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Abstract—Geochemical and rock magnetic investigations of sediments from three sites on the continental
margin off Argentina and Uruguay were carried out to study diagenetic alteration of iron minerals driven by
anaerobic oxidation of methane (AOM). The western Argentine Basin represents a suitable sedimentary
environment to study nonsteady-state processes because it is characterized by highly dynamic depositional
conditions. Mineralogic and bulk solid phase data document that the sediment mainly consists of terrigenous
material with high contents of iron minerals. As a typical feature of these deposits, distinct minima in magnetic
susceptibility (�) are observed. Pore water data reveal that these minima in susceptibility coincide with the
current depth of the sulfate/methane transition (SMT) where HS� is generated by the process of AOM. The
released HS� reacts with the abundant iron (oxyhydr)oxides resulting in the precipitation of iron sulfides
accompanied by a nearly complete loss of magnetic susceptibility. Modeling of geochemical data suggest that
the magnetic record in this area is highly influenced by a drastic change in mean sedimentation rate (SR) which
occurred during the Pleistocene/Holocene transition. We assume that the strong decrease in mean SR
encountered during this glacial/interglacial transition induced a fixation of the SMT at a specific depth. The
stagnation has obviously enhanced diagenetic dissolution of iron (oxyhydr)oxides within a distinct sediment
interval. This assumption was further substantiated by numerical modeling in which the mean SR was
decreased from 100 cm kyr�1 during glacial times to 5 cm kyr�1 in the Holocene and the methane flux from
below was fixed to a constant value. To obtain the observed geochemical and magnetic patterns, the SMT must
remain at a fixed position for �9000 yrs. This calculated value closely correlates to the timing of the
Pleistocene/Holocene transition. The results of the model show additionally that a constant high mean SR
would cause a concave-up profile of pore water sulfate under steady state conditions. Copyright © 2005
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1. INTRODUCTION

Iron (oxyhydr)oxides are a common component of marine
sediments (e.g., Canfield, 1989; Haese et al., 2000) and are
important carriers of magnetostratigraphic and paleomagnetic
information (Frederichs et al., 1999; Bleil, 2000). After depo-
sition primary iron mineral assemblages pass through a se-
quence of early diagenetic zones in which the minerals undergo
alterations. Strong modifications of iron (oxyhydr)oxides and
rock magnetic properties during the early stages of diagenesis
across the Fe redox boundary have been documented by nu-
merous studies (Wilson, 1986; Tarduno and Wilkison, 1996;
Funk et al., 2003a, 2003b; Reitz et al., 2004). The early diage-
netic transformation of iron (oxyhydr)oxides in marine sedi-
ments is linked to different pathways. One important process is
the reaction with hydrogen sulfide via sulfate reduction
(Berner, 1970; Froelich et al., 1979; Canfield, 1989; Lovley,
1991; Haese et al., 1998). Besides sulfate reduction driven by
the bacterial degradation of organic matter, which typically
occurs at high rates in the upper layers of the sediment (Jør-
gensen, 1982; Ferdelman et al., 1999), the process which ulti-
mately leads to the complete consumption of interstitial sulfate
in marine sediments is the anaerobic oxidation of methane
* Author to whom correspondence should be addressed (nar@uni-
bremen.de).
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(AOM). This important biogeochemical process finds its geo-
chemical expression in a characteristic sulfate/methane transi-
tion (SMT) typically located one to a few meters below the
sediment surface. Sulfate reduction driven by AOM releases
adequate amounts of hydrogen sulfide into the pore water
(Barnes and Goldberg, 1976; Bernard, 1979; Blair and Aller,
1995; Borowski et al., 1996; Niewöhner et al., 1998; Jørgensen
et al., 2004). The liberated hydrogen sulfide leads to diagenetic
alteration of primary geochemical and geophysical properties
and the formation of distinct secondary signals in the zone of
AOM (Passier et al., 1998; Kasten et al., 2003; Neretin et al.,
2004).

The extent of geochemical and magnetic overprint occurring
at geochemical boundaries and reaction fronts, particularly in
deeper sediments is poorly understood. An important geo-
chemical process in the zone of AOM is the transformation of
magnetic iron minerals (Kasten et al., 1998; Passier et al.,
1998). One of the major minerals to carry remanent magnetism
in sediments is the ferrimagnetic mineral (titano)magnetite. The
conversion of magnetite to iron sulfides during sediment di-
agenesis is a major cause of the loss of the magnetostrati-
graphic record in marine sediments (Karlin and Levi, 1983,
1985; Channell and Hawthorne, 1990; Karlin, 1990; Passier et
al., 1998; Channell and Stoner, 2002). Ferrimagnetic iron ox-
ides can be altered to paramagnetic iron sulfides (Berner, 1970;

Canfield et al., 1992) and the magnetic signal can change



4118 N. Riedinger et al.
dramatically (Canfield and Berner, 1987; Channell and Haw-
thorne, 1990; Channell and Stoner, 2002). An often cited mech-
anism is the formation of the iron sulfide pyrite via an inter-
mediate sulfide mineral such as greigite (Berner, 1967; Roberts
and Turner, 1993). These latter minerals are ferrimagnetic and
their preservation would lead to the formation of a strong
secondary magnetic signal (Roberts and Turner, 1993; Kasten
et al., 1998; Jiang et al., 2001; Neretin et al., 2004). Interme-
diate iron sulfides are metastable, but they can persist for a
considerable period of time if hydrogen sulfide is entirely
consumed (Berner, 1982; Kao et al., 2004). Pyrite is thermo-
dynamically more stable and thus will be the end-member of
the transformation from iron (oxyhydr)oxides to iron sulfides
(Berner, 1970; Coleman and Raiswell, 1995). However, if
hydrogen sulfide is present in pore water, the oxidation of iron
monosulfides by hydrogen sulfide can form pyrite directly
without a greigite intermediate (Morse and Cornwell, 1987;
Rickard et al., 1995; Butler and Rickard, 2000). Therefore, the
diagenetic formation of iron sulfides in aquatic sediments has a
strong effect on the interpretation of paleomagnetic data (Rob-
erts and Turner, 1993; Furukawa and Barnes, 1995; Neretin et
al., 2004).

The continental margin off Argentina and Uruguay repre-
sents a suitable sedimentary environment to study nonsteady-
state processes because it is characterized by highly dynamic
depositional conditions (Ewing et al., 1971; Biscaye and Dasch,
1971; Ledbetter and Klaus, 1987; Hensen et al., 2000, 2003).
The sediment has a high content of ferric iron minerals and
specific variations in magnetic signals (Sachs and Ellwood,
1988). Extensive geochemical and geophysical studies were
carried out by Hensen et al. (2003) on sediments from the
western Argentine Basin. Focusing on the reconstruction of
mainly modern sedimentary history, especially gravity-driven
mass flows, gravity cores with nonsteady-state sulfate pore
water profiles (concave, kink-, and s-types) were investigated.
In this study, we present geochemical, magnetic, and mineral-
ogic data for three sediment cores from the continental margin
off Argentina and Uruguay. These coring sites are character-
ized by a rather homogeneous recent sedimentation and linear
sulfate pore water profiles. We investigate the influence of
depositional settings and AOM on the diagenetic overprint of
iron (oxyhydr)oxides and the resulting change in the magnetic
record, and we present results of numerical modeling of the
processes involved.

2. MATERIALS AND METHODS

2.1. Location and Geologic Settings

The study area is located in the western South Atlantic on the
continental margin off Argentina and Uruguay (Fig. 1). The investi-
gated gravity cores (Table 1) were taken during expeditions M46/2 and
M46/3 of the RV Meteor (Bleil et al., 2001; Schulz et al., 2001). The
gravity cores were retrieved east of the Rio de la Plata at the western
boundary of the Argentine Basin. Sedimentation in this area is con-
trolled by two main processes: gravity-controlled sediment transport
and strong current circulation (Ewing and Leonardi, 1971; Klaus and
Ledbetter, 1988). Terrigenous input originates from the numerous
fluvial tributaries along the coast of Argentina and Uruguay (Iriondo,
1984; Piccolo and Perillo, 1999). The sediments are transported di-
rectly down-slope along the western margin of the Argentine Basin by

gravity-controlled processes (Ewing et al., 1971; Biscay and Dasch,
1971; Klaus and Ledbetter, 1988; Sachs and Ellwood, 1988; Romero
and Hensen, 2002; Hensen et al., 2003). These gravity-driven mass
transports, such as debris flows and turbidity currents, are the main
pathways of sediment supply into the deeper basin. The second impor-
tant process controlling sedimentation in this area is the action of strong
currents along the continental margin. The currents in the upper water
column are the southward-flowing Brazil Current and the northward
flowing Malvinas (Falkland) Current (Peterson and Stramma, 1991).
These two currents meet in the Brazil Malvinas Confluence (BMC),
located in front of the Rio de la Plata. The confluence of the two
different water masses leads to an increase in primary production over
a large area (Antoine et al., 1996; Behrenfeld and Falkowski, 1997),
which results in relatively high inputs of organic carbon into the
sediment. The suspended load of the Rio de la Plata is carried by
northerly currents and thus forms a tongue of fine-grained sediment
which is deposited parallel to the shore line off the coast of Uruguay
(Ewing and Lonardo, 1971; Ledbetter and Klaus, 1987; Frenz et al.,
2003). Between depths of 2000 and 4000 m, the water column is
governed by the southward-flowing North Atlantic Deep Water
(NADW). Below 4000 m, the strong currents carry Antarctic Bottom
Water (AABW) to the north. These currents flow parallel to the
continental margin, supplying benthic diatoms from higher latitudes
(Romero and Hensen, 2002). The AABW dominates the transport of
predominantly fine-grained sediment below 4000 m water depth. The

Fig. 1. Location map of the study area offshore of the Rio de la Plata.
Arrows indicate simplified pathways of the main currents (solid line
presents the surface-water currents MC (Malvinas Current) and BC
(Brazil Current), and the lower-level and bottom-water currents are
marked by dashed lines: NADW � North Atlantic Depth Water;
AABW � Antarctic Bottom Water.

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

Station
Longitude

[W]
Latitude

[S]
Water Depth

[m]
Core

Length [m]

GeoB 6223-6 49°40.86= 35°44.42= 4280 8.67
GeoB 6223-5a 49°40.86= 35°44.43= 4280 8.15
GeoB 6229-6 52°39.00= 37°12.41= 3446 9.50
GeoB 6308-4 53°08.70= 39°10.00= 3620 11.66

a
 Core GeoB 6223-5 is the parallel core at site GeoB 6223 subjected
to magnetic analysis.
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currents winnow and entrain sediments deposited by gravity-controlled
mass flows, and the fine material is transported into the deep basin
(Groot et al., 1967; Ewing et al., 1971; Ledbetter and Klaus, 1987;
Sachs and Ellwood, 1988).

The composition of the sediments in the study area is characterized
by low calcium carbonate concentrations, but with relatively high
amounts of organic carbon, biogenic opal, and iron (oxyhydr)oxides.
Due to the sediment composition and the highly dynamic sedimentary
conditions, few to no reliable stratigraphic information for this region
exists (Romero and Hensen, 2002; Hensen et al., 2003).

2.2. Sampling

To prevent warming of the sediments after retrieval on board, all
core segments were immediately placed in a cooling laboratory and
were maintained at a temperature of �4°C. Gravity cores were cut into
1-m segments on deck, and syringe samples were taken from the
bottom of every segment for methane analysis. Higher-resolution sam-
pling for methane was carried out in the cooling room by sawing 4 �
4 cm rectangles into the PVC liner. Syringe samples of 5 mL of
sediment were taken every 20 to 25 cm. For hydrogen sulfide analyses
at higher concentrations, 1 mL subsamples of the pore water were
added to a ZnAc-solution to fix all hydrogen sulfide present as ZnS (see
also Hensen et al., 2003).

Within the first two days after recovery, gravity cores were cut
lengthwise into two halves and processed within a glove box under
argon atmosphere. Conductivity and temperature were measured on the
archive halves. On the working halves, pH and EH were determined by
punch-in electrodes, and sediment samples were taken every 25 cm for
pressure filtration. Solid phase samples for total digestions, sequential
extractions, and mineralogical analyses were taken at 10 cm intervals
and kept in gas-tight glass bottles under argon atmosphere. The storage
temperature for all sediments was �20°C to avoid dissimilatory oxi-
dation of reduced species. Teflon squeezers were used for pressure
filtration. The squeezers were operated with argon at a pressure that
was gradually increased up to 5 bar. The pore water was retrieved
through 0.2 �m cellulose acetate membrane filters.

2.3. Pore Water Analysis

The parameters hydrogen sulfide, sulfate, alkalinity, phosphate, and
iron (Fe2�) were determined by standard methods, as described in
detail by Schulz (2000), within a few hours after retrieval of the pore
water. All further analyses were carried out at the University of
Bremen. Methane was measured with a gas chromatograph (Varian
3400), equipped with a splitless injector, by injecting 20 �L of the
headspace gas. The concentrations were subsequently corrected for
sediment porosity. Aliquots of the remaining pore water were diluted
and acidified with HNO3 for determination of cations using atomic
absorption spectrometry (AAS; Unicam Solaar 989 QZ) and induc-
tively coupled plasma atomic emission spectrometry (ICP-AES; Perkin
Elmer Optima 3000 RL) techniques. For further information regarding
analytical methods and devices, we refer to the homepage of the
University of Bremen Geochemistry Group at http://www.geoche-
mie.uni-bremen.de.

2.4. Solid Phase Analysis

All solid phase analyses were performed on anoxic subsamples. For
total digestion, the samples were freeze-dried and homogenized in an
agate mortar. About 50 mg of the sediment was digested in a micro-
wave system (MLS-MEGA II and MLS-ETHOS 1600) and was treated
with a mixture of 3 mL HNO3, 2 mL HF, and 2 mL HCl. Dissolution
of the sediments was performed at 200°C at a pressure of 30 bar. The
solution was fully evaporated, redissolved with 0.5 mL HNO3 and 4.5
mL deionized water (MilliQ) and homogenized. Finally, the solution
was filled up to 50 mL with MilliQ. Major and minor elements were
measured by ICP-AES. The accuracy of the measurements was verified
using standard reference material USGS-MAG-1. The reference mate-
rial element concentrations were within certified ranges. The precision
of ICP-AES analyses was better than 3%.
The concentrations of reactive Fe phases were determined following
the method described by Haese et al. (2000). In the first step, 150–250
mg of the wet sample was treated with 20 mL of an ascorbate solution
(a weak reducing agent) containing sodium citrate, sodium carbonate,
and ascorbate acid and extracted over 24 hours. In the second step, the
ascorbate residuum was treated with 20 mL of a dithionite solution
consisting of acetic acid, sodium citrate, and sodium dithionite and kept
in suspension for one hour. The extractions of ascorbate and dithionite
were diluted 1:10 and measured by ICP-AES. Standards were prepared
using the corresponding matrix.

For the determination of inorganic carbon (IC) and total organic
carbon (TOC) contents, freeze-dried and homogenized samples of
cores GeoB 6229-6 and GeoB 6308-4 were measured using a LECO
CS-300 carbon sulfur analyzer. For organic carbon, the samples were
treated with 12.5% HCl, washed two times with MilliQ and dried at
60°C. The accuracy, checked by marble standards, was �3%. The
samples of core GeoB 6223-6 were measured using a Shimadzu TOC
with SSM 5000A carbon analyzer. Inorganic carbon was measured by
adding 35% phosphoric acid to the sample and heating up to 250°C.
The accuracy is �3%, and the limit of detection is below 0.05% for a
100 mg sample.

The data set of pore water and solid phase measurements is available via
the geological data network Pangaea (http://www.pangaea.de).

2.5. Mineral Analysis

Mineral identification was carried out by X-ray diffraction (XRD),
which was performed at a few selected depths of core GeoB 6229-6
(75, 375, 545, 675, and 725 cm) using Philips X’Change (Cu-tube) with
fixed divergence slit. The measurement was carried out with a first
angle of 3° 2� and a last angle of 100° 2�. The step size was 0.02° 2�,
with measurement time of 12 s/step. Samples from core GeoB 6223-6
(255, 525, 655 cm) and core GeoB 6308-4 (555 and 655 cm) were
measured using an X’Pert Pro MD, X’Celerator detector system, with
a step size of 0.033° 2�, and the calculated time per step was 219.7 s.
Quantification of the mineral content was carried out with QUAX (for
further information see Vogt et al., 2002). Scanning electron micro-
scope (SEM) analysis was performed on selected samples.

2.6. Magnetic Susceptibility Measurement

The magnetic susceptibility data for site GeoB 6223 were obtained
on the parallel core GeoB 6223-5 on board the RV Meteor. Determi-
nation of susceptibility on the archive halves of the gravity cores GeoB
6229-6 and GeoB 6308-4 took place at the University of Bremen. The
susceptibility measurements were performed using a nonmagnetic au-
tomated core conveyor system equipped with a commercial Bartington
Instruments MS2 susceptibility meter with an F-type spot sensor. The
measurement interval was 2 cm and 1 cm, respectively.

2.7. Geochemical Modeling

AOM and the associated diagenetic processes were simulated with
the nonsteady-state transport and reaction model CoTReM. A detailed
description of this computer software is given in the CoTReM User’s
Guide (Adler et al., 2000; http://www.geochemie.uni-bremen.de/co-
trem.html) and by Adler et al. (2001). The upper 20 m of the sediment
(model area) was subdivided into cells of 5 cm thickness. The time-step
to fulfill numerical stability was set to 10�1 yr, and the porosity of the
sediment was set to 75%. Transport mechanisms were molecular dif-
fusion (Ds) for all solutes in the pore water and the sedimentation rate
(SR) for the solid phase and pore water. Diffusion coefficients were
corrected for tortuosity (Boudreau, 1997) using a temperature of 2°C.
The bottom water concentration of species defines the upper boundary
condition. The lower boundary is defined as an open/transmissive
boundary, which means that the gradient of the last two cells is
extrapolated to allow diffusion across the boundary. For methane, a
fixed concentration was defined at the lower boundary that creates the
gradient necessary to simulate the measured influx of methane into the
model area from below. For geochemical reactions, 0th-order kinetics
were used by defining maximum reaction rates. These rates are used as
long as the educt species are available in sufficient amounts. If the

amount decreases, the rates were automatically reduced to the available
amount of reactants in each cell to avoid negative concentrations (for
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further details see Hensen et al., 2003). All input parameters are given
in the respective section below.

3. RESULTS AND DISCUSSION

3.1. Sediment Composition

Sediment composition and grain size are two important
parameters that affect diagenetic processes (Roberts and
Turner, 1993). These attributes vary in all three cores. Whereas
the sediment of cores GeoB 6229 and GeoB 6308 is quite
variable in grain size, the sediment in core GeoB 6223-6 is
rather fine-grained, as identified macroscopically and by SEM.
At all sites, the composition of the sediment is dominated by
lithogenic components, as indicated by the major mineral as-
semblages of selected samples from all three cores (20–28 wt%
quartz, 18–35 wt% feldspar, and 23–44 wt% phyllosilicates).
The lowest amounts of phyllosilicates were found at site GeoB
6308. Additionally, solid phase concentrations of Al and Ti
indicate a high terrigenous input (Fig. 2). Total concentrations
of Al and Ti positively correlate in sediments of the southern-
most site GeoB 6308-4 (R2 � 0.93), which is not the case for
the other two sites (GeoB 6229-6 R2 � 0.60 and GeoB 6223-6
R2 � 0.75). We attribute this finding to variable depositional
processes. The comparatively high content of glauconite (3–17
wt%) detected by XRD in the sediment from all three cores
gives evidence for mass flow deposition events. In general,
glauconite in recent sediment is an indicator of slow rates of
clastic deposition in shallow marine environments (Odin and
Matter, 1981; Harris and Whiting, 2000). The presence of this
mineral at all three sites suggests erosion of near-shore/shelf
sediments and redeposition at greater water depths on the
continental slope. A further characteristic component of the
sediments of this area is the relatively high amount (up to 1
wt%) of reactive iron (oxyhydr)oxides (Fig. 2).

All three cores display a distinct change in sediment com-

Fig. 2. Solid phase data for Al (solid squares) and Ti (solid triangles)
indicating the dominance of terrigenous input. The cross-hatched area
indicates the amount of reactive Fe(III) phases.
position in the uppermost section. Total organic carbon (TOC)
reaches values of up to 1.1 wt% close to the sediment surface,
while the mean content for the deeper sediment is �0.7 wt%
(Fig. 3). Correspondingly, calcium carbonate also has the high-
est overall concentrations in the uppermost sediments. The
calcium carbonate contents are generally low and are well
correlated with the total concentration of calcium obtained
from acid digestion. The lack of carbonate in the deepest core
GeoB 6223-6 can be due to the depositional system, e.g.,
dilution by terrigenous input, or due to its depth lying below the
lysocline resulting in dissolution of carbonate (Archer, 1996;
Frenz et al., 2003). At site GeoB 6229, CaCO3 concentrations
of up to 5 wt% were determined, and, at the southernmost site
GeoB 6308, high CaCO3 contents of up to 18 wt% are found in
the uppermost layer (Fig. 3). A similar transition from terrig-
enous-dominated to carbonate-enriched sediments in the upper
sediment layers is also found in sediments of the Amazon Fan
(e.g., core GeoB 1514-6 of Kasten et al., 1998). In these
sediments, a sedimentation change is found at �60 cm, with
CaCO3 gradually increasing upward. While the glacial sedi-
mentation rate for the Amazon Fan area amounts to a few
meters per kyr (Flood et al., 1995), stratigraphic data for the
upper 35 cm at site GeoB 1514 indicate a Holocene age with an
SR of 3.5 cm kyr�1 (Schneider et al., 1991). A similar transi-
tion from terrigenous-dominated to more calcareous sediments
in the upper sediment layers for the investigated sites would
suggest a Holocene SR of �3 to �7 cm kyr�1. This is in good
agreement with unpublished stratigraphic data by O. Romero
(personal communication) from Argentine Basin sites (e.g.,
GeoB 6340 at 44°54.95=S, 58°05.78=W, water depth 2785 m),
which reveal an SR of a few cm per kyr in the Holocene.
Although the mean SR in the investigated area is not the same
as for the Amazon Fan, similar patterns in sediment composi-

Fig. 3. Solid phase concentrations of total Ca (cross-hatched area),
calcium carbonate (open circles), and total organic carbon (TOC, solid
squares). The TOC in the upper layer of core GeoB 6308-4 is diluted
by the higher amount of CaCO3. There is no measurable carbonate in
the sediment of core GeoB 6223-6, but there is a higher organic carbon

content in the uppermost centimeters before it decreases toward the
sediment surface.
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tion are consistent with a comparable decrease in mean SR
during the glacial/interglacial transition.

3.2. Diagenetic Alteration

The sulfate pore water profiles for all three studied cores
show a linear decrease with depth, which indicates a currently
steady-state situation (Fig. 4). The SMT is located between 5
and 5.5 mbsf (meters below seafloor) in each case. In cores
GeoB 6229-6 and GeoB 6308-4, excess hydrogen sulfide could
be detected at depths of 4–7 and 4–6 mbsf, respectively. The
sulfidic sediment intervals are characterized by distinct minima
in magnetic susceptibility (Fig. 4). Based on the pore water
data, we suggest that the characteristic decrease in magnetic
susceptibility (�), which is a widespread phenomenon in sed-
iments of the continental margin off Argentina and Uruguay, is
caused by diagenetic processes within the zone of AOM. Ex-
cept for the decrease in magnetic susceptibility in the upper-
most centimeters of core GeoB 6308-4, which is due to dilution
by CaCO3, we attribute the decrease in magnetic susceptibility
to the reduction of iron (oxyhydr)oxides by hydrogen sulfide
and subsequent formation of iron sulfides as described by
Karlin and Levi (1983) and Channell and Hawthorne (1990).

Because of the current relatively high fluxes of methane and
sulfate into the SMT at all three sites (Fig. 4), we suggest that
deep sulfate reduction is primarily driven by AOM (Niewöhner
et al., 1998). Thus, hydrogen sulfide is produced by a reaction
of sulfate and methane (e.g., Barnes and Goldberg, 1976):

CH4 � SO4
2�

→ � HCO3
� � H2O � HS�· (1)

The species distribution of hydrogen sulfide is pH dependent
(Pyzik and Sommer, 1981). Based on the measured pH values
(7.2 to 8.0), we conclude that HS� is the predominant hydrogen
sulfide species in the sediment of the studied cores.

The concentration of measured reactive iron (oxyhydr)ox-
ides for cores GeoB 6223-6 and GeoB 6308-4 is low (Fig. 2) in
the interval where magnetic susceptibility data show a mini-
mum (Fig. 4). In this zone, the iron (oxyhydr)oxides are almost
completely reduced and only relict concentrations are left. For
the process of iron (oxyhydr)oxide reduction, the assumed
reactions for lepidocrocite (Eqn. 2) (as an example for iron
(oxyhydr)oxides) and for magnetite (Eqn. 3) are

2FeOOH � HS� � 5H� →2Fe2� � S0 � 4H2O (2)

Fe3O4 � HS� � 7H� →3Fe2� � S0 � 4H2O· (3)

The available dissolved ferrous iron reacts directly with HS�

(Berner, 1970; Pyzik and Sommer, 1981) according to the
equation:

Fe2� � HS� →FeS(s) � H�· (4)

The precipitated amorphous iron sulfide is highly unstable
and transforms rapidly to other iron sulfide phases (Schoonen
and Barnes, 1991). Morse (2002) discussed that the oxidation
of FeS by hydrogen sulfide (Eqn. 5) is the faster process
compared with the oxidation by elemental sulfur as discussed
by Berner (1970). In addition, Rickard (1997) pointed out that
pyrite formation through oxidation by HS� is thermodynami-

cally favored:
FeS(s) � HS(aq)
� � H(aq)

� →FeS2(s) � H2(g) (5)

In contrast to the intermediate iron sulfides, pyrrhotite (Fex�1S)
and greigite (Fe3S4), the iron disulfide pyrite is paramagnetic
and therefore has a low magnetic susceptibility and does not
contribute to the remanent magnetization of a sediment. Be-
cause both pyrite and marcasite are paramagnetic, we term all
iron disulfides as pyrite for simplicity. Thus, the dissolution of
magnetite and the precipitation of pyrite would cause a strong
decrease in magnetic susceptibility. Such a decrease of the
magnetic signal can be observed in the susceptibility (�) at all
three sites (Fig. 4).

3.3. Magnetic Susceptibility Profiles

We have explained the mechanisms of alteration of iron
(oxyhydr)oxides to iron sulfides within the zone of AOM, but
we still have to explain the occurrence of iron (oxyhydr)oxides
below the SMT. We assume that there are only a few possible
processes that can cause a decrease of iron (oxyhydr)oxides
limited to the zone of AOM and that leads to a localized
minimum in magnetic susceptibility.

One process would be the reoxidation of ferrous iron below
the sulfidic zone. The oxidation could be driven by Mn(II)
released during reduction of Mn-oxides (Aller and Rude, 1988;
Postma and Appelo, 2000; Schippers and Jørgensen, 2001).
This process could explain the existence of iron (oxyhydr)ox-
ides below the SMT where no hydrogen sulfide is present.
Detailed rock magnetic and SEM analyses performed on mag-
netic minerals of samples from core GeoB 6229-6 by Garming

Fig. 4. Sulfate (solid circles), methane (open circles), and sulfide
(solid stars) pore water profiles (pore water data for methane, sulfate,
and sulfide for core GeoB 6223-6 and sulfate for core GeoB 6229-6 are
taken from Hensen et al., 2003) and the magnetic susceptibility (gray
area) (note that the offset for data from core GeoB 6223-5 is probably
due to the measurements coming from a parallel core). Except for the
decrease in magnetic susceptibility at the top of the core GeoB 6308-4,

due to the dilution by higher carbonate concentrations, the decrease in
susceptibility is restricted to the sulfidic zone.
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et al. (2005) reveal that the magnetic mineral assemblages
above and below the zone of AOM are similar and that the
authigenic formation of iron oxides can therefore be excluded.

Another process that could potentially cause a distinct loss in
magnetic susceptibility in the zone of AOM is a variation in the
parameters controlling the position of the SMT. The depth at
which the SMT is established is driven mainly by the upward
flux of methane and the downward diffusion of sulfate, which
is directly influenced by the SR. We simulated different sce-
narios with the numerical model CoTReM to investigate
whether a constant mean SR alone can lead to the observed
profiles of magnetic susceptibility. Under steady-state condi-
tions prevailing over a long period of time, with continuous
sedimentation and no change in the upward flux of methane, the
zone of AOM would keep a fixed offset with respect to the
sediment surface (Borowski et al., 1996; Kasten et al., 2003).
This process would lead to a continuous reduction of iron
(oxyhydr)oxides within the SMT and below. The degree of
reduction to which every sediment layer is subject would
thereby be coupled to the rate at which the zone of AOM moves
upward as a function of SR. The dissolution rate is dependent
on the reactivity of the iron (oxyhydr)oxides and their grain
size, and the time period over which they are in contact with
hydrogen sulfide (Pyzik and Sommer, 1981; Karlin and Levi,
1983, 1985; Canfield and Berner, 1987; Canfield, 1992; Rob-
erts and Turner, 1993).

Hensen et al. (2003) give a detailed description for reaction
kinetics of hydrogen sulfide with a continuum of different
Fe(III)-phases. The reaction rates are sensitive to dissolved Fe
and HS� in the model approach because HS� is involved in
two reactions (Eqns. 3 and 4). For simplicity, we consider only
magnetite (Fe3O4) and adapt a maximum reaction rate of 3 �
10�5 mol L�1 yr�1 to account for the measured hydrogen
sulfide concentration compared to rates of between 5.5 � 10�6

mol L�1 yr�1 and 1.2 � 10�4 mol L�1 yr�1 in Hensen et al.
(2003). The initial concentration of Fe3O4 is set to 1 wt%,
which is reduced to iron monosulfide (FeS) in the sulfidic zone.
A compilation of input parameters for all simulation runs is
given in Table 2, where the lower boundary is defined at a
model depth of 20 m (whereas the figures are only displayed to

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

Parameters

Model areaa: 20 m
Cell discretization: 5 cm
Time step: 1 � 10�1 yr
Sediment porosity: 75%
Temperature: 2°C

Input concentration

Magnetite (Fe3O4): 1 wt%
Upper boundary Lower boundary

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

Methane (CH4): 0 mmol L�1 45 mmol L�1

a The model area is the sediment column incorporated in the
approach.
a depth of 13 m). During simulation of a relatively low mean
SR of 5 cm kyr�1 (Fig. 5a), the SMT moves slowly upward,
resulting in the complete transformation of the initially present
magnetite into iron sulfides (Fig. 5b). In contrast, more rapid
sedimentation can lead to the preservation of a considerable
amount of magnetic iron oxides and therefore to a preservation
of the magnetic record, as also discussed by Canfield and
Berner (1987). Model runs with a high mean SR of 200 cm
kyr�1 result in fast burial of magnetite (Fig. 6a), with reduction
of only a small amount (�1/5) of Fe3O4 (Fig. 6b). These model
runs demonstrate that the observed patterns cannot be formed
under conditions of constant mean SR.

Different scenarios were modeled to assess the influence of
variations in depositional and/or geochemical conditions on the
position of the SMT. A sudden increase in the upward methane
flux would push up the SMT and result in a concave-up sulfate
pore water profile (Hensen et al., 2003; Kasten et al., 2003). At
a constant high mean SR, this concave-up profile would remain
and the observed linear sulfate profile would not be seen. At
low mean SR, the SMT would move rapidly upward owing to
the increased methane flux until a new steady state with a linear
sulfate pore water profile is regained. But, as shown in the
simulation of constant mean SR (Fig. 5a), at a low mean SR all

Fig. 5. Modeling results for diagenetic alteration of magnetite to iron
monosulfide. (a) Sulfate, methane and sulfide profiles at a constant

�1
mean SR of 5 cm kyr . (b) All iron (oxyhydr)oxides are altered into
iron monosulfides.
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available reactive iron (oxyhydr)oxide would be altered and
thus the increased methane flux would not produce the ob-
served localized magnetic susceptibility minimum.

After demonstrating that variations in the upward methane
flux alone cannot produce the observed patterns, we simulated
the effect of changing mean SR. Kasten et al. (1998) demon-
strated that the strong decrease in SR for Amazon Fan sedi-
ments as a consequence of the glacial/interglacial transition
was responsible for the fixation of the SMT for a prolonged
period of time. To test whether the observed profiles of mag-
netic susceptibility could be explained by a drastic decrease in
mean SR, we modeled scenarios of different mean SR with a
constant methane flux over time. The history of sedimentary
events for the three studied sites are not known in detail. We
therefore assume, as the starting condition for the model, a high
mean SR of 100 cm kyr�1 (Fig. 7a). This mean SR includes all
possible mechanisms of sediment deposition. This mean SR is
sufficiently high to limit the contact time between the iron
oxides and the sulfidic pore water, and thus to alter only one
third of the initially present iron oxides into iron sulfides. With
a subsequent decrease in the rate of sedimentation to �5 cm

Fig. 6. Model results for a constant mean SR of 200 cm kyr�1. (a)
The high mean SR leads to good preservation of magnetite below the
SMT. The pore water profile for sulfate shows a concave-up shape. (b)
Only a small amount of iron sulfide is precipitated in this scenario.
kyr�1, estimated from CaCO3 concentrations in the solid phase
(see section 3.1), the SMT moves upward until a steady-state is
regained (Fig. 7b). In this scenario, there is a complete trans-
formation of all available iron oxides to iron monosulfides in
the SMT and subsequently in the expending zone of excess
hydrogen sulfide (Fig. 7c). This process causes a pronounced
loss in magnetic susceptibility in a particular sediment interval.
The time needed for the complete conversion of magnetite into
iron sulfides in an interval of 2 m (e.g., GeoB 6308-4) is �8000
yrs. Although the results of our approach are strongly depen-
dent on the boundary parameters, the estimation correlates well
with a change in mean SR at the glacial/interglacial transition.

A further interesting finding of the simulation is the con-
cave-up sulfate profile at high constant mean SR. This shape of
the sulfate profile has previously been described for nonsteady-
state conditions such as an increased methane flux (Kasten et
al., 2003), upward-directed advective flow (e.g., Aloisi et al.,
2004), and transient diagenesis after a sedimentary event has
occurred (Hensen et al., 2003). An example of a transient event
is a single submarine slide event, which results in a kink-type
profile (de Lange, 1983; Zabel and Schulz, 2001) that is
smoothed to a concave-up and finally a linear profile by diffu-
sion. As shown by our model outcome, the concave-up sulfate
profile can also result from high mean SR under steady-state
conditions. This could be explained by the high sulfate accu-
mulation compared with the diffusion flux of sulfate.

3.4. Solid Phase Enrichment of Iron and Sulfur

For core GeoB 6308-4, the solid phase profiles of total iron
and sulfur (Fig. 8) indicate an enrichment of iron sulfides

Fig. 7. Modeling results for diagenetic alteration of magnetite to iron
monosulfide with a major change of mean SR (for sediment porosity of
75%). (a) A mean SR of 100 cm kyr�1 leads to reduction of only about
one third of the Fe3O4. (b) If the mean SR is decreased to 5 cm kyr�1,
a time interval of �8000 yrs is needed to reduce the total amount of
magnetite for an interval of 2 m thickness. (c) The cross-hatched area

indicates the total amount of precipitated monosulfides for the modeled
scenario with change in mean SR.
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between 6 and 7 mbsf. Similar solid phase peaks of total iron
and sulfur are found at site GeoB 6223, where XRD analyses of
the sample taken at 525 cm prove the presence of pyrite (2.5
wt%). The accumulation of authigenic iron sulfides within this
distinct interval could be explained by diffusion of ferrous iron
from below reacting with hydrogen sulfide (e.g., Kasten et al.,
1998). At site GeoB 6223, ferrous iron is detected in pore water
directly below the solid phase iron enrichment (Fig. 8). Another
explanation for the enrichment of iron in the solid phase could
be the consequence of an initial enrichment of iron (oxyhy-
dr)oxides at this particular layer due to a sedimentary event.
The iron (oxyhydr)oxides will be reduced and the ferrous iron
can be transformed directly into iron sulfide. As the enrichment
of total iron and sulfur in core GeoB 6308-4 is located below
the distinct susceptibility minimum, we suggest that the reduc-
tion of the magnetic minerals ((titano)magnetite) has not yet
taken place and that only the more reactive iron phases have
been reduced.

Under the premise of a decrease in mean SR, and hence a
fixation of the zone of AOM for a specific length of time, we
calculated the time needed to produce the total amount of solid
phase sulfur in the sediments of site GeoB 6223 at 525 cm and
at site GeoB 6308 at 625 cm. The calculation is described in
detail by Kasten et al. (1998). We simulated the enrichment of
solid phase sulfur by downward diffusion of sulfate, assuming
that the sulfur contained in the solid phase was fixed owing to
the precipitation of iron sulfide as a result of hydrogen sulfide
liberated by AOM. Assuming a linear sulfate pore water profile
over the whole time of iron sulfide formation, the flux of pore
water sulfate is calculated using Fick’s first law, with a diffu-
sion coefficient in free solution (D0) for sulfate of 165 cm2 yr�1

(after Iversen and Jørgensen, 1993). The sediment dry density
averages 2.2 g cm�3, and the temperature is 2°C. The presumed

Fig. 8. Total sulfur (solid triangles) and total iron (solid squares)
concentrations of the solid phase. Correlation of the iron and sulfur
peak at sites GeoB 6223 and GeoB 6308 indicates an iron sulfide
enrichment. The iron minimum in the sediment of core GeoB 6229-6
correlates with a turbidite sequence. Open circles indicate ferrous iron
pore water concentrations.
mean Holocene SR amounts to 5.0 cm kyr�1. If we assume a
porosity of 70% for the sediment of core GeoB 6223-6 and
75% for core GeoB 6308-4, the time needed to produce the
measured sulfur peak would be �9000 yrs. This calculated
result is in good agreement with the outcome of the model
above. Based on the model results, we suggest that the only
scenario that produces the observed localized loss in magnetic
susceptibility is a nonsteady-state diagenetic scenario involving a
drastic decrease in mean SR, from a few hundred cm to �5 cm per
1000 yrs, during the Pleistocene/Holocene transition leading to a
fixation of the SMT for a period of 8000 to 9000 yrs.

4. CONCLUSIONS

A marked localized minimum in magnetic susceptibility in
distinct sediment intervals of Argentine Basin deposits is ob-
served, which correlates with the current position of the SMT. To
explain the diagenetic impact of AOM on magnetic susceptibility,
we modeled different geochemical and depositional scenarios. The
model results indicate that the depletion of iron (oxyhydr)oxides
and the resulting strong decrease in magnetic susceptibility within
the sulfidic zone around the current depth of the SMT is an effect
of the rather low and constant mean SR since the beginning of the
Holocene, compared with the high mean SR of one to several
meters per kyr during the last Glacial. The drastic change in mean
SR results in a fixed or slow-moving SMT, which increases the
time of contact between iron (oxyhydr)oxides and the liberated
hydrogen sulfide, leading to enhanced dissolution of iron (oxyhy-
dr)oxides and formation of the paramagnetic iron sulfide pyrite in
this particular sediment layer. Furthermore, the results of the
model indicate that a constant high mean SR is able to cause a
concave-up pore water sulfate profile. Such concave-up sulfate
profiles have been previously interpreted to result from either
nonsteady-state depositional conditions or from upward-directed
advective flow. In the scenarios that we have modeled, the con-
cave-up sulfate profile would be a steady-state case. A low mean
SR with a fixation of the SMT is necessary to produce an enrich-
ment of iron and sulfur in the solid phase, as can be found in the
sediment at sites GeoB 6223 and GeoB 6308. We calculated the
time needed to produce the total amount of sulfur in the solid
phase to be �9000 yrs, which corresponds well with the estima-
tion of the model and the Pleistocene/Holocene transition.

However, the stagnation of the SMT caused a loss of mag-
netic signal by diagenetic destruction of magnetite due to
AOM. Another influence of AOM on sediment magnetism can
be, e.g., a magnetic enhancement via growth of greigite. This
important but different magnetic effect was described by Ne-
retin et al. (2004). The two effects are both results of similar
processes, except that pyritization seems to have been arrested
in the study by Neretin et al. (2004), which has led to preser-
vation of greigite nodules with magnetizations 10–100 times
greater than surrounding sediments. The net result is that non-
steady-state diagenesis can have varying effects on the mag-
netic record. Thus, diagenetic transformation of iron oxides to
iron sulfides in the zone of AOM that corresponds to a loss and
new formation of magnetic signals should be considered in the
interpretation of magnetic records.
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