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Abstract

Mineral magnetic results and electron microscope observations from gas hydrate-bearing marine sediments cored at southern
Hydrate Ridge during Ocean Drilling Program Leg 204 (Sites 1244 to 1252, Cascadia Margin, offshore Oregon) demonstrate that
authigenic greigite and pyrrhotite formed as a byproduct of microbially-mediated diagenetic reactions in the sulphate, the anaerobic
oxidation ofmethane (AOM), and themethanic/gas hydrate zones. Geochemical conditions favourable for formation and preservation
of greigite and pyrrhotite appear to be a limited source of sulphide, whether it derives from microbially-driven sulphate reduction in
the sulphate zone, in the AOMzone or in deep sediments undergoingAOM, so that pyritization reactions are not driven to completion.
Our results indicate that rock magnetic identification of greigite and pyrrhotite should be useful for detecting ancient gas hydrate
systems in the marine sedimentary record, because it can enable rapid screening of ancient sediments for potential horizons where
methane and disseminated gas hydrates might have occurred. Formation of authigenic greigite and pyrrhotite at different depths
within the gas hydrate stability zone also implies that the magnetization of the host sediments will have been acquired at variable
times, which is likely to compromise paleomagnetic results from greigite- and pyrrhotite-bearing marine sediments.
© 2007 Elsevier B.V. All rights reserved.
Keywords: mineral magnetism; greigite; pyrrhotite; iron sulphide; siderite; diagenesis; sulphate reduction; methane; anaerobic oxidation of methane;
gas hydrate; marine sediments
1. Introduction

The importance of the two most common magnetic
iron sulphide minerals, greigite (Fe3S4) and monoclinic
⁎ Corresponding author.
E-mail address: jclarra@ija.csic.es (J.C. Larrasoaña).

0012-821X/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.epsl.2007.06.032
pyrrhotite (Fe7S8), in marine sediments is being increas-
ingly acknowledged. These minerals can form in
association with microbially-mediated processes such
as sulphate reduction (Liu et al., 2004), anaerobic
oxidation of methane (AOM) (Kasten et al., 1998;
Neretin et al., 2004; Jørgensen et al., 2004; Horng and
Chen, 2006), and formation of gas hydrates (Housen and
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Musgrave, 1996; Musgrave et al., 2006; Larrasoaña
et al., 2006). Beside providing significant sinks for the
sulphur and iron cycles, sedimentary iron sulphides are
also closely related to the dynamics of the carbon cycle,
and their occurrence is relevant to the early evolution of
life and to fueling of the deep biosphere (Schoonen et al.,
2004; Pósfai andDunin-Borkowski, 2006). Formation of
magnetic iron sulphides can occur at any diagenetic stage
Fig. 1. A) Plate tectonic setting of the Cascadia convergent margin, with locat
complex offshore Oregon, where Hydrate Ridge is located (contour interval=
of ODP Leg 204 sites 1244 to 1252 (contour interval=20 m). Dark grey lines
from shallow burial to uplift and folding, with interstitial
pore fluids that range from seawater to evolved orogenic
fluids or hydrocarbons (Reynolds et al., 1994; Horng
et al., 1998; Dinarès-Turell and Dekkers, 1999; Weaver
et al., 2002; Liu et al., 2004; Kao et al., 2004; Roberts and
Weaver, 2005; Rowan and Roberts, 2005; Sagnotti et al.,
2005; Rowan and Roberts, 2006; Horng and Roberts,
2006). Therefore, unravelling their timing of formation
ion of Hydrate Ridge. B) Bathymetric map of the Cascadia accretionary
100 m). C) Bathymetric map of southern Hydrate Ridge, with location
indicate the locations of multi-channel seismic sections shown in Fig. 2.
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has implications for understanding the dynamics of bio-
geochemical cycles (Pósfai and Dunin-Borkowski,
2006) and for assessing the reliability of paleomagnetic
data from marine sediments (Roberts and Weaver, 2005;
Horng and Roberts, 2006).

Previous mineral magnetic studies of sediments from
Hydrate Ridge (Cascadia Continental Margin, offshore
Oregon) indicate the widespread occurrence of greigite
(Housen and Musgrave, 1996; Musgrave et al., 2006;
Larrasoaña et al., 2006), and maybe also of pyrrhotite
(Larrasoaña et al., 2006), associated with gas hydrates.
Greigite is interpreted to have formed in the strongly
reducing conditions below the sulphate zone as a result of
the metabolic activity of microorganisms (Housen and
Musgrave, 1996; Musgrave et al., 2006), whose popula-
tions are enhanced in the presence of gas hydrate (Cragg
et al., 1996). Greigite is preserved in the sediments, but
gas hydrate eventually dissociates as sedimentation con-
tinues and/or as pressure and temperature conditions
change, therefore the occurrence of greigite below the gas
hydrate stability zone (GHSZ) has been proposed as a
useful marker for the former presence of gas hydrates
(Housen and Musgrave, 1996; Musgrave et al., 2006;
Larrasoaña et al., 2006). This is important because
dissociation of gas hydrates might have played a
prominent role in driving global climate change and
triggering large submarine landslides in the past (Kven-
volden, 1993).

In this paper, we present a detailed mineral magnetic
study of sediments that were recovered from Sites 1244
to 1252 of Ocean Drilling Program (ODP) Leg 204 at
southern Hydrate Ridge (SHR). We use published rock
magnetic data (Larrasoaña et al., 2006) and new results
to identify the specific magnetic iron sulphide minerals,
to determine their microtextural relationship with other
sediment constituents, and to establish the relative
timing of their formation. Unravelling these issues is
necessary to establish the mechanism(s) responsible for
the formation of magnetic iron sulphides in the gas
hydrate-bearing sediments of Hydrate Ridge. This is
needed to determine the relevance of magnetic iron
sulphides in the study of fossil gas hydrate marine
sedimentary systems, and also to develop a robust
understanding of their paleomagnetic significance in the
geological record.

2. Geological setting

Hydrate Ridge is a structural ridge located offshore
of Oregon (USA) in the Cascadia subduction zone,
where the Juan de Fuca plate is being obliquely
subducted beneath the North American plate at a rate
of ∼40 mm/yr (Fig. 1A) (Tréhu et al., 2003). During
ODP Leg 204, nine sites were cored throughout the
SHR (Tréhu et al., 2003) (Fig. 1B,C) (see Supplemen-
tary data, Table 1). SHR is composed of middle Pleis-
tocene to Holocene (1.2–0 Ma) sedimentary units that
are folded into an asymmetric anticline with a relatively
steeply dipping western flank and a gently dipping
eastern flank that links the summit of the ridge to the
slope basin to the east (Tréhu et al., 2003, 2006) (Fig. 2).
Beneath these units, older sediments (N1.2 Ma) consti-
tute the accretionary complex of the subduction zone
(Tréhu et al., 2003, 2006).

SHR sediments mainly consist of hemipelagic clays
and silty clays that are locally interbedded with silty to
sandy turbidite intervals often containing volcanic ash
and glass (Tréhu et al., 2003, 2004b; Gràcia et al., 2006)
(Fig. 3). Hemipelagic clays and silty clays are often
speckled with millimetre-scale black nodules composed
of iron sulphides (Tréhu et al., 2003) (Fig. 3C). This
black speckling is locally associated with turbidite beds
(Fig. 3B) and fracture planes that cut across bedding,
sometimes including larger iron sulphide nodules (up to
1 cm long) that are strongly magnetic (Fig. 3D) (Tréhu
et al., 2003). Sedimentological, geophysical, and geo-
chemical data, together with direct sampling, indicate
the occurrence of gas hydrates in the sediments of SHR
(Tréhu et al., 2003, 2004a, 2006). Gas hydrates appear
primarily in discrete lenses that are heterogeneously
distributed. These lenses occur in clusters that are
several metres thick and have orientations ranging from
horizontal to vertical (Tréhu et al., 2003, 2004a, 2006).
Gas hydrate contents vary from 1 to 8% throughout
most of the GHSZ, except near methane vents at the
summit of the ridge, where massive gas hydrates appear
in the upper 20–40 m below seafloor (mbsf) and occupy
20–30% of the total volume of the sediment.

3. Methods

Identification of magnetic iron sulphides in sedi-
ments can be achieved using mineralogical techniques
such as X-ray diffraction (XRD) (Roberts, 1995; Kasten
et al., 1998; Neretin et al., 2004) and scanning electron
microscopy (SEM) (Jiang et al., 2001; Weaver et al.,
2002; Sagnotti et al., 2005; Roberts and Weaver, 2005;
Rowan and Roberts, 2006), and magnetic methods such
as thermal demagnetization of a composite isothermal
remanent magnetization (IRM) (Lowrie, 1990), hyster-
esis experiments (Housen and Musgrave, 1996; Mus-
grave et al., 2006), and first-order reversal curve
(FORC) diagrams (Roberts et al., 2000). Among bulk
magnetic properties, the intensity of an IRM imparted to



Fig. 2. Line-drawings of multi-channel seismic profiles (Tréhu et al., 2004a) across different portions of southern Hydrate Ridge. A) W–E section
across the northern part of southern Hydrate Ridge. B) W–E section across the summit of southern Hydrate Ridge. C) N–S section along the west
flank of southern Hydrate Ridge. D) W–E section across the lowermost part of the slope basin east of Hydrate Ridge. The bottom simulating reflector
(BSR), main seismic horizons, and ODP Leg 204 drill sites are indicated. Grey shading indicates average gas hydrate concentrations (as % of pore
space) estimated by Tréhu et al. (2004a). Data presented here correspond to the stratigraphic intervals marked by the grey shaded box at each site.
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Fig. 3. Core images of representative sediment types identified during ODP Leg 204 and diagenetic features involving iron sulphides.
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a sample using a high magnetic field normalized by its
low-field magnetic susceptibility (χ) has been used as a
first-order indicator for the presence of greigite (Snow-
ball, 1991; Roberts, 1995; Frank et al., 2007) and
pyrrhotite (Housen and Musgrave, 1996). This param-
eter offers the possibility to screen large sample sets
(including u-channel samples) for the presence of mag-
netic iron sulphides.

Our approach has been to: 1) determine the IRM/χ
ratio for a large set of samples; and 2) identify magnetic
iron sulphides, using thermal demagnetization of
composite IRMs, hysteresis experiments, FORC analy-
ses and SEM observations, in a sub-set of representative
samples with variable IRM/χ ratios. The IRM/χ ratio
was determined for 549 sediment samples collected
during ODP Leg 204 on board the RV Joides Resolution
using 8-cm3 plastic cubes. These samples were taken at
10-m stratigraphic intervals, except in selected intervals
such as in the vicinity of gas hydrates, where sampling
was increased to 1.5 m intervals. Twelve additional
samples were taken nearby gas hydrates from sediment
cores stored in liquid nitrogen at the Research Centre for
Ocean Margins of the University of Bremen, Germany.
IRM/χ ratios were measured at the Paleomagnetic
Laboratory (UB-CSIC) of the Institute of Earth Sciences
Jaume Almera in Barcelona, Spain. χ was measured
with a KLY-2 magnetic susceptibility bridge using a
field of 0.1 mT at a frequency of 470 Hz. An IRM was
produced using a Molspin pulse magnetizer with a field
of 0.9 T (IRM@0.9 T). The IRM@0.9 T was measured
using a 2G Enterprises three-axis cryogenic magnetom-
eter. IRM@0.9 T is used to produce IRM/χ ratios, which
are therefore referred to as IRM@0.9 T/χ. IRM@0.9 T
could not be measured for some samples because of
strong magnetizations. All magnetic properties were
normalized by the dry weight of the samples.

Identification of magnetic minerals was conducted
by combining thermal demagnetization of composite
IRMs, hysteresis measurements, FORC analysis, and
SEM observations of 33 selected samples with a range
of IRM@0.9 T/χ ratios. For 25 of these 8-cm3 samples,
a 1-cm3 cube was sub-sampled using a ceramic knife.
Hysteresis and FORC analyses were conducted on the
1-cm3 cubes using a Princeton Measurements Corpora-
tion Micromag 2900 vibrating sample magnetometer
(VSM) at the National Oceanography Centre, South-
ampton (NOCS), UK. Hysteresis loops were measured
using a maximum field of 1 T and magnetic parameters
were determined after paramagnetic slope correction of
the loop. The measured hysteresis parameters include
saturation magnetization (Ms), saturation remanence
(Mrs), coercive force (Bc), and the coercivity of rema-
nence (Bcr), which was measured by progressive back-
field demagnetization of the IRM imparted at 1 T. The
same 1-cm3 cubes were used to obtain resin-impregnated
polished sections perpendicular to the bedding plane.
These sections were examined at the NOCS using a LEO
1450VP SEM operated at 20 keV. Elemental analyses
were obtained using a Princeton Gamma Tech (IMIX-
PTS) energy dispersive spectrometer (EDS) with a 2–
3 μm diameter X-ray beam. A pyrite standard was used
to calibrate analyses of iron sulphide minerals. For the
8 remaining samples, a composite IRM applied at fields
of 0.9, 0.3 and 0.1 T along the three mutually
perpendicular sample axes was thermally demagnetized
using a Schonstedt furnace and measured in an air
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atmosphere using the 2G magnetometer at the UB-CSIC
laboratory.

4. Results

4.1. IRM@0.9 T/χ ratios

Samples fall into one of three groups according to their
IRM@0.9 T/χ and χ values (Fig. 4A) (see Supplementary
data, Table 2). The first group (labelled as Type 1) is
characterized by low IRM@0.9 T/χ (b15 kA/m) and low
χ (b3×10−7 m3/kg) values. The second group (Type 2) is
characterized by similarly low IRM@0.9 T/χ and higher
χ (up to 1.7×10−6 m3/kg) values. The third group
Fig. 4. A) Plot of IRM@0.9 T/χ against χ data for all studied samples. B)
results of representative samples with increasing IRM@0.9 T/χ ratios. Gr: g
(Type 3) is characterized by high IRM@0.9 T/χ values
(between 15 and 100 kA/m) and χ values slightly higher
than those of Type 1 samples (between 1.5 and
6×10−7 m3/kg). Type 1 samples are the most abundant
(∼70–75%) and correspond to the hemipelagic clays and
silty clays that predominate in SHR sediments. Type 2
samples are scarce (b2%), and correspond to turbidite
layers. Type 3 samples (∼20–25%) correspond to hemi-
pelagic clays and silty clays that, in many cases, contain
the millimetre- to centimetre-scale iron sulphide nodules
that produce the characteristic black speckled pattern
within the sediments (Fig. 3C,D).

A recent compilation of mineral magnetic data of
known magnetic minerals (Peters and Dekkers, 2003)
Comparison of IRM@0.9 T/χ with DJH. C) Thermal demagnetization
reigite; Po: pyrrhotite; M: magnetite.



Fig. 5. FORC distributions for representative samples with increasing IRM@0.9 T/χ ratios. An averaging time of 250 ms was used for all
measurements and a smoothing factor of 5 was used to construct the FORC diagrams (see Roberts et al., 2000 for explanation). Colour scale
represents magnetic moment (in Am2).
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provides a first-order interpretation of IRM@0.9 T/χ
ratios. According to this compilation, and in the absence of
iron (hydr)oxides such as hematite and goethite in the
SHR sediments (Housen and Musgrave, 1996; Musgrave
et al., 2006; Larrasoaña et al., 2006), IRM@0.9 T/χ ratios
of up to 15 kA/m (Type 1 and 2 samples) might be
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diagnostic of magnetite-dominated assemblages. Interme-
diate IRM@0.9 T/χ values between 15 and 60 kA/m
(Type 3 samples) are likely to indicate mixtures of
magnetite and variable amounts of greigite, and even
higher IRM@0.9 T/χ values (N60 kA/m) in some Type 3
samples might indicate the presence of pyrrhotite.

4.2. Magnetic mineralogy and significance of
IRM@0.9 T/χ ratios

Hysteresis results, in the form of the DJH parameter
(Housen and Musgrave, 1996; Musgrave et al., 2006),
correlate well with IRM@0.9 T/χ values (Fig. 4B). DJH

is obtained by normalizing Mr /Mrs by the Bcr /Bc ratio,
and is N0.33 for SD and b0.01 for MD particles,
respectively. Many natural magnetic iron sulphide
samples have SD properties (Roberts, 1995; Roberts
et al., 2006), therefore the highest DJH values point to
the predominance of magnetic iron sulphides in samples
with the largest IRM@0.9 T/χ ratios.

Thermal demagnetization of a three-component
IRM (Fig. 4C) provides initial validation of the inter-
pretation based on IRM@0.9 T/χ results. Type 1 and 2
samples are characterized by a steady decrease in the
intensity of the three IRM components, which disappear
completely below 600 °C, and therefore indicates the
predominance of magnetite. Type 3 samples have a
different demagnetization pattern. IRM intensities of
samples with IRM@0.9 T/χ b60 kA/m undergo a sharp
decrease between 200 °C and 300 °C, which is typical of
greigite (Roberts, 1995). IRM intensities of samples
with IRM@0.9 T/χ N60 kA/m undergo a sharp decrease
above 300 °C, which is better explained by pyrrhotite
(Dekkers, 1989).

FORC distributions for most Type 1 samples are
characterized by a peak near 20 mT, which has elon-
gated contours toward higher coercivities (Fig. 5A).
These results are consistent with the presence of coarse
SD and PSD magnetite grains in Type 1 samples. FORC
distributions of Type 2 samples are characterized by a
contour pattern that diverges away from the origin of
the plot (Fig. 5B), which can be attributed to MD mag-
netite particles (Roberts et al., 2000). The apparent
increase in magnetite grain size found in Type 2
compared to Type 1 samples can be attributed to the
textural difference between hemipelagic sediments and
turbidites. For some Type 1 samples with higher
(∼10 kA/m) IRM@0.9 T/χ ratios, a second peak in
the FORC distribution is observed at 60–70 mT.
This peak is similar in intensity to that found at
20 mT, and can be attributed to greigite (Roberts et al.,
2000; Rowan and Roberts, 2006; Roberts et al., 2006)
(Fig. 5C). In Type 3 samples with increasing IRM@0.9T/
χ ratios of up to 60 kA/m, the intensity of this peak
progressively increases, and so does its vertical spread
and offset below the Bu=0 axis (Fig. 5D–F). This
change in the FORC distribution with increasing
IRM@0.9 T/χ ratios can be interpreted as being due
to the increasing abundance of strongly interacting SD
greigite particles (Roberts et al., 2000, 2006), which
progressively overwhelm the contribution of magnetite.
FORC distributions of Type 3 samples with IRM@0.9 T/
χ ratios higher than 60 kA/m are characterized by a peak
centred at 40 mT (Fig. 5G,H), with a prominent
“kidney” shape toward higher coercivities. Similar
FORC distributions have been reported for pyrrhotite-
bearing sediments (Weaver et al., 2002; Wehland et al.,
2005; Roberts et al., 2006).

Conclusive identification of magnetic minerals from
the SHR sediments is provided by SEM images and
EDS results from representative samples with variable
IRM@0.9 T/χ ratios (Fig. 6). Most of the samples,
regardless of their type, contain framboidal and euhedral
pyrite. Moreover, large magnetite grains with variable
Ti contents, which are best represented in Type 2
(turbidite) samples, are found in most of the studied
samples (Fig. 6a). Neither greigite nor pyrrhotite have
been found in samples with IRM@0.9 T/χ b15 kA/m
(Types 1 and 2). The most significant feature found
in Type 1 samples is the occasional occurrence of
millimetre-scale siderite cemented nodules that have
discontinuously grown over pyrite and other sediment
components such as quartz (Fig. 6b). Another signifi-
cant feature, regardless of sample type, is the occasional
presence of sub-millimetre to centimetre-scale gypsum
nodules (Fig. 6e). Type 3 samples with IRM@0.9 T/χ
between 15 and 60 kA/m contain variable amounts of
fine-grained greigite. Greigite is found growing either
within cleavages of sheet silicate grains or around pyrite
aggregates (Fig. 6c). In the later case, greigite has
overgrown at least two different generations of pyrite
that are found either within microenvironments associ-
ated with foraminifera shells (Fig. 6c) or that are dis-
persed in the sediment matrix (Fig. 6e). The first
generation of pyrite (Py1) is constituted by framboids
that often have euhedral overgrowths (Fig. 6c), and
the second generation (Py2) is constituted by dis-
persed grains that have grown over previously formed
framboids. Pyrrhotite is found only in Type 3 samples
with IRM@0.9 T/χ N60 kA/m (Fig. 6d–f). Pyrrhotite
occurs in sub-millimetre to centimetre size nodules that
are invariably associated with siderite. These nodules
comprise aggregates of individual platy pyrrhotite
grains that usually range between 20 and 30 μm in
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size. These grains grew either within or around patches
of siderite cement, which, in turn, grew over quartz,
pyrite and other sediment components such as corroded
bioclasts (Fig. 6f). X-ray energy dispersive spectra of
individual pyrrhotite grains give a mean Fe/S ratio of
46.1±0.5/53.9±0.5, which is entirely consistent with
the Fe7S8 composition of monoclinic (ferrimagnetic)
pyrrhotite.

The combination of hysteresis data, thermal demag-
netization of composite IRMs, FORC diagrams and
SEM images provides compelling evidence for a link
between specific magnetic mineral assemblages and
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IRM@0.9 T/χ ratios in the studied SHR sediments.
Type 1 and 2 samples, which are characterized by low
IRM@0.9 T/χ ratios (b15 kA/m), are dominated by
magnetite (Figs. 4C, 5A,B and 6a). Samples with
IRM@0.9 T/χ between 15 and 30 kA/m (referred to as
Type 3a) are characterized by mixtures of similar
amounts of magnetite and greigite (Figs. 4C, 5D).
IRM@0.9 T/χ ratios between 30 and 60 kA/m (Type
3B) are indicative of magnetic assemblages that are
dominated by greigite (Figs. 4C, 5E,F and 6c). More-
over, samples with IRM@0.9 T/χ N60 kA/m (Type 3c)
are dominated by pyrrhotite (Figs. 4C, 5G,H and 6d–f),
although they often also contain greigite (e.g. Fig. 6e).
Thermal demagnetization results indicate that, despite
the occurrence of some Ti-rich magnetite grains, their
contribution to the bulk magnetic properties appears to
be negligible since no systematic IRM intensity decay
attributable to their occurrence is observed in any of the
studied samples (Fig. 4C).

5. Discussion

Diagenetic reactions in marine sediments are mainly
driven by the metabolic activity of microbes, which use
a sequence of progressively less-efficient oxidants to
degrade buried organic matter (Froelich et al., 1979;
Roberts and Weaver, 2005). This sequence involves
consumption of oxygen (under oxic conditions), nitrate,
manganese and iron oxides (under sub-oxic conditions),
and sulphate and carbon dioxide (under anoxic condi-
tions), until organic matter is eventually exhausted.
Microbially-mediated reduction of sulphate during
earliest diagenesis releases sulphide, which reacts with
iron-bearing minerals and dissolved iron to form pyrite.
When sulphate is exhausted during burial, at depths
below the sulphate zone, reduction of carbon dioxide
results in formation of methane (Froelich et al., 1979;
Roberts and Weaver, 2005). Under these conditions,
dissolved iron can react with other ions to form other
authigenic minerals, such as siderite (FeCO3) if pore
waters become saturated with respect to this carbonate.
If the dissolved methane reaches saturation, gas hydrate
will form. Methane can also migrate upward until it
enters the sulphate zone, where it is anaerobically
Fig. 6. Back-scattered scanning electron microscope images of selected sampl
grains with variable Ti contents (Tm), of probable detrital (dissolved edges,
overgrowth of siderite (S) over pyrite (Py), quartz (Q) and other sediment co
cleavage planes of an iron-bearing detrital sheet silicate (Si) and around recr
d) Nodule formed by pyrrhotite (Po) plates that have overgrown a siderite (S)
detrital sheet silicates (Si). e) Sample containing gypsum nodules (Gy), pyrrh
and non-recrystallized (Py2) pyrite framboids, and around space-filling pyrite
siderite (S) cement containing quartz (Q), replaced bioclastic grains (Bi), an
oxidized. This process, which is mediated by consortia
of sulphate-reducing bacteria and methanotrophic
archaea (Boetius et al., 2000), releases sulphide, which
will react with any surviving iron-bearing mineral or
dissolved iron to form iron sulphides (Froelich et al.,
1979; Riedinger et al., 2005; Roberts and Weaver,
2005).

5.1. Diagenetic environments and origin of greigite and
pyrrhotite in SHR sediments

The three diagenetic settings where sedimentary
magnetic iron sulphides have been claimed to form, e.g.
sulphate zone, zone of anaerobic oxidation of methane
(AOM), and zone of methanogenesis and gas hydrate
formation, are presently active at SHR because organic
carbon contents of SHR sediments, which vary between
0.9 and 1.6 (wt.%), are high enough to sustain sulphate
reduction in the sulphate and AOM zones and to enable
methanogenesis and gas hydrate formation in underly-
ing sediments (Claypool et al., 2006). To determine
whether these processes represent significant factories
for diagenetic greigite and pyrrhotite, we evaluate the
diagenetic pathway of the SHR sediments, and the
concomitant changes in their magnetic mineralogy, in
light of the geochemical framework described above.

5.1.1. Sulphate zone
The sulphate zone, where sulphate is mainly reduced

during bacterial degradation of organic matter, is found
at depths b9 mbsf at sites 1244–1247, 1251 and 1252
(Borowski, 2006; Torres and Rugh, 2006; Claypool
et al., 2006) (Fig. 7A). All samples located within this
zone are characterized by IRM@0.9 T/χ b15 kA/m,
which indicates the predominance of magnetite. Incip-
ient formation of greigite might occur at about 2–4 mbsf
in Site 1252 according to observed IRM@0.9 T/χ
values near 15 kA/m. IRM@0.9 T/χ data are sparse, so
magnetic susceptibility variations provide a higher
resolution data set from which to infer mineral magnetic
variations. The most conspicuous pattern in the sulphate
zone is the loss of magnetic susceptibility from a peak
value of 30–50 (×10−7 SI) near the sediment–water
interface to a background value of ∼20 (×10−7 SI) just
es with increasing IRM@0.9 T/χ ratios. a) Examples of titanomagnetite
upper grain) and volcanic (lower grain) origin. b) Nodule formed by
nstituents. c) Sample containing greigite (Gr) that grows between the
ystallized pyrite framboids (Py1) and space-filling pyrite grains (Py2).
cement containing framboidal pyrite (Py), quartz (Q) and iron-bearing
otite plates (Po), and greigite (Gr) growing around recrystallized (Py1)
grains (Py3). f) Nodule formed by pyrrhotite (Po) plates that overgrow a
d other sediment constituents.



Fig. 7. Depth variations of IRM@0.9 T/χ, shipboard measurements of volume magnetic susceptibility (k) (Tréhu et al., 2003), and pore-water
sulphide, sulphate (Borowski, 2006) and methane (Tréhu et al., 2003) concentrations for sites located (A) on the flanks and slope basin, and (B) on the
summit of SHR. The position of the sulphate zone (SZ) and the sulphate–methane transition (SMT) is based on geochemical data reported by Tréhu
et al. (2003). Arrows indicate possible occurrences of greigite as derived from IRM@0.9 T/χ data and magnetic susceptibility logs.
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20–30 cm underneath. This pattern probably reflects
reductive dissolution of magnetite grains during earliest
diagenesis. The shallowest discrete samples were
collected 50–52 cm below the seafloor, so the magnetic
properties of Type 1 and 2 samples reflect the presence
of relatively coarser magnetite grains that survived



361J.C. Larrasoaña et al. / Earth and Planetary Science Letters 261 (2007) 350–366
reductive dissolution during earliest diagenesis and that,
most likely, constitute the background magnetic assem-
blage present after earliest diagenetic reactions. A peak
in magnetic susceptibility (∼40 (×10−7 SI) is observed
at ∼1 mbsf in Site 1244. This peak does not correspond
to any turbidite bed, and might therefore be interpreted
as due to the occurrence of greigite. Formation and
preservation of greigite in the sulphate zone requires
limited production of sulphide as a result of sulphate
reduction, which prevents completion of pyritization
reactions (Liu et al., 2004). High accumulation rates
in sediments within the sulphate zone, which reach up
to 70 cm/kyr at SHR (Tréhu et al., 2003) and which
dilute organic carbon burial and therefore limit sulphide
production, probably explains the occurrence of greigite
in shallow sediments at some intervals.

5.1.2. AOM zone
The AOM zone is considered here as approximately

coincident with the sulphate methane transition (SMT),
where upward diffusingmethane and downward diffusing
sulphate are stoichiometrically consumed in the AOM
process. The AOM zone is found at the sediment–water
interface in the summit sites (sites 1248–1250), where
upward flux of methane and rates of AOM are highest,
and at variable depths between 3 and 11.5 mbsf in flank
and slope basin sites (sites 1244–1247, 1251 and 1252),
where upward methane fluxes and rates of AOM are
considerably lower (Borowski, 2006; Torres and Rugh,
2006; Claypool et al., 2006). IRM@0.9 T/χ and magnetic
susceptibility data point to the occurrence of greigite in
some horizons at sites 1244, 1246 and 1247 located just
0.5 to 1.5 m underneath maxima in dissolved sulphide
concentrations (Fig. 7A). In the summit sites, the
IRM@0.9 T/χ value of the only discrete sample available
(b6 kA/m) indicates the predominance of magnetite (Fig.
7B). For the thin stratigraphic intervals where magnetic
susceptibility data are available, its values are lower than,
or near, background values of 20 (×10−7 SI). This
suggests that reductive diagenesis of magnetite starts at
the sediment–water interface, and also that greigite did
not form in the shallowest sediments, at the summit sites.
The main factor controlling formation of greigite in the
AOMzone is the interplay between the rates of downward
sulphate and upward methane diffusion, which in turn
controls the amount of sulphide produced (Kasten et al.,
1998; Neretin et al., 2004; Jørgensen et al., 2004). High
availability of methane in sediments from the summit of
the SHR probably allowed production of large amounts of
sulphide, which will have prevented greigite preservation
by enabling pyritization reactions to be fully completed,
as is the case in other settings (Passier et al., 1998;
Garming et al., 2005; Riedinger et al., 2005). In the flank
and slope basin sites, lower methane fluxes will have
allowed less sulphide formation, which might have
enabled preservation of greigite. This scenario has been
documented at other localities (Kasten et al., 1998;
Neretin et al., 2004; Jørgensen et al., 2004).

5.1.3. Methanic and gas hydrate zone
We have examined the link between magnetic iron

sulphides and gas hydrates by considering the magnetic
properties of discrete sediment samples located within
the GHSZ in the vicinity of gas hydrates, as follows: 1)
sediments located adjacent to massive gas hydrate
accumulations which were stored in liquid nitrogen
(12 samples); 2) sediments with soupy textures, which
are related to dissociation of massive gas hydrate accu-
mulations (Tréhu et al., 2003) (5 samples); 3) sediments
located within infra-red detected temperature anomalies
(Weinberger et al., 2005), which are mostly related to
massive accumulations of gas hydrates (15 samples); 4)
sediments with mousse-like textures, which are related
to dissociation of disseminated gas hydrates (Tréhu
et al., 2003) (9 samples); and 5) sediments located
outside of, but b50 cm away from, temperature anoma-
lies (Weinberger et al., 2005) (58 samples). Overall, the
first three types of samples correspond to sediments
located in the vicinity of massive gas hydrate accumula-
tions, whereas the last two types correspond to sedi-
ments located near disseminated gas hydrates. Samples
related to massive gas hydrate deposits contain, at most,
small proportions of greigite (Fig. 8A). On the contrary,
samples related to disseminated gas hydrate deposits
often contain larger amounts of greigite, and also
pyrrhotite (Fig. 8A). These findings therefore suggest
that the occurrence of greigite and pyrrhotite is favoured
by high concentrations of methane, which might be
sufficient to enable formation of disseminated gas hy-
drates but not to enable massive gas hydrate accumula-
tions. This interpretation is supported by the occurrence
of nodules composed of magnetic iron sulphides along
high-angle fractures, which act as conduits for migration
of methane (Tréhu et al., 2003) but which do not contain
gas hydrates (Fig. 3D). The apparent link between the
occurrence of magnetic iron sulphides and gas hydrates
suggests that greigite and pyrrhotite are being produced
at those locations, throughout the GHSZ, where gas
hydrates are now present. We are unaware of any pub-
lished specific mechanism that might explain the
formation of greigite and pyrrhotite well below the
AOM zone. Before proposing a mechanism, we need
first to examine microtextural relationships between
greigite and pyrrhotite and other sediment constituents.



Fig. 8. A) Plot of IRM@0.9 T/χ against χ for samples related to massive and disseminated gas hydrates. B) Samples from within the GHSZ that
display the characteristic black speckled pattern and that are not included in the present-day sulphate and AOM zone or in the vicinity of gas hydrates.
C) Samples located below the GHSZ. The dashed lines mark the fields for IRM@0.9 T/χ ratios lower than 15 kA/m (magnetite-dominated samples;
Types 1 and 2), between 15 and 30 kA/m (mixtures of magnetite and greigite; Type 3a samples), between 30 and 60 kA/m (greigite-dominated
samples, Type 3b), and larger than 60 kA/m (pyrrhotite-bearing samples; Type 3c).
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5.2. Timing and significance of greigite and pyrrhotite
formation

Authigenic greigite and pyrrhotite in deep sediments
from the SHR always grew over iron-bearing minerals,
but not over all sulphur-bearing minerals (Fig. 6). This
indicates that formation of greigite and pyrrhotite results
from the interaction of dissolved sulphide with highly
reactive (towards sulphide) iron on the surface of iron-
bearing minerals. In the sulphate and AOM zones,
greigite is the only magnetic iron sulphide present. SEM
observations demonstrate that greigite often grew within
aggregates composed of at least two different genera-
tions of pyrite (Fig. 6c,e). These textures suggest that
greigite grew after early diagenetic euhedral overgrowth
of pyrite framboids under evolving pore water conditions
(Raiswell, 1982). The textures described here for pyrite–
greigite aggregates, which are similar to those reported
elsewhere (Jiang et al., 2001; Roberts andWeaver, 2005;
Rowan and Roberts, 2006), are consistent with forma-
tion related to the supply of sulphide in the sulphate and
AOM zones. These diagenetic environments occur in
shallow (b11 mbsf) sediments at SHR, and likely also in
other methane-rich settings. Therefore, any greigite
formed in the sulphate and AOM zones will probably
record a remanence that will be delayed with respect to
the depositional age of the host sediment. For accumu-
lation rates of 30 cm/kyr that are typical for SHR (Tréhu
et al., 2003), this would lead to an expected delay in
remanence acquisition of a few (b40) thousand years.
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Both greigite and pyrrhotite have been reported in the
gas hydrate zone. SEM observations indicate that greigite
has also grown on the surface of iron-bearing sheet
silicates (Fig. 6c). Given the slow kinetics of sheet silicate
dissolution, whose half-live of reaction with sulphide is of
the order of hundreds of kyr (Canfield et al., 1992), this
microtexture suggests that greigite has a late origin.
Pyrrhotite occurs in sub-millimetre to centimetre-scale
nodules that are invariably associated with siderite
(Fig. 6d–f). Siderite is typically formed in non-sulphidic,
methanic environments located below the sulphate and
AOM zones (Froelich et al., 1979). However, siderite can
also grow in shallow sediments within the sulphate zone,
provided that the rate of iron reduction exceeds the rate of
sulphate reduction and, therefore, that available sulphide
does not consume all ferrous iron in solution (Pye et al.,
1990). This explains the occurrence of siderite concretions
not only within the deeper methanic zone (Fig. 6d,f), but
also at shallow depths within the sulphate zone (Fig. 6b).
Siderite nodules form through amalgamation of individual
siderite nuclei, which results in preservation of residual
porosity even after concretionary growth has terminated
(Raiswell and Fisher, 2000). Pyrrhotite occurs as aggre-
gates of individual platy grains either within or around
patches of siderite cement (Fig. 6d–f). We interpret this
texture to indicate the replacement of siderite by
pyrrhotite, which grows not only on the outer surface of
the siderite concretions, but also filling pore space within
the nodules. The fact that pyrrhotite has grown in asso-
ciation with deep siderite cements that include corroded
carbonate bioclasts (Fig. 6f), but not over siderite at
shallow depths, strongly suggests that all pyrrhotite, as
well as the greigite growing over sheet silicates, has a late
origin within the methanic zone. Since the methanic and
gas hydrate zone extends from the top of the methanic
zone (N12mbsf) to the base of theGHSZ (114–193mbsf),
any remanence carried by greigite and pyrrhotite formed
in this setting is likely to record a remagnetization that
will be significantly (and variably) delayed with respect
to the depositional age of the host sediment. For
accumulation rates of 30 cm/kyr that are typical for SHR
(Tréhu et al., 2003), this would lead to delays ranging
between a few (b40) thousand years and a few (b3)
million years. This is consistent with observed remagne-
tizations associated with pyrrhotite nodules (Weaver
et al., 2002) and with greigite that has grown over the
surface of siderite nodules (Roberts and Weaver, 2005;
Sagnotti et al., 2005).

Sulphate is depleted below 5–11 m at all sites, so a
deep source of sulphide is required to form greigite and
pyrrhotite within the methanic and gas hydrate zone at
SHR. The interaction of saline marine and terrestrial
fresh pore waters (Roberts and Weaver, 2005) and the
injection of sulphate from underlying brines (Passier
et al., 1998) can be excluded at SHR, therefore we
suggest here another potential source of sulphide.
Sulphate concentrations of pore waters are slightly in-
creased at some locations in deep sediments from the
SHR (Tréhu et al., 2003). Bottrell et al. (2000) suggested
that such deep increases in sulphate concentration might
result from anaerobic oxidation of pyrite, which might
be driven by reduction of ferric iron released during
diagenesis (Jiang et al., 2001) or of manganese oxides
(Jørgensen and Nelson, 2004). Residual amounts of
sulphate formed by this process might fuel deep AOM
when they meet methane in the methanic and gas
hydrate zone, in such a way that the resulting sulphide
can diffuse and react with the surface of iron-bearing
minerals to form greigite and pyrrhotite. This process
provides a compelling mechanism to explain the occur-
rence of greigite and pyrrhotite in the methanic and gas
hydrate zone. High concentration gradients of methane
near massive gas hydrate layers are likely to exhaust
deeply sourced sulphate, so that the rate of sulphide
generation by deep AOM is large enough to drive
pyritization reactions to completion. Smaller concentra-
tion gradients of methane near disseminated hydrates
might lead to lower rates of sulphide generation by
deep AOM, so that any greigite or pyrrhotite formed
is not further converted into pyrite. Formation of
greigite and pyrrhotite might be further stimulated by
consortia of sulphate-reducing bacteria and methano-
trophic archaea, whose activity is typically enhanced
in the presence of dissolved methane and in the vicinity
of disseminated gas hydrates, but not in the presence of
massive gas hydrate accumulations (Wellsbury et al.,
2000).

Only about one-third of the greigite- and pyrrhotite-
bearing samples located within the GHSZ are found in
the sulphate, the AOM, and the methanic and gas
hydrate zones. Most of the rest of the greigite- and
pyrrhotite-bearing samples within the GHSZ have the
characteristic black speckled pattern (Figs. 3C, 8B).
This pattern results from formation of pyrite and precur-
sor iron sulphides such as mackinawite and/or greigite
(Rickard and Morse, 2005), is typical of sediments
undergoing sulphate reduction and AOM (Passier et al.,
1998; Kasten et al., 1998; Neretin et al., 2004; Jørgensen
et al., 2004; Garming et al., 2005; Rickard and Morse,
2005), and is common in samples located near dis-
seminated gas hydrates at SHR. We therefore interpret
the greigite and pyrrhotite in these black-speckled
samples to have resulted from diagenetic reactions in
the sulphate and AOM zones, and also in association
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with methane and disseminated gas hydrates, during
earlier stages of the sedimentary evolution of the SHR.
Greigite and pyrrhotite that formed at much earlier times
are also preserved in the sedimentary pile, as deduced
from large IRM@0.9 T/χ values of many samples
located well below (down to 520 mbsf) the base of the
GHSZ (Fig. 8C), where active formation of magnetic
iron sulphides is unlikely to occur.

6. Conclusions

Combined IRM@0.9 T/χ and hysteresis ratios,
FORC, and SEM observations demonstrate the formation
of authigenic greigite and pyrrhotite in different diage-
netic environments within the GHSZ at SHR. Greigite is
formed in shallow sediments (b12 mbsf) within the
sulphate and AOM zones, and also in deep sediments
(between 20 mbsf and the base of the GHSZ) within the
methanic and gas hydrate zone. Pyrrhotite is found only in
deep sediments. Geochemical conditions favourable for
formation and preservation of greigite and pyrrhotite are a
limited source of sulphide, whether it derives from
microbially-driven sulphate reduction in the sulphate
zone, in the AOM zone or in deep sediments, so that
pyritization reactions are not driven to completion.
Greigite and pyrrhotite in SHR sediments are invariably
formed as a byproduct of the metabolism of microorgan-
isms, so they can be considered as biologically induced
minerals (Pósfai and Dunin-Borkowski, 2006).

Sulphate reduction, AOM, and formation/accumula-
tion of methane are inherent to the diagenetic pathway
undergone by gas hydrate-bearing marine sediments. Our
results indicate that greigite and pyrrhotite are intimately
associated with these three diagenetic environments,
which suggests that diagenetic greigite and pyrrhotite
might be used to detect ancient gas hydrate systems in the
marine sedimentary record. Preservation of greigite and
pyrrhotite appears to be prevented near high concentra-
tion gradients of methane in the vicinity of massive gas
hydrate accumulations, whereas it is more abundant near
low concentration gradients ofmethane near disseminated
gas hydrates. These results indicate that rock magnetic
identification of greigite and pyrrhotite should be useful
for identifying ancient gas hydrate systems, because they
can enable rapid screening of sedimentary sequences in
the search for potential sediments that might have hosted
methane and disseminated gas hydrates in the past.
Moreover, formation of authigenic greigite and pyrrhotite
at different depths implies that their magnetizations will
have variable timings, which is likely to compromise
paleomagnetic results of greigite- and pyrrhotite-bearing
marine sediments.
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