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Abstract

Despite the natural abundance of pyrite and marcasite and their intergrowth, and a wealth of information they can provide on
the physical-chemical conditions of mineral deposits, a complete mechanistic and kinetic study on the phase transformation
from the thermodynamically metastable polymorph marcasite to the stable polymorph pyrite is yet to be made. This limits
the application of marcasite as an indicator mineral for low-temperature geological environments. Here, we report results
from in situ synchrotron powder X-ray diffraction and ex situ anneal/quench experiments at 400-540 °C, demonstrating that
the mechanism and kinetics of this transformation depend not only on temperature, but also on particle size, the presence
of water vapor, and the presence of pyrite inclusions in marcasite. Under dry conditions, the transformation is limited by
surface nucleation and occurs via epitaxial nucleation of pyrite on marcasite, with {100}, ;.//{101} and {001}, ;//
{010} ,.rcasite- In contrast, in the presence of water vapor, there is little crystallographic orientation relationship between
the two phases; the transformation is still limited by surface nucleation, but modification of the surface properties by water
vapor results in a different nucleation mechanism, and consequently different kinetics. Kinetic analysis estimates a half-life
of 1.5 Ma at 300 °C for the transformation under dry conditions with small and pyrite-free marcasite grains, but this estima-
tion should be used with extreme caution due to the complexity of the transformation. From synchrotron X-ray fluorescence
elemental mapping, trace elements (As and Pb) play an insignificant role in the transformation. However, the presence of a
fluid phase changes the behavior of Pb. Under dry conditions randomly oriented particles of galena formed in pyrite, while
under water vapor conditions arrays of nano- to microparticles of galena precipitated in pores. This study highlights that
although the natural occurrence of marcasite can indicate low-temperature environments, precise estimation of temperature
should not be made without considering the influences from various reaction parameters.
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Introduction

Communicated by Steven Reddy. Pyrite and marcasite, the two polymorphs of FeS,, are
among the most abundant metal sulfides in the Earth’s upper
crust, and play key roles in the global cycles of Fe and S.
Commonly, these two minerals form intergrowths or alter-
Discipline of Che_mistry and Ph}_/sics, College of Scien.ce, nating concentric layers (Kullerud and Yoder 1959), and are
Health, Engineering and Education, Murdoch University, found in many types of ore deposits, including porphyry,
Perth, WA 6150, Australia . . . .
epithermal, orogenic gold, volcanic-hosted massive sulfide
(VHMYS), and sedimentary rock-hosted and supergene envi-
ronments (e.g., Large et al. 2014; Franchini et al. 2015;
CSIRO Mineral Resources, Australian Resources Research Murray et al. 1989; Rickard and Luther 2007). While only
Centre, Perth, WA 6151, Australia .. 7 . . ) L.
pyrite is found in modern marine sediments, marcasite is
formed in ancient sediments as a result of circulating acidic
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groundwaters and marine waters (Rickard and Luther 2007).
Both pyrite and marcasite are important hosts for precious
metals, particularly gold and hazardous elements such as
mercury and arsenic, up to weight percent levels (e.g., Xing
et al. 2019; Wu et al. 2019; Kusebauch et al. 2019; Cook
and Chryssoulis 1990; Large et al. 2007; Rickard and Luther
2007; Deditius et al. 2014). Because the oxidation of these
minerals generates sulfuric acid, they are key contributors to
supergene metal enrichment process in ore deposits, promot-
ing the dissolution of other base metal sulfides and their re-
deposition in the supergene zone. The weathering of pyrite
and marcasite from sulfide-bearing rocks also negatively
impacts the environment, as the process lowers the pH of
groundwater and releases hazardous elements into aquifers
(Burton et al. 2008). In recent years, polymorphs of FeS,
have been extensively studied in materials science, due to
their natural abundance and their favorable electronic and
optical properties. For example, marcasite has been recog-
nized as potential anode materials in Li-ion batteries (Fan
et al. 2017; Li et al. 2015), pyrite as photovoltaic absorber
materials in solar cells (Khalid et al. 2018), and both FeS,
phases as thermoelectric materials (Gudelli et al. 2013).
Hence, understanding the reactivity of pyrite and marcasite
and the mechanisms of their transformation is important not
only to Earth sciences, but also has great implications for
economic geology, environmental management, and materi-
als science.

The formation of pyrite and marcasite under hydrother-
mal conditions has been studied extensively (Murowchick
1992; Schoonen and Barnes 1991a, b, c; Qian et al. 2011),
and it is generally agreed that marcasite forms under acidic
conditions (pH < 5), or in S(-II)-deficient solutions (satura-
tion index << 1000 with respect to either pyrite or marca-
site), while pyrite is formed at relatively higher pH or S(-
II)-rich solutions with saturation index > 1000 (with respect
to either pyrite or marcasite) (Murowchick and Barnes
1986; Qian et al. 2011). Thermodynamically, marcasite is
the metastable phase relative to pyrite in a wide tempera-
ture range from 5 to 700 K (Gronvold and Westrum 1976).
The transformation of marcasite to pyrite was observed in
natural specimen (Murowchick 1992) and in experiments
(Fleet 1970; Rising 1973; Lennie and Vaughan 1992). Early
combustion experiments showed that compared with pyrite,
marcasite has a higher (by 5.6 kcal mol™!) heat of forma-
tion at 25 °C (Lipin et al. 1942). The thermodynamic stabil-
ity of pyrite relative to marcasite at ambient conditions is
also supported by recent computational experiments using
density functional theory (DFT) (Spagnoli et al. 2010).
Consequently, the formation and preservation of marcasite
under certain hydrothermal conditions has been attributed
to kinetic factors.

The transformation from marcasite to pyrite is kinetically
hindered at ambient conditions, but has been predicted to
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occur at high pressures (e.g., 3.7 GPa) by first principle cal-
culations (Gudelli et al. 2013), and has been observed at ele-
vated temperature by several experimental studies (Anderson
and Chesley 1933; Fleet 1970; Rising 1973; Kjekshus and
Rakke 1975; Murowchick 1992; Lennie and Vaughan 1992).
However, some controversy remains about the rate of the
transformation. Anderson and Chesley (1933) heated mar-
casite at 405 °C, 415 °C, and 425 °C for 5 h in sealed glass
tubes under H,S atmosphere (Py,5=1.0) and characterized
the samples using pinhole diffraction. The authors observed
that the rate of transformation increased with temperature
and reported that complete transformation from marcasite
to pyrite occurred at 425 °C, partial transformation (~ 50%)
at 415 °C, but no transformation at 405 °C. Fleet (1970)
heated marcasite fragments in sealed glass capillaries and
characterized the samples by single crystal diffraction. He
observed a slower transformation rate than Anderson and
Chesley (1933). After heating marcasite at 425 °C for 12 h,
only partial transformation was achieved while the process
was completed after heating at 475 °C for about 4 h (Fleet
1970). Rising (1973) studied this phase transformation at
lower temperature (157-340 °C) in a 4 M NH,Cl aqueous
solution and found that the transformation was fast: com-
plete transformation took only less than 9 days at 315 °C
and 14 days at 280 °C. These rates are in strong contrast
with those obtained at similar temperatures but under dry
conditions (evacuated silicate tubes) by Kjekshus and Rakke
(1975): no transformation was observed after heating mar-
casite for up to 14 months at or below 300 °C, and complete
transformation was achieved after heating for 4 months at
400 °C. Murowchick (1992) reported very different trans-
formation rates for marcasite from two different localities,
and for two different grains from the same locality. After
heating marcasite in sealed gold capsules at 500 °C for 48 h,
the polycrystalline marcasite (Elmo mine, Shullsburg, Wis-
consin) was completely transformed to pyrite; in the case of
two euhedral crystals of marcasite from Picher, Oklahoma,
one was completely transformed to pyrite, but only a small
fraction of the other grain was transformed. So far, the only
quantitative kinetic study on this polymorphic phase trans-
formation was carried out by Lennie and Vaughan (1992).
These authors heated marcasite in evacuated silica tubes at
four temperatures, and used infrared spectroscopy to quan-
tify marcasite and pyrite. They observed that complete trans-
formation took about 7.5 h at 462 °C, 12 h at 450 °C, 26 h
at 437 °C, and 42 h at 425 °C. The results are comparable to
the reported data by Fleet (1970), but very different to the
other early studies.

The discrepancy between the reaction rates reported in
early studies suggests that the polymorphic transforma-
tion from marcasite to pyrite may not be a simple process,
and various factors may contribute to the mechanism and
kinetics of the transformation. However, so far there has
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been no systematic study investigating the influence of
physical-chemical parameters on the mechanism and kinet-
ics of this reaction. To this end, we carried out a detailed
study investigating the effects of pyrite inclusion and trace
elements (using two specimens from different localities),
temperature, particle size, and the presence of water vapor
on the mechanism and kinetics of this transformation. We
used in situ synchrotron powder X-ray diffraction (PXRD)
to monitor the time dependence of the phase transformation
to provide reliable kinetic parameters. We also carried out
ex situ experiments for detailed microstructure and chemical
studies of partially transformed grains, which provided com-
plementary insights into our understanding of the mecha-
nism of the transformation from marcasite to pyrite.

Materials and methods
The starting marcasite samples

The marcasite samples are from two different localities,
one is from Oumjrane mines, Alnif, Er Rachidia, Meknes-
Tafilalet, Morocco (hereafter denoted as marcasite-M),
and another is from Czech Republic (South Australian
Museum Registration No. G12711) (hereafter denoted as
marcasite-CR). The samples were characterized by PXRD,
electron probe microanalysis (EPMA), synchrotron X-ray
fluorescence microscopy (SXFM), and reflected-light opti-
cal microscopy. The results are summarized in Table 1 and
Fig. 1.

For Marcasite-M, Rietveld refinement and quantitative
phase analysis of the PXRD pattern showed that it contains
99.6 wt.% marcasite with unit cell parameters of a=4.445 A,
b=5.425 A, and c=3.387 A, and a small quantity of pyrite
of 0.4 wt% (Fig. 1a). Based on electron probe microanaly-
sis (EPMA) (n=219), the chemical composition of mar-
casite-M is FeS, 19,0002, With traces of As (~1300 ppm),
Pb (~1100 ppm), Hg (~600 ppm), Cu (~300 ppm), Ni
(~300 ppm), Te (~300 ppm), and Cd (~300 ppm) (Table 1).
The distributions of the trace elements (As and Pb) are het-
erogeneous (Fig. 1b). Twinning was observed in some grains
(Fig. 1d-f).

Marcasite-CR contains 95.2 wt% marcasite with unit cell
parameters a =4.445 A, b=5.426 A, and ¢=3.387 A and
4.8 wt% pyrite (Fig. 1g). From EPMA analyses (n=43),
the composition of marcasite-CR is FeS, 45,0002 It con-
tains much less trace elements, including Si (~ 660 ppm), Zn
(~210 ppm), and Pb (100 ppm) (Table 1) than Marcasite-M.
Like Marcasite-M, the distributions of the trace elements
(As and Pb) are heterogeneous (Fig. 1h), and twinning
was observed in some grains (Fig. 1j-1). In some grains,
As is concentrated in zones (Fig. 1h), which do not reflect

Table 1 EPMA analyses of marcasite samples from Morocco (marca-
site-M) and Czech Republic (marcasite-CR)

Element Marcasite-M (n=219) Marcasite-CR (n=43)
S 53.1 (51.0-53.7) 53.2 (52.9-53.6)

As 0.13 (0.02-0.35) bdl

Sb 0.01 (0.01-0.02) 0.01 (0.01-0.01)

Fe 46.05 (42.88-46.91) 45.76 (45.31-46.43)
Se 0.02 (0.01-0.02) 0.02

Au bdl bdl

Te 0.03 (0.03-0.03) bdl

Cu 0.03 (0.01-0.17) 0.01 (0.01-0.03)

Pb 0.11 (0.02-0.65) 0.01 (0.01-0.03)

Ni 0.03 (0.01-0.05) bdl

Ag bdl bdl

Si 0.01 (0.01-0.04) 0.07 (0.01-0.18)
Hg 0.06 (0.05-0.06) 0.06 (0.06-0.07)

Cd 0.03 (0.03-0.04) bdl

Zn 0.02 (0.02-0.03) 0.02 (0.02-0.03)
Mn 0.01 (0.01-0.01) bdl

Total 99.64 (98.19-100.64) 99.16 (98.51-99.82)

bdl below detection limit

The weight percentages (wt%) are presented as means and ranges

morphology or twinning (Fig. 1i). Pyrite inclusions were
observed in some of the grains (Fig. 1j-1).

The marcasite samples were crushed and sieved; the size
fractions <38 pm, 38-53 pm, and 106—150 pm were used
in this study. The crushed marcasite was cleaned in absolute
ethanol (>99.7%, Merck) and dried under ambient condition
before the experiments.

In situ synchrotron PXRD experiments

In situ PXRD experiments are able to monitor the reactions
in real time under reaction conditions, thus eliminating the
quenching step necessary for ex situ studies, providing more
reliable kinetic data. The advantage of in situ PXRD for
kinetic studies has been demonstrated in several solid-state
and solid-solution reactions (Song et al. 2015; Xia et al.
2014; Webster et al. 2013; Peterson et al. 2016).

The in situ synchrotron PXRD experiments were car-
ried out at the powder diffraction beamline at the Australian
Synchrotron in Melbourne, Australia, using an X-ray energy
of either 18 keV (1=0.6886 A) or 21 keV (4=0.5909 A);
the beam energy was calibrated using an LaBg standard
(NIST SRM 660b). The schematic setup of the experiments
is shown in Fig. 2. About 5 mg marcasite-M (<38 pm)
was loaded into the sealed end of a quartz glass capillary
(1.0 mm in outer diameter, 0.1 mm in wall thickness, and
35 mm in length), and then a pile of silica glass wool plug
was inserted next to the powder to prevent the powder
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Fig. 1 Results of sample characterization of (a—f) marcasite-M and
(g-1) marcasite-CR. a, g Rietveld refinement analyses of synchrotron-
based powder X-ray diffraction patterns, b, h synchrotron X-ray fluo-
rescence microscopy (SXFM) elemental maps, ¢, i cross-polarized
reflective optical micrographs showing the same regions of SXFM,
and (d-f, j-1) regions of interest showing marcasite twinning in both

moving out of the X-ray beam during data collection. A
PTFE ferrule was glued onto the open end of the capillary
and then the capillary was flushed with nitrogen gas and the
open end was sealed using a Swagelok fitting (Fig. 2b). The
fitting holding the capillary was fixed onto the goniometer

@ Springer

marcasite-M and marcasite-CR as well as pyrite inclusions in marca-
site-CR. Note that the dark areas surrounding the flat FeS, surface in
the optical micrographs are shadows of the grains below the surface
of transparent epoxy resin. Mrc marcasite, Py pyrite. (For color figure,
the reader is referred to the web version of this paper.)

head in a way that the capillary is positioned horizontally
with the sample section just at the beam spot. The capillary
was then aligned. The heating was provided by a hot air
blower and the temperature was monitored by a K-type ther-
mocouple. Precise temperature control was achieved within
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Fig.2 Schematics showing a the setup for the in situ powder X-ray
diffraction experiments, and sample loading in the closed quartz glass
capillary for b dry and ¢ water vapor experiments. (For color figure,
the reader is referred to the web version of this paper.)

0.1 °C. Before all in situ experiments, the thermocouple
temperature was calibrated based on the polymorphic phase
transition from orthorhombic to trigonal KNOj; at 128 °C,
and from a-quartz to f-quartz at 573 °C. For studying the
marcasite transformation, we first conducted an in situ slow
heating experiment (13 °C min~' to 600 °C) to detect the
onset temperature for the marcasite transformation. Based
on the results of the slow heating experiment, the subsequent
isothermal in situ experiments were conducted at 520 °C
and 540 °C. These temperatures were chosen so that the
transformation was not too fast to capture various stages of
the transformations and within the pyrite stability region
below 743 °C (Kullerud and Yoder 1959). In each of the
isothermal experiments, the hot air blower was pre-heated
to the target temperature away from the capillary, and then
was quickly moved underneath the capillary with the help
of a motorized X-Y stage. As a result, the sample was heated
very rapidly (within few seconds) from room temperature
to the experiments’ target temperatures. Such procedure is
required for reliable isothermal kinetic analyses. A room
temperature dataset was also collected just before this rapid
heating. The in situ diffraction patterns were collected using

a high-resolution position-sensitive Mythen detector over the
20 range of 1°-81°, under the Debye—Scherrer geometry,
with the capillary spinning at a speed of 60 rpm. Diffraction
patterns were collected for 48 s and in two positions and
merged to remove the gaps between modules in the detector.
To study the effect of water vapor on the phase transforma-
tion, the sample preparation was slightly different (Fig. 2c).
After loading 5 mg powdered sample into the capillary,
about 1 mg of Milli-Q water was added into the powder
before inserting the silica glass wool. A small section of
Milli-Q water was then carefully injected into the capillary
in the non-heated section but close to the silica wool. This
is to minimize condensation loss at the non-heated section
of the capillary. After heating, the water droplet in the sam-
ple section became water vapor and was kept within about
1.5 cm between the sealed end of the capillary and the cool
water section.

Ex situ experiments

Because in situ PXRD is only applicable for small particle size
(<38 pm), complementary ex situ experiments were carried
out using larger particle sizes (38-53 pm and 106—150 pm)
under both dry and water vapor conditions to enable detailed
microscopic examinations of the newly formed pyrite and the
determination of crystallographic orientation relationships
between marcasite and pyrite. Both marcasite-M and marca-
site-CR were studied to elucidate the effects of impurities (pre-
existing pyrite inclusions and trace elements) on the transfor-
mation processes. Ex situ experiments were conducted using
the standard silica tube method (Xia et al. 2008; Etschmann
et al. 2004). For experiments under dry conditions, marcasite
particles (0.1 g) were sealed into silica tubes (14.2 mm in outer
diameter, 2.2 mm in wall thickness, and 120 mm in length)
under vacuum using a high-temperature flame torch. Each of
the charges was then placed in a pre-heated muffle furnace
at either 400 °C, 462 °C, or 520 °C, and heated for 10 days,
3 h, or 20 min, respectively. After heating, the charges were
quenched in a large amount of cold water. After quick cooling,
the tube was cut open and the reacted particles were recov-
ered. For experiments under water vapor conditions, sample
preparation was slightly different. After adding 0.1 g marca-
site, 0.02 g water was added into the sample. Then a pile of
silica wool was inserted into the tube near the minerals. Then,
the bottom section of the tube was immersed in a dry ice bath
to freeze the water, and finally while keeping the tube in the
bath vertically, the sample-free section at the top was sealed
under vacuum. In this way, water loss due to vacuum was at
minimum. The heating schemes and quenching were the same
as the dry experiments. The recovered samples were charac-
terized by synchrotron PXRD (1=0.5909 A; see Sect. 2.2
for instrumental parameters), scanning electron microscopy
(SEM), electron backscatter diffraction (EBSD), optical
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microscopy, and synchrotron X-ray fluorescence microscopy
(SXFM).

Rietveld-based quantitative phase analyses

Rietveld-based quantitative phase analyses were carried out for
all in situ and ex situ PXRD data, using Topas Academic vo6.
The instrumental zero shift and peak profiles were obtained
from refining the LaB standard (NIST SRM 660b) dataset,
using empirical peak functions considering both Gaussians
and Lorentzian contributions. For the refinement of in situ and
ex situ PXRD patterns, the background was modeled using a
fifth-order polynomial function. For each mineral phase, the
unit cell parameters, scale factors, and peak broadening due to
crystallite size effect were refined. The starting crystal struc-
tures were from the ICSD database, #55699 for pyrite (Wu
et al. 2004) and #109374 for marcasite (Rieder et al. 2007).
For in situ PXRD datasets, the refinements were run in batches
where the output file from one refinement became the input
file of the next dataset in the sequence. This approach mini-
mizes parameter adjustment in the following dataset refine-
ment, hence minimizing errors arising from correlated param-
eters. Once good fitting was achieved, the percentages of the
involved phases were calculated by the equation,

W, = (SZMV),/ Y (SZMV),, M

where W, is the relative weight percentage of phase p, §

the scale factor, Z the number of formula units per unit cell,
M the molecular weight of the formula unit, and V the vol-
ume of the unit cell. i represents each phase in the mixture
(Pecharsky and Zavalij 2003; Hill and Howard 1987).

Scanning electron microscopy (SEM)

The cross sections of the reacted samples were examined using
a Verios XHR SEM, located at the Center for Microscopy,
Characterisation and Analysis (CMCA), at the University of
Western Australia (UWA). Mineral grains were embedded in
epoxy resin (Epofix from Struers), then ground using 1200
grit silicon carbide abrasive paper to expose the cross sections,
and finally polished using 3 pm and 1 pm diamond pastes.
The polished surface was cleaned and coated with a thin film
of carbon. Backscattered electron (BSE) micrographs were
collected using an acceleration voltage of 10 kV.

Electron backscatter diffraction (EBSD)
To determine the crystallographic orientation relation-
ships between pyrite and marcasite, electron backscatter

diffraction (EBSD) patterns were acquired with a Zeiss
UltraPlus FEG SEM equipped with a Bruker eFlash EBSD
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detector, at CSIRO, Kensington. Operating conditions
were an accelerating voltage of 20 kV, a sample tilt angle
of 70°, and a working distance of 23 mm. Pole figures of
pyrite and marcasite were obtained. Sample preparation
was similar to SEM, but the polishing included a final
polishing step using colloidal silica (0.04 pm) suspension
to remove the layer damaged by the mechanical polish-
ing. EBSD data were acquired using the Bruker Esprit
2.2 software and exported as a.ctf file for post processing.
Missing data were interpolated using EBSDInterp (Pearce
2015) which uses the EBSD pattern quality (band con-
trast) maps to prevent artifacts (Prior et al. 2009). Pole
figures show the orientation of specific crystallographic
directions and are plotted using the raw data for single and
bi-crystal. Where many crystals are present within a grain
aggregate, data are contoured using a Gaussian with a 15°
half-width at half-maximum to simplify interpretation to
the most volumetrically significant orientations. Crystal-
lographic misorientations between marcasite and pyrite,
which have different space groups, are analyzed using the
method described by Krakow et al. (2017). This method
shows patterns in large misorientation datasets to identify
systematic relationships between any two crystals regard-
less of their space group. Data are reduced to one point per
boundary (Storey and Prior 2005) to eliminate the effect
of grain size and boundary length on the analysis. For
all datasets plotted using this methodology, the standard
(first) settings are used as set out in Krakow et al. (2017).

Electron probe microanalysis (EPMA)

Electron probe microanalysis (EPMA) of the marcasite
samples were carried out using a field-emission JEOL
8530F hyperprobe at CMCA, UWA. The analyses were
undertaken using a take-off angle of 40°, an accelerating
voltage of 20 kV, and a beam current of 40 nA. X-ray
lines, analyzing crystals, counting time, and standards
used for each element were: S Ka (PETJ, 20 s, pyrite), As
Ka (TAP, 40 s, Asp200), Fe Ka (LiF, 20 s, pyrite), Au Ko
(LiF, 40 s, Au metal), Pb Ko (PETH, 40 s, galena), Cu Ka
(LiF, 40 s, Cu metal), Se Ka (TAP, 40 s, Bi,Se;), Ni Ka
(LiF, 40 s, Ni metal), Mn Ka (LiF, 40 s, Mn metal), Ag
Ka (PET]J, 40 s, Ag metal), Hg La (LiF, 40 s, coloradoite),
Si Ka (TAP, 20 s, wollastonite), Sb La (PETH, 40 s, Sb
metal), Te Lo (PETH, 40 s, Te metal), Cd La (PETJ, 40 s,
Cd metal), and Zn Ka (LiF, 40 s, Zn metal). Mean atomic
number (MAN) background corrections were employed
throughout (Donovan and Tingle 1996). Unknown and
standard intensities were corrected for dead time and the
ZAF algorithm was used for matrix absorption (Armstrong
1988). Detection limits ranged from 0.007 wt% for Sb to
0.046 wt% for Au.
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Synchrotron X-ray fluorescence microscopy (SXFM)

Synchrotron X-ray fluorescence elemental mapping was
collected at the X-ray fluorescence microscopy (XFM)
beamline at the Australian Synchrotron in Melbourne,
Australia (Paterson et al. 2011; Li et al. 2016). The beam
energy was set at 18,500(5) eV, and the beam was focused
to a spot size of ~2 X2 um using Kirkpatrick-Baez mir-
rors. Fluorescence data were collected using the massively
parallel 384-element Maia detector system (Kirkham et al.
2010; Ryan et al. 2010a, b, 2014). The detector was placed
in front of the sample at a distance of 1 mm, which enabled
the collection of nearly 50% of a full hemisphere of the
X-rays emitted by the sample. The incident X-rays trav-
elled through a central hole in the detector. Standard foils
(Pt, Mn, Fe) were used to (1) constrain detector efficiency
and geometry (e.g., distance from the sample), (2) con-
strain any filters that are used in front of the detector, and
(3) convert from ion chamber counts to flux (photons/s;
Ryan et al. 2010a). The area of each sample was mapped
using a scan speed of 1 mm/s, corresponding to a dwell
time of 1.00 ms/pixel.

The SXFM data were analyzed with GeoPIXE II (Ryan
et al. 2005) using the dynamic analysis (DA) method to pro-
ject quantitative elemental images from the full fluorescence
spectra (Ryan 2000; Ryan et al. 2009). The DA technique
is a matrix transform algorithm that unfolds overlaps and
subtracts background, escape peaks and other detector arti-
facts. The advantage of this method is that by fitting multiple
lines per element, it benefits from better counting statistics
and it is possible to distinguish between elements that have
overlapping X-ray lines, which are traditionally difficult to
separate using the region of interest approach.

Kinetic analysis

The isothermal kinetics of a wide range of phase transforma-
tions follow the Avrami—Erofeev equation (Avrami 1939;
Khanna and Taylor 1988; Xia et al. 2014; Song et al. 2015):

1 —a =exp[—(K"(t—1,))"], 2

where a is the reaction extent, k (s‘l) is the rate constant,
t (s) is the reaction time, £, (s) is the induction time, and n
is the Avrami exponent indicative of reaction mechanisms,
which are summarized in Table 2 (Hulbert 1969). Induction
time ¢t is the time between the start of heating and the onset
of pyrite formation evidenced from PXRD, and reaction
extent a is calculated as:

Wo — W,

a:wo—we’ 3

Table2 The nuclei growth mechanisms indicated by the Avrami
exponent (n) values for solid-state reactions (after Hulbert 1969)

Phase-boundary Diffusion
controlled controlled
Three-dimensional growth
Constant nucleation rate 4 2.5
Zero nucleation rate 3 1.5
Decreasing nucleation rate 34 1.5-2.5
Two-dimensional growth
Constant nucleation rate 3 2.0
Zero nucleation rate 2 1.0
Decreasing nucleation rate 2-3 1-2
One dimensional growth
Constant nucleation rate 2 1.5
Zero nucleation rate 1 0.5
Decreasing nucleation rate 1-2 0.5-1.5

where w,, w, and w, are the weight fractions of marcasite at
an arbitrary reaction time t, initially (#=0) and at equilib-
rium (¢= oo, in this case w,=0), respectively (Wang et al.
2005; Xia et al. 2007, 2009, 2012). These weight fractions
were determined from Rietveld quantitative phase analysis
of the PXRD datasets (Eq. 1). The Avrami-Erofeev equation
can be rewritten as the Sharp—Hancock equation (Hancock
and Sharp 1972; Lasaga 1998):

In[—In(1 — &)] = nln(r — 1,) + nlnk. 4)

By plotting In[—In(1— «)] as a function of In(z—¢,) and car-
rying out a linear fit through the data points, k and n were
obtained from the intercept and slope of the linear fit.

The rate of the transformation is temperature dependent,
and it is assumed to follow the Arrhenius equation:

Ea
k=A-eXp<—ﬁ>, )

where A(s™!) is the pre-exponential factor, 7 (K) is the
absolute temperature, R (8.314 J mol~! K™!) is the ideal gas
constant, and E, (kJ mol™") is the activation energy of the
reaction.

Rewriting Eq. 5, we have:

Ink = InA — E_/RT. (6)

By plotting In(k) as a function of 1/T and carrying out a
linear fit through the data points, E, was obtained from the
slope of the linear straight line.
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Results
In situ PXRD results

The results of the four in situ PXRD experiments are
presented in Fig. 3. In the slow heating experiment with
a heating rate of 13 °C min~', the transformation from
marcasite to pyrite did not occur until the temperature
reached 550 °C (Fig. 3a). During temperature ramping,
the marcasite peaks continuously shift toward lower dif-
fraction angles (Fig. 3a), documenting the expansion of the

Fig.3 In situ PXRD patterns

(viewed down the intensity ©)
. . o
axis) for the transformation of ~
marcasite-M to pyrite under a o
slow heating dry condition from =)
room temperature to 600 °C ©
(13 °C min™"), b isothermal dry 8
conditions at 540 °C, ¢ isother- £
mal dry condition at 520 °C, li)
and d isothermal water vapor
condition at 520 °C. (For color
figure, the reader is referred to
the web version of this paper.)
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unit cell with increasing temperature. From linear fits of
the unit cell parameters against temperature (Fig. 4), the
linear thermal expansion coefficients are 1.41x 107 K~!
along a direction, 1.09 X 10° K™! along b direction, and
7.38x10°K"! along c direction, and the volumetric ther-
mal expansion coefficient is 3.26 x 1075 K~1. It is also seen
from Fig. 3a that unidentified diffraction peaks appeared
during heating, but none of them could be assigned to
phases in the Fe—S—O system. These peaks could belong
to phases rich in As or Pb because the starting marca-
site contains measurable amounts of these elements (see
EPMA results in Table 1), but unfortunately, none of the

14 16 18 20 22 145 147
20 (degree), A=0.6886 A

14 16 18 20 22 14.5 14.7
20 (degree), A=0.6886 A

] Y I M
14 16 18 20 22 145 147
20 (degree), A=0.6886 A

M=marcasite; P=pyrite; Po=pyrrhotite; U=unknown phases Min N Max
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Fig.4 The changes of marcasite unit cell parameters (a, b, ¢, V) with increasing temperature during the slow-heating experiment. The slopes of
the linear fittings give the thermal expansion coefficients. Error bars of the data points are within the size of the symbols

phases in the latest Crystallography Open Database (COD)
inorganic database (update date 10.09.2019) could match
these peaks (Grazulis et al. 2009). Pyrrhotite appeared at
580 °C, most likely due to the decomposition of the newly
formed pyrite, FeS, — FeS, + (2—x)S(g) (1 £x<1.143), as
has been reported previously (Lambert et al. 1998).

The in situ PXRD data of isothermal experiments at
520 °C and 540 °C are presented in Fig. 3b—d, and the
reaction extents obtained from quantitative analysis of the
diffraction datasets are plotted against time and shown in
Fig. 5a. The PXRD patterns showed that the progressive
transformation from marcasite to pyrite occurred at both
temperatures and under both dry (Fig. 3b, ¢) and water vapor
(Fig. 3d) conditions. The sudden shifts of the marcasite
peaks to lower angles after the first room temperature data-
set are clearly seen in the zoomed-in plots (the 14.4°-14.8°
plots in Fig. 3b—d), indicating almost instant heating of the
sample from room temperature to the target temperatures
when the capillaries were moved to the top of the pre-heated
hot air blower. This ensures accurate kinetic analyses using
the isothermal kinetic models.

Comparing the results of the dry experiments at 520 and
540 °C (Figs. 3b, c, 5a), it is clear that the transformation

was faster at higher temperatures. Pyrite appeared as soon as
the temperature reached 540 °C and marcasite disappeared
almost completely after 18 min (Figs. 3b, 5a). However, for
the dry experiment at 520 °C, pyrite appeared after heating
for nearly 7 min (induction time) and marcasite was still
detected after heating for nearly 90 min (Figs. 3c, 5a).

From the isothermal experiments at 520 °C under dry and
water vapor conditions (Fig. 3c, d), we see that water vapor
promoted the transformation from marcasite to pyrite. Pyrite
peaks appeared as soon as the temperature reached 520 °C,
compared with the dry experiment with a 7-min induction
time (Figs. 3c, 5a).

The transformation rates are directly compared in Fig. 5a.
The rate of transformation was fastest at 540 °C under dry
condition, slower at 520 °C under water vapor condition, and
slowest at 520 °C under dry condition.

The rate constant (k) and Avrami exponent (n) obtained
based on kinetic analyses using the Avrami—Erofeev method
are plotted in Fig. 5b. The values are k=21.72+8.6x 105!
and n=1.52+0.06 for the experiment at 540 °C under dry
condition, k=5.25+0.90x 10~ s™! and n=1.72+0.03
for the experiment at 520 °C under dry condition, and
k=2.64+0.86x107* s7' and n=1.12+0.04 for the
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Fig.5 Kinetic results of the isothermal in situ PXRD experiments
using marcasite-M as the starting materials. a Reaction extent as a
function of time; b Avrami plot; and ¢ Arrhenius plot giving the acti-
vation energy of the transformation under dry conditions. Error bars
of the data points are within the size of the symbols

experiment at 520 °C under water vapor condition. Because
the value of Avrami exponent indicates the reaction mecha-
nism (Table 2) (Hulbert 1969), similar values of n for the
two experiments under dry condition suggest the same reac-
tion mechanism prevailed. However, under water vapor con-
dition, n is significantly lower than for the dry experiments,
suggesting a different mechanism. Based on the Arrhenius

@ Springer

plot (Fig. 5c¢), the activation energy of the transformation
under dry condition is 380 + 15 kJ mol~!, and the pre-expo-
nential factor A is 8.39x 102 57",

Ex situ experimental results

For studying the effects of temperature, water vapor, particle
size, and impurities (pyrite inclusions and trace elements
in marcasite grains) on the mechanism and kinetics of the
transformation, 24 ex situ experiments were carried out and
the results are presented in Figs. 6,7, 8, 9, 10, 11, 12and 13.

Transformation rate

The reaction extents were summarized in Fig. 6. The effects
of the investigated experimental parameters on the rate of
transformation are summarized below:

1. The effect of temperature. Under dry and water vapor
conditions, the transformation of both marcasite-M and
marcasite-CR was facilitated by temperature. This is
illustrated in Fig. 6, where the columns represent snap-
shots with increasing temperature (400 °C, 462 °C, and
520 °C) at rapidly decreasing times (14,400, 180, and
20 min). For marcasite-M, the effect of temperature is
clear when comparing the following data groups: dry
and small particles (38-53 um) (Fig. 6a, c, e); water
vapor and small particle (Fig. 6b, d, f); dry and large
particles (106—150 um) (Fig. 6g, i, k), and water vapor
and large particles (Fig. 6h, j, 1). For marcasite-CR,
although the reaction extent was generally slightly
higher for the 400 °C experiments than for the 462 °C
experiments, the reaction time at 400 °C is 10 days, 80
times more than the time (3 h) at 462 °C. Hence, the
positive effect of temperature on the transformation was
found for marcasite-CR as well.

2. The effect of water vapor was found to depend on parti-
cle size. For the large particles (106—150 pm), the exper-
iments under water vapor condition were generally faster
than the dry counterparts, which is clearly seen when we
compare the following pairs in Fig. 6: (i and j), (k and 1),
(s and t), (u and v), and (w and x). The only exception is
the experiments at 400 °C using marcasite-M (Fig. 6g,
h), but considering the very low reaction extents and
the associate errors (0.017 +0.003 and 0.014 +0.003)
they can be considered as identical. Interestingly, for
the small particles (38—53 pm), the transformations with
water vapor were generally slower than their dry coun-
terparts, when comparing the following pairs in Fig. 6:
(aand b), (c and d), (m and n), (o0 and p), and (q and r).
The only exceptions are the experiments at 520 °C using
marcasite-M (Fig. 6e, f), but the values 0.128 +0.002
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and 0.134 +0.002 are nearly identical and likely incon-
clusive.

The effect of particle size depends on whether water
vapor is present. Under dry condition, the transforma-
tion was faster with small particles (3853 pm) for both
marcasite-M and marcasite-CR and the three tempera-
tures studied. This is clear when comparing the follow-
ing pairs in Fig. 6: (a and g), (c and 1), (e and k), (m and
s), (0 and u), and (q and w). However, in the presence of
water vapor, the transformation was generally faster with
large particle size, which is clearly seen when compar-
ing the following pairs in Fig. 6: (d and j), (f and 1), (n
and t), (p, and v), and (r and x). The only exception is
the experiments at 400 °C using marcasite-M (Fig. 6b,
h). However, due to the small reaction extents and the
associate error (0.022 +0.003 and 0.014 +0.003), this
comparison may be considered invalid.

The effect of impurities (pre-existing pyrite inclusions
and trace elements) in marcasite grains: from PXRD and
microscopy analyses (Fig. 1), it is known that marcasite-
CR contains 4.8 wt% of pyrite inclusions, much higher
than marcasite-M which contains only 0.4 wt% pyrite.

Fig.6 Reaction extent of the ex situ experiments as a function of temperature, water vapor, particle size, and marcasite locality. Standard devia-
tions of reaction extent are shown in the brackets. (For color figure, the reader is referred to the web version of this paper.)

Additionally, from EPMA analyses (Table 1), marcasite-
M contains much more trace elements (especially, As
and Pb) than marcasite-CR. In almost all experimen-
tal conditions, the transformation of the marcasite-CR
was faster than the marcasite-M, evident from pairs in
Fig. 6: (a and m), (b and n), (c and o), (e and q), (f and
r), (g and s), (h and t), (i and u), (j and v), (k and w),
and (1 and x). The only exception is small particle at
462 °C under water vapor condition (Fig. 6d, p); how-
ever, due to similar reaction extents and the associate
errors (0.036 +0.003 and 0.035 +0.003), the results are
considered identical.

SEM results

Four samples were examined by SEM, to study the effect of
water vapor on the transformation using either marcasite-M
or marcasite-CR. The results are presented in Fig. 7 (mar-
casite-M) and Fig. 8 (marcasite-CR).

In experiments using marcasite-M, few large pyrite grains
were formed within the marcasite grain with sharp phase
boundaries between pyrite and marcasite (Fig. 7). Porosity
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Py~

Fig.7 Backscatter electron images of marcasite-M grains (106—
150 pm) reacted at 520 °C for 20 min, under (a, b) dry, and (c, d)
water vapor conditions, corresponding to k and / in Fig. 6, respec-
tively. Gn=galena

Fig.8 Backscatter electron images of marcasite-CR grains (106—
150 pm) reacted at 520 °C for 20 min, under (a, b) dry, and (c, d)
water vapor conditions, corresponding to w and x in Fig. 6

formed in pyrite phase (Fig. 7), because the molar volume
of pyrite (23.94 cm?® mol™!) is smaller than that of marca-
site (24.58 cm® mol™"). The reduction in molar volume for
this transformation is — 2.6%. However, the pore texture
is very different in samples obtained under dry and water
vapor conditions. In the case of dry conditions, the pyrite
phase contains heterogeneously distributed pores of a wide
size range from less than 50 nm to about 400 nm (Fig. 7a,
b). In the case of water vapor condition, much narrow pore

@ Springer

size distribution was observed with a diameter of about
300 nm and the pores are homogeneously distributed in a
very ordered way: they are aligned as straight lines with
even gaps (Fig. 7c, d). In both cases, nano- and micro-inclu-
sions of galena were observed as a by-product. Under dry
condition, galena was present in the non-porous region of
pyrite (Fig. 7b), while under water vapor condition, galena
both fills the pores and presents in the non-porous region.
It appears that particles of galena are distributed in ordered
fashion following the trace of pores (Fig. 7d). This pres-
ence of galena particles might be related to the concentration
of Pb in the starting material (Fig. 10j). The formation of
galena was confirmed by synchrotron PXRD (Fig. 9), and is
likely due to the relatively high concentration of Pb (Table 1)
in the starting marcasite-M.

In experiments using marcasite-CR, numerous small
pores in pyrite were observed in both samples (dry and water
vapor conditions) (Fig. 8). Compared with the experiments
using marcasite-M under water vapor condition (Fig. 7d),
the experiments using marcasite-CR (Fig. 8) show that:
(i) the pores have a polymodal size distribution with a size
range of about 100—-1000 nm; (ii) no by-product phases were
observed, consistent with smaller amounts of trace elements
in marcasite-CR (Table 1); and (iii) the phase boundary
between pyrite and marcasite is highly irregular. Under dry

® Pyrite
B Marcasite
A Galena

—Dry condition
— Water vapor condition

Intensity (a.u.)
—
>

9 10 1 12 13 14 15 16
26 (°), A = 0.5904 A

Fig.9 Synchrotron-based PXRD patterns of the samples after heating
marcasite-M (106—150 pm) at 520 °C for 20 min under dry and water
vapor conditions. Note that the intensity has been taken square root
to make the small galena peak visible. See Fig. 6k and 1 for reaction
extent of these two experiments. (For interpretation of the references
to color in this figure, the reader is referred to the web version of this
article.)
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high

Fig. 10 Cross-polarized reflective optical images and SXRF maps surrounding the flat FeS, surface in the optical micrographs are shad-
(RGB and As, Fe, Pb) showing marcasite-M grains (106—150 pm) ows of the grains below the surface of transparent epoxy resin. (For
reacted at 520 °C for 20 min, under (a—e) dry, and (f—j) water vapor color figure, the reader is referred to the web version of this paper.)
conditions, corresponding to k and 1 in Fig. 6. Note that the dark areas
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high

Fig. 11 Cross-polarized reflective optical images and SXRF maps areas surrounding the flat FeS, surface in the optical micrographs are
(RGB and As, Fe) showing marcasite-CR grains (106-150 pm) shadows of the grains below the surface of transparent epoxy resin.
reacted at 520 °C for 20 min, under a—d dry, and e-h water vapor (For color figure, the reader is referred to the web version of this
conditions, corresponding to w and x in Fig. 6. Note that the dark paper.)
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conditions, the area of pores in newly formed pyrite was
larger under wet conditions than pyrite formed in dry sys-
tem; this is ~ 12.5% and 8%, respectively (Fig. 8b, d).

SXFM results

Synchrotron X-ray florescence mapping was performed
to compare the spatial distributions of As and Pb in iron
disulfides and assess the effect of trace elements on the
transformation from marcasite to pyrite. Reflected-light
optical images, presented together with elemental maps,
were used to identify pyrite and marcasite. The results are
shown in Fig. 10 (marcasite-M) and Fig. 11 (marcasite-CR).
It is worth nothing that the gained shapes from the optical
microscopy and SXFM maps are slightly different because
they represent different sections of the grains (Figs. 10, 11);
optical images represent the top surface since pyrite and
marcasite are opaque to visible light, while X-ray in SXFM
penetrate relatively deep with the sample; 86% of the inci-
dent X-ray reach a depth of 15 pm, and about 50% of the
As Ka X-rays can escape through 15 pm of pyrite; hence,
the SXFM maps represent an average composition over a
significant depth of the pyrite/marcasite grains. However,
this does not significantly influence the comparison due to
the relatively large size of the pyrite and marcasite crystals.

In samples using marcasite-M as the starting material,
heterogeneous distributions of As and Pb were observed
in both samples from dry and water vapor experiments
(Fig. 10c, e, h, j). The concentrations and distributions of
As and Pb are positively correlated (Fig. 10c, e; 10 h, j).
Importantly, comparing optical images with SXFM maps,
there is no correlation between the distribution of iron
disulfide polymorphs and the amount of either As or Pb,
under both dry (Fig. 10a, c, ) and water vapor conditions
(Fig. 10f, h, j), and both As and Pb have no clear correlation
with Fe (Fig. 10b—e, g—j). For example, under dry condition
(Fig. 10a—e), quite homogeneous elemental distributions
were observed in Grain 1 (Fig. 10c, e), but in this grain,
pyrite and marcasite form alternating zoning (Fig. 10a);
both Grains 2 and 3 show no sign of transformation, yet
Grain 2 has high concentrations of As and Pb, and in Grain
3 half contains little As and Pb and the other half contains
relatively high As and Pb. Similarly, under water vapor
conditions (Fig. 10f—j), the untransformed grains include
those with little As and Pb (e.g., Grains 4, 11, 13) and with
high concentrations of As and Pb (e.g., Grain 8); and the
transformed or partially transformed grains include those
with low concentrations of As and Pb (e.g., Grain 5), high
concentrations of As and Pb (e.g., Grain 7), low As and
moderate to high Pb (e.g., Grain 9, 12), moderate As and
high Pb (e.g., Grain 10), and uneven distributions of As and
Pb (e.g., Grain 6).

In samples using marcasite-CR as the starting material,
the grains are mostly Pb free (Pb maps not shown), and the
As maps also show heterogeneous distribution among the
grains and within the grains (Fig. 11c, g) and no clear cor-
relation was found between the As and Fe maps (cf. Fig-
ure 11c, d; cf. Figure 11g, h). It seems that there is no spatial
relationship between As concentration and iron disulfide pol-
ymorphs. For example, under dry conditions (Fig. 11a—-d),
untransformed grains appear to be intact, and it contains
grains with no As (Grains 7 and 8), moderate amounts of
As (Grain 6), oscillation zones of high and low As contents
(Grain 3), areas with high As rim near grain surface (Grain
2), and high As patches near grain surface (Grains 1 and 9).
On the other hand, the transformed grains included some
with low As (Grain 4) and high As concentrations (Grain
5). Similarly, under water vapor conditions (Fig. 11e-h),
untransformed intact grains contain low As (Grain 10), une-
ven moderate As (Grain 11), and unevenly high As (Grain
13); and transformed or mostly near completely transformed
grains include some with no As (Grains 12, 14, 16-18) and
high As concentrations (Grain 15).

EBSD results

Electron backscatter diffraction (EBSD) analyses were car-
ried out for partially transformed marcasite-M gains from
dry and water vapor experiments at 520 °C using large parti-
cle size (106—150 pm) (correspond to Fig. 6k, 1). The results
are presented in Fig. 12 (dry condition) and Fig. 13 (water
vapor condition). The aim of this analysis was to investigate
the effect of water vapor on the transformation mechanism.

For the sample from the dry experiment, the EBSD map
showed that no transformation occurred in more than half
of the total marcasite grains, but in grains where partially
transformation occurred, significant amount of marcasite
was transformed to pyrite with sharp phase boundaries
(Fig. 12a). Pyrite formed bands (zones) in the marcasite
grains (e.g., Grains 1, 2, 3 in the EBSD map in Fig. 12a), or
occupied one side of the initial grain. Pole figures of pyrite
and marcasite were generated for the three selected grains
(Fig. 12b). In all three grains, a clear orientation relationship
between pyrite and marcasite is confirmed, i.e., {100}, ../
{101} parcasice and {010} 5,.//{010} (Fig. 12b). The
linear traces of the phase boundaries in most of the grains
are consistent with the interfaces being planar, suggesting
a control of the parent grain not only on orientation of the
product, but also on the reaction interface geometry. Both
the {100}, and {101}, coie cOmprise multiple symmet-
ric equivalents. The specific variant that is shared between
the pyrite and marcasite is consistent with that particular
plane also being the interface between the two minerals.
Also, in Grain 3, the two spatially separated pyrite crystals
(zones) have identical crystallographic orientations showing

marcasite
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Fig. 12 EBSD analysis of the cross section of the grains after heating
marcasite-M (106—-150 pm) at 520 °C for 20 min under dry condi-
tion (see Fig. 6k). a EBSD map showing the distribution of marcasite
(blue) and pyrite (red), and b contoured pole figures generated from
606 (pyrite) and 3104 (marcasite) diffraction patterns for particle 1,
151 (pyrite) and 1139 (marcasite) diffraction patterns for particle 2,
and 548 (pyrite) and 1431 (marcasite) diffraction patterns for particle
3. ¢ 3D misorientation space showing misorientations between neigh-
boring pyrite and marcasite crystals for all grains in the map using
one point per boundary. Pypyrite; Mrcmarcasite. (For color figure,
the reader is referred to the web version of this paper.)
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Fig. 13 EBSD analysis of the cross-section of the grains after heating
marcasite-M (106—-150 pm) at 520 °C for 20 min under water vapor
condition (see Fig. 61). a EBSD map showing the distribution of
marcasite (blue) and pyrite (red), and b contoured pole figures gener-
ated from 11,614 (pyrite) and 646 (marcasite) diffraction patterns for
particle 1, 2805 (pyrite) and 6625 (marcasite) diffraction patterns for
particle 2, and 4517 (pyrite) and 4809 (marcasite) diffraction patterns
for particle 3. ¢ 3D misorientation space showing misorientations
between neighboring pyrite and marcasite crystals for all grains in
the map using one point per boundary. Py pyrite; Mrc marcasite. (For
color figure, the reader is referred to the web version of this paper.)
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that the crystallographic control of marcasite on nucleating
pyrite is repeatable for any given marcasite grain. All reacted
domains in the dataset shown in Fig. 12a are analyzed in
Fig. 12c. Each point represents a misorientation between a
marcasite crystal and a pyrite crystal. The data cluster tightly
at+52.7° along the b-axis of the plot. This axis corresponds
to both {010} and {010}, and is the misorienta-
tion axis expected for the relationship outlined above, i.e.,
the angle between {100}, casie and {101} . ... The tight
clustering shows that most of the pyrite-marcasite bounda-
ries analyzed have the same misorientation.

For the sample exposed to water vapor, the EBSD map
revealed that the transformation from marcasite to pyrite had
occurred in majority of the grains. However, the reaction
extent varied significantly from grain to grain, from com-
plete transformation to a few percent fraction (Fig. 13a). In
most cases, more than two newly formed pyrite grains can
be observed in a single marcasite grain. Pole figures of pyrite
and marcasite were generated for the three selected grains
(Fig. 13b). In all three grains, particularly Grains 1 and 3,
we see that the pyrite crystals formed in a single marca-
site grain have different crystallographic orientations (pairs
in pyrite pole figures). Also, in all three grains, no clear
crystallographic orientation relationship between pyrite and
marcasite can be found in the pole figures (Fig. 13b). While
specific examples are shown in the pole figures, all the data
in Fig. 13a are analyzed using the misorientation analysis
(Fig. 13c). There is a small cluster at 52.7° along the b-axis
of the plot showing that some of the misorientations are
consistent with those observed in the dry samples. However,
the wide scatter of points within the misorientation figure
shows that there is not generally a strict crystallographic cor-
respondence between the starting marcasite and the reacted
pyrite for the wet sample.

marcasite

Discussion

At first sight, the polymorphic transformation from marca-
site to pyrite appears to be a simple reaction to transform a
thermodynamically less stable polymorph to the stable form.
However, our experimental results suggest that the reaction
is influenced by various factors and can proceed via different
mechanisms. Distinctly different textures were observed in
reactions under dry and water vapor conditions, suggesting that
different mechanisms control the phase transformation in the
two cases. In the following, we will discuss these mechanisms
based on the observed reaction rates and sample textures.

The transformation under dry condition

The transformation rate from marcasite to pyrite under
dry conditions was reported to increase with temperature

(Anderson and Chesley 1933; Fleet 1970; Kjekshus
and Rakke 1975; Lennie and Vaughan 1992). This was
also observed in the present study (Figs. 5, 6). However,
the reported transformation rates are not consistent. For
example, the transformation rate of a big euhedral crystal
(5-7%5x%1-2 mm) in Murowchick (1992) was slower than
what was reported by Fleet (1970) and Lennie and Vaughan
(1992) who used smaller particles. Anderson and Chesley
(1933) reported the fastest transformation amongst these
five studies, but they used the smallest particles of less than
74 pm. In the present study, the transformation is slower
than most of the reported results (Anderson and Chesley
1933; Fleet 1970; Lennie and Vaughan 1992). For example,
after heating the 106—150 pm particles at 462 °C for 3 h,
only 3.2(3)% and 6.7(2)% was transformed into pyrite using
marcasite-M and marcasite-CR, respectively (Fig. 6i, u); this
compares with ~50% transformation reported by Lennie and
Vaughan (1992) at the same temperature and time, and com-
plete transformation by Anderson and Chesley (1933) at a
lower temperature of 425 °C for similar time (5 h). However,
these inconsistencies are expected because the results of this
study revealed that in addition to temperature and time, this
mineral transformation is controlled by particle size and
inclusions of pre-existing pyrite in marcasite (Fig. 6). Unfor-
tunately, there is no data about the chemical composition
of marcasite in the early studies, and the particle size was
described as ‘coarsely ground’ (Lennie and Vaughan 1992),
or can only be inferred from the diameter of the silica glass
tube container (0.3 mm) (Fleet 1970), or no information
about particle size is available (Kjekshus and Rakke 1975).

Here, it is suggested that under dry conditions, the
transformation rate is inversely proportional to particle
size (Fig. 6), which can be explained by means of the rate-
limiting step between nucleation and crystal growth. For
marcasite-M with negligible amount of pre-existing pyrite
inclusions, the EBSD maps (Fig. 12a) revealed that only
few marcasite grains are transformed to pyrite (many grains
show no pyrite), suggesting that a very limited number of
pyrite nuclei were formed initially. Thus, the transforma-
tion is limited by nucleation rather than crystal growth.
Considering the nucleation sites, grain surface is likely
the preferred location rather than the interior of the grains
because surface atoms are not fully bonded. This agrees
with the large activation energy (380 + 15 kJ mol™"!) of the
transformation, suggesting that the transformation involves
breaking of chemical bonds (Lasaga 1998; Xia et al. 2012).
The notion of surface nucleation is also supported by micro-
scopic observations showing that at least a part of the pyrite
crystals occupy the grain surface (Figs. 7a, 12a). This sug-
gests that nucleation occurred on the grain surface and sub-
sequently the transformation progressed into the marcasite
grains. If nucleation occurred within the grains, then some
pyrite inclusions would be entirely embedded in marcasite,
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but this was not observed. The reason for the faster rate of
transformation for smaller grains of marcasite is supported
by their higher specific surface area, and hence the higher
numbers of nucleation sites. For marcasite-CR, the inverse
relationship between particle size and transformation rate
was also observed, but the transformation was faster than
marcasite-M (Fig. 6). This agrees with the nucleation control
mechanism. Apart from surface nucleation due to the size
effect, the higher amount of pre-existing pyrite inclusions
in marcasite-CR must have acted as seeds, providing addi-
tional growing sites. It is important to note that the differ-
ence in transformation rate in marcasite-M and marcasite-
CR is mostly likely due to the pre-existing pyrite, because
the SXFM results strongly suggest that trace elements (As
and Pb) play insignificant roles (Figs. 10, 11).

The crystallographic orientation relationship between
marcasite and pyrite, {100}, ;. //{101},, casie and
{001} yyie//{010} (Fig. 12b), suggests that the trans-
formation is facilitated by epitaxial growth of {100} .
on {101}, rcasite- Similar orientation relationship between
pyrite and marcasite was determined experimentally under
dry conditions (Fleet 1970) and in natural samples (Gait

marcasite

Fig. 14 Crystal structures of
marcasite and pyrite, showing

a marcasite unit cell, b pyrite
unit cell, ¢ marcasite {101}
plane, and d pyrite {100} plane.
(For color figure, the reader is
referred to the web version of
this paper.)

Marcasite

5.588 A

and Dumka 1986). The epitaxial growth of pyrite on mar-
casite is possible due to similar crystal structures. Marca-
site has an orthorhombic symmetry (space group Pnnm)
with lattice parameters of a =4.445 A, b=5.425 A, and
c=3.387 A (Rieder et al. 2007; Hyde and O’Keeffe 1996)
(Fig. 14a), while cubic pyrite (space group Pa 3) has the lat-
tice parameters of a=b=c=5.417 A (Bayliss 1977; Hyde
and O’Keeffe 1996) (Fig. 14b). In both structures, the Fe
atoms are coordinated with six nearest-neighbored sulfur
dumbbells (S,>7) forming distorted octahedra. The length of
the edge of pyrite unit cell is very similar to that of marcasite
(in b direction) with a small mismatch of 0.15%. In addition,
the Fe—Fe atomic distance (5.588 10\) in the {101} lattice
plane of marcasite is also similar to that of pyrite: 3.16%
longer than pyrite in b direction (Fig. 14c, d). Hence, lattice
mismatch between {100}, and {101}, 5 1s small.
The crystallographically controlled growth of pyrite on
marcasite on the {101} lattice plane suggests that pyrite
growth may be restricted in other directions, leading to two-
dimensional growth. This oriented growth is also suggested
by the EBSD maps showing that some pyrite grains are pre-
sent as bands/zones in the marcasite grains (Fig. 12a). This

(b)

|l
<€

(c)

Marcasite {101}
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is further inferred from the value of Avrami exponent (n),
which are 1.52+0.06 and 1.72 +0.03 for the transforma-
tions under dry conditions (Fig. 5), in agreement with the
phase boundary-controlled mechanism with zero nucleation
rate (few nuclei formed initially) and between one-dimen-
sional (n=1) and two-dimensional (n=2) growth models
(Table 2). Because the lattice mismatch is larger on one
edge (3.16% mismatch) than the other (0.15% mismatch)
on the marcasite {101} plane, as illustrated in Fig. 14c, d,
the growth rate of pyrite along the direction with smaller lat-
tice mismatch is likely to be higher than along the direction
with larger lattice mismatch on the marcasite {101} plane.
Consequently, pyrite forms bands as seen in some of the
grains (Fig. 12a). Such growth may be regarded as a growth
model between one- and two-dimensional growth.

The transformation under water vapor condition

Under water vapor conditions, ex situ experiments suggest
that the transformation rate is proportional to the particle
size (Fig. 6), which suggests different mechanism(s) than
under dry condition. Similar to the dry condition, the EBSD
map (Fig. 13a) documents few pyrite grains in each of the
reacted marcasite grains and suggest that the reaction is
likely limited by nucleation. However, different from the
dry reactions, there is little clear crystallographic orienta-
tion relationship between marcasite and pyrite (Fig. 13b, c).
This means that epitaxial nucleation played an insignificant
role and that the transformation involved breaking of chemi-
cal bonds. From the pyrite pole figures (Fig. 13a), several
grain orientations (pairs of poles) can be identified. How-
ever, within each of the pyrite domains, the orientation of
the individual grains is identical (Fig. 13b). This means that
once a pyrite nucleus forms, further growth of pyrite is due
to epitaxial growth on the pyrite nucleus, rather than on the
parent marcasite grain.

It is likely that water vapor facilitates the breaking of
chemical bonds and provides a diffusion medium, accelerat-
ing pyrite nucleation. The tube contained 0.1 g water, which
can cover around 40 m? assuming single molecular coverage,
much greater than the total surface area of marcasite in the
tube. Assuming spherical shape, and using geometric mean
sizes, 44.88 pm for the 38-53 pm fraction and 126.09 pm
for the 106—150 pum fraction, the total surface area of 0.1 g
marcasite in the tube is~0.0274 m? for small fraction
(38-53 um) or ~0.0098 m? for large fraction (106—150 pm).
Hence, in either case, water vapor is expected to cover the
entire surface of the grains and form multiple layers. This
means that the specific surface area may play an insignificant
role in the presence of water vapor. A possible explanation
is that, the nucleation is proportional to the surface area of
individual grains. Larger grains have larger surface area per

grain and hence are more likely to form nucleus compared
with small grains, and once nucleation starts, the full grain is
replaced quickly, enhancing the overall transformation rate.
Under water vapor conditions, pyrite growth is not con-
trolled by the marcasite structure, and it can be random
and two dimensional on the grain surface and/or along the
fractures, or three dimensional progressing into the marca-
site grains. The value of the Avrami exponent (n) from the
in situ PXRD experiment under water vapor condition is
1.124+0.04, which is between two-dimensional (n=1.0) and
three-dimensional (n=1.5) growth models under diffusion-
controlled and zero nucleation rate categories (Table 2).
Ordered arrays of narrowly dispersed pores were
observed only under water vapor conditions (Fig. 7d). The
ordered pores also shed light on the role of water vapor on
the transformation process. It is plausible that during the
progress of the transformation, the water vapor in pores may
prevent their disappearance because the shrinking of pore
size means increasing vapor pressure within the pores, and
after reaching a certain pressure, the pyrite growth toward
the center of the pores may stop or slow down significantly.
Such a process could explain the nearly monodispersed size
distribution of the pores, as the threshold vapor pressure is
likely to be pore size dependent. On the other hand, under
dry vacuum condition, there is no resistance from the vapor
phase that would prevent the pore from annealing out and/or
coarsening, a process leading to surface energy minimization
(Putnis et al. 2004). Hence, under dry conditions, some areas
of pyrite grains are pore free (Fig. 7b), and others host rela-
tively large pores with non-uniform size (Fig. 7b). In the dry
experiments, no pyrrhotite was detected by PXRD, which
suggests minimum amount of sulfur vapor (if present). Sul-
fur vapor would also prevent the pores from annealing out.
The effect of small amount of water on mineral reac-
tions is complicated and still poorly understood. Our results
suggest that compared with dry conditions, the presence
of water vapor can either promote or inhibit the transfor-
mation from marcasite to pyrite depending on the particle
size of marcasite grains (Figs. 5, 6). As discussed above,
this is due to the different controlling mechanisms for the
transformation under dry and water vapor conditions, and
the opposite dependence of the mechanisms on particle size
under dry and water vapor conditions. Recent experimental
studies have demonstrated that very small amount of water
can significantly accelerate mineral reactions (Zhao et al.
2017; Milke et al. 2013). However, the mechanisms are dif-
ferent. For example, in a silicate rock, the small amount of
water (20 ppm) keeps the reaction-induced pores open under
confining pressure (1.9 GPa) and the open pores act as effec-
tive diffusion pathways for the reaction between olivine and
quartz, forming orthopyroxene (Milke et al. 2013). In sulfide
reactions, a bornite—digenite solid solution (bdss), produced
from hydrothermal mineral replacement of chalcopyrite,
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contains a small amount of fluid residue within the bdss
phase, and the fluid significantly enhances the unmixing
(exsolution) reaction in bdss upon cooling, producing bor-
nite and digenite with lamella microstructure (Zhao et al.
2017). The coarsening of bornite and digenite phases dur-
ing the unmixing reaction is about 1000 times faster than
the same reaction under fluid-free condition, and has been
interpreted as enhanced healing of the open porous micro-
structure in the presence of a fluid phase (Zhao et al. 2017).

The kinetics of the transformation

The only quantitative kinetic study on the transformation
of marcasite to pyrite in the literature was carried out by
Lennie and Vaughan (1992) under dry conditions. The
authors reported an activation energy of 253 + 8 kJ mol~!.
Their extrapolations suggested that the half-life for this
transformation is 3 x 10° years at 200 °C and 1.3 x 10° years
at 160 °C. In the present study, we found a higher activa-
tion energy of 380+ 15 kJ mol~!, and based on the same
extrapolation, the half-life for the transformation is much
longer, 3.2 x 10'3 years at 200 °C and 2.4 x 10'7 years at
160 °C. Even at a higher temperature of 300 °C, the half-
life is long, 1.5x 10° years. The difference in the estimated
reaction rates from the two studies demonstrates that the
extrapolation of the results obtained at higher temperatures
using kinetic parameters for the estimations of reaction rates
at lower temperatures may not be correct. This is particularly
true for the transformation from marcasite to pyrite, where
the reaction mechanism depends on several factors such as
particle size, the presence of water vapor, and pyrite inclu-
sions in the primary marcasite. There might be additional
factors influencing the mechanism and kinetics of the trans-
formation. For example, marcasite from mineral replacement
reactions of pyrrhotite is often porous (Qian et al. 2011),
but the role of these pores, which may act as traps for fluids,
on the transformation from marcasite to pyrite is yet to be
understood.

Trace elements mobilization
during the transformation

Marcasite and pyrite incorporate from few parts per million
(ppm) up to wt% levels of trace and/or minor elements (e.g.,
Deditius et al. 2014; Franchini et al. 2015). Subsequently,
these elements can be liberated from the FeS, structure due
to recrystallization and/or replacement reactions (e.g., Sung
et al. 2009; Deditius et al. 2011). This study revealed that
the presence of water vapor and the amount of Pb in the
starting marcasite affect the behavior of the metal during
transformation to pyrite. No galena particles were found
during the transformation of marcasite-CR containing
100-300 ppm Pb, irrespective of the water content (Fig. 8).
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When the content of Pb reached 1000 s of ppm in marcasite-
M (mean value ~ 1100 ppm), nano- and microparticles of
PbS were detected in the newly formed pyrite (Fig. 7). Under
dry conditions the particles were randomly distributed in
pyrite (Fig. 7b), while in the presence of water vapor galena
particles precipitated in ordered arrays in the porous pyrite
(Fig. 7d). The random distribution of PbS particles in pyrite
formed under dry conditions at 520 °C suggests that they
grew according to the Ostwald-type ripening process similar
to the growth of Au nanoparticles in pyrite, which started at
comparable temperature of 450 °C (Reich et al. 2006). Lack
of association between galena particles and pores suggests
that porosity does not induce the formation of PbS parti-
cles in the newly formed pyrite (Fig. 7b). These observa-
tions suggest that some of the metallic inclusions reported
in pyrite formed under higher-temperature conditions could
have formed during relatively dry metamorphism of marca-
site/pyrite and during the transformation into more stable
polymorph. It appears that porosity does play a role in the
formation of galena and possibly other metallic particles
during the transformation of trace element-rich marcasite
to pyrite if hydrothermal fluid (vapor) is present (Fig. 7d).
Such conditions are likely to occur in epithermal-porphyry
systems during the injection of hotter hydrothermal fluids
overprinting lower-temperature mineral assemblages (e.g.,
Williams-Jones and Heinrich 2005). The arrangement of
galena particles along or within pores suggests that large
Pb%* ion (crystal radius 0.133 nm in octahedral coordina-
tion; Shannon 1976) as incompatible element was removed
from the structure of pyrite and precipitated as galena in
pores. These results demonstrate that the presence of a fluid
phase can change the mechanism of metal mobilization in
ore minerals.

Geological implications

Although marcasite is reported to form in sedimentary
settings (Schieber 2007, 2011; Ruppert et al. 2005), epi-
thermal deposits (Franchini et al. 2015), Carlin-type gold
deposits (Fleet and Mumin 1997; Cline 2001), supergene
deposits (Peterson 1965; Kelly and Turneaure 1970; Nickel
et al. 1974; Einaudi 1977), VHMS deposits (Maslennikov
et al. 2013; Tessalina et al. 2017), and deep sea hydrother-
mal vent mineralization (Goldfarb 1983; Koski et al. 1984,
Hannington and Scott 1985; Schoonen and Barnes 1991a,
b, c), its abundance in the Earth’s crust is much less than
pyrite. Previous studies highlighted that pyrite and marcasite
form under different hydrothermal conditions, i.e., low tem-
perature, low pH, and S(-II)-deficient solutions (saturation
index << 1000 with respect to either marcasite or pyrite)
promote the formation of marcasite, while the opposite con-
ditions (for example: pH > 5; saturation index > 1000 with
respect to either marcasite or pyrite) favor the formation of
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pyrite (Qian et al. 2011; Schoonen and Barnes 1991a). The
conditions for the formation of marcasite are not uncommon
in natural environments, yet only minor amounts of marca-
site were reported in the literature (Arehart 1996; Arehart
et al. 1993; Su et al. 2009). This might reflect the fact that
some studies underestimate the abundance of marcasite,
as it is undistinguishable from pyrite when investigated by
electron microscopy and chemical composition alone. The
present study shows that the rapid transformation from mar-
casite to pyrite at higher temperatures (> 300 °C) may be the
reason for limiting the occurrence of marcasite in geological
records.

The occurrence of marcasite (Buerger 1934; Grgnvold
and Westrum 1976) is a useful indicator of low-tempera-
ture environments. Transition from porphyry to epithermal
style of mineralization provides one of the best examples.
Pyrite is the only FeS, polymorph crystallizing during the
early potassic and phyllic stages of alteration (350-550 °C).
Marcasite becomes more abundant during later epithermal
stages of mineralization in hydrothermal breccias, as exem-
plified by the Agua Rica deposit in Argentina (Franchini
et al. 2015) (Fig. 15a). This means that a significant portion
of marcasite survived after the cease of hydrothermal activ-
ity ~5 Ma ago in Agua Rica (Landtwing et al. 2002), due
to the slow transformation from marcasite to pyrite at low
temperatures (<300 °C). The slow kinetics of the transfor-
mation from marcasite to pyrite at low temperatures explains
the occurrence of marcasite in supergene deposits (Peterson
1965; Kelly and Turneaure 1970; Nickel et al. 1974; Einaudi
1977) and in marine sediments (Schieber 2007) (Fig. 15b),
and also explains the complex intergrowth of marcasite and
pyrite (Fig. 15¢) in the 212-215 Ma Dagiao orogenic gold
deposits (China) (Wu et al. 2018, and references therein)
at temperatures below 310 °C (Liu et al. 2011, based on
fluid inclusions) and particularly after the subsequent Au
deposition at 100-240 °C (based on the geothermal gradi-
ent) (Xu et al. 2015; Wu et al. 2018, 2019). In 363-363 Ma
old VHMS deposit at Yaman-Kasy (Russia) (Tessalina et al.
2017), the appearance of marcasite and coexistence with
colloform pyrite indicate lower-temperature conditions
(80-200 °C) of the zoned black smokers where hydrother-
mal fluid mixed with seawater. Lack of subsequent higher-
grade metamorphism and thermal overprint at Yaman-Kasy
allowed for the preservation of marcasite in this deposit. On
the other hand, the pseudomorphosis of pyrite after marca-
site may suggest the higher- temperature environment fol-
lowed initial low-temperature condition (Gait and Dumka
1986) and explains the dominance of pyrite in some meta-
morphic rocks (Vokes 1993).

The present study also suggests that the solid-state
phase transformation from marcasite to pyrite can pro-
duce textures that resemble those of fluid-mediated min-
eral replacement reactions. The presence of porosity in

Fig. 15 Reflective light microphotographs showing marcasite-pyrite
intergrowths in natural samples from a porphyry-high sulfidation epi-
thermal deposit at Catamarca, Argentina (modified after Franchini
et al. 2015), b marine lag deposit at Eastern US (the white arrows
point to corrosion front; modified after Schieber 2007), and ¢ oro-
genic gold deposit at West Qinling Orogen, China (modified after Wu
et al. 2018). Mrc marcasite, Pypyrite, Qzquartz, Cvcovellite. (For
color figure, the reader is referred to the web version of this paper.)

the product phase and the sharp phase boundary between
parental and product phases (Figs. 7, 8) are strong indi-
cators of fluid-mediated mineral replacement reactions
(Putnis 2009; Altree-Williams et al. 2015), but such sam-
ple texture is clearly seen in the solid-state transforma-
tion from marcasite to pyrite. Hence, interpretation of the
reaction mechanism based solely on the textures may lead
to incorrect conclusions.
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Conclusions

This study combines in situ and ex situ investigations to
provide new insights into the solid-state transformation
from marcasite to pyrite. The kinetic analysis using the
Avrami—Arrhenius method gives an activation energy of
380+ 15 kJ mol™! for the transformation under dry condi-
tions, and the extrapolation to lower temperatures (300 °C,
200 °C, and 160 °C) suggests that marcasite may be con-
sidered as a kinetically stable phase below 300 °C at the
geological time scale. However, it is important to acknowl-
edge that, in addition to temperature, the mechanism and
the consequent kinetics of this phase transformation are also
dependent on particle size, the presence of water vapor, and
pyrite inclusions in marcasite grains. Under dry conditions,
the transformation is likely to be initiated by epitaxial pyrite
nucleation on the marcasite surface and thus the growth of
pyrite is likely to be controlled by phase boundary reac-
tions, and hence the rate of transformation is inversely pro-
portional to particle size. In the presence of water vapor,
the transformation is also initiated by limited nucleation,
but is not facilitated by epitaxial growth. Instead, diffusion
in water vapor may play a more important role in deter-
mining the transformation kinetics. The presence of water
vapor facilitates the precipitation of metal-bearing nano- to
microparticles in pores in sulfides under high-temperature
conditions and thus facilitates the mobilization of trace met-
als in ore deposits. This study highlights the complexity of
the transformation from marcasite to pyrite and suggests
that, although the natural occurrence of marcasite can indi-
cate low-temperature environments, precise estimation of
temperature is difficult.
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