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Abstract
Iron disulfide (FeS2) has two polymorphs, pyrite and marcasite. Pyrite is the most abundant sulfide
in the Earth's crust. Both minerals can host economic amount of gold and environmentally hazardous
arsenic and are found to coexist in hydrothermal mineralization. With time, thermodynamically
metastable marcasite can transform to pyrite. However, the kinetics of the marcasite to pyrite
transformation, and the mechanisms of arsenic incorporation during growth of pyrite are not wellconstrained. This thesis presents experimental results and discussions on: (i) the formation of pyrite
and marcasite under dry and hydrothermal conditions (Chapter 2 and 3), and (ii) incorporation of
arsenic into pyrite during the growth of pyrite on pyrite seeds (Chapter 4).
In Chapter 2, the transformation from marcasite to pyrite was studied by in situ synchrotron
powder X-ray diffraction (PXRD) at 520 °C and 540 °C, and ex situ anneal/quench experiments at
400 °C, 462 °C, and 520 °C. It was found 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}pyrite//{101}marcasite and {001}pyrite//{010}marcasite. In contrast, in the presence of water vapor,
there is little crystallographic orientation relationship between the two phases; the transformation is
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 pyrite-free marcasite
grains (<38 μm), but this estimation should be used with extreme caution due to the complexity of
the process. From synchrotron X-ray fluorescence elemental mapping, trace elements (As and Pb)
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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
chapter 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.
In Chapter 3, combined in-situ synchrotron PXRD and ex situ experiments were conducted under
hydrothermal conditions at 190 °C and 210 °C and pH 1, aiming to study the controls on the
precipitation of pyrite and marcasite from supersaturated hydrothermal solutions and the kinetics of
hydrothermal transformation from marcasite to pyrite. In situ PXRD experiments show the important
role of saturation index on the precipitation of pyrite and marcasite; at 190 °C, hydrothermal fluids
rich in ΣS(-II) (0.9 mM) favors the precipitation of nanocrystalline pyrite (23 nm) due to high
saturation index, while S(-II)-free fluids produce a mixture of marcasite and pyrite nanocrystals (2146 nm) due to low saturation index. Fluid/rock ratio (70 and 120 g/g at 210 °C) can affect saturation
index of the fluids, resulting in complex nucleation and crystal growth dynamics such as the evolution
of crystallite size, phase abundance, and pyrite/marcasite ratio. Ex situ experiments show the rapid
transformation from marcasite to pyrite at 210 °C; around 83% marcasite is transformed to pyrite in
just 3 weeks, compared to 4.3 million years or 6.3 trillion years at 210 °C based on extrapolation
using the kinetic models reported in early studies under dry conditions. These results suggest that
saturation index influences the dynamics of precipitation under hydrothermal conditions and controls
the phase selection between pyrite and marcasite, and that marcasite may not survive over geological
time in low temperature environments in the presence of acidic hydrothermal fluids.
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In Chapter 4, the formation of zoned arsenian pyrite was studied by growing pyrite on pyrite
seeds in O2-free, As-enriched fluids at 200 °C and pH 7. The distribution and concentrations of As in
pyrite, as well as the morphology of the zoning are influenced by sulfur source; i.e., native sulfur or
Na2S2O3·5H2O. For experiments with native sulfur, up to four concentric alternate zones of As-rich
(first zone on pyrite seed) and As-free pyrite grow on pyrite seeds. For experiments with
Na2S2O3·5H2O, an aggregate of concentrically zoned pyrite microparticles (~1 µm) precipitate on the
surface of pyrite seeds. Based on EMPA, the maximum concentration of As is 4.3 wt. %. However,
the TEM-EDS analyses reveal ≤5.8 wt. % of As. HRTEM and selected area electron diffraction
(SAED) pattern combined with EBSD analyses document epitaxial growth of As-pyrite on pyrite seed
in the presence of native sulfur, but aggregation of randomly oriented aggregates of pyrite
microparticles in the presence of thiosulfate. High-angle annular dark-field scanning TEM (HAADFSTEM), HRTEM observations, and EDS mapping show a sharp boundary and trails of pores between
the pyrite seed and the product and between the growth zones. In the presence of native sulfur, the
thickness of the As-pyrite growth zones is ~ 50 nm, while the subsequently formed growth zones of
“barren” pyrite are ~5000 nm thick. X-ray absorption near edge structure (XANES) analyses reveal
that speciation of As in pyrite depends on the S-source: (i) anionic As(-I) substitutes for S in pyrite as
As2 pair when native S is used, and (ii) cationic As(II)/As(III) substitutes for Fe when thiosulfate is
used. Our experiments show that the incorporation of As into pyrite and the formation and
morphology of pyrite growth zones are controlled by the source of sulfur in hydrothermal fluids.
This thesis highlights the factors that control the mechanisms of the formation and transformation
of pyrite and marcasite and the dependence of As incorporation into arsenian pyrite structure as a
function of S and As source in the presence of pyrite seeds. These outcomes should benefit our
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understanding of the formation and alteration of Carlin-type, epithermal, volcanic-hosted massive
sulfide (VMS), and orogenic Au deposits.
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Chapter 1
Introduction

1

Iron disulfide (FeS2) has two polymorphs, pyrite (cubic), and marcasite (orthorhombic). Pyrite is the
most abundant sulfide minerals in the Earth’s crust, while marcasite is less common. Pyrite has a
cubic crystal structure (a=5.428 Å; space group Pa3) (Bragg, 1914; Finklea et al., 1976), while
marcasite has an orthorhombic crystal structure (a=4.443 Å, b=5.424 Å, c=3.387 Å; space group
Pnnm) (Buerger, 1931; Brostigen et al., 1973; Tossell et al., 1981). They are common in sedimentary
and metamorphic rocks (Murowchick, 1992), and pyrite is also found on Mars (Vaniman et al., 2014).
The intergrowth of pyrrhotite, pyrite, and marcasite occur in sedimentary settings (Schieber, 2007,
2011; Ruppert et al., 2005), epithermal deposits (Rottier et al., 2016; Franchini et al., 2015), Carlintype gold deposits (Fleet and Mumin, 1997; Cline, 2001; Teal and Jackson, 2002; Muntean et al.,
2011; Emsbo et al., 2003), orogenic gold deposits (Soares et al., 2018; Stromberg et al., 2019),
supergene deposits (Peterson, 1965; Kelly and Turneaure, 1970; Nickel et al., 1974; Einaudi, 1977),
volcanogenic massive sulfide deposits (Maslennikov et al., 2013; Tessalina et al., 2017; Essaifi et al.,
2019), and deep sea hydrothermal vent mineralization (Goldfarb et al., 1983; Koski et al., 1984;
Hannington and Scott, 1985; Schoonen and Barnes, 1991). Both minerals can host economic amount
of gold and environmentally hazardous arsenic and mercury, and are found to coexist in hydrothermal
mineralization. The close and positive association between As and Au in pyrite has been proved (Chen
et al., 2013), and the release of the trace elements from As-rich pyrite can cause environmental
problems. As a result, understanding the formation of pyrite, marcasite, and As-rich pyrite is not only
important for deciphering the ore forming processes for more targeted exploration, but also has
applications in environment remediation.
In this chapter, previous investigations on the mechanisms of pyrite and marcasite formation and
arsenic incorporation are briefly reviewed. More literature review is provided in the introduction
section of each main research chapters of the thesis.
2

1.1. Mechanisms and kinetics of pyrite and marcasite formation
Due to the abundance of pyrite on the Earth and the crucial role that pyrite formation acts in the
geochemical cycles, the formation of pyrite and marcasite has become the target in numerous
experimental pioneering investigations, including the reactions using FeS as a precursor. The effect
of the factors and the mechanisms controlling pyrite and marcasite formation are complex.
The importance of pyrite and marcasite formation from an iron monosulfide precursor has been
recognized for a long time (Allen et al., 1912). In a number of sedimentary environments summarized,
pyrite formed only in a narrow range of Eh and pH (Neev and Emery, 1967; Van Straaten, 1954). In
early investigations, the presence of elemental sulfur acting as the oxidant has been firstly proposed
and confirmed to be crucial for FeS2 formation (Kaplan et al., 1963; Berner, 1964). It has also been
demonstrated that by using H2S, pyrite can form through hydrothermal sulfidation of monosulfides
at 160 °C (Taylor et al., 1979). Pyrite formation through this pathway has been confirmed to be a very
fast process by experiments and theoretical calculations (Drobner et al., 1990; Rickard and Luther,
1997). By using H2S and S2O32-, the pathways that can assist pyrite and marcasite formation at 75 °C
have been reported (Murowchick and Barnes, 1986):
Fe2+ + H2Sn → FeS2(mrc) + Sn-20 + 2H+

(1.1)

Fe2+ + HSn-aq → FeS2(py) + Sn-20 + H+

(1.2)

Fe2+ + Sn2-aq → FeS2(py) + Sn-20

(1.3)

and

Murowchick and Barnes (1986) has further proposed that the polysulfides produced by H2S and
S2O32- help the formation of pyrite and marcasite. Besides, pH could also influence sulfidation of FeS.
These authors concluded that marcasite could only form when pH < pK1 of the principal H2Sn species,
3

while pyrite is always the dominant phase when pH > pK1. The effect of pH was consequently taken
into account in the later studies. The formation of FeS2 can proceed through an iron-loss pathway
under the conditions when pH plays a major role (Benning et al., 2000; Butler et al., 2004; Wilkin
and Barnes, 1996):
2FeS + 4H+ → FeS2(s) + Fe2+(aq) + H2(g)

(1.4)

It has been proved that pH could affect strongly on the rate of the formation, and more
importantly, experiments showed that pH influences the ratio of pyrite to marcasite during
precipitation (Schoonen and Barnes, 1991). It has also been demonstrated that the influence of pH in
the formation rate was limited. The rate of pyrite and marcasite formation via iron-loss is not
significantly slower than with any sulfur species in the solution (Schoonen and Barnes, 1991).
However, there are controversial theories about the phase selection. It has been hypothesized that the
pathways and the reaction factors, including pH value and the presence of sulfur species, could both
take effect.
The thermodynamic results showed that marcasite is a metastable phase compared with pyrite
in a wide temperature range from 5 to 700 K (Gronvold and Westrum, 1976; Spagnoli et al., 2010),
and structural results suggested that in the transformation from marcasite to pyrite, there are two
preferred orientations (Fleet, 1970). These conclusions both implied that marcasite could transform
to pyrite. Although the rate of the solid-state transformation from marcasite to pyrite is very slow at
below 300 °C (Lennie and Vaughan, 1992) and pressure lower than 3.7 GPa (Gudelli et al., 2013)
under dry conditions, the role of hydrothermal fluids in promoting the kinetics of phase
transformations have been highlighted in several mineral systems, such as in bornite-digenite system
(Zhao et al., 2017; Li et al., 2018), in silicate system (Milke et al., 2013), and in magnesium carbonates
under supercritical CO2 system (Chaka et al., 2016). The transformation from marcasite to pyrite
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under hydrothermal conditions was consequently thought to determine the marcasite to pyrite ratio
over the geological time. Besides, Kitchaev and Ceder (2016) investigated the reaction factors that
could influence the phase selection. They calculated the relative energies of the various facets in pyrite
and marcasite and concluded that the marcasite to pyrite ratio under hydrothermal conditions is
related to the ambient pH. In addition to pH, it has also been proposed that marcasite is formed in S(II)-deficient solutions (saturation index << 1000), while pyrite is formed at relatively higher pH or
S(-II)-rich solutions with saturation index >1000 (Qian et al., 2011). Hence, the transformation from
marcasite to pyrite, the kinetics of the transformation, and the effect of factors are not fully understood.
1.2. Incorporation of arsenic in pyrite
Arsenic incorporation into pyrite is common in natural environments. The concentration of As can be
up to ~19 wt.% in FeS2 (Abraitis et al., 2004; Reich and Becker, 2006). The As-rich pyrite can host
valuable amounts of gold and other trace elements such as Ag, Pb, Co, Ni, Cu, Hg, Te, and Se (Fleet
and Mumin, 1997; Deditius et al., 2008; Keith et al., 2018; Yang et al., 2018; Wu et al., 2019; Liang
et al., 2020). It has been proved that As concentration is positively related to the content of Au from
the nature samples (Deditius et al., 2014). Both SIMS and EPMA results on pyrite samples from
Carlin-type and epithermal Au deposit concluded that the empirical solid solubility of Au in As-pyrite
is CAu = 0.02 × CAs + 4 ×10-5 in the temperature range of 150-250 ºC (Deditius et al., 2014; Chen et
al., 2013; Kusebauch et al., 2019). The arsenic-bearing FeS2, mostly arsenian pyrite, can present as
nanoparticles in many different types of ore deposits, including Carlin-type gold deposits (CTGD)
(Cline, 2001; Reich et al., 2005; Muntean et al., 2011; Teal and Jackson, 2002; Emsbo et al., 2003),
orogenic Au deposits (Morey et al., 2008; Large et al., 2007), Witwatersrand modified paleo-placer
Au deposits (Agangi et al., 2013; Frimmel, 2005), and volcanogenic massive sulfide (VHMS)
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(Huston et al., 1995; McClenaghan et al., 2004).
To understand the mechanism of arsenic incorporation into pyrite, several studies have been
carried to synthesize arsenian pyrite experimentally, using pyrrhotite, siderite, and magnetite as
precursor minerals (Fleet and Mumin, 1997; Qian et al., 2013; Kusebauch et al., 2018), and both of
the As content and substitution in the arsenian pyrite have been investigated. Fleet and Mumin (1997)
used elemental sulfur and realgar (AsS) as the source and conducted the experiments at 310 and
405 °C, 1.4 and 1.5 kbar, respectively. The As content reached up to 9.3 wt.% in arsenian pyrite and
As tended to substitute S. Kusebanch (2018) investigated arsenian pyrite using siderite as the starting
mineral, and it was reacted with H2S bearing fluid under a reducing and pH mild condition (pH 4.78.3). The highest value of As is 7-8 wt.% in pyrite, and most of arsenic substituted sulfur and appeared
as As(-I), which matched with the observation of natural samples. Qian (2013) used magnetite as the
starting material and conducted the experiments at 125 and 220 °C under anoxic conditions. Arsenic
content was up to 23.83 wt.% and mostly presented as As(II) to substitute Fe. As a result, the As
substitution of S and As substituting Fe can both occur under reducing conditions. Besides, As(III)
and As(0) have also been observed in natural environments (Deditius et al., 2008; Deditius et al.,
2009b). Moreover, As-rich pyrite could form special textures, such as oscillatory and concentric
zoning of pyrite. These textures could be observed in many gold deposits, and the thickness of this
layer could be a few nanometers to tens of microns (Emsbo et al., 2003; Cline et al., 2005; Goldfarb
et al., 2005). The zoning of As-pyrite in the pure pyrite in the nature has been observed, but the
mechanism of the formation and features of arsenic in pyrite are not fully understood.
1.3. Objectives and structure of the thesis
As mentioned above, pyrite and marcasite formation via FeS precursor is established, but the
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mechanism governing the formation and the pathways are not fully understood. The mechanism of
arsenic-rich pyrite zoning and the regularity of arsenic substitution remains uncertain. This PhD
project aims to understand the mechanism and kinetics of the transformation of marcasite by pyrite
under both dry and hydrothermal conditions, and the mechanism of arsenic incorporation into pyrite
during pyrite growth onto existing pyrite seeds.
This thesis includes a brief introduction (Chapter 1), three main research chapters (Chapters 24) addressing the objectives, and a conclusion chapter (Chapter 5) summarizing the thesis. For the
main chapters, Chapter 2 investigated the mechanism and kinetic of the transformation from
marcasite to pyrite by complementary in situ and ex situ experiments. This chapter has been published
in Contributions to Mineralogy and Petrology. Chapter 3 is devoted to the mechanism of pyrite and
marcasite formation from pyrrhotite, highlighting the effect of fluid/rock ratio, S(-II) concentration
on the growth dynamics of pyrite and marcasite, and the rapid marcasite to pyrite transformation
under acidic hydrothermal conditions. Finally, Chapter 4 is an experimental investigation of the
formation of As-rich pyrite growing on the pyrite seeds. More detailed descriptions of the main
findings are summarized in the abstract of each main chapters.
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Chapter 2
The mechanism and kinetics of the transformation
from marcasite to pyrite: in situ and ex situ
experiments and geological implications

9

Abstract
Despite the natural abundance of pyrite and marcasite and their intergrowth, and the 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 400540 °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}pyrite//{101}marcasite and
{001}pyrite//{010}marcasite. 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 estimation 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
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environments, precise estimation of temperature should not be made without considering the
influences from various reaction parameters.
2.1. Introduction
Pyrite and marcasite, the two polymorphs of FeS2, 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 alternating concentric layers (Kullerud and Yoder, 1959), and are found in many
types of ore deposits, including porphyry, epithermal, orogenic gold, volcanic-hosted massive sulfide
(VHMS), and sedimentary rock–hosted and supergene environments (e.g. Murray et al., 1989;
Rickard and Luther, 2007; Large et al., 2014; Franchini et al., 2015). While only pyrite is found in
modern marine sediments, marcasite formed in ancient sediments as a result of circulating acidic
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., Cook and Chryssoulis, 1990; Large et al., 2007; Rickard and Luther,
2007; Deditius et al., 2014; Xing et al., 2019; Wu et al., 2019; Kusebauch et al., 2019). Because the
oxidation of these minerals generates sulfuric acid, they are key contributors to supergene metal
enrichment process in ore deposits, promoting 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 ground water and
releases hazardous elements into aquifers (Burton et al., 2008). In recent years, polymorphs of FeS2
were extensively studied in materials science, due to their natural abundance and their favorable
electronic and optical properties. For example, marcasite has been recognized as potential anode
materials in Li-ion batteries (Li et al., 2015; Fan et al., 2017); pyrite as photovoltaic absorber materials
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in solar cells (Khalid et al., 2018); and both FeS2 phases as thermoelectric materials (Gudelli et al.,
2013). Hence, understanding the reactivity of pyrite and marcasite and the mechanisms of their
transformation are important not only to Earth sciences, but has great implications for economic
geology, environmental management, and materials science.
The formation of pyrite and marcasite under hydrothermal conditions has been studied
extensively (Schoonen and Barnes, 1991a, b, c; Murowchick, 1992; Qian et al., 2011), and it is
generally agreed that marcasite forms under acidic conditions (pH<5), or in S(-II)-deficient solutions
(saturation index << 1000 with respect to either pyrite or marcasite), 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 temperature 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-1) heat of formation at 25 °C (Lipin et al., 1942). The thermodynamic stability 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 occur at high pressures (e.g., 3.7 GPa) by first principal calculations (Gudelli et al.,
2013), and has been observed at elevated temperature (up to 500 ℃) by several experimental studies
(Anderson and Chesley, 1933; Fleet, 1970; Rising, 1973; Kjekshus and Rakke, 1975; Murowchick,
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1992; Lennie and Vaughan, 1992). However, some controversy remains about the rate of the
transformation. Anderson and Chesley (1933) heated marcasite at 405 °C, 415 °C, and 425 °C for 5
hours in sealed glass tubes under H2S atmosphere (PH2S=1.0), and characterized the samples using
pin-hole 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 slower transformation rate than Anderson and Chesley (1933). After heating marcasite at
425 °C for 12 hours, only partial transformation was achieved while the process was completed after
heating at 475 °C for about 4 hours (Fleet, 1970). Rising (1973) studied this phase transformation at
lower temperature (157-340 °C) in a 4 M NH4Cl aqueous solution and found that the transformation
was fast: complete 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 marcasite 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 transformation 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 hours, polycrystalline marcasite (Elmo
mine, Shullsburg, Wisconsin) 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 transformation was carried out by Lennie and Vaughan (1992). These authors
heated marcasite in evacuated silica tubes at four temperatures, and used infrared spectroscopy to
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quantify marcasite and pyrite. They observed that complete transformation took about 7.5 hours at
462 °C, 12 hours at 450 °C, 26 hours at 437 °C, and 42 hours 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 transformation 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 is no
systematic study investigating the influence of physical-chemical parameters on the mechanism and
kinetics 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
complementary insights into our understanding of the mechanism of the transformation from
marcasite to pyrite.
2.2. Materials and methods
2.2.1. The starting marcasite samples
The marcasite samples are from two different localities, one is from Oumjrane mines, Alnif, Er
Rachidia, Meknès-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
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fluorescence microscopy (SXFM), and reflected-light optical microscopy. The results are
summarized in Table 2.1 and Fig. 2.1.
Table 2.1. EPMA analyses of marcasite samples from Morocco (marcasite-M) and Czech Republic (marcasiteCR). The weight percentages (wt.%) are presented as means and ranges.

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.
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Figure 2.1. Results of sample characterization of (a-f) Marcasite-M and (g-l) Marcasite-CR. (a, g) Rietveld
refinement analyses of synchrotron-based powder X-ray diffraction patterns, (b, h) synchrotron X-ray fluorescence
microscopy (SXFM) elemental maps, (c, i) cross-polarized reflective optical micrographs showing the same regions
of SXFM, and (d-f, j-l) regions of interest showing marcasite twinning in both marcasite-M and marcasite-CR as
well as pyrite inclusions in marcasite-CR. Note that the dark areas surrounding the flat FeS2 surface in the optical
micrographs are shadows of the grains below the surface of transparent epoxy resin. Mrc=marcasite, Py=pyrite.
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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 Å, b = 5.425 Å,
and c = 3.387 Å, and a small quantity of pyrite of 0.4 wt. % (Fig. 2.1a). Based on electron probe
microanalysis (EPMA) (n = 219), the chemical composition of marcasite-M is FeS2.01±0.002, 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 2.1). The distributions of the trace elements (As and Pb) are
heterogeneous (Fig. 2.1b). Twinning was observed in some grains (Fig. 2.1d-f).
Marcasite-CR contains 95.2 wt.% marcasite with unit cell parameters a = 4.445 Å, b = 5.426 Å,
and c = 3.387 Å, and 4.8 wt.% pyrite (Fig. 2.1g). From EPMA analyses (n = 43), the composition of
marcasite-CR is FeS2.02±0.002. It contains much less trace elements, including Si (~660 ppm), Zn (~210
ppm), and Pb (100 ppm) (Table 2.1) than Marcasite-M. Like Marcasite-M, the distributions of the
trace elements (As and Pb) are heterogeneous (Fig. 2.1h), and twinning was observed in some grains
(Fig. 2.1j-l). In some grains, As is concentrated in zones (Fig. 2.1h), which do not reflect morphology
or twinning (Fig. 2.1i). Pyrite inclusions were observed in some of the grains (Fig. 2.1j-l).
The marcasite samples were crushed and sieved; the size fractions <38 μm, 38-53 μm, and 106150 μm were used in this study. The crushed marcasite was cleaned in absolute ethanol (>99.7%,
Merck) and dried under ambient condition before the experiments.
2.2.2. 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 (Webster et al., 2013; Xia et al., 2014; Song et al., 2015; Peterson et al., 2016;
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Li et al., 2014, 2016; Zhang et al., 2015; Song et al., 2016; Rodriguez et al., 2016).
The in situ synchrotron PXRD experiments were carried out at the powder diffraction beamline
at the Australian Synchrotron in Melbourne, Australia, using an X-ray energy of either 18 keV
(λ=0.6886 Å) or 21 keV (λ=0.5909 Å); the beam energy was calibrated using a LaB6 standard (NIST
SRM 660b). The schematic setup of the experiments is shown in Fig. 2.2. About 5 mg marcasite-M
(<38 μm) 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 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. 2.2b). The fitting holding the capillary
was fixed onto the goniometer 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 thermocouple. Precise temperature
control was achieved within 0.1 ˚C. Before all in situ experiments, the thermocouple temperature was
calibrated based on the polymorphic phase transition from orthorhombic to trigonal KNO3 at 128 °C,
and from α-quartz to β-quartz at 573 °C. For studying the marcasite transformation, we first
conducted an in situ slow heating experiment (13 °C min-1 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 is not too fast in order to capture various stages of the transformations and
within the pyrite stability region below 743 °C (Kullerud and Yoder, 1959).
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Figure 2.2. 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 (c) water vapor experiments.

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 2-theta 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 seconds and in 2
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positions and merged to remove the gaps between modules in the detector. To study the effect of water
vapor on the phase transformation, the sample preparation was slightly different (Fig. 2.2c). 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
sample section became water vapor and was kept within about 1.5 cm between the sealed end of the
capillary and the cool water section.
2.2.3. Ex situ experiments
Because in situ PXRD is only applicable for small particle size (<38 μm), complementary ex situ
experiments were carried out using larger particle sizes (38-53 μm and 106-150 μm) 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 marcasite-CR were studied to elucidate the effects of impurities (pre-existing pyrite
inclusions and trace elements) on the transformation processes. Ex situ experiments were conducted
using the standard silica-tube method (Etschmann et al., 2004; Xia et al., 2008). 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 hours, 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 recovered. For experiments under water vapor conditions, sample preparation
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was slightly different. After adding 0.1 g marcasite, 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 characterized by synchrotron PXRD (λ=0.5909 Å; see Section 2.2.2 for
instrumental parameters), scanning electron microscopy (SEM), electron backscatter diffraction
(EBSD), optical microscopy, and synchrotron X-ray fluorescence microscopy (SXFM).
2.2.4. 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 v6. The instrumental zero shift and peak profiles were obtained from refining
the LaB6 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 modelled using a 5th 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 structures 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 minimizes parameter adjustment in the following dataset refinement, hence minimizing
errors arising from correlated parameters. Once good fitting was achieved, the percentages of the
involved phases were calculated by the equation,
(2.1)

𝑊 = (𝑆𝑍𝑀𝑉) / ∑ (𝑆𝑍𝑀𝑉)
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where Wp is the relative weight percentage of phase p, S the scale factor, Z the number of formula
units per unit cell, M the molecular weight of the formula unit, and V the volume of the unit cell. i
represents each phase in the mixture (Hill and Howard, 1987; Pecharsky and Zavalij, 2003).
2.2.5. 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 μm and 1 μm diamond pastes. The polished surface was cleaned and coated with a thin film of
carbon. Back-scattered electron (BSE) micrographs were collected using an acceleration voltage of
10 kV.
2.2.6. Electron backscatter diffraction (EBSD)
To determine the crystallographic orientation relationships between pyrite and marcasite, electron
backscatter diffraction (EBSD) patterns were acquired with a Zeiss UltraPlus FEG SEM equipped
with a Bruker eFlash EBSD 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 μm) suspension to remove the
layer damaged by the mechanical polishing. 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 contrast) maps to prevent
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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. Crystallographic
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 regardless 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).
2.2.7. Electron probe microanalysis (EPMA)
Electron probe microanalysis (EPMA) of the marcasite samples were carried out using a fieldemission 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 Kα (PETJ, 20 s, pyrite), As Kα
(TAP, 40 s, Asp200), Fe Kα (LiF, 20 s, pyrite), Au Kα (LiF, 40 s, Au metal), Pb Kα (PETH, 40 s,
galena), Cu Kα (LiF, 40 s, Cu metal), Se Kα (TAP, 40 s, Bi2Se3), Ni Kα (LiF, 40 s, Ni metal), Mn Kα
(LiF, 40 s, Mn metal), Ag Kα (PETJ, 40 s, Ag metal), Hg Lα (LiF, 40 s, coloradoite), Si Kα (TAP, 20
s, wollastonite), Sb Lα (PETH, 40 s, Sb metal), Te Lα (PETH, 40 s, Te metal), Cd Lα (PETJ, 40 s, Cd
metal), and Zn Kα (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
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limits ranged from 0.007 wt. % for Sb to 0.046 wt. % for Au.
2.2.8. Synchrotron X-ray fluorescence microscopy (SXFM)
Synchrotron X-ray fluorescence elemental mapping were 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 ~2×2 μm using Kirkpatrick-Baez mirrors. 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 Xrays travelled 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) constrain any filters
that are used in front of the detector, and (3) convert from ion chamber counts to flux (photons/sec;
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 millisecond/pixel.
The SXFM data were analyzed with GeoPIXE II (Ryan et al., 2005) using the dynamic analysis
(DA) method to project 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 artifacts. 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.
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2.2.9. Kinetic analysis
The isothermal kinetics of a wide range of phase transformations follow the Avrami-Erofeev equation
(Avrami, 1939; Khanna and Taylor, 1988; Xia et al., 2014, 2010b, 2010c; Song et al., 2015):
(2.2)

1 − 𝛼 = exp [−(𝑘 (𝑡 − 𝑡 )) ]

where α is reaction extent, k (s-1) is rate constant, t (s) is reaction time, t0 (s) is induction time, and n
is Avrami exponent indicative of reaction mechanisms, which are summarized in Table 2.2 (Hulbert,
1969). Induction time t0 is the time between the start of heating and the onset of pyrite formation
evidenced from PXRD, and reaction extent α is calculated as:
(2.3)

𝛼 = (𝑤 − 𝑤 )/(𝑤 − 𝑤 )

where wt, w0 and we are the weight fractions of marcasite at an arbitrary reaction time t, initially (t =
0) and at equilibrium (t = ∞, in this case we = 0), respectively (Wang et al., 2005; Xia et al., 2007,
2009a, 2012). These weight fractions were determined from Rietveld quantitative phase analysis of
the PXRD datasets (Equation 2.1). The Avrami-Erofeev equation can be rewritten as the SharpHancock equation (Hancock and Sharp, 1972; Lasaga, 1998):
(2.4)

ln[− ln(1 − 𝛼)] = 𝑛ln(𝑡 − 𝑡 ) + 𝑛ln𝑘

By plotting ln[-ln(1- α)] as a function of ln(t-t0) and carrying 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:
(2.5)

𝑘 = 𝐴 ∙ exp (−𝐸 /𝑅𝑇)

where A(s-1) is pre-exponential factor, T (K) is absolute temperature, R (8.314 J mol-1 K-1) is ideal gas
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constant, and Ea (kJ mol-1) is activation energy of the reaction.
Rewriting Equation 2.5, we have:
(2.6)

ln𝑘 = ln𝐴 − 𝐸 /𝑅𝑇

By plotting ln(k) as a function of 1/T and carrying out a linear fit through the data points, Ea was
obtained from the slope of the linear straight line.
Table 2.2. The nuclei growth mechanisms indicated by the Avrami exponent (n) values for solid-state reactions
(after Hulbert, 1969).

Phase-boundary controlled

Diffusion controlled

Constant nucleation rate

4

2.5

Zero nucleation rate

3

1.5

Decreasing nucleation rate

3-4

1.5-2.5

Constant nucleation rate

3

2.0

Zero nucleation rate

2

1.0

Decreasing nucleation rate

2-3

1-2

Constant nucleation rate

2

1.5

Zero nucleation rate

1

0.5

Decreasing nucleation rate

1-2

0.5-1.5

Three-dimensional growth

Two-dimensional growth

One-dimensional growth
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2.3. Results
2.3.1. In situ PXRD results
The results of the four in situ PXRD experiments are presented in Fig. 2.3. In the slow heating
experiment with a heating rate of 13 °C min-1, the transformation from marcasite to pyrite did not
occur until the temperature reached 550 °C (Fig. 2.3a). During temperature ramping, the marcasite
peaks continuous shift towards lower diffraction angles (Fig. 2.3a), documenting the expansion of the
unit cell with increasing temperature. From linear fits of the unit cell parameters against temperature
(Fig. 2.4), the linear thermal expansion coefficients are 1.41×10-5 K-1 along the a direction, 1.09×105

K-1 along the b direction, and 7.38×10-6 K-1 along the c direction, and the volumetric thermal

expansion coefficient is 3.26×10-5 K-1. It is also seen from Fig. 2.3a 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 marcasite contains measurable
amounts of these elements (see EPMA results in Table 2.1), but unfortunately, none of the phases in
the latest Crystallography Open Database (COD) inorganic database (updated date 10/09/19) could
match these peaks (Gražulis et al., 2009). Pyrrhotite appeared at 580 °C, most likely due to the
decomposition of the newly formed pyrite, FeS2 → FeSx + (2-x)S(g) (1 ≤ x ≤ 1.143), as has been
reported previously (Lambert et al., 1998).
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Figure 2.3. In situ PXRD patterns (viewed down the intensity axis) for the transformation of marcasite-M to pyrite
under (a) slow heating dry condition from room temperature to 600 °C (13 °C min-1), (b) isothermal dry conditions
at 540 °C, (c) isothermal dry condition at 520 °C, and (d) isothermal water vapor condition at 520 °C.

The in situ PXRD data of isothermal experiments at 520 °C and 540 °C are presented in Fig.
2.3b-d, and the reaction extents obtained from quantitative analysis of the diffraction datasets are
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plotted against time and shown in Fig. 2.5a. The PXRD patterns showed that the progressive
transformation from marcasite to pyrite occurred at both temperatures and under both dry (Fig. 2.3b,
c) and water vapor (Fig. 2.3d) conditions. The sudden shifts of the marcasite peaks to lower angles
after the first room temperature dataset are clearly seen in the zoomed-in plots (the 14.4-14.8° plots
in Fig. 2.3b-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.

Figure 2.4. The changes of marcasite unit cell parameters (a, b, c, V) with increasing temperature during the slowheating 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.

Comparing the results of the dry experiments at 520 and 540 °C (Fig. 2.3b, c, Fig. 2.5a), it is
clear that the transformation was faster at higher temperatures. Pyrite appeared as soon as temperature
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reached 540 °C and marcasite disappeared almost completely after 18 min (Fig. 2.3b, Fig. 2.5a).
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 (Fig. 2.3c, Fig. 2.5a).
From the isothermal experiments at 520 °C under dry and water vapor conditions (Fig. 2.3c, 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-minutes
induction time (Fig. 2.3c, Fig. 2.5a).

Figure 2.5. 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 (c) Arrhenius plot giving the activation energy of the
transformation under dry conditions. Error bars of the data points are within the size of the symbols.

The transformation rates are directly compared in Fig. 2.5a. The rate of transformation was
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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. 2.5b. The values are k = 21.72 ± 8.6 ×10-4 s-1 and n = 1.52
± 0.06 for the experiment at 540 °C under dry condition, k = 5.25 ± 0.90 ×10-4 s-1 and n = 1.72 ± 0.03
for the experiment at 520 °C under dry condition, and k = 2.64 ± 0.86 ×10-4 s-1 and n = 1.12 ± 0.04
for the experiment at 520 °C under water vapor condition. Because the value of Avrami exponent
indicates reaction mechanism (Table 2.2) (Hulbert, 1969), similar values of n for the two experiments
under dry conditions suggest the same reaction mechanism prevailed. However, under water vapor
condition, n is significantly lower than for the dry experiments, suggesting a different mechanism.
Based on the Arrhenius plot (Fig. 2.5c), the activation energy of the transformation under dry
condition is 380 ± 15 kJ mol-1, and the pre-exponential factor A is 8.39 ×1020 s-1.
2.3.2. 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. 2.6-2.13.
2.3.3. Transformation rate
The reaction extents are summarized in Fig. 2.6 and Table 2.3. The effects of the investigated
experimental parameters on the rate of transformation are summarized below:
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Table 2.3. Reaction parameters of the ex situ experiments.
Experiment

Time

Temperature

Particle

Condition

Products (reaction extent)

code

(min)

(℃)

size (μm)

ES-M-1

14400

400

38-53

Dry

Py(0.032); Mrc(0.968)

ES-M-2

14400

400

38-53

Vapor

Py(0.022); Mrc(0.978)

ES-M-3

14400

400

106-150

Dry

Py(0.017); Mrc(0.983)

ES-M-4

14400

400

106-150

Vapor

Py(0.014); Mrc(0.986)

ES-M-5

180

462

38-53

Dry

Py(0.048); Mrc(0.952)

ES-M-6

180

462

38-53

Vapor

Py(0.036); Mrc(0.964)

ES-M-7

180

462

106-150

Dry

Py(0.032); Mrc(0.968)

ES-M-8

180

462

106-150

Vapor

Py(0.096); Mrc(0.904)

ES-M-9

20

520

38-53

Dry

Py(0.128); Mrc(0.872)

ES-M-10

20

520

38-53

Vapor

Py(0.134); Mrc(0.866)

ES-M-11

20

520

106-150

Dry

Py(0.072); Mrc(0.928)

ES-M-12

20

520

106-150

Vapor

Py(0.546); Mrc(0.454)

ES-Cz-1

14400

400

38-53

Dry

Py(0.403); Mrc(0.597)

ES-Cz-2

14400

400

38-53

Vapor

Py(0.104); Mrc(0.896)

ES-Cz-3

14400

400

106-150

Dry

Py(0.120); Mrc(0.880)

ES-Cz-4

14400

400

106-150

Vapor

Py(0.317); Mrc(0.683)

ES-Cz-5

180

462

38-53

Dry

Py(0.164); Mrc(0.836)

ES-Cz-6

180

462

38-53

Vapor

Py(0.035); Mrc(0.965)

ES-Cz-7

180

462

106-150

Dry

Py(0.067); Mrc(0.933)
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ES-Cz-8

180

462

106-150

Vapor

Py(0.212); Mrc(0.788)

ES-Cz-9

20

520

38-53

Dry

Py(0.469); Mrc(0.531)

ES-Cz-10

20

520

38-53

Vapor

Py(0.380); Mrc(0.620)

ES-Cz-11

20

520

106-150

Dry

Py(0.408); Mrc(0.592)

ES-Cz-12

20

520

106-150

Vapor

Py(0.776); Mrc(0.234)

*ES-M:

Marcasite from Morocco; ES-Cz: Marcasite from Czech Republic.

(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. 2.6, where
the columns represent snapshots with increasing temperature (400, 462, and 520 ˚C) at rapidly
decreasing times (14400, 180, and 20 minutes). For marcasite-M, the effect of temperature is clear
when comparing the following data groups: dry and small particles (38-53 µm) (Fig. 2.6a, c, e); water
vapor and small particle (Fig. 2.6b, d, f); dry and large particles (106-150 µm) (Fig. 2.6g, i, k), and
water vapor and large particles (Fig. 2.6h, j, l). 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.
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Figure 2.6. Reaction extent of the ex situ experiments as a function of temperature, water vapor, particle size, and
marcasite locality. Standard deviations of reaction extent are shown in the brackets.

(2) The effect of water vapor was found to depend on particle size. For the large particles (106150 μm), the experiments under water vapor condition were generally faster than the dry counterparts,
which is clearly seen when we compare the following pairs in Fig. 2.6: (i and j), (k and l), (s and t),
(u and v), and (w and x). The only exception is the experiments at 400 °C using marcasite-M (Fig.
2.6g, h) but considering the very low reaction extents and the associated errors (0.017 ± 0.003 and
0.014 ± 0.003) they can be considered as identical. Interestingly, for the small particles (38-53 μm),
the transformations with water vapor were generally slower than their dry counterparts, when
compare the following pairs in Fig. 2.6: (a and b), (c and d), (m and n), (o and p), and (q and r). The
only exception are the experiments at 520 °C using marcasite-M (Fig. 2.6e, f) but the values 0.128 ±
34

0.002 and 0.134 ± 0.002 are nearly identical and likely inconclusive.
(3) The effect of particle size depends on whether water vapor is present. Under dry condition,
the transformation was faster with small particles (38-53 μm) for both marcasite-M and marcasiteCR and the three temperatures studied. This is clear when comparing the following pairs in Fig. 2.6:
(a and g), (c and i), (e and k), (m and s), (o 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
comparing the following pairs in Fig. 2.6: (d and j), (f and l), (n and t), (p, and v), and (r and x). The
only exception is the experiments at 400 °C using marcasite-M (Fig. 2.6b, h). However, due to the
small reaction extents and the associated error (0.022 ± 0.003 and 0.014 ± 0.003) this comparison
may be considered invalid.
(4) The effect of impurities (pre-existing pyrite inclusions and trace elements) in marcasite grains:
from PXRD and microscopy analyses (Fig. 2.1), 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. Additionally,
from EPMA analyses (Table 2.1), marcasite-M contains much more trace elements (especially As and
Pb) than marcasite-CR. In almost all experimental conditions, the transformation of the marcasiteCR was faster than the marcasite-M, evident from pairs in Fig. 2.6: (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 (l and x). The only exception
is small particle at 462 °C under water vapor condition (Fig. 2.6d, p); however, due to similar reaction
extents and the associate errors (0.036 ± 0.003 and 0.035 ± 0.003), the results are considered identical.
2.3.4. SEM results
Four samples are examined by SEM, to study the effect of water vapor on the transformation using
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either marcasite-M or marcasite-CR. The results are presented in Fig. 2.7 (marcasite-M) and Fig. 2.8
(marcasite-CR).

Figure 2.7. Backscatter electron images of marcasite-M grains (106-150 μm) reacted at 520 °C for 20 min, under
(a, b) dry, and (c, d) water vapor conditions, corresponding to k and l in Fig. 2.6, respectively. Gn=galena.

In experiments using marcasite-M, few large pyrite grains were formed within the marcasite grain
with sharp phase boundaries between pyrite and marcasite (Fig. 2.7). Porosity formed in pyrite phase
(Fig. 2.7), because the molar volume of pyrite (23.94 cm3 mol-1) is smaller than that of marcasite
(24.58 cm3 mol-1). 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. 2.7a, b). In the case of water vapor condition, much narrow pore
size distribution was observed with a diameter of about 300 nm and the pores are homogeneously
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distributed in a very ordered way: they are aligned as straight lines with even gaps (Fig. 2.7c, d). In
both cases, nano- and micro-inclusions of galena were observed as a by-product. Under dry condition,
galena was present in the non-porous region of pyrite (Fig. 2.7b), 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. 2.7d). This presence of galena
particles might be related to the concentration of Pb in the starting material (Fig. 2.10j). The formation
of galena was confirmed by synchrotron PXRD (Fig. 2.9), and is likely due to the relatively high
concentration of Pb (Table 2.1) in the starting marcasite-M.

Figure 2.8. Backscatter electron images of marcasite-CR grains (106-150 μm) reacted at 520 °C for 20 min, under
(a, b) dry, and (c, d) water vapor conditions, corresponding to w and x in Fig. 2.6.

In experiments using marcasite-CR, numerous small pores in pyrite were observed in both
samples (dry and water vapor conditions) (Fig. 2.8). Compared with the experiments using marcasite37

M under water vapor condition (Fig. 2.7d), the experiments using marcasite-CR (Fig. 2.8) show that:
(i) the pores have a polymodal size distribution with a size range of about 100-1000 μm; (ii) no byproduct phases were observed, consistent with smaller amounts of trace elements in marcasite-CR
(Table 2.1); and (iii) the phase boundary between pyrite and marcasite is highly irregular. Under dry
conditions, the area of pores in newly formed pyrite was larger under wet conditions than pyrite
formed in dry system; this is ~12.5 % and 8%, respectively (Fig. 2.8b and 2.8d).

Figure 2.9. Synchrotron-based PXRD patterns of the samples after heating marcasite-M (106-150 μm) 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. 2.6k and 2.6l for reaction extent of these two experiments.

2.3.5. SXFM results
Synchrotron X-ray florescence mapping is 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
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pyrite. Reflected-light optical images, presented together with elemental maps, were used to identify
pyrite and marcasite. The results are shown in Fig. 2.10 (marcasite-M) and Fig. 2.11 (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. 2.10, 2.11); 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 incident X-ray reach a depth of 15 μm, and
about 50% of the As Kα X-rays can escape through 15 μm 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. 2.10c, e, h, j). The
concentrations and distributions of As and Pb are positively correlated (Fig. 2.10c, e; 10h, 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. 2.10a,
c, e) and water vapor conditions (Fig. 2.10f, h, j), and both As and Pb have no clear correlation with
Fe (Fig. 2.10b-e and 2.10g-j). For example, under dry condition (Fig. 2.10a-e), quite homogeneous
elemental distributions were observed in Grain 1 (Fig. 2.10c, e), but in this grain, pyrite and marcasite
form alternating zoning (Fig. 2.10a); both Grain 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. 2.10f-j), the
untransformed grains include those with little As and Pb (e.g., Grains 4, 11, 13) and with high
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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).
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Figure 2.10. Cross-polarized reflective optical images and SXRF maps (RGB and As, Fe, Pb) showing marcasiteM grains (106-150 μm) reacted at 520 °C for 20 min, under (a-e) dry, and (f-j) water vapor conditions, corresponding
to k and l in Figure 6. Note that the dark areas surrounding the flat FeS2 surface in the optical micrographs are
shadows of the grains below the surface of transparent epoxy resin.
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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. 2.11c, g) and no clear correlation was found between the As and Fe maps (cf. Fig. 2.11c,
d; cf. Fig. 2.11g, h). It seems that there is no spatial relationship between As concentration and iron
disulfide polymorphs. For example, under dry conditions (Fig. 2.11a-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. 2.11e-h), untransformed intact grains contain either low As (Grain 10),
uneven moderate As (Grain 11), and unevenly high As (Grain 13); and transformed or mostly nearcompletely transformed grains include some with no As (Grains 12, 14, 16-18) and high As
concentrations (Grain 15).
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Figure 2.11. Cross-polarized reflective optical images and SXRF maps (RGB and As, Fe) showing marcasite-CR
grains (106-150 μm) reacted at 520 °C for 20 min, under (a-d) dry, and (e-h) water vapor conditions, corresponding
to w and x in Figure 6. Note that the dark areas surrounding the flat FeS2 surface in the optical micrographs are
shadows of the grains below the surface of transparent epoxy resin.
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2.3.6. EBSD results
Electron backscatter diffraction (EBSD) analyses are carried out for partially transformed marcasiteM gains from dry and water vapor experiments at 520 °C using large particle size (106-150 μm)
(correspond to Fig. 2.6k, l). The results are presented in Fig. 2.12 (dry condition) and Fig. 2.13 (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 maps showed that no transformation has
occurred in more than half of the total marcasite grains, but in grains where partially transformation
has occurred, significant amount of marcasite has been transformed to pyrite with sharp phase
boundaries (Fig. 2.12a). Pyrite formed bands (zones) in the marcasite grains (e.g., Grains 1, 2, 3 in
the EBSD map in Fig. 2.12a), or occupied one side of the initial grain. Pole figures of pyrite and
marcasite were generated for the three selected grains (Fig. 2.12b). In all three grains, a clear
orientation relationship between pyrite and marcasite is confirmed, i.e., {100}pyrite//{101}marcasite and
{010}pyrite//{010}marcasite (Fig. 2.12b). 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}pyrite and
{101}marcasite comprise multiple symmetric 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 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.
2.12a are analyzed in Fig. 2.12c. Each point represents a misorientation between a marcasite crystal
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and a pyrite crystal. The data cluster tightly at ±52.7° along the b-axis of the plot. This axis
corresponds to both {010}marcasite and {010}pyrite and is the misorientation axis expected for the
relationship outlined above, i.e., the angle between {100}marcasite and {101}marcasite. The tight clustering
shows that most of the pyrite-marcasite boundaries analyzed have the same misorientation.

Figure 2.12. EBSD analysis of the cross-section of the grains after heating marcasite-M (106-150 μm) at 520 °C
for 20 min under dry condition (see Fig. 2.6k). (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. (c) 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.
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For the sample exposed to water vapor, the EBSD maps revealed that the transformation from
marcasite to pyrite has occurred in majority of the grains. However, the reaction extent varied
significantly from grain to grain, from complete transformation to a few percent fraction (Fig. 2.13a).
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. 2.13b). In all
three grains, particularly Grains 1 and 3, we see that the pyrite crystals formed in a single marcasite
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. 2.13b). While specific examples are shown in the pole figures, all the data in Fig.
2.13a are analyzed using the misorientation analysis (Fig. 2.13c). 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 correspondence between the starting
marcasite and the reacted pyrite for the wet sample.
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Figure 2.13. EBSD analysis of the cross-section of the grains after heating marcasite-M (106-150 μm) at 520 °C
for 20 min under water vapor condition (see Fig. 2.6l). (a) EBSD map showing the distribution of marcasite (blue)
and pyrite (red), and (b) contoured pole figures generated from 11614 (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. (c) 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.

2.4. Discussion
At first sight, the polymorphic transformation from marcasite 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
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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.
2.4.1. 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. 2.5, 2.6). However, the reported
transformation rates are not consistent. For example, the transformation rate of a big euhedral crystal
(5-7 × 5 × 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
μm. 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 μm
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. 2.6i, u); this compares with ~50% transformation reported by
Lennie and Vaughan (1992) at the same temperature and time, and complete 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 the present study revealed that in addition to
temperature and time this mineral transformation is controlled by particle size and inclusions of preexisting pyrite in marcasite (Fig. 2.6). Unfortunately, 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)
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(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. 2.6), 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. 2.12a) 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 transformation 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-1) 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 microscopic observations showing that at least a part of the pyrite crystals occupies the grain
surface (Figs. 2.7a, 2.12a). This suggests that nucleation occurred on the grain surface and
subsequently the transformation progressed into the marcasite grains. If nucleation occurred within
the grains, then some pyrite inclusions would be entirely embedded in marcasite, 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 marcasiteCR, the inverse relationship between particle size and transformation rate was also observed but the
transformation was faster than marcasite-M (Fig. 2.6). 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 additional growing sites. It is
important to note that the difference in transformation rate in marcasite-M and marcasite-CR is mostly
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likely due to the pre-existing pyrite because the SXFM results strongly suggest that trace elements
play insignificant roles (Figs. 2.10, 2.11).
The

crystallographic

orientation

relationship

between

marcasite

and

pyrite,

{100}pyrite//{101}marcasite and {001}pyrite//{010}marcasite (Fig. 2.12b), suggests that the transformation is
facilitated by epitaxial growth of {100}pyrite on {101}marcasite. Similar orientation relationship between
pyrite and marcasite was determined experimentally under dry conditions (Fleet, 1970) and in natural
samples (Gait and Dumka, 1986). The epitaxial growth of pyrite on marcasite is possible due to
similar crystal structures. Marcasite has an orthorhombic symmetry (space group Pnnm) with lattice
parameters of a = 4.445 Å, b = 5.425 Å, and c = 3.387 Å (Hyde and O’Keeffe, 1996; Rieder et al.,
2007) (Fig. 2.14a), while cubic pyrite (space group Pa3) has the lattice parameters of a = b = c =
5.417 Å (Bayliss, 1977; Hyde and O’Keeffe, 1996) (Fig. 2.14b). In both structures, the Fe atoms are
coordinated with six nearest-neighbored sulfur dumbbells (S22-) 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 Å) in the {101} lattice plane of
marcasite is also similar to that of pyrite: 3.16% longer than pyrite in b direction (Fig. 2.14c, d).
Hence, lattice mismatch between {100}pyrite and {101}marcasite is small.
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Figure 2.14. Crystal structures of marcasite and pyrite, showing (a) marcasite unit cell, (b) pyrite unit cell, (c)
marcasite {101} plane, and (d) pyrite {100} plane.

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 present
as bands/zones in the marcasite grains (Fig. 2.12a). This is further inferred from the value of Avrami
exponent (n), which are 1.52 ± 0.06 and 1.72 ± 0.03 for the transformations under dry conditions
(Fig. 2.5), in agreement with the phase boundary-controlled mechanism with zero nucleation rate
(few nucleus formed initially) and between one-dimensional (n=1) and two-dimensional (n=2)
growth models (Table 2.2). It has been observed that the lattice mismatch is larger on one edge (3.16%
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mismatch) than the other (0.15% mismatch) on the marcasite {101} plane, as illustrated in Fig. 2.14c
and d. Thus, the growth rate of pyrite along the direction with smaller lattice 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. 2.12a). Such growth may be
regarded as a growth model between one- and two-dimensional growth.
2.4.2. The transformation under water vapor condition
Under the water vapor conditions, ex situ experiments suggest that the transformation rate is
proportional to the particle size (Fig. 2.6), which suggests different mechanism(s) than under dry
condition. Similar to the dry condition, the EBSD map (Fig. 2.13a) 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 orientation relationship
between marcasite and pyrite (Fig. 2.13b, c). This means that epitaxial nucleation played an
insignificant role, and that the transformation involved breaking of chemical bonds. From the pyrite
pole figures (Fig. 2.13a), several grain orientations (pairs of poles) can be identified. However, within
each of the pyrite domains the orientation of the individual grains is identical (Fig. 2.13b). This means
that once a pyrite nucleus form, 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 acts as a catalyst, facilitates the breaking of chemical bonds and
provides a diffusion medium, accelerating pyrite nucleation. The tube contained 0.1 g water, which
can cover around 40 m2 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 μm for
the 38-53 μm fraction and 126.09 μm for the 106-150 μm fraction, the total surface area of 0.1 g
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marcasite in the tube is ~0.0274 m2 for small fraction (38-53 μm) or ~0.0098 m2 for large fraction
(106-150 μm). 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 controlled by the marcasite structure, and it
can be random and two-dimensional on the grain surface and/or along the fractures, or threedimensional progressing into the marcasite grains. The value of the Avrami exponent (n) from the in
situ PXRD experiment under water vapor condition is 1.12 ± 0.04, which is in between twodimensional (n=1.0) and three-dimensional (n=1.5) growth models under diffusion-controlled and
zero nucleation rate categories (Table 2.2).
Ordered arrays of narrowly dispersed pores were observed only under water vapor conditions
(Fig. 2.7d). 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 towards 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
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minimization (Putnis et al., 2004). Hence, under dry conditions, some areas of pyrite grains are porefree (Fig. 2.7b), and others host relatively large pores with non-uniform size (Fig. 2.7b). In the dry
experiments, no pyrrhotite was detected by PXRD, which suggests minimum amount of sulfur vapor
(if present). Sulfur vapor would also prevent the pores from coarsening.
The effect of small amount of water on mineral reactions 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 transformation from marcasite to pyrite depending on the particle size
of marcasite grains (Figs. 2.5, 2.6). 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 (Milke et al., 2013; Zhao et al., 2017). However, the mechanisms are different. For
example, in a silicate rock, the existing of small amount of water (20 ppm) keeps the reaction-induced
pores open under confining pressure (1.9 GPa) and the open pores act as effective 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, contains small amount of fluid residue within the bdss phase, and the fluid
significantly enhances the unmixing (exsolution) reaction in bdss upon cooling, producing bornite
and digenite with lamella microstructure (Zhao et al., 2017). The coarsening of bornite and digenite
phases during the unmixing reaction is about 1000 times faster than the same reaction under fluidfree condition, and has been interpreted as enhanced healing of the open porous microstructure in the
presence of a fluid phase (Zhao et al., 2017).
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2.4.3. 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-1. Their extrapolations suggested that the half-life for this transformation is
3 × 106 years at 200 °C and 1.3 × 109 years at 160 °C. In the present study, we found a higher
activation energy of 380 ± 15 kJ mol-1; and based on the same extrapolation, the half-life for the
transformation is much longer, 3.2 × 1013 years at 200 °C and 2.4 × 1017 years at 160 °C. Even at a
higher temperature of 300 °C, the half-life is long, 1.5 × 106 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 by pyrite, where reaction
mechanism depends on several factors such as particle size, the presence of water vapor, and pyrite
inclusions in the primary marcasite. There might be additional factors influencing the mechanism and
kinetics of the transformation. 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.
2.4.4. 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 FeS2 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 affects the behavior of the metal during transformation to pyrite. No
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galena particles have been found during the transformation of marcasite-CR containing 100-300 ppm
Pb, irrespective of the water content (Fig. 2.8). When the content of Pb reached 1000s of ppm in
marcasite-M (mean value ~1100 ppm), nano- and micro-particles of PbS were detected in the newly
formed pyrite (Fig. 2.7). Under dry conditions the particles were randomly distributed in pyrite (Fig.
2.7b), while in the presence of water vapor galena particles precipitated in ordered arrays in the porous
pyrite (Fig. 2.7d). The random distribution of PbS particles in pyrite formed under dry conditions at
520 ℃ 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 ℃ (Reich et al., 2006).
Lack of association between galena particles and pores suggests that porosity does not induce the
formation of PbS particles in the newly formed pyrite (Fig. 2.7b). These observations suggest that
some of the metallic inclusions reported in pyrite formed under higher-temperature conditions could
have formed during relatively dry metamorphism of marcasite/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. 2.7d). Such conditions are likely to occur in epithermalporphyry 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 Pb2+ ions (effective ionic radius 0.119 nm in octahedral
coordination; Shannon, 1976) are too large for the Fe site in the pyrite crystal structure and hence
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.
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2.4.5. Geological implications
Although marcasite is reported to form in sedimentary settings (Ruppert et al., 2005; Schieber, 2007,
2011), epithermal 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
hydrothermal vent mineralization (Goldfarb et al., 1983; Koski et al., 1984; Hannington and Scott,
1985; Schoonen and Barnes, 1991), 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 temperature, 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 conditions (for
example: pH >5; saturation index > 1000 with respect to either marcasite or pyrite) favors the
formation of pyrite (Schoonen and Barnes, 1991a; Qian et al., 2011). The conditions for the formation
of marcasite are not uncommon in natural environments, yet only minor amounts of marcasite were
reported in the literature (Arehart et al., 1993; Arehart, 1996; 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 marcasite to pyrite at higher temperatures (>300 ℃) may be the
reason for limiting the occurrence of marcasite in geological records.
The occurrence of marcasite (Buerger, 1934; Grønvold and Westrum, 1976) is a useful indicator
of low temperature environments. Transition from porphyry to epithermal style of mineralization
provides one of the best examples. Pyrite is the only FeS2 polymorph crystallizing during the early
potassic and phyllic stages of alteration (350-550 ℃). Marcasite becomes more abundant during later
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epithermal stages of mineralization in hydrothermal breccias, as exemplified by the Agua Rica deposit
in Argentina (Franchini et al., 2015) (Fig. 2.15a). This means that a significant portion of marcasite
survived after the cease of hydrothermal activity ~5 Ma ago in Agua Rica (Landtwing et al., 2002),
due to the slow transformation from marcasite to pyrite at low temperatures (<300 ℃). The slow
kinetics of the transformation 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. 2.15b), and also explains the complex
intergrowth of marcasite and pyrite (Fig. 2.15c) in the 212-215 Ma Daqiao orogenic gold deposits
(China) (Wu et al., 2018, and references therein) at temperatures below 310 ℃ (Liu et al., 2011, based
on fluid inclusions) and particularly after the subsequent Au deposition at 100-240 ℃ (based on the
geothermal gradient) (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 indicates lower temperature conditions (80-200 ℃) of the zoned black smokers
where hydrothermal 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 pseudomorph of pyrite from the transformation of marcasite may suggest the higher
temperature environment followed initial low temperature conditions (Gait and Dumka, 1986), and
explains the dominance of pyrite in some metamorphic rocks (Vokes, 1993).
The present study also suggests that the solid-state phase transformation from marcasite to pyrite
can produce textures that resemble those of fluid-mediated mineral replacement reactions. The
presence of porosity in the product phase and the sharp phase boundary between parental and product
phases (Figs. 2.7, 2.8) are strong indicators of fluid-mediated mineral replacement reactions (Putnis,
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2009; Altree-Williams et al., 2015), but such sample texture is clearly seen in the solid-state
transformation from marcasite to pyrite. Hence, interpretation of reaction mechanism based solely on
the textures may lead to the incorrect conclusions.

Figure 2.15. Reflective light microphotographs showing marcasite-pyrite intergrowths in natural samples from (a)
porphyry-high sulfidation epithermal 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 (c)
orogenic gold deposit at West Qinling Orogen, China (modified after Wu et al., 2018). Mrc=marcasite; Py=pyrite;
Qz=quartz; Cv=covellite.

2.5. 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-1 for the transformation under dry conditions, and the
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extrapolation to lower temperatures (300 ℃, 200 ℃, and 160 ℃) suggests that marcasite may be
considered as a kinetically stable phase below 300 ℃ at the geological time scale. However, it is
important to acknowledge that, in addition to temperature, the mechanism and the consequent kinetics
of this phase transformation is 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 reactions, and hence the rate of transformation is inversely proportional
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 determining the transformation kinetics. The presence of water vapor facilitates the
migration of trace element (such as Pb), the precipitation of metal-bearing nano-to-micro particles in
pores in sulfides under high-temperature conditions, and thus facilitates the mobilization of trace
metals 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 indicate low temperature
environments, precise estimation of temperature is difficult.
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Chapter 3
Rapid marcasite to pyrite transformation in acidic
low temperature hydrothermal fluids and
saturation index control on FeS2 precipitation
dynamics and phase selection
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Abstract
Pyrite is the most abundant metal sulfide in the Earth’s crust and is also found on Mars. It can form
by direct hydrothermal precipitation or by polymorphic phase transformation from marcasite.
However, the controls on the dynamics of hydrothermal pyrite precipitation are poorly understood,
and the kinetics of the hydrothermal transformation from marcasite to pyrite is unknown. To address
these issues, we quantified pyrite and marcasite formation in hydrothermal fluids at pH 1, using
pyrrhotite as a precursor mineral to produce supersaturated solutions. In situ powder X-ray diffraction
experiments at 190 °C show that hydrothermal fluids rich in ΣS(-II) (0.2 m) favor the precipitation of
nanocrystal pyrite (~20 nm) due to high saturation index (>105), while ΣS(-II)-free fluids produce a
mixture of marcasite and pyrite nanocrystals (21-46 nm) due to low saturation index (<104).
Fluid/rock ratio (70 and 120 g/g at 210 °C) can also affect saturation indices of these fluids, affecting
nucleation and crystal growth dynamics of pyrite and marcasite, and resulting in complex evolution
of crystallite size, phase abundance, and pyrite/marcasite ratio. Ex situ hydrothermal experiments at
210 °C show rapid transformation from marcasite to pyrite, with around 95% marcasite being
transformed to pyrite in 20 weeks, compared to more than 6.3 million years at 210 °C under dry
conditions based on extrapolation from previous kinetic studies. These results suggest that saturation
index influences hydrothermal precipitation dynamics and controls the phase selection between pyrite
and marcasite, and that marcasite may not survive over geological time in low temperature (<200 °C),
water-saturated environments.
3.1. Introduction
Pyrite (FeS2) is the most abundant metal sulfide in sedimentary, igneous, and metamorphic rocks
(Murowchick, 1992). It can host economic amounts of gold in a range of sulfide-based ore deposits
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(Reich et al., 2005; Rickard and Luther, 2007; Muntean et al., 2011; Large et al., 2011; Deditius et al.,
2014; Zhang et al., 2017; Wu et al., 2019, 2020; Walker et al., 2020), as well as environmentally toxic
elements such as arsenic and mercury (Le Pape et al., 2017; Manceau et al. 2018; Xing et al. 2019).
The isotopic compositions of iron and sulfur in pyrite are widely used as a geochemical marker for
assessing the redox state of ancient oceans (Rouxel et al., 2005; Reinhard et al., 2009; MarinCarbonne et al., 2014), the evolution of oxygen in the Earth's atmosphere (Catling and Claire, 2005;
Ohmoto et al., 2006), and microbial processes in ancient sediments (Schieber, 2002; Johnson et al.,
2008). Pyrite is also found in Martian sediments (Vaniman et al., 2014). Hence, a clear understanding
of the formation mechanism of pyrite may benefit exploration for new gold deposits and the
development of strategies for minimizing environmental pollution and may lead to new understanding
of the evolution of early life on Earth and Mars.
Pyrite often forms intergrowth with its polymorph, marcasite, a thermodynamically metastable
phase relative to pyrite under crustal conditions. Hence, pyrite can form through the phase
transformation of marcasite by heating to high temperatures (e.g., 425-500 °C) (Lennie and Vaughan,
1992; Murowchick, 1992), or by applying high pressures (e.g., 9 GPa) (Yi et al., 2020). Experimental
kinetic studies under dry conditions show that this solid-state phase transformation is fast (hours to
days) at high temperatures (>400 °C) (Fleet, 1970; Lennie and Vaughan, 1992), but is extrapolated to
be very slow (millions of years) at low temperatures (e.g., <200 °C) (Lennie and Vaughan. 1992).
Recent studies demonstrated the catalytic role of water in promoting the rate of solid-state mineral
phase transformations, by a few orders of magnitude (Milke et al., 2013; Zhao et al., 2017). The
marcasite to pyrite transformation was also reported to be much faster in the presence of water, such
as in a NH4Cl solution at 300 °C (Rising, 1973), or in water vapor at 400-520 °C (Yao et al., 2020),
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compared to dry conditions. This raises a hypothesis that pyrite may form via the transformation of
marcasite at low temperatures (e.g., <250 °C) in hydrothermal fluids.
Under hydrothermal conditions, pyrite formation via homogeneous nucleation requires
extremely high saturation index (5.7×1014) (Rickard and Luther, 2007), and experiments show that
most pyrite forms via the transformation of precursor minerals such as FeS (Murowchick and Barnes,
1986; Schoonen and Barnes, 1991a; Murowchick, 1992), or pyrrhotite Fe1-xS (x=0-0.125) (Wilkin
and Barnes, 1996; Qian et al., 2011). Often, both marcasite and pyrite form under hydrothermal
conditions, but it is not clear whether they form simultaneously, or marcasite forms first and pyrite
forms by the transformation of marcasite. Additionally, the determining factor on the preferred
formation of either pyrite or marcasite is still controversial. Acidic conditions (pH<5.0) have been
proposed to favor marcasite formation (Murowchick and Barnes, 1986), but the formation of pure
pyrite was reported in the pH range of 2.07-3.96 in hydrothermal experiments (Qian et al., 2011). In
the latter case, saturation index was proposed to be the determining factor: pyrite was the main
product when saturation index was high (>1000), while marcasite formed when saturation index was
low (<<1000) (Qian et al., 2011). More recently, ab initio calculations indicated that the preferred
formation of marcasite at low pH and pyrite at high pH is driven by surface energy minimization
(Kitchaev and Ceder, 2016).
In this work, we study the hydrothermal formation of pyrite and marcasite via the transformation
of pyrrhotite precursor at 190 °C and 210 °C, aiming to test (1) whether factors such as fluid/rock
(F/R) ratio and concentration of ΣS(-II) affect the formation of pyrite and marcasite, (2) whether
saturation index plays an important role on precipitation dynamics and phase selection between pyrite
and marcasite, and (3) whether pyrite forms directly from hydrothermal fluids or by hydrothermal
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transformation of marcasite at low temperatures (<250 °C). We applied the in situ powder X-ray
diffraction (PXRD) approach because it provides direct information of the evolution of mineralogy,
phase abundance, and crystallite size during the phase transformation reactions (Cahill et al., 2000;
Hunger and Benning 2007; Norby et al., 2014; Peterson et al., 2016; Andersen et al., 2018; Tan et al.,
2017a, 2017b, 2019; Zhang et al., 2020; Tan et al., 2020a, 2020b; Nikkhou et al., 2020a, 2020b). We
also carried out complementary longer time ex situ hydrothermal experiments to investigate the
possible phase transformation from marcasite to pyrite after prolonged reaction time (up to 3360 h).
3.2. Materials and methods
3.2.1. Materials
A massive pyrrhotite specimen from Russia was cleaned in deionized water, crushed in an agate
mortar, and sieved to <38 μm particles. Synchrotron PXRD and the corresponding Rietveld
refinement showed no other mineral phases apart from monoclinic pyrrhotite(4C) (a=11.91 Å,
b=6.86 Å, c=12.90 Å, α=γ=90°, β=118°) (Fig. 3.1). Electron probe microanalysis (EPMA) (85 spot
analyses) determined the composition of pyrrhotite, Fe0.89S, with traces of Se (~1400 ppm), As (~400
ppm), Sb (~170 ppm), and Pb (~170 ppm) (Table 3.1).

Figure 3.1. Synchrotron PXRD pattern and the Rietveld refinement results of the starting pyrrhotite.
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Table 3.1. EPMA analyses of pyrrhotite (in wt.%).

Element

Detection limit

Starting material – pyrrhotite (n = 85)

S

0.005

37.43 (36.73 – 38.11)

As

0.011

0.04 (0.01 - 0.10)

Sb

0.009

0.02 (0.01 - 0.03)

Fe

0.010

58.75 (58.11 – 59.23)

Se

0.021

0.10 (0.02 - 0.25)

Au

0.030

bdl

Te

0.009

bdl

Cu

0.007

bdl

Pb

0.013

0.02 (0.01 - 0.03)

Ni

0.006

bdl

Co

0.003

0.01 (0.00 ~ 0.02)

Ag

0.007

bdl

Pd

0.008

bdl

Hg

0.015

bdl

Zn

0.009

bdl

Mn

0.006

bdl

Sn

0.007

bdl

Total

96.37
bdl: below detection limit.
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To study the effect of σS(-II) concentration and F/R ratio on the replacement of pyrrhotite by
pyrite and marcasite, two solutions were prepared: (1) pH 1.0 buffer solution: 0.134 m HCl + 0.050 m
KCl, and (2) 0.2 m σS(-II) at pH 1.0: 0.134 m HCl + 0.050 m KCl + 0.2 m thioacetamide
(CH3CSNH2). Milli-Q water (18.2 MΩ cm at 25 °C) and commercial reagent grade chemicals were
used for solution preparation: HCl (32 %; Rowe Scientific), KCl (99.5%; Rowe Scientific), and
thioacetamide (99.0%; Sigma-Aldrich). Upon heating, thioacetamide rapidly decomposes to produce
H2S(aq) or other forms of S(-II), depending on pH (Qian et al., 2011).
3.2.2. In situ synchrotron PXRD experiments
The in situ synchrotron PXRD experiments were carried out at the powder diffraction beamline at the
Australian Synchrotron in Melbourne, Australia, using an X-ray energy of 21 keV (λ=0.5904 Å),
calibrated using a LaB6 standard (NIST SRM 660b). The schematic of the experimental setup is
shown in Figure 3.2a, which was used in previous studies (Xia et al., 2014; Song et al., 2015; Nursam
et al., 2016; Zhang et al., 2016, 2018, 2021; Wang et al., 2019; Nikkhou et al., 2020a; Chaudhari et
al., 2021). A quartz glass capillary (1.3 mm in outer diameter, 0.1 mm in wall thickness, and 4045 mm in length) was used as the microreactor for the experiments. A hot air blower was positioned
about 3 mm below the capillary to heat 10 mm of the capillary length. The temperature was measured
by a K-type thermocouple at the nozzle of the hot air blower. The temperature inside the capillary
was calibrated based on the polymorphic phase transition from orthorhombic to trigonal KNO3 at
128 °C, and from α-quartz to β-quartz phase transition at 573 °C.
The conditions of the in situ PXRD hydrothermal experiments, coded as EXP-1 to EXP-4 are
shown in Table 3.2. Prior to each hydrothermal experiment, pyrrhotite and solution with desired
fluid/rock ratio (g/g) were loaded into the quartz glass capillary (Fig. 3.2b). To avoid excessive X-ray
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absorption by the sample, pyrrhotite was diluted using silica glass powder (<38 μm). The position of
the pyrrhotite sample within the capillary was fixed by using a silica glass wool plug, so the sample
does not move out of the X-ray beam spot (2 mm × 2 mm) during experiment. The loaded capillary
was then sealed into a Nørby cell (Nørby, 1997), which was fixed onto a goniometer head. A 30 bar
N2 pressure was applied through a gas line to avoid boiling and control the reaction under anoxic
conditions. The capillary was set to oscillate over 120° with a frequency of 0.2 Hz for uniform heating,
minimizing preferred orientation effect, and improving particle statistics. A room temperature PXRD
dataset was collected before heating (10 °C min-1) to target temperatures (190 and 210 °C), while
continuously collecting diffraction patterns over the 2-theta range of 1-81° by a high-resolution
position sensitive Mythen detector, under the Debye-Scherrer geometry. Each diffraction pattern was
collected for 2 min.
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Figure 3.2. Schematics showing (a) the setup for the in situ powder X-ray diffraction experiments, and sample
loading in the quartz glass capillary for (b) hydrothermal precipitation of pyrite and marcasite (EXP-1, EXP-2, EXP3, and EXP-4) and (c) heating/cooling under dry condition.

To study the phase transformation of marcasite to pyrite under dry condition, the solid product
from the hydrothermal experiment EXP-2 (Table 3.2) was dried in an 60 °C oven for 7 hours, before
it was used for the in situ PXRD experiment. The capillary was filled by N2 and sealed (Fig. 32c). It
was heated (10 °C min-1) to 666 °C and then cooled (-10 °C min-1) to room temperature. Each
diffraction pattern was collected for 1 min while the capillary was spinning at a speed of 60 rpm.
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Table 3.2. Reaction parameters of the in situ PXRD experiments under hydrothermal conditions

Experiment code

T (℃)

pH*

EXP-1

210

1.0

70

EXP-2

210

1.0

120

EXP-3

190

1.0

40

EXP-4

190

1.0

*pH

S(-II) (mM) †

0.2

Fluid/rock ratio (g/g)

30

1.0: 0.134 M HCl + 0.050 M KCl.

†S(-II)

was added as thioacetamide.

3.2.3. Ex situ experiments

Ex situ hydrothermal experiments complement the in situ PXRD experiments because ex situ
hydrothermal experiments are suitable for long hours reactions (up to 3360 h). The experiments were
carried out in polytetrafluoroethylene (PTFE)-lined stainless-steel autoclaves (25 mL) in a 210 °C
oven, under the reaction condition similar to EXP-2 of the in situ PXRD experiment, except longer
reaction time (2, 24, 168, 504 h, and 3360 h), and were scaled up (0.13 g pyrrhotite in 17 mL solution).
The fluid/rock ratio is 130. Each reaction was repeated 3 times to calculate standard deviations. To
achieve anoxic condition, the solution was purged by N2 for 90 min, and pyrrhotite and solution were
loaded and sealed to the autoclaves in a N2 filled glove box. After heating, the reactors were quenched
in large amounts of cold water. The recovered samples were precisely weighed (±0.0001 g), and then
characterized by laboratory powder X-ray diffraction (see Supporting Information for details of the
laboratory PXRD method).

3.2.4. Rietveld-based quantitative phase analyses

Rietveld-based quantitative phase analyses were carried out for all in situ PXRD datasets, using Topas
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Academic v6. For in situ PXRD, The instrumental zero shift and peak profiles were obtained from
refining the LaB6 standard (NIST SRM 660b) dataset. In the refinements, the background was
modelled using a 5th order polynomial function. The peaks were modelled by the sums of Gaussians
and Lorentzians models. The peak broadening effect was modelled by refining crystallite size of each
phase. The starting crystal structures were from the inorganic crystal structure database (ICSD)
database, #55699 for pyrite (Wu et al., 2004), #109374 for marcasite (Rieder et al., 2007), and
#151767 for trigonal pyrrhotite (3C) (Powell et al., 2004), and from the crystallography open database
(COD) database, #2104739 for monoclinic pyrrhotite (4C) (Elliot, 2004), and #1504400 for
hexagonal pyrrhotite (1C) (Shen and Feng, 2008). After convergence, the relative weight percentages
(wt%) of the phases were calculated by the equation,
(3.1)

𝑊 = (𝑆𝑍𝑀𝑉) / ∑ (𝑆𝑍𝑀𝑉)

where Wp is the relative weight percentage of phase p, S the phase scale factor, Z the number of
formula units per unit cell, M the molecular weight of the formula unit, and V the volume of the unit
cell. i represents each phase in the mixture (Hill and Howard, 1987; Pecharsky and Zavalij, 2003).
For each in situ PXRD experiment, the refinements were run in batch where the output file from
one refinement became the input file of the next dataset in the sequence. This approach minimizes
parameter adjustment in the neighboring dataset refinement, hence minimizing errors arising from
correlated parameters.
For the ex situ PXRD datasets, the absolute weight percentage of each phase was calculated by,
𝑊

_

(3.2)

=𝑊 ×

where Wp_abs is the absolute weight percentage, mr is the mass of the solid residue after reaction, and
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mPo is the mass of the starting pyrrhotite (0.13 g).
3.2.5. Kinetic analysis
The isothermal kinetics of a wide range of phase transformations follow the Avrami-Erofeev equation
(Avrami, 1939; Khanna and Taylor, 1988; Xia et al., 2014; Song et al., 2015):
(3.3)

1 − 𝛼 = exp [−(𝑘 (𝑡 − 𝑡 )) ]

where α is reaction extent, k (s-1) is rate constant, t (s) is reaction time, t0 (s) is induction time before
phase transformation, and n is Avrami exponent indicative of reaction mechanisms (Hulbert, 1969).
Induction time t0 is the time between the start of heating and the onset of pyrite and marcasite
formation evidenced from PXRD. Reaction extent (α) is calculated as:
(3.4)

𝛼 = (𝑆 − 𝑆 )/(𝑆 − 𝑆 )

where St, S0 and Se are the phase scale factors of pyrrhotite, determined from Rietveld quantitative
phase analysis, at an arbitrary reaction time t, initially (t = t0), and at the end of the transformation
(Wang et al., 2005; Xia et al., 2007, 2009a, 2012). The Avrami-Erofeev equation can be rewritten as
the Sharp-Hancock equation (Hancock and Sharp, 1972; Lasaga, 1998):
(3.5)

ln[− ln(1 − 𝛼)] = 𝑛ln(𝑡 − 𝑡 ) + 𝑛ln𝑘

By plotting ln[-ln(1- α)] as a function of ln(t-t0) and carrying out a linear fit through the data
points, k and n were obtained from the intercept and slope of the linear fit.
3.3. Results
3.3.1. In situ PXRD hydrothermal experiments
The in situ PXRD experiments investigated the effect of fluid/rock ratio and ΣS(-II) concentration on
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the precipitation of pyrite and marcasite, from a supersaturated solution produced by pyrrhotite
dissolution (Table 3.2). The results are presented in Figure 3.3 and 3.4, showing in situ PXRD patterns,
temperature profile of the experiments, and the evolutions of phase abundance (pyrrhotite, marcasite,
and pyrite) and crystallite size (pyrite and marcasite) as a function of reaction time. The weight
percentages of the phases calculated from Equation 3.1 are used to show relative abundances of the
produced marcasite and pyrite, but cannot show the true evolution of the absolute phase abundances
due to the exchange of components between solids and solution during the dissolution and
precipitation processes. Hence, phase scale factors are used to show the evolution of absolute amount
of pyrrhotite, pyrite, and marcasite (Figs. 3.3 and 3.4). Note that silica powder in the glass capillary
is inert to the reaction as no iron silicates was observed according to PXRD results.
3.3.1.1. Effect of fluid/rock ratio
Two experiments were conducted at 210 ℃, pH 1.0, without added ΣS(-II), but at varying fluid/rock
ratios (F/R) of 70 (EXP-1) and 120 (EXP-2), achieved by using the same amount of fluid but varying
the amounts of pyrrhotite in the quartz glass capillary. Both experiments produced a combination of
pyrite and marcasite. Based on the phase evolutions of pyrrhotite, marcasite and pyrite, the reactions
can be generally divided into four steps (Fig. 3.3): (1) pyrrhotite dissolution, (II) pyrite/marcasite
nucleation, (III) fast precipitation of pyrite/marcasite by replacing pyrrhotite, and (IV) slow
precipitation of pyrite/marcasite via pyrrhotite replacement. The time taken by steps I and II is the
induction time (t0) for nucleation before the precipitation of pyrite/marcasite in step III and IV.
At F/R=70 (EXP-1, Fig. 3.3a-f), in step I, pyrrhotite phase scale factor dropped during heating
to 210 °C (Fig. 3.3c), suggesting that pyrrhotite dissolution started at ~90 °C. Dissolution continued
until temperature reached 210 °C. In step II, the pyrrhotite phase scale factors remained nearly
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constant (Fig. 3.3c), suggesting no further dissolution; the solution likely achieved supersaturation
with respect to pyrite/marcasite, but no pyrite or marcasite diffraction peaks were observed (Fig. 3.3a);
this step was the induction period for pyrite/marcasite nucleation, taking 32 min. In step III, the
pyrrhotite phase scale factors declined quickly (Fig. 3.3c), together with the simultaneous formation
of pyrite and marcasite (Fig. 3.3a); this step hence corresponds to fast replacement of pyrrhotite by
pyrite and marcasite. In step IV, pyrrhotite phase scale factor continued to drop, but at a much slower
pace than in step III (Fig. 3.3c); in this step, the amounts of marcasite remained relatively unchanged
(31 wt% at the end), while the amounts of pyrite continued to increase slowly from 25 wt% to 28 wt%
(Fig. 3.3e); pyrite crystallite size remained constant at 60 nm (Fig. 3.3f), while marcasite crystallite
size increased from 25 nm to 37 nm (Fig. 3.3f).
At a higher F/R of 120 (EXP-2), the induction time is 32 min, the same as at F/R=70, suggesting
insignificant influence of F/R to pyrrhotite dissolution rate. However, a few differences were
identified when compared to F/R=70 (EXP-1). Firstly, more pyrite than marcasite (58 wt% pyrite vs.
22 wt% marcasite, with pyrite/marcasite ≈ 2.6) was produced at F/R=120 (Fig. 3.3k) compared to
pyrite/marcasite ≈ 1.1 at F/R=70 (31 wt% pyrite vs. 28 wt% marcasite) (Fig. 3.3e). Secondly,
marcasite crystallite size was larger, reaching 85 nm at F/R=120 (Fig. 3.3l) compared to 37 nm at
F/R=70 (Fig. 3.3f); and pyrite crystallite size was smaller, 40 nm at F/R=120 (Fig. 3.3l) compared to
60 nm at F/R=70 (Fig. 3.3f).
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Figure 3.3. In situ PXRD results of the hydrothermal experiments at 210 ℃, pH=1.0, and no added S(-II) condition.
(a-f) F/R = 70 (EXP-1) and (g-l) F/R = 120 (EXP-2). (a, g) PXRD patterns (viewed down the intensity axis). (b, h)
Temperature profiles. (c and i) Scale factor of pyrrhotite. (d and j) Scale factor of pyrite and marcasite. (e, k) Relative
phase percentages of pyrite and marcasite. (f, l) Crystallite size of pyrite and marcasite. Error bars of the data points
are within the size of the symbols.
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3.3.1.2. Effect of ΣS(-II) (Fig. 3.4)
To study the effect of ΣS(-II), we conducted two experiments at 190 °C and pH 1.0, EXP-3 with no
added S(-II) species, and EXP-4 with 0.2 m ΣS(-II) added to the initial solution. The S(-II)-free
experiment (EXP-3) can be divided into five steps (Fig. 3.4c). Steps I and II are similar to EXP-1 and
EXP-2, but took longer time, 56 min. This suggests slower pyrrhotite dissolution and pyrite/marcasite
nucleation at lower temperatures. Note that the initial drop and then increase of pyrrhotite scale factor
in the first 12 min (Fig. 3.4c) are most likely due to sample movement as a result of heating, because
it is impossible to grow more pyrrhotite from this solution. In step III, pyrite/marcasite rapidly
precipitated (Fig. 3.4d), without further dissolution of pyrrhotite (Fig. 3.4c), indicating high
supersaturation of solution with respect to pyrite/marcasite. In step IV, further pyrite/marcasite
precipitation (Fig. 3.4d) required more dissolution of pyrrhotite (Fig. 3.4c) to supply the consumed
species in solution. Finally, in step V, pyrite/marcasite continued to grow at the expense of pyrrhotite,
but at a much slower rate than during steps III and IV (Fig. 3.4c, d). The crystallite size of both pyrite
and marcasite doubled with time, from 23 nm to 46 nm for pyrite, and from 10 nm to 21 nm for
marcasite (Fig. 3.4f).
After adding 0.2 m ΣS(-II) (EXP-4), the reaction was very different to the S(-II)-free experiment
(EXP-3), and it could be divided into three steps because the dissolution of pyrrhotite is not clear to
be separated. Firstly, the reaction was much quicker, with a very short induction time of only 16 min
(Fig. 3.4i, j), leading to pyrite precipitation at 160 °C, before ramping to the target temperature at
190 °C in step II (Fig. 3.4h, j). Secondly, pyrite was the only FeS2 phase in the presence of added
ΣS(-II) (Fig. 3.4j). Thirdly, pyrite crystallite size was 23 nm (Fig. 3.4l), only half of the pyrite size in
the ΣS(-II)-free experiment EXP-3 (Fig. 3.4f). Lastly, pyrite crystallite size increased gradually in the
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ΣS(-II)-free experiment (Fig. 3.4f), while pyrite crystallite size reached 20 nm at the onset of pyrite
precipitation and remained relatively unchanged in the rest 84 min in the ΣS(-II)-rich experiment (Fig.
3.4l).

Figure 3.4. In situ PXRD results of the hydrothermal experiments at 190 °C, pH=1.0. (a-f) no added S(-II), F/R =
40 (EXP-3), (g-l) 0.9 mM S(-II), F/R = 30 (EXP-4). (a, g) PXRD patterns (viewed down the intensity axis). (b, h)
Temperature profiles. (c, i) Scale factor of pyrrhotite. (d, j) Scale factor of pyrite and marcasite. (e, k) Relative phase
percentages of pyrite and marcasite. (f, l) Crystallite size of pyrite and marcasite. Error bars of the data points are
within the size of the symbols.
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3.3.2. In situ PXRD experiment on solid-state phase transformations
The S(-II)-free in situ PXRD experiments produced a mixture of pyrite and marcasite (EXP-1, EXP2, and EXP-3), but there was no evidence for the marcasite to pyrite phase transformation. This may
be because of the short experimental time for only up to 100 min, which may not be enough for the
low temperature phase transformation to progress to a noticeable reaction extent by PXRD. The phase
transformation may still occur either (1) at higher temperatures, or (2) after long reaction time. To
verify these hypotheses, we carried out another in situ PXRD experiment by heating the dried reaction
product from EXP-2 to 666 °C (10 °C min-1), and we also carried out long time experiments (up to
3360 h) by ex situ hydrothermal experiments (Section 3.3.3).
The results of the higher temperature in situ PXRD experiment are shown in Fig. 3.5. Marcasite
started to transform to pyrite at 416 °C and the transformation completed at 546 °C (Fig. 3.5d).
Following the completion of the marcasite to pyrite transformation, pyrite started its
transformation to orthorhombic pyrrhotite (1C) at 546 °C (Fig. 3.5c; Fig. 3.5d); the transformation
was complete at 606 °C. This pyrite to pyrrhotite transformation was reported earlier (Lambert et al.,
1998; Bhargava et al., 2009; Yao et al., 2020) and can be attributed to the decomposition of pyrite at
elevated temperatures:
FeS → FeS + (2 − x)S( ) (1 ≤ x ≤ 1.143)
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(3.6)

Figure 3.5. In situ PXRD results of heating/cooling experiment. The starting material was the product from EXP2. (a) PXRD patterns (viewed down the intensity axis). (b) Temperature profile. (c) Scale factor of monoclinic
pyrrhotite(4C), pyrrhotite(3C), and pyrrhotite(1C). (d) Scale factor of pyrite and marcasite. Error bars of the data
points are within the size of the symbols.
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Transformations between different pyrrhotite polymorphs were also observed in the in situ PXRD
experiments during heating and cooling (Fig. 3.5c). The starting monoclinic pyrrhotite (4C) was
transformed to trigonal pyrrhotite (3C) when temperature reached 326 ℃, and pyrrhotite (3C) was
subsequently transformed to hexagonal pyrrhotite (1C) when temperature reached 606 °C. This
hexagonal pyrrhotite remained stable when heated to 666 °C and transformed back to monoclinic
pyrrhotite (4C) during cooling at 326 °C, without the intermediate pyrrhotite (3C) phase. During
cooling, magnetite and hematite also formed, but only magnetite remained in the final product phase
at room temperature (Fig. 3.5a).
3.3.3. Ex situ hydrothermal experiments
The ex situ long duration hydrothermal experiments were conducted for up to 3360 h, under
conditions similar to the in situ PXRD experiment EXP-2, but using proportionally larger amounts of
pyrrhotite (1.3 g) and solution (17 mL) to allow ex situ PXRD characterization and more reliable
mass balance calculations. The absolute weight percentages (relative to the initial amount of
pyrrhotite) of the phases are calculated and shown in Table 3.3and Figure 3.6. The error came from
the standard deviation based on 3 repeated experiments of each condition. After 2 h, only 6.9±2.4 wt%
of the initial pyrrhotite remained, together with a mixture of pyrite (28.9±4.1 wt%) and marcasite
(9.9±2.0 wt%); this rapid pyrrhotite dissolution and replacement by pyrite and marcasite is
comparable to the in situ PXRD experiment EXP-2 after 100 min (Fig. 3.3k). After 24 h, pyrrhotite
was entirely dissolved; while the pyrite amounts increased slightly to 29.4±2.5 wt%, while marcasite
dropped slightly to 9.5±2.2 wt%. Hence between 2 and 24 h, the total absolute wt% of all phases
dropped by 6.7±2.0 wt% (from 45.6±1.7 wt% to 38.9±1.0 wt%), a quantity that is comparable the
pyrrhotite mass loss in this period (6.9±2.4 wt%). This means, it is not clear whether the increased
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amounts of pyrite were due to replacing pyrrhotite, or due to transforming marcasite. However, after
24 h, we observed a consistent increase in pyrite abundance, from 29.4±2.5 wt% at 24 h, to
30.7±3.3 wt% at 168 h, to 32.9±1.2 wt% at 504 h, and finally to 33.7±1.7 wt% after 3360 h; while
marcasite amount gradually decreased, from 9.5±2.2 wt% at 24 h, to 3.9±2.2 wt% at 168 h, to
1.7±0.9 wt% at 504 h, and finally to 0.5±0.4 wt% at 3360 h (Table 3.3; Fig. 3.6). It is worth noting
that one of the three experiments at 3360 h showed no marcasite. This suggests the replacement of
marcasite by pyrite. From 24 h to 168 h, the total wt% decreased from 38.9±1.0 wt% to 34.6±1.8 wt%,
suggesting that some marcasite/pyrite was dissolved in parallel to the transformation from marcasite
to pyrite. However, the total wt% remained unchanged from 168 h (34.6±1.8 wt%) to 504 h
(34.6±1.6 wt%) and to 3360 h (34.2±1.3 wt%) (Fig. 3.6), suggesting that the solution was in
equilibrium with FeS2, and consistent with the relative change of phase abundance of pyrite and
marcasite being due to the phase transformation from marcasite to pyrite.
Table 3.3. Reaction parameters and results of the ex situ experiments under hydrothermal conditions†

Experiment code

†All

Pyrrhotite

Pyrite

Marcasite

Total

(wt.%)*

(wt.%)*

(wt.%)*

(wt.%)*

6.9 ± 2.4

28.9 ± 4.1

9.9 ± 2.0

45.6 ± 1.7

Time (h)

ES-1

2

ES-2

24

29.4 ± 2.5

9.5 ± 2.2

38.9 ± 1.0

ES-3

168

30.7 ± 3.3

3.9 ± 2.2

34.6 ± 1.8

ES-4

504

32.9 ± 1.2

1.7 ± 0.9

34.6 ± 1.6

ES-5

3360

33.7±1.7

0.5±0.4

34.2±1.3

experiments were conducted at 210 °C, pH 1.0 (0.134 M HCl + 0.050 M KCl), and a fluid/rock (F/R) ratio of

130.
*Absolute

phase weight percentages against the amount of the starting pyrrhotite (100 wt%). Standard deviation is

calculated based on 3 repeated experiments.
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Figure 3.6. The evolution of absolute weight percentages of pyrrhotite, marcasite, pyrite, and total of the solid
products from the ex situ experiments.

3.4. Discussion
3.4.1. Saturation index controls hydrothermal precipitation of pyrite and marcasite
The in situ PXRD experiments with no added S(-II) (EXP-1, EXP-2, EXP-3) demonstrate that under
acidic hydrothermal conditions at pH 1, marcasite and pyrite can precipitate simultaneously (Figs. 3.3
and 3.4); while in S(-II)-rich hydrothermal fluids (EXP-4) pyrite was the only FeS2 polymorph
observed (Fig. 3.4). These results cannot be easily explained by the commonly accepted theory that
marcasite is preferably precipitated when pH is less than 5.0 (Murowchick and Barnes, 1986), because
the solutions pHs were all below pH 1.6 at the onset of pyrite/marcasite nucleation (Fig. 3.7). Our
results agree with the observations of an early ex situ experimental study under acidic conditions
similar to this study (Qian et al., 2011). The authors of the latter work proposed that level of
supersaturation plays a more important role than pH. Marcasite formed when saturation index was
low (<<1000), while pyrite was the main product when saturation index was high (>1000). This
explains our results. Pyrrhotite dissolution occurs during the first step in the reaction, gradually bring
the solution to approach saturation with respect to pyrrhotite. At this stage the solution was
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supersaturated with respect to FeS2 polymorphs, triggering their nucleation and growth (Figs. 3.3 and
3.4). Because the Fe/S ratio in pyrrhotite is ≤1, compared to 2 in pyrite and marcasite, adding S(-II)
in hydrothermal fluids equilibrated with pyrrhotite significantly increases the saturation index of FeS2,
hence favoring pyrite precipitation in EXP-4 (Fig. 3.4). For EXP-3, at the end of step I, the saturation
indices were log(Q/K)=4.12 for pyrite and log(Q/K)=3.63 for marcasite (Fig. 3.7c). For EXP-4, after
the induction period in step I, modelling showed higher saturation indices, log(Q/K)=5.24 for pyrite
and log(Q/K)=4.75 for marcasite (Fig. 3.7d).

Figure 3.7. Modelling results showing the evolution of mineral saturation indices and pH during progressive
dissolution of pyrrhotite in step I of the in situ PXRD experiments (see Figures 3 and 4). (a) EXP-1 (0.125 mg
pyrrhotite was dissolved in 28 μL solution at 210 °C). (b) EXP-2 (0.083 mg pyrrhotite was dissolved in 28 μL
solution at 210 °C). (c) EXP-3 (0.125 mg pyrrhotite was dissolved in 29 μL solution at 190 °C), and (d) EXP-4
(0.092 mg pyrrhotite was dissolved in 22 μL solution containing 0.2 m ΣS(-II) at 190 °C. The dissolved pyrrhotite
mass was calculated based on the drop of pyrrhotite phase scale factor (Figure 3c, 3i, 4c, 4i) and the initial pyrrhotite
mass in each experiment. Mineral precipitation was not allowed in these titration modelling.
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The control of hydrothermal precipitation of pyrite and marcasite by saturation index is also
evident from the dynamics of FeS2 precipitation, i.e., the time evolution of phase abundance and
crystallite size in the in situ PXRD experiments. Based on the classical nucleation and growth theory,
high saturation index favors fast nucleation and slow crystal growth; while low saturation index
inhibits nucleation but favors crystal growth. This is indeed observed in our experiments. The
precipitation of pyrite in the ΣS(-II)-rich experiment (EXP-4) is much quicker (16 min induction time;
Fig. 3.4d) than the precipitation of pyrite and marcasite in the ΣS(-II)-free experiment (EXP-3)
(56 min induction time; Fig. 3.4j). Also, the change in pyrite crystallite size as a function of reaction
time shows very strong contrast between EXP-3 and EXP-4. The initial sizes of pyrite crystallites
produced were similar (23 nm and 20 nm, respectively; Figs. 3.4f, 3.4l); the pyrite crystallite size
increased dramatically from 23 nm to 46 nm over 40 min in EXP-3 (Fig. 3.4f), but remained
relatively unchanged over twice the time (84 min) in EXP-4 (20 nm to 23 nm; Fig. 3.4l). This was
accompanied by an increase in the abundances of pyrite and marcasite in both EXP-3 and EXP-4 (Fig.
3.4d, j), suggesting that the increasing amounts of FeS2 were due to growth of the initially formed
nuclei at the low supersaturation state of EXP-3, but to the formation of new nuclei in EXP-4 as a
result of higher level of supersaturation.
The effect of fluid/rock ratio on precipitation dynamics can also be explained by saturation index.
At the end of step I, for EXP-1, the saturation indices were log(Q/K)=3.72 for pyrite and
log(Q/K)=3.21 for marcasite (Fig. 3.7a), and for EXP-2, saturation indices were log(Q/K)=2.74 for
pyrite and log(Q/K)=2.23 for marcasite (Fig. 3.7b). The lower saturation index in EXP-2 led to the
co-precipitation of pyrite and marcasite in step III via crystal growth, as demonstrated by the increases
in crystallite sizes from 22 nm to 37 nm for pyrite (Fig. 3.3l), and 55 nm to 70 nm for marcasite. The
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relatively high saturation index in EXP-1 led to marcasite addition via formation of new crystallites
rather than growth, as shown by the constant size (22 nm; Fig. 3.3f) despite rapid increase in
abundance (Fig. 3.3d). In contrast, pyrite was added via crystal growth during step III in EXP-1,
despite the high saturation index (crystallite size increase from 32 to 61 nm), suggesting higher
activation energy for nuclei formation of pyrite relative to marcasite under these conditions. We also
note that pyrite is more abundant than marcasite in EXP-2 (Fig. 3.3k), in apparent contradiction with
the theory that low supersaturation favors marcasite formation (Qian et al., 2011). A possible
explanation is that in EXP-2 the smaller size of the pyrite nuclei (22 nm) compared to the marcasite
nuclei (55 nm) means that pyrite nuclei had a higher surface area, hence resulting in rapid increase of
pyrite abundance compared to marcasite via crystal growth on initially formed nuclei (Fig. 3.3l).
The Avrami kinetic analyses of pyrrhotite dissolution from the onset of FeS2 precipitation are
shown in Fig. 3.8. The data points were from step III and IV in Figs. 3.3c, 3.3i, 3.4c, and step II and
III in Fig. 3.4i. In the ΣS(-II)-free experiments, a two reaction stages are apparent, while the ΣS(-II)rich experiment have a single reaction stage. The values of Avrami exponent (n) are higher in the ΣS(II)-free experiments than in the ΣS(-II)-rich experiment, and for the ΣS(-II)-free experiments n are
higher in the first stage than in the second stage. The value of Avrami exponent (n) relate to reaction
mechanism (Hulbert, 1969), but in the present study, interpretation is difficult because the Avrami
model was developed for solid-state reactions (Avrami, 1939), while our reactions involved
dissolution of pyrrhotite, and nucleation and crystal growth of FeS2, in hydrothermal fluids. However,
several studies have shown that Avrami exponents can still indicate switches in reaction mechanism
in such dissolution-precipitation processes, although the exact mechanism cannot be inferred (Dri et
al., 2013; Khamel et al., 2017; Fournier et al., 2018). Hence, different mechanisms operated in the
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ΣS(-II)-rich and ΣS(-II)-free experiments, and in the first and second stages in the ΣS(-II)-free
experiments. Because the transformation from pyrrhotite to pyrite and marcasite is an interface
coupled dissolution-reprecipitation reaction, as demonstrated in a previous study (Qian et al., 2011),
the low n values in the second stage of the ΣS(-II)-free experiments and in the ΣS(-II)-rich experiment
may indicate diffusion control on pyrrhotite dissolution due to the reducing permeability of the
precipitating products layer on the shrinking pyrrhotite core surface. This reduces the mass transfer
capability between the bulk fluids and the FeS2/pyrrhotite interface.

Figure 3.8. Avrami plots showing the kinetic results of the in situ PXRD experiments. (a) EXP-1, (b) EXP-2, (c)
EXP-3, and (d) EXP-4.
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3.4.2. The rapid transformation of marcasite to pyrite under hydrothermal conditions
The ex situ experiments in this study demonstrate rapid transformation from marcasite to pyrite in
acidic hydrothermal fluids at 210 °C. Around 83% marcasite (from 9.9±2.0 wt% to 1.7±0.9 wt%) was
transformed to pyrite in just 3 weeks, and nearly all marcasite (95%) was transformed to pyrite after
20 weeks (Table 3.3; Fig. 3.6). These results suggest that marcasite cannot survive over geological
time under such conditions. This is in stark contrast with the conclusions of the early kinetic studies
of the marcasite to pyrite transformation (Lennie and Vaughan, 1992; Murowchick, 1992; Yao et al.,
2020), that the marcasite to pyrite transformation is extremely slow at below 300 °C, and that
marcasite can survive over geological time at below 300 °C (Lennie and Vaughan, 1992).
Extrapolations based on the kinetic parameters obtained in these studies suggest that achieving 95%
transformation at 210 °C requires 6.3 million years (Lennie and Vaughan, 1992), or 10.6 trillion years
(Yao et al., 2020). The contrasting results suggest that the mechanism of the marcasite to pyrite
transformation under hydrothermal conditions is different to the mechanism under dry condition.
Recently, Yao et al. 2020 demonstrated the catalytic role of water vapor on the transformation at the
temperature range of 400-540 °C (Yao et al., 2020). The catalytic role of water in mineral phase
transformation has also been reported in copper iron sulfides (Zhao et al., 2017) and in silicate
minerals (Milke et al., 2013). While the catalytic role of hydrothermal fluids on the marcasite to pyrite
transformation requires further detailed studies, it is likely that the rapid transformation is due to
coupled dissolution-reprecipitation (CDR) mineral replacement reactions rather than solid-state
transformation. This is because at low temperatures CDR is much faster than solid-state reactions, as
has been demonstrated in numerous hydrothermal mineral phase transformations, in sulfides (Xia et
al., 2009a; Li et al., 2020; Kartal et al.,2020; Nikkhou et al., 2019, 2020b, 2020c, 2021; Zhang et al.,
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2020, 2021; Adegoke et al., 2021; Brugger et al., 2010), tellurides (Zhao et al., 2009, 2010, 2013),
phosphates (Harlov et al., 2005; Kusebauch et al., 2015), carbonates (Perdikouri et al., 2011;
Etschmann et al., 2014; Weber et al., 2019; Duan et al., 2021; Knorsch et al., 2020), oxides (Janssen
et al., 2010; Zhao et al., 2019; Xing et al. 2021), and silicates (Hovelmann et al., 2010; MonasterioGuillot et al., 2021; Xia et al., 2009b).
Fast hydrothermal transformation of marcasite to pyrite is supported by the observations of some
natural deposits. For example, in the giant Jinding (Mesozoic-Cenozoic Lanping Basin, southern
China) hydrothermal Zn-Pb deposit (80-190 °C; near neutral pH), pyrite abundance increased
gradually at the expense of marcasite through three stages of mineralization; only pyrite was observed
in stage 3, when the highest temperatures were reached (Wang et al., 2018). In the Dongyang
epithermal (172-217 °C; near-neutral pH) gold deposits (southeast China), marcasite was only
observed in the pre-ore stage, while pyrite was observed in all stages (Li et al., 2018a; Zhang et al.,
2018).
It is worth noting that the rate of marcasite to pyrite transformation can be significantly
influenced by particle size and the presence/absence of pyrite seeds. From the in situ PXRD heating
experiment under dry condition, the onset temperature for the marcasite to pyrite transformation was
416 °C (Fig. 3.5), which is similar to a recent study showing the transformation from marcasite to
pyrite within 15 min at 450 °C (Moon et al., 2020). In contrast, Yao et al. (2020) reported a transition
temperature at 550 °C under in situ PXRD conditions identical to the present study. A relatively pure
marcasite phase consisting of 99.6 wt% marcasite and 0.4 wt% pyrite was used by Yao et al. (2020),
instead of a mixture of pyrite (58 wt%), marcasite (25 wt%), and pyrrhotite (17 wt%), in our study.
Also, Yao et al. 2020 used crushed particles of <38 μm from a coarse-grained marcasite specimen
88

(Yao et al. 2020), while in our study, marcasite crystals were very small, only 85 nm (Fig. 3.2l),
comparable to the 120 nm particle size used by Moon et al. (Moon et al. 2020). Hence, the difference
in reaction temperature can be explained by the negative correlation between particle size and reaction
rate when the starting material contains a significant amount of pyrite seeds (Yao et al., 2020). The
marcasite to pyrite phase transformation may proceed to completion within hours at about 400 °C, if
the particle size is very small (nanoscale) in the presence of pyrite seeds. In our case, the particle size
is no larger than 90 nm of marcasite and no larger than 40 nm of pyrite.
3.4.3. The solid-state transformations amongst pyrrhotite phases
Pyrrhotite has many superstructures that are stable over various temperature ranges (Wang et al.,
2006). In our in situ PXRD heating/cooling experiment (Fig. 3.5), the observed sequential transitions
from pyrrhotite (4C) to pyrrhotite (3C) and then to pyrrhotite (1C) during heating, and pyrrhotite (1C)
to pyrrhotite (4C) during cooling are generally in agreement with the reported phase diagrams
(Nakazawa and Morimoto, 1970; Francis and Craig, 1976). The major difference is that we observed
higher transition temperatures than the phase diagrams. During heating, the pyrrhotite (4C) to
pyrrhotite (3C) transition occurred at 326 °C in our study, compared to 240 to 262 °C in the phase
diagrams (Kissin and Scott, 1982; Li and Franzen, 1996); pyrrhotite (3C) then transformed to
pyrrhotite (1C) at 596 °C in our study, much higher than 308 °C in the phase diagram (Wang et al.,
2006). During cooling, pyrrhotite (1C) transformed to pyrrhotite (4C) at 326 °C, higher than 250 °C
in the phase diagram (Wang et al., 2006). The discrepancies are because phase diagrams were
generally obtained from isothermal experiments under (near-)equilibrium conditions, while our
experiments are non-isothermal with a relatively fast heating/cooling rate of 10 °C min-1. These
differences between equilibrium and dynamic transition temperatures are consistent with an early in
89

situ neutron diffraction, in which pyrrhotite was heated from 25 to 500 °C with a rate of 5 ℃ min-1
(Powell et al., 2004). They reported that pyrrhotite (4C) transformed to pyrrhotite (1C) at 320 °C,
similar to our results. The discrepancies between our transition temperatures and those in the phase
diagram mean that phase transitions amongst pyrrhotite superstructures are not instant at transition
temperatures. The huge difference (D=288 °C) in transition temperature for the pyrrhotite (3C) to
pyrrhotite (1C) transition suggests slow transition, while the slight difference for the pyrrhotite (1C)
to pyrrhotite (4C) transition suggests rapid transition (i.e., lower activation energy).
3.5. Conclusions
This study contributes to a clearer understanding of the controls on the precipitation dynamics of
pyrite and marcasite under acidic hydrothermal conditions, and the kinetics of the marcasite to pyrite
transformation. The in situ PXRD experiments at 190 °C show the importance of saturation index in
controlling precipitation dynamics and phase selection between pyrite and marcasite. FeS2
polymorphs are highly oversaturated in hydrothermal fluids rich in σS(-II) (0.2 m), which suppresses
the formation of marcasite, resulting in the exclusive formation of nanocrystal pyrite (23 nm). In
contrast, hydrothermal fluids with no added S(-II) reach lower saturation indices upon pyrrhotite
dissolution, leading to the precipitation of a mixture of pyrite and marcasite nanocrystals (21-46 nm).
Fluid/rock ratio (70 and 120 g/g at 210 °C) also can affect the saturation index of the fluids, resulting
in complex nucleation and crystal growth dynamics and therefore affecting the evolution of crystallite
size, phase abundance, and pyrite/marcasite ratio. Ex situ hydrothermal experiments at 210 °C show
rapid transformation from marcasite to pyrite; around 95% marcasite was transformed to pyrite in 20
weeks, compared to more than 6.3 million years based on the kinetic models obtained from previous
experiments under dry conditions. These results suggest that the saturation index influences
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hydrothermal precipitation dynamics, and controls the phase selection between pyrite and marcasite,
and that marcasite may not survive over geological time scale at low temperatures (<200 °C) where
aqueous fluids are present.
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Chapter 4
Impact of sulfur source on speciation of As and
morphology of concentrically zoned pyrite
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Abstract
Concentrically zoned arsenian pyrite was formed by interaction of pyrite with As-bearing fluids
during experiments under hydrothermal conditions (T = 200 ℃, pH = 7, around 2 wt. % NaCl, and
anoxic condition). Cationic sources of As such as As4S4 (realgar), As2S3 (orpiment), and As2O3
(arsenolite) were used in the experiments. No other phases but pyrite was detected in the product
using synchrotron powder X-ray diffraction. The distribution and concentrations of As in pyrite, as
well as the morphology of the zoning changed as a function of the sulfur source; i.e., native sulfur
versus Na2S2O3. For experiments with native sulfur, up to four concentric alternate zones of As-pyrite
(first zone on pyrite seed) and As-free pyrite formed. For experiments with thiosulfate, an aggregate
of concentrically zoned pyrite microparticles (~1 µm) precipitated on the surface of pyrite seed. The
maximum concentration of As when detected by electron probe micro-analysis (EPMA) was 4.3
wt. %. However, the energy-dispersive spectroscopy analyses (EDS) using transmission electron
microscopy (TEM) analyses showed up to 5.8 wt. % of As. High resolution TEM (HRTEM) and
selected area electron diffraction (SAED) pattern combined with electron backscatter diffraction
(EBSD) analyses documented epitaxial growth of As-pyrite on pyrite seed in the presence of native
sulfur and aggregation of randomly oriented aggregates of pyrite microparticles in the presence of
thiosulfate. High angle annular dark field scanning TEM (HAADF-STEM), HRTEM observations,
and EDS mapping showed a sharp boundary and trails of pores between the pyrite seed and the
product and between the growth zones. In the presence of native sulfur, the thickness of the As-pyrite
growth zones is ~50 nm, while the subsequently formed growth zones of “barren” pyrite are ~5000
nm thick. X-ray absorption near edge structure (XANES) analyses revealed that speciation of As in
pyrite depends on the S-source: (i) anionic As(-I) substitutes for S in pyrite as As2 pair when native S
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was used, and (ii) cationic As(II)/As(III) substitutes for Fe when thiosulfate was used. Our
experimental shows that the incorporation of As into pyrite and formation and morphology of pyrite
growth zones is controlled by the oxidation state of sulfur in the fluid phase.
4.1. Introduction
Pyrite (cubic FeS2) is a common mineral found in number of geological environments (Murowchick,
1992), including extraterrestrial locations (Vaniman et al., 2014). Pyrite is particularly important in
ore deposit research due to that it can host considerable amount of trace elements and is closely
connected with the formation of gold deposits (e.g. Einaudi et al., 2003; Sillitoe and Hedenquist, 2003;
Large et al., 2007; Stromberg et al., 2019). The ability of pyrite to host Au is geochemically coupled
with As (Reich et al., 2005; Reich and Becker, 2006; Rickard and Luther, 2007; Deditius et al., 2009a;
Deditius et al., 2014). The empirical solid solubility of Au in As-pyrite is CAu = 0.02 × CAs + 4 ×105

mol% in a range of temperature between 150 and 250 ºC characteristic for Carlin-type and

epithermal Au deposit (Reich et al., 2005), and can be applied in extended temperatures from 100 to
300 ºC. The solid solubility limit of Au in arsenian pyrite as a function of temperature was also
proposed (Deditius et al., 2014).
Concentrically zoned arsenian pyrite is common (Shore and Fowler, 1996; Deditius et al., 2008).
The formation of concentric zoning of alternate As-rich and As-poor zones was assigned to the
changes in the fluid composition (Deditius et al., 2008). Commonly, the growth zones are arranged
in concentric As-rich and As-poor zones (Chouinard et al. 2005; Franchini et al., 2015; Large et al.
2009) or spongy porous aggregates of spheroidal particles (Deditius et al., 2008; Maslennikov et al.,
2009; Muntean et al., 2011; Genna and Gaboury, 2015) deposited on barren pyrite cores. For instance,
Muntean et al. (2011) investigated Carlin-type gold deposits (CTGDs) in northern Nevada and noticed
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a pre-ore core (As-poor) and a spongy ore-stage rim (As-rich), and the As-pyrite aggregates deposited
on the “barren” pyrite. The As-growth zonation on barren pyrite can form multiple layers with As
heterogeneously distributed in 5 microns thick zones (Barker et al., 2009). The LA-ICP-MS mapping
of spongy pyrite revealed aggregation of smaller grains with individual maxima for As-concentrations
(Large et al., 2009). Stromberg et al. (2019) studied pyrite mineralization of the Dome mine in Canada.
They noticed central anhedral cores of pyrite with As-mantle and subsequently formed euhedral pyrite
overgrowth. In addition, the oscillation sometimes can also be seen in single grains or in the pyrite
oolites (Pacevski et al., 2012; Tardani et al., 2017; Wu et al., 2019). Besides, Shore and Fowler (1996)
reported a regular concentric zoning rather than oscillatory. The concentrically zoned As-pyrite with
a possible cationic substitution in unusually oxidizing conditions has been observed at Pascua highsulfidation epithermal deposit (Cline et al., 2005; Chouinard et al., 2005). After the incorporation of
As, pyrite can develop framboidal texture, which is not well known or characterized (Scott et al.,
2009), and the ore stage pyrite can intergrow with realgar and orpiment (Cline, 2001).
The textures formation has been studied a lot and several controlling mechanisms have been
proposed. Firstly, the differences in textures can be due to separation of the fluid into different
packages. For instance, Putnis et al. (1992) simulated crystal growth in a flow fluid under
microgravity conditions and observed that oscillatory zoning in minerals growing from the fluid with
minimal diffusion of the constituent elements. The trails of inclusions have also been assumed to
mark the growth zoning in plagioclase (Allégre et al., 1981). Watson (1996) noticed that the surface
enrichment Ti could be responsible for phenomena such as sector zoning in clinopyroxene. He
concluded that lattice diffusivities causing trace elements entrapment during crystal growth are
insignificant to cause diffusive removal of the foreign atoms (i.e., other than Fe and S) from the
pyrite/mineral lattice. In addition, oxidation of fluid has been considered as one of the processes
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responsible for the observed lower 34S/32S values in Au-enriched spongy pyrite (Valásquez et al., 2014;
Agangi et al., 2013, 2015). Peterson and Mavrogenes (2014) studied the oxidized source of magma
based on the S-isotope analyses of oscillatory zones As-pyrite, and porosity has been found on the
surface of pyrite core and within the layers of As-pyrite. Besides, the sequential precipitation of zoned
As-pyrite associated with marcasite is believed to be another factor (Franchini et al., 2015). In
addition to the extrinsic mechanisms that explain the diverse zoning pattern, intrinsic mechanisms
can also lead to the formation of zoning in the minerals. For example, the role of surface structure on
the incorporation of trace elements has been confirmed to act as a major mechanistic control, such as
in apatite group (Rakovan and Reeder, 1994), in topaz (Northrup and Reeder, 1994), and in fluorite
(Bosze and Rakovan, 2002). In the study of pyrite of Pascua epithermal high-sulfidation deposit in
Chile-Argentina, it has also been observed that As corporation was favoured on pyrite {110} and {111}
faces, and the growth on both faces occurs parallel to the isometric crystallographic axes step by step
and form As-zonings (Chouinard et al., 2015). Besides, micron- to atomic-scale distribution and
zoning patterns of As in pyrite has been recorded in Daqiao epizonal orogenic Au deposit in China,
and this could be explained by a combination kinetic effects including crystal surface structure effect
(Wu et al., 2019a). Furthermore, based on the observation of fine oscillations and sector zones of As
characterized on euhedral cores of cement pyrite of Daqiao deposit, the dominant controlling
mechanism was reported to be local kinetic effect (Wu et al., 2021). The extrinsic mechanism
resulting in the As-zoning can also be supported by numerical modelling which suggests that
centimetre-scale oscillatory zones could be controlled by local kinetic effects (Wang et al., 2009).
In spite of these early results, the process responsible for the formation of concentric zoning and
aggregates of spongy, particulate As-pyrite are not revealed. The circulation of fluids in Earth’s crust
is crucial for mass and heat transportation associated with ore formation (Plumper et al., 2017), as a
97

result, the establishment of the processes that occur at the evolving mineral-fluid interface, and an
interpretation about compositional information stored in the minerals is required.
Framboidal pyrite formation has attracted a lot of attentions because they are the most common
pyrite texture in many sedimentary environments, including ore deposits and mine tailings (Stene,
1979; Butler and Rickard, 2000; Paktunc and Dave, 2002). The term ‘framboidal pyrite’ was firstly
used by Rust (1935) to characterize raspberry-like morphology. Commonly, framboidal means highly
ordered 3D arrays of close packed microcrystals (Love and Amstutz, 1966). Framboidal may also
uncover rapid growth related features such as skeletal form (Butler, 1994). The formation process
was defined as a pyrite aggregate morphology developed from irregular nonspherical to spherical
aggregates (Wilkin and Barnes, 1997). It has been proposed that chemical microenvironment is
important to framboidal pyrite formation in nature, and framboidal pyrite are expected to form in
close association with bacteria (Donald and Southam, 1999). Besides, the inorganic syntheses of
framboids have also been successful in the laboratory experiments. At elevated temperatures (60-85 ℃
to 150-350 ℃), well developed framboids have been produced and are considered analogous to
natural framboids (Sweeney and Kaplan, 1973; Graham and Ohmoto, 1994). Earlier study reported
that due to the fine crystallite size, PXRD patterns of framboidal pyrite were greatly broadened while
four principal peaks of pyrite were all included (Berner, 1969). In addition, chemical scanning
transmission electron microscope showed the distribution of element in framboidal pyrite. The
incorporated As tended to enrich in the rim of individual grain (Wacey et al., 2015).
Because of the various valence for arsenic (As(-I), As(0), As(II), As(III), and As(V)), the As
substitution in the arsenian pyrite has become one of the research target. It has been analyzed that
arsenopyrite-like clusters have been noticed in oscillatory zoned As-pyrite from Bolivia (up to 1.14
wt. % of As) among other samples (Manceau et al., 2020). Based on the extended X-ray absorption
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fine structure (EXAFS) and modelling results, As tends to cluster in the second S shell and As may
form arsenopyrite-like clusters. Besides, nominal As(-I) oxidation state of arsenic substituting for S
in pyrite has been reported in Manceau et al. 2020 and other investigations (Savage et al., 2000;
Paktunc at al., 2003; Le Pape et al., 2017; Merkulova et al., 2019). In addition, Qian et al. (2013)
using X-ray absorption near edge spectroscopy (XANES) and X-ray photoelectron spectroscopy
(XPS) identified As2+ substituting for Fe (up to 23.8 wt.%) in As-pyrite during replacement of
magnetite at 125 and 220 °C and under anoxic condition. Besides, As(III) and As(0) incorporated into
pyrite have also been observed in some natural deposits (Deditius et al., 2008; Deditius et al., 2009b).
Pyrite has been extensively investigated under various experimental conditions (Qian et al., 2011;
Deditius et al., 2014; Kitchaev and Ceder, 2016). Fewer experiments focused on the synthesis of
arsenian pyrite. The mechanisms of pyrite nucleation depend on the S-species in the fluid (S-sources)
and result in distinct morphology: (1) roughly spherical aggregates composed of ~0.1 μm-sized
particles; (2) poorly developed 1-2 μm-sized octahedral grains; and (3) larger (<7 μm) spherical
aggregates resembling natural framboids (Wilkin and Barnes, 1996). Murowchick and Barnes (1986)
studied the irregular grain shapes and suggested precipitation from supersaturated conditions.
Increasing degree of supersaturation produces skeletal and dendritic habits of pyrite and arsenic
sorption can inhibit the transformation of iron sulfide to pyrite (Wolthers et al., 2007). Fleet and
Mumin (1997) synthesized As-pyrite (9.3 wt.% of As) and As-marcasite (16.5 wt.% of As), with As
substituting for S(-I). They used S and AsS phase as the source and conducted the experiments at 310
and 405 °C, 1.4 and 1.5 kbar, respectively. Le Pape et al. (2018) synthesized As-pyrite with As
substitution for S and for Fe in the same sample. A better fit of the calculation with experimental data
was observed by combination of As substituting for Fe, As for S, As-As pair for Fe-S and amorphousAs2S3 at 25 °C and 110 °C. Kusebauch et al. (2018) synthesized As-pyrite (max 8 wt. % of As) via
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replacement of siderite using H2S-bearing fluid under conditions relevant for Carlin-type gold
deposits. Based on the negative correlations between As and S, As was found as an trace element and
incorporated into pyrite lattice in the experiments where the concentration of As was 50-100 ppm.
The authors concluded that 75% of As substituted for S as As(-I), and higher concentrations of As (>4
mol%) resulted in the mixed incorporation of As with ~25% being incorporated as a cationic species.
The calculated partitioning coefficients vary from 300-1700 and depend on the concentration of As
in the hydrothermal fluid; i.e., the higher the concentration of As in the fluid the lower the partitioning
coefficient. Besides, increasing duration of the experiment led to the recrystallization of pyrite and
formation of euhedral crystals. No As-zonation was observed. Furthermore, the partitioning of Au
between fluid and pyrite depends on the As-concentration with the higher values for As-rich pyrite
(Kusebauch et al., 2019). Yet, no experimental results exist that would specifically targeted formation
of the As-oscillatory zoning on pyrite seed.
This present study reports for the first-time successful synthesis of the concentrically zoned
arsenian pyrite on pyrite seed under hydrothermal anoxic conditions. The experiments were
conducted at 200 ℃, H2S-rich, and salinity <6 wt.% of NaCl equiv, which is similar with the ore
formation of CTGDs (Emsbo et al., 2003; Large et al., 2007). We aim to assess the conditions of the
growth zoning formation into As-pyrite from various As-sources and see if As-S phases are forming.
We discuss the influence of S- and As-source on the formation of growth zones, distribution and
oxidation state of As in pyrite. Here, we show that framboidal-like pyrite may develop on the euhedral
pyrite depending on the speciation of sulfur, and we observed the individual grains of pyrite
surrounded by As-rich layers.
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4.2. Materials and methods
4.2.1. Materials
An euhedral pyrite cube from Navajun Mine in Spain was used as seed. The cube was crushed, sieved
into grain size (150-355 μm), and ultrasonic cleaned using deionized water. Based on electron probe
microanalysis (EPMA) (n = 20), the chemical composition of pyrite is FeS2.03, with traces of Ni (~466
ppm) and Cu (~168 ppm) (Table 4.1).
The chemical used including NaH2PO4 ( 99.0%, Chem-Supply), Na2HPO4 ( 99.0%, ChemSupply), NaCl ( 99.7%, Chem-Supply), Fe(NH4)2(SO4)2·6H2O ( 98.5%, Merck), NaHS (SigmaAldrich), and Na2S2O3·5H2O ( 99.0%, BOH Chemicals).
The pH buffer solution was set at pH 7 by mixing 0.0347 M NaH2PO4, 0.0652 M Na2HPO4, and
0.6 M NaCl. The buffer was prepared in Milli-Q water and measured at room temperature. The pH
value measurements were performed by using a pH meter (EUTECH INSTRUMENTS, pH 2700).
Calibrations of the instrument were carried out using the standard buffer solutions: pH=4.01
(potassium hydrogen phthalate), pH=7.00 (potassium dihydrogen phosphate and Di sodium hydrogen
phosphate), and pH=10.00 (sodium tetraborate and sodium hydroxide).
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Table 4.1. EPMA analyses (wt.%) of starting pyrite.

Element

Detection limit

Starting pyrite (n = 20)

S

0.005

53.89 (53.72 – 54.19)

As

0.011

bdl

Sb

0.009

bdl

Fe

0.010

46.39 (46.19 – 46.67)

Se

0.021

bdl

Au

0.030

bdl

Te

0.009

bdl

Cu

0.007

0.02 (0.01 – 0.02)

Pb

0.013

bdl

Ni

0.006

0.05 (0.01– 0.11)

Co

0.003

bdl

Ag

0.007

bdl

Hg

0.015

bdl

Zn

0.009

bdl

Mn

0.006

bdl

Total

100.35
bdl: below detection limit.

4.2.2. Hydrothermal synthesis
Six reactions were performed in the polytetrafluoroethylene (PTFE)-lined stainless-steel autoclaves
(25 mL). The experimental conditions are summarized in Table 4.2. The amount of starting pyrite
was 0.15 g. The anoxic conditions of the buffer were done by bubbling high-purity N2 for 70 mins at
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the flow rate of 15 mL s-1, following the reported method (Butler, 1994). The combination of chemical
and buffer was done in the glove box with 99.85 % of N2. The procedure was repeated prior the start
of each the experiment. The solid sample and the buffer were loaded into reactor following a method
by Wilkin and Barnes (1996). This is: (i) pyrite seeds were loaded first; (ii) 17 mL buffer was
transferred into the reactor; (iii) 0.667 g Fe(NH4)2(SO4)2·6H2O was added and the solution was stirred;
(iv) 0.095 g NaHS was added; (v) finally, we added the chemicals to establish an As-rich condition
(mixture of sulfur/Na2S2O3·5H2O and As-minerals) or As-free condition (only sulfur/Na2S2O3·5H2O).
Native S (0.065 g) or Na2S2O3·5H2O (0.506 g) were used as the source of sulfur for newly formed
pyrite. Three different sources of As were used: 0.024 g of arsenolite (As2O3), or 0.06 g of realgar
(As4S4), or 0.06 g of orpiment (As2S3). The reactors were sealed in the glove box and tighten up
before placing in the pre-heated oven at 200 °C.
To produce oscillatory zoning of As-pyrite, the samples were exposed to As-rich and As-free
solution twice each (4 cycles in total). Each cycle was conducted for 14 days, and after each cycle the
samples were removed from the reactor, washed carefully and separate smaller grains (< 38 μm) out.
The solids were analyzed by powder X-ray diffraction (PXRD) and microscopic methods. Because
our experiments were conducted at the constant temperature, the concentric zoning was a result of
changes in the fluid composition.
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Table 4.2. Experimental condition and the parameters of the newly-formed As-pyrite†.

Experiment

pH*

code

Native

Na2S2O3

Source

As in starting

As-

a††

Crystal size††

S (g)

5H2O (g)

of As

solution

pyrite††

(Å)

(nm)

(ppm)

(wt. %)

Pyonpy017

7

0.065

As2O3

1069

22.9

5.429

49.2

Pyonpy018

7

0.065

As4S4

2474

35.8

5.430

35.1

Pyonpy019

7

0.065

As2S3

2152

42.5

5.431

42.2

Pyonpy020

7

0.506

As2O3

1069

25.9

5.428

44.7

Pyonpy021

7

0.506

As4S4

2474

33.2

5.427

42.9

Pyonpy022

7

0.506

As2S3

2152

33.6

5.427

43.2

* Buffer:
†

0.0347 M NaH2PO4+ 0.0652 M Na2HPO4 + 0.6 M NaCl

Only show the parameter of the As-rich condition establishment. Each experiment is conducted at 200 °C, under

anoxic condition, the volume of the solution is 17 ml. The starting solution: 0.1 M NaHS + 0.1 M
Fe(NH4)2(SO4)26H2O
†† The

mass fraction, unit cell parameter, and crystallite size of arsenian pyrite were obtained by Rietveld analysis

of the PXRD patterns of the products.

4.2.3. PXRD analysis and quantification
The PXRD analysis of the starting material and the run products were carried out at the powder
diffraction beamline at the Australian Synchrotron in Melbourne, Australia, using an X-ray energy of
21 keV (λ=0.5904 Å). The detector zero and instrument peak profile were calibrated using a LaB6
standard (NIST SRM 660b). Quantification of the PXRD patterns of the products were performed by
sequential Rietveld analysis using TOPAS v6 designed by Coelho Software. In the refinements, the
background was modelled using a 5th order polynomial function. The peaks were modelled by the
sums of Gaussians and Lorentzians functions. The starting crystal structure of pyrite was from the
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inorganic crystal structure database (ICSD) database (#55699) (Wu et al., 2004). No other peaks but
these of pyrite were detected in the starting mineral sample. The product consisted of either composite
grains containing pyrite seed coated with newly formed As-pyrite or particles of As-pyrite only. The
content of newly formed As-pyrite in composite particles was obtained based on the analyses of
calculated cell parameters for pyrite seed and particles containing As-pyrite, only, oscillatory zoning
marks the replenishment of the system by introduction of the next portion of the fluid.
4.2.4. Scanning electron microscopy (SEM)
Scanning electron microscope (SEM) images were obtained on a FEI Verios XHR SEM equipped
with 80 mm2 Oxford Instruments X-Max SDD EDX detector for microanalysis, located at the Centre
for Microscopy, Characterization and Analysis (CMCA) in the University of Western Australia.
Polished cross sections of newly-growth pyrite grains were imaged under backscattered electron
(BSE) mode. The polished surface was cleaned and coated with a thin film of carbon. BSE images
were collected using an acceleration voltage of 10 kV. The energy dispersive X-ray spectroscopy
(EDS) were collected using an acceleration voltage of 15 kV and fully focused beam and an
acquisition time of 120 seconds.
4.2.5. Electron probe microanalysis (EPMA)
Electron probe microanalysis (EPMA) of the starting pyrite and the product were carried out using a
field-emission JEOL 8530F hyperprobe at the Centre for Microscopy, Characterization and Analysis
(CMCA) at the University of Western Australia. The analyses for the starting pyrite were undertaken
using a take-off angle of 40 °, an accelerating voltage of 20 kV, and a beam current of 20 nA. X-ray
lines, analysing crystals, counting time, and standards used for each element were: S Kα (PETL, 20
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s, pyrite), As Kα (TAPL, 20 s, indium arsenide), Fe Kα (LIFL, 20 s, Fe metal), Au Lα (LIFL, 60 s,
Au metal), Pb Mα (PETL, 60 s, galena), Cu Kα (LIFL, 60 s, Cu metal), Co Kα (LIFL, 60 s, Co metal),
Se Lα (TAPL, 60 s, Se metal), Ni Kα (LIFL, 60 s, Ni metal), Ag Lα (PETL, 60 s, Ag metal), Sb Lα
(PETL, 60 s, Sb metal), Te Lα (PETL, 60 s, coloradoite), Hg Mα (PETL, 60 s, coloradoite), Zn Kα
(LIFL, 60 s, sphalerite), and Mn Kα (LIFL, 60 s, Mn metal) (Table 4.1). Detection limits ranged from
0.007 wt. % for Sb to 0.046 wt. % for Au. The same conditions were applied during single point
analyses of the products and included Fe, S, and As. The EPMA elemental mapping for all batches of
the product were undertaken using a take-off angle of 40°, an accelerating voltage of 20 kV, and a
beam current of 20 nA. X-ray lines, analysing crystals, counting time, and standards used for each
element were: S Kα (PETL, 20 s, pyrite), As Kα (TAPL, 50 s, indium arsenide), and Fe Kα (LIFL, 20
s, Fe metal). Mean atomic number 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). The Program CalcImage v.12.6.2 was
used for the data analysis.
4.2.6. Electron backscatter diffraction (EBSD)
Backscattered

Electron

Imaging

(BSE)

and Electron

Backscattered

Diffraction

(EBSD) were conducted with a FEI Quanta 3D Field Emission Scanning Electron Microscope
(FESEM) at the Monash Centre of Electron Microscope (MCEM), Monash University, Australia.
Samples for BSE imaging and EBSD were embedded in epoxy resin, polished, and then coated with
thin carbon film (2-4 nm). The accelerating voltage for BSE was maintained at 15 kV. EBSD patterns
were collected at 15 kV, 11 nA with TSL OIM EBSD system. EBSD data was analyzed using TSLOIM 8 software and Matlab MTEX toolbox. The Confidence Index (CI) was set to be >0.15 for
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effective removal of low-quality data points. Crystallographic data for pyrite and marcasite were
taken from the American Mineralogist Crystal Structure Database (AMCSD).
4.2.7. Transmission Electron Microscope (TEM)
The FIB cross-section samples were prepared at CMCA in UWA. A dual-beam FIB-SEM system (FEI
Helios NanoLab G3 CX) was used to prepare ultrathin TEM wafers from the resin-embedded polished
thin sections coated with ~20 nm of gold. Electron beam imaging within the dual-beam FIB was used
to identify previously mapped microstructures of interest in the thin sections allowing site-specific
TEM samples to be prepared. The TEM sections were prepared by a series of steps involving different
ion beam energies (2-30 kV) and currents (40 pA-21 nA) after initial thinning to ~1 μm. The wafers
were extracted using an in situ Tungsten micromanipulator and welded onto PELCO FIB-lift-out Cu
TEM grids. Final thinning to ~150 nm was then done in situ on the grid using lower beam currents.
High Angle Annular Dark Field Scanning Transmission Electron Microscopy (HAADF-STEM)
imaging and element mapping were carried out using a FEI Titan G2 80-200 TEM/STEM with
ChemiSTEM Technology operating at 200 kV. The element maps (S, Fe, and As) were obtained by
energy dispersive X-ray spectroscopy using the Super-X detector on the Titan with a probe size ~1
nm and a probe current of ~0.9 nA.
4.2.8. Inductive coupled plasma – optical emission spectroscopy (ICP-OES)
A Thermo Scientific iCAPTM 7600 inductively coupled plasma optical emission spectrometer was
used to determine the concentrations of As in the remaining solutions for the creation of As-enriched
pyrite. The calibration curves were obtained from the standard solutions of 1, 5, 20, 50, 100, and
200 ppm. The remaining fluid has been diluted by 0.5% (v/v) nitric acid prepared by using ultrapure
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water acquired from Milli Q system to the concentration range of the calibration curves before ICPOES analyses (1-1000 ppm). The operating conditions employed for ICP-OES determination were
10 L min-1 plasma flow, 2.0 L min-1 auxiliary flow, 0.8 L min-1 nebulizer flow, and 1.5 mL min-1
sample uptake rate. The 2-point background correction and three replicates were utilized to ensure
the analytical signal.
4.2.9. XANES
Micro-XANES combined with chemical mapping by micro-XRF (X-ray fluorescence) were used to
characterise the chemical state of As in the arsenian pyrites. A micro-beam technique is required to
prevent analysis of As-rich mineral inclusions and assess the homogeneity of the As chemical state.
The analyses were conducted at the at the X-ray fluorescence microscopy beamline (XFM; Howard
et al., 2020) at the Australia Synchrotron, Melbourne, Australia, on polished pyrite grains embedded
in epoxy resin. Details of the measurement procedure and data reduction can be found in Li et al.
(2016) and Etschmann et al. (2014). The incident beam energy was set at 12.117 keV using a
horizontal Si(111) monochromator with an energy resolution ΔE/E of ~2.8 × 10−4. This energy
corresponds to the highest energy in the XANES stacks, and provides optimum detection limits for
As. The beam was focussed to a ~2x2 µm2 spot size using Kirkpatrick-Baez mirrors. Full spectral
fluorescence data (as opposed to only Regions-of-interest) were collected using the Maia model D384
detector array, which has an energy resolution of 240 eV (Ryan et al., 2014). Samples were mapped
in continuous mode using scanning speeds that varied from 0.5-1 mm/s for mapping, corresponding
to dwell times of 0.75 to 1.5 ms/pixel. The full spectral data were analysed using GeoPIXE II (Ryan
et al., 1996, 2010), using the Dynamic Analysis method (DAM) (Ryan, 2000) which subtracts
background, escape peaks and other detector artefacts. Standard foils (Pt, Mn, Fe) were used as
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external standards to constrain the quantification parameters (detector geometry and efficiency;
calibration of ion chamber to measure photon flux). Note that As concentrations are semi-quantitative
only, because As is located on the edge of the grains, and sample thickness hence varies; this affects
the accuracy of the corrections for the absorption effect and the fluorescence excitation (performed
assuming a fixed pyrite thickness of 50 µm).

The chemical state of As was mapped using XANES imaging, as described in Etschmann et al.
(2010, 2014). Grains for measurements were selected on the basis of overview maps of each sample.
Two different data collection modes were used, based on either 2D scans (maps) or line scans (1D).
In either case, XANES stacks were measured by collecting µSXRF maps/lines at 82 irregularly
spaced monochromator energies that spanned the As-K edge, with 0.5 eV steps across the edge. A
separate Dynamic Analysis matrix was used for each beam energy when processing the stack, in order
to track the changing energy of the scatter peaks. The intensities of the As Kpeak, integrated over
regions in the µSXRF map, at each monochromator energy, were extracted and used to construct
XANES spectra.

XANES maps were obtained on Pyonpy017 (two grains, total 148 kpixel, with ~9,000 As-rich)
and Pyonpy020 (two grains, total 240 kpixel, including ~20,000 As-rich), at pixel sizes of 2x2 and
1x1 µm2, respectively. Line scans were used for Pyonpy019, 021, and 022; line locations are shown
in Fig. 4.11, and numbers of pixels along the lines in Table S4.1. In the case of the maps, sample
heterogeneity was investigated by extracting pixels with different ratios of emission intensities at
energies near the white line maximum (Table S4.1; e.g. Ram et al., 2019) as well as a function of As
concentrations. In the case of line scans, the reported standard deviation is that of the centroid of the
white line in each pixel, determined via fitting a Gaussian around the peak maximum.
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4.3. Results
We have investigated the mechanism of the formation of concentrically zoned As-pyrite growing on
the seeds of pure pyrite (Table 4.1) under anoxic condition, at 200 ℃, as a function of source of sulfur
(native S or Na2S2O3) and arsenic (As2O3, As4S4, and As2S3). Every experiment was completed after
four cycles of growth aiming to produce four alternate zones of: 1) As-pyrite, 2) pure pyrite, 3) Aspyrite, and 4) pure pyrite on the pyrite seed; counting from the surface of the pyrite seed. No other
phases other than As-pyrite or pyrite have been identified as the reaction products from synchrotron
PXRD patterns. For clarity, pyrite synthesized using native S and Na2S2O3 are named pyrite-S and
pyrite-SO, respectively.
4.3.1. PXRD results
Pyrite (seed) and As-pyrite (newly formed) were identified during PXRD analyses (Fig. 4.1). The
main diffraction peak (311) for pyrite seed is located at 20.91 2θ. With the increase of the arsenic
concentration in pyrite, the (311) peak is shifted to the lower angle of 20.88 2θ. This shift is
demonstrated by formation of a shoulder at the lower angle of the (311) peak of the pyrite seed (Fig.
4.1).
The quantification of the XRD patterns revealed that the amount of the produced As-pyrite and
crystalline size depend on the source of S and As. In the pyrite-S, the highest amount of As-pyrite
was produced when using As2S3, while the smallest was formed when using As2O3 (Fig. 4.1a-c; Table
4.2). The calculated unit cell parameter of pyrite seed is 5.417 Å. The unit cell parameter increased
by 0.013 Å to 5.430 ± 0.001 Å in As-pyrite (Fig. 4.1a-c; Table 4.2). The largest As-pyrite crystallites
(49.2 nm) were produced using As2O3. The size of As-pyrite crystallites decreased by 14.1 nm in
experiments with As4S4 (Fig. 4.1a-c; Table 4.2). The calculated volume of the unit cell of As-pyrite
110

(160.103 Å3) is 0.72% larger comparing with the unit cell of pyrite seed.
For As-oxide, 3 wt. % more of As-pyrite was formed in pyrite-SO than in pyrite-S. However,
the amount of precipitated As-pyrite decreased by 2.6 wt. % and 9.1 wt. %, for As4S4 and As2S3,
respectively (Fig. 4.1d-f; Table 4.2). The size of As-pyrite crystallites of pyrite-SO varies in much
narrower range of 2.2 nm comparing with sulfur counterpart (Fig. 4.1d-f; Table 4.2). The calculated
sizes of a parameter of the As-pyrite unit cell are 0.001-0.004 Å smaller comparing with pyrite-S;
5.428 Å for As2O3, 5.427 Å for As4S4, and 5.427 Å for As2S3 (Fig. 4.1d-f; Table 4.2). The volume of
the unit cell of As-pyrite in pyrite-SO is slightly smaller (159.838 Å3) than in pyrite-S.
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Figure 4.1. Synchrotron-XRD patterns of arsenian pyrite after four cycles of growth on pyrite seeds (200 °C, anoxic
conditions, 8 weeks). Note: the selected range of from 20.82 º to 21.04 º enables to evaluate the content of newly
formed As-pyrite; green fitting line. Native S and Na2S2O3 are the source of sulfur and As2O3, As4S4, and As2S3 are
the source of arsenic. XRD patterns of the reaction using elemental S and (a) As2O3, (b) As4S4, and (c) As2S3. XRD
patterns of the reaction using Na2S2O3 and (d) As2O3, (e) As4S4, and (f) As2S3.
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4.3.2. Texture and As zoning in As-pyrite
The texture and the distribution of As in the newly-formed As-pyrite depends on the S-source. In
pyrite-S, the surface of the pyrite seeds was completely covered by newly formed As-pyrite (brighter
zones in BSE images; Figs. 4.2a, f, and k). The continuous oscillatory zones of As-pyrite reflect the
shape of the pyrite seeds and their thickness varies from few hundreds of nanometers to few
micrometers (Fig. 4.2). In contrast, no zoning but highly porous aggregates of micro-tonanocrystalline As-pyrite irregularly distributed on the surface of pyrite seed in pyrite-SO (Fig. 4.3).
Some of the aggregates of As-pyrite are detached from the pyrite seed (Fig. 4.3f). Secondly, no
continuous zones have been acquired and the thickness of the As-pyrite fluctuated hugely in different
area of the seed (ranging from 50 μm to 5 μm; Fig. 4.3a). No gaps, which can sometimes form between
the substrate and the product (Qian et al., 2013; Kusebauch et al., 2018) have been observed in all
experiments (Figs. 4.2 and 4.3).
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Figure 4.2. BSE images (a, b, f, g, k, and l) and elemental mapping (c-e, h-j, and m-o; As, Fe, and S, respectively)
of the products (200 °C, anoxic conditions, 8 weeks); elemental S as the source of sulfur and As2O3 (a-e), As4S4 (fj), and As2S3 (k-o) as the source of arsenic. The white rectangular indicates the enlarged area.

In pyrite-S, the number of alternating As-rich and As-poor zones depends on the source of As.
Four zones (reflecting the experimental procedure see Section 4.2.2) formed only in the experiments
with As2O3 (Fig. 4.2a, b). In the experiments with As-sulfides, As4S4 and As2S3, three and one zone
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formed, respectively (Fig. 4.2f, g and k, l). The EPMA elemental mapping revealed that the
concentration of As in As-rich zone next to the seeds (Zone-1) in all experiments vary in a broad
range from 4-14 wt. % between the experiments; the lowest for As-oxide and the highest for As2S3
(Fig. 4.2c, h, m). Another zone enriched in As (Zone-3; As2O3 case) is much thicker than Zone-1 and
the content of As decreases outwards from 4 wt.% down to below detection limit (0.1 wt.%; Fig.
4.2c). Both As-rich Zone-1 and Zone-3 are separated by a zone of barren pyrite (Zone-2). This twozones texture contrasts the very thin ~1 µm Zone-3 of As-pyrite formed in the experiments with As4S4
(Fig. 4.2f, g). There is only Zone-1 in newly formed pyrite during the experiments with As2S3 (Fig.
4.2k, l).
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Figure 4.3. BSE images (a, b, f, g, k, and l) and elemental mapping (c-e, h-j, and m-o; As, Fe, and S, respectively)
of the products (200 °C, anoxic conditions, 8 weeks); Na2S2O3 as the source of sulfur and As2O3 (a-e), As4S4 (f-j),
and As2S3 (k-o) as the source of arsenic. The white rectangular indicates the enlarged area and the area of WDS
mappings.
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Arsenic is heterogeneously distributed in the aggregates of As-pyrite in pyrite-SO. Similar to the
As-pyrite formed in pyrite-S, the amount of As varies in a broad range from ~0.5-8 wt. % between
the experiments (Fig. 4.3c, h, and m). No As-zoning in As-pyrite was observed on the elemental maps
due to relatively low spatial resolution of the electron beam.

Figure 4.4. EBSD analysis of the grain boundary (marked by the dash lines) between pyrite seed and the newly
formed arsenian pyrite overlapped with BSE images; (200 °C, under anoxic condition for 8 weeks, elemental S as
the source of sulfur, and (a) As2O3, (b) As4S4, and (c and d) As2S3 as the sources of sulfur). (a and b) Note the same
orientation of pyrite seed and the alternate As-rich (brighter in BSE) and As-poor zoning of newly formed pyrite;
and (c) Similar orientation of pyrite seed and the alternate As-rich and As-poor zoning of newly formed pyrite with
little misorientation (showed in d). (a), (b), and (c) shared the same color bar in (a). EBSD figure - the colors
correspond to different crystallite orientations with respect to the surface normal, as indicated by the associated
color key.

4.3.3. Structure of As-pyrite
The EBSD study of the crystallographic relationship between As-pyrite and pyrite seed revealed its
dependence on the S-source. In pyrite-S, the As-pyrite formed by adding As2O3 or As4S4 have the
same orientation as the pyrite seeds (Fig. 4.4a, b). Few misoriented domains of As-pyrite, <1 µm in
size, synthesized from As2O3 were also observed (Fig. 4.4a). Small misorientation, ~4 degrees,
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between pyrite seed and As-pyrite have been observed when using As2S3 as As source; the same
orientation was preserved within the As-pyrite zone (Fig. 4.4c, d).

Figure 4.5. EBSD analysis of the grain boundary (marked by the dash lines) between pyrite seed and the newly
formed arsenian pyrite overlapped with BSE images; (200 °C, under anoxic condition for 8 weeks, and Na2S2O3 as
the sources of sulfur) and (a) As2O3 as the source of As; (b) As4S4 as the source of As. (a and b) Note random
orientation of porous aggregates of As-pyrite. EBSD figure - the colors correspond to different crystallite
orientations with respect to the surface normal, as indicated by the associated color key.

In pyrite-SO, random orientation of aggregates of As-pyrite has been noticed; i.e., no structural
continuity has been observed between the seed and the product (Fig. 4.5). However, the orientation
of pyrite domains within single particle is the same irrespective of the particle size, which can vary
from few tens of nanometers to ~3 μm (Fig. 4.5b). The difference in As-source has no effect on the
crystallographic relationship between pyrite seed and the As-pyrite.
The TEM and EDS analyses were carried out to determine the impact of the sulfur source on the
structure and chemical composition of As-pyrite. The FIB sections were prepared for pyrite-S and
pyrite-SO samples, both synthesized using As2O3.
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Figure 4.6. (a) HAADF-TEM image of the oscillatory zoned As-pyrite formed on the pyrite seed. (b-d) EDS
elemental mapping of As, S, and Fe, respectively. The rectangles and the values represent the areas of analyses and
the concentration of the elements (in wt.%). Experiment conducted at 200 °C, under anoxic condition for 8 weeks,
As2O3 as the source of arsenic, and elemental S as the source of sulfur. (e-f) are the HAADF-TEM images of the
boundaries between the seed and the zones indicated in (a).
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The HAADF-STEM observations combined with the results of EDS mapping confirmed the
systematic change in texture and composition through the four oscillatory zones in Pyonpy017 (Figs.
4.2 and 4.6). The four zones of the newly formed pyrite are as follow: Zone-1) a thin As-enriched
pyrite zone (250 nm thickness; 5.8 wt.% As); Zone-2) a thick zone of pure pyrite (4 μm thickness);
Zone-3a) thin zone of As-enriched pyrite (250 nm thickness; 4.7 wt.% As); Zone-3b) a thick zone of
pyrite depleted in As (1.5 μm thickness; 0.8 wt.% As); and Zone-4 of pure pyrite (1 μm thickness
(Fig. 4.6)). Porosity has formed in the vicinity of the contact between pyrite seed and Zone-1, As-free
Zone-2 and As-enriched Zone 3a and Zone 3b and As-free Zone-4 (Fig. 4.6e, f, and g). Elongated
crystals of pyrite up to 1 µm were observed in the As-depleted Zones-2, -3b and -4. The boundary
between pyrite seed and Zone-1 is sharp and the lattice fringes in the seed and in Zone-1 have the
same crystallographic orientation indicating epitaxial growth (Fig. 4.7). The same orientation of
lattice fringes was observed in Zone-2, which corroborates with the EBSD results (Fig. 4.4a) and
suggests that epitaxial growth with possible small misorientation occurred during formation of all
zones. Sporadically, FFT analyses of HRTEM images of Zone-1 document the main diffraction
maximum of (d = 3.05 Å) of realgar As4S4 (Fig. 4.7d), which was not detected by in situ PXRD (Fig.
S.1). However, no realgar particles were found in As-pyrite. In addition, no contribution from As2+
signal was detected in the XANES analyses (Section 4.3.4), which suggests that As(-I) is the
dominant specie in As-pyrite.
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Figure 4.7. TEM images of As-pyrite and pyrite seed. (a and c) Low-magnification bright-field TEM images of the
grain boundary between pyrite seed and the newly formed As-pyrite. (b and d) High-resolution TEM image of the
boundary between As-pyrite and pyrite seed associated with FFT diffraction pattern that indicates single crystal of
pyrite; FFT shows diffraction pattern with d-spacing of realgar. Note the source of sulfur is native S; As2O3 is a
source of As. Py: pyrite, Rl: realgar

No other phases but pyrite was detected in sample Pyonpy20. The low-magnification HAADFSTEM images and SAE ring diffraction patterns revealed that the oscillatory zoning formed around
randomly distributed micro-to-nanoscale particles of pyrite (Figs. 4.8 and 4.10). Similar to
Pyonpy017, the boundary between pyrite seed and the aggregates is sharp, and a trail of nanopores
was observed near the contact of pyrite seed and the product; i.e., no epitaxial growth was detected
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by SAED patterns and FFT analyses of HRTEM images (Fig. 4.9a). This corroborates with EBSD
results showing aggregates of randomly oriented particles of As-pyrite (Figs. 4.5 and 4.9). The EDS
elemental mapping and area analyses showed alternate nano-zoning of the individual particles of
newly-formed pyrite (Figs. 4.8 and 4.10). Some of the particles, contain oval-shape As-rich (1.1-1.5
wt.%) core, ~300 nm in size (Figs. 4.8 and 4.10e-h). Followed by subhedral As-depleted pyrite (0.20.7 wt.%); sometimes this pyrite forms the core of the particle (Figs. 4.8 and 4.10a-d). The last third
zone is As-enriched one (~1.4 wt.%) (Figs. 4.8 and 4.10a-d). This As-distribution loosely reflects the
experimental As-on and As-off conditions. However, the random distribution of the zones preclude
correlation at the grain-scale (i.e., seed and product).

122

Figure 4.8. (a) HAADF-STEM image of concentric aggregates of As-pyrite growth on pyrite seed. (b-d) EDS
elemental mapping of As, S, and Fe, respectively. Experiments conducted at 200 °C, under anoxic condition for 8
weeks, with As2O3 as the source of arsenic, and Na2S2O3 as the source of sulfur. The rectangles represent the areas
of analyses and the numbers indicate the concentration of the element (in wt.%).
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Figure 4.9. TEM images of As-pyrite and pyrite seed. (a) Low-magnification bright-field TEM images of the grain
boundary between pyrite seed and the newly formed As-pyrite. (b) High-resolution TEM image of the boundary
between As-pyrite and pyrite seed associated with FFT diffraction pattern that indicates single crystal of pyrite. (b)
HRTEM image of randomly oriented nanoparticles of As-pyrite; FFT shows ring diffraction pattern with d-spacing
of pyrite. Note the source of sulfur is Na2S2O3; As2O3 is a source of As.
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Figure 4.10. (a and e) HAADF-STEM image of concentric aggregates of As-pyrite growth on pyrite seed. (b-d and
f-h) EDS elemental mapping of As, S, and Fe, respectively. Experiments conducted at 200 °C, under anoxic
condition for 8 weeks, with As2O3 as the source of arsenic, and Na2S2O3 as the source of sulfur. The rectangles
represent the areas of analyses and the numbers indicate the concentration of the element (in wt.%).
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4.3.4. Chemical composition and substitution of As-pyrite
The distinct differences in the chemical composition and substitution of As in the newly formed pyrite
have been revealed by the XANES results (Fig. 4.11) and by the Fe-S-As ternary diagram (Fig. 4.12).
According to the XANES results, pyrite-S follows the same trend of As substitution, which showed
as As(-I) and substitute S in the lattice (Fig. 4.11 and Table S4.1). However, the results referred that
in pyrite-SO, As presented as As(II) or As(III) and substituted Fe in the pyrite lattice.

Figure 4.11. Results of synchrotron µXRF and µXANES studies. (a-g) Semi-quantitative maps of As distribution
in the studies grains. (h) Summary of XANES results.

EPMA results showed the same substitution properties and provided more information about
chemical composition. In pyrite-S, pyrite analyses plot along As-S join indicating substitution of As
for S (Fig. 4.12, black opened and closed squares). The analyses of pyrite-SO form a trend that is
parallel or deviates from Fe-S join towards the As corner of the ternary (Fig. 4.12, blue opened and
closed circles). This deviation was interpreted to be a result of As substitution for Fe, presence of
amorphous As-Fe-S inclusions and/or vacancies (Deditius et al., 2008, 2009). The amount of As
incorporation based on EPMA results has showed as green boxes in Figure 4.13. For pyrite-S, the
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median value of the As incorporation amount is ~ 0.26 wt.%, ~2.8 wt.%, and ~ 2.5 wt.%, by using
As2O3, As4S4, and As2S3, respectively (Fig. 4.13). Pyrite-SO hosts less As, the median value of the
amount of incorporated As is ~0.25 wt.%, ~1.0 wt.%, and ~1.5 wt.%, by using As2O3, As4S4, and
As2S3, respectively (Fig. 4.13).

Figure 4.12. Plots of the chemical composition of pyrite in As-Fe-S ternary. The black open squares of (a), (c), and
(d) correspond to the grain in Figures 4.2(a-e), 4.2(f-j), and 4.2(k-o), respectively, and blue open circles of (a), (c),
and (d) correspond to the grain in Figures 4.3(a-e), 4.3(f-j), and 4.3(k-o), respectively. (b) is magnified by (a). Filled
symbols in (a) and (b) indicate the results of TEM-EDS (area I refers to the zone 1, area II refers to zone 2 and zone
4, area III refers to zone 3(a), and area IV refers zone 3(b) in Fig. 4.6). Red arrow indicates substitution of (i) As for
S (As1--pyrite) and (ii) yellow arrow suggests substitution of Me2+ for Fe (after Deditius et al., 2014). The red cross
refers to the starting pyrite. Note that the thickness of As-pyrite layer is larger than the detector spot size of EPMA
but smaller than the size of TEM-EDS. There is a difference between the results from two analysis and the TEMEDS results have higher resolution.

However, due to that the thickness of As-pyrite layer is larger than the detector spot size of
EPMA but smaller than the size of TEM-EDS. The spatial resolution of the EPMA was found
insufficient to measure As concentration within the identified Zones-1-4. Significant contamination
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of the X-ray signal (excitation volume) from pyrite seed or pure pyrite or As-rich zone was observed;
which resulted in a broad range of As concentration in pyrite-S and -SO; particularly for As-pyrite
synthesized using As-oxide (Fig. 4.13). The only exception was pyrite-SO formed during the
experiments with As2S3 (1.5 ± 0.2 wt.%). The source of As does not affect the amounts of As in the
product. Details of the analyses are presented in Table S4.2 and Table S4.3 in the Supplementary
materials.

Figure 4.13. Concentration plot for As in newly-formed pyrite. EMPA and TEM-EDS spot analysis data are
included and shown as boxplots separately (EPMA results showed as green boxes while TEM results showed as
blue boxes). Data are plotted in parts per million (ppm) on a vertical logarithmic scale. In each boxplot, minimum,
median, and maximum concentrations are marked, and the amount of spot has been showed on the top of the box.

TEM-EDS analyses of pyrite-S (As2O3 experiments) corroborate with the results of EPMA
elemental mapping and reveled bimodal distribution of As in newly-formed pyrite. In addition, Aspoor zones (median value is ~0.1 wt.%) associated with As-rich zones (median value is ~3.7 wt.%)
have been identified (Fig. 4.13). The amounts of As in As-rich zones plot in the upper quartile (pyriteS) or above the range (pyrite-SO) of the As-rich zones measured with EPMA. These values are
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comparable to the amount of As detected in pyrite synthesized using As-sulfides (median value are
~2.8 wt.% and ~2.5 wt.%).
4.4. Discussion
4.4.1. The effect of sulfur source on the incorporation of As and growth of pyrite
Elemental sulfur and thiosulfate were used to synthesize pyrite in the early studies (Wilkin and Barnes,
1996). Framboidal pyrite formation process has been proposed and was defined as a pyrite aggregate
morphology develop from irregular nonspherical to spherical aggregates (Wilkin and Barnes, 1997),
and it has been observed in our results (Fig. 4.10a, e). Besides, the broadened PXRD patterns of
newly-formed pyrite (Fig. 4.1d-f) is also consistent with earlier findings about framboidal pyrite
(Berner, 1969). We have noticed that As enriched in the rim of framboidal grains (Fig. 10b, f). In our
experiments, two unique types of pyrite have been identified: one is well-developed sticking on the
pyrite seeds showing the same crystalline orientation, grew radially like pyrite reported in Green
Creek deposit (Berrie et al., 2009), and another is framboid spreading randomly showing no
crystalline orientation preference with pyrite seeds. Overgrowth of the preexisting pyrite, spongy,
massive-porous and disseminated pyrite of hydrothermal origin have been noticed in natural deposits
(Cline et al., 2005; Saunders et al., 2014).
There are two possible mechanisms controlling the texture formation: (1) compositional
evolution of the system under equilibrium conditions and (2) the metastable formation of pyrite under
disequilibrium conditions. The observed textural differences in our case between sources of sulfur
could be related to their relative solubilities; i.e., higher solubility of Na2S2O3·5H2O than the
elemental sulfur (73 g/100ml vs. <1 g/100ml) could lead to the high supersaturation of the solution
with respect to pyrite-SO. Nucleation rate is consequently higher for pyrite-SO and promote
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kinetically driven growth of pyrite-SO (Fig. 4.3) instead of epitaxial growth for pyrite-S on the pyrite
seeds (Fig. 4.5). The higher growth rate of pyrite-SO can also be proved by the skeleton form (Fig.
4.10; Butler, 1994). The pyrite-SO growth was similar to pyrite-S after the individual grains were
formed and concentric zonings were noticed. In each individual grain, the zoning grew by following
the structure of the newly-formed grains. The newly-formed grains, rather than the pure pyrite we
added at first, acted as a seed. Along with the theory of Ostwald ripening, the small particles would
grow as a bigger one to keep a lower surface energy and more stable aggregate (Voorhees, 1985; Yao
et al., 1993). Due to that the size of the newly-formed grains were smaller and has a higher specific
surface area, which bring a larger size for grain growth on the surface. As a result, the system changed
from nucleation controlled to the growth controlled, which is the same as the formation of pyrite-S.
As a result, a majority of framboid grains have been formed in pyrite-SO (Fig. 4.10a, e).
The As concentration in pyrite is related to the textures in our results. Because the thickness of
As-pyrite layer is smaller than the spot size of EMPA probe, we used TEM-EDS to obtain more
precise results, which showed that porous pyrite has lower As concentration than euhedral pyrite (Figs.
4.6, 4.8, and 4.10). Similar results were obtained in Kusebauch et al. (2018), and they suggested that
the differences of growth rate between porous and euhedral pyrite take the effect. As we have learned
from our study, the framboidal pyrite may precipitate in the fluid far from the surface of the seed in a
high rate, the same kinetic explanation proposed by Kusebauch et al. (2018) can be applied to explain
our case: the growth rate for euhedral pyrite is slower, which consequently took a longer time to
incorporate As, leading to a higher As concentration.
4.4.2. Mobilization and substitution of trace element
The solid-state trace elements mobilization has only been observed in pyrite-S (Fig. 4.6b). In principle,
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the As concentration in the growing layer of pyrite should decrease with the progress of the reaction
and depletion of the fluid reservoir. However, we only noticed the decrease in Zone-3(a) and Zone3(b) (from 4.8 wt.% to 0.8 wt.%; Fig. 4.6b). There is no similar trend in Zone-1 which may be due to
that it has 4 more week for As mobilization than Zone-3. According to the former results, the solidstate diffusion of As into pyrite is <1 μm in 7 days at 210 ℃ (Xia et al., 2010a), the As mobilization
rate in our case is reasonable (1.5 μm in 28 days at 200 ℃). No diffusion of As into the pure pyrite
was observed under studied conditions. No diffusion of As may be because the gap between As-pyrite
and pure pyrite hinders As mobilization (Fig. 4.6e-g).
As tended to substitute sulfur in pyrite-S, while it would substitute iron and appeared as a mixture
of As(II) and As(III) in pyrite-SO (Fig. 4.11h). The reaction from HS- to pyrite (FeS2) is an oxidizing
reaction (Wilkin and Barnes, 1996), and the importance of thiosulfate as an intermediate species in
anoxic water has been suggested by using
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S as a tracer (Fossing and Jorgensen, 1990a). In our

experiments, Na2S2O3·5H2O is a stronger oxidant than native S in the reaction. With the presence of
Na2S2O3·5H2O, the added As(III) or As(II) was not necessary to act as an oxidant. It could appear as
As(II) or As(III) and substituted iron in pyrite. However, in the system with elemental sulfur, sulfur
cannot fully oxidize S(-II) to S(-I) alone, and the As(III) or As(II) is required and would be reduced
to form As(-I). Kusebauch et al. (2018) noticed 4 mol % of As substituting for Fe. We document that
the mixture of As(II) and As(III) in pyrite will form when oxidation state of S is +2. This is likely to
form during formation of epithermal systems in high-sulfidation conditions under the relatively
oxidizing conditions.
4.4.3. Arsenic partitioning between pyrite and hydrothermal fluid
The As concentration in As-pyrite depends on the starting composition of the fluid, i.e., S-source and
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the As concentration (Fig. 4.14). According to the EPMA results, in pyrite-S, the concentration of As
is dependent on As amount in the starting solution (1069 ppm for As2O3, 2474 ppm for As4S4, and
2152 ppm for As2S3). In pyrite-SO, the dependency was not noticed and the highest concentration of
As is obtained by using As2S3.
Nernst partition coefficient of arsenic between pyrite and fluid (D) were calculated using the
following equation:
D = CAs(py)/ CAs(fl)

(4.1)

where CAs(py) refers to the concentration of As in newly-formed pyrite, and CAs(fl) refers to the As
concentration in the staring fluid. Mineral-to-fluid ratios ranged from 3.20-12.54 in pyrite-SO and
did not affect the calculated partitioning coefficients according to EPMA results. However, the D
values depend on S-source and As concentration in the starting fluid (Fig. 4.15).

132

Figure 4.14. Concentration of As of euhedral pyrite (blank symbols are from EPMA data) as a function of As
concentration in the starting fluid (black filled square is zone 1 and grey filled square is zone 3 of Pyonpy017, while
red filled square is As-rich zones of Pyonpy020, from TEM-EDS data), including calculated As data for replacement
experiments of Qian et al. (2013) and Kusebauch et al. (2018), and sorption experiments of Bostick and Fendorf
(2003) as well as fluid inclusion and pyrite data for natural CTGD systems from China (Su et al., 2009; Su et al.,
2008; Su et al., 2012) and Nevada (Large et al., 2016; Reich et al., 2005). Squares are the experiments using
elemental sulfur while the blank circles are the experiments using Na2S2O3 as the source of sulfur. The purple
symbols using As2O3, red symbols using As4S4, and blue symbols using As2S3 as the source of arsenic, respectively.
The details of the experimental codes are showed in Table 4.2. Error bars of the data points are within the size of
the symbols. Red line showed the trend.
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Figure 4.15. Experimentally derived D values as a function of fluid concentration (black filled square is zone 1 and
grey filled square is zone 3 of Pyonpy017, while red filled square is As-rich zones of Pyonpy020, from TEM-EDS
data), including calculated As data for replacement experiments of Qian et al. (2013) and Kusebauch et al. (2018),
and sorption experiments of Bostick and Fendorf (2003) as well as fluid inclusion and pyrite data for natural CTGD
systems from China (Su et al., 2009; Su et al., 2008; Su et al., 2012) and Nevada (Large et al., 2016; Reich et al.,
2005). Blank squares are the experiments using elemental sulfur while the blank circles are the experiments using
Na2S2O3 as the source of sulfur from EPMA data. The purple symbols using As2O3, red symbols using As4S4, and
blue symbols using As2S3 as the source of arsenic, respectively. The details of the experimental codes are showed
in Table 4.2. Error bars of the data points are within the size of the symbols. Red line showed the trend.

The ratio between the As amount in newly-formed pyrite and in the remaining fluid has also
been calculated. The EPMA results showed that, comparing with the S-source, As-source rather than
the As amount in the starting fluid seemed to play a more important role. However, the TEM-EDS
measurements revealed that the ratio increases by using both sources of S (from 15 to 88 when using
As2O3). The increase of As concentration in solid mainly because the EMPA results is the mixed
concentration of As-rich pyrite layers and As-free pyrite layers (limited to the spot size), while TEMEDS showed the precise one of the As-rich pyrite layer. As a result, when compared with the D values
of formed experimental results and natural observations, the closed squares calculated by TEM-EDS
results are more reliable (Fig. 4.15). Based on earlier studies, it seems that there is an up limit of the
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incorporation of As in pyrite. With the increase of As concentration in the fluid, the trend of the ratio
between As concentration in the solid and in the solution would follow a logarithmic function curve.
Kusebauch et al. calculated partitioning coefficients and noticed that the coefficient depends on the
concentration of As in the hydrothermal fluid; i.e., the higher the concentration of As in the fluid the
lower the partitioning coefficient (Kusebauch et al., 2018). According to our results, the trends of D
values matched with the former report (Bostick and Fendorf, 2003; Qian et al., 2013; Kusebauch et
al., 2018; Su et al., 2009; Su et al., 2008; Su et al., 2012; Large et al., 2016; Reich et al., 2005) and
the kinetics has been suggested.
4.4.4. Geological implications
The As(-I), which substitutes S in the pyrite is the most widespread and commonly found in CTGDs
(Fleet and Mumin, 1997; Reich et al., 2005; Simon et al., 1999a; Cline, 2001), in low-temperature
subsurface environments (Le Pape et al., 2017), and As substitutes for S could be noticed as gold
nanoparticles as well (Palenik et al., 2004; Deditius et al., 2009a). The coupled geochemistry of As
and Au concentration has been studied (Reich et al., 2005; Deditius et al., 2011, Fig. 8), and the fluid
composition of CTGDs is well understood: temperature between 180 and 240 ℃, low salinity (mostly
≤6 wt. % NaCl eq.), and CO2-bearing (< 4 mol %) (Cline et al., 2005; Munteen et al., 2011; Saunders
et al., 2014; Large et al., 2016). The conditions of our experiments were similar. There is a limited
knowledge about the mechanism of the As-pyrite oscillatory zones formation, and it may be
controlled by various factors, including the As concentration of fluid, the flow rate of the fluid, pH
value, pressure, and temperature (Barker et al., 2009; Deditius et al., 2009; Wang et al., 2009).
Although in the present study, the As concentration in the fluid (>1000 ppm) is higher than the
observation of natural deposit, the reaction rate may be consequently higher than natural observations.
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Besides, the potential effect of fast flushing of the fluid is not included in the present study. However,
the features of As substitution can still be applied. Besides, the appearance of textures was also
observed in similar natural conditions. For example, framboids are the dominant texture of pyrite in
both modern and ancient sediments (Love and Amstutz, 1966; Ostwald and England, 1979; Wilkin
and Barnes, 1997). Our results showed that with pyrite seeds, newly-formed pyrite formed in a high
rate and grows as framboid textures.
4.5. Conclusions
This study has investigated the synthesised As rich pyrite and pure pyrite growing on the pyrite seeds.
It confirms that the interpretation of the zoning patterns in pyrite as a change in the chemical
composition of the fluid holds, even for nanoparticulate pyrite. However, pyrite morphology and
distribution and speciation of the arsenic depend on the kinetics of supersaturation of the
hydrothermal fluid with respect to pyrite. Pyrite formed under equilibrium conditions or recrystallized
will host anionic As, while kinetically driven nucleation of pyrite favors sequestration of cationic As.
This may provide additional information about the conditions of mineral formation in ore deposits
with zone of fast flushing and stagnation of the system. The As content and substitution in the product
and the texture of the product can be determined by source of S and As.

136

Chapter 5
Conclusions
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To summarize, this PhD thesis advances our understanding of (1) the mechanisms and kinetics of the
transformation from marcasite to pyrite, (2) the mechanisms and kinetics of pyrite and marcasite
formation from pyrrhotite precursor, and (3) the mechanism of the formation of concentrically zoned
arsenian pyrite by growing arsenian pyrite on pyrite seeds. This chapter first summarizes the
conclusions of the research chapters, and then suggests future research directions.
5.1. The mechanism and kinetics of the transformation from marcasite to pyrite: in situ and ex
situ experiments and geological implications
Chapter 2 combines in situ and ex situ investigations to study the transformation from marcasite to
pyrite. Firstly, the influence of temperature (520 and 540 ℃) and water vapor on the phase
transformation were studied. Based on the in situ PXRD results and by using the Avrami-Arrhenius
method, an activation energy of 380 ± 15 kJ mol-1 has been calculated for the transformation under
dry conditions. The kinetic analysis has also noticed that under dry conditions the transformation
follows the phase-boundary controlled mechanism while under vapor conditions the transformation
follows the diffusion-controlled mechanism.
The different mechanisms resulted in different textures. Firstly, epitaxial pyrite nucleation on
the marcasite surface has been noticed under dry conditions, a clear orientation relationship between
pyrite and marcasite is confirmed by EBSD, i.e., {100}pyrite//{101}marcasite and {001}pyrite//{010}marcasite.
In addition, porosity was seen both under dry and water vapor conditions because the transformation
led to a shrink of the volume. Under water vapor conditions, the porosity distributed homogeneously
and the pores are similar in size. This implied that 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 towards the center of the pores may stop or
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slow down significantly. Furthermore, precipitation of metal-bearing nano-to-micro particles in pores
in sulfides under vapor conditions has been observed, and it consequently facilitates the mobilization
of trace metals. The water vapor facilitates the breaking of chemical bonds and provides a diffusion
medium, accelerating pyrite nucleation and the mobilization of Pb assists galena formation.
Besides, the transformation also depends on particle size (38-53 μm and 106-150 μm) and pyrite
inclusions in marcasite grains (0.5 wt.% and 4.6 wt.%). The rate of transformation is inversely
proportional to particle size, because smaller particle size leads to a larger specific surface area, which
means larger area for pyrite nucleation. More pyrite inclusion accelerates transformation because
pyrite inclusions act as seeds that lower down the energy barrier for nucleation. Also, trace elements
such as As or Pb does not affect the transformation rate, because there is no correlation between the
distribution of iron disulfide polymorphs and the concentration of either As or Pb, under both dry and
water vapor conditions.
This study highlights the complexity of the transformation from marcasite to pyrite, and suggests
that in addition to temperature, the transformation is also dependent on particle size, the presence of
water vapor, and pyrite inclusions in marcasite grains. Therefore, although the extrapolation of lower
temperatures (300 °C, 200 °C, and 160 °C) suggests that marcasite may be considered as a kinetically
stable phase below 300 °C at the geological time scale, the application is very restricted. The natural
occurrence of marcasite can indicate low temperature environments, but the precise estimation of
temperature is difficult.
5.2. Formation of pyrite and marcasite from pyrrhotite precursor: insights from in situ
synchrotron powder X-ray diffraction experiments
Chapter 3 investigated in situ and ex situ experiments to provide new insights into the replacement
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reaction of pyrrhotite by pyrite or a mixture of pyrite and marcasite. The effect of initial fluid/rock
(F/R) ratio (70-120), added aqueous S(-II) (0.9 mM), and temperature (190 and 210 ℃) on the
reactions were studied. According to in situ PXRD, three stages of the reaction has been noticed:
dissolution of pyrrhotite, induction of FeS2, and the formation of FeS2. In the S(-II)-free solution, it
has been demonstrated that higher temperature shortens the induction time and that the precipitation
of pyrite and marcasite is a two-step process; the first step is phase-boundary controlled while the
second step is diffusion controlled. The kinetic analysis using the Avrami-Arrhenius method gives the
distinctions of these formation mechanisms. Pyrite and marcasite appeared simultaneously, and no
intermediary phase has been observed during the reaction.
In situ PXRD experiments at 190 °C show that hydrothermal fluids rich in ΣS(-II) (0.9 mM)
favors the precipitation of nanocrystal pyrite (23 nm) due to high saturation index, while S(-II)-free
fluids produce a mixture of marcasite and pyrite nanocrystals (21-46 nm) due to low saturation index.
Fluid/rock ratio (70 and 120 g/g at 210 °C) can affect saturation index of the fluids, resulting in
complex nucleation and crystal growth dynamics such as the evolution of crystallite size, phase
abundance, and pyrite/marcasite ratio. Ex situ experiments showed that marcasite can be transformed
to pyrite rapidly at 210 °C and pH 1, around 83% marcasite is transformed to pyrite in just 3 weeks,
compared to 4.3 million years or 6.3 trillion years at 210 °C based on the kinetic models reported in
early studies under dry conditions. This result showed that some marcasite cannot survive at low
temperatures (~200 °C) under hydrothermal conditions over geological timescale and confirmed the
complexity of the marcasite to pyrite transformation concluded in Chapter 2.
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5.3. The impact of sulfur source on speciation of As and morphology of concentrically zoned
pyrite
This chapter investigated the formation of the concentrically zoned pyrite under hydrothermal
conditions (200 ℃, pH=7.0, and anoxic condition) in 8 weeks. In this study, we used pyrite only as a
seed to observe the formation of As-pyrite. Different sulfur species (native sulfur or sodium
thiosulfate) and As sources (arsenic trioxide, realgar, or orpiment) were used for As-pyrite synthesis
and the effect of oxidation state of sulfur on the formation of As-pyrite zoning has been studied.
It has been demonstrated that pyrite is the major phase in the product, with a tiny amount of
realgar (under the detection limit of synchrotron-based PXRD). The asymmetric of pyrite peak in the
PXRD patterns confirmed that As was incorporated into pyrite in all cases. Besides, two unique pyrite
morphologies have been identified: one is well-developed sticking on the pyrite seeds showing the
same crystallographic orientation as the seeds (using native sulfur), and another is cluster spreading
randomly showing no crystallographic orientation preference as pyrite seeds (using thiosulfate). The
different textures formation is mainly due to that thiosulfate has higher solubility and it consequently
led to a higher supersaturation index for pyrite. Nucleation became the controlling mechanism, while
in another case, grain growth was the controlling mechanism.
The As substitution has also been confirmed by XANES. As tended to substitute sulfur in pyriteS, while it would substitute iron and appeared as As2+ and As3+ in pyrite-SO. In our experiments,
Na2S2O3·5H2O is a stronger oxidant than native S in the reaction. With the presence of Na2S2O3·5H2O,
the added As(III) or As(II) may not be necessary to act as an oxidant. Besides, the conditions of the
synthesised As(-I)-pyrite match with the conditions of reported Carlin type gold deposits (CTGD).
Hence, our experimental observations bring value to the investigation of CTGDs.
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5.4. Future works
This PhD research work focused on the mechanisms of the formation of pyrite and marcasite under
hydrothermal conditions and via solid-state transformations, as well as the formation of As-rich pyrite
under hydrothermal conditions. The research outcomes have inspired some possible research
directions for future studies.
1. We used in situ PXRD experiments in the study of the transformation from marcasite to pyrite
and the replacement reaction by pyrrhotite. Some valuable information has been obtained and it
is confirmed to be a powerful tool for mechanism and kinetic studies. However, we only
calculated the activation energy of the transformation from marcasite to pyrite under dry
conditions by using marcasite with only 0.4 wt.% of pyrite. The geological implication of these
results is restricted because other factors such as water vapor and inclusion of pyrite in the starting
marcasite can change the mechanism. Therefore, further in situ monitoring the transformation
from marcasite to pyrite under other conditions can be carried out.
2. All the experiments were conducted in closed system and the composition of the fluid kept
changing with time. However, in the natural deposits, the amount of fluid flowing through the
mineral could be huge which consequently led to a larger fluid/rock ratio, and the fluid
composition is steady. As a result, the experiments conduct in a closed/open system of flow
through cell are meaningful and the results could provide crucial information for elucidating the
mechanisms of the formation of natural deposits.
3. This work has studied the mechanism of As incorporation in pyrite. However, the As-rich
marcasite and As-rich pyrite are both commonly observed in the natural deposits. Besides, a
paragenesis of the minerals including As-rich marcasite, As-rich pyrite, orpiment, and realgar,
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and that marcasite could incorporate much more As than pyrite have also been noticed in the
nature. As a result, it is worthy to conduct experiments to study the As incorporation on both
marcasite and pyrite by using pyrrhotite as a precursor through in situ PXRD. The in-situ
experiments could show the pathway of the replacement in As-rich solution. Furthermore, the
asymmetric peak obtained by As incorporation can further confirm whether marcasite could
incorporate much more As than pyrite. Besides, it can also assist to study whether formation of
orpiment and realgar is a transformation between each other or a replacement of Fe-S minerals.
4. Because positive correlation between As and Au concentrations in pyrite has been reported
previously, it is necessary to carry out experiments to study gold-bearing arsenian pyrite by
introducing Au into the hydrothermal solution. This can be achieved by using HRTEM and TEMEDS to study the incorporation and distribution of Au.
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Appendix A- Supporting information for Chapter 3

Table S3.1. Reaction parameters and XRD results of the ex situ experiments under hydrothermal
conditions†
Experiment

Fluid/Rock ratio

Po

Py

Mrc

Total

(g/g)

(wt.%) *

(wt.%) *

(wt.%) *

(wt.%) *

2

130.8

9.5

25.4

9.6

44.5

2

130.8

6.1

33.4

8.1

47.6

2

130.8

5.0

27.7

12.0

44.7

24

130.8

0.0

30.9

9.2

40.1

24

130.8

0.0

26.5

11.9

38.4

24

130.8

0.0

30.7

7.5

38.2

168

130.8

0.0

33.8

2.9

36.7

168

130.8

0.0

27.3

6.5

33.8

168

130.8

0.0

31.0

2.4

33.4

504

130.8

0.0

31.5

1.7

33.2

504

130.8

0.0

33.4

0.7

34.1

504

130.8

0.0

33.8

2.6

36.4

Time (h)
code
ES-1

ES-2

ES-3

ES-4

*
†

Relative phase percentages of Po: pyrrhotite, Py: pyrite, and Mrc: marcasite.
All the experiments were conducted at 210 °C, at pH 1.0: 0.134 M HCl + 0.050 M KCl.
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Appendix B- Supporting information for Chapter 4
Table S4.1. Mean position of white line (peak of the absorption edge) energies in eV for arsenical groups in created
arsenian pyrites and selected reference materials.

Sample

White line

Standard

Interpretation

deviation

Number of
measurements/types of XANES
dataset

Pyonpy017

11,869.80

0.06

[As2]2- for [S2]2-

~9,000 pixels / map

Pyonpy019

11,869.83

0.06

[As2]2- for [S2]2-

26 / line

Pyonpy020

11,870.20

0.03

As2+/3+ for Fe2+

~20,000 pixels / map

Pyonpy021

11,870.25

0.06

As2+/3+ for Fe2+

31 / line

Pyonpy022

11,870.23

0.05

As2+/3+ for Fe2+

121 /line

As2O3

11,871.70

-

As3+

Smith et al. (2005)

AsS (realgar)

11,870.13

As2+

James-Smith et al. (2010)

FeAsS

11,869.17

As2-

James-Smith et al. (2010)

-

(arsenopyrite)
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Table S4.2 EPMA and TEM-EDS results of the product.
Pyonpy020
Pyonpy017

EPMA
results

Fe
(wt.%)
45.16
45.16
45.35
45.35
45.35
45.35
47.88
47.10
45.50
45.50
45.24
45.24
45.85
45.85
45.85
45.85
46.39
46.59
46.53
45.98
45.80
45.80
47.47
46.54
45.28
46.04
46.15
46.09
46.35
46.47
46.00
46.42
48.05
45.76
46.28
46.05
46.19
45.97
48.13
44.94
45.39

S
(wt.%)
53.04
53.04
52.85
52.85
52.79
52.79
50.68
52.34
53.63
53.63
53.70
53.70
52.86
52.86
52.86
52.86
53.04
53.12
53.13
52.53
54.08
54.08
50.66
52.06
52.11
51.89
53.00
53.24
53.23
53.05
52.55
53.01
51.16
52.55
53.03
52.95
52.87
52.25
49.95
51.75
51.60

As
(wt.%)
0.00
0.00
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.04
0.05
0.05
0.06
0.07
0.07
0.14
0.20
0.22
0.23
0.27
0.28
0.30
0.31
0.31
0.56
0.67
0.72
0.82
1.07
1.11
1.18

Total
(wt.%)
98.19
98.19
98.21
98.21
98.14
98.14
98.57
99.45
99.15
99.15
98.96
98.96
98.73
98.73
98.73
98.73
99.45
99.73
99.68
98.55
99.93
99.93
98.19
98.67
97.47
98.07
99.15
99.34
99.81
99.53
98.55
99.43
99.52
98.61
99.32
99.67
99.78
99.04
99.15
97.80
98.18
186

Fe
(wt.%)
45.16
45.35
45.35
45.50
45.24
45.85
45.85
45.80
45.73
45.16
45.16
45.35
45.00
46.00
44.73
44.73
44.69
45.71
44.49
44.49
45.83
46.56
44.77
45.31
44.23
46.23
46.38
45.49
45.95
45.73
46.03
45.58
45.11
46.03
44.00
45.72
45.99
45.71
45.92
46.31
46.02

S
(wt.%)
53.04
52.85
52.79
53.63
53.70
52.86
52.86
54.08
52.88
53.64
53.64
52.85
52.36
52.36
53.25
53.25
54.01
52.56
53.75
53.75
53.06
52.30
54.33
53.05
53.46
53.46
52.86
52.90
52.13
52.52
51.21
53.36
53.11
53.05
53.61
53.01
52.86
53.38
52.46
52.87
52.72

As
(wt.%)
0.00
0.01
0.01
0.01
0.01
0.02
0.02
0.05
0.08
0.08
0.08
0.11
0.13
0.13
0.14
0.14
0.15
0.15
0.17
0.17
0.18
0.21
0.21
0.26
0.28
0.28
0.32
0.36
0.37
0.40
0.41
0.42
0.52
0.55
0.56
0.59
0.61
0.61
0.69
0.71
0.77

Total
(wt.%)
98.19
98.21
98.14
99.15
98.96
98.73
98.73
99.93
98.62
98.88
98.88
98.31
97.49
98.49
98.12
98.12
98.86
98.27
98.41
98.41
98.99
99.08
99.31
98.56
97.97
99.97
99.54
98.79
98.45
98.64
97.84
99.45
98.74
99.64
98.17
99.33
99.44
99.68
99.08
99.89
99.54

TEM
Results

45.54
46.34
46.33
45.04
45.86
45.51
45.14
46.06
45.22
45.60
45.36
45.85
45.48
45.22
45.79
44.10
46.5
46.0
46.3
46.0
47.3
47.5
47.7
47.3
46.8
46.9
46.5
46.6
47.9
48.0
48.2
47.8
47.6
47.5
47.2
47.3

51.81
52.09
52.17
50.44
50.36
50.89
50.74
49.26
50.43
48.37
48.15
48.77
48.38
48.41
47.93
49.59
48.3
48.5
48.2
48.3
52.7
52.5
52.2
52.6
48.6
48.5
48.8
48.8
51.3
51.2
50.9
51.3
52.4
52.5
52.8
52.6

1.28
1.39
1.39
2.31
2.38
2.39
3.03
4.05
4.18
4.22
5.05
5.21
5.27
5.45
5.86
6.02
5.2
5.5
5.5
5.8
0.0
0.0
0.1
0.1
4.6
4.6
4.7
4.7
0.8
0.8
0.9
0.9
0.0
0.0
0.0
0.0

98.63
99.82
99.90
97.79
98.60
98.80
98.91
99.38
99.83
98.19
98.56
99.83
99.13
99.08
99.57
99.71
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
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46.08
45.96
46.05
44.74
44.61
44.56

52.94
52.81
52.80
52.56
52.85
52.30

0.80
0.88
0.91
0.98
1.00
1.21

99.82
99.65
99.85
98.30
98.46
98.08

46.5
46.8
46.7
45.1
45.3
45.7
44.6
45.3
45.0
44.0
45.6
44.5
45.3

53.4
52.9
52.9
54.3
54.0
53.2
54.1
53.4
53.6
54.6
53.1
54.1
53.2

0.2
0.3
0.4
0.6
0.7
1.1
1.3
1.3
1.4
1.4
1.4
1.4
1.5

100
100
100
100
100
100
100
100
100
100
100
100
100

Table S4.3 EPMA results of the products.

Exp code
Pyonpy018

Pyonpy019

Fe (wt.%)
45.16
45.35
45.35
45.50
45.24
45.85
45.85
45.80
45.95
46.32
46.15
46.09
46.21
46.29
46.05
45.97
46.27
45.28
46.20
46.18
45.94
46.21
46.04
46.19
46.19
46.05
46.00
45.89
46.02
46.29
46.21
46.04
45.41
45.51
46.25
45.92
46.22
46.18
46.16
43.87
43.87
43.06
46.29

S (wt.%)
53.04
52.85
52.79
53.63
53.70
52.86
52.86
54.08
50.81
51.03
51.00
51.22
51.06
51.03
50.05
50.25
50.00
50.11
50.17
50.81
48.75
50.15
49.89
49.87
49.91
50.11
50.55
50.50
49.98
49.07
48.92
48.44
48.61
48.89
53.03
52.66
52.82
52.78
52.96
52.62
52.62
52.83
51.35
188

As (wt.%)
0.00
0.01
0.01
0.01
0.01
0.02
0.02
0.05
2.01
2.01
2.25
2.00
2.39
2.64
2.71
2.82
2.82
2.87
2.91
3.03
3.11
3.16
3.20
3.25
3.29
3.32
3.43
3.43
3.44
3.92
4.16
4.31
4.32
4.39
0.04
0.01
0.02
0.03
0.08
0.15
0.16
0.19
1.52

Total (wt.%)
98.19
98.21
98.14
99.15
98.96
98.73
98.73
99.93
98.76
99.35
99.15
99.31
99.27
99.32
98.91
99.04
98.28
98.27
99.36
99.99
97.80
99.36
97.93
98.06
99.10
98.17
98.55
98.39
98.01
99.36
99.23
98.79
98.33
98.80
99.28
98.59
99.05
98.97
99.13
96.64
96.64
96.08
99.16

Pyonpy021

46.33
46.73
46.21
46.21
46.32
46.49
45.89
45.83
46.35
45.76
45.96
46.64
46.48
46.00
45.97
45.67
46.32
45.47
46.10
45.84
45.45
46.07
46.13
45.96
45.55
46.45
46.18
45.60
45.73
45.68
46.57
46.25
45.92
46.22
46.18
46.16
43.87
43.87
43.06
45.69
45.69
42.35
44.81
44.81
42.39
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Figure S4.1. Synchrotron-XRD patterns of arsenian pyrite after four cycles of growth on pyrite seeds (200 °C,
anoxic conditions, 8 weeks). Note: the selected range of from 5 º to 25 º. The XRD pattern of (a) Pyonpy020
and (d) Pyonpy017 (see code detail in Table 4.2), (c) standard pyrite, (d) standard orpiment, and (e) standard
realgar.
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