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Abstract
The characteristic behavior of magnetic remanence correlated with mineralogical textures and composition was observed 
using low-temperature magnetometry, microscopy, and chemical analysis of three isocubanite samples collected from hydro-
thermal deposits in the Okinawa Trough and a sample transformed from natural cubanite via heating. Both zero-field rema-
nence acquired at 5 K and field cooling remanence acquired at 300–5 K of all samples sharply decreased with increasing 
temperature at approximately 100 K. In addition, low-temperature cycling of isothermal remanence at 300 K exhibited a 
transition at approximately 100 K; remanence increased with decreasing temperature and vice versa. The intensity of rema-
nence at low temperature and sharpness of the transition varied across samples with different compositions and microscopic 
textures, that is, the presence or absence of chalcopyrite lamellae and their widths. The sample obtained from a hydrothermal 
chimney, in which the magnetic transition was most clearly observed, was also subjected to X-ray diffraction, Mössbauer 
spectroscopy, electrical resistivity, and magnetic hysteresis measurements. The obtained results were generally consistent with 
those reported previously for unnamed mineral CuFe3S4 with an ordered cation arrangement. The low-temperature magnetic 
behavior of isocubanite possibly depends on the degree of cation ordering and can be regarded as an indicator of chemical 
composition and cooling history. Therefore, low-temperature magnetometry is useful for the detection of isocubanite and a 
potentially powerful technique for the prompt estimation of its composition and texture, contributing to our understanding 
of the formation process of hydrothermal deposits.
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Introduction

Recent geological surveys have revealed seafloor massive 
sulfide (SMS) deposits, which have attracted attention as 
novel mineral resources. To explore the target areas of 
unknown ore deposits, geoscientific model of the formation 
process related to hydrothermal activity must be established. 
As SMS deposits are considered modern analogs of vol-
canic massive sulfide deposits (VMSDs), similar mineral-
ogical studies have been conducted. To obtain constraints on 
the history of temperature and chemical conditions, sulfur 
fugacity, mineral assemblages, chemical composition of 
individual minerals, and microstructure of ore deposits have 
been investigated (e.g., Schwartz 1927; Mozgova et al. 2005; 
Fouquet et al. 2018; Fan et al. 2021).

Copper is not only an important industrial target but 
also a key element in understanding the history of sulfide 
ore deposits, as it forms various minerals that reflect the 
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environment. As some of the metal sulfides in the Cu–Fe–S 
system exhibit characteristic magnetic properties, the rock 
magnetic approach can provide information on the mineral 
species, composition, and texture of the constituent miner-
als through rapid and non-destructive measurements (e.g., 
Pearce et al. 2006). In particular, low-temperature magnetic 
analysis is expected to be effective for samples from hydro-
thermal deposits, which are vulnerable to severe alteration 
by heating, and useful for detecting minerals that are para-
magnetic at room temperature but undergo magnetic transi-
tions at low temperatures.

In the present study, we focus on isocubanite, which 
is specific to active seafloor hydrothermal fields (e.g., 
Mozgova et al. 2005). Isocubanite (stoichiometric formula 
CuFe2S3) is a high-temperature polymorph of cubanite, sta-
ble at > 210–270 °C (e.g., Sawada et al. 1962; Yund and 
Kullerud 1966; Fleet 1970; Cabri 1973; Putnis 1977). In the 
literature, isocubanite is often referred to as “intermediate 
solid solution (iss)” owing to the wide compositional range 
of the Cu–Fe–S ternary system at high temperatures (Caye 
et al. 1988). Isocubanite has a sphalerite-type face-centered 
cubic lattice structure, with Cu and Fe atoms randomly 
distributed at the cation sites (e.g., Fleet 1970; Szymański 
1974; Lyubutin et al. 2015; Barbier et al. 2017, 2021).

Isocubanite can be obtained by heating natural cubanite in 
vacuum (e.g., Sawada et al. 1962; Fleet 1970; Putnis 1977) 
in the laboratory. This reaction is a structural transforma-
tion from orthorhombic to cubic as well as an order–dis-
order transition of the cation atoms. The transition is irre-
versible, and the metastable isocubanite can be quenched 
at ~ 25 °C. When annealed at temperature slightly lower 
than 200 ℃, fine lamellae of chalcopyrite emerge while 
the matrix remains disordered (Putnis 1977). According to 
Putnis, in metastable isocubanite, cation ordering within 
the cubic structure occurs instead of transition from isocu-
banite to cubanite, which is very sluggish at temperature as 
low as ~ 200 ℃. This reaction results in an overall reduc-
tion in free energy. Since the ordered cation occupancy of 
Cu:Fe = 1:2 is not geometrically feasible in the cubic lattice 
system, isocubanite breaks into chalcopyrite (CuFeS2) and 
unnamed mineral (CuFe3S4). The decomposition of cubanite 
upon heating to a very fine mixture of chalcopyrite and a 
cubic phase, with X-ray powder diffraction pattern very 
similar to that of chalcopyrite, was also reported by Kaneda 
et  al. (1978). Lamellae of isocubanite and chalcopyrite 
are often found in natural samples (e.g., Koski et al. 1984; 
Oudin et al. 1984; Zierenberg et al. 1984; Caye et al. 1988; 
Kase et al. 1990; Fouquet et al. 2018; Butler et al. 1998).

The magnetism of isocubanite is complex. The Möss-
bauer spectrum of cubic cubanite (isocubanite) is not mag-
netically split at 295 K, while it shows the evidence of mag-
netic ordering at low temperatures but cannot be resolved 
into simple sextet spectra. This complexity is explained by 

the randomness of the occupancy of cation sites by Fe2+, 
Fe3+, and Cu1+ ions (Greenwood and Whitfield 1968). Syn-
thesized isocubanite shows paramagnetic behavior (Lyubutin 
et al. 2015; Barbier et al. 2017; 2021).

Wintenberger et al. (1994) reported the magnetic struc-
ture and transition of unnamed mineral CuFe3S4 with chalco-
pyrite exsolution collected from the Snake Pit hydrothermal 
field (Mid-Atlantic Ridge at 23° N). They reported that their 
sample showed ordered cation occupancy and a tetragonal 
crystal structure, in which the sphalerite-type cubic lattice 
of isocubanite is slightly distorted. Hereafter, the abbrevia-
tions cp for chalcopyrite and np (‘new phase’) for CuFe3S4 
are used, following Wintenberger et al. (1994). They also 
reported that upon cooling, three magnetic transitions were 
observed in np at approximately 285, 190, and 105 K. More-
over, a magnetic transition occurs below ~ 105 K, where np 
becomes ferrimagnetic, and its magnetic moment and elec-
tric resistivity increase dramatically. Since the chemical 
compositions and crystal structures of CuFe3S4 and isocu-
banite are very close to each other, isocubanite with interme-
diate compositions may exhibit similar magnetic properties. 
In particular, it may be a useful indicator for isocubanite if 
a characteristic magnetic transition is recognized upon low-
temperature magnetometry.

In the present study, using X-ray diffraction (XRD) meas-
urements, magnetic analyses, Mössbauer spectroscopy, elec-
trical resistivity measurements, and chemical analysis, we 
investigated the magnetic properties of isocubanite samples 
collected from submarine hydrothermal deposits in the 
Okinawa Trough and a sample obtained in the laboratory 
by heating natural cubanite.

Sample description

Stoichiometric isocubanite obtained by transition 
from cubanite

To obtain a stoichiometric isocubanite sample, a cubanite 
sample from the Henderson No. 2 mine, Chibougaman, Que-
bec, Canada, was heated using the Curie Balance (NMB-
2000M1, Natsuhara Giken) in vacuum (< 10 Pa). The change 
in the magnetization of the sample was monitored during 
heating and cooling to confirm the transition from ferro-
magnetic cubanite to paramagnetic isocubanite. The ther-
momagnetic (Js-T) curve is presented in Fig. 1. The mag-
netization of cubanite was almost constant up to 250 °C and 
drastically decreased at 250–280 °C due to phase transition 
to isocubanite. The mass-specific magnetization of the sam-
ple in 300 mT before and after heating was approximately 
0.4 Am2 kg−1 and 0.005 Am2 kg−1, respectively. The Js–T 
curve was irreversible, suggesting that the inverse transition 
from isocubanite to cubanite did not occur upon cooling to 
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room temperature. No signals indicating the formation of 
other magnetic minerals, such as magnetite, were detected. 
The phase transition from cubanite to isocubanite was also 
confirmed by XRD measurements before and after heating 
(see the next section). Hereafter, this sample is referred to 
as sample #1.

Isocubanite samples from the Okinawa Trough

Natural isocubanite samples (samples #2, #3, and #4) 
were obtained from active seafloor hydrothermal fields 
in the Okinawa Trough during research cruises under the 
framework of the Next-Generation Technology for Ocean 
Resources Exploration Project, Cross-Ministerial Strategic 
Innovation Promotion Program (SIP) of the Japanese Cabi-
net Office (e.g., Nozaki et al. 2021). The Okinawa Trough 
is a back-arc basin of the Ryukyu Trench–Arc system, 
located along the eastern coast of the Eurasian continent. 
The tectonic setting of the Okinawa Trough is considered to 
be in the rifting stage, in which the extension of the litho-
sphere with a normal fault system is dominant. More than 
ten hydrothermal fields are located in the Okinawa Trough, 
and sulfide deposits associated with hydrothermal activities 
have attracted attention as modern analogs of Kuroko-type 
ore deposits (e.g., Halbach et al. 1989; Ishibashi et al. 2015).

Isocubanite sample #2 was obtained from a sediment core 
obtained by scientific drilling at the Noho Site near the Iheya 
Small Ridge. Drilling was conducted during the CK16-01 
Cruise (Exp. 908) of D/V Chikyu in 2016, and the drilled site 
(Site C9017) was located near active hydrothermal chimneys 
that vigorously emanated high-temperature (> 330 °C) flu-
ids. The drilled cores from Site C9017 primarily comprised 

basaltic lava, altered volcanic rocks, and clays. Isocubanite 
sample #2 was collected from a core sample labeled C9017C-
11H-1W, 65.0–68.0 cm, obtained at 71.650 mbsf. A small 
amount of sulfide minerals was recognized within altered 
rock fragments. Based on onboard XRD, optical microscopic 
observations, and EPMA analysis, the constituent minerals 
were pyrrhotite, anorthite, chlorite, (iso)cubanite, titanite, and 
K-feldspar (Totsuka 2017).

Isocubanite sample #3 was obtained from a sediment core 
by scientific drilling at the Hakurei Site in the Izena Hole. 
Drilling was conducted during the CK16-05 Cruise (Exp. 
909) of D/V Chikyu in 2016. The drilled site (Site C9026) was 
in the vicinity of the Northern Mound, a few tens of meters 
high. The drilled cores from Site C9026 comprised pumiceous 
sediments at the top, a sulfide body dominated by pyrite, mar-
casite, and sphalerite/wurtzite, and underlying hydrother-
mally altered clay. Isocubanite sample #3 was collected up 
from a core sample labeled C9026A-13X-1W, 20.0–23.0 cm, 
obtained at 74.700 mbsf. According to onboard core descrip-
tion (Nozaki et al. 2021), this depth was within hydrothermally 
altered clay that contains veins of pyrrhotite and isocubanite 
located 10–15 m beneath the sulfide body.

Isocubanite sample #4 was obtained from a fragment 
of an active chimney at the Noho Site. The chimney frag-
ment was collected by the ROV Hyper-Dolphin during the 
NT15-13 Cruise of R/V Natsushima in 2015 and labeled 
HPD1860R05(4). The distance between the sampling points 
and Site C9017 was within a few tens of meters. The chim-
ney fragment is composed of anhydrite and sulfides, such 
as isocubanite, sphalerite, pyrrhotite, and pyrite (Totsuka 
2017). Isocubanite grains as large as a few centimeters 
in diameter were observed in the polished section. High-
resolution optical and electronic microscopy and chemical 
analyses revealed that it consisted of fine lamellae of Fe-rich 
isocubanite and Fe-rich chalcopyrite.

From the core samples, fragments of aggregated sulfides 
were selected, freeze-dried, and crushed to collect pieces, 
including isocubanite, under a binocular microscope. Unfor-
tunately, the isocubanite grain size in samples #2 and #3 was 
very small, and these samples could not be obtained without 
contamination.

Sample #4 was prepared as follows. First, a chimney body 
sample was crushed using a mortar and pestle. Then ferro-
magnetic particles, such as pyrrhotite, were removed using 
a neodymium magnet. Finally, the particles without surface 
staining were selected under a binocular microscope.

Methods

Powder XRD measurements were conducted on samples 
#1 and #4 using a benchtop X-ray diffractometer (Rigaku, 
MiniFlex II, Cu-Kα) at Kyushu University. The results 

Fig. 1   Thermomagnetic (Js–T) curve of cubanite/isocubanite in 300 
mT. Red solid line and blue dashed line indicate heating and cooling 
curves, respectively
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were analyzed and fitted using the PDXL2 software built 
into the diffractometer and the PDIndexer software by Seto 
et al. (2010).

For all samples, a series of low-temperature magnetic 
measurements commonly adopted in rock magnetic studies 
were conducted as follows. In low-temperature remanence 
measurements, isothermal remanent magnetization (IRM) 
was first imparted to the sample by a DC field of 5 T at 
5 K after zero-field cooling from 300 K. Next, remanent 
magnetization was measured during warming to 300 K in 
a zero field (ZFC remanence). Subsequently, the sample 
was cooled again to 5 K in a 5 T field, and remanence was 
measured during warming in a zero field (FC remanence). 
The sample was then exposed to 5 T at 300 K, and IRM 
was measured during cooling to 5 K and heating to 300 K 
in zero field. Magnetization was measured at 2.5–5.0 K 
intervals in the sweep mode of 2.5–5.0 K/min. Additional 
measurements were conducted on sample #4 to directly 
compare the results with those reported by Wintenberger 
et  al. (1994) for np (CuFe3S4). After low-temperature 
remanence measurements, the sample was demagnetized 
by switching the direction of the applied DC field, which 
decays stepwise from 5 T to zero field, and its magnetiza-
tion was measured in a DC field of 150 mT during cooling 
and warming between 300 and 5 K. Hysteresis measure-
ments were conducted at 77, 130, 200, and 300 K with 
applied maximum field of 5 T. The field increment was 10 
mT between -100 mT and + 100 mT, and 100 mT beyond 
this range. All magnetic measurements were performed 
using a magnetic property measurement system (MPMS-
XL5, Quantum Design Inc.) at Okayama University of Sci-
ence and Kochi University.

On sample #4, Mössbauer spectroscopy was performed 
at 293, 225, 120, and 3 K to compare the 57Fe hyperfine 
magnetic structure with that reported by Wintenberger et al. 
(1994). Isocubanite grains were hand-picked under a binocu-
lar microscope, coarsely ground using a mortar and pestle, 
and subjected to measurements. Mössbauer spectroscopy 
was performed at RIKEN using a Mössbauer Drive Unit 
(MDU1200, Wissel) with a 57Co/Rh radiation source. The 
electrical resistivity of sample #4 was measured using the 
conventional four-probe AC method with a physical property 
measurement system (PPMS, Quantum Design Inc.) start-
ing from 2 K at IMR, Tohoku University. Resistivity was 
measured during both cooling and heating.

After the above analyses, all samples were mounted in 
epoxy resin and polished for microscopic observation and 
chemical analysis. A field-emission electron probe micro-
analyzer (FE-EPMA, JEOL) at Kyushu University was used 
to analyze the chemical composition of isocubanite and 
other sulfide minerals. An accelerating voltage of 15 kV 
and a beam current of 5 nA were used. The electron beam 
was usually 5 μm in diameter but focused to 1 μm when 

measuring exsolved phases. The counting time for each ele-
ment was 40 s.

Results

XRD measurements

One-dimensional XRD profiles of samples #1 and #4 are 
shown in Fig. 2. The crystal structure and lattice constant 
of sample #1 were consistent with those of stoichiometric 
isocubanite (CuFe2S3) reported in the literature (Szymański 
1974), indicating that cubanite was successfully transformed 
into isocubanite.

The XRD profile of sample #4 was generally consist-
ent with that of isocubanite; however, the peak positions of 
some of the diffraction lines appeared at a slightly smaller 
d. We fitted the structure of np (CuFe3S4) with the space 
group I-42 m proposed by Wintenberger et al. (1994) to this 
profile and obtained the lattice constants of a = 5.3028(8) 
and c = 10.6100(20) Å, which are slightly smaller than those 
of np. Although Mössbauer spectroscopy and microscopic 
observations described later suggest the existence of chal-
copyrite, it was not apparent from the XRD profile because 
the crystal structures of np and chalcopyrite are very similar 
and the diffraction lines can overlap. Deviation from a bell-
shaped distribution at diffraction lines 112, 204, and 312 of 
np was interpreted to be due to chalcopyrite, which should 
appear at a slightly larger 2θ than that of np (insets in Fig. 2). 
This deviation was not observed for sample #1.

Magnetic measurements

The results of low-temperature remanence measurements are 
shown in Fig. 3. Note that the magnetizations are plotted in a 
logarithmic scale. In all studied samples, the magnetization 
changed significantly at approximately 100 K. The strengths 
of the ZFC and FC remanences acquired at 5 K decreased 
monotonically with increase in temperature, with the sharp-
est decrease at approximately 100 K. The decrease in rema-
nence was much smaller at > 100 K. IRM was weak at 300 K 
but increased sharply at ~ 100 K during the cooling process; 
this change was almost reversible upon heating to 300 K.

The magnitude of remanence at low temperatures and 
sharpness of change at approximately 100 K differed among 
the samples. For example, the ZFC remanence was ~ 15 Am2 
kg−1 for sample #4, which was 70 times larger than that 
(~ 0.2 Am2 kg−1) for sample #1. One or two minor transitions 
at temperatures higher than 100 K were observed in samples 
#3 and #4 but not in samples #1 and #2. Contrary to the mag-
netization at temperatures below 100 K, the magnetization at 
300 K was smallest in sample #4. Relatively large magneti-
zation at 300 K in samples #1, #2, and #3 may be attributed 
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to trace magnetic phase(s) resulting from heating of cubanite 
(sample #1) or in the matrix (samples #2 and #3).

The result of the low-temperature cycling in 150 mT on 
sample #4 is presented in Fig. 4. A major magnetic transi-
tion was observed at ~ 100 K, in which the magnetization 
increased with decreasing temperature below the transition 
point, similar to the remanence measurements. The satura-
tion value of ~ 10 Am2 kg−1 at 10 K was also similar to that 
(15 Am2 kg−1) reported by Wintenberger et al. (1994) for np.

The hysteresis loops measured at different temperatures 
are shown in Fig. 5a. At 77 K, it showed a hysteresis loop 
typical for ferromagnetic or ferrimagnetic materials with 
coercivity of 400 mT and saturation magnetization of 18 
Am2 kg−1 (Fig. 5b). The shape of the hysteresis loop was 
virtually identical to that reported by Wintenberger et al. 
(1994) for np. At 130 K, the magnetization at 5 T was about 
one-sixteenth of that at 77 K and the hysteresis loop showed 
magnetically harder nature that does not saturate even at 
5 T. At 200 K, the shape of the hysteresis loop was close to 
those reported for antiferromagnetic materials (Cuda et al. 
2011). At 300 K, the sample showed almost no hysteresis, 
and the magnetization at 5 T was the smallest among the 
measured loops.

Mössbauer spectroscopy and electrical resistivity

The acquired Mössbauer spectra of sample #4 are shown 
in Fig. 6. The spectrum obtained at 293 K was fitted to a 
combination of paramagnetic doublets and sextets. The dou-
blet and sextet were comparable to the np and cp values 
reported by Wintenberger et al. (1994) at 295 K, respec-
tively. Although the two components of np (np1 and np2) 
were distinguished by Wintenberger et al. (1994), we could 
not separate them into two phases. The Mössbauer spectrum 
acquired at 225 K showed a combination of cp sextet, dou-
blet, and sextet. The spectra acquired at 120 and 3 K were 
fitted to obtain three sets of sextets. The components fitted 
at 225, 120, and 3 K were interpreted to be identical to the 
signals of np1, np2, and cp reported by Wintenberger et al. 
(1994) at the corresponding temperatures, but the volume 
ratios of np and cp were different. The fitted Mössbauer 
parameters are listed in Table 1.

Electrical resistivity as a function of temperature is 
presented in Fig. 7. A clear anomaly in the resistivity was 
observed at ~ 100 K, where major transition in the tempera-
ture dependence of magnetization was observed. Resistiv-
ity showed a semiconductor-type temperature dependence 
below the transition temperature, where resistivity decreases 
with increasing temperature. Above this transition, resistiv-
ity increases with increasing temperature. Thermal hyster-
esis was observed, indicating the occurrence of first-order 
phase transition.

Microscopy and chemical analysis

Micrographs and backscattered electron (BSE) images are 
presented in Fig. 8, and the results of the chemical analy-
ses are summarized in Table 2. In addition, the composi-
tions of isocubanite and chalcopyrite lamellae were plot-
ted on the Cu–Fe–S ternary diagram (Fig. 9). Sample #4 
was characterized by micron-scale lamellae of relatively 
Fe- and Cu-rich phases. Bulk composition measured by the 

Fig. 2   One-dimensional X-ray diffraction profile of a sample #1 and 
b sample #4. The lower part of the figure shows the theoretical 2θ 
angle and intensities of the reflections of isocubanite, np, and chalco-
pyrite, calculated using VESTA (Momma and Izumi 2011)
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defocused electron beam was between that of stoichiometric 
isocubanite (CuFe2S3) and np (CuFe3S4). Although accu-
rate measurements were not possible because of the small 
particle sizes, the Fe-rich phase was not expected to be as 
Fe-rich as that in np, and the Cu-rich phase was possibly 
chalcopyrite but rich in Fe. Similarly, sample #3 exhibited 
lamellae of Fe-rich isocubanite and chalcopyrite, but they 
were as wide as a few micrometers. This texture enabled us 
to analyze the composition of each phase separately. The 
composition of Fe-rich isocubanite in sample #3 was very 
close to the bulk composition of sample #4. Tiny spots of a 
Zn-rich phase, possibly sphalerite, were observed in Fe-rich 
isocubanite. In sample #2, chalcopyrite lamellae were not 
observed, but spots of pyrite were detected in the Fe-rich 
isocubanite. The composition of Fe-rich isocubanite was 
close to that in sample #3 and bulk composition in sample 

#4 but was slightly more Cu-rich, close to the stoichiometric 
composition (Fig. 9). Sample #1 showed no inner structure, 
and its composition was close to CuFe2S3.

Discussion

Low‑temperature magnetic transition 
of isocubanite

A magnetic transition at ~ 100 K was observed in all meas-
ured isocubanite samples, regardless of the texture or com-
position. Considering the variety in sample compositions, 
such a magnetic transition may be a general property of iso-
cubanite within a certain composition range. The tempera-
ture dependence of magnetization and electrical resistivity 

Fig. 3   Low-temperature 
remanence versus temperature 
curves. a Sample #1. b Sample 
#2. c Sample #3. d Sample 
#4. Dashed and solid red bold 
lines represent ZFC and FC 
remanences, respectively. 
Dashed and solid blue lines 
indicate cooling and heating of 
300 K-IRM, respectively
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in sample #4 resembled that in np reported by Wintenberger 
et al. (1994), who argued that it was a Verwey transition. 
The transition temperature of ~ 100 K and the decay of ZFC 
and FC remanences across the transition may mimic those 
of magnetite, a representative magnetic material that under-
goes the Verwey transition (Özdemir et al. 1993; Moskowitz 
et al. 1993; Kosterov 2003). However, it can be clearly dis-
tinguished by the following points. First, the strength of the 
IRM acquired at 300 K increased with decreasing tempera-
ture at the transition, contrary to the case in magnetite. This 

is possibly owing to the orientation of spontaneous mag-
netization by the weak magnetization carried by impurities 
and/or local magnetic regions. Second, the magnetization 
drop at the transition was as large as at least one order of 
magnitude. This implies large (> 100 μm) grain size in the 
case of magnetite, in which the ZFC remanence is consider-
ably larger than the FC remanence (Kosterov 2003), contrary 
to our observation on the isocubanite samples. Moreover, 
the temperature dependence of the hysteresis loops shown 
in Fig. 5 implies that the nature of the transition in isocu-
banite is a ferrimagnetic/antiferromagnetic one, such as that 
reported for troilite at 70 K (Cuda et al. 2011), rather than a 
Verwey transition.

Comparison of sample #4 to the sample studied 
by Wintenberger et al. (1994)

The XRD spectra, low-temperature magnetic properties, 
electrical resistivity, and Mössbauer spectra of sample #4 
were generally consistent with those of the sample studied 
and reported by Wintenberger et al. (1994). Although Win-
tenberger et al. (1994) did not show microscopic images, 
their described microstructure of “an orthogonal network 
of very thin (~ 0.5 μm) alternate lamellae” is also consist-
ent with our observations (Fig. 8d, e). The similarity in 
the microstructure was further supported by the results 
of hysteresis measurements at 77 K, which are sensitive 
to magnetic grain size. However, the chemical composi-
tion was different; Wintenberger et al. (1994) noted that 
the bulk (np + cp) composition of their sample was very 

Fig. 4   Result of magnetization versus temperature in 150 mT for 
sample #4

Fig. 5   Results of magnetic hysteresis measurements for sample #4. a 
Black, read, blue, and green lines are the hysteresis loops at 77, 130, 
200, and 300 K, respectively. Insets show the magnified views near 

the origin. b Hysteresis loop at 77 K. Grey line shows the loop after 
the paramagnetic slope correction
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close to that of CuFe2S3, and np was slightly more Fe-
rich than CuFe3S4. Meanwhile, sample #4 corresponded 
to Cu1.8Fe4.1Zn0.1S6 in bulk, and its Fe-rich isocubanite 
phase showed a lower Fe/Cu ratio than CuFe3S4 (Table 2). 
In addition, a difference in mineral composition can be 

inferred from the relative contribution of each sub-
spectrum to the Mössbauer spectra. Wintenberger et al. 
(1994) reported that ~ 40% of the Fe atoms belonged to 
cp, whereas our results indicated that only ~ 25% Fe atoms 
belonged to cp. Such differences in the chemical and min-
eral compositions may be due to the different histories of 
individual samples.

The difference in bulk composition indicated that the 
initial composition of isocubanite before decomposition 
was different, possibly reflecting its history at high tem-
peratures, where the isocubanite/intermediate solid solu-
tion was stable. In addition, the differences in the ratio of 

Fig. 6   Mössbauer spectra of sample #4 at a 293 K, b 225 K, c 120 K, 
and d 3 K. Green, red, and blue lines are the fitted sub-spectra corre-
sponding to np1, np2, and cp, respectively

Table 1   Fitted 57Fe Mössbauer 
parameters of sample #4

d isomer shift (ref. Fe metal), ΔEq quadrupole energy, H magnetic hyperfine field, G linewidth FWHM, P 
relative area of various sub-spectra, cp chalcopyrite, np1, np2 sites 1 and 2 of CuFe3S4 from Wintenberger 
et al. (1994)

T Site d DEq H G P
K mm s−1 mm s−1 T mm s−1 %

293 cp 0.24 (1) 0 33.4(1) 0.44 (3) 26
np 0.44 (2) 0.58 (1) 0.52 (1) 74

225 cp 0.30 (1) 0 35.4 (1) 0.53 (3) 21
np2 0.52 (1) 1.08 (2) 0.82 (4) 30
np1 0.51 (1) – 0.26 (2) 15.7 (1) 1.39 (6), 1.04 (8), 0.60 (4) 49

120 cp 0.35 (1) 0.06 (1) 36.3 (1) 0.54 (2) 21
np2 0.45 (6) – 0.07 (9) 20.1 (2) 2.6 (5), 0.9 (1), 0.5 (1) 38
np1 0.72 (4) – 0.25 (7) 19.6 (1) 1.1 (1), 1.4 (1), 0.8 (1) 41

3 cp 0.42 (1) 0 36.2 (2) 0.72 (4) 25
np2 0.46 (1) – 0.13 (1) 37.7 (1) 0.39 (2) 26
np1 0.81 (1) 0.66 (1) 17.8 (1) 0.89 (3), 0.56 (3), 0.56 (3) 49

Fig. 7   Electrical resistivity versus temperature curve of sample #4. 
Closed black circles and open red circles indicate resistivity measured 
during cooling and heating, respectively. Inset is a magnified view 
near the transition
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Fe-rich isocubanite (np) and Fe-rich chalcopyrite (cp) as 
well as the composition of each phase indicate how far 
the decomposition of isocubanite has progressed, which 
depends on history after the temperature drops below the 
stable range of isocubanite.

As shown in Fig.  3, at above ~ 100  K, magnetiza-
tion decreases monotonically with increasing tempera-
ture; however, inflection points were observed at ~ 170 
and ~ 250 K in sample #4. These changes possibly cor-
respond to the transitions proposed by Wintenberger et al. 
(1994), although the temperature was slightly different, 
which can be attributed to the differences in chemical 
composition.

Overall, we conclude that sample #4 exhibits similar 
texture and undergoes qualitatively similar magnetic tran-
sitions at low temperatures to the sample described by 
Wintenberger et al. (1994), both produced by the decom-
position of isocubanite at temperatures below its stability 
range. Subtle differences in chemical and mineral compo-
sition reflect the cooling history.

Linkage of magnetic properties, mineral 
composition, and texture

The strength of low-temperature magnetization, sharpness 
of transition at ~ 100 K, and presence/absence of minor 

transitions at high temperatures varied among the samples. 
This difference may be attributed to the variation in the 
degree of cation ordering; the most ordered case is np in 
which the ratio of Cu and Fe is 1:3, and the most disordered 
case is ideal isocubanite in which the ratio of Cu and Fe is 
1:2. In this section, we discuss how the differences in mag-
netic properties among the samples can be explained by the 
chemical composition and microstructure.

Samples #3 and #4 exhibited strong magnetization at 
low temperatures; however, minor transitions at high tem-
peratures were observed more clearly in sample #4. Further 
microscopic observations and chemical analysis revealed 
that sample #4 exhibited a lamellar structure on the order of 
one micrometer, while in sample #3, each phase was on the 
scale of a few to tens of micrometers. Moreover, the Fe-rich 
isocubanite phase in sample #4 showed a larger Fe/Cu ratio 
than that in sample #3. Therefore, the composition of Fe-rich 
isocubanite in sample #4 was closer to CuFe3S4 than that in 
sample #3; thus, more parts can contribute to the ordered 
structure of np, resulting in a clearer transition.

The low-temperature magnetization of sample #1 was 
the weakest among the studied samples; nonetheless, it 
was still significant, and the transition at ~ 100 K was also 
clear. Such a transition was not recognized in synthesized 
isocubanite (Lyubutin et al. 2015), although it is consist-
ent with the report by Greenwood and Whitfield (1968) that 

Fig. 8   Optical micrographs of a sample #1, b sample #2, c sample #3, and d sample #4, and e BSE image of sample #4
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the Mössbauer spectrum at low temperatures showed evi-
dence of magnetic ordering. Although long-range ordering 
is absent because of the random occupancy of cation sites, 

local ordering of cations may be responsible for the weak 
magnetization of CuFe2S3 isocubanite.

Although the chemical compositions of the Fe-rich iso-
cubanite phases of samples #2 and #3 were very similar 

Table 2   Chemical compositions 
of isocubanite and chalcopyrite 
in samples #2, #3, and #4, as 
determined by EPMA

Sample Composition (weight %)

Cu Fe Ni Zn Pb S Total

Sample #2 21.68 41.11 0.00 0.62 0.19 35.11 98.71
Fe-rich isocubanite 21.70 41.40 0.00 0.75 0.00 35.44 99.28
(no lamellae observed) 21.26 41.10 0.00 0.73 0.00 34.99 98.09

21.15 41.36 0.03 0.62 0.00 34.78 97.93
21.22 41.39 0.02 0.70 0.17 35.24 98.75
21.70 41.54 0.00 0.66 0.11 34.62 98.62
21.31 41.27 0.00 0.69 0.00 35.45 98.72
21.33 41.72 0.00 0.63 0.09 34.91 98.68

 Mean 21.42 41.36 0.01 0.68 0.07 35.07 98.60
 SD 0.23 0.21 0.01 0.05 0.08 0.30 -

Sample #3 21.15 41.21 0.09 0.46 0.02 35.09 98.02
Fe-rich isocubanite 20.85 42.14 0.00 0.52 0.00 34.76 98.26

21.42 42.29 0.02 0.77 0.06 34.78 99.35
21.21 41.71 0.03 0.68 0.28 34.63 98.54

 Mean 21.16 41.84 0.04 0.61 0.09 34.81 98.54
 SD 0.24 0.49 0.04 0.14 0.13 0.20 -

Sample #3 30.06 33.37 0.01 0.17 0.00 34.36 97.97
Fe-rich chalcopyrite 31.09 33.33 0.03 0.15 0.00 33.39 97.99

29.77 33.43 0.00 0.15 0.12 34.22 97.70
30.38 32.31 0.00 0.28 0.16 34.63 97.75
31.14 33.85 0.00 0.29 0.08 34.47 99.83

 Mean 30.49 33.26 0.01 0.21 0.07 34.21 98.25
 SD 0.61 0.57 0.01 0.07 0.07 0.48 -

Sample #4 20.81 41.04 0.00 1.35 0.00 34.50 97.70
(by defocused beam) 21.55 41.27 0.04 0.93 0.04 34.63 98.45

22.17 41.00 0.05 0.93 0.04 34.23 98.42
21.51 42.02 0.08 1.15 0.26 34.68 99.69
20.33 41.82 0.01 1.13 0.04 35.09 98.43
20.40 41.69 0.03 1.20 0.00 34.83 98.15
20.24 41.77 0.00 1.24 0.22 34.30 97.77
20.70 42.04 0.00 1.28 0.18 34.78 98.98
19.99 42.05 0.11 1.34 0.12 34.53 98.15
20.53 41.62 0.08 1.11 0.08 34.59 98.00
20.32 42.23 0.00 1.03 0.18 34.53 98.30
21.17 40.85 0.00 1.21 0.16 35.22 98.61
20.67 41.70 0.00 1.24 0.14 34.80 98.55

 Mean 20.80 41.62 0.03 1.16 0.11 34.67 98.40
 SD 0.63 0.45 0.04 0.14 0.09 0.28 -

Sample #4 19.29 43.07 0.00 1.14 0.20 34.23 97.93
Fe-rich isocubanite 19.10 43.14 0.00 0.99 0.00 34.37 97.60
(lower limit of Fe/Cu) 19.66 43.75 0.00 0.96 0.00 34.26 98.63
Presumably contaminated by Cu-rich lamellae
 Mean 19.35 43.32 0.00 1.03 0.07 34.29 98.06
 SD 0.29 0.37 0.00 0.09 0.12 0.07 -
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and the fraction of Fe-rich isocubanite was higher in sam-
ple #2, magnetization of sample #3 was approximately five 
times that of sample #2. This difference was significant, 
although the samples were not completely separated from 
the matrix. Regarding mineral texture, chalcopyrite lamellae 
were detected in the Fe-rich isocubanite of sample #3 but 
not in that of sample #2. These differences in texture and 
magnetization can be explained as follows. At the tempera-
ture at which the disordered solid solution is metastable, the 
occurrence of ordering and/or decomposition is governed by 
kinetics, which are predominantly affected by temperature. 
Therefore, the well-developed lamellar texture of sample #3 
suggests that the sample cooled down slowly, with simulta-
neous progression of ordering within the Fe-rich isocubanite 
phase. Meanwhile, the composition of the Fe-rich isocu-
banite in sample #2 was similar to that of the bulk composi-
tion of sample #4; however, the disordered solid solution 
may have been quenched.

Implications for the geochemical studies of seafloor 
hydrothermal deposits

The magnetic transition at approximately 100 K is a com-
mon feature of isocubanite, at least with an Fe-rich com-
position. Using low-temperature magnetometry, rapid and 
non-destructive identification of isocubanite is possible 
before preparing polished sections for optical and electric 
microscopy. Isocubanite is considered a mineral specific to 
young hydrothermal systems (e.g., Mozgova et al. 2005), 
and magnetometry is expected to be useful for characterizing 
samples. Magnetic measurements are highly sensitive and 
can detect trace magnetic minerals that are difficult to detect 
using other methods, such as powder XRD analysis.

The results of the present study demonstrate that the basic 
magnetic properties measured in the laboratory are corre-
lated with the microtexture, such as the presence/absence 
of lamellae and the Cu/Fe ratio of the Fe-rich isocubanite 
phase. Although the number of samples was very small to 
confirm a common rule, the results suggest that low-tem-
perature magnetometry can be used as a proxy to estimate 
the cooling history of isocubanite-bearing ore samples. We 
did not consider the effect of grain size; however, magnetic 
properties, including low-temperature remanence, are widely 
affected by the distribution of particle sizes (e.g., Dunlop 
and Özdemir 1997). Therefore, information on the mineral 
texture, such as the degree of grain growth and spacing 
between lamellae, is included. Moreover, even if the pro-
ceeding cation ordering at temperatures below the stable 
range of the disordered phase is not apparent from textures, 
such as lamellae, the magnetic properties are expected to 
provide clues for the development of ordering and, thus, the 
stage of cooling.

Finally, we emphasize that low-temperature magnetic 
transitions, which are useful in detecting the mineral, may 
occur in various metal sulfides. As well known, monoclinic 
pyrrhotite undergoes the Besnus transition at 30 K (Bes-
nus and Meyer 1964; Dekkers et al. 1989; Rochette et al. 
1990). Low-temperature magnetic properties have also been 
studied in hexagonal pyrrhotite that do not show the Besnus 
transition (Horng 2018; Horng and Roberts 2018). Troil-
ite undergoes a magnetic transition at around 70 K (Cuda 
et al. 2011). Greigite (Roberts 1995; Roberts et al. 2011) 
and smythite (Horng et al. 2020) are magnetic minerals that 
do not show low-temperature magnetic transitions. Bornite 
(Jagadeesh et al. 1981) and tetrahedrite (Kitagawa et al. 
2015) are reported to show transitions in susceptibility at 
low temperatures. If the link between the low-temperature 
magnetism of various metal sulfides and their mineralogi-
cal and petrological properties can be clarified in the future, 
magnetic measurements are expected to become an increas-
ingly powerful method for studying ore formation processes 
in submarine hydrothermal fields.

Conclusion

We conducted low-temperature magnetometry, optical 
microscopy, and chemical analysis of isocubanite samples 
extracted from orebodies collected from submarine hydro-
thermal fields in the Okinawa Trough and obtained in the 
laboratory by heating natural cubanite. To the best of our 
knowledge, the present study is the first to report on the 
magnetic remanence behavior of mineral isocubanite at low 
temperatures. In all four samples, a clear magnetic transi-
tion occurred at ~ 100 K, which is consistent with those in 
a closely related unnamed mineral CuFe3S4 (np) reported 

Fig. 9   Chemical composition of the studied samples plotted on the 
Cu–Fe–S ternary diagram. Inset shows the position of the magnified 
figure. Blue, green, and red represent samples #2, #3, and #4, respec-
tively. Circles and crosses indicate Fe-rich isocubanite and chalco-
pyrite lamellae, and triangle indicates isocubanite without chalcopy-
rite lamellae. Stoichiometric compositions of the relevant phases are 
shown by small black opened circles; Cbn: cubanite (identical to stoi-
chiometric isocubanite), Ccp: chalcopyrite, h-Pyh: hexagonal pyrrho-
tite, m-Pyh: monoclinic pyrrhotite, np: new phase (unnamed mineral 
CuFe3S4) described by Wintenberger et al. (1994), Tro: troilite. Areas 
painted in light and dark gray indicate chalcopyrite and isocubanite 
(intermediate) solid solutions at 350 °C, as reported by Sugaki et al. 
(1975)
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by Wintenberger et al. (1994). The similarity with np was 
supported by the results of XRD, electrical resistivity, and 
Mössbauer spectra of a selected sample. The sharpness of 
the magnetic transition and strength of low-temperature 
remanence acquired in the laboratory varied according to the 
chemical composition and texture, which reflects the local 
thermal and chemical history of the hydrothermal field. The 
signal of the magnetic transition at ~ 100 K can be useful for 
detecting isocubanite by rapid and non-destructive analysis, 
and the variations in magnetic properties can be used to esti-
mate the local evolutionary history of the hydrothermal field. 
As magnetic transitions may occur in various ore-forming 
metal sulfides, low-temperature magnetometry is a poten-
tially powerful technique for studying the development of 
hydrothermal fields.
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