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Abstract Interpretation of the paleomagnetic and environmental signals carried by magnetic iron sulfide
minerals depends on the ability to diagnose their magnetic properties and to recognize their origin. Greigite
(Fe3S4) and hexagonal pyrrhotite (with variable composition between Fe9S10 and Fe11S12) often form
authigenically in sulfidic and methanic sedimentary environments, whereas monoclinic pyrrhotite (Fe7S8)
occurs widely in igneous and metamorphic rocks so that erosion of such rocks can give rise to deposition
of detrital pyrrhotite in sediments. In this study, low- and high-field, and low-, room temperature, and
high-temperature magnetization data are presented to demonstrate that these magnetic iron sulfide
minerals have contrasting magnetic properties that enable their identification, particularly when assisted by
mineralogical characterizations. The results presented here should have wide applicability in sedimentary
magnetic studies.

1. Introduction

Greigite (Fe3S4) and monoclinic pyrrhotite (Fe7S8) are the two most important magnetic iron sulfide minerals.
Understanding their magnetic properties is important in paleomagnetism, rock magnetism, and environ-
mental magnetism. Greigite has a cubic inverse spinel structure and forms either through bacterial biominer-
alization, as an authigenic product during sulfidic or methanic diagenesis in marine or lacustrine sediments or
in hydrothermal settings at temperatures up to 180°C (Roberts et al., 2011). Monoclinic pyrrhotite belongs to
a nonstoichiometric iron monosulfide group with various chemical compositions (Fe1-xS, x = 0–0.125) and
crystal structures, including hexagonal polymorphs, and occurs widely in hydrothermal, igneous, meta-
morphic, and extraterrestrial rocks (Rochette et al., 2001, 2003; Wang & Salveson, 2005). Pyrrhotite has been
regarded as rare in sediments because of its instability during transportation in oxidizing environments, and
until now it does not receive much attention. However, pyrrhotite has been reported increasingly in sulfidic
and methanic marine sediments and can be derived either from erosion of pyrrhotite-bearing rocks on land,
followed by rapid transportation and deposition (Horng et al., 2012; Horng & Huh, 2011; Horng & Roberts,
2006), or it can form during sediment diagenesis (Dinarès-Turell & Dekkers, 1999; Kars & Kodama, 2015;
Larrasoaña et al., 2007; Roberts, 2015; Rudmin et al., 2018; van Dongen et al., 2007; Weaver et al., 2002),
usually in offshore continental margins or gas hydrate areas. The two source types can be discriminated
because the former has detrital textures, whereas the latter generally forms as interlocking plates within
nodules (Horng & Roberts, 2006; Roberts, 2015).

In contrast to monoclinic pyrrhotite, which is ferrimagnetic, hexagonal pyrrhotite (e.g., Fe9S10 or Fe11S12) is
antiferromagnetic at room temperature (O’Reilly et al., 2000). Thus, magnetic pyrrhotite in sediments has
been assumed routinely to be monoclinic (Roberts, 2015), although the crystal structure of pyrrhotite
has not been investigated widely for geological pyrrhotite occurrences. This assumption is tested in the
present study.

In the region offshore of southwestern Taiwan, bottom simulating seismic reflectors indicate the presence of
gas hydrate reservoirs beneath the seafloor and methane gas plumes bubbling up from the seafloor have
been observed frequently from seismic reflection and CHIRP sonar data, respectively (Chen et al., 2014; Liu
et al., 2006). Marine sediments in the region, particularly near submarine ridges, usually have anomalously
high methane gas contents (Chuang et al., 2006) and contain authigenic iron sulfide minerals (i.e., greigite,
pyrrhotite, and pyrite; Horng & Chen, 2006; Lim et al., 2011), which indicate an intimate relationship between
iron sulfide formation and methane seepage in the sediments. In addition to the common occurrence of
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authigenic iron sulfide minerals in submarine areas offshore of southwestern Taiwan, pyrrhotite in low-grade
metamorphic rocks and greigite in Plio-Pleistocene marine mudstones are widespread, respectively, in the
Central Mountain Range and southwestern Foothills of Taiwan (Horng et al., 2012; Horng & Roberts, 2006;
Jiang et al., 2001). The presence of different iron sulfide minerals in offshore sediments and onshore rocks,
thus, provides an opportunity to compare their magnetic properties. In this study, measurements of room
temperature, low-temperature (5–300 K), and high-temperature (300–700 K) magnetic properties, combined
with petrographic and mineralogical analyses, were carried out to understand the magnetic properties of
authigenic sedimentary pyrrhotite from marine methane seepage environments and to compare them with
those of metamorphic pyrrhotite and sedimentary greigite.

2. Geological Setting and Samples

Authigenic pyrrhotite nodules were obtained from core MD10-3276 (which recovered sediment to depths of
25.58 m below sea floor) from the eastern flank of Yungan Ridge (22.2438°N, 119.8650°E, Figure 1) at a water

Figure 1. Location map and geological setting of marine sediment core MD10-3276 recovered from the Yungan Ridge off-
shore of southwestern Taiwan. Locations are indicated in the inset for the marine core (○), and two land sections (M11 and
EJE) along the southern cross-island highway (□) and on the eastern part of the Erhjen-chi river section (△) where
metamorphic pyrrhotite and sedimentary greigite samples were obtained for this study, respectively (see Horng & Roberts,
2006; Jiang et al., 2001). The five structural units of Taiwan are indicated: (I) Coastal Range, (II) Longitudinal Valley, (III)
Central Range, (IV) Western Foothills, and (V) Coastal Plain.
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depth of 1171 m during a cruise of the R/V Marion Dufresne in 2010. Yungan Ridge is located within an
accretionary wedge complex that contains many actively growing faults and folds on the Philippine Sea
plate, which overrides the subducting South China Sea plate (Lin et al., 2008; Figure 1 inset). This setting also
contains several submarine canyon-channel systems. Fractures in the sediments provide conduits for upward
methane gas migration, which results in high sediment methane contents (100–10,000 μl/L; Chiu et al., 2006;
Chuang et al., 2006).

Core MD10-3276 consists of fine-grained mud with small cracks or large gaps in the lower part of the core
(Figure 2a). Cracks and gaps in the sediment likely resulted from gas expansion and escape during coring
and core splitting. Numerous black or earthy yellow speckles also occur throughout the core (Figure 2b).
The speckled sediments contain submillimeter- to millimeter-scale nodules (Figures 2c and 2d). Optical
microscopic observations of polished nodule surfaces under reflected light reveal that their interiors are filled
with pyrite and other fine-grained mineral aggregates with an oxidized surface crust. The presence of pyrite
indicates that the regions in which nodules formed experienced sulfidic conditions (Roberts, 2015). Most of
the nodules have detectable magnetizations, andmagnetic minerals can be separated with a rare earth mag-
net for magnetic and mineralogical investigations.

Metamorphic pyrrhotite and sedimentary greigite samples were collected along the M11 (approximately
23.2653°N, 120.9546°E) and EJE (approximately 22.8884°N, 120.4013°E) sections in Taiwan (Figure 1 inset),
where low-grade metamorphic rocks (e.g., phyllites and schists) and Plio-Pleistocene marine mudstones con-
tain pyrrhotite and greigite, respectively (Horng et al., 2012; Horng & Roberts, 2006; Jiang et al., 2001).
Representative sedimentary greigite nodules and metamorphic pyrrhotite samples are shown in Figures 2e
and 2f.

Figure 2. Images of samples analyzed in this study, taken by camera (a and b) or observed with optical microscope under
reflected light (c–f), respectively. (a) Images of small cracks or large gaps in the lower part of core MD10-3276 (depths from
10.00 to 25.58 m) due to methane gas escape. Large gaps are filled with polystyrene blocks. (b) Black or earthy yellow
speckles in the sediment core are indicated with white arrows. (c) Image of diagenetic nodules from the speckled sedi-
ments (4.90-m depth in core). (d) Nodules from 20.08 m, which mainly consist of goethite (α-FeOOH; see Figure 3e).
(e) Greigite nodules from mudstone in the Plio-Pleistocene EJE section. (f) Abundant reddish-brown pyrrhotite grains in a
phyllite from the M11 metamorphic section from the Taiwan Central Range.
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3. Methods

Magnetic authigenic nodules were taken from core MD10-3276 at depths of 4.90 m, 7.22 m, 11.42 m, 12.02 m,
and 20.08 m. In general, the nodules are large enough (>1 mm; Figures 2c and 2d) to allowmultiple analyses.
X-ray diffraction (XRD) analysis was performed first after powdering to <10 μm, to identify mineral compo-
nents using a Wiggler X-ray beamline (BL17A1) at the National Synchrotron Radiation Research Center,
Taiwan (wavelength λ = 1.32090 Å). Synchrotron-based XRD analysis provides several important advantages
over conventional laboratory-based XRD analysis. The high intensity of the synchrotron X-ray beam means
that analyses are rapid (several minutes), peaks are sharper and better resolved with less overlap with neigh-
boring peaks because of the use of an area detector rather than a point detector, and better signal-to-noise
ratios are obtained so that minerals with concentrations <0.1% can be detected (this limit depends on
scattering and the crystallinity of the material analyzed). For the present study, these aspects enable precise
identification of magnetic minerals within iron sulfide nodules. To understand textural relationships among
the XRD-identified minerals, petrographic observations were made on polished nodules using a JEOL JSM-
6360LV scanning electron microscope (SEM) operated at 15 keV with 18-nA acceleration voltage. Chemical
compositions of minerals were determined using an Oxford Instruments Ltd. INCA-300 X-ray energy disper-
sive spectrometer (EDS) attached to the SEM.

Low-field magnetic susceptibility (χ), saturation remanent magnetization (Mrs), saturation magnetization (Ms),
coercivity (Bc), coercivity of remanence (Bcr), and S ratio (i.e.,�IRM�0.3T/Mrs; King & Channell, 1991) were mea-
sured at room temperature and a low-temperature saturation isothermal remanent magnetization (SIRM)
was measured at low temperatures (5–300 K). Nodule samples were weighed with a precision of 0.1 mg
and magnetic parameters are expressed in mass-specific terms. Magnetic hysteresis parameters (Mrs, Ms,
Bc, and Bcr), initial slopes at low fields (0–0.03 T), and S ratios were measured on weighed specimens using
a Princeton Measurements Corporation vibrating sample magnetometer (VSM) to maximum fields of
±1.0 T. χ values for specimens were derived from the initial slopes of magnetic hysteresis loops at low fields
by subtracting the high-field slope (0.8–1.0 T). Details of themethod used to calculate χ values are provided in
the supporting information. First-order reversal curves (FORCs; Pike et al., 1999; Roberts et al., 2000) were also
measured for nodules (1-T saturating field, average time 250 ms, and number of FORCs 140), and FORC
diagrams were processed using the algorithm of Harrison and Feinberg (2008).

Low-temperature magnetic measurements were made on the same specimens using a Quantum Design
SQUID (Superconducting Quantum Interference Device) VSM. Specimens were cooled from room tempera-
ture to 5 K in zero field. At 5 K, a 5-T direct current field was applied and was then switched off to impart a
saturation isothermal remanent magnetization (SIRM). SIRM curves were measured to 300 K at a heating rate
of 3 K/min to determine whether specimens undergo the low-temperature Besnus magnetic transition in pyr-
rhotite during zero-field warming (Besnus & Meyer, 1964; Dekkers et al., 1989; Fillion & Rochette, 1988;
Rochette et al., 1990).

Magnetic minerals were also separated from nodule-bearing host sediments. Sediments were sieved with a
63-μm sieve to separate authigenic nodules. A rare earth magnet was then used to extract magnetic particles
from the <63-μm sediment slurry. XRD, SEM, and SQUID VSM measurements were made on the extracts to
characterize magnetic minerals and their low-temperature magnetic properties.

Magnetic hysteresis and FORC measurements were also made on metamorphic pyrrhotite grains and sedi-
mentary greigite nodules. Metamorphic pyrrhotite grains (labeled MPoEx) were obtained by gently grinding
pyrrhotite-bearing metamorphic rocks (Figure 2f) into powders and extracting them from a slurry with a rare
earth magnet. Pyrrhotite extracts were purified magnetically several times and a small portion was used for
synchrotron XRD crystal structure analysis. The remaining sample was subdivided into five fractions (63–125,
20–38, 10–20, 2–10, and <2 μm) with sieves and membrane filters. Sedimentary greigite nodules (labeled
SGrN; Figure 2e) were excavated from the soft mudstone and were cleaned in an ultrasonic bath. Bulk sam-
ples from pyrrhotite- and greigite-bearing rocks (labeled MPoRx and SGrRx; N = 70 and 85, respectively) were
also subjected to room temperature hysteresis analysis. Thermomagnetic measurements were conducted on
sedimentary nodules from core MD10-3276, greigite nodules from the EJE section, and metamorphic
pyrrhotite-bearing rocks from the M11 section using a SQUID VSM. Samples were subjected to a 3-T direct
current field and were heated under vacuum (<50 × 10�3/torr) from 300 to 700 K (i.e., 27 to 427°C) and were
then cooled to room temperature at 3 K/min.
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Figure 3. Mineralogical characterization of samples analyzed in this study. (a–e) X-ray diffraction patterns (counts versus 2θ
angle) and mineral components (Po = pyrrhotite; Py = pyrite; S = sulfur; Gt = goethite; Gr = greigite; L = lepidocrocite;
Qz = quartz) for sedimentary authigenic nodules from different depths (Figure 3a, 4.90 m; Figure 3b, 7.22 m; Figure 3c,
11.42 m; Figure 3d, 12.02 m; Figure 3e, 20.08 m) in core MD10-3276. (f) X-ray diffraction pattern and mineral components
(Po = pyrrhotite; Qz = quartz) for a magnetic extract from a metamorphic pyrrhotite-bearing rock (phyllite, M11 section).
Minerals were identified using the powder diffraction file (PDF) from the International Centre for Diffraction Data (Mineral
Powder Diffraction File Databook, 1993). PDF numbers (#) of minerals are as follows: #24–220 (Po-3 T), #71–2219 (Py), #8–
247 (S), #29–713 (Gt), #16–713 (Gr), #44–1415 (L), #29–723 (Po-4 M), and #79–1906 (Qz); their diffraction positions and
relative intensities are shown with vertical lines with respect to the largest peak (I/I100), respectively. (g) Peak positions
and relative intensities for six polytypes of hexagonal pyrrhotite. PDF numbers: #29–726 (Po-1 T), #24–220 (Po-3 T), #22–
1120 (Po-4 H), #29–724 (Po-5 T), #29–725 (Po-6 T), and #20–534 (Po-7 T). Diffraction positions are indicated in the insets in
(f) and (g) (43.4–44.4° of 2θ) for the strongest peaks for monoclinic pyrrhotite (f-1: 4 M) and six hexagonal pyrrhotite samples
(g-1: 1 T, 3 T, 4 H, and 7 T; g-2: 5 T and 6 T). Only Po-3 T with a single, most intense reflection peak at ~44.03° fits the
pyrrhotite diffraction patterns from the authigenic pyrrhotite-bearing nodules (Figures 3a–3d).
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4. Results
4.1. Mineral Components in Authigenic Nodules

Synchrotron radiation XRD analysis on authigenic nodules collected at five sediment depths of 4.90, 7.22,
11.42, 12.02, and 20.08 m from core MD10-3276 provides clear diffraction patterns for detailed mineral iden-
tification. Results, after transforming the original 2θ angles (λ = 1.32090 Å) to those based on conventional Cu
Kα radiation (λ = 1.54056 Å) and background subtraction at lower angles using WinPLOTR software, are
shown in Figures 3a–3e. Pyrrhotite is common, and minor quartz is generally present in nodules from the
upper four studied levels (i.e., 4.90, 7.22, 11.42, and 12.02 m). Other iron sulfide and oxide minerals also occur
in variable concentrations. For example, pyrite (FeS2) is abundant in the nodule from 4.90m, but it is absent or
rare in the other three samples. In contrast, goethite (α-FeOOH) and elemental S are increasingly abundant
from upper to lower levels. However, the nodule from 20.08 m (Figure 3e) does not contain pyrrhotite but
consists mainly of goethite and S with small greigite and lepidocrocite (γ-FeOOH) contents. The coexistence
of iron oxide and sulfide minerals in variable concentrations in the nodules implies that sediments from core
MD10-3276 have undergone temporal variation between sulfidic and oxic conditions (Roberts, 2015).

4.2. Different Crystal Structures Between Sedimentary and Metamorphic Pyrrhotites

Authigenic pyrrhotite from sedimentary nodules (hereafter SPoN) yields a single, intense reflection at a 2θ
angle of ~44.03° (Figures 3a–3d), which is distinct from a split, equally intense diffraction doublet at
~43.83° and ~44.05° in metamorphic pyrrhotite (Figure 3f). The characteristic single and double peaks indi-
cate that the sedimentary and metamorphic pyrrhotites have different crystal structures due to hexagonal
and monoclinic pyrrhotite, respectively (Arnold, 1966; Graham, 1969). The hexagonal structure of the authi-
genic pyrrhotite in core MD10-3276 is consistent with the report of van Dongen et al. (2007). Detailed com-
parison of XRD patterns among different pyrrhotite types, including hexagonal 1 T, 3 T, 4 H, 5 T, 6 T, and 7 T
(Figures 3g, 3g-1, and 3g-2), and monoclinic 4 M pyrrhotite (Figures 3f and 3f-1) from the International Centre
for Diffraction Data (Mineral Powder Diffraction File Databook, 1993), confirms that the reflections for authi-
genic sedimentary pyrrhotite in core MD10-3276 best fit the pyrrhotite 3 T type (Figures 3a–3d; Fleet, 1971),
whereas metamorphic pyrrhotite extracted from a phyllite is a pyrrhotite 4 M type (Figure 3f; Morimoto
et al., 1975).

4.3. Microtextures of Authigenic Minerals in Nodules

SEM observations (Figures 4a–4f) and EDS analyses (Figures 4g–4j) on nodules from core MD10-3276 reveal
different microtextural relationships among authigenic iron oxide and sulfideminerals (Figures 3a–3e), which
shed light on their diagenetic formation. A nodule from 4.90 m is filled with authigenic crystals (Figure 4a).
Voids between crystals are interpreted to be spaces through which methane has passed. Pyrite (S/Fe atomic
ratio ≈2.0) and pyrrhotite (S/Fe ratio ≈1.1; Figure 4g) are the twomajor minerals in the nodule (Figures 4b and
4c), which is consistent with XRD results (Figure 3a). Pyrite occurs with two morphologies: framboidal and
nonframboidal, where nonframboidal forms are less common than framboidal pyrite, while pyrrhotite occurs
as aggregates of interlocking plates with long dimensions of ~10 μmand thickness of<1 μm. The crystal habit
of the plates is similar to those reported for authigenic pyrrhotite in other areas, although the dimensions of
the plates are variable (Dinarès-Turell & Dekkers, 1999; Kars & Kodama, 2015; Larrasoaña et al., 2007; Roberts,
2015; Rudmin et al., 2018; van Dongen et al., 2007; Weaver et al., 2002). Based onmicrotextural relationships in
Figures 4b and 4c, framboidal pyrite was the first phase to form. Pyrrhotite and nonframboidal pyrite then
formed and grew over and around framboidal pyrite. Formation of nonframboidal pyrite after pyrrhotite is
inferred because subhedral to euhedral pyrite crystals have grown in the interstices of pyrrhotite aggregates.

Pyrrhotite nodules always have variably oxidized surfaces (Figures 2b–2d). This suggests that the pyrrhotite
formed during locally sulfidic/methanic conditions probably associated with methane venting (e.g.,
Larrasoaña et al., 2007), which was followed by oxic diagenetic conditions during which the iron sulfide
nodules underwent variable oxidation. Goethite andminor lepidocrocite appear to be the principal oxidation
products (Figures 3c–3e). A diagenetic rather than modern origin is indicated by the fact that goethite crusts
are evident on sulfide nodules immediately upon splitting of sealed sediment cores (Figure 2b). Some small
nodules are oxidized completely to goethite (Figure 2d) with minor lepidocrocite (Figure 3e). Surficial oxida-
tion is evident in SEM images for nodules from 11.42 and 12.02 m (Figures 3c and 3d), where a goethite crust
(Figures 4d and 4h) has grown around the pyrrhotite nodule. In some cases, a goethite-like phase occurs
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within nodules (Figures 4e, 4f, 4i, and 4j), which indicates more pervasive oxidation of nodule interiors. The
electron beam used for EDS analysis appears to have interacted simultaneously with pyrrhotite and
goethite so that O and S are identified (Figures 4g–4j). The nodule from 20.08 m (Figure 4f) contains more
pervasive goethite (Figures 3e, 4f, and 4j), with little S remaining. Overall, textural relationships suggest

Figure 4. Microscopic characterization of samples analyzed in this study. (a–f) Backscattered scanning electron micro-
scopic images for diagenetic nodules from different depths in core MD10-3276. Py = pyrite in subhedral or euhedral
form; f-Py = framboidal pyrite; Po = pyrrhotite; Gt = goethite. Minerals containing S or O have bright or dark contrast,
respectively. (g–j) Representative energy dispersive spectrometer results for iron sulfide and oxide minerals in nodules at
different depths. The spot positions for analyses are shownwith crosses in Figures 4c–4f. The carbon (C) peak detected with
energy dispersive spectrometer analysis is produced by the resin that was used to fix the specimens.
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that goethite formed on nodule surfaces as an oxidation product and that oxidation is pervasive in smaller
nodules (Figure 2d) and mainly surficial in larger nodules (Figures 2c and 3).

4.4. Room Temperature Magnetic Properties of Sedimentary and Metamorphic Pyrrhotites, and
Sedimentary Greigite

Sedimentary pyrrhotite nodules (SPoN) from core MD10-3276 have distinctive magnetic properties that
contrast with those of metamorphic pyrrhotite and sedimentary greigite. Room temperature magnetic prop-
erties for the three iron sulfide minerals are illustrated in Figure 5; data for all studied samples are listed in
Table 1, including 15 sedimentary pyrrhotite and 4 goethite nodules (SPoN and SGtN, respectively) from core
MD10-3276, samples from two land-based (M11 and EJE) sections, including 5 metamorphic pyrrhotite
extracts (MPoEx) with variable grain sizes and 10 sedimentary greigite nodules (SGrN). Results for meta-
morphic pyrrhotite- and greigite-bearing rock samples (MPoRx and SGrRx, N = 70 and 85, respectively) are
also summarized in Table 1.

Sedimentary pyrrhotite nodules have high coercivities (Bc >100 mT) and open magnetic hysteresis loops
(Table 1 and Figure 5a). In contrast, metamorphic pyrrhotite and sedimentary greigite have relatively narrow
loops (Figure 5a) with Bc values ranging from 24 to 71 mT (depending on grain size) and 33 to 57 mT, respec-
tively (Table 1). High Bc values for sedimentary pyrrhotite nodules also make it difficult to reach magnetic
saturation. From Figure 5a, applied fields>0.5 T are required for sedimentary pyrrhotite nodules to approach
Ms, but Ms is reached at <0.5 T for metamorphic pyrrhotite and sedimentary greigite samples.

Initial slopes of magnetization curves measured at low fields (0–0.03 T) are different for sedimentary and
metamorphic pyrrhotite and sedimentary greigite samples (Figures 5a and 5b), which suggests that they

Figure 5. Hysteresis data for samples analyzed in this study. (a) Six representative magnetic hysteresis loops with low-field initial slopes for sedimentary pyrrhotite
nodules (SPoN) and sedimentary goethite nodules (SGtN) in core MD10-3276, metamorphic pyrrhotite extracts (MPoEx) with different grain sizes, and sedimentary
greigite nodules (SGrN). All loops have been corrected for their high-field slopes. Initial slopesmeasured at low fields (0–0.015 T) are highlighted in the inset. (b) Initial
slope data from additional SPoN, SGtN, MPoEx, and SGrN samples. (c) Backfield demagnetization curves for the six representative samples, which were used to
determine S ratios. (d) Bilogarithmic plot ofMrs/Ms versus Bcr/Bc for all SPoN, SGrN, SGtN, SGrRx, MPoEx, andMPoRx samples subjected to hysteresis analysis (Table 1).
Inset: optical images of multidomain magnetic structures in metamorphic pyrrhotite grains observed after smearing polished mineral surfaces with ferrofluid.
The upper images are under reflected light; the lower images are for the same polished sections after application of ferrofluid. See text for discussion of the hysteresis
values for these multidomain samples.
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have different low-field mass-specific magnetic susceptibilities (χ). To illustrate this relationship, initial slope
data after correction for high-field slopes and divided by specimen mass (i.e., which gives χ) are replotted in
Figure 5a (inset) with data for additional samples in Figure 5b. The χ values obtained from this procedure (see
the supporting information for details) are listed in Table 1. The χ values for sedimentary pyrrhotite nodules,
which contain variable pyrite, S, goethite, and quartz contents (Figures 3a–3d), fall in the 2–14 × 10�6 m3/kg
range. Regardless of these impurities, χ values for sedimentary pyrrhotite nodules are slightly lower than or
close to those of finer-grained (<10 μm) metamorphic pyrrhotite (i.e., 11–12 × 10�6 m3/kg; see Table 1 and
Figure 5b) but are much lower than those of coarser-grained (>10 μm) metamorphic pyrrhotite (21–
88 × 10�6 m3/kg) and sedimentary greigite nodules (60–193 × 10�6 m3/kg).

The high coercivities of sedimentary pyrrhotite nodules also result in low S ratios determined from backfield
demagnetization curves (Figure 5c). Sedimentary pyrrhotite nodules have S ratios that range from 0.52 to

Table 1
Mass-specific Magnetic Parameters (χ, Mrs, Ms, Bcr, Bc, Mrs/Ms, Bcr/Bc, and S Ratio) for the Studied Samples, Including Sedimentary Pyrrhotite Nodules (SPoN) and
Goethite Nodules (SGtN) From Sediment Core MD10-3276, Metamorphic Pyrrhotite Extracts (MPoEx) With Different Grain Sizes From the M11 Section, and
Sedimentary Greigite Nodules (SGrN) From the EJE Section

Sample Mass (10�3kg) χ (10�6 · m3/kg) Cmm (%) Mrs (Am
2/kg) Ms (Am

2/kg) Bcr (mT) Bc (mT) Mrs/Ms Bcr/Bc S ratio

SPoN_A@4.90 m 15.7 2.8 83.1 0.730 1.268 144.3 109.0 0.58 1.32 0.71
SPoN_B@4.90 m 60.9 3.2 82.4 0.913 1.511 151.6 115.2 0.60 1.32 0.67
SPoN_A@7.22 m 44.2 8.1 88.6 2.355 3.432 154.6 123.1 0.69 1.26 0.68
SPoN_A@11.42 m 28.2 9.6 90.1 2.942 4.043 162.9 131.3 0.73 1.24 0.65
SPoN_B@11.42 m 27.5 9.6 90.2 2.696 3.709 166.2 133.7 0.73 1.24 0.63
SPoN_C@11.42 m 37.2 3.3 83.8 1.245 1.672 198.5 161.8 0.74 1.23 0.52
SPoN_D@11.42 m 76.1 13.6 91.8 3.074 4.601 126.4 100.0 0.67 1.26 0.78
SPoN_E@11.42 m 21.7 12.7 90.8 3.412 4.952 130.8 106.3 0.69 1.23 0.77
SPoN_F@11.42 m 20.9 6.8 87.6 2.466 3.337 178.1 144.6 0.74 1.23 0.58
SPoN_A@12.02 m 9.9 4.1 86.7 1.148 1.632 152.1 121.2 0.70 1.25 0.66
SPoN_B@12.02 m 25.0 7.4 91.1 1.819 2.588 135.9 109.6 0.70 1.24 0.74
SPoN_C@12.02 m 25.6 5.4 90.0 1.336 1.871 148.8 117.5 0.71 1.27 0.70
SPoN_D@12.02 m 68.6 3.5 88.1 0.765 1.093 159.4 117.9 0.70 1.35 0.59
SPoN_E@12.02 m 40.0 3.8 86.6 0.970 1.385 132.7 106.2 0.70 1.25 0.72
SPoN_F@12.02 m 12.8 4.7 86.3 1.447 2.034 157.4 122.4 0.71 1.29 0.63
SPoN (N = 15) 0.69 ± 0.05 1.27 ± 0.04
SGtN_A@20.08 m 20.2 53.4 99.0 1.243 3.023 27.8 18.2 0.41 1.53 1.00
SGtN_B@20.08 m 16.6 75.3 99.0 1.888 5.201 33.4 19.6 0.36 1.71 1.00
SGtN_C@20.08 m 17.4 15.6 98.1 0.280 0.761 27.5 14.6 0.37 1.89 1.00
SGtN_D@20.08 m 16.4 8.2 97.0 0.132 0.375 25.3 13.0 0.35 1.95 1.00
SGtN (N = 4) 0.37 ± 0.02 1.77 ± 0.16
MPoEx_<2 μm 2.3 10.6 89.7 2.921 4.751 79.3 70.8 0.61 1.12 0.96
MPoEx_2-10 μm 10.4 11.7 89.8 2.968 4.791 78.6 70.4 0.62 1.12 0.96
MPoEx_10-20 μm 11.2 21.3 93.4 2.931 5.030 66.2 58.1 0.58 1.14 0.96
MPoEx_20-38 μm 10.1 45.4 96.0 3.900 6.850 56.6 48.8 0.57 1.16 0.98
MPoEx_63-125 μm 12.2 88.1 98.2 3.011 6.070 28.4 24.1 0.50 1.18 1.00
SGrN_A 99.2 95.6 98.6 6.384 12.78 63.2 43.4 0.50 1.46 1.00
SGrN_B 103.8 82.0 98.4 5.902 11.68 64.3 45.2 0.51 1.42 1.00
SGrN_C 69.5 94.4 98.6 5.757 12.22 60.6 40.3 0.47 1.50 1.00
SGrN_D 23.0 89.6 98.3 7.533 13.98 71.2 51.3 0.54 1.39 1.00
SGrN_E 82.0 192.8 99.1 9.095 19.45 54.6 36.6 0.47 1.49 1.00
SGrN_F 107.1 61.0 98.5 3.279 6.79 60.7 40.3 0.48 1.50 0.99
SGrN_G 89.6 105.4 99.2 4.318 9.18 49.3 32.9 0.47 1.50 0.99
SGrN_H 82.4 119.2 98.9 6.164 12.79 57.3 38.5 0.48 1.49 0.99
SGrN_I 95.2 60.5 98.1 4.970 8.54 73.8 54.4 0.58 1.35 0.98
SGrN_J 125.1 74.2 98.1 6.385 11.18 77.9 57.0 0.57 1.37 0.98
SGrN (N = 10) 0.51 ± 0.04 1.45 ± 0.06
SGrRx (N = 85) 0.55 ± 0.08 1.38 ± 0.10
MPoRx (N = 70) 0.61 ± 0.07 1.14 ± 0.06

Note. Only means and standard deviations (bold) of Mrs/Ms and Bcr/Bc are listed for metamorphic pyrrhotite-bearing rocks (MPoRx) and sedimentary greigite-
bearing rocks (SGrRx). Approximate concentrations of magnetic minerals (Cmm) in the studied samples were estimated using the ratio of the corrected low-
field slope of hysteresis loops to the noncorrected slope (see the supporting information for procedures).
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0.78 (Table 1), which are much lower than for metamorphic pyrrhotite (0.96–1.00) and greigite nodules (0.98–
1.00). Low S ratios down to ~0.7 are also observed in authigenic pyrrhotite-bearing sediments from Nankai
Trough, offshore of Japan (Kars & Kodama, 2015).

Hysteresis parameter ratios for sedimentary pyrrhotite nodules are 0.58–0.74 for Mrs/Ms and 1.23–1.35 for
Bcr/Bc, which are slightly larger than for metamorphic pyrrhotite (Table 1). Despite the small difference
between them, the two pyrrhotite types yield different trends on a bilogarithmic Mrs/Ms versus Bcr/Bc plot
(Figure 5d). Data for sedimentary pyrrhotite lie along the same trend as sedimentary greigite data. In contrast,
data for metamorphic pyrrhotite lie along another trend located to the left of the sedimentary greigite-
pyrrhotite trend. These results are suggested to be due to different crystal and magnetic domain structures
in themetamorphic and sedimentary pyrrhotites, where the former is monoclinic (Figure 3f) with large (multi-
domain, MD) grain sizes (Figure 5d inset).

FORC diagrams (Figure 6) also indicate that different magnetic properties exist among the studied meta-
morphic and sedimentary pyrrhotite, and goethite and greigite samples. All pyrrhotite samples, regardless
of their metamorphic or sedimentary origins (Figures 6a–6f), have kidney-shaped FORC distributions with
negative slopes, as have been reported before for pyrrhotite (Larrasoaña et al., 2007; Roberts et al., 2006,
2010, 2014; Weaver et al., 2002; Wehland et al., 2005), that lie largely below the Bi = 0 axis. The sedimentary

Figure 6. First-order reversal curve (FORC) diagrams for samples studied here. FORC diagrams are shown for (a) monoclinic
pyrrhotite from bulk metamorphic rocks (MPoRx), (b) monoclinic pyrrhotite extracted from metamorphic rocks and sieved
to the 20–38 μm size fraction (MPoEx_20–38 μm), and (c) the <2 μm fraction (MPoEx_ <2 μm); authigenic pyrrhotite
nodules (d) SPoN_A@7.22 m, (e) SPoN_C@11.42 m, and (f) SPoN_E@12.02 m; (g) a goethite nodule (SGtN_A@20.08 m), and
greigite from sedimentary nodules (h) SGrN_B and (i) SGrN_D. VARIFORC parameters (Egli, 2013) used to smooth the FORC
diagrams are as follows: sc,0 = 4, sc,1 = 7, sb,0 = 3, sb,1 = 7, and λc = λb = 0.1.
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pyrrhotite samples (Figures 6d–6f) have higher coercivities than the metamorphic pyrrhotites (Figures 6a–6c).
The goethite nodule (Figure 6g) has relatively low coercivities that are consistent with the respective mag-
netic hysteresis loop (Figure 5a and Table 1) but with much lower coercivities than expected for stable single
domain (SD) goethite (Roberts et al., 2006). FORC diagrams for greigite nodules (Figures 6h and 6i) are more
symmetric than those for pyrrhotite samples, and are indicative of strong magnetostatic interactions and
moderate coercivities, as has been documented extensively (Florindo et al., 2007; Larrasoaña et al., 2007;
Roberts et al., 2000, 2006, 2011; Vasiliev et al., 2007).

4.5. High- and Low-Temperature Magnetic Characteristics of Sedimentary and Metamorphic
Pyrrhotites, and Sedimentary Greigite

Metamorphic pyrrhotite has reversible heating and cooling curves with a Curie temperature of 318 ± 2°C
(Figure 7a), which coincides with the expected value of 320°C (Dekkers, 1989). Sedimentary greigite and pyr-
rhotite have irreversible curves due to thermal alteration and iron mineral neoformation (Figures 7b and 7c),
which indicates that they are less stable than metamorphic pyrrhotite during heating.

Pyrrhotite and greigite have contrasting magnetic characteristics at low temperatures. Pyrrhotite clearly exhi-
bits the Besnus magnetic transition at ~34 K in low-temperature SIRM warming curves, whereas greigite lacks
a transition (Besnus &Meyer, 1964; Chang et al., 2009; Dekkers et al., 1989; Fillion & Rochette, 1988; Moskowitz
et al., 1993; Roberts, 1995; Roberts et al., 2010; Rochette et al., 1990; Torii et al., 1996). The metamorphic pyr-
rhotite and sedimentary greigite samples studied here behave as expected with a Besnus transition and no
transition, respectively (Figures 7d, 7e, 7g, and 7h). Metamorphic pyrrhotite has a Besnus transition regardless
of its grain size for the studied size range (Figure 7g). In contrast, sedimentary pyrrhotite nodules have similar
behavior to greigite with no magnetic transition detected (Figures 7f and 7i).

Figure 7. High- and low-temperature magnetic results for the three types of studied iron sulfide samples. (a–c) Thermomagnetic curves for MPoRx, SGrN, and SPoN
samples (heated under vacuum at 3 T) measured to 427°C. (d–f) Low-temperature (5–300-K) saturation isothermal remanent magnetization (5-T) warming curves for
sieved MPoEx with different sizes, and for MPoRx, SGrN, and SPoN samples. (g–i) First derivatives (δM/δK) of the saturation isothermal remanent magnetization
curves with respect to temperature are plotted for the data shown in (d–f) to highlight the presence of possible magnetic transitions during warming. Only the
Besnus transition at ~34 K is recognized for metamorphic pyrrhotite (MPoEx and MPoRx) samples.
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5. Discussion
5.1. Magnetism in Hexagonal Pyrrhotite?

Monoclinic pyrrhotite is ferrimagnetic, whereas hexagonal pyrrhotite (Fe9S10 or Fe11S12) is antiferromagnetic
(O’Reilly et al., 2000), so it should not carry a remanent magnetization at room temperature. Thus, when mag-
netic pyrrhotite is found in sediments, it has been assumed routinely to be monoclinic (e.g., Kars & Kodama,
2015; Larrasoaña et al., 2007; Roberts, 2015; Weaver et al., 2002). The crystal structure of sedimentary pyrrho-
tite has not been investigated widely to assess this assumption.

In this study, the single intense reflection at ~44.03° observed from synchrotron XRD results for sedimentary
pyrrhotite nodules is due only to hexagonal (3 T) pyrrhotite (Figures 3a–3d). The studied sedimentary pyrrho-
tite nodules are moderately magnetic, with weaker magnetizations than sedimentary greigite and coarse
metamorphic pyrrhotite, and similar magnetizations to fine metamorphic pyrrhotite (Figure 5b). The biggest
difference in magnetic properties among the studied iron sulfides is that the sedimentary pyrrhotite nodules
(Figures 6d–6f) have higher coercivities than the studied greigite (Figures 6h and 6i) and monoclinic pyrrho-
tite (Figures 6a–6c), although fine-grained metamorphic pyrrhotite can also have similarly high coercivities
(Clark, 1984; Dekkers, 1988), especially those measured by Clark (1984).

In assessing the origin of the observed magnetization of the sedimentary hexagonal pyrrhotite nodules,
which are readily attracted magnetically by a rare earth magnet, it is important to determine whether known
magnetic minerals could be responsible for the magnetic signal. Synchrotron XRD results enable detection of
minerals with concentrations<0.1%; the only other magnetic mineral identified in Figures 3a–3d is goethite.
Goethite has extraordinarily high coercivities and is not saturated even at 57 T (e.g., Rochette et al., 2005). The
possibility that goethite could be responsible for the high coercivities observed in the sedimentary pyrrhotite
nodules was tested by magnetic analysis of a goethite nodule from a depth of 20.08 m in core MD10-3276.
This nodule (sample SGtN_A) contains no pyrrhotite (Figure 3e) and has low coercivity (Figure 5a). The low
coercivity of the goethite-dominated nodule may be surprising and requires explanation. The goethite
observed by XRD and under SEM is at least partially crystalline (Figures 3c–3e and 4d–4f). The fact that
goethite requires high fields to saturate magnetically means that this crystalline goethite may not be magne-
tized significantly in the maximum applied field of 1 T used in this study. In contrast, finer nanogoethite par-
ticles occur commonly in natural environments and have no remanence or coercivity (Till et al., 2015; van der
Zee et al., 2003). A combination of high-coercivity goethite with nanogoethite could, therefore, explain the
observed low coercivity of goethite nodule SGtN_A. Importantly, the low coercivity of goethite nodules can-
not explain the high coercivity of the studied sedimentary pyrrhotite nodules. The goethite nodule also con-
tains traces of greigite (Figure 3e), which has lower coercivity than the studied sedimentary pyrrhotite
nodules (Figure 5a), and lepidocrocite (Figure 3e), which is not magnetic at room temperature. Thus, neither
of these minerals can explain the magnetic properties observed for the sedimentary pyrrhotite nodules.
Magnetite is not detected in XRD analyses, and even small traces of magnetite will be evident in low-
temperature magnetization results (Chang et al., 2016), so it can be excluded as a low-concentration contami-
nant in the studied samples. XRD results (Figures 3a–3d) fail to identify a potential contaminant that can
explain the magnetic properties of the studied hexagonal pyrrhotite nodules and magnetic results
(Figure 5) fail to explain the high observed coercivities of these samples from the range of potential
contaminants considered.

It is not yet possible to explain the magnetization observed in the studied sedimentary pyrrhotite nodules.
The pyrrhotite family of minerals has variable Fe/S ratios, with various distributions of Fe site vacancies that
produce either ferrimagnetic or antiferromagnetic superstructures (Pósfai et al., 2000). Many superstructures
can exist with the same crystallographic c dimension and Fe/S ratio (Pósfai & Dódony, 1990). XRD data
obtained here indicate a hexagonal 3 T pyrrhotite type with insufficient contamination from other magnetic
minerals to explain the observed magnetic properties. It is, therefore, proposed tentatively here that the
hexagonal pyrrhotite in the studied sedimentary pyrrhotite nodules has intrinsic magnetic properties with
moderate magnetization and high coercivity. It may be that the magnetization is due to a previously unrec-
ognized magnetism in hexagonal (3 T) pyrrhotite. Confirmation of a room temperature magnetization in
hexagonal (3 T) pyrrhotite awaits neutron diffraction or Mössbauer analysis to determine the sublattice mag-
netizations to understand any potential deviation from the expected antiferromagnetic structure in hexago-
nal pyrrhotite. Future detailed work of this type is beyond the scope of the present study but is planned to
enable more complete explanation of the hypothesized magnetism in hexagonal pyrrhotite.
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It is possible that a lamellar-type magnetization such as that proposed by Robinson et al. (2002) could give
rise to magnetism in the studied hexagonal (3 T) pyrrhotite due to stacking of ferrimagnetically and antifer-
romagnetically coupled superstructures (e.g., Powell et al., 2004; Wang & Salveson, 2005) perpendicular to the
basal plane of pyrrhotite. Lamellar magnetizations have been proposed to result from ferrous-ferric contact
layers that reduce charge imbalance along lamellar contacts between canted antiferromagnetic hematite
and paramagnetic ilmenite intergrowths to produce strong Ms and high coercivity (Robinson et al., 2002).
Such a possibility is tested readily for pyrrhotite because lamellar magnetizations are characterized by shifted
negatively low-temperature hysteresis loops due to strong exchange bias associated with exchange coupling
across hematite-ilmenite interfaces (Fabian et al., 2008). The low-temperature magnetic properties of authi-
genic and monoclinic pyrrhotite are discussed in detail by Horng and Roberts (2018), who demonstrate that
low-temperature hysteresis loops are symmetrical and lack the large negative shifts observed by Fabian et al.
(2008) in association with lamellar magnetizations. Thus, a lamellar-type magnetization can be ruled out as a
cause of the room temperature magnetization in hexagonal (3 T) pyrrhotite.

For the purposes of sedimentary magnetic investigations, an important conclusion from this study is that
identification of magnetic pyrrhotite in sediments should not lead to the automatic conclusion that the pyr-
rhotite is monoclinic. Care is, therefore, needed to distinguish between monoclinic and hexagonal pyrrhotite
in sediments. XRD or electron microscope analyses can provide the necessary complementary constraints for
such interpretations.

5.2. Low-Temperature Magnetic Properties of Magnetic Iron Sulfide Minerals

The results shown in Figure 7 demonstrate that the Besnus transition at ~34 K (Besnus &Meyer, 1964; Dekkers
et al., 1989; Fillion & Rochette, 1988; Rochette et al., 1990) is observed only for monoclinic pyrrhotite.
Hexagonal pyrrhotite demonstrably lacks a low-temperature magnetic transition, as does greigite (Chang
et al., 2009; Moskowitz et al., 1993; Roberts, 1995; Roberts et al., 2010; Torii et al., 1996). Lack of a Besnus tran-
sition in hexagonal pyrrhotite provides one way of avoiding confusion with monoclinic pyrrhotite, but lack of
a phenomenon is not a diagnostic property. The clearest way to discriminate between hexagonal and mono-
clinic pyrrhotite is to undertake XRD or electron microscope analyses.

Weaver et al. (2002) and Kars and Kodama (2015) suggested that sedimentary pyrrhotite gives rise to a
Besnus transition signature in gas hydrate-bearing sediments in Sakhalin, Russia, and Nankai Trough, offshore
of Japan, respectively. The magnetization change at 30–40 K noted by Weaver et al. (2002) was not observed
clearly, and they did not provide a confident interpretation of this feature. Kars and Kodama (2015) observed
a clear inflection in low-temperature magnetization data at 30–40 K. Based on the results presented here, the
inflections observed in either study will not be due to authigenic pyrrhotite. If they represent a genuine
Besnus transition signature, the signature is more likely to be due to detrital monoclinic pyrrhotite that
eroded from various igneous or metamorphic sources in nearby onshore regions. Alternatively, the magne-
tization change at 30–40 K could be due to siderite (Frederichs et al., 2003; Housen et al., 1996), which is a
common authigenic mineral in methanic sediments (Larrasoaña et al., 2007; Roberts, 2015), or to rhodochro-
site (Frederichs et al., 2003; Kosterov et al., 2006), which is less likely in such environments. Care should be
taken to assess such ambiguities in sediment magnetic studies, particularly in gas hydrate-bearing and
methanic sediments.

5.3. Contrasting Magnetic Properties of Magnetic Iron Sulfide Minerals

The main finding of this study is that sedimentary magnetic iron sulfide minerals have contrasting magnetic
properties (Figures 5 and 6). Hexagonal (3 T) pyrrhotite appears to be capable of carrying a room temperature
magnetization rather than being antiferromagnetic, but it does not have a low-temperature magnetic transi-
tion. The Besnus transition is only observed in monoclinic pyrrhotite (Figure 7). Thus, the assumption that
monoclinic pyrrhotite is responsible for magnetic signals when magnetic pyrrhotite is encountered in sedi-
mentary environments seems to be incorrect. The inference from this study that hexagonal pyrrhotite can
carry a room temperature magnetization needs to be verified by assessment of the sublattice magnetizations
from neutron diffraction or Mössbauer analysis, but the present results provide a significant basis for conclud-
ing that hexagonal and monoclinic pyrrhotite both carry room temperature magnetizations that contrast
with each other. Furthermore, the magnetic properties of hexagonal and monoclinic pyrrhotite contrast with
those of sedimentary greigite.

10.1002/2017JB015262Journal of Geophysical Research: Solid Earth

HORNG 4613



Key magnetic properties for the three studied magnetic iron sulfide minerals are as follows. Monoclinic
pyrrhotite has relatively weak to moderate magnetizations (Figure 5b), similar coercivities to greigite
(Figures 5a and 5c), similar Mrs/Ms values to greigite and hexagonal pyrrhotite, but lower respective Bcr/Bc
values (Figure 5d). This difference in Bcr/Bc values distinguishes the metamorphic monoclinic pyrrhotite
samples from sedimentary greigite and hexagonal pyrrhotite. Neither greigite nor hexagonal pyrrhotite
has a low-temperature magnetic transition. Hexagonal pyrrhotite has high coercivity (Figures 5a and 5c)
and relatively weak magnetizations (Figure 5b), whereas greigite has strong magnetization and intermediate
coercivity. The documented magnetic properties should prove useful in discriminating sedimentary mag-
netic iron sulfides from each other, particularly when coupled with diagnostic mineralogical identifications
from XRD analysis and SEM observations.

It is important to note that although the metamorphic monoclinic pyrrhotite samples generally have Mrs/Ms

values >0.5 and Bcr/Bc values <1.2 (Table 1), these values are not necessarily indicative of SD properties.
Complex domain structures are evident in the large particles illustrated in Figure 5d (30 μm and larger) when
their polished surfaces are smeared with ferrofluid. Monoclinic pyrrhotite has multiaxial rather than uniaxial
anisotropy (Martín-Hernández et al., 2008), for which theoretical SD values are Mrs/Ms = 0.75 (Dunlop, 1971)
rather thanMrs/Ms = 0.5 for uniaxial SD particles (Stoner &Wohlfarth, 1948). Like pyrrhotite, hematite has mul-
tiaxial anisotropy withmagnetization in the crystallographic basal plane. The descending branch of hysteresis
loops for MD hematite decreases slowly from saturation to yield Mrs/Ms values >0.5 (Özdemir & Dunlop,

Figure 8. Illustration of the magnetic identification of mixed magnetic minerals in sediments. From X-ray diffraction data
(above), magnetite (M) is the dominant mineral identified in a magnetic extract from bulk sediments with grain sizes
<63 μm from a depth of 11.42 m in core MD10-3276. Minor monoclinic pyrrhotite (Po) and quartz (Qz) are also evident. In
the two secondary electron scanning electron microscope images on the lower left-hand side of the figure, detrital
pyrrhotite and magnetite are identified (along with chlorite). In low-temperature magnetization data, a strong Verwey
transition signal due to magnetite is evident at 110–120 K with a weaker Besnus transition signal at ~34 K (lower right-
hand side).
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2014). Similarly high Mrs/Ms values for pyrrhotite are, likewise, not necessarily indicative of the dominance of
SD particles. Nevertheless, FORC diagrams for these samples (Figure 6) contain concentric contours that are
indicative of SD particles, although the observed magnetic properties are not due only to SD particles; rather,
the evidence indicates that samples with coarse monoclinic pyrrhotite particles contain mixtures of particles
in the SD, vortex, and MD states. Measurements of transient contributions to FORCs (Zhao et al., 2017) would
enable separation of SD, vortex, and MD contributions to the total magnetization of these pyrrhotite samples,
which is beyond the scope of the present study. Such analyses are planned for the future.

5.4. Discrimination of Magnetic Iron Sulfides in Sediments

Based on the above, it is possible to illustrate the discrimination of sedimentary magnetic iron sulfides from
mineralogical and magnetic analyses (Figure 8). A magnetic extract from nodule-bearing host sediment
(<63 μm) at a depth of 11.42 m in core MD10-3276 is dominated by magnetite, as is evident in XRD results;
it also contains minor monoclinic pyrrhotite with a clear double peak at 2θ angles of ~43.83° and ~44.05°.
Both magnetite and monoclinic pyrrhotite are evident in SEM images and in low-temperature magnetic
measurements where a strong Verwey transition is apparent at 110–120 K, which is indicative of detrital
rather than biogenic magnetite (Chang et al., 2016), and a Besnus transition due to monoclinic pyrrhotite
is apparent at ~34 K (Figure 8), which is also indicative of a detrital origin. The approach illustrated here
has considerable scope for assisting interpretation of sedimentary magnetic records.

6. Conclusions

It is demonstrated here that three relatively abundant magnetic iron sulfide minerals, hexagonal and mono-
clinic pyrrhotite and greigite, have contrasting magnetic properties, which coupled with mineralogical
characterizations, enables interpretation of the paleomagnetic and environmental signals that they carry.
Such differentiation is critical to recognizing their potentially contrasting origins (i.e., diagenetic versus
detrital). The results presented here should have wide applicability in sedimentary magnetic studies.
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