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Abstract

On the Argentine continental slope off the Rio de la Plata estuary, the sulfate—methane transition (SMT) has been encounterec
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 ~0.1m, approximately 60% of the finer grained detrital fraction is already dissolved. While the high coercivity minerals
are relatively unaffected in the suboxic environment, large portions (> 40%) are diagenetically dissolved in the sulfidic SMT
zone. Nevertheless, the characteristics of the magnetic residue are entirely controlled by a high coercivity mineral assemblage
Unlike common observations, that diagenetic alteration produces coarser magnetic grain-sizes in suboxic milieus, a distinct
overall fining is found in the sulfidic zone. Different factors should contribute to this effect. Scanning electron microscope
analysis, combined with X-ray microanalysis, identified fine grained (titano-) magnetite preserved as inclusions in silicates and
between high Ti titanohematite lamellae, and possibly of prime importance, a comprehensive fragmentation of larger grains in
the course of maghemitization. The only secondary iron sulfide mineral detected is pyrite, which is present as clusters of euhedra
crystals or directly replaces (titano-) magnetite. The thermomagnetic measurements did not provide evidence for the presenc
of ferrimagnetic sulfides such as greigite. Different from other studies reporting a marked magnetic enhancement at around the
SMT due to the precipitation and preservation of such metastable ferrimagnetic sulfides, a complete pyritization process will
cause a distinct magnetic depletion, like in the present case.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Reitz et al., 2001 This process affects the paleomag-
netic signal with varying intensity and may jeopardize
Microbially mediated degradation of particulate or- the validity of paleofield directional and intensity data
ganic matter drives both the iron and sulfur cycles (e.g.,Channell and Hawthorne, 1990; Channell and
in marine sedimentsGoldhaber and Kaplan, 1974; Stoner, 200p
Froelich etal., 1970 In suboxic milieus, the diagenetic In anoxic environments, which are typical of deeper
dissolution of primarily ferrimagnetic (titano-) mag- strata, the hydrogen sulfide §8) needed for the for-
netite iron oxides around the iron redox boundary is a mation of (iron) sulfides is produced by the biogenic
common phenomenon that has been intensively studiedreduction of sulfate (Sg¥-), either by degradation
(e.g.Karlinand Levi, 1983; Canfield and Berner, 1987; of organic matter or by oxidation of methane (gQH
Karlin, 1990a, 1990b; Canfield et al., 1992; Dekkers Boetius et al. (2000found that in sediments contain-
et al., 1994; Tarduno and Wilkison, 1996; Robinson ing gas hydrates, sulfate reducing bacteria form aggre-
etal., 2000; Passier etal., 2001; Larra&at al., 2003; gates with archaea that oxidize methane. The coupled
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Fig. 1. Map of the South American continental margin off the Rio de la Plata estuary. Arrows indicate simplified main flow paths of surface
(MC, Malvinas Current; BC, Brazil Current), deep (NADW, North Atlantic Deep Water) and bottom (AABW, Antarctic Bottom Water) water
masses. Shading around the core site GeoB 6229 outlines the area where distinct ‘susceptibility gaps’ were found in the sedimentary deposits
(see text). Isobaths at 1000 m intervals, including the 100 m isobath, are according to GEBCO (redraweradtet al., 2004
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sulfate—methane reaction is proposed to proceed ac-sis combined with X-ray microanalyses for sediments
cording to the following equation assuming a one-to- from the Argentine continental slope.
one stoichiometryNiewdhner et al., 1998

CHs + SO4®~ — HCO3~ +HS™ + H-0.

The depth of this sulfate—methane reaction, called
the sulfate—methane transition (SMT), depends on the  The highly dynamic sedimentation processes along
penetration depth of seawater sulfate into the sedi- the Argentine continental margin are controlled by
ments and on the intensity of the methane flux from strong surface and bottom water currents as well
deeper sediment layerBorowski et al. (1996)ro- as gravity driven mass flows. The fluvial load dis-
posed that sulfate pore water profiles with constant charged by a number of large and small rivers is gen-
gradients above the transition zone are indicative of erally not deposited near the coast, but is transported
anaerobic oxidation of methane (AOM) controlling the to deeper water by offshore currents and turbidites
sulfate reduction. (Ewing etal., 1964 Post-glacial sedimentation rates of

Numerous pore water profiles from the Argentine around 25-50 cm/kyr on the shelf and continental slope
continental slope show approximately linear sulfate (Haese, 1997and 0.5-5 cm/kyr in the western abyssal
gradients to unusually shallow penetration depths of plain region Gtevenson and Cheng, 1969; Ewing et al.,
about 4-6 m Bleil et al., 1994; Schulz et al., 2001; 197]) have been reported. Fine grained sediment com-
Hensen et al., 2003; Riedinger et al., in pjesst ponents are known to be transported far into the central
around the SMT, magnetic susceptibility, which is rou- basin by bottom currents, which produce massive neph-
tinely measured directly after core recovery on board eloid layers, drift deposits and mudwave&sying et al.,
the research vessel, exhibits pronounced minima. Sus-1971; Ledbetter and Klaus, 1987; Manley and Flood,
ceptibility is characteristically reduced by 80% or more 1993; Richardson et al., 1993
over depth intervals of several meters relative to the ~ Modern oceanographic studies differentiate more
sedimentary layers above and below, indicating large- than eight individual water masses along the western
scale alteration of the magnetic mineral assemblage. boundary of the South Atlantic (e.gvlemery et al.,
In Fig. 1, the shaded area in front of the Rio de la 2000; Frenz et al., 2004Sub-Antarctic waters (SAW)
Plata estuary, ranging from about 1500 to 4000 m wa- and subtropical waters (STW) are present in the upper
ter depth, outlines the region where such ‘susceptibil- 500 m of the water column. Combined with Antarctic
ity gaps’ have been observeléil et al., 1994, 2001, Intermediate Water (AAIW), which flows in the depth
Schulz et al., 2001 They are thought to ultimately interval from about 500 to 1500 m, SAW forms the
result from a depth fixation of the SMT for a pro- Malvinas (Falkland) Current (MC), and STW forms the
longed period of time, with intense magnetic iron oxide Brazilian Current (BC). Inthe area of the Rio de la Plata
dissolution occurring at around the SMRiédinger estuary, these currents merge in the Malvinas-Brazil
et al., in press A marked change from high sedi- Confluence (MBC) and are deflected to the southeast.
mentation rates during the last glacial period to low In the depth range from 2000 to 4000 m, North At-
Holocene accumulation has been proposed to be thelantic Deep Water (NADW) flows southward as far as
cause of a rapid rise of the SMT from deeper positions 45°S. Below, northward directed Antarctic Bottom Wa-
and its stagnation at the present horizon, after which ter (AABW) forms a strong contour currerfi@. 1).
steady state conditions for the sulfate—methanereaction The sediments investigated were recovered in
were establisheK@asten et al., 1998; Riedinger etal., a gravity core at station GeoB 6229 (32.4S/
in press. 52°39.0W) during R/V Meteor Cruise M46/23chulz

Sparse information is currently available about di- et al., 200]) from a water depth of 3446 m in front of
agenetic alteration of magnetic oxides/hydroxides and the Rio de la Plata estuarlify. 1). The suspended load
the potential formation of magnetic iron sulfide miner- of its two major tributaries, the Uruguay and Paan
als in SMT environments. This topic will be discussed rivers, is dominated by clays. These loads are carried
here on the basis of comprehensive rock magnetic anal-away to the north, forming a sedimentary tongue par-
yses and scanning electron microscope (SEM) analy- allel to the coast of Uruguayfving et al., 1964; Frenz

2. Study area
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et al., 2004, whilst the coarser fraction is transported Dobeneck (1996)while the routine oPetersen et al.
directly down slope. Relatively coarse grained sedi- (1986)was applied for magnetic mineral extraction.
ments were therefore retrieved at station GeoB 6229, Magnetic hysteresis measurements limited to a max-
which predominately consist of lithogenic compo- imumfieldof 0.3 T were performed witlRMCM2900
nents. XRD analysesRfedinger et al., in pre¥dn- alternating-gradient force magnetometer. For data pro-
dicate that some 90% of the deposits are composedcessing, the program ‘Hysteardn Dobeneck, 1996
of quartz, feldspar and phyllosilicates. Considering the was used to determine mass specific saturation mag-
drainage areas of the Uruguay and Parsamers, the netizationos and remanent saturation magnetization
detrital magnetic mineral component of the sediment o5, coercive forceB. and remanent coercivitg,, all
should primarily originate from the Pararvolcanic of which specify characteristics of the ferrimagnetic
province. While calcium carbonate concentration is (titano-) magnetite mineral components. Additionally,
low (< 5wt%), relatively high amounts of organic car- the non-ferromagnetic susceptibiligys, which quan-
bon, about 1.1 wt% in the top layers and overall on av- tifies paramagnetic and diamagnetic contributions of
erage 0.7 wt%, provide evidence for elevated regional the sedimentary matrix to susceptibility, has been in-
marine biologic productivity. ferred from these measurements with an approach-to-
saturation analysisyon Dobeneck, 1996
For 10 selected samples, thermomagnetic runs to

3. Laboratory procedures maximum temperatures of 720 were performed with
a modified horizontal translation type Curie balance
3.1. Sampling (Mullender et al., 1998on 20—30 mg of bulk sediment

weighed into a quartz glass sample holder open to air

Sediments from the 9.27 m core GeoB 6229 mostly and held in place by quartz wool. Heating rates were
consist of uniform olive green-gray mud with increas- 10°C/min, while cooling rates were 2&/min.
ing numbers of black spots at greater depths. Upon  Magnetic extracts of the same 10 selected samples
recovery, the sediments smelled strongly gBSH were molded into epoxy resin for SEM analysis. Thin

For shipboard pore water analysis and subsequentsections were examined and photographed with a XL30
shore-based geochemical and rock magnetic investi- SFEGinstrument. X-ray microanalysis was performed
gations, the sediments were sampled at 10-20 cm in-with an energy dispersive spectroscopy (EDS) detector
tervals. A supplementary series of cube specimens unit.

(6.2 cn?) was taken exclusively for rock magnetic pur- Magnetic susceptibility per volume was deter-

poses. mined at 1 cm spacing on the split sediment surface
of core GeoB 6229 archive halves usingartington

3.2. Geochemical and rock magnetic analyses InstrumentdVIS2 F sensor. Bulk rock magnetic mea-

surements were accomplished on cube specimens taken

Shipboard pore water measurements comprised at an average of 5cm depth intervals. Incremental ac-
quantification of S@*~, CHs, H»S and Fé*. Solid quisition of isothermal remanent magnetizatidhg)
phase analyses and sequential iron extraction wereto 0.3 T and incremental acquisition of anhysteretic re-
subsequently performed in the University of Bremen manent magnetizatiorMar), imparted by superim-
laboratories. An overview of the experimental meth- posing a gradually decaying alternating field (AF) of
ods is available abttp://www.geochemie.uni-bremen. 0.3 T maximum amplitude to a constant bias field of
de/links.html (for more detailed information see: 40uT was followed by systematic (18 steps) AF de-
Schulzetal., 1994; Haese et al., 1997; Nidwwer et al., magnetization to a maximum field of 0.3 T. All rema-
1998; Hensen et al., 2003; Riedinger et al., in press  nences were measured 02@ Enterprise¥55R DC

Hysteresis and thermomagnetic cycling experi- SQUID cryogenic magnetometer system. The various
ments, as well as magnetic mineral separation extracts,applied fields were generated with its built-in facili-
were made on freeze-dried splits of the geochemical ties. A number of specific rock magnetic parameters
samples. Miniature specimens for hysteresis measure-that characterize the ferrimagnetic (titano-) magnetite
ments were prepared with a technique describecby mineral fraction were deduced from these data sets,


http://www.geochemie.uni-bremen.de/links.html
http://www.geochemie.uni-bremen.de/links.html

294 J.FL. Garming et al. / Physics of the Earth and Planetary Interiors 151 (2005) 290-308

including the media|_1 acquisition fielBg/2 Mira, and ' Osgr;,]:m " ogﬁdom] 9 Ggﬁom [10’Fﬁeni+o|/|]
the me"'af‘ destruc_tlve erIchl/? MAR andBl./z Mir. . 0 102030 012 34 0020406 0 4 8 1216
To estimate high coercivity hematite/goethite ool Pl padadad putilaad
concentrations from the hard isothermal remanent . t
magnetizatioMpr (Stoner et al., 1996detailedV|g
acquisition was continued to 2.5 T, the maximum field 5.
available for an externiG Enterprise$60 pulse mag- .
netizer. Atthis stage, a 0.3 T backfield was appli g 3
acquisition data were also used to perform a compo-
nent analysis with a modified version of thenunmix
2 2 program developed byeslop et al. (2002PIotted
against the logarithm of the acquisition field, incremen-
talM|r results in a simple sigmoid shaped curve, which
is essentially a cumulative log Gaussian curve (or a ;4
combination of such curves) representing the coerciv- 1
ity distribution of the constituent magnetic minerals 8
(Robertson and France, 1994; Kruiver et al., 200he
Irmunmixsoftware utilizes an expectation maximiza- _
tion algorithm to automatically separad¥kr contribu- 10
tions of (typically two or three) individual components.

SMT

Depth [m]
T

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
4. Results (SMT). Data are taken frorRiedinger et al. (in press)

4.1. Geochemistry
et al., in presgdid not reveal an enhanced accumula-
Pore water analyses have identified the SMT at tion of Fe* in the sediments of the sulfidic zone, but
a depth of approximately 5.5 nR{edinger et al., in they did indicate slightly elevated sulfur contents.
pres$. The virtually linear decrease of sulfate from the
top layers to this levelKig. 2) indicates a dynamic  4.2. Magnetic mineral inventory
equilibrium between downward sulfate diffusion and
the methane flux rising from deeper sourdésrpowski 4.2.1. Mineralogy and concentration
et al., 1996; Niewhner et al., 1998; Hensen et al., Variations in (titano-) magnetite content, delineated
2003. Around the SMT, free sulfide generated by AOM by the hysteresis parametetsandos as well aMar
is observed in the pore water. Gas hydrates were not en-andMr (all referring to peak fields of 0.3 T), are illus-
countered in the sediment sequence, but are likely to trated inFig. 3, together withc. Respective arithmetic
exist in deeper strata of the Argentine continental mar- means for the upper part, the sulfidic zone and the lower
gin (Gornitz and Fung, 1994 part of the sediment sequence are listeéthhle 1 Note
The presence of sulfide in the pore waters gave rea- that the intervals from 3.5 to 4.2 m between the upper
son for subdividing the sediment sequence into three partand the sulfidic zone and from 6.1 to 7.1 m between
sections, (1) an upper part, from the top to 3.9m, (2) the sulfidic zone and the lower part, where all magnetic
a sulfidic zone ranging from 3.9 to 6.6 m and (3) a properties exhibit strong gradients, have been excluded
lower part, from 6.6 m to the bottom of the core at from these calculations.
9.27 m depth. In the upper part of the core and in the  Saturation magnetizatioas, which is the only
sulfidic zone, little to no iron (F&) was detected in  strictly grain-size independent measure of magnetic
the pore waters, whereas this redox sensitive elementmineral concentration, displays a distinct decrease in
is present in the pore waters of the lower part of the the sulfidic zone to 9.4 103 Am?/kg compared to
core Fig. 2). Solid phase analyses (showrRiedinger ~ 118.5x 1072 and 110.4< 103 Am?/kg in the upper
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Fig. 3. Depth profiles of rock magnetic parameters that delineate variations in magnetic mineral content. Mass specific (a) saturation magnetization
o, and (b) remanent saturation magnetizatignvolume specific (c) low field magnetic susceptibikty(d) anhysteretic remanent magnetization

Mar, and (e) isothermal remanent magnetizatibp. 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, respectiveBid. 3a). This more netic mineral component (9476 to 2146.0~3 A/m,
than 90% decrease is clearly indicative of reductive Fig. 3e). In view of previous evidence, that fine
dissolution of the ferrimagnetic mineral fraction and grained magnetite undergoes diagenetic dissolution
corresponds to a similar, somewhat less pronouncedmore rapidly than coarse grained magnetite due to its
decline in saturation remanencgg (Fig. 3b). It is larger surface area to volume ratio, this apparent grain-
also consistent with the susceptibility profileg. 3c). size fining appears to be puzzling. As indicated by the
Differences in these concentration related parameterssharp intensity decline in thklar profile (Fig. 3d),
between the sediments above and below the sulfidic fromamean of 26% 10~2 A/minthe uppermost0.5m
zone are minor foss (—7%), but are significant far,s to 104x 10-3 A/m below, the principal reductive dis-
(—29%) andc (—17%). This likely hints at grain-size  solution of the fine grained ferrimagnetic fraction ap-
effects, namely the presence of higher amounts of fine pearsto have already occurred inthe top most part of the
to very fine grained (titano-) magnetite in the upper part sediment column. It is associated with the modern iron
of the core. redox boundary, which is located 0.1 m, although
Single-domain (SD) and small pseudo-single- no characteristic change in coldty{e, 1983 or con-
domain (PSD) crystals acquire the strongest anhys- spicuous features in the pore water datey(2) were
teretic remanent magnetizatiomaherjee etal., 1991 observed at around this level. In the suboxic environ-
The decrease iMar intensity in the sulfidic zone,  ment, only 39% of the original fine grained ferrimag-
from on average 12% 103 A/m in the upper part, to  netic fraction is left, as inferred fromlar, compared
42 x 10~3 A/m (Fig. 3d), is noticeably less pronounced  to 77% of the coarser grained portion, as inferred from
than for Mg, which quantifies the total ferrimag- Mr. In the sulfidic zone, 16% of th®lagr and 18%



296 J.FL. Garming et al. / Physics of the Earth and Planetary Interiors 151 (2005) 290-308

Table 1 My )

Average rock magnetic parameters for the upper part, the sulfidic (103 A/m] S-ratio Hof 1
zone and the lower part of the studied sediment sequence 0 200400 600 8000.920.94 0960981 0 02 04 06
Parameter Upper part  Sulfidic zone  Lower part O L e jpr 112
s (1073 Am?/kg) 1185 9.4 1104 ]

ors (1073 Am?2/kg) 101 22 7.2 1~

k(1078 SI) 1179 200 974 J

Mar (103 A/m) 1214 419 693 e

Mg (1073 A/m) 9476 2146 6751

Mg (10-3 A/m) 425 240 340 -

Sratio 098 095 098

Xxnil X 0.03 040 005 7

B (MT) 82 183 66 =

Ber (MT) 317 622 324 E 1

B1/2 Mar (MT) 302 570 371 £ 54

Bz Mig (MT) 171 499 172 g SMT

C1Bj2 Miga (MT) 390 422 37.2 6—

C2 Bl/2 MIRA (mT) 819 905 699 -

C3By2 Miga (MT) 1000 887 416 7]

Cl %M 57.9 117 540 ]

C2 %Mr 398 756 407 bl

C3 %Mr 23 127 53

orslos 0.09 023 007 -

Ber/Be 3.98 345 490

Mar/Mir 0.01 002 001 7 " b .
karlk 33 6.6 23 10 -

Fig. 4. Depth profiles of rock magnetic parameters that character-
ize variations in magnetic mineralogy. (a) Hard isothermal remanent

of the Mg intensities remain. The persisting (titano-) magnetizatiorMyr quantifies contributions of high coercivity iron

. - . _,oxides and hydroxides to the total remaner8®fer et al., 1996
magnetite minerals are presumably protected agaInSt(b) the Sratio provides an estimate of the relative proportions of

diaggnetic di550|Uti0n_ (?-9-: as inC|U3i0n5.in a silicate parq and soft magnetic mineraBl¢emendal et al., 1992(c) the

matrix). Below the sulfidic zon&Jar andM|r increase xnflx ratio estimates paramagnetic sediment matrix contributions to

to 69x 103 and 6751x 103 A/m, respectively, cor- the bulk magnetic susceptibility. Gray shaded areas mark the tran-

responding to 26 and 56% of the intensities in the top sitions between the sulfidic zone and the upper and lower sediment

layer of the core. This implies that diagenetic alteration series. The horizontal line indicates the approximate position of the
) . . sulfate—-methane transition (SMT).

has also affected the lower section of the core, possibly (M)

when the SMT rapidly ascended to its present horizon

from a deeper positiorRiedinger et al., in pre3sand remanence proportion of 1:10, implies that hematite
from that time on, while it was in an anoxic methanic makes up approximately one third of the total magnetic
environment. mineral assemblage. This admittedly rough estimate

To evaluate variations in other magnetically relevant nevertheless suggests a much lower hematite content
minerals, the hard isothermal remanent magnetization than is generally observed in the South Atlantic, par-
MHIr, the Sratio and thexni/x ratio were examined ticularly in areas with significant deposition of eolian
(Fig. 4, Table 9. Myr (Stoner et al., 1996quantifies terrigenous material. In the sulfidic zorMyr drops
contributions of high coercivity iron oxides (hematite, by 44% to 240x 10~3 A/m, which indicates that high
hemoilmenite) and iron hydroxides (e.g., goethite) to coercivity minerals are also diagenetically dissolved in
the total remanence. In the upper part of the core, this environment, although they are relatively more sta-
it amounts to on average 425103 A/m (Fig. 4a). ble than the ferrimagnetic oxides, as was recently also
Assuming a hematite to (titano-) magnetite saturation shown byYamazaki et al. (2003).iu et al. (2004)and
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Emiroglu et al. (2004)Compared to the upper part of
the core, the 20% lowdvlyr in the sediments under

the sulfidic zone suggests some minor diagenetic alter-

ation.Sratios calculated aft@loemendal et al. (1992)

297

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

are on average 0.98 in the upper and lower sedimentagreement with the above discussed variationdp

series Fig. 4b) and confirm comparatively minor pri-
mary high coercivity mineral concentrations. Because
of the drastically diminishing ferrimagnetic fraction in
the sulfidic zone, th&ratio drops to 0.95 and the rel-
ative content of high coercivity minerals increases to
somewhat more than 50%.

The xni/x 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., 1999Continually low ratios of 0.03

andM|r.

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 Fig. 6 and is sum-
marized inTable 1 It results in a ‘soft’ component
(C1), with an average half IRM acquisition fieR»
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;> Mira of C1 plau-

and 0.05 are observed in the upper and lower parts of sibly corresponds to the bulk;, data. Considerably

the core. In the sulfidic zone, substantially more iron
is bound in paramagnetic compounds, ¢ x ratio

higher coercivities characterize the second component
C2 for which averageB;;2» Mira of 82.0, 90.5 and

increases to an average of 0.4 and reaches maxima 0%69.9 mT were determined in the upper part, the sul-
up to 0.5. This essentially records the combined effects fidic zone and the lower part, respectively. Apparently,

of ferrimagnetic and also of high coercivity mineral

there is no straightforward interpretation of this ‘hard’

dissolution by reductive diagenesis and a concurrent component in terms of an individual mineral frac-

precipitation of Fe-bearing paramagnetic minerals. As
indicated by slightly enhanced sulfur concentrations in
the solid phaseRiedinger et al., in pre}sthe forma-
tion of pyrite should be of particular importance in this
respect.

4.2.2. Coercivity and IRM component analysis
Depth profiles of coercivity parametelBs and B,

tion. Hematite of appropriate grain-siz€létetschka
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-
beled goethite/hematite component C3, since it should
mainly reside in goethite possibly with some hematite

derived from hysteresis measurements to maximum contributions, displays a continuous trend of declining

fields of 0.3T and medium destructive fielBg;, of
Mar andMr (both acquired in 0.3 T fields) reveal re-
markably different patterns compared to the concen-
tration indicative parameter$ig. 5 Table 1. Coer-
civities are relatively low and show limited variability

B1/2 Mira With depth, averaging 1000, 887 and 416 mT
in the upper part, the sulfidic zone and the lower part,
respectively.

Relative contributions of the three components to
the total isothermal remanent magnetization contrast

within the upper and lower parts of the sediment col- in the different sediment sections. The soft (titano-)
umn. Strikingly higher coercivities in the sulfidic zone magnetite component C1 dominates in the upper and
result in an approximately twofold increaseRy, Bey lower part and comprises 58 and 54%, respectively. In
andBj1/2» Mar and even an almost threefold increase of the sulfidic zone, it is reduced to on average only 12%.
B12 MiR. The opposite trend is found for the hard (titano-) mag-
All of these parameters can be used as sensitive in- netite/hematite component C2, which contributes about
dicators of grain-size provided that the mineralogy is 40% in the upper and lower part of the core and 76% in
reasonably uniformihompson and Oldfield, 1938n the sulfidic zone. The high coercivity goethite/hematite
this scenario, multi-domain (MD) grains have substan- component C3 is of minor importance, carrying only
tially lower coercivities than PSD or SD grains. Under 2 and 5% of the total remanence in the upper and
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Fig. 5. Depth profiles of rock magnetic parameters that characterize variations in magnetic coercivity. (a) CoerByélilaldmanent coercive

field Ber, (c) median destructive field of the anhysteretic remanent magnetiZgipMar, and (d) median destructive field of the isothermal
remanent magnetizatidsy» Mg. 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 with a change in predominant magnetic mineralogy

the sulfidic zone, where it is highly variable. Com- between the upper and lower sediment series and

pared to components C1 and C2, which should be re- the sulfidic zone. Preferential dissolution of the soft

liably defined, several limitations may affect C3. Most (titano-) magnetite component in the sulfidic zone

important is the restriction to 2.5T maximum fields, leaves the hard (titano-) magnetite/hematite compo-

which is far too low to saturate goethite and hence nent as the principal carrier of remanence. Apparently,

to appropriately evaluate such a mineral fraction with it also largely controldMar, Mg and the hysteresis

the Irmunmix program. It should therefore not be re- data (measured in maximum fields of 0.3 T).

garded as a quantitative measure, but as an indication

that such a high coercivity component is present in the 4.2.3. Grain-size

sediments. The hysteresis parameter ratmg/os (Fig. 7a) and
The IRM component analysis provides convincing Bg,/B. (Fig. 7b) are popular measures to characterize

evidence for a marked shift in coercivity associated the bulk (titano-) magnetite grain-size distributi@say
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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  eral inventory recognized in the hysteresis data. The
coarse grain-sizes spectra above and below the sulfidicsame is true for the relatively finer grain-size spectra
zone, where these minerals dominate. More MD-like in the sulfidic zone, which is indicated by increasing
data in the lower part probably documents a relatively Mar/M|r andxar/k ratios.

mild alteration that mainly affected the finer grained The shift to smaller magnetic grain-sizes in an en-
ferrimagnetic oxides. In the sulfidic zone, a mean of vironment of strong diagenetic alteration is an unex-
0.23 fororsglos and 3.5 forBe,/B. (lowestBc,/B; are pected result. Numerous reportsin the literature and our
around 2.7) approach the medium PSD range suggest-own experience typically indicate the opposite trend.

ing an apparent grain-size fining. However, considering an initially coarse grained iron
TheMar/Mr andkar/x ratios Fig. 7c and d), also oxide mineral assemblage, dissolution will inevitably
widely used magnetic grain-size indicatofdaher, result in overall finer grain-sizes. This process has nec-

1988; Heider et al., 1996show slightly elevated con-  essarily affected the hard (titano-) magnetite/hematite
centrations of fine grained (titano-) magnetite in the component, whichis by farthe dominant magnetic min-
uppermost layers. As already seen in ¥Mgr data, eral fraction in the sulfidic zone. Increasing coercivities
fine grained (titano-) magnetite disappears at a depthin these sediments should therefore to some extent re-
of 0.5m, being dissolved in the suboxic environment sult from decreasing magnetic grain-sizes.

below the iron redox boundariar/Mr ratios and On the other hand, the possible diagenetic forma-
kar/k ratios confirm the coarse grained magnetic min- 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 remanengles, and (b) coercivity of remanence to coercive fiBlg/Bc, (¢) Mar/Mir, and (d)xar/x

ratios, which delineate variations in the fine grained magnetic fractions. Gray shaded areas mark the transitions between the sulfidic zone anc
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 ous decrease of magnetization upon heating may im-
grain-sizes Roberts et al., 1999; Liu et al., 2004  ply a broad range of titanomagnetite compositions. At
In a recent studyNeretin et al. (2004)identified 720°C, the magnetic Fe oxides are largely destroyed in
two processes of diffusion limited pyrite formation air, which produces much lower magnetizations during
surrounding the SMT. One involved the precipi- cooling.

tation of pyrite precursors including ferrimagnetic In samples from the interval between 3.85 and

greigite. 6.05m pyrite was identified by its oxidation to mag-
netite, maghemite and finally to hematite, which causes

4.2.4. Thermomagnetic analyses an increase and subsequent decrease in magnetiza-

Significant Curie temperatures in the upper and tion (Fig. 8). The sulfide phase always oxidizes above
lower part of the sediment sequence are around880 450°C, suggesting that mostly euhedral pyrite is
(Fig. 8), which identifies magnetite as the predomi- present Passier et al., 2001 Thermomagnetic anal-
nant magnetic phase. Minor inflections between 300 yses of sediments from the sulfidic zone do not reveal
and 500°C in the heating records hint at titanomag- any definite evidence of magnetic iron sulfide com-
netite with variable titanium content. The continu- 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 tals Figs. @a and b) and as intergrowths within silicates
(Fig. ). Iron sulfides were only detected in the sul-
Figs. 9 and 10nclude representative micrographs fidic zone Fig. 10a—c), but nowhere above and below.
of magnetic extracts together with X-ray spectra from Separate aggregates of sulfide minerals with uniform
microanalyses at selected spots. The elemental specimorphology and grain-siz&{g. 1) strikingly resem-
tra could not be quantitatively evaluated, but provide ble euhedral pyrite formed in laboratory experiments
valuable information to differentiate iron sulfide phases (Wang and Morse, 1996which is consistent with con-
as well as to assess variations in the titanium con- clusions from the thermomagnetic measurements.
tent of iron oxides. Throughout the sediment column Individual (titano-) magnetites are relatively large
(titano-) magnetite is present, both as individual crys- (commonly > 2Qum). 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 (2.45m
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 sulfides Fig. 10a). Apparently, this process mainly in-
fragment the grains. High temperature dissolution pat- volves the larger crystals, whereas the smaller, well
terns are more abundant in the lower sediment layers. sheltered (titano-) magnetite fraction seems unaffected
Although large individual crystals are still present by alteration, which suggests that they might signif-
in the sulfidic zone, (titano-) magnetite is mainly pre- icantly contribute to the magnetic characteristics of
served asinclusionsin silicate minerals, where the orig- the sulfidic zone. High temperature oxidized individual
inal magmatic structure was not disintegrated by ero- grains reveal extensive to complete dissolution of the
sion. Nevertheless, in part they are replaced by iron 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, 6.05m depth) Cluster of euhedral pyrite (1) identified/aftgrand Morse (1996]c, 5.25m

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, 6.55m 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 intacE{g. 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

J.FL. Garming et al. / Physics of the Earth and Planetary Interiors 151 (2005) 290-308

centrations of organic carbon in the sediments, quite
severe diagenetic alterations are typically observed. A
main reason for the relatively limited dissolution of
the magnetic iron oxides in the study area is their un-
commonly coarse grain-size spectrusig; 9a—c). This
agrees with the nature of coarse sedimentary deposits
that reflect the offshore distribution of the Rio de la
Plata fluvial load Frenz et al., 2004

The primary detrital magnetic mineralogy is domi-

create a distinct geochemical scenario in the upper sed-nated by (titano-) magnetite, which is most probably

imentary column on the Argentine continental slope in

front of the Rio de la Plata estuary. The present geo-

derived from the Pardnvolcanic province and de-
livered by the Uruguay and Parfamivers. Hematite

chemical zonation has been established as a result of aand goethite contents, which are estimated to make up
drastic decrease in sedimentation rate from about 100around one third of the total magnetic mineral assem-

to 5cm/kyr toward the end of the last glacial period
(Riedinger et al., in pre}sit 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

blage, are remarkably depleted compared to most other
regions of the South Atlantid®ye, 1987; Balsam and
Otto-Bliesner, 1995; Schmidt et al., 1999

The sulfidic environment at around the SMT caused
dissolution of more than 80% of the primary ferri-
magnetic mineral fractionF{g. 3). Even though large
amounts of high coercivity compounds have also been
lost, their relative concentration increases to approxi-

investigated sequence, has a strong impact on the magimnately 50% of the total magnetic mineral content in

netic mineral inventory. However, significant magnetic
mineral modification already occurs in the upper 0.5m

the sulfidic zone. The comparatively higher resistance
of hematite and goethite against diagenetic dissolu-

of the sedimentary sequence, as documented by ation implies a lower reactivity towards sulfide than for

marked decrease Mar (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 pre¥sApproximately 60% of
the primary fine grained (titano-) magnetite fraction is
dissolved at this level. A simultaneous lesser drop in
isothermal remanent magnetizatidtid. 3e) indicates
that about three quarters of the bulk ferrimagnetic

(titano-) magnetite Yamazaki et al., 2003; Liu et al.,
2004; Emiroglu et al., 2004 According to literature
data Canfield et al., 1992; Haese et al., 2D0the
opposite should be expected. The shift in magnetic
mineralogy specifically results in considerably higher
magnetic stabilities documented in a two- to three-
fold increase in coercivitiesF{g. 5). Further details

of this phenomenon were quantified by an IRM com-

mineral content persists in the sediments below where ponent analysisHig. 6). A three component solution

Mar/Mr andkar/kx (Fig. 7c and d) delimit a substan-
tial shift to coarser grain-sizes. None of the magnetic
parameters hint at formation of bacterial magnetite,
which is found elsewhere just above the iron-
redox boundary (e.gKarlin et al., 1987; Tarduno and
Wilkison, 199§. As specified byr (Fig. 4a), higher
coercivity iron oxides and hydroxides appear to be
scarcely affected by alteration at this diagenetic front.
This mode of reductive diagenesis, driven by micro-

yields relative contributions to remanent magnetiza-
tion of approximately 11.7, 75.6 and 12.7% for ‘soft’
(titano-) magnetite, ‘hard’ (titano-) magnetite/hematite
and ‘hardest’ hematite/goethite fractions in the sulfidic
zone compared to 57.9, 39.8 and 2.3% in the overly-
ing suboxic sediments. The tentative identification of
these mineral components is mainly based on their re-
spective average half IRM acquisition fieBg2 M|ra
(Table 1. B2 Mira of 39.0 and 42.2mT of ‘soft’

bially mediated degradation of organic matter under (titano-) magnetite in the suboxic and sulfidic sedi-
suboxic conditions, has previously been reported for ments are best compatible with pure magnetite or low

various marine settings. In continental margin regions,
especially where upwelling gives rise to elevated con-

Ti content titanomagnetiteD@y et al., 197Y. In the
sulfidic zone, where their concentrations dramatically
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decline, they should mainly persist as relatively fine
grained inclusions in a silicate matri¥ig. ). The
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leads to the formation of pyrite. The absence of dithion-
ite soluble mineral phases, mainly iron oxides, hint

second component has been labelled ‘hard’ (titano-) at iron-limited pyritization processeskéiswell and

magnetite/hematite, because of strikingly higBer

Mira values of 81.9mT in the suboxic and 90.5mT
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. 9). Hematite of appropriate grain-size is another
suitable candidaté{etetschka and Wasilewski, 2002
and possibly also Ti-rich titanohematitéi§. 10d). For
the third high coercivity component, which is charac-
terized byB1/2 Migra 0f 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

Canfield, 199% Sequential extraction indeed con-
firmed low concentration of reactive iron phases in the
sulfidic zone of Argentine continental slope sediments
(Riedinger et al., in pre3s

Another interesting issue in the context of iron lim-
itation is maghemitization, which proceeds through
preferential diffusion of F& out of (titano-) mag-
netite as F&" is more easily detached from the mineral
structure than F¥ (Cornell and Schwertmann, 1996
SEM analyses provided widespread evidence for an ad-
vanced maghemitization indicated by surficial cracking
within and below Fig. %) the sulfidic zone, whereas
in the upper sediment series only minor evidence of

solid phase sulfur concentrations suggest formation of low temperature oxidation was found. These findings

authigenic iron sulfides at around the SMT. Thermo-
magnetic analyses only positively identified euhedral
pyrite by its oxidation temperature above 48Din air
(Fig. 8 Passier et al., 20010n the other hand, high co-
ercivities Fig. 5) and an increasingys/osratio (Fig. 7a)
could hint at the presence of the ferrimagnetic iron sul-
fide mineral greigite (F£54; 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 understoodCénfield and
Berner, 198Y. The intermediate phase greigite is fer-

suggest that progressing maghemitization could be an
important process in sulfidic environments. It will mod-
ify the magnetic characteristics of the residual (titano-
) magnetite fraction by, as was observed, a decrease
in grain-size and increased coercivities. Moreover, the
preferential diffusion of F& out of (titano-) magnetite
may give a hint to explaining the superior stability of
hematite and titanohematit€ig. 10d) under sulfidic
conditions.

In the sulfidic sediments, grain-size variations
(Fig. 7) indicate the opposite trend to that expected for
iron oxide dissolution. The already coarse grained pri-

rimagnetic and carries a stable intense magnetic rema-mary ferrimagnetic mineral assemblage loses almost

nence at room temperaturBdrner, 1967; Goldhaber
and Kaplan, 1974; Roberts and Turner, 1993; Wang
and Morse, 1996; Wilkin and Barnes, 1996reigite
might be preserved by arresting pyritization reactions,
for example when pyrite forms as overgrowths on pre-
cursor minerals\{fang and Morse, 199@®r dissolved
iron is produced at a faster rate than H&ao et al.,
2009.

all of its finer grained fraction at the first magnetically
important diagenetic front under suboxic conditions.
The subsequent strong diagenetic dissolution that af-
fects all magnetic iron oxide minerals in the sulfidic
environment will eventually cause afining of the grain-
size spectrum. Major factors contributing to this ef-
fect should be the small (titano-) magnetite grains pre-
served as inclusions in silicates and, possibly of prime

Scanning electron microscope observations indicate importance, reduced effective magnetic grain-sizes,

two types of iron sulfide: (1) pyrite replacing iron ox-
ides as overgrowths on silicateBig. 10a) or as in-
clusions in a silicate matrixFig. 1), and (2) ag-
glomerates of pyrite crystals which display uniform
shape and sizd~{g. 1M). Wilkin and Barnes (1997)
andCanfield and Berner (198¢pncluded that the lat-
ter feature is the result of a single framboidal greigite
nucleation eventin pore waters containing low concen-
tration of iron and sulfide. Iron limitation subsequently

due to comprehensive fragmentation in the course of
maghemitization (e.gCui et al., 1994

The sediment series above and below the sulfidic
zone reveal similar, though not identical magnetic
characteristics which indicate that some alteration has
also affected the lower part of the core during rapid
passage of the SMT and prolonged exposure to a
methanic environment. Under these conditions precip-
itation of authigenic minerals, such as iron sulfides,
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iron and manganese carbonates and phosphatesis likel\Bloemendal, J., King, J.W., Hall, F.R., Doh, S.-J., 1992. Rock mag-
(Berner, 198). Thermomagnetic analysesig. 8) did netism of Late Neogene to Pleistocene deep-sea sediments: rela-
not identify a magnetic sulfide phase, specifically not tionship to sediment source, diagenetic processes and sediment

t d7 h l . is ob d lithology. J. Geophys. Res. 97, 4361-4375.
at aroun m, where a peculiar maximum IS observe Boetius, A., Ravenschlag, K., Schubert, C.J., Rickert, D., Widdel, F.,

in the concentration indicative parameters (Fiyand Gieseke, A., Amann, R., Jgrgensen, B.B., Witte, U., Pfannkuche,
. I I 1 utni- o . A marine microbial consortium apparently mediating
4¢). Other possible iron and manganese bearing auth 0., 2000. A mari icrobial i ly mediati
genic mineralizations may form in the non-sulphidic anaerobic oxidation of methane. Nature 407, 623-626.
sediments below the SMTB(arner 1981 Sagnotti Borowski, W.S., Paull, C.K., Ussler, W., 1996. Marine pore-water

. . . . sulfate profiles indicate in situ methane flux from underlying gas
et al., 2009, such as siderite, rhodochrosite and vi- hydrate. J. Geol. 24, 655-658.

vianite, which are paramagnetic at room temperature, canfield, D.E., Berner, R.A., 1987. Dissolution and pyritization of
and can be identified with low temperature magnetic ~ magnetite in anoxic marine sediments. Geochim. Cosmochim.
analyses. More work is clearly needed to better under-  Acta 51, 645-659.

stand the magnetic mineral alteration in the lower part Canfield, D.E., Raiswell, R., Bottrell, S., 1992. The reactivity of sed-
of the sediment column imentary iron minerals toward sulfide. Am. J. Sci. 292, 659-683.

Channell, J.E.T., Hawthorne, T., 1990. Progressive dissolution of
titanomagnetites at ODP site 653 (Tyrrhenian Sea). Earth Planet.
Sci. Lett. 96, 469-480.

Acknowledgements Channell, J.E.T., Stoner, J.S., 2002. Plio-Pleistocene magnetic po-

larity stratigraphies and diagenetic magnetite dissolution at ODP

The authors thank T. Frederichs, D. Heslop, C. Leg 177 Sites (1089, 1091, 1093 and 1094). Mar. Micropaleontol.

. . . . 45, 269-290.
Hllgenfeldt and S. Kasten for their technical assis- Cornell, R.M., Schwertmann, U., 1996. The Iron Oxides — Struc-

tance and helpful comments. Thermomagnetic mea- ture, Properties Reactions Occurrences and Uses. VCH, Wein-
surements and SEM analyses were carried out at  heim, 573 pp.
Utrecht University. The people there are gratefully ac- Cui, Y., Verosub, K.L., Roberts, A.P., 1994. The effect of low-
knowledged for their hospitality and efficient cooper- temperature oxidation on large multi-domain magnetite. Geo-
ation. Reviews by Andrew Roberts and an anonymous __PYS: Res. Lett. 21, 757-760. . o

. . . . Day, R., Fuller, M., Schmidt, V.A., 1977. Hysteresis properties of ti-
referee helped to SUbStam'a”y Improve this manuscript. tanomagnetites: grain-size and compositional dependence. Phys.
This study was supported by the Deutsche Forschungs-  Earth Planet. Inter. 13, 260—266.
gemeinschaft (DFG) and the Netherlands Organization Dekkers, M.J., Langereis, C.G., Vriend, S.P., van Santvoort, P.J.M.,
of Scientific Research (NWO), as part of the European de Lange, G.J., 1994. Fuzzy c-means cluster analysis of early

e . diagenetic effects on natural remanent magnetization acquisition
Graduate CollegeProxies in Earth History in a 1.1 Myr piston core from the Central Mediterranean. Phys.

Earth Planet. Inter. 85, 155-171.
Dunlop, D.J., 2002. Theory and application of the Day phis(Ms
References versusHc/Hc) 1. Theoretical curves and tests using titanomag-
netite data. J. Geophys. Res., 107, doi:10.1029/2001JB000486.
Balsam, W.L., Otto-Bliesner, B.L., 1995. Modern and last glacial Emiroglu, S., Rey, D., Petersen, N., 2004. Magnetic properties of

maximum eolian sedimentation patterns in the Atlantic Ocean sediment in the R de Arousa (Spain): dissolution of iron oxides
interpreted from sediment iron oxide content. Paleoceanography and formation of iron sulphides. Phys. Chem. Earth 29, 947—
2,531-542. 959.

Banerjee, S.K,, King, J., Marvin, J., 1981. A rapid method of mag- Ewing, M., Eittreim, S.L., Ewing, J.I., Le Pichon, X., 1971. Sedi-
netic granulometry with applications to environmental studies. ment transport and distribution in the Argentine Basin. 3. Neph-
Geophys. Res. Lett. 8, 333-336. eloid layer and processes of sedimentation. Phys. Chem. Earth

Berner, R.A., 1967. Thermodynamic stability of sedimentary iron 8, 49-77.
sulfides. Am. J. Sci. 265, 773-785. Ewing, M., Ludwig, W.J., Ewing, J.I., 1964. Sediment distribution in

Berner, R.A., 1981. A new geochemical classification of sedimentary the oceans: the Argentine Basin. J. Geophys. Res. 69, 2003—2032.
environments. J. Sediment. Petrol. 51, 359-365. Frederichs, T., Bleil, U., Bumler, K., von Dobeneck, T., Schmidt,

Bleil, U., et al., 1994. Report and preliminary results of Meteor A.M., 1999. The magnetic view on the marine paleoenvironment:
Cruise M29/2. Berichte, Fachbereich Geowissenschaften, Uni- parameters, techniques and potentials of rock magnetic studies
versitat Bremen, 59, 153 pp. as a key to paleoclimatic and paleoceanographic changes. In: Fis-

Bleil, U., et al., 2001. Report and preliminary results of Meteor cher, G., Wefer, G. (Eds.), Use of Proxies in Paleoceanography:
Cruise M46/3. Berichte, Fachbereich Geowissenschaften, Uni- Examples from the South Atlantic. Springer-Verlag, Berlin, pp.

versi@ait Bremen, 172, 161 pp. 575-599.



J.FL. Garming et al. / Physics of the Earth and Planetary Interiors 151 (2005) 290-308

Frenz, M., Hbppner, R., Stuut, J.-B., Wagner, T., Henrich, R., 2004.
Surface sediment bulk geochemistry and grain-size composition
related to oceanic circulation along the South American conti-
nental margin in the Southwest Atlantic. In: Wefer, G., Mulitza,
S., Ratmeyer, V. (Eds.), The South Atlantic in the late Quater-
nary: Reconstruction of Material Budget and Current Systems.
Springer-Verlag, Berlin, pp. 347-373.

Froelich, P.N., Klinkhammer, G.P., Bender, M.L., Luedtke, N.A.,
Heath, G.R., Cullen, D., Dauphin, P., Hammond, D., Hartman, B.,
Maynard, V., 1979. Early oxidation of organic matter in pelagic
sediments of the eastern equatorial Atlantic: suboxic diagenesis.
Geochim. Cosmochim. Acta 43, 1075-1090.

Goldhaber, M.B., Kaplan, I.R., 1974. The sulfur cycle. In: Goldberg,
E.D. (Ed.), The Sea, vol. 5. John Wiley and Sons, New York, pp.
569-655.

Gornitz, V., Fung, |., 1994. Potential distribution of methane hydrates
in the world’s oceans. Glob. Biogeochem. Cycles 8, 335-347.

Haese, R.R., 1997. Beschreibung und Quantifizieruabdiagen-
etischer Reaktionen des Eisens in Sedimenten ddatintiks.
Berichte, Fachbereich Geowissenschaften, Univargitemen,

99, 118 pp.

Haese, R.R., Schramm, J., Rutgers van der Loeff, M.M., Schulz,

H.D., 2000. A comparative study of iron and manganese dia-

genesis in continental slope and deep sea basin sediments, off

Uruguay (SW Atlantic). Int. J. Earth Sci. 88, 619-629.

Haese, R.R., Wallmann, K., Dahmke, A., Kretzmann, Uijllit,

P.J., Schulz, H.D., 1997. Iron species determination to investi-
gate early diagenetic reactivity in marine sediments. Geochim.
Cosmochim. Acta 61, 63-72.

Heider, F., Zitzelsberger, A., Fabian, F., 1996. Magnetic susceptibil-
ity and remanent coercive force in grown magnetite crystals from
0.1pm to 6 mm. Phys. Earth Planet. Inter. 93, 239-256.

Hensen, C., Zabel, M., Pfeifer, K., Schwenk, T., Kasten, S.,
Riedinger, N., Schulz, H.D., Boetius, A., 2003. Control of sulfate
pore-water profiles by sedimentary events and the significance of
anaerobic oxidation of methane for the burial of sulfur in marine
sediments. Geochim. Cosmochim. Acta 67, 2631-2647.

Heslop, D., Dekkers, M.J., Kruiver, P.P., van Oorschot, I.H.M., 2002.
Automated fitting of isothermal remanent magnetisation aquisi-
tion curves using an expectation-maximisation algorithm. Geo-
phys. J. Int. 148, 58-64.

Kao, S.-J., Horng, C.-S., Roberts, A.P., Liu, K.K.,, 2004.
Carbon-sulphur—iron relationships in sedimentary rocks from
southwestern Taiwan: influence of geochemical environment
on greigite and pyrrhotite formation. Chem. Geol. 203, 153—
168.

Karlin, R., 1990a. Magnetite diagenesis in marine sediments from
the Oregon continental margin. J. Geophys. Res. 95, 4405-4419.

Karlin, R., 1990b. Magnetic mineral diagenesis in suboxic sedi-
ments at Bettis site W-N, NE Pacific Ocean. J. Geophys. Res.
95, 4421-4436.

Karlin, R., Levi, S., 1983. Diagenesis of magnetic minerals in recent
haemipelagic sediments. Nature 303, 327-330.

Karlin, R., Lyle, M., Heath, G.R., 1987. Authigenic magnetite for-
mation in suboxic marine sediments. Nature 326, 490-493.
Kasten, S., Freudenthal, T., Gingele, F.X., Schulz, H.D., 1998. Simul-

taneous formation of iron-rich layers at different redox bound-

307

aries in sediments of the Amazon deep-sea fan. Geochim. Cos-
mochim. Acta 62, 2253-2264.

Kletetschka, G., Wasilewski, P.J., 2002. Grain size limit for SD
hematite. Phys. Earth Planet. Inter. 129, 173-179.

Kruiver, P.P., Dekkers, M.J., Heslop, D., 2001. Quantification of mag-
netic coercivity components by the analysis of acquisition curves
of isothermal remanent magnetisation. Earth Planet. Sci. Lett.
189, 269-276.

Larrasoda, J.C., Roberts, A.P., Stoner, J.S., Richter, C., Wehausen,
R., 2003. A new proxy for bottom-water ventilation in the east-
ern Mediterranean based on diagenetically controlled magnetic
properties of sapropel-bearing sediments. Palaeogeogr. Palaeo-
climatol. Palaeoecol. 190, 221-242.

Ledbetter, M.T., Klaus, A., 1987. Influence of bottom currents on sed-
iment texture and sea-floor morphology in the Argentine Basin.
In: Francis, T.J.G., Weaver, P.P.E. (Eds.), Geology and Geochem-
istry of Abyssal Plains. Geol. Soc. London, Spec. Pub., 31, pp.
21-31.

Liu, J., Zhu, R., Roberts, A.P., Li, S., Chang, J.-H., 2004. High-
resolution analysis of early diagenetic effects on magnetic miner-
als in post-middle-Holocene continental shelf sediments from the
Korea Strait. J. Geophys. Res. 109, doi:10.1029/2003JB002813.

Lyle, M., 1983. The brown-green color transition in marine sedi-
ments: a marker of the Fe(lll)-Fe(Il) redox boundary. Limnol.
Oceanogr. 28, 1026-1033.

Maher, B.A., 1988. Magnetic properties of some synthetic submicron
magnetites. Geophys. J. 94, 83-96.

Manley, P.M., Flood, R.D., 1993. Paleoflow history determined from
mudwave migration: Argentine Basin, Atlantic. Geochim. Cos-
mochim. Acta 60, 243-263.

Memery, L., Arhan, M., Alvarez-Salgado, X.A., Messias, M.-J.,
Mercier, H., Castro, C.G., Rios, A.F., 2000. The water masses
along the western boundary of the south and equatorial Atlantic.
Progr. Oceanogr. 47, 69-98.

Mullender, T.A.T., van Velzen, A.J., Dekkers, M.J., 1993. Continu-
ous drift correction and separate identification of ferrimagnetic
and paramagnetic contributions in thermomagnetic runs. Geo-
phys. J. Int. 114, 663—-672.

Neretin, L.N., Bittcher, M.E., Jargensen, B.B., Volkov, |.1ij&chen,

H., Hilgenfeldt, K., 2004. Pyritization processes and greigite for-
mation in the advancing sulfidization front in the Upper Pleis-
tocene sediments of the Black Sea. Geochim. Cosmochim. Acta
68, 2081-2093.

Niewohner, C., Hensen, C., Kasten, S., Zabel, M., Schulz,
H.D., 1998. Deep sulphate reduction completely mediated
by anaerobic methane oxidation in sediments of the up-
welling area off Namibia. Geochim. Cosmochim. Acta 62, 455—
464.

Passier, H.F., de Lange, G.J., Dekkers, M.J., 2001. Magnetic prop-
erties and geochemistry of the active oxidation front and the
youngest sapropel in the eastern Mediterranean Sea. Geophys.
J. Int. 145, 604-614.

Petersen, N., von Dobeneck, T., Vali, H., 1986. Fossil bacterial mag-
netite in deep-sea sediments from the South Atlantic Ocean. Na-
ture 320, 611-615.

Pye, K., 1987. Aeolian Dust and Dust Deposits. Academic Press,
London, 334 pp.



308

Raiswell, R., Canfield, D.E., 1996. Rates of reaction between silicate
iron and dissolved sulfide in Peru Margin sediments. Geochim.
Cosmochim. Acta 60, 2777-2787.

Richardson, M.J., Weatherly, G.L., Gardner, W.D., 1993. Benthic
storms in the Argentine Basin. Deep-Sea Res. 1l 40, 975-987.

Reitz, A., Hensen, C., Kasten, S., Funk, J.A., de Lange, G.J., 2004. A

combined geochemical and rock-magnetic investigation of a re-
dox horizon at the last glacial/interglacial transition. Phys. Chem.
Earth 29, 921-931.

Riedinger, N., Pfeifer, K., Kasten, S., Garming, J.F.L., Vogt, C.,
Hensen, C., in press. Diagenetic alteration of magnetic signals
by anaerobic oxidation of methane related to a change in sedi-
mentation rate. Geochim. Cosmochim. Acta.

Roberts, A.P., 1995. Magnetic properties of sedimentary greigite
(FesSy). Earth Planet. Sci. Lett. 134, 227-236.

Roberts, A.P., Turner, G.M., 1993. Diagenetic formation of ferrimag-
netic iron sulphide minerals in rapidly deposited marine sedi-
ments, South Island, New Zealand. Earth Planet. Sci. Lett. 115,
257-273.

Roberts, A.P., Stoner, J.S., Richter, C., 1999. Diagenetic magnetic

J.FL. Garming et al. / Physics of the Earth and Planetary Interiors 151 (2005) 290-308

Schulz, H.D., Dahmke, A., Schinzel, U., Wallmann, K., Zabel, M.,
1994. Early diagenetic processes, fluxes, and reaction rates in
sediments of the South Atlantic. Geochim. Cosmochim. Acta
58, 2041-2060.

Schulz, H.D., et al., 2001. Report and preliminary results of Meteor
Cruise M46/2. Berichte, Fachbereich Geowissenschaften, Uni-
versitat Bremen, 184, 107 pp.

Stevenson, F.J., Cheng, C.-N., 1969. Amino acid levels in the Ar-
gentine Basin sediments: correlation with Quaternary climatic
changes. J. Sediment. Petrol. 39, 345-349.

Stoner, J.S., Channell, J.E.T., Hillaire-Marcel, C., 1996. The mag-
netic signature of rapidly deposited detrital layers from the deep
Labrador Sea: relationship to North Atlantic Heinrich layers. Pa-
leoceanography 11, 309-325.

Tarduno, J.A., Wilkison, S.L., 1996. Non-steady state magnetic min-
eral reduction, chemical lock-in, and delayed remanence acqui-
sition in pelagic sediments. Earth Planet. Sci. Lett. 144, 315—
326.

Thompson, R., Oldfield, F., 1986. Environmental Magnetism. Allen
& Unwin, London, 227 pp.

enhancement of sapropels from the eastern Mediterranean Sea.von Dobeneck, T., 1996. A systematic analysis of natural magnetic

Mar. Geol. 153, 103-116.

Robertson, D.J., France, D.E., 1994. Discrimination of remanence-
carrying minerals in mixtures, using isothermal remanent mag-
netization acquisition curves. Phys. Earth Planet. Inter. 82,
223-234.

Robinson, S.G., Sahota, J.T.S., Oldfield, F., 2000. Early diagenesis

in North Atlantic abyssal plain sediments characterized by rock-
magnetic and geochemical indices. Mar. Geol. 163, 77-107.

Sagnotti, L., Roberts, A.P., Weaver, R., Verosub, K.L., Florindo, F.,
Pike, C.R., Clayton, T., Wilson, G.S., 2005. Apparent magnetic
polarity reversals due to remagnetization resulting from late di-
agenetic growth of greigite from siderite. Geophys. J. Int. 160,
89-100.

Schmidt, A.M., von Dobeneck, T., Bleil, U., 1999. Magnetic char-
acterization of Holocene sedimentation in the South Atlantic.
Paleoceanography 14, 465-481.

mineral assemblages based on modeling hysteresis loops with
coercivity-related hyperbolic basis functions. Geophys. J. Int.
124, 675-694.

Wang, Q., Morse, J.W., 1996. Pyrite formation under conditions ap-
proximating those in anoxic sediments |. Pathway and morphol-
ogy. Mar. Chem. 52, 99-121.

Wilkin, R.T., Barnes, H.L., 1996. Pyrite formation by reactions of
iron monosulfides with dissolved inorganic and organic sulfur
species. Geochim. Cosmochim. Acta 60, 4167-4179.

Wilkin, R.T., Barnes, H.L., 1997. Formation processes of framboidal
pyrite. Geochim. Cosmochim. Acta 61, 323-339.

Yamazaki, T., Abdeldayem, A.L., Ikehara, K., 2003. Rock-magnetic
changes with reduction diagenesis in Japan Sea sediments and
preservation of geomagnetic secular variation in inclination
during the last 30,000 years. Earth Planets Space 55, 327—
340.



	Alteration of magnetic mineralogy at the sulfate-methane transition: Analysis of sediments from the Argentine continental slope
	Introduction
	Study area
	Laboratory procedures
	Sampling
	Geochemical and rock magnetic analyses

	Results
	Geochemistry
	Magnetic mineral inventory
	Mineralogy and concentration
	Coercivity and IRM component analysis
	Grain-size
	Thermomagnetic analyses

	Scanning electron microscopy

	Discussion and conclusions
	Acknowledgements
	References


