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Abstract: Variations in the Raman spectra of pyrite were studied from 113 to 853 K at room pressure
with a Linkam heating and freezing stage, and for 297-513 K and pressures up to 1.9 GPa with a
hydrothermal diamond anvil cell. All observed frequencies decreased continuously with an increase
in temperatures up to 653 K at ambient pressure. Hematite began to form at 653 K, all pyrite had
transformed to hematite (H) at 688 K, and the hematite melted at 853 K. An increase in temperature
at every initial pressure (group 1: 0.5 GPa, group 2: 1.1 GPa, group 3: 1.7 GPa, group 4: 1.9 GPa),
showed no evidence for chemical reaction or pyrite decomposition. Two or three Raman modes were
observed because of crystal orientation or temperature-induced fluorescence effects. The pressure
groups showed a decreasing trend of frequency with gradual heating. The interaction of pressure and
temperature led to a gradual decrease in Ag and Eg mode at a lower pressure (0.5 GPa and 1.1 GPa)
than other pressure groups. Pressure and temperature effects are evident for groups 1 and 2; however,
for groups 3 and 4, the temperature shows a larger effect than pressure and leads to a sharp decrease
in Ag and Eg modes.

Keywords: pyrite; Raman spectroscopy; high pressure; high temperature

1. Introduction

The most common sulfide mineral pyrite FeS;, which is common in ore deposits and
results in acid mine drainage because of its specific physical and chemical properties, has
attracted the interest of many researchers in the high-pressure and high-temperature field.

As with NaCl, pyrite has a cubic structure, with a non-symmorphic space group
T,,°(Pa3) and four formula units per unit cell. The Fe atoms and center of the S, pairs
(in the dumb-bell structure) occupy face-centered cubic lattice sites [1,2]. According
to group (Pa3) theory, the irreducible representation of FeS, vibrations is expressed as
I'=Ag+Eg+3Tg +2Au + 6Tu, and the Ag + Eg + 3Tg represents five Raman active
modes [1]. These expressions indicate that one mode is (Ag, S-S in phase stretch) symmetric
and one is doubly degenerate (Eg, S, librational mode), and the third is triply degenerate
(Tg, Tg(1) and Tg(3) are coupled librational and stretching modes with Tg(2) being the
S-S out-of-phase stretching mode). When the Raman signals of pyrite were excited by
the 514.5-nm line of an argon-ion laser, the assignment of all Raman modes included Eg;:
344 cm~!, Tg(1): 350 cm !, Tg(2): 377 cm~!, Ag: 379 cm !, and Tg(3): 430 cm ™!, which is a
typical structure of anisotropic pyrite, according to Kleppe and Jephcoat [2].

Ambient Raman research on pyrite has been undertaken since the 1970s [1,3-5]. It has
been suggested that pyrite has type-I and type-II Raman frequency positions [5], and three
or fewer modes have been observed [3-5], depending on the crystal orientation, sample
purity, sample surface smoothness, and laser source. Vogt et al. [1] proposed the complete
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first-order Raman spectra of pyrite, for the first time, by theoretical interpretation of the
phonon frequencies.

Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) have been
used extensively to research the thermodynamic properties of pyrite at a high temperature
and room pressure [6-12]. Schoenlaub [6] suggested the decomposition of pyrite by TGA
and DTA in different gases. They found that pyrite decomposes to sulfur vapor and
pyrrhotite in neutral (N,) or reducing gas (e.g., CO). It transforms to sulfur dioxide and
ferrous sulfide between 718 K (445 °C) and 793 K (520 °C), and then sulfur dioxide and
hematite above 893 K (620 °C) in oxygen, and shows a less pronounced reaction activity
in air but has a greater activity at higher temperatures. Pyrite reacts with carbon dioxide
slowly and transforms to magnetite. According to Jorgensen and Moyle [7], a periodic
thermal instability exists when pyrite particles are oxidized in air at 723 K (450 °C); the
TGA and DTA results show that the sample temperature was unstable in the first 40 min
and the XRD result demonstrated the presence of hematite and pyrite, with temperatures
ranging between 643 K (370 °C) and 753 K (480 °C). Music et al. [8] studied the thermal
decomposition of pyrite by XRD and %’ Fe Mossbauer spectroscopy in air and found that
hematite, maghemite, and pyrrhotite were the thermal decomposition products of natural
pyrite; only hematite was present above 673 K (400 °C). Fegley et al. [10] studied pyrite
decomposition kinetics in pure CO; and impure CO; gas and found that pyrite transforms
to pyrrhotite (Fe;Sg) or more Fe-rich pyrrhotites, to magnetite (Fe304) by oxidation, to
maghemite (y-Fe;O3), and finally to hematite («-Fe;O3). Li and Zhang [13] proposed
temperature dependence susceptibilities of pyrite in argon and air and found that pyrite
transforms to magnetic minerals (magnetite and pyrrhotite) when heated to 653 K (380 °C).

High-pressure studies of pyrite are also interesting [2,14-17]. Pyrite is structurally
stable to 55 GPa at static pressure and to 320 GPa in shock wave experiments. Cer-
vantes et al. [15] found that the band gap of FeS, decreased linearly with pressure at
—1.13 x 1072 eV /GPa to 28 GPa. According to the linear trend, FeS; is expected to met-
allize at a pressure of 80 (+ 8) GPa. Kleppe and Jephcoat [2] described the Raman shift
variation in pyrite under hydrostatic and non-hydrostatic conditions to 55 GPa at room
temperature. Liu et al. [17] conducted research on the electrical conductivity at high temper-
ature and pressure. They found that the electrical conductivities of natural pyrite increased
with pressure, and the increasing trend strengthened after ~13 GPa, which correlates to the
energy level of the trace element Co in pyrite.

Simultaneous high-pressure and high-temperature studies of pyrite have been un-
dertaken [16,17]. Liu et al. [17] described the variation in the electrical conductivity up to
573 K and from 1 atm to 20.9 GPa. They found that the electrical conductivity increased
with temperature at a constant pressure, and so does the pressure, and no evidence of
chemical reaction or structural phase transition of pyrite was detected by Raman spec-
troscopy. Yuan and Zheng [16] found that the positive dependence of Ag and Eg modes
on pressure indicates a stress-induced contraction of S-S and Fe-S bonds, whereas the
negative dependence on temperature shows their temperature-induced expansion. The
thermal expansion coefficient was derived from the Raman spectra of pyrite up to 2.1 GPa
and 675 K. A 20 wt.% NaCl solution was used as the pressure-transmitting medium by
Yuan and Zheng [16].

A study of pyrite at 113-873 K and atmospheric pressure by Raman spectra has not
been developed adequately. Therefore, this study aims to establish the Raman spectroscopic
characteristics of FeS, pyrite under the abovementioned conditions. The Raman spectra
of pyrite from 0.1 MPa to 2 GPa and up to 553 K under hydrostatic conditions is also
inadequate, and further detailed study is necessary to confirm the dominating factor of
pressure and/or temperature on Raman shifts.

2. Materials and Methods

Pyrite samples were collected from Longsheng Ethnic Minorities Autonomous County
in Guangxi. The mineral phase of the pyrite was confirmed by an an X'Pert Pro X-ray
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diffractometer (Phillips Company, Amsterdam, The Netherlands), with a purity above
99.0%, and the chemical composition of major pyrite (Table 1) was determined by a EPMA-
1600 electron probe microanalyzer (Shimadzu, Kyoto, Japan) in the State Key Laboratory of
Ore Deposit Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences. Some
samples were cut to 10 mm x 10 mm X 0.2 mm and polished on both sides for high- and
low-temperature experiments on a heating and freezing stage. Other samples were ground
to pass through an 80 mesh sieve for simultaneous high-pressure and high-temperature
experiments in a hydrothermal diamond anvil cell (HDAC).

Table 1. Chemical composition of major pyrite analyzed with EPMA (wt.%).

Pyrite S (%) Fe (%) Hg (%) Mo (%) Au (%) Co (%) Pb (%) Zn (%) Total (%)
No.1 52.43 46.37 1.08 0.47 0.00 0.10 0.11 0.06 100.62
No.2 52.77 46.49 0.56 0.57 0.20 0.11 0.10 0.06 100.87
No.3 52.64 45.97 0.66 0.51 0.34 0.09 0.07 0.00 100.28
No.4 52.54 46.18 0.00 0.50 0.05 0.09 0.12 0.18 99.67

average 52.60 46.25 0.57 0.51 0.15 0.10 0.10 0.07 100.36

The spectra were excited by the 514.5 nm line of a Spectra-Physics 2017 laser (Newport
Corporation, Irvine, CA, USA) and collected through a Renishaw InVia Raman spectrometer
(Renishaw, London, England) in the Key Laboratory of High-Temperature and High-
Pressure Study of the Earth’s Interior, Institute of Geochemistry, Chinese Academy of

Sciences, the spectrometer resolution was +1 cm ™.

2.1. High- and Low-Temperature Experiments

The sample was placed directly on a quartz window in a Linkam THMSG600 heating
and freezing stage (Linkam Scientific Instruments, Tadworth, UK). Liquid nitrogen purging
was used to protect the stage and provide low temperatures of 113 K-273 K. A platinum
resistor sensor was used as a heater to provide high temperatures at 273 K-873 K. The
temperature was monitored by a platinum (10%) rhodium/platinum Type-S thermocouple
that was attached to the heater. The temperature resolution was 0.01 K, and the temperature
was stable to £0.1 K.

In the heating and cooling studies at room pressure, the working parameters of the
Raman spectrometer included the exposure time of 10 s, a 2-times accumulations, laser
power of 20 MW, spectrum range of 100-1500 cm !, and objective of SLM PLAN 20x.

2.2. Simultaneous High-Pressure and High-Temperature Experiments

Heating in the HDAC can be achieved with small resistance furnaces around the
diamond anvils. The HDAC is similar to a Bassett-type [18] externally heated diamond
anvil cell. A 0.3-mm-thick stainless-steel sheet (model T301) was used as a gasket and
the sample chamber was 0.3-0.4 mm in diameter and placed between the two 0.8-mm
culets as a sandwich. A methanol-ethanol ratio of 4:1 was loaded into the HDAC chamber
with a single quartz crystal. The experimental pressure was calculated from Equation (1)
according to the Raman shift of the 464 cm~! peak of quartz [19], the uncertainty of the
pressure was 450 MPa at 23 °C. The difference in frequency of the 464 cm~! line at the
experimental temperature T and the frequency at 23 °C is described in the «-quartz stability
field by Equation (2), where —196 < T (°C) < 560.

P(MPa) = 0.36079 X [(AVp)64]° + 110.86 X (AVp) 4, 1)

(AVT) 464, p=0.1MPa(cm ™) = 2.50136 x 1071 x T* 4+ 1.46454 x 1075 x T3

—1.801 x 1075 x T? — 0.01216 x T + 0.29 @

The sample was heated by small furnaces made of NigyCryg alloy wires and the
temperature was measured by a NigyCrjp—Nig55i5 thermocouple, which was calibrated
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by referring to the melting points of C¢HsNH (COCH3) (acetanilide, 388 K (115 °C))
and CpoHj404 (phenolphthalein, 535.6 K (262.6 °C)) at atmospheric pressure before the
experiment. The uncertainty of the temperature was +2.5 K in the range of 273 K-553 K
(0-280 °C).

In the simultaneous high-pressure and high-temperature study, the following Raman
spectrometer parameters were used: 30 s exposure time, 2-times accumulation, 80 MW
laser power, 100-1000 cm ! spectral range, and SLM PLAN 20x of objective.

3. Results and Discussion
3.1. High- and Low-Temperature Study of Pyrite at Ambient Pressure

The Raman peak assignment of pyrite is given in Table 2 [2]. Only three Raman active
modes of pyrite were observed (Eg, Ag, Tg(3)), which agrees with most studies. Sometimes

only two modes, Eg and Ag, were observed, which depended on crystal orientation
perpendicular to the laser emission.

Table 2. Ambient Raman bands (cm™1) of pyrite at 298 K.

1 Vo (cm~1) .
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A weakened Raman peak signal that was caused by the fluorescence effects of high
temperature was observed, but limited effects resulted for the low-temperature condition,
which is supported by the low-temperature study of pyrite. The Raman frequencies
for the Eg, Ag, and Tg(3) bands of pyrite decreased with an increase in temperature in
Figures 1 and 2, which is consistent with the results of Yuan and Zheng [16].
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Figure 1. Raman shift of pyrite during cooling (113-283 K).
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Figure 2. Raman shift of pyrite during heating (298-853 K).

The Eg, Ag, and Tg(3) Raman wavenumbers are shown in Figure 3. The quadratic tem-
perature dependence is within the experimental error. The parameters that were derived by
quadratic and linear regressions of all modes are shown in Tables 3 and 4. The temperature
dependence of the Ag mode is larger than that in Eg mode (—0.0366 cm~! /K compared
with —0.0245 cm~!/K), which led to obvious separation between them with temperature,
because the Ag (in the phase S-S stretching frequency) mode was determined mainly by
the S-S force constant [20] and the Eg (librational frequency) was largely governed by the
Fe-S force constant. Temperature induces faster molecule vibrations and a decreasing S-S
and Fe-S bond energy. The Tg(3) mode disappeared above 303 K because of the weakened
Raman signal at the high temperature (Figure 3). It was not known whether a chemical
reaction or phase transition resulted because no new frequencies appeared. At 653 K, two
new peaks were observed: (H-(Eg(2) + Eg(3)) represents the mixture modes of Eg(2) and
Eg(3) of hematite, and H-A1g(1) represents the Alg(1) mode of hematite. At 688 K, the Ag
and Eg modes of pyrite disappeared, which left two new peaks until 853 K. It is speculated
that the new frequencies represent hematite from the Raman library [21]. To confirm the
new phase, we conducted another experiment, where the temperature was reduced gradu-
ally to 293 K after it had been increased to 703 K. Figure 4 compares the pyrite product to a
previous study on hematite [22], and the two spectra appeared consistent, except for the
broader peak and high background in this study.
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Figure 3. Wavenumber of six peak variations with increasing temperature.
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Table 3. Variable modes of Raman bands (Av) of pyrite with increasing temperature according to
vi=aT? +bT +c. viand Av areincm™!, Tin K, a and b have the corresponding units, c is a constant,
and R? is the correlation coefficient.

v; (cm~—1) Av a x 10° b x 102 c R?
Eg: 329.94 —14.432 —4 1.09 34291 0.9780
Tg(1): 347.87 —2.393 -9 2.72 347.97 0.8504
Ag: 361.25 —20.302 -5 0.78 381.01 0.9907
Tg(3): 430.28 —2.405 7 —4.66 437.99 0.8599
H-(Eg(2) + Eg(3)): 274.19 —11.201 —4 1.09 34291 0.9780
H-Alg(1): 211.04 —8.675 20 —32.84 353.89 0.9709

Table 4. Variable modes of Raman bands (Av) of pyrite with increasing temperature according to
vi=aT +c. viand Av arein em™ !, Tin K, a in ecm~1/K, c is a constant, and R? is the correlation

coefficient.
v; (cm~—1) Av a (cm—1/K) c R?
Eg: 329.94 —14.432 —0.0245 348.49 0.9394
Tg(1): 347.87 —2.393 —0.0129 352.05 0.7549
Ag: 361.25 —20.301 —0.0366 388.13 0.9654
Tg(3): 430.28 —2.405 —0.0181 435.09 0.8289
H-(Eg(2) + Eg(3)): 274.19 —11.201 —0.0788 336.08 0.8123
H-Alg(1): 211.04 —8.675 —0.0505 251.91 0.9426
s sttt btanpsans Pytite—T03K
L m‘"‘l" '1 it nm—uww...m.mm-wmw‘"'w""&"% Hanne Pyrite—683K
E 1 i
%‘ |t \,fJ M\.MMWWWMM e Pyrite-633K
E i g | \ Pgrdte—prodllct(cooiing

I J
\ A
I " .,WJI.V‘-.:P'&M"“ﬂmw’”\ww . M“‘w»w\ww'”w

Jal
/

1989 -
. I\\J\V/' V\,___,,-»-_ww_%/ \‘v—v—« Hemitate-298K

T r T T T T T T T T T T T T T T T T
200 400 600 800 1000 1200 1400 1600 1800 2000
Wavenumber (cm” 1)

Figure 4. Raman spectra of pyrite and hematite from bottom to top: hematite at 298 K [22], increased
pyrite temperature to 703 K and cooling to 298 K, pyrite at 683 K, pyrite at 703 K.

Pyrite began to transform to hematite from oxidation at 653 K. At ambient conditions,
the hematite phonon frequencies were Alg(1): 224 cm~!, Eg(1): 243 cm~!, Eg(2): 290 cm ™!,
Eg(3): 297 cm~!, Eg(4): 408 cm~!, Alg(2): 496 cm~!, and Eg(5): 609 cm~! (Shim and Duffy,
2001). Two broad and strong peaks were visible: 285 cm ™! represents a mixture of Eg(2)
and Eg(3), and 219 cm ! represents Alg(1) in the high-temperature study. Figure 2 shows
the phase transformation from pyrite to hematite according to the Raman shift. Pyrite and
hematite coexist at 653 K. At 688 K, the Eg and Ag modes of pyrite disappeared. The poor
crystal of hematite resulted in melting at 823 K and the hematite melted at 853 K, where
no signal was observed because of the temperature-induced fluorescence effect and weak
focus of melts.

The high-temperature Raman study of pyrite by Linkam heating and cooling indicates
that pyrite decomposed to hematite between 653 K and 688 K. The results from this study
are distinct from a previous study [6] but like those of Jorgensen and Moyle [7], and
Music et al. [8] as shown in Figure 5. Jorgensen and Moyle [7] reported the presence of
hematite between 643 K (370 °C) and 753 K (480 °C); Similarly, hematite was present at
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673 K (400 °C) according to Music et al. [8]. The difference in temperatures for hematite’s
presence between this study and the two abovementioned experiments could have resulted
from an inconsistent heating rate. This study may provide more accurate data by virtue
of the advanced Linkam heating and freezing stage technology. Further studies will be
required to check the effect of heating rate on the decomposition temperature.

10 - ——a

- —=b
0.8 |—

-

0.6 - ——d
g L
3 04 |-
02

0.0 — LAY
I l ! ! ! ! !

600 650 700 750 800 850 900
Temperature (K)

Figure 5. Hematite content produced as a product of pyrite with increasing temperature, wyy
represents the mass fraction of hematite. (a) Present work (solid diamond). (b) Jorgensen and
Moyle [7] (open square). (c) Music et al. [8] (open triangle). (d) Schoenlaub [6] (red cross).

The full width at half maximum (FWHM) of six bands displays the temperature
dependence (Figure 6). The FWHM of all pyrite modes broadens with an increase in
temperature, but the hematite modes (H-Alg(1) and H-(Eg(2) + Eg(3)) increase sharply
with an increase in temperature because the hematite that is produced by pyrite at a high
temperature has a poor crystal structure and rough surface.
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Figure 6. FWHM of six bands’ variation with increasing temperature.
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3.2. Simultaneous High-Temperature and High-Pressure Study of Pyrite

Water reacts with pyrite as a function of temperature, pressure, and time. To avoid
the reaction between water and pyrite, methanol-ethanol (4:1) was used as a pressure
medium instead of a 20 wt.% NaCl solution [16] to provide hydrostatic pressure. The
synthetic quartz Raman band [19] was measured as a pressure calibrant in this study.
High-temperature experiments were conducted at four different initial pressures (group 1:
0.5 GPa, group 2: 1.1 GPa, group 3: 1.7 GPa, group 4: 1.9 GPa). A common feature
was observed in Figure 7, i.e., pressure increases slowly to 453 K. The cell’s mechanical
properties were influenced above 453 K and resulted in an induced decrease in pressure.
Test replication would help to improve the data, so that pressure variation that is associated
with this condition is negligible.

2400

2200 /,»H %)
A
2000 | _ &
2000 1 k’%//ii 2 3 -4
1800 ;/,y-"”‘
. 1600 4
<
o E -
= 1400 4 A il
2 1 i X
S 1200 - A
g { 1+ ¢
& 1000 '
800
] E— —=— 19GPa
600 s v *—1.7GPa
1 v 7 —A— 1.1 GPa
400 4 v 0.5GPa
T T T T T " T T T L T
300 350 400 450 500 550
Temperature (K)

Figure 7. Various initial pressures, pyrite heating in HDAC from 298 K-493 K, in situ pressures (0.5,
1.1, 1.7, 1.9 GPa) at every temperature point. Error bars show pressure uncertainty is 50 MPa.

Both the temperature and pressure effect have an impact (Figure 8), and the Ag and Eg
mode shifts to being faster for groups 4 and 3 than for groups 1 and 2. The positive pressure
and negative temperature dependence of the two modes suggests that the pressure and
temperature effects are identically strong at a lower pressure (see groups 1 and 2), and the
temperature dependence is more obvious at a higher pressure (see groups 3 and 4).

354

280 -1 = 19GPa ] = 19GPa
] T ® 1.7 GP: LN L]
388 - " i & 352 . 1.7 GPa
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Figure 8. (a) Raman shift of A(g) mode heating at different initial pressures: 0.5, 1.1, 1.7, 1.9 GPa;
(b) Raman shift of E(g) mode heating at different initial pressures: 0.5,1.1, 1.7, 1.9 GPa.
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4. Conclusions

All observed pyrite frequencies decreased continuously with an increase in tempera-
ture to 653 K at room pressure. Pyrite transformed to hematite at 653 K, had fully changed
to hematite at 688 K, and the hematite melted at 853 K. At the four initial pressures (0.5,
1.1, 1.7, 1.9 GPa) and with an increasing temperature, there was no evidence for chemical
reaction or decomposition. Every group demonstrated a frequency decline with gradual
heating. The interaction of pressure and temperature led to a gentle decrease in Ag and
Eg modes at a lower pressure (0.5 and 1.1 GPa) than other groups. The positive pressure
and negative temperature dependence of the two modes suggests that the pressure and
temperature effect are identically strong at a lower pressure (0.5 and 1.1 GPa), and the
temperature dependence is more prominent at a higher pressure (1.7 and 1.9 GPa).
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