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Abstract The low-temperature magnetic properties of the many pyrrhotite varieties have not been
studied extensively. Monoclinic pyrrhotite (Fe7S8) goes through the Besnus transition at ~30–34 K, which is
used widely to diagnose its presence in bulk samples. Other pyrrhotite polytypes are assumed to be
antiferromagnetic, although it has been suggested occasionally that some may also have
remanence-carrying capabilities. Here we compare the magnetic properties of monoclinic (4M) and
hexagonal (3T) pyrrhotite at low temperatures. The 4M pyrrhotite records a Besnus transition consistently.
Despite not recording a Besnus transition, 3T pyrrhotite has a magnetic remanence at room temperature and
has distinctive room- and low-temperature magnetic properties that cannot be explained by known or
unidentified impurities (with abundances <0.1%). Some 3T-pyrrhotite samples have exceptionally high
(>700 mT) and stable coercivities below 50 K. The importance of this mineral in fossil or active gas hydrate
and methane venting environments makes it important to develop a more detailed understanding of its
occurrences and magnetic properties.

1. Introduction

Pyrrhotite (Fe1-xS, x = 0–0.125) has variable crystal structures, Fe/S contents, and magnetic properties. At
ambient temperatures, monoclinic pyrrhotite (Fe7S8) is ferrimagnetic, while more S-rich compositions
(Fe9S10, Fe11S12) are antiferromagnetic (O’Reilly et al., 2000; Pósfai et al., 2000). Smythite (Fe9S11) does not
have a Fe/S ratio that fits the above definition for pyrrhotite, but it has a similar crystal structure as monoclinic
pyrrhotite and is ferrimagnetic at ambient temperatures (Hoffmann et al., 1993). Hexagonal pyrrhotite
(Fe9S10) is antiferromagnetic at ambient temperatures and becomes ferrimagnetic at the so-called γ
transition at 200–220 °C, and ferrimagnetic ordering is preserved up to its Curie temperature at 275–295 °C
(Rochette, 1987; Rochette et al., 1990; Schwarz, 1975). Upon cooling back through the γ transition to room
temperature, hexagonal pyrrhotite remains a metastable ferrimagnet (Bennett & Graham, 1981).

A low-temperature magnetic transition has been reported for monoclinic pyrrhotite (Besnus & Meyer, 1964;
Dekkers et al., 1989; Fillion & Rochette, 1988; Rochette et al., 1990). Its origin has not been studied extensively.
This magnetic transition was originally suggested to have a similar origin to the Verwey transition in magnetite
(Besnus & Meyer, 1964; Fillion & Rochette, 1988). The Verwey transition (Verwey, 1939) results from a crystallo-
graphic change from cubic above the transition temperature to monoclinic below it and is accompanied by an
order of magnitude change in magnetocrystalline anisotropy that controls the magnetic property change
across the transition (e.g., Walz, 2002). No crystallographic changewas detected inmonoclinic pyrrhotite across
its low-temperature transition from neutron powder diffraction analysis (Powell et al., 2004), whereas based on
detailed single crystal neutron diffraction analyses and anisotropy measurements across the transition, Wolfers
et al. (2011) proposed that the room temperature monoclinic structure transforms into a low-temperature
triclinic structure due to distortion of the shape of Fe octahedra. A shift in the direction of the easy axis of mag-
netization by about ±π/4 occurs below the transition (Wolfers et al., 2011). In contrast, Koulialias et al. (2016)
suggested that the low-temperature transition in pyrrhotite is due to stronger antiferromagnetic coupling
between different monoclinic magnetic superstructures (4C and 5C*) below the transition temperature that
form a single anisotropy system with higher magnetization and coercivity than above the transition. Volk
et al. (2016) measured the angular dependence ofmagnetic properties in the basal plane ofmonoclinic pyrrho-
tite and reported a change from a fourfold symmetry above to sixfold symmetry below the Besnus transition
with inflections in hysteresis loops that they attributed to field and temperature-dependent easy axis switch-
ing. They concluded that these changes are most likely due to a crystallographic change from a monoclinic
to triclinic structure below the transition, in support of the conclusion of Wolfers et al. (2011).
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Monoclinic pyrrhotite is generally considered to be the paleomagnetically most significant pyrrhotite
polytype even though the same Fe/S ratio can be produced by variable Fe site occupation and variable
crystallographic c axis dimension (Pósfai et al., 2000). Thus, when a magnetic remanence-bearing pyrrhotite
is detected in geological studies, it is usually assumed to be monoclinic (Horng & Roberts, 2006; Kars &
Kodama, 2015; Larrasoaña et al., 2007; Roberts, 2015). In contrast, the paleomagnetic signal of Martian
meteorites has been attributed to hexagonal pyrrhotite in a metastable ferromagnetic form (cf. Bennett &
Graham, 1981) caused by either shock, quenching, or irradiation damage (Rochette et al., 2005). Given the
variable composition of pyrrhotite and Fe site occupancy, it is reasonable to question whether
remanence-bearing properties exist in different pyrrhotite polytypes over various temperature ranges. For
example, Rochette et al. (1990) reported anomalous magnetic properties, including high coercivities, of some
pyrrhotite samples at low temperatures compared to typical results for monoclinic pyrrhotite even though
the samples recorded a Besnus transition. They suggested, based on the variable stoichiometry andmagnetic
superstructures in pyrrhotite, that such samples could represent a different type of remanence-bearing
pyrrhotite. Few detailed magnetic property studies of various pyrrhotite polytypes have been undertaken
to assess such possibilities.

In this study, we present low-temperature magnetic results for mineralogically well-characterized monoclinic
and hexagonal pyrrhotite samples to document the poorly known low-temperature magnetic properties of
hexagonal pyrrhotite by comparison with monoclinic pyrrhotite. We also assess the assumption that
monoclinic pyrrhotite is the main pyrrhotite species that can carry a remanent magnetization at paleomag-
netically important ambient temperatures.

2. Samples and Methods

Authigenic hexagonal pyrrhotite-bearing nodules were obtained from several sources (Figures 1a–1c). They
include: marine sediment core MD10-3276 from an active gas hydrate area offshore of southwestern Taiwan
(Horng, 2018), tectonically uplifted Plio-Pleistocene marine sediments from the Erh-Jen Chi (EJC) mudstone
section, southwestern Taiwan (Jiang et al., 2001), and tectonically uplifted Plio-Pleistocenemarinemudstones
from Valle Ricca, near Rome, Italy (Florindo & Sagnotti, 1995; van Dongen et al., 2007). The latter two settings

Figure 1. Paired optical and scanning electron microscope images of the studied pyrrhotite-bearing samples. (a) Authigenic pyrrhotite nodule from a depth of
7.22 m in marine sediment core MD10-3276 from a gas hydrate area offshore of southwestern Taiwan with surficial crust consisting mainly of goethite.
Numerous authigenic pyrrhotite nodules were also found at other depths (e.g., 4.90 m, 11.42 m, and 12.02 m). The electron back-scattered SEM image reveals
interlocking ~10-μm plates of hexagonal (3T) pyrrhotite (Horng, 2018). (b) Four authigenic pyrrhotite nodules from tectonically uplifted Plio-Pleistocene marine
sediments from a fossil gas hydrate zone (Erh-Jen Chi, EJC, section, site 29; Jiang et al., 2001), southwestern Taiwan. The graymaterial around the nodules in the upper
image is the mudstone that hosts the nodule. The SEM image reveals interlocking ~10- to 20-μm hexagonal (3T) pyrrhotite plates. (c) Authigenic pyrrhotite nodule
from tectonically uplifted Plio-Pleistocene marine sediments from the Valle Ricca section, near Rome, Italy (Florindo & Sagnotti, 1995), which is also a fossil gas
hydrate zone (van Dongen et al., 2007). The SEM image reveals interlocking ~30- to 40-μm plates of hexagonal (3T) pyrrhotite (bright) with goethite that has filled
spaces between plates. Greigite is also present in this sample. (d) Upper: Reflected light image of ~10- to 20-μmpseudohexagonal monoclinic (4M) detrital pyrrhotite
grains extracted from the core catcher of marine sediment core MD10-3292, which were eroded from metamorphic terrains in Taiwan (Horng et al., 2012).
Lower: SEM image of one such grain. SEM = scanning electron microscope.
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are fossil gas hydrate zones. Monoclinic pyrrhotite grains are from a phyllite from the M11 metamorphic sec-
tion, Taiwan Central Range (Horng et al., 2012). Such grains are also abundant inmarine sediments offshore of
Taiwan, which were eroded from metamorphic terrains and transported by rivers to the sea (Figure 1d). Bulk
phyllite and magnetic extracts were analyzed here; extracts were obtained by crushing the rock into a pow-
der and extracting pyrrhotite with a rare-earth magnet from a slurry, with repeated magnetic purification. A
small portion was used to obtain X-ray diffraction (XRD) patterns for crystal structure analysis. The rest of the
sample was subdivided into five size fractions (63–125, 20–38, 10–20, 2–10, and < 2 μm) with sieves and
membrane filters. Results for these samples are supplemented by analyses of monoclinic pyrrhotite from
ore-grade sulfide deposits and museum samples (crystal fragments), and detrital pyrrhotite extracted from
sediments from the core catcher of marine core MD10-3292 (Figure 1d).

XRD analysis was performed after powdering samples to sizes<10 μm, to identify mineral components using
a Wiggler X-ray beamline (BL17A1) at the National Synchrotron Radiation Research Center, Taiwan (wave-
length λ = 1.32090 Å). Synchrotron-based XRD analysis provides several important advantages over conven-
tional laboratory-based analyses. The intensity of a synchrotron X-ray beam is 106 times higher than standard
laboratory systems, which means that analyses are rapid (several minutes), peaks are sharper and better
resolved with less overlap with neighboring 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). These aspects
enable precise identification of potential magnetic impurities within the studied samples. Original 2θ angles
(λ = 1.32090 Å) were converted to those based on conventional Cu Kα radiation (λ = 1.54056 Å) with back-
ground subtraction at lower angles using WinPLOTR software.

To understand textural relationships among the XRD-identified minerals and to assess potential cation sub-
stitution within the minerals, petrographic observations were made on polished sections of bulk samples
using a JEOL JSM-6360LV scanning electron microscope (SEM) at 15 keV and 18-nA acceleration voltage, with
a 10-μm beam diameter. Chemical compositions of sedimentary minerals were determined using an Oxford
Instruments Ltd INCA-300 X-ray energy dispersive spectrometer (EDS) attached to the SEM. Chemical compo-
sitions of metamorphic pyrrhotite samples were determined using a JEOL JXA-8500F field emission electron
probe microanalyzer system with five-channel wavelength dispersive X-ray spectrometers. Quantitative ana-
lyses were conducted using beam conditions of 20 kV, 5 nA, and 2 μm for the acceleration voltage, current,
and beam diameter, respectively.

Magnetic hysteresis parameters, including saturation remanent magnetization (Mrs), saturation magnetiza-
tion (Ms), coercivity (Bc), and coercivity of remanence (Bcr), were measured at room temperature using a
Princeton Measurements Corporation vibrating sample magnetometer to maximum fields of ±1.0 T.
Samples were weighed with a precision of 0.1 mg and magnetic parameters are expressed in mass-specific
terms. Some samples were selected for low-field magnetic susceptibility (χ) measurements of initial slopes
at low fields (0–0.03 T) with the slopes of loops corrected at high fields (0.8–1.0 T; see Horng (2018) for details).

Low-temperature magnetic measurements were made on the samples using a Quantum Design
superconducting quantum interference device vibrating sample magnetometer. Saturation isothermal
remanent magnetization (SIRM) warming experiments were carried out by cooling samples from room
temperature to 5 K in zero-field. At 5 K, a 5 T direct current (DC) field was applied and was then switched
off to impart a SIRM, which was measured to 300 K at a heating rate of 3 K/min in zero-field. Low-temperature
cycling (LTC) of a room temperature SIRM (RT-SIRM) was also measured by imparting a RT-SIRM in a 5-T DC
field, switching off and canceling the field, andmeasuring the SIRM to 5 K and then back to 300 K in zero-field.
Rochette et al. (1990) reported that both coercivity (Bc) and RT-SIRM change in a step-like manner during
cooling and warming through ~34 K. Hysteresis measurements were also made at low temperatures for
the studied samples from which Bc was estimated to investigate whether such changes occur in our samples.
Finally, zero-field-cooled (ZFC) and field-cooled (FC) magnetizations weremeasured during warming from 5 K
to room temperature as follows. Samples were first cooled from room temperature to 5 K in zero field. At 5 K,
a 5-T DC field was applied and was then switched off to impart a SIRM. SIRM curves weremeasured to 300 K at
a heating rate of 3 K/min. A FC magnetization curve was then measured by applying a 5-T DC field
throughout cooling of samples from room temperature to 5 K. At 5 K, the field was switched off to impart
a SIRM that was then measured to 300 K at a heating rate of 3 K/min.
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3. Results

In all cases, synchrotron XRD analysis provides clear diffraction patterns for detailed mineral identification.
Among the authigenic pyrrhotite-bearing nodules (Figures 2a–2c), hexagonal (3T) pyrrhotite is the only poly-
type that fits the pyrrhotite diffraction patterns shown in Figures 2a–2c, 2e, and 2e-1, which has a single, most
intense reflection peak at ~44.03°. Other impurities are present, including quartz, lepidocrocite, pyrite, and ele-
mental S, along with magnetic minerals such as goethite (in all samples) and greigite (Valle Ricca). Instead of
the single hexagonal (3T) pyrrhotite peak at ~44.03°, our metamorphic pyrrhotite samples have a split diffrac-
tion doublet at ~43.83° and ~44.05° as themost intense pair of peaks (Figures 2d and 2d-1). Themetamorphic
pyrrhotite is a monoclinic (4M) type. The characteristic single and double peaks are always observed in our
sedimentary and metamorphic pyrrhotite samples, respectively, which indicates that they have crystal struc-
tures due to hexagonal (3T) and monoclinic (4M) pyrrhotite, respectively (Arnold, 1966; Fleet, 1971; Graham,
1969; Morimoto et al., 1975). The concentration of each identified mineral was determined using Rietveld
(1969) refinement (Table 1). In all cases, the total mineral content summed to 100.0% within rounding errors.

The possible presence of other cations within the crystal structure of the studied pyrrhotite samples was
assessed using EDS analysis in conjunction with SEM observations for authigenic pyrrhotite samples and
using an electron microprobe for monoclinic pyrrhotite samples. The electron beam diameters for these ana-
lyses were 10 μmand 2 μm, respectively, where the former size is larger than theminerals analyzed (Figure 3),
so all analyses (Table 2) represent composite results. This is evident in the divergence from expected S/Fe
ratios of 1.11 and 1.14 for hexagonal (3T) and monoclinic pyrrhotite, respectively. Some of the Fe contributes
to iron oxyhydroxides that are identified as oxidation products in the XRD results (Figure 2) and by areas with
different electron backscatter in SEM images (Figure 3). For EJC nodule samples, additional Al and Si peaks are
identified (Table 2), which are from aluminosilicate matrix minerals. While these results are not mineralogi-
cally diagnostic, they enable identification of cations that could be substituted into the pyrrhotite
crystal lattice.

None of the analyzed authigenic pyrrhotite nodules from core MD10-3276 and Valle Ricca contain impurity
cations. In contrast, some authigenic pyrrhotite nodules from the EJC locality contain trace abundances
(tenths of a percent) of As and/or Cu (Table 2). The analyzed metamorphic pyrrhotite samples contain trace
abundances of Ni and/or As (0.14–0.23% and 0.02–0.04%, respectively; Table 2). Pyrrhotite has a NiAs struc-
ture and both Ni and As are common trace constituents of monoclinic and hexagonal pyrrhotite (e.g., Batt,
1972; Clark, 1960). Cu is also a commonmetal in pyrrhotite-bearing rocks. While Ni is likely to be incorporated
within the crystal structure, pyrite and pyrrhotite are efficient absorbers of As in solution (Han & Fyfe, 2000).
With the available analyses, it is not possible to confirm whether the trace As impurities in the authigenic EJC
pyrrhotites occur within the crystal structure or whether it is absorbed onto mineral surfaces. These cations
have relatively minor concentrations in the EJC samples and are absent in the hexagonal (3T) pyrrhotite
nodules from core MD10-3276 and Valle Ricca. Thus, it appears that the documented magnetic properties
are due largely to pure authigenic pyrrhotite without cation substitution.

Our focus in this paper is on comparing the low-temperature magnetic properties of hexagonal (3T) and
monoclinic pyrrhotite, and we do not report high-temperature data. Horng (2018) presented thermomag-
netic curves for a monoclinic pyrrhotite and a representative authigenic pyrrhotite nodule from core
MD10-3276. The monoclinic pyrrhotite sample has a reversible thermomagnetic curve with Curie tempera-
ture at the expected value of 325 °C (Dekkers, 1989a). The hexagonal (3T) pyrrhotite sample has an irreversi-
ble thermomagnetic curve, with thermal alteration appearing to start above ~200 °C. The cooling curve has
an upward inflection below 300 °C, which is likely to represent the γ transition in hexagonal pyrrhotite
(Bennett & Graham, 1981; Rochette et al., 1990; Schwarz, 1975). The fact that the magnetization after comple-
tion of the heating-cooling cycle is the same as before heating (Horng, 2018) indicates that the hexagonal
pyrrhotite has undergone quenching and has retained the high-temperature ferrimagnetic phase (Bennett
& Graham, 1981). Importantly, the thermomagnetic results of Horng (2018) for hexagonal (3T) pyrrhotite help
to rule out significant impurity remanences. Greigite also has thermomagnetic properties that are governed
by thermal alteration at similar temperatures (Roberts et al., 2011), but the presence of greigite is ruled out by
synchrotron XRD results for this sample (Horng, 2018).

Low-temperaturemagnetic properties (Figures 4 and 5) for the studied samples differ according to the crystal
structure differences (hexagonal andmonoclinic) identified from XRD results (Figure 2). Monoclinic pyrrhotite
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Figure 2. Representative X-ray diffractograms for (a–d) the four samples shown in Figure 1, and (d–1 and e) reference spectra from the respective powder
diffraction files (PDFs) for six hexagonal (1T, 3T, 4H, 5T, 6T, 7T) pyrrhotite polytypes and monoclinic (4M) pyrrhotite from the International Centre for
Diffraction Data (ICDD; Mineral Powder Diffraction File Databook, 1993). PDF numbers for the pyrrhotite (Po) polytypes are as follows: #29–726 (Po-1T), #24–220
(Po-3T), #22–1120 (Po-4H), #29–724 (Po-5T), #29–725 (Po-6T), #20–534 (Po-7T), and #29–723 (Po-4M). The samples contain various impurities (Py: pyrite; S: sulfur;
Gt: goethite; Gr: greigite; L: lepidocrocite; and Qz: quartz), which are indicated by labels beside peaks. PDF numbers (#) of these minerals are: #71–2219
(Py), #8–247 (S), #29–713 (Gt), #16–713 (Gr), #44–1415 (L), and #79–1906 (Qz); their diffraction positions and relative intensities are shown with vertical lines with
respect to the largest peak (I/I100), respectively. Based on these results, the authigenic pyrrhotite is always hexagonal (3T) and the metamorphic pyrrhotite is
monoclinic (4M).
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in the studied bulk metamorphic rocks, magnetic extracts from metamorphic rocks and marine sediments,
and crystal fragments from museum specimens and hydrothermal ore deposits, always gives rise to a
sharp Besnus transition in SIRM warming curves (Figure 4a) and ZFC/FC curves (Figure 5a). The sharpness
of the transition is clear from the first derivative of the SIRM warming curves (Figure 4b). In contrast, the
sedimentary authigenic hexagonal pyrrhotite-bearing nodules have no low-temperature transition
(Figures 4c, 4d, and 5b). It is important to note that while most of the pyrrhotites appear to be pure iron
sulfides, the sedimentary nodule samples contain other minerals (Figures 2a–2c), so the observed low-
temperature magnetic properties could have contributions due to trace impurities. The results contain no
Verwey or Morin transitions due to magnetite or hematite, respectively (Morin, 1950; Verwey, 1939), so
these minerals can be excluded as contaminants. Goethite undergoes a characteristic SIRM decrease
during warming from low temperatures (Dekkers, 1989b; Liu et al., 2006; Maher et al., 2004; Rochette &
Fillion, 1989), which is consistent with the measured data and could reflect the presence of goethite
impurities in these samples. Greigite has no low-temperature transition (e.g., Chang et al., 2009), so the
SIRM warming curves in Figure 4c could also be due to greigite. These possibilities can be assessed with
other low-temperature magnetic measurements.

LTC of RT-SIRM results for monoclinic pyrrhotite contain a Besnus transition below which cooling and warm-
ing curves are identical and above which they are distinct (Figure 4e), as observed by Rochette et al. (1990).
Results for pyrrhotite-bearing nodules (Figure 4f) are again distinct from those for monoclinic pyrrhotite,
where the curves are humped and have no indication of a Besnus transition. They have distinctly different
forms to LTC-RT-SIRM curves for single-domain and multidomain greigite (Chang et al., 2009). LTC-RT-SIRM
curves for goethite increase systematically from 300 to 5 K (Liu et al., 2006). Thus, known greigite and goethite
impurities in the authigenic pyrrhotite-bearing nodules can be excluded as an explanation for the humped
curves. Maghemitized magnetite produces humped curves (Chang et al., 2013; Özdemir & Dunlop, 2010),
but such curves are different in detail to those observed here, so a contribution from maghemite can also
be excluded. Thus, the LTC-RT-SIRM data for pyrrhotite-bearing nodules appear to be distinctive.

A range of environmentally abundant Fe oxyhydroxides (lepidocrocite, γ-FeOOH), Fe and Mn carbonates
(siderite, FeCO3; rhodochrosite, and MnCO3), and Fe phosphates (vivianite, Fe3 (PO4)2 • 8H2O) occur as

Table 1
Mineral Concentration Estimates for Studied Samples From Refinement of XRD Results

Sample
Pyrrhotite
3T (%)

Pyrrhotite
4M (%)

Pyrite
(%)

Greigite
(%)

Sulfur
(%)

Quartz
(%)

Goethite
(%)

Lepidocrocite
(%)

Total
(%)

MD3276 4.9 m 43.27 49.85 0.88 1.15 4.85 100.00
MD3276 7.22 m 64.80 12.76 5.07 17.38 100.01
MD3276 11.42 m 69.00 6.70 1.68 22.62 100.00
MD3276 12.02 m 18.09 4.69 26.91 2.50 47.82 100.01
EJC29 Nodules 44.48 10.25 17.12 18.40 9.75 100.00
Valle Ricca Nodule A 20.89 18.35 40.26 6.72 2.01 10.68 1.09 100.00
M11–131 Po extract 89.85 10.15 100.00

Figure 3. Electron back-scattered SEM images of the studied samples with spots indicated for EDS/WDS analyses where elemental abundance results and S/Fe ratios
are listed in Table 2. (a) Nodule from a depth of 12.02 m in core MD10-3276 with five measurement spots indicated, (b) nodule from EJC site 29 with seven mea-
surement spots indicated, (c) nodule from Valle Ricca, Rome, Italy, with seven measurement spots indicated, and (d) metamorphic pyrrhotite from site M11–131 with
six measurement spots indicated. SEM = scanning electron microscope; EDS = energy dispersive spectrometer; WDS = wavelength dispersive X-ray spectrometers.
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authigenic phases in diverse diagenetic environments. These minerals are paramagnetic at ambient
temperatures, but they are magnetically ordered at low temperatures so they are worth considering in
relation to the low-temperature magnetism of hexagonal (3T) pyrrhotite. The only one of these minerals that
has been detected above the 0.1% level in our synchrotron XRD results is lepidocrocite (Figure 2), which
becomemagnetically ordered below 50–70 K, and in which markedly higher SIRM values are observed below
30 K (Guyodo et al., 2016; Hirt et al., 2002; Lee et al., 2004). Similarly, higher magnetizations occur below
30–40 K for siderite (Frederichs et al., 2003; Housen et al., 1996), six-line ferrihydrite (Guyodo et al., 2006),
rhodochrosite (Frederichs et al., 2003; Kosterov et al., 2006), and vivianite (Frederichs et al., 2003), and higher
susceptibilities occur below 30 K for ankerite (Hilscher et al., 2005). As discussed by Kars et al. (2011) in relation
to discriminating between monoclinic pyrrhotite and these other minerals based on low-temperature
measurements, potential ambiguities can be resolved by use of a range of diagnostic magnetic analyses
below 50 K. The key point in this context is that the large magnetization changes observed for these minerals
below 50 K will only cause ambiguities with respect to monoclinic pyrrhotite (Figures 4a, 4e, and 5a) rather
than authigenic hexagonal (3T) pyrrhotite, which does not undergo large magnetization changes below
50 K (Figures 4c, 4f, and 5b). We, thus, conclude that the potential mineralogical impurities considered here
do not explain the observed low-temperature magnetic properties of authigenic hexagonal (3T) pyrrhotite.

Low-temperature Bc trends are also markedly different for monoclinic pyrrhotite compared to those for
authigenic pyrrhotite-bearing nodules (Figures 4g and 4h). As observed by Rochette et al. (1990), a local Bc
minimum occurs at ~30–34 K for all monoclinic pyrrhotite samples, followed by Bc increases with further
cooling (Figure 4g). In some samples, Bc reaches a local maximum at ~20 K, and in others it continues to
increase to larger values (~260–400 mT) than the>100 mT value observed below ~30–34 K by Rochette et al.
(1990) for a large monocrystal. Increased Bc in monoclinic pyrrhotite below ~30–34 K is consistent with the
suggestion of Rochette et al. (1990) that it is due to a change in the magnetization easy axis direction within
the basal plane. This behavior contrasts with that of authigenic nodules that contain hexagonal (3T)

Table 2
Atomic Percentages and Fe/S Ratios for Analyzed Pyrrhotite-Bearing Samples

Sample Spot locationa O Al Si S Fe Cu Ni As Total (%) S/Feb

MD10-3276 nodule 1 26.36 37.24 36.40 100.00 1.02
(Figure 3a) 2 39.86 28.05 32.09 100.00 0.87

3 42.96 25.61 31.43 100.00 0.82
4 40.28 27.56 32.18 100.02 0.86
5 64.71 6.44 28.85 100.00 0.22

EJC29 nodule 1 1.52 0.06 0.48 52.78 44.30 0.23 0.63 100.00 1.19
(Figure 3b) 2 4.58 0.49 0.19 49.99 44.95 0.07 100.27 1.11

3 5.14 0.13 0.79 50.08 44.07 0.34 100.55 1.14
4 39.55 1.14 1.00 30.05 27.86 0.17 0.23 100.00 1.08
5 3.69 0.27 0.78 52.19 43.47 100.40 1.20
6 42.08 0.79 0.93 27.66 28.31 0.15 0.09 100.01 0.98
7 10.61 0.60 48.77 39.81 0.48 100.27 1.23

Valle Rica nodule 1 53.43 46.57 100.00 1.15
(Figure 3c) 2 52.66 47.34 100.00 1.11

3 45.71 35.58 17.81 99.10 1.90
4 16.91 44.56 38.52 99.99 1.16
5 54.43 45.57 100.00 1.19
6 54.16 45.84 100.00 1.18
7 17.61 47.10 35.29 100.00 1.33

Metamorphic 1 54.22 45.62 0.16 0.00 100.00 1.19
Pyrrhotite 2 53.10 46.72 0.18 0.00 100.00 1.14
(Figure 3d) 3 53.42 46.41 0.15 0.02 100.00 1.15

4 53.59 46.25 0.14 0.03 100.01 1.16
5 53.68 46.06 0.23 0.00 99.97 1.17
6 53.91 45.88 0.18 0.04 100.01 1.18

aSpot locations for analyses of each sample are indicated in Figure 3. bChemical compositions for selected authigenic and monoclinic pyrrhotite grains revealed
from EDS analyses do not coincide precisely with the expected S/Fe values of 1.11 and 1.14, respectively, because the 10 μmelectron beam diameter is larger than
individual grains under analysis and because of surficial oxidation of iron sulfide minerals. Analyzed mineral surfaces may also be uneven and the polish quality of
resin-impregnated sections can vary. Fe contributes to iron sulfide and (oxyhydr-)oxide minerals and O, Si, and Al contribute to matrix aluminosilicate minerals.
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Figure 4. Low-temperature magnetic data for monoclinic and hexagonal pyrrhotite. (a) SIRM warming curves (normalized
by the saturation isothermal remanent magnetization (SIRM) value at 5 K) for monoclinic pyrrhotite from the following:
metamorphic bulk rock samples from the M11 section, Central Range, Taiwan, museum and hydrothermal samples, a
magnetic extract frommarine sediment core MD10-3292 (Figure 1d), and a magnetic extract frommetamorphic rocks from
the M11 section, Central Range, Taiwan (upper) with (b) first derivative of the curves indicating a sharp Besnus transition in
all samples. (c) SIRM curves with (d) first derivatives for authigenic pyrrhotite-bearing nodules from indicated depths in
core MD10-3276, the Erh-Jen Chi (EJC) section, southwestern Taiwan, and Valle Ricca, Italy. Low-temperature cycling of
room temperature-SIRM results for selected (e) monoclinic pyrrhotite and (f) authigenic pyrrhotite-bearing samples.
Representative Bc measurements from hysteresis loops (inset) at low temperatures for (g) monoclinic pyrrhotite and
(h) authigenic pyrrhotite-bearing samples. Room temperature Bc values of authigenic pyrrhotite nodules are usually higher
(100–130 mT) than those of monoclinic pyrrhotite samples (16–70 mT, depending on grain size), except for the Valle Ricca
nodule that contains significant greigite impurities (Figure 2c).
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pyrrhotite, which have high Bc values at all temperatures, including room temperature, and which generally
increase with decreasing temperature to plateau at 10–50 K. Maximum observed Bc values exceed 700 mT,
which are underestimates because the hysteresis loops in question are not saturated even in applied fields
of 5 T (Figure 4h, inset). Such exceptionally high coercivities have not been observed previously for
pyrrhotite at low temperatures. They further indicate the distinctiveness of the low-temperature magnetic
properties documented here for hexagonal (3T) pyrrhotite even though they lack a Besnus transition
signature.

4. Discussion

Authigenic pyrrhotite-bearing nodules have magnetic remanence-bearing properties at room temperature
and at low temperatures, with no Besnus transition, humped LTC-RT-SIRM curves without inflection at
~34 K and exceptionally high coercivities in some samples (>700 mT) with maxima at ~15–50 K
(Figures 4c, 4d, 4f, and 4h). The distinctiveness of these magnetic properties leads us to suggest that they
are due to hexagonal (3T) pyrrhotite. The observed low-temperature magnetic properties in hexagonal (3T)
pyrrhotite cannot be explained either by known contaminants (e.g., goethite, greigite, and lepidocrocite)
or by undetected contaminants (e.g., magnetite, maghemite, and hematite) that, if present, must only occur
in concentrations <0.1% based on synchrotron XRD results (Figures 2a–2c). Furthermore, these minerals are
not indicated by their own distinctive low-temperature magnetic properties. The authigenic nodules are
macroscopically magnetic and are attracted by a rare-earth magnet, which is also unlikely to be due to a
<0.1% impurity. The presence of a measurable magnetization and coercivity at all temperatures from 5 to
300 K (Figures 4f and 4h) contrasts with the expectation that hexagonal pyrrhotite has an

Figure 5. Zero-field-cooled/field-cooled magnetization curves for representative pyrrhotite samples. Results are for (a) monoclinic pyrrhotite and (b) authigenic hex-
agonal (3T) pyrrhotite. The samples are the same as in Figure 4. Zero-field-cooled curves are red and field-cooled curves are blue.
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antiferromagnetic structure. We, therefore, propose tentatively that the 3T pyrrhotite polytype has previously
unrecognized ferrimagnetic properties as discussed below.

Bulk magnetic parameters for the studied pyrrhotite samples are presented in Table 3.Mrs andMs are variable
because of variable concentrations of pyrrhotite and impurities in the samples; correction based on their esti-
mated concentrations reported in Table 1 would be imprecise, so we have not attempted to do so. For exam-
ple, the Valle Ricca nodules contain significant greigite concentrations, where greigite has a room
temperature Ms value of ~67 A m2/kg (Li et al., 2014), which undoubtedly contributes to the high Ms values
of these samples. Nevertheless, greigite is absent from the other studied samples (Table 1) and the lack of
strongly magnetic impurities indicates Ms values of the order of several A m2/kg. Such values are likely to
reflect genuine ferrimagnetic behavior rather than canted antiferromagnetism or defect magnetism in an
antiferromagnetic material. For example, variable contributions from the latter two magnetization types give
rise to variable Ms values in hematite that range between 0.2 and 0.5 A m2/kg (e.g., de Boer & Dekkers, 1998;
Dunlop, 1971; O’Reilly, 1984). These values are about a factor of 10 lower than those reported in Table 3,
which represent underestimates of their true Ms value because the samples contain other minerals in addi-
tion to hexagonal (3T) pyrrhotite (Table 1).

Confirmation of a room temperature ferrimagnetism in hexagonal (3T) pyrrhotite awaits neutron diffraction
or Mössbauer analysis to determine the sublattice magnetizations to understand any potential deviation
from the expected antiferromagnetic structure. 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.
Regardless, the low-temperature magnetic properties contrast strongly with those of monoclinic pyrrhotite
for which a clear Besnus transition signature is always observed in our samples (Figures 4a, 4b, 4e, and 5a).
The origin of the high coercivities of hexagonal (3T) pyrrhotite at ~15–50 K requires explanation; these high
coercivities are not related obviously to a Besnus-type transition, but they suggest a change in magnetic
structure or anisotropy arrangement at low temperatures.

While our work raises several unanswered questions that require further investigation, the results presented
here are important for understanding magnetic signatures associated with active or fossil gas hydrates and
methane venting. Importantly, remanence-bearing pyrrhotite has been documented widely in such settings
but has been assumed to be monoclinic rather than hexagonal (e.g., Kars & Kodama, 2015; Larrasoaña et al.,
2007; Roberts, 2015; Weaver et al., 2002), because the former is known to be ferrimagnetic whereas the latter
is assumed to be antiferromagnetic. Our work demonstrates that nodular authigenic pyrrhotite, which is iden-
tified routinely in sites with active or fossil gas hydrate/methane venting, is of the hexagonal (3T) rather than
the monoclinic (4M) variety. Observed magnetism in hexagonal (3T) pyrrhotite indicates that care is needed
when interpreting environmental and magnetic signals from such environments. Further work is needed to
provide a clearer explanation of the magnetic properties of hexagonal (3T) pyrrhotite as documented here.

Table 3
Magnetic Parameters for the Studied Samples

Sample
Mass

(10�6 kg)
Initial slope
(Am2/T)

χ from initial slope
(m3/kg)

Mrs
(Am2/kg)

Ms
(Am2/kg)

Bcr
(mT)

Bc
(mT) Mrs/Ms Bcr/Bc

MD10-3276 7.22 m nodule 44.2 2.85 × 10�4 8.10 × 10�6 2.36 3.43 154.6 123.1 0.69 1.26
EJC29 nodule A 19.9 0.47 0.83 82.8 62.3 0.56 1.33
EJC29 nodule B 4.7 4.03 6.81 77.1 58.9 0.59 1.31
EJC29 nodule C 4.4 4.43 × 10�5 1.27 × 10�5 1.18 1.94 82.9 61.2 0.61 1.36
EJC29 nodule D 2.9 4.52 7.83 75.3 56.9 0.58 1.32
EJC29 nodule E 2.0 3.68 6.31 75.2 58.0 0.58 1.30
EJC29 nodules 17.8 5.25 × 10�4 3.72 × 10�5 2.83 4.76 86.7 59.7 0.60 1.45
Valle Ricca nodule A 36.6 9.06 18.17 65.2 46.4 0.50 1.40
Valle Ricca nodule B 94.1 1.44 3.27 55.9 37.5 0.44 1.49
Valle Ricca nodule C 76.9 8.09 18.76 65.9 43.0 0.43 1.53
Valle Ricca nodule D 44.9 4.99 × 10�3 1.40 × 10�4 10.18 18.37 58.0 43.6 0.55 1.33
Valle Ricca nodule E 233.8 3.34 × 10�2 1.79 × 10�4 10.94 25.10 63.7 42.5 0.44 1.50
M11–131 bulka 491.3 3.92 × 10�4 1.00 × 10�6 0.04 0.08 30.9 26.7 0.56 1.16

aThe concentration of monoclinic pyrrhotite in this bulk phyllite sample is extremely low, so concentration-dependent magnetic parameters (χ, Mrs, and Ms) are
correspondingly low.
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5. Conclusions

We observe consistently a clear Besnus transition signature in monoclinic (4M) pyrrhotite that is not observed
in hexagonal (3T) pyrrhotite. The lack of a low-temperature transition would not be surprising if 3T pyrrhotite
is antiferromagnetic at all temperatures, but the presence of a magnetic remanence that cannot be due to
known and potentially unidentified impurities leads us to propose that the studied 3T pyrrhotite is ferrimag-
netic and capable of carrying a remanence from 5 K to 300 K. The hexagonal (3T) pyrrhotite has high coerciv-
ities at room temperature (~100–130 mT in our samples from active gas hydrate settings) and higher
coercivities (up to >700 mT) at ~15–50 K. The unexpected nature of our results and the lack of detailed stu-
dies of the magnetic properties of 3T pyrrhotite suggests that further detailed magnetic and crystallographic
studies are needed to develop a more complete understanding of this mineral, which occurs widely in active
or fossil gas hydrate/methane venting environments.
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