more oxygenated bottom water is

the reason for the higher Ce/La ratios of the nodules from these two basins. The Cape

Basin is influenced by the inflows of both NADW and LCW and the nodules are also

subject to strong erosion. This would explain why the ratios are intermediate between those

of nodules from the Lazarev and Weddell Seas and those from the East Georgia Basin.
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Previous workers have already reported high CelLa ratios in North Atlantic nodules. Für
example, Addy (1979) determined ratios in the range 7.4-24.4 for deep-sea nodules from an
abyssal hilI province north ofthe Nares Abyssal Plain taken in a depth range 4782-5970 m.

Yarentsov et al. (1991) and Yarentsov (1993), on the other hand, found lower values in the
outer layers of manganese crusts taken from seamounts in the Cape Yerde region. The
ratios ranged from 4.9 for a erust taken at a depth of 2100-1400 m on the Bezymiannaya
Seamount to 4.4 far a erust taken at a depth of 2737 m on Krylov Seamount. However,
these sampies do not lie direetly in the flow path of the NADW. Baturin et al. (1989)
obtained ratios of 6.6 and 9.2 in erusts from the western flanks of the Mid-Atlantie Ridge
sampled at latitudes of 22°S and 23°S respeetively. The ratios reeorded by Addy (1979) are
amongst the highest anywhere in the world ocean (cf. Baturin et al. , 1991; Baturin and
Yushina, 1992) and clearly refleet the influenee of the well-oxygenated NADW.

The reason for the lügher CelLa ratios in manganese nodules lying beneath the NADW
eompared to those lying beneath the AABW can therefore be related to the higher oxygen
eontent and higher CelLa ratio of this water mass and possibly also the higher velocity of
the NADW. The rate of deposition of Ce relative to La into manganese nodules would
therefore be highest in those nodules lying beneath the NADW. This would explain the
high CelLa ratios of the Brazil and Angola Basin nodules and why Atlantie nodules have
amongst the highest CelLa ratios reeorded. Moffett (1994) has proposed a common
oxidative path for Ce and Mn in a shallow marine setting but we do not think that this
proeess is responsible for the high Mn/Fe and CelLa ratios in the upper surfaee of the
Angola Basin nodule.

Our data confirm that the CelLa ratios of deep-sea manganese nodules are a funetion of the
ocean water mass from which they are derived. When more data beeome available, it might
be possible to use the CelLa ratios of manganese nodules to traee oeeanic water masses as
now appears possible using lead isotope data (Abouchami and Goldstein, 1995).

2.6 Conclusions

In the Pacifie Oeean, the CelLa ratio of deep-sea manganese nodules has been related to the
oxygen eontent ofthe ambient water mass and therefore to the flow path ofthe AABW. In
the South Atlantie Oeean, the hydrographie regime is more eomplieated. Nodules lying
beneath the NADW have higher CelLa ratios than those lying beneath the AABW. This
refleets the higher oxygen content, CelLa ratio and possibly flow rate of the NADW
eompared to the AABW. As a result, the deposition rate of Ce relative to La is, in general,
higher in nodules lying beneath the NADW than those lying beneath the AABW.

In eontrast to previous eonclusions that manganese nodules from the South Atlantie (with
the possible exeeption of nodules from the Cape Basin) are dominantly hydrogenous, our
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data show that Angola Basin nodules are mainly diagenetic in origin. Nodules from the
deeper, central part of the this basin (> 5000 m) appear to be influenced by multiple
diagenetic sources of metals; oxic diagenesis within the underlying pelagic clay and
possibly lateral transport of particulate manganese from the adjacent Zaire Fan. Two
factors (the nature of the overlying water mass and the diagenetic sources of metals)
therefore conspire to produce high Mn/Fe and high Ce/La ratios in the upper surfaces ofthe
Angola Basin nodules and account for their unique geochemistry.

Our study represents only a reconnaissance survey of South Atlantic nodules and shows
that the origin of the Angola Basin nodules is somewhat uncertain. The lack of any
systematic study of Angola Basin nodules and their high average Ni+Cu content of (1.05
%) offers a clear incentive to carry out a more detailed survey of these nodules in order to
evaluate their origin and whether they can be classified as economic grade. In particular, it
is important to know whether areas of more abundant, larger nodules comparable to those
found in the Peru Basin occur within the Angola Basin.
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Abstract

In many deep-sea sediments Mn-rich layers are observed at various levels. In order to
investigate their formation and preservation as weIl as their use to reconstruct past changes
in the depositional environment downcore profiles of manganese and manganese carbonate
from different early diagenetic environments in the South-East Atlantic Ocean were
examined by geochemical analysis, X-ray diffraction and SEM-analysis. The results were
compared to pore water data and productivity regimes. In sediments underlying areas of
high to moderate surface water fertility Mn is reduced and recycled to overlying waters or
precipitated at the oxic/suboxic boundary within the sediment, fonning subsurface Mn
spikes. Manganese carbonate is a characteristic feature of these early diagenetic Mn
enrichments. In the cores from the Equatorial Divergence where glacial-interglacial

productivity changes have been recorded by geochemical and isotopical evidence
manganese carbonate peaks occur at deglaciation phases (decreased supply of organie

matter) though the total manganese contents are nearly constant indicating that manganese
carbonate survives burying to anoxie sediments better than Mn(IV)-phases. In sediments of
the central Walvis Ridge underlying nutrient-poor surface waters peaks of Mn(IV) and
manganese carbonate occur in glacial sections thus giving evidence of higher reduction

rates through increased supply of the reductant organic matter. The higher flux of organie

matter is attributed to a higher surface water productivity during glacials on the central
Walvis Ridge. Since the evaluation of paleoproductivity proxies in that area is ambiguous

the interpretation of manganese and manganese carbonate profiles is an important
qualitative tool supporting glacial-interglacial changes in paleoproductivity.
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3.1 Introduction

The occurrence of manganese in the marine environment is a well-studied topic in marine
geosciences due to the potential economic importance and the wide distribution of
manganese nodules. Being the eleventh most abundant element in the lithosphere with an
average concentration of 0.8% manganese reaches the ocean through erosion and
weathering of terrestrial rocks and through submarine volcanism and is incorporated in
considerable amounts in the sedimentary systems. While other metals may be removed
permanently to the sediments, manganese is remobilized under anoxie conditions and
recycled to near-surface sediment layers or to overlying waters, depending on the early
diagenetic environment. Organic matter is the principal reductant buried in accumulating
sediments and determines the appearance of pore water profiles. In turn, these profiles are
the most sensitive indicators of the active redox status of the sediments (Froelich et al.,
1979; Berner, 1981). The decomposition of organic matter leads to a characteristic
succession in the consumption of oxidants involved in the process, starting with oxygen,
the electron acceptor, which yields the greatest amount of free energy per mol. After
oxygen is depleted, nitrate, manganese oxihydroxides, iron oxides and finally sulfate are
utilized (Froelich et al., 1979). Under steady-state conditions the mobilization, diffusion
and reprecipitation of tetravalent manganese leads to an enrichrnent - a conspicuous
manganese spike at the oxic/suboxic boundary - which migrates upward with continuing
sedimentation. The depth of the subsurface spike is controlled by the balance between
downward diffusing oxygen and upward diffusing Mn(II), which are both consumed in the
precipitation of Mn(lV)-phases (Froelich et al. , 1979; Burdige and Gieskes, 1983).
Following the definition of Froelich et al. (1979) and Thomson et al. (1984) we use the
terms "steady-state" and "non-steady-state" to describe whether the present manganese
pore water and solid phase profiles are at equilibrium or not. A characteristic scheme of a
phase controlled downcore profile of manganese was suggested by Thomson et al. (1986).
Constant levels of residual manganese from detrital minerals plus hydrogenous Mn(lV)
from seawater prevails in the top oxic layer of the sediment. At the oxic/suboxic boundary
a steady-state Mn(lV) peak developes. Manganese oxihydroxide reduction and the
formation of manganese carbonate was proposed for the layer just below the subsurface
manganese spike. Therefore manganese carbonates are believed to be a characteristic part
of these manganese spikes (Thomson et al., 1986). Carrying manganese in the divalent
state manganese carbonates should survive burying to anoxie sedimentary layers and
record information about paleo-manganese spikes. However, "non-steady-state" Mn
enrichrnents do not in all cases survive subjection to anoxie conditions (Dean et al., 1989;
Pruysers et al., 1993). The precipitation of manganese carbonate and the sorption of Mn(H)
on carbonate surfaces was suggested to control pore water concentrations of Mn(II) in
deeper, anoxie sections ofthe sediment (Thomson et al., 1986, 1993).

Quatemary climate changes influence surface water productivity, bottom water oxygen
(Emerson et al., 1985), redox conditions in the sediment and the cycIing of manganese and
other transition metals (Finney et al., 1988). Changes in organic carbon flux, bottom water
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oxygen and depositional ehanges (turbidites) can result in changes of the redox boundary
and interfere with steady-state eonditions. In many deep-sea eores taken from different
sedimentary environments Mn-rieh layers are observed at various levels and non-steady
state eonditions are proposed (Thomson et a1., 1984; Finney et al., 1988; WaIlace et a1.,
1988; Dean et al., 1989).

We have studied eores from different diagenetie environments and paleoeeanographic
settings of the Southeast Atlantie. Single Mn-enriehments forming under steady-state
conditions were eneountered as weIl as multiple Mn-layers for whieh non-steady-state
conditions were assumed. We foeus on the questions of the formation and preservation 01'

these multiple peaks and their signifieance for paleoredox eonditions and the
paleoenvironment. As one result of these studies we propose that manganese carbonate as
weIl as total manganese contents may be used as a qualitative evidenee for
paleoproduetivity ehanges if certain diagenetic constraints are eonsidered.

3.2 Material and Methods

During Meteor eruises M 6~6, M 9-4 and M 12-1 gravity cores were taken in different
sedimentary environments of the eastern part of the South Atlantie (Wefer et al., 1988,
1989, 1990; Fig.l). Two eores from the Equatorial Divergenee, one core from the Congo
Fan, one core from the eontinental slope off southern Angola and three eores from the
Walvis Ridge were analyzed for their geoehemieal and mineralogical composition (Table
I).

Table 1
Core locations, water depth and type of analyses performed on the sampies (GD:
geochemieal data, MD: mineralogical data, PW: pore water data).

Core Latitude Longitude Water NO.of GD MD PW
Depth (m) sampies

GeoB 1008 06°35.2'S 100 19.2'E 3115 33 x x x
GeoB 1023 17°09.6'S 100 59.9'E 2047 42 x x x
GeoB 1034 21 °44.1 'S 05°25.3 'E 3772 47 x
GeoB 1035 21°34.TS 05°01.4'E 4453 33 x x x
GeoB 1041 03°28.2'S 07°35.8'W 4034 49 x x x
GeoB 1117 03°48.5'S 14°43.2'W 3984 246 x x x
GeoB 1214 24°41.4'S 07°14.5'E 3210 53 x
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Fig.l: Area of investigation with core locations, main ocean currents and productivity
regimes, adapted from Schneider (1991).

A good chemical characterization of diagenetic environments with pore water data was
available for five of these cores from Kölling (1991) and Schulz et al. (1994). Kölling
(1991) gives a detailed description of sampling and analytical procedures. A total of 503

sediment samples from oxidized and reduced core sections were collected, freeze-dried
and homogenized prior to further analyzing. Geochemical data were obtained from HN03

digestions by inductively coupled, argon plasma, emission spectrometry (ICP-AES).
Analyses were done in triplicate (error range ± 5%). Organic carbon was measured with a
LECO CS 125 carbon-sulfur determinator, after removal of calcium carbonate by HClconc

Mineralogical analyses were carried out by X-ray diffraction, using a Philips PW 1700
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(CoKa radiation). Calcium carbonate was removed by weak acetic acid (10%) to enrich
non-calcite phases and scans were run between 2° and 80° 28 with a scanning speed of
0.02° 28 S-1. Several peaks detected at 2.96 A, 2.90 A and 2.86 A were attributed to mixed
Mn, Ca carbonates. However, a peak at 2.84 A was the most reliable indication of
manganese carbonate (rhodochrosite) and was used to formulate a semiquantitative
manganese carbonate index (MCI, Eq. 1). The intensity of the manganese carbonate peak
with d-spacings (104) at 2.84 A was normalized against the corundum standard (y-A120 3)

at 3.48 A. Possible interference of a barite peak near 2.84 A (50% intensity, JCPDS 1980)
was corrected with another barite peak of the same intensity at 3.88 A. For easier handling
the resulting figure was multiplied with a factor of 1000 and recalculated to the bulk
sediment.

(1) MCI = 1(2.84 A)/I(3.88 A)/I(3.48 A) x 1000 (1)

Sequential extraction was performed on selected sampies from GeoB 1035 in order to
distinguish divalent, carbonate-bound manganese from tetravalent manganese in
oxides/hydroxides. The procedure involves five extraction steps with consecutively
stronger agents, which produce an exchangeable, carbonatic, reducible, sulfidic/organic
and residual fraction. The respective chemicals and proceedings are given in Kersten
(1989).

Morphological features and qualitative elemental composition of manganese micronodules
were examined with the scanning electron microscope (SEM) connected to an energy
dispersive X-ray spectrographic analyser (EDAX).

3.3 Results

Core site GeoB 1023 is situated on the upper slope of the southwest African Continental
Margin in an area of seasonal upwelling and consists of homogenous olive-coloured muds
with minor admixtures of carbonate and biogenic silica (Fig. 2). High fluxes of organic
matter and sedimentation rates exceeding 25 crn/kyr result in high concentrations of
organic carbon (TOC; Fig. 2). The high amount of reactive organic matter quickly depletes
the available oxidants resulting in a characteristic pore water profile. Nitrate drops to zero
levels in the uppermost 10 cm and the redox potential approaches negative values below
100 cm. Dissolved Mn(II) is only present in traces « Illmolll) and does not show a clear
gradient. Solid phase manganese concentrations with values around 140 ppm are the
smallest observed in a11 cores and show a rather constant downcore distribution without a
distinct maximum. Sma11 fluctuations co-vary with aluminium concentrations suggesting a
terrigenous source for the manganese (Fig. 2). This is supported by Mn!Al-ratios in the
core, which fluctuate between 0.003 and 0.004 and are similar to those of an average shale
(0.005; Wedepohl, 1971). The early diagenetic mobilization ofMn(IV) is negligible in this
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core as shown by the trace amounts of dissolved manganese. Primary manganese
oxihydroxides supplied to the site by river input 01' airborne dust are probably reduced
prior to burying and recycled to overlying waters as suggested by Sundby et a1. (1981) for
nearshore environments.
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Fig.2: Lithology, stratigraphy (Schneider et a1. , 1992), pore water characteristics
(Kölling, 1991), manganese, aluminium and total organic carbon contents of core
GeoB 1023 (Angola-Slope).

Homogeneous carbonate-pool' muds with some biogenic silica in the glacial section of the
core dominate the sediments of core site GeoB 1008 from the Congo-Fan (Fig. 3). River
induced high productivity and sedimentation rates of 5-10 cmlkyr yield considerable
concentrations of organic carbon in the core, comparable to those of site GeoB 1023. The
resulting pore water profile is likewise characteristic for sites with a high organic carbon
flux with nitrate dep1etion in the uppermost centimeters and negative Eh-values from 200
cm downcore. However, solid phase manganese is significantly enriched at the sediment
surface, while dissolved manganese values drop to zero (Fig. 3). Manganese is reduced at a
depth of 5-10 cm and diffuses to the sediment surface along a strong gradient, where it is
reprecipitated in contact with oxygenated bottom water, thus leading to a surficial
manganese peak. A second gradient is directed into the sediment indicating a diffusive flux
of dissolved manganese to deeper layers. Minor solid phase manganese peaks, which
cannot be associated with Al-fluctuations occur at 150 cm near the boundary between
isotope stage 2 and 1 and at 975 cm at the stage boundary 6/5. Manganese micronodules
were not observed in anY of the sampies from this core. SEM- and EDAX-analyses show
that manganese in the surficial maximum is incorporated in iron-coatings on foraminifera.
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Fig. 3: Lithology, stratigraphy (Schneider, 1991), pore water characteristics (Kölling,
1991), manganese and total organic carbon contents of core GeoB 1008 (Congo
Fan).

Two cores were taken at the Equatorial Divergence consisting of intercalated foraminiferal
and nannofossil oozes (Figs. 4 and 5). Driven by strong trade winds upwelling water from
intermediate depth fosters a high productivity in surface waters (Voituriez and Herbland,
1981; Oudot and Morin, 1987), which is reflected in the organic carbon content of the
sediments. TOC-contents at both sites show a cyclic downcore variation with maxima
related to glacial and minima to interglacial stages. Prominent solid phase manganese
peaks near the sediment surface coincide with the depth of the removal of dissolved
manganese from interstitial waters, indicating steady-state conditions for the system.

GeoB 1041 is situated east of the Midatlantic Ridge and covers isotope stages 1-15 (Fig. 4;
Bickert, 1992). Sampling intervals are wide-spaced thus leading to a poor time resolution,
which has to be taken into consideration when interpreting the data from this core.
Nevertheless, the subsurface early diagenetic manganese peak is marked by a sampie at 25
cm core depth containing 800 ppm Mn, while the remaining downcore concentrations stay
fairly constant between 100 and 200 ppm. Dissolved Mn(H) is released at 350 cm core
depth and above and diffuses upward to the oxic/suboxic boundary, where it is fixed in a
subsurface manganese spike. Some Mn(H) also diffuses to deeper layers. The decreasing
downcore concentrations of dissolved Mn(H) are mimicked by a shift in solid phase
manganese from 100 to 200 ppm. Thomson et al. (1993) attributed these type of
"divergent" downcore profiles to uptake of manganese on carbonate surfaces. However,
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this process is difficult to detect in the solid phase of sediments. The downcore profile of
manganese carbonate does not show a gradual increase, but a glacial-interglacial pattern.
The subsurface manganese spike is not recognizable in the manganese carbonate index,
which may be due to the poor resolution.

Fig. 4: Lithology, stratigraphy (Bickert, 1992), pore water characteristics (Kölling, 1991),
manganese, manganese carbonate index (MCI) and total organic carbon content of
core GeoB 1041 (Equatorial Divergence).
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Core GeoB 1117 from the western flank of the Mid-Atlantic Ridge shows a similar
lithology, but reaches only isotope stage 11 (Fig. 5; Bickert, 1992). It is interrupted by
several turbidites (1'1-1'4). Tl from 500-600 cm core depth is characterized by positive
anomalies in the redox potential and is easily recognizable as light carbonate-rieh
intercalation in the darker glacial sediments of stage 6. Easily recognizable but without
implications on the pore water profile is the thin turbidite 1'2 (699- 705 cm). Positive redox
anomalies at 890 em core depth are believed to mark turbidite 1'3, stretching from 870-890
cm core depth. Located at the stage boundary 8/7 with an associated lithological change it
is hardly recognizable by sedimentological parameters. The core is terminated in turbidite
1'4 from 1205-1219 cm core depth. The core was sampled at 5 cm intervals. TOC
concentrations are smaller than in core GeoB 1041 with a similar downcore pattern, which
can be related to glacial-interglacial productivity changes (Bickert, 1992). Manganese is
mobilized at 500 cm core depth and above, diffuses to the oxic/suboxic boundary at 50 cm
and reprecipitates in a strong early diagenetic manganese spike. Manganese concentrations
in this peak exceed 5000 ppm, which are the highest observed in all cores. Below the
maximum contents fluctuate slightly between 300 and 600 ppm with minor peaks at 600
and 900 cm core depth. Both peaks are located just below the major turbidites Tl and 1'3
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and can be interpreted as remnants of early diagenetic manganese peaks buried by the
turbidites (Jarvis and Higgs, 1987; Buckley and Cranston, 1988; Finney et al., 1988;
Thomson et a1., 1993). The strangest indication tür manganese carbonate occurs in the
actively forming manganese peak at 50 cm core depth and is restricted to a single sampie.
This manganese carbonate is supposed to form where the reduction of manganese
oxihydroxides and release of manganese into interstitial waters starts and is a characteristic
feature of early diagenetic manganese peaks (Thomson et a1., 1986). Minor manganese
carbonate peaks occur near the stage boundaries 6 to 5, 4 to 3 and near substage 7.4. Three
peaks can be related to the turbidites l'1, 1'2 and 1'3 as being an integral part of buried
subsurface Mn-spikes. Below the site of manganese mobilization at 500 cm core depth
concentrations of dissolved Mn(H) are constant and manganese or manganese carbonate
does not show an enrichment compared to the upper core section.

GeoB 1117
Lithology
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Fig.5: Lithology, stratigraphy (Bickert, 1992), pore water characteristics (Schulz et a1.,
1992), manganese, manganese carbonate index (MCI) and total organic carbon
content of core GeoB 1117 (Equatorial Divergence).

Three cores consisting of foraminiferal and nannofossil oozes were recovered from the
central Walvis Ridge. Situated in the Bengue1a Oceanic Current (Fig. 1) recent surface
waters ofthe area are characterized by a low productivity « 50 g C m·2 i l

; Berger et a1.,
1987). Low flux of organie material and average sedimentation rates of less than 2 cm/kyr
support the decomposition of organic matter, allowing only a refractive part of organie
carbon to accumulate in the sediment. TOC-contents of all three cores fluctuate below
0.1%. Core GeoB 1035 from which pore water data was available (Kölling, 1991; Fig. 6)
was used for geochemica1 and mineralogical examination. The limited availability of
organic matter as the principal reductant has implications on the main oxidants nitrate and
Mn(IV). The redox potential never drops below +200 mV and nitrate is significantly
depleted only below 600 cm core depth. The downcore profile of dissolved manganese
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indicates a mobilization at 400 cm and diffusive fluxes upward and downward in the
sediment column. The upward flux along the stronger gradient of 1.3 10-1 mmol m-2 a- 1

(Kölling, 1991) is terminated at 275 cm core depth, where manganese is removed from
interstitial waters. However, no conspieuous solid phase manganese maximum Is
assoeiated with the manganese sink in the pore water, indieating non-steady-state
conditions for the system. Though a downcore decrease in solid phase manganese
concentrations ean be observed below 400 cm, which is attributed to early diagenetie
mobilization, considerable manganese peaks remain.
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Fig.6: Lithology, stratigraphy (Bickert, 1992), pore water characteristics (Kölling, 1991),
manganese, manganese carbonate index (MeI) and total organic carbon content of
core GeoB 1035 (Walvis Ridge).

Manganese micronodules consisting of tetravalent oxihydroxides were found in all
sampies above the turbidity section (Fig. 7 D-F). Sequentialextraction proves that in the
top oxic layer above 300 cm core depth 95% of the manganese occurs in the form of easily
reducible Mn(IV). Manganese peaks below 300 cm still contain 75-80% Mn(IV). Only two
sampies from manganese minima in stage 11 are significantly depleted ofMn(IV), (6-12%)
with carbonate being the main Mn-carrier.

Manganese peaks and the occurrence of micronodules above the diagenetically active layer
imply changes in the oxic/suboxic boundary through time (Thomson et al., 1984, 1986;
Wallace et al., 1988; Pruysers et al., 1993). High manganese concentrations are associated
with glacial-interglacial stage boundaries 12/11, 10/9, 8/7, 6/5, 4/3 and 2/1 and coincide
with manganese carbonate peaks, thus corroborating their early diagenetic origin.
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C'arriers 01Manganese

Apart from the determination of total manganese contents in the sediment and the
semiquantitative estimation of manganese carbonate by XRD, SEM- and EDAX-analysis
was carried out on selected sampies in order to specify manganese carriers. XRD of
manganese micronodules was used to identify manganese phases.

In the anoxic muds of sites GeoB 1023 and GeoB 1008 no manganese micronodu1es or
manganese minerals were detected by XRD, SEM- and EDAX-analysis, with the exception
of the surface sampie in GeoB 1008, where manganese was found to be a patt of iron
coatings on foraminifera. In the steady-state subsurface manganese spikes of sites GeoB
1041 and GeoB 1117 manganese occurs in the form of micronodules on or within
calcareous foraminifera and as casts of bioturbation structures. As expected from the
stability field of Mn2

+ and the pH-dependancy of oxidation rates these are the favourite
microenvironments for the precipitation of Mn(IV)-oxihydroxides (Berger et al. , 1983).
The manganese "nodules" from bioturbation structures appeal' as twig-like, elongated
structures measuring 100-1000 Ilm in length and 50-500 Ilm in diameter. Calcareous,
siliceous and terrigenous detritus is cemented by the manganese phase (Fig. 7 A), thus
making it difficult to obtain reliable data on the qualitative elemental composition. The
morphology and size of the manganese oxihydroxide crystals differ considerably between
both sites. Close-ups from micronodules in GeoB 1041 reveal a network of pellets and
flakes smalleI' 1 Ilm (Fig. 7 B), while platelets of 20-30 Ilm length occur in the concretions
of site GeoB 1117 (Fig. 7 C). The platey habit of the crystallites and distinctive X-ray
diffraction lines at 7.27-7.39 A and 3.63-3.69 A (Bums and Bums, 1979) make it possible
to identify the mineral as bimessite, (Na, Ca, K)(Mg, Mn) Mn6014 5 H20.

The EDAX-spectrum (Table 2) yields the elements Mn, Ca and K. The sodium line is very
weak 01' missing. In natural bimessites sodium can be substituted by calcium 01' potassium.
Electron diffraction measurements of micronodules in coccolith oozes (Chukrov et al. ,
1978) have revealed the presence of calcium-rich bimessite polymorphs having cell
parameters analogous to those of the synthetic sodium bimessite (Giovanoli et al., 1970 a,
b). Bimessite is frequently reported from topographic highs in the open ocean such as
ridges and seamounts (Bames, 1967) and is a major constituent of ferromanganese crusts
adjacent to ocean spreading centers (Burns and Bums, 1979). The manganese phase in the
micronodules of GeoB 1041 could not be identified by means of XRD, which may be due
to small crystal size or poar crystallinity. In contrast to GeoB 1117 Fe is present in the
EDAX-spectrum, while K is missing (Table 2). At both sites manganese micronodules
only occur in the subsurface manganese spike. At site GeoB 1035 they were detected in all
sampies in the form of almost complete infillings of foraminifera (Fig. 7 D-F) with tiny
crystallites smalleI' than 1 Ilm. They appeared amorphous to XRD and gave no eIues to the
mineralogy in the EDAX-spectrum (Table 2).
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Fig.7: (A) Manganese microconcretion (GeoB 1117, 50 cm) with incorporated biogenie
debris. (B) Manganese oxihydroxide crystallites from manganese
microconcretions (GeoB 1041, 25 cm). (e) Birnessite crystals, enlarged section
from Fig. 7 A. (D) Manganese oxihydroxide microconcretion (GeoB 1035, 20 cm)
precipitated within a planctonic foraminifera. The chambers have been filied
compietely by the manganese phases and the test has been dissolved. (E)
Manganese micronodule partIy filling a foraminifera chamber (GeoB 1035, 560
cm). (F) Enlarged seetion from Fig. 7 E, showing the minute crystallites « 1 11m)
of the manganese phase.
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Table 2
Qualitative elemental analyses and habitus 01' Mn(IV)-phases.

Core sampie EDAX-spectrum morphology phase

GeoB 1008 0-3 cm Fe, Mn,P iron-coating amorphous

GeoB 1035 20cm Mn, (Ca, Si, Al) micronodules amorphous

GeoB 1041 25 cm Mn, Fe, Ca, (Si, Al) micronodules amorphous
GeoB 1117 55 cm Mn, Ca, K, (Si, Al) mkronodules birnessite

Discrete manganese carbonate crystals as observed by Pedersen and Price (1982) in
association with the coarse fraction 01' the sediment could not be found. The measured
manganese carbonate is believed to occur in the finer fractions 01' the sediment.

3.4 Discussion

As shown in the results, downcore patterns of manganese are greatly influenced by the
availability of organic matter as the reductant, which drives early diagenetic mobilization
and precipitation processes. In extreme cases like site GeoB 1023 with a high organic
carbon flux all Mn(IV) is reduced and returned to overlying waters. The remaining residual
manganese is most likely incorporated in crystal lattices 01' detrital minerals, e.g. clay
minerals, substituting for other cations (Burns and Burns, 1979). There is no indication of
a fossil manganese spike or a paleoredox horizon in the core. The paleoproductivity
remained comparatively constant at the site from the last glacial to the Holocene
(Schneider, 1991), thus supporting the assumption that early diagenetic enrichment of
manganese never occurred in this core. A surficial manganese peak is observed in the
anoxic sediments of site GeoB 1008. The sequence of oxidant consumption during organic
matter oxidation is compressed into thin interfacial zones in anoxic sediments and
remobilized, reduced manganese may escape into overlying waters through non-diffusional
mixing of interstitial and bottom waters as described by Elderfield et al. (1981) and
Sundby et al. (1981), resulting in a flux ofmanganese to the deep sea (Sundby et al., 1981).

Subsurface or surficial steady-state manganese peaks at different levels below the sediment
surface were observed in cores from the Equatorial Divergence (GeoB 1041 and GeoB
1117) and the Congo-Fan (GeoB 1008). The highest concentrations of manganese (> 5000
ppm) were detected in core GeoB 1117, which is the site dosest to the Midatlantic Ridge.
Birnessite was identified as a prominent Mn(IV)-carrier. No distinct phases could be
detected by X-ray diffraction in manganese micronodules from all other sites. Minor
manganese peaks occur in all three cores below the diagenetically active maximum.
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Preservation of "non-steady-state peaks" is possible under special conditions. Sudden
sedimentation events (e.g. turbidites) bury steady-state manganese peaks faster than the
reduction process is able to move the peak upward. Trapping below turbidites (Buckley
and Cranston 1988; Thomson et al., 1993) was found to be a potential reason far fossilized
manganese peaks in various deep sea cores. TOC-poor turbidites, which were degraded in
their original setting, quickly cut off Mn(IV) peaks from the source of reductants
(Thomson et al., 1993). While pore water profiles quickly adopt to the new situation, the
solid phase manganese peak is only slowly reduced. This can be observed in care GeoB
I 11 7, where minar manganese peaks at 600 cm and 900 cm underly TOC-poor carbonate
turbidites (Fig. 5). Manganese carbonate being an integral part of any early diagenetic
manganese peak corresponds with maxima at the same care depth.

A rapid increase in the input of organic matter causing a shallowing of the redox boundary
could result in the preservation of a former steady-state manganese peak (Finney et al.,
1988). Again the pore water profile would adapt faster than the solid phase profile. A
decrease in the input of organic matter (Thomson et al., 1984) ar increase in bottom water
oxygen (Emerson et al.; 1985, Finney et al., 1988) could cause a deepening of the oxic
layer, thus exposing a steady-state manganese peak to oxic conditions and prevent its
reduction. However, these approaches do not consider the effects of bioturbation.

A sudden drop in fertility of surface waters could cause the flux of organic carbon to the
sea floar and the burrowing activity to subside. The reduction rate within the manganese
layer would then be unable to provide for continual re-erosion of manganese and the
upward migration of the steady-state peak. Such drops in fertility e.g. during deglaciation
events were held responsible for fossilized manganese peaks at several core sites (Berger et
al. , 1983; Wilson et al. , 1985). Slightly higher manganese contents at the glacial
interglacial boundaries 6/5 and 2/1 are found in core GeoB 1008 and may represent
paleoredox layers. They are not visible in manganese downcore profiles of cores GeoB
1041 and GeoB 1117. However, core GeoB 1117 with a high resolution sampling contains
manganese carbonate peaks at stage boundaries 4/3, 6/5 and substage 7.417.3, which
correlate with decreases in TOC-contents. The efficiency of manganese enrichment in early
diagenetic layers depends largely on the diffusion of oxygen into the sediment, which in
turn is influenced by the degree of bioturbation (Sundby et al., 1981; Berger et al., 1983).
The burrowing activity is a function of food supply and the production in the photic zone.
An increased flux of organic material can support bioturbation and manganese enrichment,
thus limiting the loss of manganese to overlying waters (Van der Gaast and Jansen, 1984).
The manganesecarbonate associated with the manganese peaks survives burying to
suboxic and anoxie conditions better than Mn(IV)-phases (Thomson et al., 1984), which
are completely reduced under steady-state conditions. Thus manganese carbonate can
provide dues to former paleoredox boundaries.

At site GeoB 1035, where non-steady-state conditions prevail, manganese peaks are
correlated with glacial stages. Manganese micronodules on and within foraminifera tests
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were found in all sampies (Fig. 7 D-F). Since foraminifera are clean when reaching the sea
floor micronodules prove an early diagenetic origin of the manganese rich horizons, which
is also corroborated by sequential analyses and the correlation with manganese carbonate
peaks. Fossil manganese peaks can be found above ami below the horizon (275 cm), where
the formation of a steady-state manganese peak is expected. Such a peak is neither visible
in the manganese concentrations, nor in the manganese carbonate record meaning that the
actual mobilization and reprecipitation of manganese is quantitatively unimportant and
does not produce a significant maximum. Frequent oscillations of the oxic/suboxic
boundary mayaiso prevent the formation of a distinctive peak. Early diagenetic manganese
peaks near the sediment surface prove that recently the redox boundary was much
shallower than today. What is able to cause such oscillations and how did the strong non
steady-state manganese peaks form? Two possibilities have to be discussed. First,
fluctuations in the oxygen content of bottom waters may have caused the oxic/suboxic

boundary to shallow 01' deepen (Emerson et al. , 1985; Finney et al. , 1988). A reduced
oxygen content of bottom waters during the last glacial has been discussed by several

authors. Compared to present 02-values of 220-240 flmol/l (Van Bennekom and Berger,
1984) in the North Atlantic Deep Water (NADW), which covers site GeoB 1035 today, a

reduction of 90 flmol/l is assumed for the last glacial (Curry and Lohmann, 1985, 1990).
Minimum values of 80-120 flmol/l for glacial Lower Southern Component Water (LSCW)
are derived from the regression between O2 and ö13c (Shackleton, 1987; Bickert, 1992). A

decrease in oxygen content of bottom waters could have caused the oxic/suboxic boundary
to rise, the effect on burrowing activity would be negative and the efficiency of manganese
fixation reduced (Berger et al., 1983). Since no manganese enrichment can be achieved by

this approach a second scenario is favoured. An increase in productivity of the surface
waters and the resulting organic carbon flux would result in a shallowing of the
oxic/suboxic boundary through consumption of oxygen in the sediment, intensification of
burrowing activities through higher food supply and in speeding oE reduction rates through
the higher input of reductant. At present reduction rates and fluxes of dissolved manganese
a peak of 1000 ppm manganese would take 180 kyr to develop (Kölling, 1991), which is
much more than a glacial-interglacial cycle. Summarizing the observations mentioned

above, there is good evidence that organic carbon fluxes were higher in glacial stages, thus
speeding the reduction rates of manganese and leading to the formation of manganese
peaks during steady-state conditions. In the following interglacial TOC supply dropped, the

oxic/suboxic boundary deepened, reduction rates decreased and non-steady-state
conditions with fossilization of former peaks set in.

Since the resolution in GeoB 1035 is pOOl' two more cores from the area were analysed for
manganese carbonate as a proxy for paleoredox horizons. GeoB 1034 from the Angola
Basin and GeoB 1214 from the Cape Basin (Fig. 1) also extend the paleoceanographic
interpretations to a larger area over the central Walvis Ridge, the surface waters of which
are dominated by the Benguela Oceanic Current. Plotted against time the downcore
profiles of manganese carbonate show a striking similarity in all three cores (Fig. 8) with
maxima in the glacial and minima in interglacial stages. Therefore we assurne a higher
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surface productivity for the geostrophic branch of the Benguela Current during glacial
times. However, no quantitative estimation of productivity changes or comparison of
different glacials should be based on that qualitative evidence.

The possible reasons for higher glacial productivity in surface waters on the central part of
the Walvis Ridge are purely speculative, because the manganese record only provides
information on the flux of the reducing organic matter and not on other paleoceanographic
parameters. A westward displacement of the oceanic front separating the coastal from the
oceanic branch of the Benguela Current during selected glacials (Oberhänsli, 1991) could
have supported the transport of eddies containing upwelled water to the central Walvis
Ridge and fostered a higher surface water fertility. Further research on other
paleoproductivity proxies like faunal assemblages is presently carried out and will
hopefully shed more light on the paleoceanography of the area.
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Fig.8: Manganese carbonate record of three cores from the central Walvis Ridge. The
stratigraphy was taken from Bickert (1992). The association of MCI-maxima with
glacial stages is clearly visible.

3.5 Conclusions

The high mobility of manganese in marine sediments can be seen in all analysed cores.
Under steady-state conditions Mn(IV) is reduced, diffuses to the oxic/suboxic boundary
and reprecipitates in a near-surface manganese spike. Burying below turbidites can
fossilize Mn(IV)- peaks. Once cut off from the source of reductant (organic matter) near
the sediment surface, reduction rates drop and the peaks survive considerably longer.
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Fluctuations of divalent manganese in the form of manganese carbonate, which is a
characteristic feature of early diagenetic manganese peaks can be detected in the downcore
profiles even when total mangancse contents are nearly constant. Given a good resolution,
paleoredox horizons can be traced with that proxy. In cores of the Equatorial Divergence,
where glacial-interglacial paleoproductivity changes have been proved by geochemical and
isotopical evidence (Mclntyre et al., 1989; Bickert, 1992) such horizons survived at

deglaciation phases, when the supply of organic material dropped. In contrast to "fossil"
Mn-peaks, consisting of Mn(IV)-phases, which have been described from the
Pleistocene/Holocene boundary and postulated for older terminations (stage 6/5; Wallace
ct al., 1988), Mn(II)-enrichments can be traced back as far as the stage 12/11 boundary
(Fig.4).

Considerable fluctuations with multiple peaks occur in the downcore profiles of Mn(IV)
and manganese carbonate in the non-steady-state sedimentary systems of the central
Walvis Ridge. They are attributed to changing fluxes of reductant, i. e. organic matter and
may be interpreted as glacial/interglacial changes in fertility of the surface waters. Since

the interpretation ofpaleoproductivity proxies in that area is ambiguous (Oberhänsli, 1991;
Bickert, 1992; GingeIe, 1992; GingeIe and Dahmke, 1994) depending on the proxies used,

manganese may be an important qualitative evidence supporting a glacial-interglacial
paleoproductivity pattern.
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Abstract

High resolution solid phase examinations have been performed on a gravity eore whieh
shows the typieal Amazon Fan stratigraphy for the last 20,000 years. The sedimentary
reeord is eharaeterized by two pronouneed enriehments of solid phase Fe. The first Fe peak
from 0.34 to 0.37 m sediment depth eonsists of an indurated Fe oxyhydroxide erust loeated
c10se to the Pleistoeene/Holoeene boundary. It represents a widespread nonsteady-state
diagenetie feature on the fan. The seeond Fe peak is a pronouneed enriehment of authigenie
iron sulfides loeated between 6.15 and 6.45 m in the sediment. Hs formation is attributed to
sulfate reduetion that is mainly driven by anaerobie methane oxidation. Aeeording to SO/
porewater profiles and ealculations of the time of formation of the Fe sulfide enriehment
we eonc1ude that both Fe-rieh layers formed more or less simultaneously. The eondition
that eaused the magnitude of both Fe enriehments is the nonsteady-state diagenetie period
indueed by a distinet deerease in sedimentation rate and organie earbon aeeumulation rate
between the Pleistoeene and the Holoeene. This ehange in depositional eonditions resulted
in a fixation of the redox boundaries at partieular sediment levels. Our data further suggest
that the lighter Ö13Corg values observed below 4.7 m may not be a primary signal of the
organie matter deposited at this sediment depth - indieating a higher pereentage of Corg

from terrestrial sourees. Rather they might result from the in-situ formation of isotopieally
light mierobial biomass by sulfate-redueing baeteria that utilize 13C-depleted methane. As a
eonsequenee also the higher eontents of Corg observed below 4.7 m might represent organie
earbon that originates from mierobial biomass formed within the zone of steep sulfate and

methane gradients.
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4.1 Introduction

Metal-rich layers in marine sediments are produced by a variety of processes that can be
classified into two main categories: (1) direct deposition or precipitation from the water
column and (2) enrichment at particular sediment levels due to post-depositional redistri
bution of metals within the sediment. The first includes mechanisms such as input of
metals supplied from hydrothermal sources (e.g. Marchig and Gundlach, 1982; Mangini et
al. , 1994), turbidite-like deposition of metal-rich continental detritus or ventilation of a
suboxic or anoxic water mass followed by sedimentation of precipitated metal phases (e. g.
Mangini et al., 1994; Higgs et al., 1994). The second summarizes all processes of metal
mobilization and fixation in relation to redox variations induced by early diagenetic
degradation of organic matter within the sediment. It will be the subject of the present
study. Under steady-state conditions, such early diagenetic solid phase metal enrichments
form at a specific sediment depth which is determined by the balance between downward
flux ofoxidants (02, N03') and upward flux ofreductants (e.g. Mn2+, Fe2+) on the one hand
and sedimentation rate on the other hand (Pruysers et al., 1993, after Froelich et al., 1979).
In recent years, however, numerous studies have shown that especially nonsteady-state
processes have a high potential for producing and preserving metal-rich layers (e. g.
Thomson et al., 1984, 1990; Wilson et al., 1986; Wallace et al., 1988; Finney et al., 1988;
Pruysers et al., 1993). Pruysers et al. (1993) pointed out that the balance between fluxes
and sedimentation rate is very delicate and thus a permanent steady-state condition
persisting over a long period is very un1ike1y in any sedimentary environment. Therefore,
besides being the more efficient condition for producing metal enrichments, nonsteady
state conditions can be considered to be the more common situation encountered in
sediments.

A decrease in Corg burial rate initiates nonsteady-state diagenetic processes that favour the
formation of meta1-rich layers. Burial of organic carbon can be diminished by a decrease in
the settling rate of organic carbon, a drop in sedimentation rate or an increase in the bortom
water oxygen content. The influence of bortom water O2 on the efficiency of organic matter
decomposition can be neg1ected at high rates of deposition. It is, however, important under
conditions of low sedimentation rates (Canfie1d, 1994). Variations in Corg burial can be
induced by climatic changes as documented by the widespread occurrence of metal-rich
layers at or around the Pleistocene/Holocene transition (e.g. Richardson, 1974; Berger et
al. , 1983; Thomson et al. , 1984, 1990; Wallace et al. , 1988), by the emplacement of
organic-rich turbidites under oxygen-rich bortom water conditions as has been extensively
described for turbidite units of the Madeira and Nares Abyssal Plains (e.g. Colley et al.,
1984; Wilson et al., 1986; Buckley and Cranston, 1988; Thomson et al., 1993; van Os et
al. , 1993) or by changes in environmental conditions by any other causes (Pruysers et al.,
1993; Higgs et al., 1994). The actual process that is responsible for the formation of
pronounced metal enrichments around the oxicipost-oxic boundary can be a progressively
downward moving oxidation front - a concept developed by Thomson et al. (1984) and
Wilson et al. (1986) - or a persistance of the redox boundary at a particular level in the
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sediment for a prolonged time thus producing lügher solid phase concentrations of the
metal concerned than under steady-state conditions (e.g. Thomson et al., 1990).

Most of the studies cited above have mainly focussed on the effects of such nonsteady-state
diagenetic phases on reactions and metal redistributions along the oxic/post-oxic (oxic/sub
oxic) redox boundary. The influence of changes in the depositional environment on the
extent of early diagenetic processes in deeper core sections and especially within the zone
of sulfate reduction is not a very weIl studied subject yet. The enrichment of numerous
metals in reducing and sulfidic sedimentary environments is, however, weIl known
(Francois, 1988; Calvert and Pedersen, 1993, and references therein). The importance of
nonsteady-state conditions in the form of a reduced sedimentation rate or a depositional
hiatus on the formation of carbonate and pyrite concretions by anaerobic methane oxidation
has already been stressed (RaisweIl, 1988).

The sediments of the Amazon deep-sea fan offer a unique opportunity to study both kinds
of described metal enriehments - i.e. those associated with the oxic/post-oxie redox bound
ary and those within the sulfate reduction zone. Most of the piston cores (MeGeary and
Damuth, 1973; Damuth, 1977; Richardson, 1974) and gravity eores (Schulz et al., 1991)
reeovered from this area eontain an indurated ferric iron-rieh erust located around the
PleistocenelHolocene transition as weIl as high abundances of iron sulfides in the lower
portions of the cores. Earlier work on diagenetic processes in Amazon shelf (Aller et al.,
1986) and Amazon deep-sea fan sediments (Schulz et al., 1994) described the importance
of Fe-reduction and, to a lesser extent, of Mn-reduction in the anaerobic degradation of
organic matter and in determining the redox properties ofthese sediments. For gravity core
GeoB 1514-6 from the Amazon' deep-sea fan, Schulz et al. (1994) found a linear sulfate
porewater profile from the sediment surface down to a depth of 5.3 m. They postulated a
distinct reaction layer at this depth in which organic matter is degraded. More reeent
studies by Blair and Aller (1995) on the Amazon shelf as part of the AmasSeds project
(Nittrouer et al., 1991) and espeeially the extensive work carried out on the Amazon deep
sea fan (Leg 155) as part of the Ocean Drilling Program (Flood, Piper, Klaus et al., 1995)
have demonstrated the abundance of methane in deeper core sections and the influence of
upward diffusing methane on the geochemical processes and properties in this depositional
environment. Blair and Aller (1995) determined the importance of anaerobic methane
oxidation under different sedimentary regimes on the Amazon shelf. They could show that
nonsteady-state situations induced by erosional events lead to a pronounced inerease in the
rate of anaerobic methane oxidation.

In this study, we examine the post-depositional redistribution of metals in sediments of the
Amazon deep-sea fan due to nonsteady-state diagenetic conditions induced by climatic
changes. Our objectives are to demonstrate the potential of nonsteady-state diagenesis to
modify the primary sedimentary reeord and to evaluate the use of metal-rieh layers to
reconstruct the depositional history in highly dynamic sedimentary environments as on the
Amazon deep-sea fan. For this purpose, bulk solid phase analyses (CaC03, Corg, S, Al, Fe,
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Mn, Mo and U), selective dissolution procedures (Fe and Mn), X-ray diffraction ancl geo
physical methods are used to identifY the exact location and nature of metal enrichments. In
contrast to previous works on iron oxyhydroxide crusts in the western equatorial Atlantic
(McGeary and Damuth, 1973; Richardson, 1974) sediments in the vicinity of the crust were
sampled continuously at a much higher resolution and elements not studied so far are
included. Additionally the core was continuously sampled over its whole length in order to
study processes of metal accumulation in deeper core sections within the zone of sulfate
reduction. Porewater data are used to estimate the time of formation of iron sulfide emich
ments in the lower portion of the core and to elucidate the mechanisms of their formation.

4.2 Material and Methods

Study area and core description

The Amazon Fan extends 650-700 km seaward from the continental shelf off northeast
Brazil to the Demerara and Ceani Abyssal Plains at depths of 4,600-4,850 m (Damuth et
a1. , 1988). Sedimentation patterns on the fan are dominated by strong sea-level fluctuations
and changes in western Atlantic surface water circulation between glacial and interglacial
times (Schneider et a1., in press). During glacial sea-levellow stands, most ofthe Brazilian
continental shelf was exposed and terrigenous clays, silts and sands of the Amazon River
were directly discharged into deep water via the Amazon Canyon and numerous channel
systems onto the fan (Damuth and Kumar, 1975). According to Damuth et a1. (1988), the
process of mass-transport within these channel-levee complexes must have occurred in the
form of relatively continuous turbidity flow in order to produce the remarkably sinuously
shaped channels. Glacial-age sedimentation rates are quite variable between the different
sedimentary environments on the fan and range from 1 to 25 rn/ky with typical rates of 3-8
m/ky (Flood, Piper, Klaus et a1., 1995). During the transition from the last Glacial to the
Holocene, the Amazon Fan experienced a dramatic change in material and sedimentation
pattern from a terrigenous dominated, hemipelagic to a pelagic, carbonate-rich one. This
was due to the rise in sea-level and a change in the North Brazil Current flow-path which
resulted in a transport of Amazon river load northwestward along the coast (Geyer et a1.,
1991). Continental detritus could therefore no longer reach the deeper parts of the Amazon
Fan. In contrast to the glacial dark-gray to olive-gray terrigenous clays, the Holocene sedi
ments consist of light brown to light orange-tan, pelagic, foraminiferal marl and ooze
(Damuth and Kumar, 1975). These calcareous clays deposited across the entire fan at sedi
mentation rates of about 0.02 to 0.10 m1ky (Schneider et a1., in press).They are separated
from the underlying late glacial deposits by a diagenetic, rust-coloured iron-rich ernst
which approximately marks the PleistocenelHolocene boundary. The crust is slightly
diachronous at different locations on the fan and generally ranges from 8,000 to 15,000
years in age (Damuth, 1977). For more detailed information on geology, sedimentation
processes, early diagenetic regimes, etc. ofthe Amazon Fan we refer to Flood, Piper, Klaus
et a1. (1995).
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During RV METEOR cruisc M 16/2 in AprillMay 1991, gravity cores were retrieved from
four stations on the Amazon Fan between water depths of 3,100 to 3,700 m (Schulz et a1. ~

1991). Sampling sites were selected in overbank deposits adjacent to channe1-levee com
plexes in order to provide relatively undisturbed and turbidite-free sediment records. The
recovered gravity cores were 6.0 to 7.2 m long. Obviously, the high abundance of iron
sulfides in the lower section of the cores prevented the corer from penetrating deeper into
the Amazon fan muds. All cores showed the typical Amazon Fan stratigraphy described
above.
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For the present study, gravity core GeoB 1514-6 was chosen for high resolution solid phase
examinations. It can be taken as a representative sedimentmy record for 1arge areas on the
fan. Porewater data of this core have been recently published by Schulz et a1. (1994). The
7.1 m long core was recovered from the Eastern Levee Complex (5°08.4'N, 46°34.6'W) at
a water depth of 3,509 m (Fig. 1). The Fe oxyhydroxide crust is located between 0.34 and
0.37 m below the sediment surface and marks the brown/olive-gray colour transition. The
age of the sediments hosting this iron-rich crust is about 9,000 to 10,000 years B.P. as
inferred from G. menardii stratigraphy (Schneider et a1., 1991). This results in an average
Holocene sedimentation rate of3.5 crnlkyr.

Fig.1: Location ofthe sampling site GeoB 1514 on the Amazon Fan.
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The pelagic calcareous sediments overlying the Fe oxyhydroxide crust contain two dark
coloured bands at 0.20-0.23 m and around 0.27 m which are likely to represent Mn-spikes
as also found by Richardson (1974). Directly below the crust, the gray-green coloured
glacial deposits are stratified down to a depth of approximately 0.8 to 0.9 m. Further down
core, the sediments are characterized by the appearance of black mottles increasing in
abundance with depth and representing local formations of iron sulfides. Between 6.0 and
6.5 m the sediment is uniformly black and below 6.5 m olive-gray.

In order to characterize the eady diagenetic regime of the sediments, profiles of some of the
porewater constituents already presented by Schulz et al. (1994) are shown in Fig. 2. These
data demonstrate the dominance of Fe and Mn reduction over large areas of the core and
the location of a discrete sulfate reduction zone around 5.3 m as indicated by the linear
sulfate porewater profile from the sediment surface down to this depth. Free sulfide in
porewater was not detected reflecting the high level of dissolved Fe.
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Fig.2: Porewater concentration profiles of sol-, Fe2
+ and Mn2

+ for core GeoB 1514-6
(modified after Schulz et al. (1994)).

The stable carbon isotope composition of total organic carbon (o13Corg) determined on the
parallel gravity core GeoB 1514-7 (P.l. Müller, unpublished data) revealed two distinct
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shifts in Ö
l3Corg values. The first appears at about 0.6 m below sediment surface and is dis

played by a shift from values between -25 and -24%0 that prevail below 0.6 m to lighter
ol3Corg values of up to -20%0 in the uppermost Holocene sediments. The second shift takes
place between 4.7 and 5.5 m sediment depth and indicates a transition from values typical
for terrigenous organic matter in this region of about -27%0 (Showers and Angle, 1986)
below 5.5 m depth to Öl3Corg values ranging from -25 to -24%0.

Sampling and Analysis

Gravity core GeoB 1514-6 which was stored at -20D C was allowed to thaw and then
continuously sampled for solid phase analyses at 5 cm intervals over its whole length of 7.1
m using a ceramic knife. The upper 0.3 m ofthe core and the interval along the ferric iron
rich crnst were additionally sampled at 1 cm intervals 01' at an even higher resolution where
visible lithological changes occurred. Sediment samples were immediately transferred into
plastic containers, closed and frozen. Subsequently the sampies were freeze-dried and
ground in an agate mortar.

Radiocarbon dating

Radiocarbon dating was carried out on the Corg fraction of two selected sediment sampies.
Carbonate-free sediment samples were combusted at 750DC and the evolved COz was
synthesized to benzene using a TASK (Athens, Georgia, USA) preparation line. The radio
active decay ofthe ß-emitting 14C was determined by means of a PACKARD 'low-Ievel

counter'.

Corg and carbonate

Carbonate and Corg were determined by coulometric analysis. For Corg analysis the
sediment samples were pre-treated with 1 M H3P04 in order to remove CaC03 and
subsequently combusted at 800DC in an infrared oven. Due to difficulties in determining
the Corg content in sampies with high carbonate concentrations, Corg analyses for the upper

meter of the core were carried out with a LECO CS-300 analyser after removal of
carbonate by HCl. Carbonate was measured via the COz produced on H3P04 (6 M) acid

hydrolysis. Accuracy of carbonate and Corg analyses was checked using a marble standard
with 12 % inorganic carbon and a standard that contains 0.77 % Corg, respectively.
Analytical precision was bettel' than 5 %.
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Bulk solidphase analyses

For total digestion about 100 mg of bulk sediment material were filled into PTFE liners
and digested with a mixture of 2 mL HN03 (65%), 2 mL HF (40%) and 3 mL HCI04

(70%) in apressure digestion system. After decomposition for 8 h at 180°C the digestive
solutions were taken to dryness, redissolved with 1 mL HN03 (65%) and 5 mL deionized
water (MilliQ) and placed into the pressure digestion system for another 8 h at 180°C.
After coo1ing the solutions were made up to 100 mL. Al, Mn, Fe and S were analysed by

inductively-coupled plasma-optical emission spectrometry (ICP-OES) and Mo and U by
inductively-coupled plasma-mass spectrometry (ICP-MS), respectively. The accuracy of
measurements was checked using standard reference material USGS-MAG-1. The element
concentrations determined concurrently were within the certified ranges. Precision of ICP
OES analyses was better than 5 %; for ICP-MS measurements it was in the range of 5 to
8%.

Selective, parallel dissolution procedure

Leaching procedures used by other authors (e.g. Chester and Hughes, 1967; Tessier et al.,
1979) were evaluated and optimized with respect to solid/solution ratios. The developed
extraction scheme consists of the three selective dissolution steps listed in Table 1. They
were performed in parallel on 28 selected, freeze-dried sampies. The application of these
three different leaching solutions allows the determination of the following four different
inorganic fractions of Fe and Mn:

(1) Acetate soluble fraction (Ac-Fe, Mn): porewater and exchangeable Fe and Mn, carbon
ates: 1M NaOAc + HOAc (Na acetate buffer + acetic acid).

(2) Reducible fraction (Red-Fe, Mn): reducible, amorphous Fe(III)-fraction: 1M
NH20H:HCl (hydroxylamine hydrochloride solution) in 25%(v/v) HOAc (acetic acid)
minus fraction (1)

(3) Residual fraction (Res-Fe, Mn): reducible, crystalline Fe(III)-fraction: HCI-fraction
minus 1M NH20H:HCl in 25%(v/v) HOAc

(4) HCI soluble fraction (HCI-Fe, Mn): total inorganic fraction: 3M HCl

For each of the three extraction procedures that were done in duplicate an aliquot of the
sediment sampIe was weighed into a PE vessel and the specific extractant was added. After
shaking they were centrifuged and the supematant was removed followed by filtration via a
0.2 11m polyamide filter and acidification with HCl. Iron and Mn in the leaching solutions
were determined by ICP-OES. Analytical precision for repeated measurements was better
than 5%.
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Table 1
Extractants used far selective dissolution procedurc.

Extraction Extractant
procedure

(1) 1M NaOAc + HOAc

(2) 1M NH20H:HCI
in 25%(v/v) HOAc

pH

5

2

Volume of
extractant used

[mL]

50

50

Amount of dry
sampie extracted

[mg]

125

250

Time

[h]

5

4

(3) 3MHCI 25 500 2

Mineralogical analysis

Mineralogical analyses were carried out by X-ray diffraction as an additional method to
identify the sulfide minerals present. Scans were run between 2° and 80° 28 with a
scanning speed of 0.02° 28 S-l.

Magnetic susceptibility and compressional {P-)wave velocity vp

The varying integral coricentration of ferrimagnetic, typically low-coercive iron minerals
((titano-)magnetite, maghemite, greigite) was determined by logging the magnetic volume
susceptibility K with a spacing of 1 cm. This measurement was performed on the frozen
split cores using a Bartington M.S.2 susceptibility meter with a spot sensor. As additional
rock magnetic parameters anhysteretic and isothermal remanent magnetization (ARM,
IRM) was determined for selected sampies in the section 5.22-7.22 m. As part of routine
ship-board analyses, a P-wave velocity log of the parallel core GeoB 1514-7 was derived
from digitally processed ultrasonic transmission seismograms, which were recorded
perpendicular to the core axis with a fully automated logging system (Breitzke and Spieß,
1993).
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4.3 ResuIts and Discussion

Radiocarbon ages and sedimentation rates

Radiocarbon dating carried out on the organic carbon fraction of two sampies from the

lower portion of core GeoB 1514-6 yielded an inversion of radiocarbon age versus depth.

The average 14C age determined for a sediment segment from 4.85 to 5.10 m was 19,040

±1,050 years; the corresponding value far a sampie from the bottom of the care between

6.8 to 7.1 m was 16,030 ±580 years. Such age reversals are common in the glacial

sediments of the Amazon Fan and have also been observed in a gravity core from station

GeoB 1513 which was recovered adjacent to site GeoB 1514 from the Eastern Levee

complex (W.J. Showers, unpublished data). They can be attributed to extensive

meandering of channels in which down-fan mass transport takes place during glacial sea

level low stands. This is accompanied by the abandonment of existing and establishing of

new channel-levee systems (Damuth et al., 1988). These dynamic sedimentary processes

lead to frequent erosion of the youngest, topmost sediments followed by deposition of this

youngest material at the base of a 'new' depositional unit. If we assurne the age found at

the bottom of the core as the oldest one, the deposits penetrated by core GeoB 1514-6

cover a time span of approximately 16,500 years. This results in an average calculated

glacial sedimentation rate of about 1 m/ky and is consistent with glacial sedimentation rates

determined by the examinations within ODP Leg 155 on the Amazon Fan for levee crests

of abandoned channels of 1 to 3 m/ky (Flood, Piper, Klaus et al., 1995).

Solid phase composition

CaC03, Corg and total sulfur

Results of bulk solid phase analyses for CaC03, Corg and total sulfur - including the

schematized Ö13Corg pattern (after parallel core GeoB 1514-7) and radiocarbon ages - are

illustrated in figure 3. CaC03 values clearly reflect the differences in sedimentation

between glacial and interglacial times with low contents in the glacial section of the core

and increased concentrations of up to 50 wt% in the top 0.6 m. The upward increase in

CaC03 contents which starts at approximately 0.6 m coincides with the shift in Ö
13Corg to

marine values. Organic carbon contents are at a constant high level of about 0.9 wt% below

5.5 m sediment depth, decrease upward between 4.7 and 5.5 m and reach average contents

of 0.6 wt% throughout the sediment interval between 0.35 and 4.7 m. In the Holocene

deposits they decrease again to values < 0.4 wt%. While the distinct shift in Ö13Corg to

heavier values between 4.7 and 5.5 m corresponds exactly to the decrease in organic carbon

contents, the transition in Ö13Corg to pelagic values at 0.6 m coincides with the upward

increase in CaC03 concentrations.
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Fig.3: Solid phase profiles ofCaC03, Corg and S for core GeoB 1514-6. The radiocarbon
ages (given in years) determined on the organic carbon fraction of two sampies
from core GeoB 1514-6 and the schematized Ü

13Corg pattern for the parallel core
GeoB 1514-7 (P.l. Müller, unpublished data) are illustrated as weIl.

The total sulfur concentration profile (Fig. 3) reveals that significant S enrichments are
restricted to the sediment interval from 4.7 to 6.5 m in which higher organic carbon
contents are found. However, below 6.5 m no marked S peaks are observed. Between 6.15
and 6.45 m depth, S contents displaya pronounced maximum reaching values of up to 7.8
% in the 6.25-6.30 m sampie. For the ODP core from Site 931 (position: 5°8.521 'N;
46°37.984'W) which is located in the vicinity of station GeoB 1514 maximum S
concentrations of 7.02 % at 5.65 m sediment depth have been reported (Flood, Piper, Klaus
et al., 1995). Minor S enrichments in core GeoB 1514-6 occur above 4.7 m sediment depth
and can be attributed to local formations of iron sulfides within sol- reducing
microenvironments embedded in an iron-reduction background. These features are
responsible for the observed mottled appearance of the glacial sediments and have also



74

been deseribed by Aller et al. (1986) in Amazon shelf sediments and by Damuth (1977)
and Flood, Piper, Klaus et al. (1995) in the glaeial deposits of the Amazon Fan. Although
the oeeurrenee of iron sulfides is clear evidenee for sulfate reduetion taking plaee within
the sediments above 4.7 m, it is not refleeted by signifieant ehanges in the sulfate
porewater gradients (Fig. 2). The observed linear sulfate porewater profile ean only be
explained by a high rate of sulfate reduetion in a diserete layer at the base of the sulfate
reduetion zone around 5.3 m. Reaetion rates within the sediment eolumn above 5.3 mare
therefore slow eompared to the diffusive flux of SO/- into this distinet reaetion layer. The
S eontents in the upper 0.7 m of the eore are at a eonstant level of about 1.3 g/kg. This
eomparatively high value is similar to those reported by Aller et al. (1986) for two
sampling loeations on the Amazon shelf. Distinet S enriehments found above the eurrent
depth ofthe sulfate reduetion zone at 5.3 m (Fig. 2) indieate that the sulfate reduetion zone
at some time in the past had been loeated about 0.6 m higher in the sediment eolumn than
under eurrent eonditions.
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Fig. 4: Solid phase profiles of the Al-normalized eoneentrations of Fe, Mn and Mo. The
sehematized Ö13Corg pattern for the parallel eore GeoB 1514-7 (P.l. Müller,
unpublished data) is illustrated as weIl.
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fron, manganese and molybdenum

The concentrations of Fe, Mn and Mo in the bulk sediment sampies were normalized to Al

which is taken as an index of detrital aluminosilicates (Fig. 4). lron displays two distinet

maxima located in the vieinity of shifts in Öl3Corg values. The first occurs between 0.35 and

0.40 m below the sediment surface and represents the diagenetie iron-rieh crust around the

Pleistocene/Holocene transition. It consists mainly of crystalline Fe(III)-phases (Res-Fe) as

revealed by the selective dissolution proeedure (Fig. 5). The seeond is situated betwecn

6.15 and 6.45 m in the form of a pronounced enrichment of iron sulfides. This is shown by

the strong correlation with the solid phase sulfur concentration profile (Fig. 3) and the

results of the selective dissolution analyses where most of the iron from this depth was

extraeted in the NaOAc-fraetion (Ac-Fe) (Fig. 5). Although the authigenic iron sulfides

found in piston eores (Damuth, 1977) and ODP eores (Flood, Piper, Klaus et al., 1995)

from the Amazon Fan have previously been termed hydrotroiiite, an amorphous iron

sulfide, XRD analyses performed on bulk sediment sampies from this iron sulfide peak

indicated the presence ofthe metastable iron sulfide greigite (Fe3S4) (unpublished data).
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Fig. 5: Selective dissolution results for Fe and Mn of selected sampies from core GeoB
1514-6.
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The results of magnetic susceptibility measurements are shown in figure 6. Maximum
values are observed around 6 m sediment depth above the pronounced Fe sulfide
enrichment. Therefore the lower total Fe concentrations at this depth suggest an iron
mineral with a high magnetic susceptibility - namely magnetite - to be present. The results
of selective dissolution analyses are in accordance with these observations (Fig. 5). For the
sampies taken from the depth interval between 4.9 to 6.0 m elevated amounts of Fe are
found in the reducible fraction (Red-Fe) indicating Fe(IIl) phases to be present under the
prevailing reducing conditions. It could be suspected that these Fe compounds, termed
amorphous Fe(III) compounds due to the selective dissolution procedure, result from rapid
oxidation of iron sulfides during the sampling or analytical dissolution process.
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Fig. 6: Magnetic susceptibility for core GeoB 1514-6. A distinct maximum is found
around 6 m sediment depth. This is clearly above the pronounced Fe sulfide
enrichment between 6.15 and 6.45 m.

However, the FelS ratios (Fig. 7) indicate that in contrast to the low values for sampies
from the pronounced iron sulfide maximum between 6.15 and 6.45 m showing that almost
all of the iron is fixed in sulfidic phases the higher ratios of the sampies from above this
enrichment demonstrate that there have to be other Fe compounds present in order to
explain the excess Fe. We propose that the authigenic formation of magnetite accounts for
the strong signal in susceptibility and for the amounts of reducible Fe phases detected from
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the selective dissolution procedure at this depth. Lovley et al. (1987) presented a

nonmagnetotactic bacterium which was able to produce large quantities of extracellular
magnetite under anaerobic conditions by coupling the oxidation of organic matter to the
reduction of ferric iron. This is in contrast to magnetotactic bacteria which require oxygen
f()f growth and magnetite synthesis. Lovley et al. (1987) concluded that once formed, the
magnetite could have persisted in the absence of significant subsequent sulfide productiün~

because it is resistant to further microbial reduction. This fact could explain the presence of
Fe(III) compüunds in this depth interval of the core.
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Fig. 7: Depth profile of solid phase FelS ratios for cüre GeoB 1514-6.

The additionally measured rock magnetic data (ARM, IRM) show a significant rise of
small particle coercivity and of remanence-to-susceptibility ratio (IRM/K) within the
susceptibility maximum. This finding indicates, that the enriched ferrimagnetic mineral
phase has a large proportion of single domain size particles, while extracellular magnetite
biomineralization typically produces magnetically soft, low-remanence superparamagnetic
particles. However, the extracellular magnetite particles described by Lovley et al. (1987)
were assumed to be magnetically single domain. The origin and composition of this
magnetic mineral fraction therefore remains unclear and is subject to further investigatiüns
involving thermomagnetic and microscopic studies.
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Manganese demonstrates a broad maximum in the Holocene sediments above the iron-rich
crust and several less pronounced spikes within the glacial deposits (Fig. 4). Selective
dissolution (Fig. 5) reveals that the strong subsurface Mn peak consists almost entirely of
oxidized phases of Mn (Red-Mn and Res-Mn). For the sediment sequence below 2 m, the
concentration pattern for Mn determined by total acid digestion (Fig. 4) is not clearly
reflected by the results of the selective dissolution procedure (Fig. 5) simply because the
latter was performed on a much lower number of sampies. The minor Mn peaks found
within the glacial sediments are a reflection of the mobilization of Mn in preference to Fe
due to thermodynamic and kinetic reasons (e.g. Froelich et al., 1979; Stumm and Morgan,
1996) and the high variability in sedimentation rates in this interval. Under such nonsteady
state conditions pronounced subsurface Mn spikes form during phases of reduced sedimen
tation rates and they are buried by an ubrupt increase in material deposition. With ongoing
sedimentation such authigenic Mn(IV) phases can be converted into rhodochrosite 01'

mixed Mn-Ca carbonates by reductive dissolution and subsequent precipitation as these are
the limiting Mn mineral phases under reducing conditions. These divalent Mn phases
survive burying bettel' than Mn(IV) compounds as has been demonstrated by Gingeie and
Kasten (1994). The results of the selective dissolution procedure for the two distinct Mn
maxima at 2 and 6 m (Fig. 5) show that they are composed of reduced as weIl as of
oxidized Mn phases. This suggests that they represent relicts of early diagenetic Mn(IV)
spikes which are being converted into 01' substituted by Mn carbonate phases.

For molybdenum two marked zones of enrichment are observed (Fig. 4). One is associated
with the broad Mn maximum within the Holocene sediments and the other one with the
pronounced iron sulfide peak between 6.15 and 6.45 m. These findings illustrate the
contrasting geochemical behaviour of Mo under oxic and anoxic conditions. The strong
association between Mo and Mn oxyhydroxides under oxidizing conditions has been
described by numerous authors (e.g. Calvert and Price, 1977; Shimmield and Price, 1986).
Upon burial into more reducing sediments, the reductive dissolution of Mn oxyhydroxides
releases Mo into porewaters. With progressive early diagenesis and the occurrance of
dissolved sulfide Mo can be removed from the porewaters by co-precipitation with Fe
monosulfides 01' by fixation on organic matter (Calvert and Pedersen, 1993). Due to the
problems in separating the sulfidic and organic fractions in anoxie sediments, it is not yet
possible to determine the phase Mo is associated with under anoxie conditions (Francois,
1988; Calvert and Pedersen, 1993). Gur data suggest that in the depth interval from 6.15 to
6.45 m Mo is mainly associated with the Fe sulfides rather than with organic matter.
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+
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eoneentrations of sampies taken at I-ern intervals.
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I}etailed solid phase record of thc upper 0.8 m

In figure 8 the detaiIed results of bulk sediment analyses for the top 0.8 In 01' gravity eore
GeoB 1514-6 are shown. The upper 0.3 m and the interval along the iron-rieh erust were
sampled eontinuously at high resolution of 1 em or even less. In order to faeilitate interpre
tation the eorresponding details of porewater profiles taken horn Sehulz et al. (1994) are
illustrated here as weIl. Solid phase Fe displays the same distribution pattern as in figure 5
on the 5 em-interval basis with a pronouneed peak within the Fe-rieh layer and a eonstant
Fe/Al ratio of about 0.5 above and below it. Although seattered, porewater iron eoneentra
tions (Fig. 8) suggest that, at present, preeipitation of Fe somewhat below the iron-rieh
erust.

For Mn the higher sampling resolution reveals a Mn double-layer with maxima at 0.19
0.23 m and 0.27-0.29 m instead of a broad Mn peak as it appeared from the sampling at 5
em intervals. This result is in aeeordanee with the two blaek layers observed within the
Holoeene sediments. Similar Mn double-Iayers within Holoeene sediments have been
reported by numerous authors (e.g. Froelieh et al. 1979; Berger et al., 1983; Thomson et al.,
1984). Mo shows a similar solid phase profile supporting the strong assoeiation with Mn
oxyhydroxides under oxidizing eonditions. Manganese in porewater is found above the
ferrie iron-rieh layer and is eonsumed between 0.24 and 0.27 m sediment depth. This
eoneentration profile suggests that the lower Mn solid phase peak is the aetively forming
one and that the upper one has been formed in advanee. This interpretation eorresponds to
the observed iron porewater profile. It eould either result from short-term variations in
porewater fluxes of oxidants from above or of redueed eonstituants from below or
represent a downward-progressing oxidation front phenomenon as deseribed by Wilson et
al. (1985, 1986). While Berger et al. (1983) and Thomson et al. (1984) interpreted the
upper Mn spike to be the aetive site of Mn immobilization, Pedersen et al. (1986) found
that preeipitation of upward diffusing Mn and Fe oeeurred below their solid phase maxima
in East Paeifie Rise sediments. Similar nonsteady-state diagenetie eonditions have also
been reported by other authors (Froelieh et al., 1979; Burdige and Gieskes, 1983). It was
suggested that this may be due to a geologieally reeent deerease in produetivity (e.g.
Pedersen et al., 1986). We assurne that a downward-progressing oxidation front is the most
likely explanation for the observed diagenetie disequilibrium between the solid phase
distributions and porewater profiles ofMn and Fe in eore GeoB 1514-6.

Uranium displays two distinet solid phase maxima within the upper 0.8 m of eore GeoB
1514-6 (Fig. 8). The first in loeated within the Fe-rieh erust in the 0.34-0.35 m sampie
above the Fe maximum (0.35-0.36 m). A seeond broad enriehment of U is situated below
the erust with its peak value in the 0.50-0.55 m sampie interval. This is a new loeation
where a subsurfaee U peak below the glaeial/Holoeene transition is found similar to those
deseribed by Wallaee et al. (1988) and Thomson et al. (1990). In her thesis on the origin of
iron-rieh layers in the western equatorial Atlantie, Riehardson (1974) analysed U in three
sampies of one piston eore taken from the iron-rieh layer as well as from above and below
it. The maximum U value was found within the indurated layer refleeting the strong
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association between U and Fe as also found in ferromanganese nodules (Kunzendorf et al.,
1982, 1983). A uranium peak below the glacial/Holocene transition was not detected due to
the poor sampling resolution and the fact that the depth interval in which the U peak is
hosted was not sampled. The formation of U enrichments in sediments can be explained by
diffusion of uranium in the form 01' a soluble U(VI) uranyl carbonate species across the
sedimentlwater interface followed by a reduction 01' U(VI) to a particle reactive and less
soluble U(IV) species below the oxic/post-oxic redox boundary (Barnes and Cochran,
1990; Thomson et al., 1990; Gariepy et al. , 1994) or a direct precipitation 01' uraninite
(U02) from porewater due to the low redox potential (Langmuir, 1978). The magnitude of
the solid phase U enrichment depends on the time the redox boundary persisted at the
specific depth in the sediment - a nonsteady-state process driven by a drop in mean
sediment accumulation rate between the last glacial and the Holocene (Thomson, 1990).

The porewater and solid phase properties 01' core GeoB 1514-6 within the upper 0.8 m (Fig.
8) show striking similarities to those determined for core 11147#1K from the Porcupine
Abyssal Plain studied by Wallace et al. (1988) and Thomson et al. (1990) although it was
recovered from a different depositional environment. This fact supports the assumption 01'
Thomson et al. (1984, 1990) and Wallace et al. (1988) that the governing mechanism for
the formation 01' distinct metal enrichments is the pronounced drop in sediment accumula
tion rate or organic carbon accumulation rate, respectively, between glacial and Holocene
time.

Reconstructing the formation of the Fe sulfide enrichment

The pronounced authigenic enrichment 01' iron sulfides between 6.15 and 6.45 m sediment
depth can only be explained by a persistence 01' the sulfate reduction zone at this particular
sediment level for a prolonged period. This is the typical situation occuring during a non
steady-state diagenetic phase initiated by a decrease in organic carbon accumulation and/or
a drop in sedimentation rate. The studied sampie location has experienced a pronounced
change in sediment accumulation and Corg burial rate between the last glacial and the
Holocene as described above (see Introduction).

One nonsteady-state scenario (scenario 1, Fig. 9) which can explain the formation 01' the
marked Fe sulfide enrichment is the decrease in sediment accumulation rate and Corg burial
rate between the last Glacial and the Holocene leading to a fixation 01' the iron sulfide
precipitation zone at a specific level below the sedimentlwater interface. 11' this hypothesis
is true, the Fe sulfide enrichment must have formed more or less simultaneously with the
ferric iron-rich crust around the Pleistocene/Holocene boundary as its formation is
attributed to this transition in depositional conditions. This nonsteady-state scenario has
two variants concerning the explanation 01' the high sulfate reduction rate at the base 01' the
linear sulfate porewater profile: (a) sulfate reduction occurs mainly via degradation 01'
reactive organic matter present within a distinct layer or (b) sulfate consumption is
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primarily driven by anaerobic oxidation of upward diffusing methane. A similar
mechanism was also suggested by Raiswell (1988) to be important in the formation of
carbonates and associated pyrite derived from the oxidation of methane by sulfate.
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Fig.9: Schematic representation of two scenarios which eould explain the formation of
the pronouneed Fe sulfide enriehment between 4.7 and 6.5 m sediment depth in
eore GeoB 1514-6.

The seeond nonsteady-state hypothesis (scenario 2, Fig. 9) whieh ean explain a long persis
tanee of the sulfate reduetion zone at a partieular sediment depth is the deposition of a layer
rieh in relatively fresh organie material direetly diseharged by the Amazon River to this
depth on the fan. A high amount of degradable organie matter and the transition to lower
organie earbon aeeumulation rates within the sediment interval between present-day 5.5
and 4.7 m would have promoted nonsteady-state diagenetie eonditions whieh eaused the
sulfate reduetion zone to remain at a speeifie level. A relatively steep sulfate gradient must
have existed some time after the deposition of the Corg-rieh layer. The inereasing distanee
between the reaetion zone and the sediment surfaee as a result of ongoing sedimentation
would have eaused the gradient to beeome less steep. This hypothesis is supported by the
higher preserved Corg eontents and the very 10w ö13Corg values below 5.5 m indicating a
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higher percentage of organic carbon from terrestrial sources. Also Damuth (1977) found

layers in cores from the western equatorial Atlantic in which wood pieces, leaves and other

plant remains composed 5 to 10 % of the total particles. Some discrete beds consisted

almost entirely of wood and leaf fragments. He deseribed the high abundanee of

hydrotroilite that is formed post-depositionally by heterotrophie baeteria aeting on organic

substanees and the oeeurrence of this iron mineral in and around sediments rieh in organic

detritus. Therefore for the glacial sediments of the Amazon Fan, high reactivity and terres

trial origin of the organic matter do not necessarily have to eontradiet each other.

This second scenario includes the assumption that the i')'3Corg values below 4.7 mare a pri

mary signal of bulk organic matter composition and have not been altered by diagenetic

processes as has been described by Nissenbaum and Kaplan (1972) and McArthur et al.

(1992). In this case Öl3Corg values indicate that the organie substances below 4.7 mare

mainly of terrigenous origin. Furthermore a large amount of organic matter present at the

time of deposition must have been decomposed by sulfate reduetion which was active for a

prolonged time at this depth interval. The finding that solid phase S enrichments are re

stricted to the sediment sequence in which higher amounts of preserved Corg are observed

supports this hypothesis. This relation between Corg and S has been deseribed by Berner

(1984).

Calculating the time offormation fi'om solidphase sulfur:

The early diagenetic regime encountered in the glacial sediments of the Amazon Fan is

extraordinary in that it is characterized by high amounts of iron-rich terrigenous detritus

and thus dominated by iron-reduction. Free sulfide is absent in porewaters as any sulfide

produced by sulfate reduction rapidly reacts with dissolved porewater Fe or with reactive

iron oxide minerals to form Fe sulfides as has been described by Canfield (1988). We

assume that all H2S produced by sulfate reduction is immediately fixed into the sediment

solid phase in the form of iron sulfides at the location of its formation.The concentration of

solid phase sulfur exceeding the detrital sulfur background eontent should therefore corre

spond to the amount of sulfate reduction. Thus the solid phase sulfur profile at this

sampling location can be used to estimate the time needed to produce the Fe sulfide

enrichment and to determine the amount of organic carbon degraded by sulfate reduction.

Under the assumption that sulfate is mainly consumed in the oxidation of organic matter at

the base of the sulfate porewater profile (scenario 2, Fig. 9) the amount of organic carbon

degraded by sulfate reduction was calculated from the solid phase sulfur profile. This esti

mate results in a maximum of 5.7 wt% Corg degraded in the 6.25-6.30 m sampIe in which

the peak sulfur value of 7.8 % is found. Such a high amount of organic matter degraded by

sulfate reduction is very unlikely. In addition, no change in the microscopically detectable

remains of plant material is observed across the sediment interval of interest. This would

be expected if a discrete layer of organic debris had been deposited. Therefore we conclude

that sulfate at the base of the sulfate porewater profile is mainly consumed via methane
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oxidation (scenario 1, Fig. 9). It is probable that a certain amount of sol- is also reduced
in the degradation of organic matter, however, to which extent cannot be evaluated from

our data. The hypothesis of upward diffusing methane dominating sulfate reduction is
further supported by the remarkebly linear sulfate porewater profile (Borowski et al.,
1995). The strongest support for this assumption, however, comes from the results obtained

as part of the Ocean Drilling Program on the Amazon Fan (Leg 155) (Flood, Piper, Klaus

et al., 1995). They found uniformly high methane concentrations below the level at which
sulfate reduction was complete. FUlihermore the P-wave velocity vp of the parallel gravity
core GeoB 1514-7 was not measurable below 5.1 m because of total attenuation of the

transmitted acoustic energy. This phenomenon often indicates internal degassing during

core retrieval. As hydrogen sulfide was not detected in this core, it is quite likely, that the
escaping gas has been methane.

From the above considerations we favour scenario 1 (Fig. 9) to be the most probable expla

nation for the pronounced enrichment of Fe sulfides - i.e. fixation of the zone of anaerobic

methane oxidation at a specific sediment level due to the change in depositional conditions

between the Pleistocene and the Holocene. This hypothesis was additionally checked by
calculating whether Holocene time of approximately 10,000 years was long enough to
produce the observed solid phase S enrichments between 4.7 and 6.5 m.

The overall stoichiometry for the coupled reactions of sulfate reduction and methane oxida

tion is (e.g. Blair and Aller, 1995):

(1)

We assumed a linear sulfate porewater profile over the whole time of formation and calcu
lated the sulfate porewater flux using Fick's first law:

J = ~ . Ds . dC/dx (2)

where J = diffusive flux of sulfate, ~ = porosity, Ds = sediment diffusion coefficient for
sulfate, and dC/dx = concentration gradient.

The sol- bulk sediment diffusion coefficient (Ds) was calculated on the base of the SO/
diffusion coefficient in free solution (Do) determined by Iversen and J0rgensen (1993). It
was corrected for the in-situ temperature at the sampling site of 2°C taken from ODP site

931 (Flood, Piper, Klaus et al., 1995). As the initial porosity at the time of formation of the

Fe sulfide enrichment is of course not known Ds was calculated for a porosity range from

70 to 80 % using the following equation:

Ds = Do/ ~. F (3)
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where F = formation factor of the sediment. For several sediment types Manheim (1970)

found a relationship between the formation factor Fand the porosity $:

F = 1 / $11

For sediments with a porosity $;::: 70 %, such as the sediments examined here, n = 3.

(4)

The average porosity determined for the parallel core GeoB 1514-7 was around 70 % (P.J.

Müller, unpublished data). Porosity in the upper 7 m of ODP cores 931A and 931B varied

between 68 and 74 % (Flood, Piper, Klaus et al., 1995). The calculated values for Ds at 2°e
ranged between approximately 80 cm2/y (for 70 % porosity) and 100 cm2/y (for 80 %

porosity).

We simulated the formation of the Fe sulfide enrichments by successively producing the

measured solid phase sulfur contents in all sampIe segments between 4.7 and 6.5 m by

SO/- diffusion. This was possible because the core was continuously sampled. An average

dry density of 2.2 g/cm3 was assumed. We started the simulation with the location of the

sulfate reduction zone at the base of the Fe sulfide enrichment at present-day 6.5 m. The

location of the sediment surface at the beginning corresponds to the PleistocenelHolocene

boundary. The resulting sulfate porewater gradient at the start of the simulation was 4.6 *
10-8 mol/cm3*cm. This sulfate flux was maintained until the amount of sulfur contained in

the 6.45-6.50 m sampIe (exceeding the background value of 1.3 g/kg) was produced. Then

we switched the sulfate reduction zone to the next overlying sampIe interval. The height of

sediment that deposited during the production of the S content in the previous/underlying

sampIe interval was taken into account as it changes the sulfate porewater gradient. The

successive formation of the respective S concentrations in all 5 cm-samples between 4.7

and 6.5 m sediment depth was achieved in this way. The times that were needed to produce

the total of solid phase sulfur in the sediment section between 4.7 and 6.5 m for a porosity

range from 70 to 80 % and a Holocene sedimentation rate of 3.5 cm/kyare listed in Table

2. The depth locations of the sediment surface and the sulfate reduction zone at the end of

the model simulation are given as weIl.

The time estimates resulting from this model simulation range from 6,670 to 15,270 years.

For the porosity value of 75 %, which we assurne to best approximate the initial porosity of

the sediments during the formation of the iron sulfide enrichments, a time estimate very

dose to the duration of the Holocene is obtained. These results demonstrate that after the

distinct change in depositional conditions around the Pleistocene/Holocene transition,

Holocene time of approximately 10,000 years is sufficient to produce the observed enrich

ments ofFe sulfides between 4.7 and 6.5 m sediment depth.
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Table 2
Simulation of the formation of the Fe sulfide enrichment between 4.7 and 6.5 m sediment
depth in core GeoB 1514-6.

Starting conditions:

Start:
Location of sediment surface:
Location of sulfate reduction zone:
dx:
Assumption:
Temperature:

Sediment dry density:
Sediment porosity:
Holocene sedimentation rate:

PleistocenelHolocene boundary (10,000 B.P.)
0.35 m*
6.50 m*
6.15 m
linear sulfate porewater gradient
2°e
2.2 g/cm3

70-80 %
3.5 cmlkyr

Porosity
[%]

70
75
80

Time needed

to produce
solid phase

S enrichment [yr]

15,270
10,220
6,670

location of

sediment surface
at the end of

simulation* [m]

-0.18
-0.01
0.12

location of sol
reduction zone
at the end of

simulation* [m]

4.7
4.7
4.7

* expressed with respect to present day sediment depth

Iron contents are much higher in the iron sulfide zone than in the ferric iron crust. This
does not contradict our assumption of simultaneous formation of both Fe enrichments
because the sulfide zone received Fe fluxes from above and below (see Fig. 2). The ferric
iron crust, however, gained iron only from below. Continued reduction of Fe
oxyhydroxides within the methanogenic zone has also been found in experimental studies
by Schinzel et al. (1993).

Implications for the observed Ö13Corg and organic carbon records

The downward shift in Ö13Corg to lighter values at 4.7 m exactly coincides with an increase
in solid phase sulfur and organic carbon contents. It has to be evaluated whether these
higher sulfur contents reflect the observed elose relationship between reduced sulfur
concentrations and organic carbon content in marine sediments (Morse and Berner, 1995)
or whether they mark the depth up to which significant anaerobic methane oxidation by
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sulfate has been aetive. The plot of the weight ratio of organic carbon to total sulfur (CIS)

(Fig. 10) illustrates that the increased amounts of organic matter below 4.7 m cannot
account for the enhaneed eoneentrations of sulfur. This finding confirms our assumption
that the solid phase sulfur eontents are a result of the amount of sulfate reduction mainly
driven via methane oxidation at a speeific sediment depth.
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Fig. 10: Depth profile of solid phase CIS weight ratios for eore GeoB 1514-6.

Therefore our data eould indieate that the shift to lighter Öl3Corg values observed below 4.7
m may not be a primary signal of the organie matter deposited at this sediment depth but
may be a result of the in-situ formation of mierobial biomass by sulfate-redueing baeteria
that are able to grow on methane. Until now, the exact meehanim of this metabolie proeess
has not been elueidated and a pure eulture of sulfate redueers oxidizing methane as their
main or sole energy and earbon souree has not been isolated yet (Iversen and J0fgensen,
1985; Coleman and Raiswell, 1995). However, there is good evidenee for the oecurrenee of
methane oxidation using sulfate as an oxidizing agent either direedy or indireetly via
reactions coupled to other substrates (e.g. Devol and Ahmed, 1981; Iversen and J0fgensen,
1985; Parkes et al., 1994). As methane is isotopieally light in Öl3C values, ranging from -40
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to -90 %0 (Reeburgh and Alperin, 1988), the isotopie eomposition of organie earbon
synthesized from this earbon souree should be int1ueneed by the stable earbon isotopie
signal of methane. It has been shown that eertain tissues of organisms living c10se to
hydrothermal vents are extremely depleted in I3C, refleeting methane as an important
earbon souree (e.g. Rau, 1985; Southward, 1986). At a loeation in the Kattegat Strait where
anaerobie oxidation of methane is oeeurring at signifieant rates lipids highly depleted in
13C were extraeted (pers. eomm., L.Q. Bian and J.M. Hayes). As we diseussed above an
important portion of sulfate reduetion at site GeoB 1514 oeeurs via methane oxidation. The
2 %0 shift in Ö

13C to lighter values below 4.7 m may therefore be the result of isotopieally
light organie earbon formed by anaerobie methane oxidation, and not originate from higher
proportions of terrestrial organie earbon. A similar proeess was suggested by Dean et al.
(1984) to aeeount for the observed depletion of 13C in Cretaeeous marine organie matter.
They postulated that the addition of I3C depleted baeteriallipids to Cretaeeous sediments
might be a possible diagenetie meehanism for produeing organie matter with more negative
ÖJ3Corg values.
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Fig. 11: Esterase aetivity in seleeted sampies of core GeoB 1514-6 (modified after Gerlach
and Gumprecht (1991)).
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As a eonsequence the higher concentrations of Corg observed below 4.7 m may represent
organic carbon originating from microbial biomass which formed within the zone of steep
sulfate and methane gradients. Parkes et al. (1994) determined loeal maxima of total viable
anaerobic baeteria that coineided with an inerease in thermogenic C I-CS hydroearbons and
redueed sulfur species. They interpreted this observation as the presence of sulfate
redueing baeteria able to grow on methane. Measurements of microbial metabolie activities
via enzyme aetivities were carried out on selected sampies of the examined eore GeoB
1514-6 on board ship. These yielded the seeond largest maximum - besides thc absolute
maximum at the sediment surface - at a sediment depth of 6.3 m (Gerlach and Gumprecht,
1991) (Fig. 11). Higher amounts of microbial biomass in deeper core seetions were only

deteeted at 6.7 m sediment depth (Gumpreeht, 1995). The fact that no signifieant inerease
in baeterial biomass was found ean, however, also be related to the method applied. As the
partieular mieroorganisms involved are not known it is diffieult to assess mierobial
biomass.

In eontrast to baeterial biomass formation, Schneider et al. (in press) have explained very

light Ö13Corg values as the result of direet deposition of terrestrial organie earbon UPC -27
%0) onto the fan. To support their assumption, Schneider et al. (in press) have argued that

TOC eoneentrations of 0.8 to 1 wt% in glaeial terrigenous sediments on the Amazon Fan
are similar to TOC contents in surfaee sediments of the Holocene mud wedge on the shelf

off the Amazon mouth. However, the average TOC eontent of Amazon shelf sediments
amounts to 0.66 ± 0.2 wt% (Showers and Angle, 1986). This value is very similar to the
average organic earbon eoncentration in the glaeial sediments above the zone in eore GeoB
1514-6 where sulfate reduction is eomplete. If the ÖI3Corg values of the shelf sediments
(Showers and Angle, 1986) are eompared with the glaeial deposits on the Amazon Fan it
turns out that they are slightly different. Under modem eonditions the Ö13Corg values of
surfaee sediments range from -27 to -26 %0 in sediments only close to the Amazon River
mouth. However, in most parts of the shelf where Amazon River load is eurrently

deposited Ö13Corg values are slightly heavier (-25 %0) than those of the glaeial deposits on
the fan. These observations give further evidenee for a eertain modifieation of the organie

carbon and Ö13Corg reeords by mierobial processes within the postulated zone of intense
anaerobie methane oxidation.

4.4 Conclusions

The sedimentary sequenee of the upper meters of Amazon Deep-Sea Fan deposits eontains

two distinet emiehments of iron. They were revealed by high resolution solid phase exami
nations of a gravity eore whieh displays the typical Amazon Fan stratigraphy. The upper Fe
peak is loeated close to the Pleistoeene/Holoeene boundary and eonsists of an indurated Fe
oxyhydroxide ernst. This iron-rieh layer represents a weH deseribed and studied feature on
the fan. Its formation is attributed to reduetive dissolution of iron in the glaeial sediments
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followed by upward diffusion and preclpltation as oxides below the sediment/water
interface during the glacial/Holocene transition (e.g. Richardson, 1974). The second F c
peak is a pronounced enrichment 01' Fe sulfides that is found below the present zone 01'
sulfate reduction.

Sulfate porewater data and time estimates for the formation 01' these Fe sulfides indicatc
that both Fe enrichments formed more or less simultaneously since the transition from thc
Plcistoccnc to the Holocene. The condition that caused the magnitude of both peaks is thc
nonsteady-state diagenetic phase induced by a dramatic drop in mean sediment
accumulation rate and organic carbon accumulation rate between the last glacial and thc
Holocene as proposed by Wallace et al. (1988) and Thomson et al. (1990). This marked
change in depositional conditions caused the different redox boundaries to become
localized at particular sediment levels for a prolonged time - thus producing the strong
solid phase enrichments. This illustrates that the influence 01' climatically induced
sedimentation rate contrasts or changes in organic carbon accumulation rate is not
restricted to processes occurring around the oxic/post-oxic boundary but weIl expands to
deeper core sections. Besides the Fe sulfide enrichments, this effect is documented by a
distinct magnetite peak which is located above the peak in Fe sulfides - leaving a strong
imprint on the sediments' remanent magnetization.

We further conclude that on the Amazon Fan a dominant portion of sulfate reduction
occurs via methane oxidation. As a consequence, also the distinct Fe sulfide enrichments
must have been formed by this process. A shift in Ö13Corg to lighter values and an increase
in organic carbon contents appear at exactly the same depth up to which significant sulfate
reduction via methane oxidation has been active. This implies that the observed shift 01'
about 2 %0 to lighter Ö13Corg values might not be a primary signal of the organic matter
deposited. Rather it may represent the existance of isotopically light organic carbon formed
in-situ by sulfate reducing bacteria oxidizing methane as a source of energy and carbon. If
so, such effects have for example to be considered when the amount of terrestrial organic
carbon is calculated from Ö13Corg values (e.g. Showers and Angle, 1986). Otherwise - in
sediments that have experienced intense anaerobic methane oxidation - it could result in an
overestimate of the percentage of organic carbon originating from terrestrial sources.

Anomalously negative Ö13Corg values - partly lighter than the terrestrial carbon isotope end
member - and pronounced sulfur enrichments are observed in deeper sections of numerous
ODP cores from the Amazon Fan (Flood, Piper, Klaus et al. , 1995; Schneider et al., in
press). They may originate from similarly intense anaerobic methane oxidation during a
persistance of the sulfate reduction zone at a particular sediment level. This makes them
possible indicators of past decreases in sedimentation rate or of a depositional hiatus.

The observation that significant sulfur enrichments are found above the present zone of
sulfate reduction is evidence that it must have been located about 0.6 m higher in the
sediment at some time in the past. This is consistant with solid phase and porewater data



91

for Fe and Mn. They all indicate that a progressive downward migration of redox fronts has
occurred or is still occurring in the geologically recent past. Such phenomena have also
been observed in equatorial Pacific and equatorial Eastern Atlantic sediments and ascribed
to a decrease in oceanic fertility (Berger et al., 1983; Thomson et al., 1984; Pedersen et al.,
1986).
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Abstract

In sediments from the oligotrophie settings on the Ceara Rise (western equatorial Atlantie)
and the Sierra Leone Rise (eastern equatorial Atlantie) distinct disagreements between
biogenie barium (Babio) and other potential produetivity proxies have been revealed by
high-resolution solid phase examinations. The most striking dissimilarities oeeur at glaeial
terminations where pronouneed emiehments of Babio coineide with minima in organie
carbon eontents. Both loeations are eharaeterized by marked variations in the input of
terrigenous matter between glaeial and interglaeial stages - either supplied by Amazon
River discharge or aeolian transport from the Afriean eontinent. Highest input of
terrigenous material generally oeeurred during cold periods. We suggest that the change in
depositional and diagenetie eonditions eneountered during glaeiallinterglaeial transitions
may be responsible for the formation of the observed eonspieuous Babio spikes. We propose
that they result from an enhaneed degradation effieieney of organie matter at or elose to the
sediment surface, leading to an additional formation of barite within the sediment similar to
the meehanism proposed for barite formation within settling organie partieles in the water
column. The eondition that is likely to have eaused this intensified mineralization of
organie earbon is a drop in bulk aeeumulation rate mainly eaused by redueed supply of
terrigenous matter probably aeeompanied by an inerease in the bottom water oxygen
content due to astronger influenee of NADW during interglaeials. This nonsteady-state
meehanism eould explain the extremely low Corg/Babio ratios found at glaeial/interglacial
boundaries. The eoneentrations of Babio in these sediments are, therefore, not interpreted as
a simple measure of past produetivity, but as an integrated signal of export produetion and
the effieieney of oxie organie matter degradation at or elose to the sediment/water
interface.
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5.1 Introduction

Nutrient-like profiles ofvarious metals in the oceanic water column suggest that the detrital

flux of these elements is related in part to the settling and dissolution of biogenic material

(e.g. Bruland, 1983). The accumulation of certain metals in sediments is therefore thought
to reflect the varying input of organic material to the sea-floor, thus making them potential

indicators for productivity changes in the overlying surface waters. Barium is one of the
metals which has been extensively examined in recent years for its use as a
paleoproductivity proxy (e.g. Von Breymann et al., 1992; Dymond et al., 1992; Francois et

al. , 1995; Nürnberg, 1995). It has been suggested as a potential geochemical proxy to

reconstruct paleoproductivity based on the observed good correlation between particulate

barium in intermediate waters and biological productivity in the euphotic zone (Dehairs et

al., 1980; Bishop, 1988). Further support comes from the finding that sediments underlying
high productivity areas are enriched in this element (e.g. Goldberg and Arrhenius, 1958;

Shimmield and Mowbray, 1991; Weedon and Shimmield, 1991). The studies ofDehairs et
al. (1980) and Bishop (1988) have demonstrated that barite is the main carrier of barium to

the sediments. There is still uncertainty about the exact mechanism of barite formation in

the water column. As seawater is undersaturated with respect to barite, however, it seems
widely accepted that barite primarily forms within microenvironments present in decaying

phytoplankton eells and feeal pellets (Dehairs et al. , 1980; Bishop, 1988). It has been

proposed that these oxie microenvironments within settling particles beeome

supersaturated with respect to barite by either sulfate regeneration from deeaying labile

organie sulfur (Chow and Goldberg, 1960; Dehairs et al. , 1980; Bishop, 1988), or by

release of barium and sulfate from the dissolution of acantharian-derived celestite

(Bernstein et al. , 1992). Aeantharia are an Order of radiolaria whieh possess strontium

sulfate skeletons (Kennett, 1982). Furthermore, an aetive formation of barite is observed in

xenophyophores (e.g. Tendal, 1972). The quantitative eontribution of barite originating

from these bottom-dwelling protozoa to the sedimentary barite budget is not known.

Compared to other 'eonventional' proxies for past produetivity eomprising carbonate, opal

or organie earbon whieh are subjeet to substantial dissolution or remineralization,

respeetively, barium in the form of barite has the advantage that a larger pereentage of the

original signal is preserved in the sedimentary reeord (Dymond et al. , 1992). Before,

however, barium ean be utilized as a reliable paleoproduetivity proxy, the various faetors

controlling its flux to the sea-floor and the possible post-depositional modifications of the

primary sedimentary Ba signal need to be fully understood. There are several constraints on

the use of sedimentary barium or barite as a paleoproduetivity proxy. Von Breymann eta!.

(1992) showed that the general pattern of enhanced barium aeeumulation in areas of high

primary productivity cannot be extended to shallow-water deposits. This lack of biogenie

barium aceumulation in sediments shallower than 1000 m is consistent with the

exponential inerease in partieulate barium with water depth observed by Dymond et al.

(1992) and Franeois et al. (1995). It demonstrates that the barium produetivity signal is
amplified during transport through the water eolumn. Besides the effect of water depth on
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Ba concentrations in sediments, overprinting of the sedimentary Ba record is observed in

deposits undergoing substantial sulfate reduction (Kölling, 1991; Van Os et al., 1991; Von

Breymann et al., 1992; De Lange et al., 1994; Gingeie and Dahmke, 1994; Torres et al.,

1996). In oxic and suboxic sediments, however, Ba will persist as barite because these

porewaters are saturated with respect to barite (e.g. Church and Wohlgemuth, 1972;

GingeIe and Dahmke, 1994). Therefore, a decoupling of the sedimentary record of barite

from its input flux to the sediments is generally not expected in oxic and suboxic deposits.

The degradation of organic matter accompanied by syngenetic precipitation of barite in

decaying organic partides has been proposed as a possible mechanism for barite formation

in the water column (Dehairs et al., 1980; Bishop, 1988). It has to be discussed whether

this process could also be of significance in surficial sediments where conditions are dose

to barite saturation. Especially nonsteady-state depositional conditions - e.g. as induced by

a drop in sedimentation rate or an increase in bottom water oxygen content - can enhance

the degradation efficiency of organic matter by an either longer exposure of the sediment

surface and/or by the formation of a downward progressing oxidation front (Wilson et al.,

1985, 1986).

In this study we examine the solid phase distribution of barium in two sediment cores from

the Ceani Rise in the western equatorial Atlantic and from the Sierra Leone Rise in the

eastern equatorial Atlantic. For the core from the Sierra Leone Rise additional parameters

have been measured in order to reconstruct the history of aeolian dust input to this site.

These will be reported elsewhere (Haese et al., in prep.). Both locations are characterized

by low contents of organic carbon « 0.5%) and opposing variations in the relative amounts

of carbonate and terrigenous matter from glacial to interglacial times. Due to the

difficulties in reconstructing paleoproductivity in oligotrophic settings, we intended to

investigate the use of biogenic barium as a possible productivity proxy in such depositional

environments. The main objectives are: (1) to compare the downcore biogenic barium

profiles with the paleoproductivity records estimated from other paleoproductivity proxies.

For the examined core from the Ceani Rise, Rühlemann et al. (in press) have presented
rates of paleoproductivity derived from 230Th-normalized accumulation rates of both

carbonate and marine organic carbon. For the Sierra Leone Rise paleoproductivities

estimated from the organic carbon contents of a gravity core adjacent to the one examined

in this study have been published by Müller et al. (1983). (2) to reveal whether changes in

sedimentary conditions as encountered during glacial/interglacial transitions can lead to a

post-depositional modification of the primary input flux signal of barium or barite in oxic

and suboxic diagenetic environments.



98

5.2 Sampling sitcs and corc dcscriptions

Gravity care GeoB 1523-1 (3°49'N, 41°37'W) was recovered during RV Meteor cruise M
16/2 in 1991 from a water depth of 3292 m on the Ceara Rise (Fig. 1). The core penetrates
oxygen isotope stage 11 as revealed by 8180 values of planktonic foraminifera
(Globigerinoides sacculifer) (Fig. 2). Sedimentation rates range between 1 and 5.5 cm/ka.

The sedimentary sequence is characterized by alternating sections of ca1careous- and
terrigenous-rich sediments. These cyclic changes in lithology primarily result from the
varying dilution of carbonate by Amazon derived iron-rich, terrigenous material between
glacial and interglacial times (Bickert et al., 1996). At present, the sampling site lies under
the influence ofNorth Atlantic Deep Water (NADW) and is located about 900 m above the
calcite lysocline. No porewater data are available for this core. However, the reddish
colours - attributable to Fe oxyhydroxides - that prevail throughout the core as weH as the
interstitial-water constituents, determined as part of the ODP Leg 154 on the Ceara Rise,
characterize the sampling location as a low organic carbon diagenetic environment (Curry,
Shackleton, Richter et al., 1995). Organic carbon contents determined for core GeoB 1523
1 fluctuate between 0.14 and 0.33 wt% (Rühlemann et al., in press). Accarding to
Rühlemann et al. (in press), carbonate dissolution in this care is negligible, except for three
main dissolution events at isotope stages 4, 8.4 and 10. They also concluded that only
minor changes in productivity occurred over the last 180,000 years. Siliceous microfossils
were not detected in this core.
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Fig.l: Map showing the locations of the examined sediment cores GeoB 1523-1 and
GeoB 2910-1.
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Core GeoB 2910-1 (4°51'N, 21°03'W) was raised from the Sierra Leone Rise at a water
depth of2700 m during RV Meteor eruise M 29/3 in August 1994 (Fig. 1). The eore has a
totallength of 13.9 m. In this paper we only present the results for the upper 8.1 m reaehing
into oxygen isotope stage 18. The stratigraphy for this gravity eore was inferred from the
CaC03 distribution ealibrated by the oxygen isotope stratigraphy of eore M 13519 (5°40'N,
19°51 'W) presented by Müller et al. (1983; CaC03) and Samthein et al. (1984; ( 180).
Organie earbon contents for eore M 13519 range from 0.1 to 0.5 wt% (Müller et al. 1983).
For detailed eore deseription and eharaeterization of the sampling loeation we refer to
Müller et al. (1983) and Sarnthein et al. (1984). Aeeording to porewater data no sulfate
reduetion is deteetable in core GeoB 2910-1; nitrate is eonsumed at a depth of 3 m (Haese
et al., in prep.). Average sedimentation rates for eore GeoB 2910-1, based on linear
interpolation ofthe eore length between ages of stage boundaries, vary between 0.5 and 2.7
cm/ka.

5.3 Methods

Sampling

Sampies were taken with 5-cm sampling space over the whole length ofthe cores. For core
GeoB 1523-1 the sediment seetions across the glaeial/interglaeial boundaries older than
termination I (5/6, 7/8 and 9/1 0) were additionally sampled continuously at l-cm intervals.
After freeze-drying, the sediment sampies were ground in an agate mortar and processed as
described below. Sampies from the silt-size fraction of core GeoB 1523-1 were used for
gravity separation.

Carbonate analysis

Carbonate contents of the dried bulk sediment were determined by coulometric analysis via
the C02 produced on H3P04 (6 M) acid hydrolysis. The accuracy of measurements was
checked using a marble standard with 12 % inorganic carbon. Analytical precision was
better than 5 %.

Bulk solidphase analysis

Total digestion analyses were carried out in apressure digestion system after filling 100 mg
of dried bulk sediment material and a mixture of2 mL HN03 (65%), 2 mL HF (40%) and 3
mL HCI04 (70%) into PTFE liners. After decomposition for 8 h at 180°C, the digestive
solutions were taken to dryness, redissolved with 1 mL HN03 (65%) and 5 mL deionized
water (MilliQ), and placed into the pressure digestion system for another 8 h at 180°C.
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After cooling, the volume of the solutions was set to 100 mL. Al and Ti were analysed by
inductively-coupled plasma-optical emission spectrometry (ICP-OES) and Ba by

inductively-coupled plasma-mass spectrometry (ICP-MS), respectively. Precision of ICP
OES analyses was better than 3 %; for ICP-MS measurements it was in the range of 5 to 8

%. The accuracy of element determinations was checked using standard reference material

USOS MAG-I. The concurrently determined element concentrations were within the
certified ranges (Oladney and Roelandts, 1988).

Gravity separation and SEM examination

The heavy mineral fraction of selected sampies from core GeoB 1523-1 was obtained by
gravity separation with sodium-polywolframate (Na2W042H20). Subsequently, sampies

from theses fractions were examined by means of SEM and energy-dispersive X-ray (EDX)
in order to reveal the phases that Ba is associated with in the studied sediments.

Normative estimation ofbiogenie barium

In order to use sedimentary barium as a tracer for variations in productivity, the total

barium content of the sediment sampies has to be corrected for the non-biogenic
proportion. In this paper, we refer to this fraction as biogenic barium (Babio), i.e. the

fraction of sedimentary Ba which cannot be accounted for by detrital Ba present in

aluminosilicates. This can be achieved by subtracting the amount of terrigenous Ba from

the total Ba contents. The terrigenous Ba content can be estimated from the concentration

of Al in the sampie and by multiplication with adetrital BaiAl ratio. Terrigenous matter is

the main source of detrital barium in sediments. The choice of the detrital BaiAl ratio has

important implications if paleoproductivity is to be calculated from the biogenic barium

content. It does, however, not influence the general trend in biogenic Ba concentrations

which is of main interest for the present study. In order to estimate the arnount of biogenic

barium from norrnalization to Al it has to be assumed that the BaiAl ratio of the terrigenous

matter remains constant over the period considered and that Al is mainly contained in

aluminosilicates. The typical BaiAI ratio for detrital aluminosilicates is 0.0075 (Dymond et

al. , 1992). Application of this value, however, resulted in negative calculated
concentrations for biogenic barium. For the sediments from the Ceani Rise we, therefore,

assumed a lower mean detrital BaiAI ratio of 0.0045 for the terrigenous component. This

value corresponds to that deterrnined by Rutsch et al. (1995) for terrigenous matter

supplied by the Zaire (Congo) River. The same BaiAl ratio was also used for core GeoB
2910-1.
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5.4 Results

The total Al contents in core GeoB 1523-1 - representing the amount of terrigenous
minerals - display strong variations between 2 and 7.5 % with maxima occurring in thc
cold stages of the glacials (Fig. 2D). They are inversely correlated with the carbonate
record (Fig. 2B) determined by Rühlemann et al. (in press). By knowing, that Amazon
sediment load was preferentially discharged to the Ceara Rise area during glacials (Curry,
Shackleton, Richter et al., 1995), this inverse correlation suggests that the dominant control
on carbonate content is dilution by Amazon-derived terrigenous material.

Total Ba contents (Batot) of core GeoB 1523-1 (Fig. 2E) are on a comparatively low level
and average around 350 ppm throughout the core. Barium minima with values between 150
and 200 ppm occur during warm stages of interglacial periods - corresponding to peaks in
CaC03. The maximum total Ba concentration of 620 ppm is found at the 5/6 isotope stage
boundary.

The profile of biogenic Ba (Babio) for core GeoB 1523-1 (Fig. 2F) does not correspond to
any ofthe other potential productivity proxies (total organic carbon (TOC), marine organic
carbon (MOC), mass accumulation rates of carbonate and marine organic carbon
(MARcaC03, MARMOc) and carbonate (CaC03)) presented by Rühlemann et al. (in press).
For the last 180,000 years there even exists an almost inverse correlation between Babio and
TOC (Fig. 2C), MARcaC03 and MARMOC (Figs. 3B and 3C). This trend is not displayed
that clearly in the older sections of the core. In general, maxima in Babio are located at
depth intervals in which transitions from colder into warmer climate occur. These sediment
sections are characterized by an upward decrease in the relative amount of terrigenous
matter - represented by total Al concentrations. The most striking Babio deviations from the
TOC record appeal' around glacial terminations and coincide with minima in TOC
concentrations (Fig. 2C and 2F). 230Th-normalized mass accumulation rates of biogenic Ba
(MAR Babio) for the last 180,000 years display the same trend (Fig. 3F).

A similar biogenic barium pattern is observed for core GeoB 2910-1 (Fig. 4), where
maxima in Babio are always located close to glacial/interglacial boundaries. This profile of
Babio does contradict the paleoproductivity record derived from the organic carbon content
by Müller et al. (1983) for their core M 13519 from the Sierra Leone Rise. Theyestimated
higher productivity during glacial times. Like for core GeoB 1523-1 from the Ceara Rise,
peaks in Babio agree with minima in TOC contents in Sierra Leone Rise sediments (core M
13519; Müller et al., 1983).

It has to be emphasized that the normative estimation of biogenic barium in sediments in
which more than 50% of the Ba is of terrigenous origin - as is the case for most of the
sampies of core GeoB 1523-1 - cannot be made with high accuracy (Dymond et al., 1992).
In the present study, however, we do not intend to calculate absolute rates of
paleoproductivity from the sedimentary barium contents but focus on the effects of changes
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in the depositional conditions on the solid phase barium profile. We therefore accept the
possible error in estimating the amount of biogenic barium from normalization to Al
because it may only change the absolute Babio values but not the relative concentration
differences.
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High-resolution studies along glacial terminations 5/6, 7/8 and 9/10 in core GeoB 1523-1

liigh resolution data for core GeoB 1523-1 plotted versus sediment depth reveal that, at the
5/6 and 9/1 0 stage boundaries (Fig. 5 A and C), distinct Babio peaks are located at the
transition zone to relatively lower Al and higher carbonate contents. From the sampling at
5-cm intervals (Fig. 2 F) the Babio peak at 330,000 years B.P. (9/10) seemed to be
correlated with the carbonate maximum in stage 9.3. The high resolution sampling,
however, reveals that also this Babio spike is located within the transition zone to higher
carbonate contents. The sediment interval along the 7/8 transition (Fig. 5B) displays two
Ba maxima which are, however, less distinct than the one at the 5/6 boundary. As a general
trend, maxima in biogenic barium concentrations are always located at the transition from
higher to lower relative contents of terrigenous matter, opposite to the trend in carbonate

content.

Gravity separation and subsequent SEM examination performed on selected sampies of
core GeoB 1523-1 from depths with maximum Ba contents did not reveal the occurrance of

discrete barite particles as described by Dehairs et al. (1980) or Gingele and Dahmke
(1994) for Pacific and East Atlantic sediments. This is probably due to the overalliow Ba
concentrations in the examined sediment core owing to the oligotrophie setting. Barite

phases detected by EDX from the depth of the Babio maximum at the 5/6 isotope stage
boundary appeared as coatings associated with organic material and detrital particIes.

In principle, the pattern of Babio maxima corresponding to minima in the organic carbon
content is not only found at glacial terminations but also occurs at substage boundaries.

5.5 Discussion

Since barium has been suggested as a potential proxy for paleoproductivity (e.g. Dymond
et al., 1992; Von Breymann et al., 1992) the distribution of barium and barite in sediments
has been examined for its possible use to reconstruct changes in productivity (e.g.
Shimmieid and Mowbray, 1991; Weedon and Shimmield, 1991; Gingeie and Dahmke,
1994; Nürnberg, 1995; Rutsch et al., 1995; Thomson et al., 1995).

While some of these studies reported a good overall correlation between the sedimentary

barium or barite record and other biogenic constituents (De Lange et al., 1994; Gingeie and

Dahmke, 1994; Rutsch et al., 1995) others could not detect any significant association 
however for different reasons (e.g. De Lange et al., 1994; Thomson et al., 1995;
Matthewson et al., 1995). Gingeie and Dahmke (1994) computed absolute
paleoproductivity rates from barite accumulation rates for gravity cores from the eastern
Angola Basin and the equatorial divergence of the South Atlantic. Except for a core from
the Walvis Ridge, their estimates were consistant with paleoproductivity calculations based
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on total organic carbon accumulation presented by Schneider (1991) and Bickert (1992).
Also De Lange et al. (1994) found a good agreement between the Ba and organic carbon
contents in sediments from relatively shallow water depths in the Eastern Mediterranean. In
deeper cores no correlation or even a negative correlation was revealed. De Lange et al.
(1994) attributed this observation to post-depositional mobilization of Ba due to sulfate
reduction that occurred shortly after deposition of the organic-rich sapropel under low (or
no) oxygen in the deep bottom waters. In a detailed examination of the most recent
sapropel in the Eastern Mediterranean, Thomson et al. (1995) ascribed high concentrations
of barium, that do not correlate to elevated levels of organic carbon, to initially present
organic carbon that has been lost by progressive oxidation. This finding illustrates the
advantage of Ba over other productivity proxies - as e.g. organic carbon - because a larger
percentage of the original signal is preserved in the sediment (Dymond et al., 1992). In a
core from the northwest African margin pronounced maxima in both biogenic Ba
concentrations and in the biogenic Ba flux appeal' at the 5/6 stage boundary (Matthewson et
al. , 1995). These are neither reflected by the estimated Corg flux, nor by the opal flux
records. From a strong eccentricity component (100 kyr) in their biogenic barium record,
Matthewson et al. (1995) concluded that the Babio fluctuations seem to be controlled by
global ice volume, perhaps related to changes in deep ocean circulation, rather than being
directly coupled to primary productivity. They did, however, not propose a possible
mechanism for producing these Babio spikes.

The discrepancies between the Babio record, organic carbon, and carbonate found in the
cores GeoB 1523-1 (Ceani Rise) and GeoB 2910-1 (Sierra Leone Rise) examined in this
study mostly resemble those observed in the core from the northwest African margin
(Matthewson et al., 1995). Also, a closer look at the data of Gingeie and Dahmke (1994)
and Rutsch et al. (1995) reveals certain inconsistencies between the organic carbon and the
barium (or barite) records appearing close to glaciallinterglacial boundaries. Altogether
these examples suggest that the lack of correlation between the Babio record and other
biogenic constituents is not a peculiarity of the examined sampling sites GeoB 1523 and
GeoB 2910, but may represent a widespread phenomenon in similar depositional
environments. There are several possible explanations for the observed discrepaney
between the Babio reeord and other paleoproduetivity indieators.

Possible explanationsJor BabiO spikes unrelated to biogenie constituents

A formation of Ba enriehments due to post-depositional redistribution under anoxie
eonditions ean be excluded, as sulfate reduetion is not deteetable in both examined cores
(Curry, Shackleton, Richter et al., 1995; Haese et al., in prep.). It is also unlikely that
substantial sulfate reduetion has oeeurred at some time in the past, as deseribed by Van Os
et al. (1991) and De Lange et al. (1994), beeause it is not realistic that the two sampling
sites ever experieneed anoxie bottom water eonditions andlor received amounts of organie
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carbon comparable to those of sapropels. Furthermore no reduced sulfur compounds 
namely pyrite or other iran sulfides - were found in the cores.
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Changes in the source area of terrigenous matter could result in a different detrital Ba/Al
ratio and potentially produce solid phase Ba peaks. The fairly constant Ti/Al ratios in the
sediments along the glacial terminations (Fig. 6) in core GeoB 1523-1, however, indicate
that at least for this core no significant change in the cOlnposition of the detrital component
occurred at the sampling site on the Ceara Rise.

Fig. 6: Ti/Al ratios in the sediments along glacial terminations 5/6, 7/8 and 9/1 0 in core
GeoB 1523-1, plotted versus sediment depth. They indicate that for core GeoB
1523-1 no significant change in the composition of the detrital component
occurred.

As the influence of hydrathermal activity is restricted to the immediate vicinity of venting
sites as has been shown by Dymond (1981) for the active East Pacific Rise, this source of
additional Ba can be excIuded for the sampling locations on the Ceani Rise and the Sierra
Leone Rise.

Barium concentrations are known to increase with the age of a water mass (Broecker and
Peng, 1982). A more sluggish circulation would therefore result in higher concentrations of
Ba in seawater, and this would promote higher barium rain rates (e.g. De Lange et al. ,
1994). It can certainly not be expected that circulation was especially sluggish at
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glacial/interglacial transitions but a change in circulation may have promoted a higher input
of barium into the sediments. The exact mechanism which might be responsible for this is,
as yet, not known.

Input of barium into the sediments is possible in assoclatlon with carbonate, opal or
manganese oxyhydroxides. Barium concentrations in carbonate are considered to be low
and amount to approximately 30 ppm according to Lea and Boyle (1989). No general
correspondance between Babio and carbonate is observed for the examined cores. The
barium maxima are located within those core intervals where the deglacial decrease in the
input of terrigenous matter takes place. The absence of siliceous microfossils in the
examined cores (Rühlemann et al., in press; Haese et al., in prep.) demonstrates that opal
can be excluded as an additional carrier of Ba into the sediment. Solid phase manganese
concentrations determined for core GeoB 1523-1 (unpubl. data, S. Kasten) reveal no
correlation with the Babio profile. The manganese maxima detected close to the
glacial/interglacial transitions in this core are distinctively located above the B~io spikes.
Therefore, an emichment of Ba in association with manganese is unlikely.

It is possible that the strong Babio signals found at glacial terminations represent
productivity events that are not documented by organic carbon or carbonate because
organic matter or carbonate initially present have been degraded or dissolved, respectively.
Enhanced decomposition of organic matter can be promoted by a decrease in sedimentation
rate and/or elevated oxygen concentrations in the overlying bottom waters (e.g. Müller et
al. , 1983; Canfield, 1994). There is one indication that productivity was higher during
deglacial phases than displayed by TOC or any other paleoproductivity proxy for
termination II in core GeoB 1523-1. Delta Ö13C values determined for this core by Mulitza
(1994) show a pronounced maximum above the 5/6 stage boundary (stage 5.5) which may
indicate that productivity has been higher during that period. The maximum in delta Ö

13C is
located slightly above the Babio peak. On the other hand, no obvious correlation between
the delta Ö13C profile and the biogenic barium record is found for the remaining parts ofthe
core. Furthermore, the delta Ö13C of planktonic foraminifera can be affected significantly
by reorganization of ocean circulation and/or CO2 exchange between atmosphere and
surface ocean at terminations. Thus, it is not likely that the delta Ö

13C maximum at the
stage 5/6 boundary reflects a substantial productivity increase for this period.

It has been suggested that the formation of barite is controlled by the diffusion of Ba from
seawater into oxic microenvironments within decaying organic particles in which sulfate is
supersaturated (Chow and Goldberg, 1960; Dehairs, 1980; Bishop, 1988). If this
mechanism is assumed to be important within the water column, we propose that it can as
weIl also take place in surficial sediments when biogenic detritus, that still possesses a
certain labile sulfur fraction, reaches the sea-floor and is degraded (Bender and Heggie,
1984). Depositional conditions that increase the residence time of sediments at the surface
lead to a more efficient degradation of organic matter. Following our proposition, this
could be accompanied by an additional uptake of Ba from overlying seawater into the
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sediment due to barite formation. In this way the sedimentary Ba record is decoupled from
barite formation in sinking partieles depending on flux rates of biogenic matter and water
depth. If this is the case, an additional uptake of Ba into the sediments would be a function
of the degradation efficiency of organic matter elose to the sediment/water interface. Also,
Gingeie and Dahmke (1994) have speculated on a formation of barite within surficial
sediments.

From the above considerations and the coincidence of high Babio concentrations with low
organic carbon contents and low total mass accumulation rates we suggest, that the
pronounced Ba enriehments found at glacial/interglacial transitions result from an

enhanced degradation of organic matter. The condition that is likely to have caused this
higher mineralization efficiency is the nonsteady-state depositional period induced by a
decrease in bulk accumulation rate probably accompanied by elevated bottom water
oxygen concentrations. It has been shown by Canfield (1994) that under certain
circurnstances of deposition - namely low sedimentation rates - decomposition of organie
matter is more efficient when bottom water oxygen concentrations increase. As the
sedimentation rate decreases, sediments become progressively more oxic and a higher
proportion of organic matter can be degraded by oxic diagenesis. This has also been shown
by Wilson et al. (1985, 1986), who demonstrated that the emplacement and deposition of
turbidites under higher bottom water oxygen conditions leads to the formation of a
progressive oxidation front that moves down into the sediment by degrading organic
matter. Such a high degradation efficiency can be attributed to a combination of elevated
oxygen bottom water concentration and low deposition rate, leaving a long period for
aerobic decomposition to occur. Also Müller et al. (1983) pointed out 'that small
differences in average sedimentation rates, at generally low rates, might have had a
relatively large negative effect on the preservation of organic matter during oxic
diagenesis' .

Further support far an enhanced degradation of the initially present organic matter at
glacial/interglacial transitions comes from the finding of Rühlemann et al. (in press). In
contrast to the general covariation between the mass accumulation rates of marine organic
carbon (MARMod and carbonate (MARcarb) they observed a disagreement between these
two parameters at the stage boundaries 1/2 and 5/6 (see Fig. 3). The influence of North
Atlantic Deep Water (NADW), which has a low carbonate corrosion capacity and higher
oxygen contents than Southem-Source Deep Water (SDW), is more pronounced during
interglacials than during glacials. Rühlemann et al. (in press) interpreted this contrast
between MARMOC and MARcarb as enhanced carbonate preservation during maximum
bathymetric extent of non-carbonate corrosive NADW. We propose, that the observed
discrepancy between MARMoC and MARcarb results from a combination of decrease in
terrigenous input (drop in bulk sediment accumulation rate) and higher oxygen contents in
bottom waters on the one hand, and a low carbonate-coITosive water-mass on the other
hand. This might have caused a decoupling of the preserved organic carbon signal from the
carbonate record. We assurne that a higher percentage of the original organic carbon which
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reached the sea-floor must have been degraded during glacial/interglacial transItIOns.
Therefore, productivity must have been higher than could be assumed from the preserved
content of organie matter. It is not clear whether productivity was proportional to the
concentration of Babio in the sediment, 01' whether the distinct Ba peaks are a result of the
additional formation of barite within the sediment along a downward progressing oxidation
front.

A general decrease in the Corg/Babio ratio is observed in settling particles with increasing
water depth which is attributed to both degradation of organic matter and Ba addition due
to barite formation within decaying organic particles (Dymond et al., 1992). An increase 01'
Babio with water depth was also observed by Nürnberg (1995) in sediment traps and in
surface sediments. This decreasing trend with depth is not as weH defined in the western
Atlantic as in the Pacific. The Corg/Babio ratios in settling particles are all significantly
higher in the western Atlantic than in the Pacific (Dymond et al., 1992; Francois et al.,
1995). Dymond et al. (1992) related their findings to the observed higher dissolved Ba
concentrations in Pacific intermediate waters. Francois et al. (1995), however, did not find
a significant correlation between dissolved Ba levels in intermediate and deep waters and
Corg/Babio ratio. They concluded that high Corg/Babio ratios originate from the addition 01'
refractory organie carbon rather than from reduced barite formation due to lower dissolved
Ba concentrations.
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Fig.7: Downcore variations in CorgiBabio ratios for the examined sediment col'e GeoB
1523-1. Low values appeal' around glacial/interglacial boundaries.
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The Corg/Babio ratios in settling particles from the sediment trap deployed in the Demerara
Abyssal Plain - which is the one closest to our sampling site GeoB 1523 on the Ceani Rise
- are comparatively high and range between 86 and 156 (Francois et al. , 1995). This is
consistent with the present surface water circulation pattern in the western equatorial
Atlantic with the North Brazil Current transporting discharged Amazon river load to the
northwest (Geyer et al. , 1991; Schneider et al., in press). It confirms the assumption of
Francois et al. (1995) that high CorgiBabio ratios in settling particles result from the addition
of refractory organic carbon and are not an expression of high dissolved Ba concentrations
in intermediate and deep waters as proposed by Dymond et al. (1992). The Corg/Babio ratios
of the surface sampies in core GeoB 1523-1 are distinctly lower than those of settling
particles at the Demerara station and range between 10 and 40 (Fig. 7). This can partly be
explained by the present-day circulation pattern and sea-level high-stand situation, resulting
in only minor input of terrigenous material to the Ceani Rise region today. The lack of
significant supply of refractory organic carbon to location GeoB 1523 can therefore explain
the low Corg/Babio ratios of the surface sediment sampies at this site. Extremely low ratios
are found at deeper levels in core GeoB 1523-1, especially at glaciallinterglacial
transitions. These values are much lower than any other ratio reported for settling particles
(Francois et al. , 1995). Similar low values in surface sediment sampies have also been
described by Gingeie and Dahmke (1994). We therefore assume, that the degradation of
organic matter within the sediment or at the sediment/water interface has decreased the
organic carbon content under simultaneous formation of barite. If the mechanism of barite
formation in the water column in the way decribed by e.g. Dehairs et al. (1980) is assumed,
it is only plausible that syngenetic barite formation can also occur during organic matter
degradation close to the sediment/water interface. Even if the general trend in decrease in
the Corg/Babio ratios is not as pronounced in the western Atlantic as it is in the Pacific, a
certain decrease with depth is observed. Therefore, organic material reaching the sea-floor
at a water-depth of 3200 m has still a certain labile organic carbon fraction that can
potentially contribute to the formation of barite in surficial sediments. This is even more
plausible if the higher saturation of porewaters with respect to barite in comparison to
seawater is considered (Church and Wohlgemuth, 1972).

5.6 Conclusions

Distinct peaks of Babio occur at glacial/interglacial boundaries in sediments of the Ceani
Rise and the Sierra Leone Rise. These are neither related to the amount of organic carbon
preserved nor to the paleoproductivity reconstructed from mass accumulation rates of
carbonate and/or organic carbon. We suggest that the pronounced change in depositional
conditions from higher terrigenous matter contents to more calcareous sediments
accompanied by an overall drop in bulk mass accumulation rate may be responsible for the
formation of these distinct Ba enrichments. We assume that a decrease in the total mass
accumulation rate from the glacial to interglacial periods may have led to a relatively
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longer exposure of the sediment surface leading to an enhancement of oxic organic matter
degradation. From our data we propose that - if the mechanism of barite supersaturation
within decaying organic particles sinking through the water column is assumed to be
important - it could as weIl be a mechanism of additional Ba uptake into surficial
sediments. During a longer exposure of the sediment surface in combination with elevated
oxygen concentrations of the bottom water an enhanced and very efficient degradation of
organic matter can be expected. This scenario would also explain the remarkably low
CorgiBabio ratios and the low amounts of organic carbon contents found at
glacial/interglacial transitions. We conclude that the low CorgiBabio ratios are not only a
result of the degradation of organic matter leading to a relative enrichment of biogenie
barium over organic matter, but also reflect the additional formation of barite within the
sediment. Due to the general observation of decreasing Corg/Babio-ratios in settling partieles
with increasing water depth, it can be assumed that organic partieles reaching the sea floor
at 3200 m (for core GeoB 1523-1) or at 2700 m (for core GeoB 2910-1) still possess a
certain labile organic carbon fraction which could potentially contribute to barite
formation. It is, therefore, likely that additional formation of barite occurs elose to the
sediment surface and leads to an uptake of barium into the sedimentary solid phase. The
higher the degradation efficiency of organic matter at the sediment surface the more
important this process will be.

We conelude that the distinct Babio spikes found at glacial terminations in the sediments of
the Ceani Rise and the Sierra Leone Rise can not be interpreted as being directly
proportional to the initial productivity in the euphotic zone. They are rather a combination
of (l) the barium productivity signal and (2) the intensity of organic matter degradation at
the sediment/water interface during nonsteady-state depositional conditions producing
additional sedimentary barite. For oceanic regions which experienced only minor changes
in productivity between glacial and interglacial times the concentrations of biogenie barium
could therefore serve as a means of reconstructing degradation efficiency of organic matter.
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CHAPTER6

Summary of results

In four separate studies (which have either been published or submitted for publication) the
behaviour of various metals in the marine sedimentary environment has been examined.
Questions mainly focussed on the post-depositional redistribution of metals under
nonsteady-state conditions induced by climatic changes. Furthermore, it was intended to
evaluate the potential of pronounced metal enrichments formed under such conditions to
serve as indicators of changes in depositional conditions. Another aspect was the possible
use of the Ce/La ratio of manganese nodules as a redox indicator.

The main results ofthese studies are:

• The Ce/La ratio of Mn nodules from the South Atlantic cannot be used as a simple
indicator of the oxygen content of the ambient bottom water, but is a function of
oxygen concentrations and the nature - i.e. the chemical composition - of the ambient
water mass.

• In contrast to previous statements that the manganese nodules of the South Atlantic are
dominantly hydrogeneous, nodules from the Angola Basin are of oxic diagenetic origin.

• The examination of solid-phase manganese in sediment cores from the equatorial
divergence of the South Atlantic and the eastem Angola Basin revealed that manganese
carbonate is a characteristic feature of early diagenetic Mn-spikes. These manganese
phases are better preserved upon burial to suboxic and anoxic conditions than Mn(IV)
compounds, and can therefore serve as indicators for Mn-rich layers formed under
nonsteady-state conditions.

• In sediments of the Walvis Ridge, underlying nutrient-poor surface waters, peaks of
Mn(IV) and manganese carbonate occur in glacial sections. This gives evidence for
higher reduction rates in the sediment and is attributed to higher surface water
productivity during glacials on the central Walvis Ridge.

• Distinct Mn-spikes are also found in the glacial sediments of the Amazon Deep-Sea
Fan which are partly in form ofmanganese carbonates reflecting short-time fluctuations
in depositional conditions.
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• On the Amazon Deep-Sea Fan, the pronounced decrease in sedimentation rate and
organic carbon flux that occurred during the Pleistocene/Holocene transition caused the
simultaneous formation of two distinct enrichments of iron - one at the oxiclpost-oxic
redox boundary, the other one within the zone of sulfate reduction. The marked Fe
sulfide enriehment formed by sulfate reduetion mainly driven by methane oxidation.
Data from the literature (ODP Leg 155) show that iron sulfide enriehments of similar
magnitude are also preserved in deeper sediment layers of eores from the Amazon
Deep-Sea Fan. This suggests that these iron sulfide peaks, produecd by nonsteady-state
early diagenesis, eould serve as indieators for pronounced ehanges in the depositional
eonditions on the fan.

• A shift in Ö13Corg to lighter values, and an inerease in organie carbon eontents, appear at
exaetly the same depth to which significant anaerobic methane oxidation has been
active. This gives evidence that this shift is not a primary signal of the organie matter
deposited but represents the presence of isotopically light organic earbon formed in-situ
by sulfate-redueing bacteria oxidizing methane as a souree of energy and earbon.

• The distribution of uranium in the eore from the Amazon Deep-Sea Fan reveals two
distinct maxima. One is associated with the ferric iron rieh erust. The other one
represents a nonsteady-state enrichment below the glaeiallinterglaeial transition.

• In the upper oxie sediments of the Amazon Deep-Sea Fan molybdenum is assoeiated
with Mn oxyhydroxides. In the anoxie eore seetion it relates to iron sulfides.

• A manganese double-Iayer is loeated in the upper Holoeene deposits on the Amazon
Deep-Sea Fan. Porewater data imply that the lower spike is the eurrently forming one.
This downward movement of redox boundaries whieh is also doeumented in the Fe
porewater profile implies the presenee of a progessive oxidation front, probably due to
a reeent deerease in organie earbon burial rate.

• The study of biogenie barium along glaeiallinterglaeial boundaries in oxie sediments of
the Ceani Rise and the Sierra Leone Rise reveals no or a negative eorrelation with
organie earbon eontents. A deerease in the sediment aeeumulation rate during deglaeial
phases is suggested to have eaused an enhaneed oxie degradation of organie matter,
aeeompanied by an additional formation of barite in the sediment. The biogenic barium
eontents in these sediments are therefore interpreted as an integrated signal of the
supply of organie matter to the sediments, and the effieieney of its degradation.
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