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Morphology dominated rapid oxidation of framboidal pyrite
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Abstract doi: 10.7185/geochemlet.2104

The rapid oxidation of framboidal pyrite is conventionally attributed to its fine grain
size. However, the effect of the crystal facets of the microcrystals in the framboids on
the oxidation process has been overlooked. We synthesised pyrite monocrystals of
microscopic size with both {100} and {111} facets, which are twomajor forms of fram-
boidal pyrite crystals, in order to examine the oxidation behaviour of pyrite framboids.
The results showed that the oxidation rate of microcrystals with a greater proportion
of {111} facets was approximately 2 times higher than that of those with a greater
proportion of {100} facets although the latter’s size was smaller. Such a difference
makes framboidal pyrite with {111} facets more sensitive to oxidative weathering
in geochemical cycles than other forms of pyrite. These findings emphasise the role
of crystal anisotropy in controlling the oxidation of framboidal pyrite, thereby
suggesting that the shape controlled oxidation of pyrite is a potential indicator of
the local redox conditions of the palaeoenvironment where it occurred.
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Introduction

Sedimentary sulfides account for more than 95 % of the sulfides
on the surface of the Earth and mainly occur as pyrite in sedi-
ments (Rickard et al., 2017). The formation and oxidative weath-
ering of sedimentary pyrite are core processes in the sulfur cycle
and are simultaneously involved in other major element cycles
(such as carbon, nitrogen, and oxygen) (Hayakawa et al., 2013;
Fike et al., 2015; Fakhraee et al., 2019). Thus, these processes
have regulated the redox conditions of the Earth’s surface
through geological history, especially oceanic redox conditions
(Wang et al., 2018). Changes in redox conditions also affect
the distribution of elements (Anbar, 2008).

Framboidal pyrite, which is the main component and
dominant pyrite texture of sedimentary pyrite (Wilkin et al.,
1996; Sawlowicz, 2000; Rickard, 2012), plays a major role in
the oxidation of sedimentary pyrite. Billions of pyrite grains
are forming in sediments and waterways worldwide every
second (Ohfuji and Rickard, 2005; Rickard, 2015, 2019a,b).
The oldest framboidal pyrite may be found in the late Archean
(!2.9 Ga) sediments. (Hallbauer, 1986; Guy et al., 2010).

Pyrite is easily oxidised when exposed to the Earth’s oxy-
genic atmosphere and oceans. The pyrite oxidation process has
been investigated extensively for decades, particularly the reac-
tion kinetics and oxidation mechanism. Most previous studies
mainly focused on powder samples, i.e. fracture surfaces, and
ignored crystal facet effects (Zhu et al., 2018), which may have

hindered the accurate determination of the pyrite oxidation
mechanism. Moreover, little attention has been paid to the oxi-
dative behaviour of framboidal pyrite, despite its importance in
sediments. The oxidation of framboidal pyrite is considered to be
fast due to its high specific surface area (SSA) (Pugh et al., 1984;
Weber et al., 2004), and the influence of the crystal shape is often
neglected. Several studies have shown that framboidal pyrite
grains are mostly euhedral microcrystals with specific shapes
(mainly with {100} and {111} facets) (Ohfuji and Rickard, 2005;
Rigby et al., 2006; Kozina et al., 2018). Poorly understood issues
regarding the rapid oxidation of framboidal pyrite are what con-
trols the oxidation processes; the unique crystal shape or the
extremely fine crystal size?

Here, we investigated the surface oxidation behaviour of
synthesised sub-micron pyrite with predominantly {100} or
{111} facets. Our results showed that the specific crystal facet
of the microscopic pyrite monocrystals, rather than the grain
size, dominated its oxidation. Also, the shape controlled oxida-
tion processes of pyrite as indicators of the local redox conditions
of the palaeoenvironment are discussed.

Materials and Methods

Highly pure, specifically shapedmicroscopic pyrite samples were
synthesised using a polymer assisted hydrothermal method, see
Supplementary Information (SI). To induce oxidation reactions,
the prepared pyrite films were exposed to humidity controlled air
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in airtight cells for 84 hr in total. During the oxidation process,
the samples were removed for X-ray photoelectron spectroscopy
(XPS) analysis at reaction intervals of 0, 6, 12, 24, 36, 60, and
84 hr. Details of the experimental procedures and characterisa-
tion methods are presented in the SI.

Results and Discussion

Structural, chemical and morphological analyses. No
impurity reflections in the X-ray diffraction (XRD) patterns were
identified, thereby confirming the high purity of the pyrite sam-
ples (Fig. 1a–c). In sample Py-tc (truncated cubic pyrite), the

(111) reflectionwas relatively weakwhile the (200) reflectionwas
relatively strong. Comparedwith those of sample Py-tc, the (111)
reflections of samples Py-co (cubo-octahedral pyrite) and Py-to
(truncated octahedral pyrite) were stronger, whereas the reflec-
tion of (200) was weaker.

Figure 1d–f presents themorphology of the three samples.
The change in their morphology indicated that they possessed
different proportions of cubic {100} and octahedral {111}
facets, which was identical to the aforementioned XRD results.
The energy dispersive spectrometry (EDS) results for all three
samples, shown in Figure 1g–i, confirmed the chemical purity
of the pyrite phases. It should be noted that there are weak

Figure 1 (a–c)X-ray diffractionpatterns of synthesisedmicroscopic pyrite samples. (d–f) Field emission scanningelectronmicroscope images
of synthesised pyrite samples. (g–i) Energy dispersive spectrometry results of the pyrite samples. The half-quantitative data shown in the
spectra were derived from the averagemeasurements of five points. (j–l) Particle size distributions of the pyrite samples, whichwere derived
from the statistical results of at least 500 grains from the micrographs.
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signals in the range of 1-2 KeV, which may be due to the intro-
duction of impurities such as Al and Si from the environment in
the experimental processes, although their concentrations are
less than 0.3 wt. %. EDS results also showed that the Py-co
and Py-to samples possessed larger atomic ratios of S to Fe than
the Py-tc sample. This was because the Py-co and Py-to samples

possessed larger proportions of {111} facets, which are sulfur-
rich surfaces (Alfonso, 2010), than the Py-tc sample.

Statistical analysis based on field emission scanning
electron microscope (FESEM) micrographs showed that the
average grain sizes of the Py-tc, Py-co, and Py-to samples were
305.0, 641.5 and 801.4 nm, respectively (Fig. 1j–l). According to

Figure 2 S 2p (a–f) and Fe 2p3/2 (g–l) X-ray photoelectron spectroscopy spectra of Py-tc (truncated cubic pyrite), Py-co (cubo-octahedral
pyrite), and Py-to (truncated octahedral pyrite) surfaces oxidised in air with a relative humidity of 77 % at intervals of 0 hr and 84 hr.
The Fe-surf.-I and Fe-surf.-II denote quadruplet and triplet surface states of iron on pyrite, respectively.
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the geometric model (see SI), the SSAs were 2.54, 1.96 and
1.83 m2/g for the Py-tc, Py-co and Py-to samples, respectively.

Oxidation rate of microscopic pyrite with different
morphologies. Figure 2 shows the S 2p and Fe 2p3/2 XPS spectra
of pyrite before and after oxidation. Here, we used the relative
content ratio of oxygen-containing and unoxidised species from
the XPS spectra to characterise semi-quantitatively the oxidation
rate of the microscopic pyrite (Zhu et al., 2018). The oxygen-
containing species from the S 2p XPS spectra included
sulfate (SO4

2"), and the unoxidised species include bulk sulfur
(S22"-bulk) and surface sulfur (S22"-surface). The oxygen-
containing species from the Fe 2p XPS spectra are iron oxides
(Fe-O), and the unoxidised species included bulk iron (Fe-bulk)
and surface iron (Fe-surf.-I and Fe-surf.-II). The fitting details of
S 2p and Fe 2p3/2 XPS spectra are given in the SI.

In addition, the XPS fitting results (Table S-1) showed
that thiosulfate was only present at the initial stage of pyrite
oxidation, thereby indicating that thiosulfate rapidly converts
to sulfate. It is possible that some of these intermediates can
be stabilised by impurities in natural pyrites, and thus modify
oxidation rates in natural systems. The S/Fe ratio at different
oxidation intervals (Table S-2) showed an increasing trend
over oxidation time. Because the typical altered product of pyrite
is an Fe-sulfate, the S/Fe ratio should be the same. Changes in
this ratio may have been caused by concentration or structural
changes, or even changes in the newly formed solid phases.

Figure 3a,b shows the kinetic results of the relative content
ratios of oxygen-containing species to unoxidised species.
The kinetic data from the S 2p and Fe 2p3/2 XPS spectra showed
the order of the slope (k) for the three samples, i.e. kPy-to>
kPy-co > kPy-tc. Because k is proportional to the oxidation rate of
pyrite (Zhu et al., 2018), the oxidation rates of the three pyrite
samples were in the order rPy-to> rPy-co > rPy-tc (Table S-3).
The normalised data (Fig. S-3) also showed the same rate order
for the three samples.

The order of the oxidation rate was opposite to that of
the SSA [i.e. SSA(Py-tc) > SSA(Py-co) > SSA(Py-to)] for the
three samples, thereby suggesting that the crystal morphol-
ogy (i.e. surface structure), rather than their fine grain-
induced large SSA, controls the reactivity. Therefore, the
crystal morphology should be considered in the oxidation
process of framboidal pyrite. The estimated oxidation rates
of the samples were proportional to the ratio of microscopic
pyrite {111} facets to {100} facets (Fig. 3c). Therefore, the
oxidation rate of microscopic pyrite {111} facets is greater

than that of {100} facets, which is caused by the difference
in surface properties between the {100} and {111} facets
(Zhu et al., 2018; Xian et al., 2019). Regardless of grain size,
the exposed crystal facet controls the reactivity of the fram-
boidal pyrite microcrystals.

Implications for indicating the local redox conditions of
palaeoenvironments. The redox conditions of ancient sedi-
ments control the enrichment of biological and redox sensitive
trace elements. Pyrite morphology and the size distribution of
the framboids are used to indicate palaeoredox conditions
(Wilkin and Barnes, 1997a; Wignall et al., 2005; Huang et al.,
2016; Liu et al., 2019). Such methods are applicable where there
is no oxidative weathering. However, oxidative weathering is
always present in ancient sediments. The oxidative products
of pyrite, such as magnetite, hematite, limonite, magnesite
and goethite, may be the result of pseudomorphism of pyrite
(Luther et al., 1982; Wilkin and Barnes, 1997b). Incompletely
oxidised pyrite will have a core-shell structure (Courtin-
Nomade et al., 2010; Gu et al., 2020). Based on the results of this
study, we propose that such a core-shell structure could
indicate the relative redox conditions of the palaeoenviron-
ment. This could be a potential proxy for interpreting local
redox conditions, such as local oxidation before the Great
Oxidation Event (Anbar et al., 2007).

According to the relationship between the shape of the
microcrystalline particles and the oxidation rate (Fig. 3c), differ-
ent crystal facets of oxidised pyrites may form oxidation species
with different thicknesses (Fig. 4a). The relative redox conditions
of palaeoenvironments where pyrites were present could there-
fore be characterised by a redox index p, as follows:

pfhklg = dfhklg=rfhklg

where r{hkl} is the oxidation rate of a specific pyrite facet {hkl}
(obtained from Fig. 3c), i.e. r{100}= 3.63 ! 10"9 [mol O2/m2 s]
and r{111}= 10.79 ! 10"9 [mol O2/m2 s], d{hkl} is the thickness
of the oxidation shell along the [hkl] direction. It is worth noting
that p is a facet-dependent variable. Without consideration of
morphology, onemay obtain false signals because of the intrinsic
oxidation difference between pyrite facets. In practice, a smaller
p{hkl} value indicates that the degree of pyrite oxidation is rela-
tively weak, whereas a larger p{hkl} value denotes a stronger
oxidation.

Figure 4b,c showed core-shell structures of two pyrites
from a phosphorus deposit. The p and p’ are employed to re-
present the redox indexes of the two pyrites. The estimated redox

Figure 3 Plots of the concentration ratios of oxidised species to unoxidised species (Coxidised/Cunoxidised) vs.oxidation time (t) from (a) S 2p and
(b) Fe 2p3/2. X-ray photoelectron spectroscopy spectra are of Py-tc (truncated cubic pyrite), Py-co (cubo-octahedral pyrite), and Py-to (trun-
cated octahedral pyrite). (c) The estimated oxidation rates of the samples are proportional to the ratio of microscopic pyrite {111} facets to
{100} facets.
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indexes are in the order of p{111}< p 0
{111}, indicating that the latter

experienced a more oxidising environment or longer duration of
oxidation. Based on the aforementioned definition of the redox
index, the p value of all [hkl] directions should be the same,
e.g., p{100}= p{111}. However, the calculated p values show that
p{100} # p{111} and p 0

{100} # p 0
{111}, which may be caused by the

diffusion controlled reaction with the increase in the thickness
of oxidation layers. Meanwhile, we introduce another index P
(P= p{111}/p{100} ! 1). In the initial stage of pyrite oxidation, the
reaction is fully controlled by surface structure, which gives
P= 1. With the thickness increase of oxidation products, the
reaction is diffusion controlled (the p{111} decreases first), result-
ing in P< 1. In addition, because d{100}< d{111}, there is a mini-
mum for P, i.e. 1> P > r{100}/r{111} = 0.34. Therefore, higher
P (closer to 1) represent a shorter oxidation duration or lower
oxygen fugacity, and thus weaker pyrite oxidation. The index
P also works well for the pyrites shown in Figure 4b,c.
Moreover, the presence of impurity elements tends to accelerate
the oxidation of natural pyrite (Lehner and Savage, 2008), but it
will not affect the assessment of local redox conditions of palae-
oenvironments if the presence of impurity elements has the
same effect on the oxidation of a pyrite crystal in all crystallo-
graphic directions.
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Materials and Methods 
 
Preparation of microscopic pyrite 
 
Highly pure microscopic pyrite samples were synthesised using a polymer-assisted hydrothermal method which was 
modified after Wang et al. (2010). The process was performed in a glove box (MIKROUNA) fulfilled with high-pure 
nitrogen (>99.99 %), 21 mL polyvinyl alcohol solution (4.4 wt. %) and 0.45 g polyvinylpyrrolidone were dissolved in 
39 mL water, then 0.4 g FeCl2·4H2O was added to this solution under constant stirring to form a homogeneous 
mixture. 10 mL NaOH (0.7 M) was added dropwise into the mixture, and finally 0.4 g Sulfur powder was added to the 
solution under magnetic stirring for 1 hour. By appropriately increasing the amount of NaOH (0.7 M) from 10 mL to 
11 mL, microcrystalline pyrite with different morphologies containing {100} and {111} crystal facets finally can be 
synthesised. The above reagents are of analytical grade. The mixture was sealed in a Teflon-lined stainless-steel 
autoclave (70 % filled), and maintained at 453 K for 12 h, then cooled to room temperature naturally. The products 
were washed 3 times with Milli-Q water and 3 times with anhydrous ethanol. The collected samples were dried at 60° 
under vacuum, and then stored in the glove box with nitrogen atmosphere. 
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Oxidation experiments 
 
The samples possessing similar morphology with framboidal pyrite microscopic crystals were used to conduct 
oxidation experiments in 77 Rh% air. Glass slides with covered pyrite film were employed to the oxidation experiments, 
which was prepared in the oxygen-insulated glove box. The pyrite films were prepared by dropping suspension on 
glass slides, the suspension composed of the pyrite samples and ethanol. The oxidation experiments were carried out 
in an airtight homemade reaction cell at room temperature. Saturated NaCl solution was used to control the humidity 
condition, providing a relative humidity of 77 Rh% throughout the experiments. 
 
Characterisation 
 
The X-ray diffraction (XRD) patterns were recorded on a Bruker D8 ADVANCE X-ray diffractometer with a Ni filter 
and Cu Kα radiation source, which were operated at a generator voltage of 40 kV and a current of 40 mA. The 
chemical composition and morphology of the samples were analysed on a MIRA3 TESCAN field emission scanning 
electron microscope (FESEM) equipped with the energy dispersive spectrometry (EDS). The working distance of the 
EDS analysis was set at 6.5 mm. Thin sections of natural pyrite samples were prepared for scanning electron 
microscopy (SEM) observations using a Phenom XL SEM equipped with a back-scattered electron (BSE) detector. X-
ray photoelectron spectroscopic (XPS) analysis on a Thermo Scientific K-alpha spectrometer with a base pressure of 
10-8 mbar and an aluminium Kα source (1486.8 eV). The spectra were processed using the Thermo Avantage analysis 
software with smart backgrounds and peaks with mixed Lorentz-Gaussian shapes. 

 
Supplementary Text 
 
Calculation of specific surface area 
 
Because the limited amount of synthesised samples restricted the use of the N2 adsorption BET method to determine 
their SSA, the SSAs of the pyrite samples were estimated based on geometry, as follows: 

S = s / V ρ, 
where S is the SSA, s and V are the surface area and volume of the grains, respectively, and ρ is the density of pyrite 
(5 g/cm3). The geometric lengths required in the calculations were derived from the average value of the statistical 
measurements from a series of FESEM micrographs (Fig. 1j–l). According to the geometric model, the SSAs were 
2.54, 1.96 and 1.83 m2/g for the Py-tc, Py-co and Py-to samples, respectively. 
 
Surface species on the microscopic pyrite 
 
S 2p and Fe2p3/2 XPS spectra are utilized to characterize surface states of pyrite before and after oxidation (Herbert et 
al., 2014; Zhu et al., 2018; Xian et al., 2019). From XPS S 2p spectra of the pyrite samples before and after 
oxidization for 84 hours (Fig. S-1), two doublets, with maxima at 162.50 and 161.80 eV are assigned to the bulk sulfur 
dimer (S22--bulk) and the surface sulfur dimer (S22--surface), respectively. The tail feature at 164.40 eV is generated by 
the core-hole effect in pyrite (Herbert et al., 2014). Two doublets, with maxima at 166.60 and 168.20 eV are assigned 
to the thiosulphate (S2O32−) and sulphate (SO42−) on the surface of oxidised pyrite, respectively. The results (Table S-1) 
showed that thiosulphate only present at the initial stage of pyrite oxidation, thereby indicating that thiosulfate rapidly 
converts to sulphate. From XPS Fe2p3/2 spectra of the pyrite samples before and after oxidisation for 84 hours (Fig. S-
2), the low spin bulk Fe at 706.60 eV and two surface Fe states were observed. One surface Fe state is a quadruplet 
with a minimum at 707.20 eV, and the other one is a triplet with a minimum at 708.50 eV. A quadruplet with minima 
at 710.80 eV is assigned to Fe (III)-O type species. The peaks of sulphate and iron oxyhydroxides increase with the 
oxidation time (Figs. S-1 and S-2), indicating the increase of their content on the surface of pyrite samples. 
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Supplementary Tables 
 
Table S-1 S 2p peak parameters and chemical states of oxidised pyrites. 

 

Samples Species △EB/eV 
Percentage of species detected 

0 hr 6 hr 12 hr 36 hr 60 hr  84 hr 

Py-tc 

Bulk S 0 75.58 77.01 74.92 73.09 71.57 70.93 Doublet 1.2 
Surf S -0.7 13.82 13.98 13.45 12.43 12.06 11.59 Doublet 0.5 

CH 2.18 10.54 9.00 11.41 12.07 11.61 10.74 
Sulfate 5.7 0.00 0.00 0.22 2.41 4.76 6.73 Doublet 6.9 

Thiosulfate 4.05 0.07 0.00 0.00 0.00 0.00 0.00 Doublet 5.25 

Py-co 

Bulk S 0 74.33 74.68 74.41 72.87 69.58 67.88 Doublet 1.2 
Surf S -0.7 13.84 13.56 13.23 13.15 11.91 11.63 Doublet 0.5 

CH 2.18 11.79 11.12 11.09 11.13 11.58 11.67 
Sulfate 5.7 0.00 0.11 0.83 2.63 6.83 8.81 Doublet 6.9 

Thiosulfate 4.05 0.03 0.53 0.45 0.23 0.11 0.00 Doublet 5.25 

Py-to 

Bulk S 0 74.31 75.13 73.42 71.48 64.39 65.01 Doublet 1.2 
Surf S -0.7 14.20 13.83 13.47 12.97 11.98 11.75 Doublet 0.5 

CH 2.18 11.49 10.79 11.87 11.28 12.87 12.09 
Sulfate 5.7 0.00 0.00 0.84 4.14 10.76 11.15 Doublet 6.9 

Thiosulfate 4.05 0.00 0.25 0.40 0.12 0.00 0.00 Doublet 5.25 

 

Table S-2 S/Fe ratios derived from X-ray photoelectron spectroscopy (XPS) survey spectra at different oxidation 
intervals. 

 

Samples 
S/Fe ratio (XPS survey spectra) 

0 hr 6 hr 12 hr 36 hr 60 hr 84 hr 
Py-tc 3.29 3.27 3.47 3.69 3.94 4.12 
Py-co 3.38 3.52 3.55 3.61 3.40 3.42 
Py-to 3.71 3.58 3.72 4.14 3.92 3.83 
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Table S-3 Comparison of oxidation rates of Py-tc, Py-co and Py-to. 

 

Samples 
Rate (mol O2/m2s) 

r S 2p r Fe 2p3/2 
Py-tc (5.595 ± 0.3520) × 10-9 (6.768 ± 0.4287) × 10-9 
Py-co (7.987 ± 0.4873) × 10-9 (9.340 ± 1.1145) × 10-9 
Py-to (1.024 ± 0.1029) × 10-8 (1.385 ± 0.1548) × 10-8 

Calculation methods refer to the literature (Zhu et al., 2018). 
 



 
 
 

 
                             Geochem. Persp. Let. (2021) 16, 53-58 | doi: 10.7185/geochemlet.2104                                     SI-5 

  

 

Supplementary Figures 
 

 

Figure S-1 S2p X-ray photoelectron spectroscopy spectra of pyrite Py-tc (truncated cubic pyrite) , Py-co (cubo-
octahedral pyrite), and Py-to (truncated octahedral pyrite) surfaces oxidised in air with a relative humidity of 77 % at 
intervals of 0, 6, 12, 36, 60 and 84 hr. 
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Figure S-2 Fe 2p3/2 X-ray photoelectron spectroscopy spectra of pyrite Py-tc (truncated cubic pyrite) , Py-co (cubo-
octahedral pyrite), and Py-to (truncated octahedral pyrite) surfaces oxidised in air with a relative humidity of 77 % at 
intervals of 0, 6, 12, 36, 60 and 84 hr. 
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Figure S-3 The kinetic data normalised by SSA of the three samples. k´ νs. oxidation time (t) from S 2p (a) and Fe 
2p3/2 (b) XPS spectra of pyrite Py-tc, Py-co and Py-to oxidised surfaces. k´ is the concentraition ratio of oxygen-
containing species to unoxidised species (Coxidised/Cunoxidised)/SSAs. 
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