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Abstract

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

of ferrimagnetic sulfides such as greigite. Different from other studies reporting a marked magnetic enhancement at around the
SMT due to the precipitation and preservation of such metastable ferrimagnetic sulfides, a complete pyritization process will
c
©

K

0
d

ause a distinct magnetic depletion, like in the present case.
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1. Introduction

Microbially mediated degradation of particulate or-
ganic matter drives both the iron and sulfur cycles
in marine sediments (Goldhaber and Kaplan, 1974;
Froelich et al., 1979). In suboxic milieus, the diagenetic
dissolution of primarily ferrimagnetic (titano-) mag-
netite iron oxides around the iron redox boundary is a
common phenomenon that has been intensively studied
(e.g.,Karlin and Levi, 1983; Canfield and Berner, 1987;
Karlin, 1990a, 1990b; Canfield et al., 1992; Dekkers
et al., 1994; Tarduno and Wilkison, 1996; Robinson
et al., 2000; Passier et al., 2001; Larrasoaña et al., 2003;

Reitz et al., 2004). This process affects the paleomag-
netic signal with varying intensity and may jeopardize
the validity of paleofield directional and intensity data
(e.g., Channell and Hawthorne, 1990; Channell and
Stoner, 2002).

In anoxic environments, which are typical of deeper
strata, the hydrogen sulfide (H2S) needed for the for-
mation of (iron) sulfides is produced by the biogenic
reduction of sulfate (SO42−), either by degradation
of organic matter or by oxidation of methane (CH4).
Boetius et al. (2000)found that in sediments contain-
ing gas hydrates, sulfate reducing bacteria form aggre-
gates with archaea that oxidize methane. The coupled
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ig. 1. Map of the South American continental margin off the Rio de
MC, Malvinas Current; BC, Brazil Current), deep (NADW, North Atla
asses. Shading around the core site GeoB 6229 outlines the area

see text). Isobaths at 1000 m intervals, including the 100 m isobath, a
la Plata estuary. Arrows indicate simplified main flow paths of surface
ntic Deep Water) and bottom (AABW, Antarctic Bottom Water) water
where distinct ‘susceptibility gaps’ were found in the sedimentary deposits
re according to GEBCO (redrawn afterFrenz et al., 2004).
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sulfate–methane reaction is proposed to proceed ac-
cording to the following equation assuming a one-to-
one stoichiometry (Niewöhner et al., 1998):

CH4 + SO4
2− → HCO3

− + HS− + H2O.

The depth of this sulfate–methane reaction, called
the sulfate–methane transition (SMT), depends on the
penetration depth of seawater sulfate into the sedi-
ments and on the intensity of the methane flux from
deeper sediment layers.Borowski et al. (1996)pro-
posed that sulfate pore water profiles with constant
gradients above the transition zone are indicative of
anaerobic oxidation of methane (AOM) controlling the
sulfate reduction.

Numerous pore water profiles from the Argentine
continental slope show approximately linear sulfate
gradients to unusually shallow penetration depths of
about 4–6 m (Bleil et al., 1994; Schulz et al., 2001;
Hensen et al., 2003; Riedinger et al., in press). At
around the SMT, magnetic susceptibility, which is rou-
tinely measured directly after core recovery on board
the research vessel, exhibits pronounced minima. Sus-
ceptibility is characteristically reduced by 80% or more
over depth intervals of several meters relative to the
sedimentary layers above and below, indicating large-
scale alteration of the magnetic mineral assemblage.
In Fig. 1, the shaded area in front of the Rio de la
Plata estuary, ranging from about 1500 to 4000 m wa-
ter depth, outlines the region where such ‘susceptibil-
ity gaps’ have been observed (Bleil et al., 1994, 2001;
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sis combined with X-ray microanalyses for sediments
from the Argentine continental slope.

2. Study area

The highly dynamic sedimentation processes along
the Argentine continental margin are controlled by
strong surface and bottom water currents as well
as gravity driven mass flows. The fluvial load dis-
charged by a number of large and small rivers is gen-
erally not deposited near the coast, but is transported
to deeper water by offshore currents and turbidites
(Ewing et al., 1964). Post-glacial sedimentation rates of
around 25–50 cm/kyr on the shelf and continental slope
(Haese, 1997) and 0.5–5 cm/kyr in the western abyssal
plain region (Stevenson and Cheng, 1969; Ewing et al.,
1971) have been reported. Fine grained sediment com-
ponents are known to be transported far into the central
basin by bottom currents, which produce massive neph-
eloid layers, drift deposits and mudwaves (Ewing et al.,
1971; Ledbetter and Klaus, 1987; Manley and Flood,
1993; Richardson et al., 1993).

Modern oceanographic studies differentiate more
than eight individual water masses along the western
boundary of the South Atlantic (e.g.,Memery et al.,
2000; Frenz et al., 2004). Sub-Antarctic waters (SAW)
and subtropical waters (STW) are present in the upper
500 m of the water column. Combined with Antarctic
Intermediate Water (AAIW), which flows in the depth
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chulz et al., 2001). They are thought to ultimate
esult from a depth fixation of the SMT for a pr
onged period of time, with intense magnetic iron ox
issolution occurring at around the SMT (Riedinger
t al., in press). A marked change from high se
entation rates during the last glacial period to
olocene accumulation has been proposed to b
ause of a rapid rise of the SMT from deeper posit
nd its stagnation at the present horizon, after w
teady state conditions for the sulfate–methane rea
ere established (Kasten et al., 1998; Riedinger et a

n press).
Sparse information is currently available about

genetic alteration of magnetic oxides/hydroxides
he potential formation of magnetic iron sulfide min
ls in SMT environments. This topic will be discus
ere on the basis of comprehensive rock magnetic
ses and scanning electron microscope (SEM) an
nterval from about 500 to 1500 m, SAW forms
alvinas (Falkland) Current (MC), and STW forms
razilian Current (BC). In the area of the Rio de la P
stuary, these currents merge in the Malvinas-B
onfluence (MBC) and are deflected to the south

n the depth range from 2000 to 4000 m, North
antic Deep Water (NADW) flows southward as far
5◦S. Below, northward directed Antarctic Bottom W

er (AABW) forms a strong contour current (Fig. 1).
The sediments investigated were recovered
gravity core at station GeoB 6229 (37◦12.4′S/

2◦39.0′W) during R/V Meteor Cruise M46/2 (Schulz
t al., 2001) from a water depth of 3446 m in front

he Rio de la Plata estuary (Fig. 1). The suspended loa
f its two major tributaries, the Uruguay and Paŕa
ivers, is dominated by clays. These loads are ca
way to the north, forming a sedimentary tongue
llel to the coast of Uruguay (Ewing et al., 1964; Fren
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et al., 2004), whilst the coarser fraction is transported
directly down slope. Relatively coarse grained sedi-
ments were therefore retrieved at station GeoB 6229,
which predominately consist of lithogenic compo-
nents. XRD analyses (Riedinger et al., in press) in-
dicate that some 90% of the deposits are composed
of quartz, feldspar and phyllosilicates. Considering the
drainage areas of the Uruguay and Paraná rivers, the
detrital magnetic mineral component of the sediment
should primarily originate from the Paraná volcanic
province. While calcium carbonate concentration is
low (< 5 wt%), relatively high amounts of organic car-
bon, about 1.1 wt% in the top layers and overall on av-
erage 0.7 wt%, provide evidence for elevated regional
marine biologic productivity.

3. Laboratory procedures

3.1. Sampling

Sediments from the 9.27 m core GeoB 6229 mostly
consist of uniform olive green-gray mud with increas-
ing numbers of black spots at greater depths. Upon
recovery, the sediments smelled strongly of H2S.

For shipboard pore water analysis and subsequent
shore-based geochemical and rock magnetic investi-
gations, the sediments were sampled at 10–20 cm in-
tervals. A supplementary series of cube specimens
(6.2 cm3) was taken exclusively for rock magnetic pur-
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Dobeneck (1996), while the routine ofPetersen et al.
(1986)was applied for magnetic mineral extraction.

Magnetic hysteresis measurements limited to a max-
imum field of 0.3 T were performed with aPMCM2900
alternating-gradient force magnetometer. For data pro-
cessing, the program ‘Hystear’ (von Dobeneck, 1996)
was used to determine mass specific saturation mag-
netizationσs and remanent saturation magnetization
σrs, coercive forceBc and remanent coercivityBcr, all
of which specify characteristics of the ferrimagnetic
(titano-) magnetite mineral components. Additionally,
the non-ferromagnetic susceptibilityχnf, which quan-
tifies paramagnetic and diamagnetic contributions of
the sedimentary matrix to susceptibility, has been in-
ferred from these measurements with an approach-to-
saturation analysis (von Dobeneck, 1996).

For 10 selected samples, thermomagnetic runs to
maximum temperatures of 720◦C were performed with
a modified horizontal translation type Curie balance
(Mullender et al., 1993) on 20–30 mg of bulk sediment
weighed into a quartz glass sample holder open to air
and held in place by quartz wool. Heating rates were
10◦C/min, while cooling rates were 15◦C/min.

Magnetic extracts of the same 10 selected samples
were molded into epoxy resin for SEM analysis. Thin
sections were examined and photographed with a XL30
SFEGinstrument. X-ray microanalysis was performed
with an energy dispersive spectroscopy (EDS) detector
unit.

Magnetic susceptibility per volumeκ was deter-
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.2. Geochemical and rock magnetic analyses

Shipboard pore water measurements comp
uantification of SO42−, CH4, H2S and Fe2+. Solid
hase analyses and sequential iron extraction
ubsequently performed in the University of Brem
aboratories. An overview of the experimental me
ds is available athttp://www.geochemie.uni-breme
e/links.html (for more detailed information se
chulz et al., 1994; Haese et al., 1997; Niewöhner et al.
998; Hensen et al., 2003; Riedinger et al., in pres).

Hysteresis and thermomagnetic cycling exp
ents, as well as magnetic mineral separation extr
ere made on freeze-dried splits of the geochem
amples. Miniature specimens for hysteresis mea
ents were prepared with a technique described bvon
ined at 1 cm spacing on the split sediment sur
f core GeoB 6229 archive halves using aBartington
nstrumentsMS2 F sensor. Bulk rock magnetic me
urements were accomplished on cube specimens
t an average of 5 cm depth intervals. Incrementa
uisition of isothermal remanent magnetization (MIR)

o 0.3 T and incremental acquisition of anhysteretic
anent magnetization (MAR), imparted by superim
osing a gradually decaying alternating field (AF
.3 T maximum amplitude to a constant bias field
0�T was followed by systematic (18 steps) AF
agnetization to a maximum field of 0.3 T. All rem
ences were measured on a2G Enterprises755R DC
QUID cryogenic magnetometer system. The var
pplied fields were generated with its built-in fac

ies. A number of specific rock magnetic parame
hat characterize the ferrimagnetic (titano-) magn
ineral fraction were deduced from these data

http://www.geochemie.uni-bremen.de/links.html
http://www.geochemie.uni-bremen.de/links.html
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including the median acquisition field,B1/2 MIRA, and
the median destructive fieldsB1/2 MAR andB1/2 MIR.

To estimate high coercivity hematite/goethite
concentrations from the hard isothermal remanent
magnetizationMHIR (Stoner et al., 1996), detailedMIR
acquisition was continued to 2.5 T, the maximum field
available for an external2GEnterprises660 pulse mag-
netizer. At this stage, a 0.3 T backfield was applied.MIR
acquisition data were also used to perform a compo-
nent analysis with a modified version of theIrmunmix
2 2program developed byHeslop et al. (2002). Plotted
against the logarithm of the acquisition field, incremen-
talMIR results in a simple sigmoid shaped curve, which
is essentially a cumulative log Gaussian curve (or a
combination of such curves) representing the coerciv-
ity distribution of the constituent magnetic minerals
(Robertson and France, 1994; Kruiver et al., 2001). The
Irmunmixsoftware utilizes an expectation maximiza-
tion algorithm to automatically separateMIR contribu-
tions of (typically two or three) individual components.

4. Results

4.1. Geochemistry

Pore water analyses have identified the SMT at
a depth of approximately 5.5 m (Riedinger et al., in
press). The virtually linear decrease of sulfate from the
top layers to this level (Fig. 2) indicates a dynamic
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Fig. 2. Sulfate, methane, sulfide, and iron pore water profiles as mea-
sured directly after recovery of the sediments. The horizontal line
indicates the approximate position of the sulfate–methane transition
(SMT). Data are taken fromRiedinger et al. (in press).

et al., in press) did not reveal an enhanced accumula-
tion of Fe2+ in the sediments of the sulfidic zone, but
they did indicate slightly elevated sulfur contents.

4.2. Magnetic mineral inventory

4.2.1. Mineralogy and concentration
Variations in (titano-) magnetite content, delineated

by the hysteresis parametersσs andσrs as well asMAR
andMIR (all referring to peak fields of 0.3 T), are illus-
trated inFig. 3, together withκ. Respective arithmetic
means for the upper part, the sulfidic zone and the lower
part of the sediment sequence are listed inTable 1. Note
that the intervals from 3.5 to 4.2 m between the upper
part and the sulfidic zone and from 6.1 to 7.1 m between
the sulfidic zone and the lower part, where all magnetic
properties exhibit strong gradients, have been excluded
from these calculations.

Saturation magnetizationσs, which is the only
strictly grain-size independent measure of magnetic
mineral concentration, displays a distinct decrease in
the sulfidic zone to 9.4× 10−3 A m2/kg compared to
118.5× 10−3 and 110.4× 10−3 A m2/kg in the upper
quilibrium between downward sulfate diffusion a
he methane flux rising from deeper sources (Borowski
t al., 1996; Nieẅohner et al., 1998; Hensen et
003). Around the SMT, free sulfide generated by AO

s observed in the pore water. Gas hydrates were no
ountered in the sediment sequence, but are like
xist in deeper strata of the Argentine continental m
in (Gornitz and Fung, 1994).

The presence of sulfide in the pore waters gave
on for subdividing the sediment sequence into t
ections, (1) an upper part, from the top to 3.9 m
sulfidic zone ranging from 3.9 to 6.6 m and (3

ower part, from 6.6 m to the bottom of the core
.27 m depth. In the upper part of the core and in
ulfidic zone, little to no iron (Fe2+) was detected i
he pore waters, whereas this redox sensitive ele
s present in the pore waters of the lower part of
ore (Fig. 2). Solid phase analyses (shown inRiedinger
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Fig. 3. Depth profiles of rock magnetic parameters that delineate variations in magnetic mineral content. Mass specific (a) saturation magnetization
σs, and (b) remanent saturation magnetizationσrs, volume specific (c) low field magnetic susceptibilityκ, (d) anhysteretic remanent magnetization
MAR, and (e) isothermal remanent magnetizationMIR. Gray shaded areas mark the transitions between the sulfidic zone and the upper and lower
sediment series. The horizontal line indicates the approximate position of the sulfate–methane transition (SMT).

and lower sediments, respectively (Fig. 3a). This more
than 90% decrease is clearly indicative of reductive
dissolution of the ferrimagnetic mineral fraction and
corresponds to a similar, somewhat less pronounced
decline in saturation remanence,σrs (Fig. 3b). It is
also consistent with the susceptibility profile (Fig. 3c).
Differences in these concentration related parameters
between the sediments above and below the sulfidic
zone are minor forσs (−7%), but are significant forσrs
(−29%) andκ (−17%). This likely hints at grain-size
effects, namely the presence of higher amounts of fine
to very fine grained (titano-) magnetite in the upper part
of the core.

Single-domain (SD) and small pseudo-single-
domain (PSD) crystals acquire the strongest anhys-
teretic remanent magnetizations (Banerjee et al., 1981).
The decrease inMAR intensity in the sulfidic zone,
from on average 121× 10−3 A/m in the upper part, to
42× 10−3 A/m (Fig. 3d), is noticeably less pronounced
than for MIR, which quantifies the total ferrimag-

netic mineral component (9476 to 2146× 10−3 A/m,
Fig. 3e). In view of previous evidence, that fine
grained magnetite undergoes diagenetic dissolution
more rapidly than coarse grained magnetite due to its
larger surface area to volume ratio, this apparent grain-
size fining appears to be puzzling. As indicated by the
sharp intensity decline in theMAR profile (Fig. 3d),
from a mean of 267× 10−3 A/m in the uppermost 0.5 m
to 104× 10−3 A/m below, the principal reductive dis-
solution of the fine grained ferrimagnetic fraction ap-
pears to have already occurred in the top most part of the
sediment column. It is associated with the modern iron
redox boundary, which is located at∼0.1 m, although
no characteristic change in color (Lyle, 1983) or con-
spicuous features in the pore water data (Fig. 2) were
observed at around this level. In the suboxic environ-
ment, only 39% of the original fine grained ferrimag-
netic fraction is left, as inferred fromMAR, compared
to 77% of the coarser grained portion, as inferred from
MIR. In the sulfidic zone, 16% of theMAR and 18%
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Table 1
Average rock magnetic parameters for the upper part, the sulfidic
zone and the lower part of the studied sediment sequence

Parameter Upper part Sulfidic zone Lower part

σs (10−3 A m2/kg) 118.5 9.4 110.4
σrs (10−3 Am2/kg) 10.1 2.2 7.2
κ (10−6 SI) 1179 200 974
MAR (10−3 A/m) 121.4 41.9 69.3
MIR (10−3 A/m) 9476 2146 6751

MHIR (10−3 A/m) 425 240 340
S-ratio 0.98 0.95 0.98
χnf/χ 0.03 0.40 0.05

Bc (mT) 8.2 18.3 6.6
Bcr (mT) 31.7 62.2 32.4
B1/2 MAR (mT) 30.2 57.0 37.1
B1/2 MIR (mT) 17.1 49.9 17.2

C1B1/2 MIRA (mT) 39.0 42.2 37.2
C2B1/2 MIRA (mT) 81.9 90.5 69.9
C3B1/2 MIRA (mT) 1000 887 416

C1 %MIR 57.9 11.7 54.0
C2 %MIR 39.8 75.6 40.7
C3 %MIR 2.3 12.7 5.3

σrs/σs 0.09 0.23 0.07
Bcr/Bc 3.98 3.45 4.90
MAR/MIR 0.01 0.02 0.01
κAR/κ 3.3 6.6 2.3

of theMIR intensities remain. The persisting (titano-)
magnetite minerals are presumably protected against
diagenetic dissolution (e.g., as inclusions in a silicate
matrix). Below the sulfidic zone,MAR andMIR increase
to 69× 10−3 and 6751× 10−3 A/m, respectively, cor-
responding to 26 and 56% of the intensities in the top
layer of the core. This implies that diagenetic alteration
has also affected the lower section of the core, possibly
when the SMT rapidly ascended to its present horizon
from a deeper position (Riedinger et al., in press) and
from that time on, while it was in an anoxic methanic
environment.

To evaluate variations in other magnetically relevant
minerals, the hard isothermal remanent magnetization
MHIR, theS-ratio and theχnf/χ ratio were examined
(Fig. 4, Table 1). MHIR (Stoner et al., 1996) quantifies
contributions of high coercivity iron oxides (hematite,
hemoilmenite) and iron hydroxides (e.g., goethite) to
the total remanence. In the upper part of the core,
it amounts to on average 425× 10−3 A/m (Fig. 4a).
Assuming a hematite to (titano-) magnetite saturation

Fig. 4. Depth profiles of rock magnetic parameters that character-
ize variations in magnetic mineralogy. (a) Hard isothermal remanent
magnetizationMHIR quantifies contributions of high coercivity iron
oxides and hydroxides to the total remanence (Stoner et al., 1996),
(b) theS-ratio provides an estimate of the relative proportions of
hard and soft magnetic minerals (Bloemendal et al., 1992), (c) the
χnf/χ ratio estimates paramagnetic sediment matrix contributions to
the bulk magnetic susceptibility. Gray shaded areas mark the tran-
sitions between the sulfidic zone and the upper and lower sediment
series. The horizontal line indicates the approximate position of the
sulfate–methane transition (SMT).

remanence proportion of 1:10, implies that hematite
makes up approximately one third of the total magnetic
mineral assemblage. This admittedly rough estimate
nevertheless suggests a much lower hematite content
than is generally observed in the South Atlantic, par-
ticularly in areas with significant deposition of eolian
terrigenous material. In the sulfidic zone,MHIR drops
by 44% to 240× 10−3 A/m, which indicates that high
coercivity minerals are also diagenetically dissolved in
this environment, although they are relatively more sta-
ble than the ferrimagnetic oxides, as was recently also
shown byYamazaki et al. (2003), Liu et al. (2004)and
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Emiroglu et al. (2004). Compared to the upper part of
the core, the 20% lowerMHIR in the sediments under
the sulfidic zone suggests some minor diagenetic alter-
ation.S-ratios calculated afterBloemendal et al. (1992)
are on average 0.98 in the upper and lower sediment
series (Fig. 4b) and confirm comparatively minor pri-
mary high coercivity mineral concentrations. Because
of the drastically diminishing ferrimagnetic fraction in
the sulfidic zone, theS-ratio drops to 0.95 and the rel-
ative content of high coercivity minerals increases to
somewhat more than 50%.

The χnf/χ ratio (Fig. 4c), which provides an esti-
mate of the contribution of non-ferromagnetic sediment
matrix constituents to bulk susceptibility, is success-
fully used to separate distinctly different depositional
regimes or to delimit zones of diagenetic alteration
(Frederichs et al., 1999). Continually low ratios of 0.03
and 0.05 are observed in the upper and lower parts of
the core. In the sulfidic zone, substantially more iron
is bound in paramagnetic compounds, theχnf/χ ratio
increases to an average of 0.4 and reaches maxima of
up to 0.5. This essentially records the combined effects
of ferrimagnetic and also of high coercivity mineral
dissolution by reductive diagenesis and a concurrent
precipitation of Fe-bearing paramagnetic minerals. As
indicated by slightly enhanced sulfur concentrations in
the solid phase (Riedinger et al., in press), the forma-
tion of pyrite should be of particular importance in this
respect.
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the assumption of uniform mineralogy, the observed
strong increase in coercivity in the sulfidic zone would
imply a change to predominantly finer grained mag-
netic mineral assemblage, a conclusion that is not in
agreement with the above discussed variations inMAR
andMIR.

To achieve more insight into this problem, an IRM
component analysis has been performed to discrim-
inate between magnetization components. The three
component solution is illustrated inFig. 6and is sum-
marized inTable 1. It results in a ‘soft’ component
(C1), with an average half IRM acquisition fieldB1/2
MIRA of around 40 mT, in all three parts of the sedi-
ment column and should exclusively incorporate the
(titano-) magnetite fraction. In the upper and lower
sediment sections, where these minerals largely dom-
inate the magnetic inventory,B1/2 MIRA of C1 plau-
sibly corresponds to the bulkBcr data. Considerably
higher coercivities characterize the second component
C2 for which averageB1/2 MIRA of 82.0, 90.5 and
69.9 mT were determined in the upper part, the sul-
fidic zone and the lower part, respectively. Apparently,
there is no straightforward interpretation of this ‘hard’
component in terms of an individual mineral frac-
tion. Hematite of appropriate grain-size (Kletetschka
and Wasilewski, 2002), but also titanomagnetites with
higher titanium contents and/or elevated oxidation
states could be the carrier of C2 which is therefore
tentatively termed a hard (titano-) magnetite/hematite
component. The second high coercivity constituent, la-
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.2.2. Coercivity and IRM component analysis
Depth profiles of coercivity parametersBc andBcr

erived from hysteresis measurements to maxim
elds of 0.3 T and medium destructive fieldsB1/2 of
AR andMIR (both acquired in 0.3 T fields) reveal
arkably different patterns compared to the con

ration indicative parameters (Fig. 5, Table 1). Coer-
ivities are relatively low and show limited variabil
ithin the upper and lower parts of the sediment
mn. Strikingly higher coercivities in the sulfidic zo
esult in an approximately twofold increase ofBc, Bcr
ndB1/2 MAR and even an almost threefold increas
1/2 MIR.

All of these parameters can be used as sensitiv
icators of grain-size provided that the mineralog
easonably uniform (Thompson and Oldfield, 1986). In
his scenario, multi-domain (MD) grains have subs
ially lower coercivities than PSD or SD grains. Un
eled goethite/hematite component C3, since it sh
ainly reside in goethite possibly with some hema

ontributions, displays a continuous trend of declin
1/2MIRA with depth, averaging 1000, 887 and 416

n the upper part, the sulfidic zone and the lower p
espectively.

Relative contributions of the three component
he total isothermal remanent magnetization con
n the different sediment sections. The soft (titan

agnetite component C1 dominates in the upper
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Fig. 5. Depth profiles of rock magnetic parameters that characterize variations in magnetic coercivity. (a) Coercive fieldBc, (b) remanent coercive
field Bcr, (c) median destructive field of the anhysteretic remanent magnetizationB1/2 MAR, and (d) median destructive field of the isothermal
remanent magnetizationB1/2 MIR. Gray shaded areas mark the transitions between the sulfidic zone and the upper and lower sediment series.
The horizontal line indicates the approximate position of the sulfate–methane transition (SMT).

lower part of the core. It rises to on average 13% in
the sulfidic zone, where it is highly variable. Com-
pared to components C1 and C2, which should be re-
liably defined, several limitations may affect C3. Most
important is the restriction to 2.5 T maximum fields,
which is far too low to saturate goethite and hence
to appropriately evaluate such a mineral fraction with
the Irmunmixprogram. It should therefore not be re-
garded as a quantitative measure, but as an indication
that such a high coercivity component is present in the
sediments.

The IRM component analysis provides convincing
evidence for a marked shift in coercivity associated

with a change in predominant magnetic mineralogy
between the upper and lower sediment series and
the sulfidic zone. Preferential dissolution of the soft
(titano-) magnetite component in the sulfidic zone
leaves the hard (titano-) magnetite/hematite compo-
nent as the principal carrier of remanence. Apparently,
it also largely controlsMAR, MIR and the hysteresis
data (measured in maximum fields of 0.3 T).

4.2.3. Grain-size
The hysteresis parameter ratiosσrs/σs (Fig. 7a) and

Bcr/Bc (Fig. 7b) are popular measures to characterize
the bulk (titano-) magnetite grain-size distribution (Day
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Fig. 6. Results of IRM component analysis. Black diamonds represent the 5-point mean, shading the standard deviation of coercivities obtained
for a 3-component solution that discriminates a ‘soft’ (titano-) magnetite component, a ‘hard’ (titano-) magnetite/hematite component and
a ‘highest coercivity’ goethite/hematite fraction. Variations in the relative contribution of individual components to the isothermal remanent
magnetization are shown in the right-hand panel. Gray shaded areas mark the transitions between the sulfidic zone and the upper and lower
sediment series. The horizontal line indicates the approximate position of the sulfate–methane transition (SMT).

et al., 1977; Dunlop, 2002). They indicate relatively
coarse grain-sizes spectra above and below the sulfidic
zone, where these minerals dominate. More MD-like
data in the lower part probably documents a relatively
mild alteration that mainly affected the finer grained
ferrimagnetic oxides. In the sulfidic zone, a mean of
0.23 for σrs/σs and 3.5 forBcr/Bc (lowestBcr/Bc are
around 2.7) approach the medium PSD range suggest-
ing an apparent grain-size fining.

TheMAR/MIR andκAR/κ ratios (Fig. 7c and d), also
widely used magnetic grain-size indicators (Maher,
1988; Heider et al., 1996), show slightly elevated con-
centrations of fine grained (titano-) magnetite in the
uppermost layers. As already seen in theMAR data,
fine grained (titano-) magnetite disappears at a depth
of 0.5 m, being dissolved in the suboxic environment
below the iron redox boundary.MAR/MIR ratios and
κAR/κ ratios confirm the coarse grained magnetic min-

eral inventory recognized in the hysteresis data. The
same is true for the relatively finer grain-size spectra
in the sulfidic zone, which is indicated by increasing
MAR/MIR andκAR/κ ratios.

The shift to smaller magnetic grain-sizes in an en-
vironment of strong diagenetic alteration is an unex-
pected result. Numerous reports in the literature and our
own experience typically indicate the opposite trend.
However, considering an initially coarse grained iron
oxide mineral assemblage, dissolution will inevitably
result in overall finer grain-sizes. This process has nec-
essarily affected the hard (titano-) magnetite/hematite
component, which is by far the dominant magnetic min-
eral fraction in the sulfidic zone. Increasing coercivities
in these sediments should therefore to some extent re-
sult from decreasing magnetic grain-sizes.

On the other hand, the possible diagenetic forma-
tion of magnetic iron sulfides, like greigite, could
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Fig. 7. Depth profiles of rock magnetic parameters that characterize magnetic grain-size variations. Bulk magnetogranulometric ratios of (a)
saturation magnetization to saturation remanenceσrs/σs, and (b) coercivity of remanence to coercive fieldBcr/Bc, (c)MAR/MIR, and (d)κAR/κ
ratios, which delineate variations in the fine grained magnetic fractions. Gray shaded areas mark the transitions between the sulfidic zone and
the upper and lower sediment series. The horizontal line indicates the approximate position of the sulfate–methane transition (SMT).

also be responsible for a fining of the magnetic
grain-sizes (Roberts et al., 1999; Liu et al., 2004).
In a recent studyNeretin et al. (2004)identified
two processes of diffusion limited pyrite formation
surrounding the SMT. One involved the precipi-
tation of pyrite precursors including ferrimagnetic
greigite.

4.2.4. Thermomagnetic analyses
Significant Curie temperatures in the upper and

lower part of the sediment sequence are around 580◦C
(Fig. 8), which identifies magnetite as the predomi-
nant magnetic phase. Minor inflections between 300
and 500◦C in the heating records hint at titanomag-
netite with variable titanium content. The continu-

ous decrease of magnetization upon heating may im-
ply a broad range of titanomagnetite compositions. At
720◦C, the magnetic Fe oxides are largely destroyed in
air, which produces much lower magnetizations during
cooling.

In samples from the interval between 3.85 and
6.05 m pyrite was identified by its oxidation to mag-
netite, maghemite and finally to hematite, which causes
an increase and subsequent decrease in magnetiza-
tion (Fig. 8). The sulfide phase always oxidizes above
450◦C, suggesting that mostly euhedral pyrite is
present (Passier et al., 2001). Thermomagnetic anal-
yses of sediments from the sulfidic zone do not reveal
any definite evidence of magnetic iron sulfide com-
pounds like pyrrhotite or greigite.
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Fig. 8. Thermomagnetic cycles measured on a translation type Curie balance in air. Numbers on the right denote sample depths.

4.3. Scanning electron microscopy

Figs. 9 and 10include representative micrographs
of magnetic extracts together with X-ray spectra from
microanalyses at selected spots. The elemental spec-
tra could not be quantitatively evaluated, but provide
valuable information to differentiate iron sulfide phases
as well as to assess variations in the titanium con-
tent of iron oxides. Throughout the sediment column
(titano-) magnetite is present, both as individual crys-

tals (Figs. 9a and b) and as intergrowths within silicates
(Fig. 9c). Iron sulfides were only detected in the sul-
fidic zone (Fig. 10a–c), but nowhere above and below.
Separate aggregates of sulfide minerals with uniform
morphology and grain-size (Fig. 10b) strikingly resem-
ble euhedral pyrite formed in laboratory experiments
(Wang and Morse, 1996), which is consistent with con-
clusions from the thermomagnetic measurements.

Individual (titano-) magnetites are relatively large
(commonly > 20�m). Evidence for their low tempera-
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Fig. 9. Micrographs of magnetic extracts. (a) Cluster of small and large magnetic oxides (light gray) from the upper sediment series (2.45 m
depth) containing titanomagnetite (1) and magnetite (3) with indications of limited maghemitization. Silicate minerals (2) appear dark gray. (b)
Cluster of magnetic oxides from the lower sediment series (8.35 m depth) comprising titanomagnetite (1 and 2) with variable Ti content and
advanced degree of maghemitization. (c) Intergrowth of a silicate (1) with magnetite (2) from the sulfidic zone (5.85 m depth). Element spectra
are normalized to the oxygen peak.

ture oxidation is ubiquitous; in places, shrinkage cracks
fragment the grains. High temperature dissolution pat-
terns are more abundant in the lower sediment layers.

Although large individual crystals are still present
in the sulfidic zone, (titano-) magnetite is mainly pre-
served as inclusions in silicate minerals, where the orig-
inal magmatic structure was not disintegrated by ero-
sion. Nevertheless, in part they are replaced by iron

sulfides (Fig. 10a). Apparently, this process mainly in-
volves the larger crystals, whereas the smaller, well
sheltered (titano-) magnetite fraction seems unaffected
by alteration, which suggests that they might signif-
icantly contribute to the magnetic characteristics of
the sulfidic zone. High temperature oxidized individual
grains reveal extensive to complete dissolution of the
of the low Ti titanomagnetite fraction, leaving the high
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Fig. 10. Micrographs of magnetic extract from the sulfidic zone. (a, 5.25 m depth) Dark gray silicates (1) with iron sulfide overgrowth, identified
as pyrite, probably replacing iron oxides. (b, 6.05 m depth) Cluster of euhedral pyrite (1) identified afterWang and Morse (1996). (c, 5.25 m
depth) Iron sulfide minerals (white; 1 and 2) apparently replacing (titano)magnetite in a silicate matrix (3) which also contains fine grained iron
oxide inclusions (light gray). (d, 6.55 m depth) High Ti titanohematite lamellae (1 and 2) resulting from high temperature oxidation. Note that
the originally present magnetite intergrowth has been entirely dissolved. Element spectra are normalized to the oxygen peak.
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Ti titanohematite lamellae fully intact (Fig. 10d). Such
minerals were quite frequently found in the magnetic
extracts from the sulfidic zone.

5. Discussion and conclusions

Enhanced influx of organic material and methane
rising from deep sources are the two key factors that
create a distinct geochemical scenario in the upper sed-
imentary column on the Argentine continental slope in
front of the Rio de la Plata estuary. The present geo-
chemical zonation has been established as a result of a
drastic decrease in sedimentation rate from about 100
to 5 cm/kyr toward the end of the last glacial period
(Riedinger et al., in press). It caused a rapid ascent of
the SMT from greater depth to around its current po-
sition just a few meters below the sediment surface.
At around the SMT, free sulfide in the pore water is
generated by AOM.

The intensely reducing environment in the sulfidic
zone, extending from depths of 3.9 to 6.6 m in the
investigated sequence, has a strong impact on the mag-
netic mineral inventory. However, significant magnetic
mineral modification already occurs in the upper 0.5 m
of the sedimentary sequence, as documented by a
marked decrease inMAR (Fig. 3d). The position of the
first magnetically important diagenetic horizon may
also be related to the last glacial/interglacial transition
(Riedinger et al., in press). Approximately 60% of
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decline, they should mainly persist as relatively fine
grained inclusions in a silicate matrix (Fig. 9c). The
second component has been labelled ‘hard’ (titano-)
magnetite/hematite, because of strikingly higherB1/2
MIRA values of 81.9 mT in the suboxic and 90.5 mT
in the sulfidic layers, which are most plausibly ex-
plained by titanomagnetite with a significant Ti con-
tent and/or an advanced degree of maghemitization
(Fig. 9b). Hematite of appropriate grain-size is another
suitable candidate (Kletetschka and Wasilewski, 2002)
and possibly also Ti-rich titanohematite (Fig. 10d). For
the third high coercivity component, which is charac-
terized byB1/2MIRA of 1000 and 887 mT in the suboxic
and sulfidic sediments, goethite should primarily be re-
sponsible, probably with contributions from hematite.

Combined dissolution of iron oxides and enhanced
solid phase sulfur concentrations suggest formation of
authigenic iron sulfides at around the SMT. Thermo-
magnetic analyses only positively identified euhedral
pyrite by its oxidation temperature above 450◦C in air
(Fig. 8; Passier et al., 2001). On the other hand, high co-
ercivities (Fig. 5) and an increasingσrs/σs ratio (Fig. 7a)
could hint at the presence of the ferrimagnetic iron sul-
fide mineral greigite (Fe3S4; Roberts, 1995), which has
been repeatedly found in marine sediments. The re-
ductive diagenetic sequence of iron oxide dissolution,
metastable iron monosulfide and lastly stable pyrite for-
mation is in principle well understood (Canfield and
Berner, 1987). The intermediate phase greigite is fer-
rimagnetic and carries a stable intense magnetic rema-
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iron and manganese carbonates and phosphates is likely
(Berner, 1981). Thermomagnetic analyses (Fig. 8) did
not identify a magnetic sulfide phase, specifically not
at around 7 m, where a peculiar maximum is observed
in the concentration indicative parameters (Figs.3 and
4c). Other possible iron and manganese bearing authi-
genic mineralizations may form in the non-sulphidic
sediments below the SMT (Berner, 1981; Sagnotti
et al., 2005), such as siderite, rhodochrosite and vi-
vianite, which are paramagnetic at room temperature,
and can be identified with low temperature magnetic
analyses. More work is clearly needed to better under-
stand the magnetic mineral alteration in the lower part
of the sediment column.
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