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Detailed rock magnetic experiments were conducted on high-purity natural crystalline pyrite and its
products of thermal treatments in both argon and air atmospheres. In argon atmosphere (reducing en-
vironment), the pyrite is altered by heating to magnetite and pyrrhotite; the latter is stable in argon at-
mosphere, and has coercive force and coercivity of remanence of ~20 and ~30 mT, respectively.
Whereas in air, the pyrite is ultimately oxidized to hematite. First order reversal curve (FORC) diagram
of the end product shows that the remanence coercivity of hematite is up to ~1400 mT. The corre-
sponding thermal transformation process of pyrite in air can be simply summarized as pyrite—
pyrrhotite—>magnetite—~hematite. These results are helpful for understanding of sedimentary magnet-

ism, secondary chemical remanence and meteorolite magnetic properties.
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1 Introduction

Pyrite is the most stable iron sulphide in reducing envi-
ronment!'!. It plays an important role in the sulfur and
iron cycl f i di [2] its im-

ycles of marine sediments™. Because of its im
portance and prevalence, a number of researches were
carried out on pyrite by many workers from the aspects
of mineralogy, mineral phase transformation and thermal

3191 Hong and Fegley™ conducted the

decomposition
experiment on pyrite decomposition in 100 puL/L O,—
CO; gas mixture and noted that at lower temperatures
(392—460°C), hematite and pyrrhotite were the oxida-
tion and decomposition products of pyrite, while at
higher temperatures (484—538°C), no detectable hema-
tite was observed in the products. Others also found that
pyrrhotite and hematite are the main decomposition and
oxidation products of pyrite*.. Conversion of mono-
clinic pyrrhotite to hexagonal pyrrhotite was also ob-
served*. On the other hand, formation of iron sulphate
as intermediate product was noted*!. Hu et al.”! pro-

posed the decomposition and oxidation processes of py-
rite as follows: pyrite—pyrrhotite—troilite—iron for the
transformation of pyrite in inert atmospheres. He and his
coworkers also concluded that as oxidation products,
hematite forms at high temperatures (900 —1000°C)
with high oxygen concentration, while magnetite forms
at higher temperature with low oxygen concentration.
Gillett"” studied the relation of pyrrhotite, magnetite
and pyrite and reported that under reducing conditions,
pyrrhotite can form at the expense of magnetite in the
presence of sufficient pyrite even under very mild con-
ditions.

However, the magnetic properties of pyrite and its
decomposition and oxidation products are rather rarely
studied, mainly because pyrite is paramagnetic at room
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temperature, which does not carry remanence and is of-
ten overlooked by researchers!'""'?. Actually, its thermal
treatment products are strong ferrimagnetic (e.g., pyr-
rhotite, magnetite) or canted antiferromagnetic (e.g.,
hematite) minerals, which have great capacity of carry-
ing remanence. These transformations make environ-
ment magnetic signals more complicated!” and strongly
influence the reliability of paleomagnetic signals!'®.
Therefore, rock magnetic properties of pyrite and asso-
ciated thermal alteration are of great importance for
correct interpretation of sedimentary magnetism and
paleomagnetic results. Moreover, iron-sulfide was also
found in Martian meteorolite (ALH84001)"*!. Thus,
systematic studies of rock magnetism of pyrite and other
iron-sulfide are also needed for understanding other
celestial bodies” magnetism and environmental evolution
in solar system'">"'¥,

We carried out investigations on natural pyrite sample
and its related thermal treatment products using rock
magnetism methods in conjunction with other
non-magnetic approaches. Thermomagnetic analyses
(x-T and J-T curve) provide a real time and sensitive
method for detecting the magnetic mineral alterations
during thermal treatment. A combination of room-
temperature and low-temperature rock-magnetic ex-
periments (e.g., first order reversal curves, FORC, hys-
teresis loops and low-temperature transition of rema-
nence) provides information of mineralogy, grain size
and magnetic interaction of magnetic minerals!' ">,
Besides, in this study, we conducted X-ray diffraction
(XRD) analysis on pyrite and its heated products to un-
ravel its thermal transformation processes.

2 Material and method

The studied natural pyrite sample was from the Yunfu
City, Guangdong Province, China. XRD analysis con-
firmed its high purity and crystalline. The sample was
ground to 0.074 mm powder in agate muller and the
powder samples (named Pyl, Py2, Py3, Py4) were used
for rock-magnetic studies and the XRD analysis.
Thermal treatment of Pyl and Py2 in argon atmos-
phere (reducing environment) was conducted on a
KLY-3s Kappa-bridge with temperature device CS-3.
Samples were heated at a rate of 11°C -min' and the
temperature-dependence of magnetic susceptibility (y-7)
curves was measured. Sample Pyl was stepwise heated
to maximum temperatures of 420, 550, 610 and 700°C

(Figure 1). Sample Py2 was heated 4 times up to 700°C.

Thermal treatment of Py3 and Py4 in air (oxidation
environment) was conducted on a Magnetic Measure-
ment Variable Field Transitional Balance (VFTB) using
a constant field of 1 T. The J-T curves were measured at
a heating rate of 40°Cmin”". Similar to the »-T curve
measurements, sample Py3 was stepwise heated and
sample Py4 was heated 6 times up to 700°C.

Hysteresis loops and related parameters (saturation
magnetization M;, saturation remanence M,;, coercive
force B., coercivity of remanence B,,) were measured on
a MicroMag AGM Model 2900 and a VFTB. FORC
diagrams were conducted on the MicroMag 2900. The
low-temperature experiments were performed on MPMS
XL (Quantum Design) The sample was imparted a satu-
ration isothermal remanence (SIRM) in a field of 5 T at
300 K, then the remanence of both the cooling (300—5
K) and warming (5—300 K) cycles was measured at a
temperature interval of 5 K between 40 and 300 K and
that of 2 K between 30 and 40 K. The contents of carbon
and sulfur solid released during heating were analyzed
using CS-902T Carbon & Sulfur Analyzer. The XRD
analyses were performed on D-MAX2400 X-Ray dif-
fractometer. The diffraction was scanned between 5° and
70° with 26 at a scan speed of 4° min ™', using a voltage
of 40 kV and current of 40 mA.

3 Results

3.1 Temperature-dependence of low-field magnetic
susceptibility

Figure 1 shows the y-T curves of stepwise heating of
sample Pyl in argon. The Curie temperature and phase
transformation of the sample can be easily detected by
the y-T curve!". From room temperature to 355°C
(Figure 1(a)), the susceptibility decreases, obeying the
Curie-Weiss law. From 355 to 420°C, the susceptibility
increases slightly (Figure 1(a)), which suggests that
some new magnetic minerals may have been produced.
Starting from 440°C, there is a sharp increase of suscep-
tibility, reaching the maximum at 550°C (Figure 1(b)),
which is approximately 400 times the initial value. It
indicates that strong magnetic mineral phase is newly
formed in sample. At the same time, irritating gas (pos-
sibly SO,) is smelled. The susceptibility decreases
sharply between 560 and 590°C (Figure 1(c)), indicat-
ing the generation of magnetite. The small amount of
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Figure 1  »-T curves of stepwise heating pyrite (sample Pyl) in argon atmosphere. (a)—(d) represent the runs of 420, 550, 610, and 700°C, respectively.

Coarse and thin lines refer to heating and cooling curves, respectively.

oxygen is possibly derived from the pyrite crystals and
residual of sample holder!'”). However, the correspond-
ing cooling curve indicates that the newly formed mag-
netite is quickly reduced to become pyrrhotite (Figure
1(c)) as indicated by a sharp increase of susceptibility
around 320°C"*%1 Some yellow solid was released at
this stage, the CS-902T Carbon & Sulfur Analyzer con-
firmed that it is pure sulfur. It is possible that the desul-
phurization reaction leads to the breakdown of pyrite
and the production of pyrrhotite between 550 and 610°C,
and the reaction can be simply described as

7FeS,—~ Fe;Sg + 6/nS, (1)
where S, represents for allotropic species of sulfur, and
n could be 2 to 8.

The susceptibility increased sharply at 320°C on the
cooling curve of the 700°C run (Figure 1(d)), indicative
of the character of pyrrhotite[7’19]. During cooling, the
susceptibility value of the 320°C peak of this step (Fig-
ure 1(d)) is 12 times higher than that of the 610°C run
(Figure 1(c)), suggesting that much more pyrrhotite was
produced during the 700°C run.

Sample Py2 was repeatedly heated to 700°C for 4
times and the y-T curves are shown in Figure 2. During
the first 700°C run (Figure 2(a)), the heating curve sug-
gests the new formation of magnetite, while the cooling
curve exhibits a rapid increase in susceptibility at 320°C,
indicative of pyrrhotite formation. During the second
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700°C run (Figure 2(b)), both the heating and cooling
curves signal the Curie point of pyrrhotite at 320°C,
while the susceptibility between 200 and 280°C in the
heating curve may indicate the A-transition™ %, which
is part of monoclinic pyrrhotite change to hexagonal
pyrrhotite. The subsequent two 700°C runs (Figures 2(c)
and (d)) show almost all reversible heating and cooling
curves, and the behavior of pyrrhotite.

3.2 High-temperature magnetization and hysteresis
loops

Figure 3 shows the J-T curves of the pyrite sample Py3,
which was stepwise heated in the oxidation environment
(in air). The corresponding hysteresis loops are shown in
Figure 4. The magnetization increased sharply above
400°C (Figure 3(a)) and reached its maximum at 518°C
(Figure 3(b)), indicating that strong magnetic minerals
have been produced. The room-temperature hysteresis
loop of the thermal product of the 420°C closed at about
100 mT (Figure 4(a)), which is the character of
low-coercivity components. The relatively low values of
the coercivity and remanence rations (B./B. = 2.86,
M, /M; = 0.158) indicate a large PSD grain size of the
newly produced minerals®’). After heating to 550 °C, the
magnetic grain size became significantly finer, indicated
by the decreased coercivity ratio and increased rema-
nence ratio (B./B. = 1.63, M,,/M;=0.404 (Figure
4(b))**!. During the 610 and 700°C runs (Figures 3(c)
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Figure 2 »-T curves of repeatedly heating pyrite (sample Py2) in argon atmosphere. The sample was heated up to 700°C for 4 times. (a)—(d) stand for

the first to the fourth 700°C runs. Coarse and thin lines refer to heating and cooling processes, respectively.
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Figure 3 High-temperature magnetization curves of stepwise heating pyrite sample Py3 in air. (a)—(d) represent the runs of 420, 550, 610 and 700°C,
respectively. The applied field is 1 T. Coarse and thin lines refer to heating and cooling runs, respectively.

and (d)), the magnetization increased slowly between
420 and 470°C and decreased sharply between 500 and
600°C, suggesting the production of magnetite. The co-
ercivity of the products of the 610 and 700°C runs in-
creased significantly, indicated by their room-tempera-
ture hysteresis loops closed at 400—600 mT (Figures
4(c) and (d)). The increased coercivity may be due to the
newly produced pyrrhotite and magnetite of SD mag-
netic grain size®*. The hysteresis parameters indicate
that the magnetic grain sizes of the thermal products

decreased from PSD to SD with increasing of the heat-
ing temperature. All the cooling curves show an inflex-
ion at ~320°C and the magnetization increased much
faster after this temperature than before. This behavior
becomes more obvious on the 700°C-run cooling curve
(Figure 3(d)). XRD results of the heated sample showed
the coexistence of pyrrhotite and pyrite in the 700°C
product.

The pyrite sample Py4 was heated in air to 700°C for
6 times and the J-T curves are shown in Figure 5. The
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Figure 4 Hysteresis loops of the thermal products of the pyrite sample Py3, which correspond to the J-T curves of Figure 3.
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Figure 5 High-temperature magnetizations (J-T curves) of repeatedly heated pyrite (sample Py4) in air. The sample was heated up to 700°C in air for 6

times. (a)—(f) represent the first to the sixth runs. Bold and thin lines refer to heating and cooling processes, respectively.

heating curve of the first 700°C run is similar to that in
argon (Figures 5(a) and 2(a)), indicating the formation
of magnetite. The magnetization increased from 550 to
320°C on the cooling curve, becoming much faster be-
low 320°C (Figure 5(a)), suggesting the formation of
pyrrhotite. The second 700°C run (Figure 5(b)) shows
the behavior of pyrrhotite and magnetite at about 320

1148

and 580°C on both the heating and cooling curves.
During the subsequent 700°C runs (Figures 5(c)—(e)),
the heating curves show the existence of pyrrhotite and
magnetite. However, the cooling curves of the third and
fourth 700°C runs (Figures 5(c) and (d)) reveal the
dominant presence of magnetite, indicating that pyr-
rhotite has been transformed to magnetite. The cooling
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curve of the fifth run (inset in Figure 5(e)) shows a
marked drop in magnetization at about 680°C, the Néel
temperature of hematite. This behavior suggests that the
original pyrite, and the secondary minerals produced
during thermal treatment, such as pyrrhotite and magnet-
ite, all have been oxidated to hematite. The sixth 700°C
run only shows the behavior of hematite (Figure 5(f)),
indicating that all the pyrite has been changed to hema-
tite. Both the low-temperature magnetic measurement
and XRD analyses confirm that hematite is the only
mineral.

The corresponding hysteresis loops of the thermal
products examined in Figure 5 are shown in Figure 6.
From the first to the fourth 700°C runs, the room tem-
perature coercivities of the thermal products decrease
from 67.7 to 39.2 mT, and the fields, at which the hys-
teresis loops are closed, decrease from 500 mT to about
200 mT (Figures 6(a) to (d)). The behavior indicates that
the thermal products from the first to the fourth 700°C
runs become magnetically softer and softer, con- sistent
with the corresponding J-T curves (Figures 5(a) and (d)).
Magnetite serves as the dominant magnetic mineral in
the thermal product of the fourth 700°C run (Figure

5(d)). The hysteresis loop of the thermal product of the
fifth 700°C run shows pronounced wasp-waisted be-
havior (Figure 6(e)), which arises from the coexistence
of two magnetic mineral components with strongly con-
trasting coercivities . The hysteresis loop of the
thermal product of the sixth 700°C run (Figure 6(f))
clearly shows a potbellied character?”, and the B,
reaches 842.8 mT, indicative of the presence of a
high-coercivity phase. Evidence of this phase as hema-
tite comes from the J-T' curve (Figure 5(f)), the
low-temperature magnetic measurement (Figure 7(b))
and XRD analysis.

3.3 Low-temperature magnetic measurements

Low-temperature magnetic experiments were conducted
on the end thermal products both in argon and air (Fig-
ure 7). The product of the fourth 700°C run treated in
argon (Figure 7(a)) shows a pronounced transition at 34
K, which is the typical characteristic of pyrrhotite!®'),
and is consistent with its y-7" curve (Figure 2(d)). The
product of the sixth 700°C run treated in air shows a
marked transition at about 250 K (Figure 7(b)), which is
the Morin transition®® for hematite, and is consistent
with its J-T curve (Figure 5(f)).
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Figure 6 Hysteresis loops of the thermal products of the pyrite sample Py4, which was heated to 700°C for six times in air by VFTB (Figure 5). Para-

magnetic contributions were subtracted for the hysteresis loops shown in ((a)—(d)). The loops shown in ((a)—(e)) were measured by VFTB, and in (f) by

MicroMag 2900 AGM.
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3.4 FORC diagram

The FORC diagrams can be used to classify magnetic
domain, coercivity and interaction between parti-
cles”*. The thermal products in argon of sample Pyl
stepwise heated to 700°C (Figure 1(d)) and of sample
Py2 of the fourth 700°C run (Figure 2(d)) in argon show
FORC diagrams with closed isolines and lower average
coercivity (<60 mT) (Figures 8(a) and (b)), suggesting
that the newly produced pyrrhotite is mainly of single
domain (SD) size!””). The FORC diagram of the thermal
product of the pyrite sample Py3 stepwise heated to
700°C in air (Figure 8(c)) shows that the coercivity is
higher than the coercivities of the thermal products ob-

tained in argon (Figures 8(a) and (b)), Combined with
the hysteresis loops (Figure 3(d)) and XRD analysis
(Figure 9(d)), we speculate that this increase in coerciv-
ity is due to the mixture of SD pyrrhotite and magnetite.
However, the FORC diagram (Figure 8(d)) of the ther-
mal product of the sixth 700°C run in air (Figure 5(f))
shows that the coercivity increased sharply, and the
FORC distributes in the high- and low-coercivity dis-
tricts. B, of the high-coercivity district reaches 1400 mT,
suggesting that the final thermal product of pyrite in air
is SD hematite, which is further confirmed by the XRD
analysis (Figure 9(e)). The low-coercivity district may
be due to the presence of very little amount of pyrrhotite
and magnetite.
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Figure 7 Low-temperature demagnetization (LTD) spectra of the SIRMs of the thermal products of pyrite. (a) represents LTD spectrum of the product of
the fourth 700°C run in argon of sample Py2 (Figure 2(d)); (b) represents that of the product of the sixth 700°C run in air of sample Py4 (Figure 5(f)).
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Figure 8 FORC diagrams. B, represents coercivity force, and B; the interaction field. (a) FORC of the thermal product of the pyrite sample Pyl stepwise
heated to 700°C in argon; (b) FORC of the thermal product of the pyrite sample Py2 of the fourth 700°C run in argon; (¢) FORC of the product of the
pyrite sample Py3 stepwise heated to 700°C in air; (d) FORC of the product of the pyrite sample Py4 of the sixth 700°C run in air.
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4 Discussion and conclusions

4.1 Magnetic properties and phase transformation
during thermal treatment

The magnetic behavior of pyrite during thermal treat-
ment appears to be very complex. Factors such as tem-
perature, oxygen concentration, particle size, flow con-
dition and the surrounding atmosphere all affect its de-

composition and oxidation process Thermomagnetlc

analyses serve as powerful methods, which can detail
the real time change of pyrite during thermal treatment.
Based on the observations of temperature-dependent
magnetic susceptibility, Li and Zhang"”' considered
pyrrhotite is the thermal product of pyrite.

In our study, in the step by step heating pyrite in ar-
gon, the thermal products in argon of the 550 and 610°C
runs (Figures 1(b) and (c)) show significant production
of magnetite, and no pyrrhotite is showed by the 550°C
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curve (Figure 1(b)). The cooling curve of the 610C
run (Figure 1(c)) shows that only a little amount of
magnetite was stable, and susceptibility increases by
120% at 320°C, which is the T of pyrrhotite. We can
speculate that magnetite transformed to pyrrhotite. Also
pyrrhotite may come from the desulfuration reaction. Li
and Zhang!"®' considered that magnetite reacted with
sulfur and proposed the following reaction
Fe;04+5S = 3FeS+2S0, 2)

However, we suggest that at this stage, there was still
unreacted pyrite, as indicated by the XRD results shown
in Figure 9(b). Both pyrite and sulfur are strong reducer,
we thus suggest that the reaction could be modified to

2Fe;04+FeS,+10/nS,=Fe;Sgt+4S0, 3)
There is little magnetite present when stepwise heated to
700°C (Figure 1(d)). The mass of pyrrhotite indicated
from the cooling curve (Figure 1(d)) comes from the
decomposition of pyrite. Therefore, in the circumstance
of a little residual oxygen present, pyrite will firstly re-
act with oxygen and then produce magnetite. Pyrrhotite
will be produced at the expense of pyrite and magnetite
when the oxygen is depleted®”. When the magnetite is
run out of, desulfuration reaction leads to the transfor-
mation of pyrite to pyrrhotite. The shapes of the ther-
momagnetic curves (Figures 2(c) and (d)) of monoclinic
pyrrhotite are the same as Li and Zhang’s!"”! and Ferrow
and SjOberg’s’” curves, but are quite different from
those reported by Rochette et al.”"***! This may be due
to different sources of pyrite. The third and fourth 700°C
runs in argon show almost all reversible y-7 curves
(Figures 2(c) and (d)), suggesting that in the reduced
(argon) environment, pyrrhotite is stable!, and it is of
typical SD grain size indicated from the FORC diagram
(Figure 8(b)). No greigite (Fe;S,) was detected in the
thermal products obtained in reduced environment,
while only pyrrhotite was detected by the presence of
the 30—35 K transition.

The thermal products of pyrite stepwise heated in air
show the mixture of magnetite and pyrrhotite (Figures
3(c) and (d)), but only pyrrhotite was detected by the
XRD analysis (Figure 9(c)), possibly because the
amount of magnetite is too small to be detected by XRD,
but its saturation magnetization is large enough and
therefore its presence can be clearly reflected by ther-
momagnetic analyses. Therefore, XRD analysis is suit-
able for identification of dominant minerals, but possi-

bly less suitable for identifying minor minerals, while
mineral magnetic method can effectively identify the
signals of minor magnetic minerals. The use of multiple
methods could be suggested for unambiguous identifica-
tion of magnetic minerals.

For the thermal products of the 700°C runs in air
(Figure 5), both the XRD analyses and low-temperature
magnetic experiments show that hematite is the final
thermal product of pyrite® °. Pyrrhotite as an interme-
diate phase has been produced (Figures 5(a) — (e)),
which is unstable in the oxidation environment. The
cooling curves of the third and fourth 700°C runs show
that pyrrhotite was gradually transformed to magnetite.
Both the fifth and sixth 700°C runs (Figures 5(e) and (f))
show that magnetite was oxidated to hematite. Therefore,
in the oxidation environment, pyrite was firstly decom-
posed to pyrrhotite, then pyrrhotite was oxidated to
magnetite, and the repeated heating processes lead to the
transformation of pyrrhotite and magnetite to hematite.
The corresponding transformation sequence can be de-
scribed as: pyrite = pyrrhotite = magnetite — hematite.
The FORC diagram (Figure 8(d)) shows significant high
coercivity (1400 mT), which is the character of hema-
tite.

4.2 Geological significance

Pyrite is widely distributed in natural environments.
Hydrothermal and other thermal mechanisms often
make it oxidated to pyrrhotite, magnetite and/or hema-
tite, all of which have strong capability of carrying re-
manence, therefore strongly influencing interpretation of
paleomagnetic results. If the pyrite-bearing rocks were
later heated by the upwelling and/or intrusion of magma,
the magnetic field of the magma activity time would be
recorded by its thermal products. If the magma activity
can be dated, we can partially use the field information.
A worse situation is that if the pyrite-bearing rocks were
heated by hydrothermal processes for a very long time,
no-good chemical and thermal viscous remanences
would be acquired, which can mislead the interpretation
of paleomagnetic data. Pan et al.l'"! noted that thermal
alteration of siderite could cause serious problems to
such data. Therefore, how to distinguish such contami-
nation by the product of some paramagnetic minerals,
such as pyrite and siderite, is a very important is-
suel0311

In addition, iron-sulfide was found in meteorite sam-
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and other iron-sulfides will be of great interests for un-
derstanding other celestial bodies’ magnetism and envi-
ronmental evolution in solar system.
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