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Iron sulfide minerals are widespread on Earth and likely in planetary
bodies in and beyond our solar system. Using measured enthalpies of
formation for three magnetic iron sulfide phases: bulk and nanophase
FesS, spinel (greigite), and its high-pressure monoclinic phase, we show
that greigite is a stable phase in the Fe-S phase diagram at ambient
temperature. The thermodynamic stability and low surface energy of
greigite supports the common occurrence of fine-grained FesS, in many
anoxic terrestrial settings. The high-pressure monoclinic phase, thermo-
dynamically metastable below about 3 GPa, shows a calculated nega-
tive P-T slope for its formation from the spinel. The stability of these
three phases suggests their potential existence on Mercury and their
magnetism may contribute to its present magnetic field.

greigite | thermodynamic stability | terrestrial planets | magnetism |
high pressure

Iron sulfides are widespread in the Earth and may be important
on other planets. The spinel mineral greigite Fe;S,, the sulfide
analogs of magnetite Fe;O,, has long been considered a meta-
stable phase and a rare mineral (1). Nevertheless, fine-grained
FesS, has been reported in a variety of geologic and environ-
mental settings. Greigite, mackinawite FeSgo, and pyrite FeS,
can be found in sediments formed as a product of sulfate re-
duction (2). Fine-grained magnetic iron sulfides such as greigite
and pyrrhotite have been reported in marine sediments associ-
ated with anaerobic oxidation of methane and formation of
methane hydrates (3). Small greigite particles occur in magne-
totactic bacteria, which produce both Fe;S, and Fe;O,4 in mag-
netosome organelles (4). Greigite is a possible catalyst for CO,
reduction of small organic molecules and for H, and CO, fixa-
tion, relevant to the origin of life (5, 6). Fe;S, can possibly host
remanent magnetism, thus potentially contributing to the weak
magnetic field of the planet Mercury (7). Greigite has been
reported to form as one of the products in the corrosion of crude
oil tanks when the rust reacts with H,S gas above the crude oil
surface (8). Given this widespread occurrence, one must ques-
tion the assumptions of rarity and metastability.

The change of mineral properties with particle size has been
recognized as a critical aspect of geochemical and biochemical re-
actions in natural systems (9). An important question is whether
greigite, a sulfide spinel, has a relatively low surface energy analogous
to that of magnetite and other oxide spinels (10, 11). If the surface
energy of greigite is lower than that of other sulfides in the Fe-S
system, its stability at the nanoscale may be enhanced. Particle-size
decrease also results in shift to lower oxygen fugacity of the Fe-Si-O
oxygen buffers (11). The sulfur and oxygen fugacities are directly
linked and control the partitioning of metals between sulfide and
oxide phases. Hence, the fs, and fs,—fo, buffers could be affected by
particle-size effects in the iron sulfides, oxides, and silicates (12).

Greigite transforms from a cubic spinel structure to a monoclinic
Cr3S4-type structure at 3-4 GPa (13, 14). A natural nanosized
monoclinic Fe;S, phase, probably the same as the reported high-
pressure phase, has been found in the Sudbury ore deposit (15).

Up to now the thermodynamic properties of greigite have not
been determined experimentally. Using high-temperature oxide
melt solution calorimetric techniques developed for sulfides
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(16-19), we determined the energetic stability of bulk, nano-
sized, and high-pressure Fe;S, phases. We conclude that grei-
gite is a thermodynamically stable phase in the Fe-S system
near ambient temperature, that it has a low surface energy
comparable to that of magnetite and other oxide spinels, and
that the monoclinic phase has a field of thermodynamic sta-
bility above about 3 GPa. Implications for the occurrence of
FesS, in terrestrial and planetary settings are discussed.

Results and Discussion

All thermodynamic data in this paper are calculated on the basis
of 1 mole of iron to facilitate comparison between different
iron sulfides. Using the obtained calorimetric data (Table 1), we
calculated the enthalpy of decomposition of greigite to the
neighboring phases (pyrite and pyrrhotite) without the involve-
ment of either sulfur or iron as separate phases. The free energy
of this potential disproportion reaction holds the key to whether
greigite is stable or metastable on the iron—sulfur phase diagram.

FCSL33 - O.726FCSLO()2 + 0274F652 N
AH, = 18.9 + 8.6 kJ/mol.

The reaction is energetically substantially unfavorable and would
require a positive entropy change of >63.4 J/mol.K at 300 K to
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Table 1.
mole of iron

Enthalpies of drop solution and of formation from elements of iron sulfide phases per

AHg o (kJ/mol) Reference

Compound AHgys (kJ/mol)
FeS, (pyrite) -1,471.1 + 4.2
FeS (troilite) -913.5 + 3.3
FeS+. 092 (pyrrhotite) -966.3 + 3.3

FeS; .33 (1/3 FesSs)*

Bulk (greigite)

Nanophase (greigite)

High pressure (monoclinic)

-1,071.6 + 6.2 (6)"
—-1,0745 + 43 (7)
—1,085.7 + 5.6 (8)

-175.5 + 6.0 Xu and Navrotsky, 2010 (16)
-101.4 + 4.0 Xu and Navrotsky, 2010 (16)
-106.2 + 3.5 Xu and Navrotsky, 2010 (16)
-144.1 + 7.3 This work
-141.2 + 5.9 This work
-130.0 £+ 6.9 This work

*The data reported refer to the molecular formula FeS; 33.
"Number of drops given in parentheses; error is 2 SDs of the mean.
*The thermochemical cycle used to calculate the enthalpies of formation is given in S/ Appendix, Table S2.

change the sign of AG. Although the standard entropy of greigite
is not known, such a large AS is very unlikely for a reaction
involving only solid phases. We conclude that greigite is a stable
phase in the iron-sulfur system, at least near ambient tempera-
ture, and it warrants a place on the equilibrium iron-sulfur phase
diagram. Greigite is known as an intermediate in pyrite forma-
tion, (pyritization) under anoxic sulfate-reducing sedimentary
conditions (1, 20). Under a diluted carbon supply, the iron spe-
cies will react with sulfide produced by anaerobic decomposition
of organic matter until the reactive iron exhausts the available
sulfide and stops the reaction, thus resulting in preservation of
greigite (21). The formation of pyrite from greigite will occur, not
because greigite is intrinsically metastable at its own composition,
but because excess sulfur is present. Our thermodynamic data sup-
port the idea (21) that greigite is a stable compound once formed
unless there is a change in sulfidizing environment, which explains
its common occurrence in a number of terrestrial environments (ref.
1 and references therein). Since greigite is also frequently preserved
in the geologic record, it can be a potential indicator of the paleo-
chemistry of lakes or marine environments (22).

In order to further constrain greigite stability, the effect of the
particle-size decrease on the energetics must be considered. Nat-
ural greigite, particularly that formed in sediments (3) and from
bacteria (4) is predominantly fine grained, i.e., nanosized, with
typical particle size of 3070 nm. We measured the surface energy
of greigite from the difference in enthalpy of drop solution of bulk
and nanophase samples, as described in SI Appendix, to be 1.15 J/m*
(estimated error of surface energy is 20%, refer to SI Appendix),
similar to values for magnetite and other oxide spinels, which range
between 0.80 and 1.20 J/m* (10, 23, 24). and are generally smaller
than values for other possible competing oxide phases.

Both magnetite and greigite are produced as small particles by
magnetotactic bacteria and their relatively small surface energies
suggest relatively little driving force for coarsening (4). More-
over, some magnetotactic bacteria produce only nanocrystalline
greigite (between 30 and 70 nm diameter), which does not
convert to pyrite even in the presence of excess H,S (25). Thus, it
is possible that the small surface energy of the sulfide spinel
extends its stability field relative to pyrite in the Fe-S system,
analogous to effects seen with magnetite in the Fe-O and Fe—
O-Si0, systems (10, 11). To quantify this possible effect, and
analogous effects on the pyrrhotite—greigite equilibrium, one would
need to know the surface energy of pyrite and pyrrhotite. Experi-
mental measurements of these values do not yet exist. There have
been two calculations of the surface energy of pyrite (26, 27), but
none for pyrrhotite. They use density-functional theory and mo-
lecular mechanics methods, and they show considerable scatter,
rely on differing assumptions, and are not directly comparable to
experimental values. Thus, although qualitatively it appears likely
that the low surface energy of Fe;S, spinel aids in stabilizing it
thermodynamically at the nanoscale, quantitation is not yet possible.
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The surface energetics of greigite might be important for the
catalytic formation of prebiotic organic molecules on its surface
and thus for the origin of life according to the iron—sulfur world
hypothesis (6). The cubic Fe,S4 units resemble 4Fe-4S clusters,
which are found in the proteins of all living organisms and act as
catalysts for synthesis of biomolecules (28).

The low oxygen fugacity and the high sulfur concentration
recorded during the MESSENGER mission support possible
widespread presence of iron sulfide phases on Mercury (29, 30)
due to the lack of atmosphere, slow rotation, and high eccen-
tricity, the surface temperature of Mercury varies considerably.
While the highest temperature on the surface at the equator could
reach 700 K, the temperature at depths below 1 m is modeled to
be 450 K or less (31), while the temperature in polar craters could
drop to 100 K. Thus, the surface and near-surface regions of
Mercury are likely to be within the stability field of greigite.

Greigite shows stable magnetic properties with no phase tran-
sitions at low temperature (32). Greigite may not be the only iron
sulfide existing on Mercury, but it is one of the compounds with
sufficiently high Curie temperature (610 K) to remain magnetic in
the upper crust and host the remanent magnetization (7). Pyrite is
weakly paramagnetic with a small and positive susceptibility (33),
thus it would not be relevant to the crustal magnetization. Troilite
is antiferromagnetic and not expected to hold magnetic remanence
(34). Pyrrhotite has a Curie temperature of about 600 K (35) so it,
as well as greigite, could contribute to magnetic remanence.

The relevance of greigite nanoparticles to Mercury stems from
the estimated abundance of nanoparticles on Mercury, which is a
potential explanation for its dark surface and relatively feature-
less visible and near-infrared spectra (36). Constant surface
bombardment by bolides and the solar wind (36, 37) could fur-
ther enhance greigite nanoparticle formation. The low surface
energy would provide little driving force for grain growth.
Nanoparticulate Fe3S, therefore becomes a highly possible
magnetic mineral present on the surface of Mercury with single
or pseudosingle domains holding the remnant magnetism from
the planet’s ancient magnetic field (1, 35, 38).

Although chondritic meteorites are commonly considered as
building blocks for terrestrial planets, it is unlikely that a large
planet will retain the same exact chemistry as its building blocks
with the change in oxygen fugacity, temperature, and pressure
(39). The phase equilibria of the compounds in the Fe—S system will
dramatically shift with changes in the oxygen and sulfur fugacities.
Thus, although greigite is not commonly found in meteorites, that is
not a definitive argument against its existence on Mercury, espe-
cially bearing in mind the reported high sulfur content there. In-
deed, greigite has been found in meteorites previously, usually as a
fine-grained material, coexisting with other iron phases such as
pyrrhotite and magnetite. McKay et al. (40) suggested the presence
of nanogreigite with postulated biogenic origin in a Martian mete-
orite. They could not obtain conclusive transmission electron
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Fig. 1. PXRD patterns of three Fe3S, phases: bulk (4) and nano- (B) greigite with
spinel (Fd-3m) structure. The bulk greigite (A) was compressed under a pressure of
5 GPa in multianvil press to obtain high-pressure monoclinic phase (/2/m). PXRD
pattern of high-pressure monoclinic phase is given in C. The observed high
background in the diffraction pattern originates from Fe fluorescence.

microscopy (TEM) results, because the particles were unstable in
the electron beam. Greigite was also found in the stony meteorite El
Hammami, stony-Fe meteorite Gujba, and Fe meteorite from
Canyon Diablo, where it was mixed with seven other minerals (41).
The difficulties in characterizing fine-grained greigite in meteorites
suggest that it might have more common occurrence than has been
assumed, but has been overlooked or not properly identified.

We have confirmed the existence of the high-pressure mono-
clinic Fe;S, phase (13-15), which is supposed to be ferrimagnetic
like the cubic spinel (13, 15). We synthesized the material at 5
GPa and ambient temperature in a multianvil press to investigate
its structure and thermodynamics (Fig. 1). The enthalpy of
transition from greigite to the high-pressure phase, measured
by oxide melt solution calorimetry, is endothermic: 14.1 +
8.3 kJ/mol per FeS;;; formula unit, and the change in molar
volume is —10.46 + 0.22 cm®mol~". According to Susilo et al. (14),
the high-pressure monoclinic phase starts appearing above 3 GPa at
ambient temperature and the cubic phase is completely transformed
to the monoclinic phase at 6 GPa. The transition has not been re-
versed. Assuming that the spread over a range of pressures reflects
slow transformation kinetics, we take the onset of the transition at 3
GPa as a “half bracket,” meaning that the equilibrium transition
pressure is at or below 3 GPa. Then, the free energy of transition at
3 GPa would be zero, and AG (3 GPa) =0= AH — TAS + PAV, to
a first approximation. This gives AS = 12.2 + 2.8 J/mol. K. Thus the
high-pressure phase has a lower volume but a higher entropy than
greigite, giving, according to the Clausius—Clapeyron equation
(dP/dT)cquii = AS/AV = —0.0035 + 0.0008 GPa/K. This negative
P-T slope (Fig. 2) would suggest higher pressure for the transition in
colder regions of a planet like Mercury but lower pressures in
warmer regions. If the true transition pressure is lower than 3 GPa,
the entropy change would become even more positive.

Monoclinic Fe;Ss was predicted to undergo a half-metal to
metallic transition upon compression (13), but electrical transport
measurements showed only semiconducting behavior in the high-
pressure phase (14), The experimental studies have indeed shown
a drop in resistivity to 4-6 mQcm upon compression above 2 GPa.
Although relatively low, this resistivity is higher than for a typi-
cal metal. This complex resistivity behavior is attributed to the
enhancement of electron hopping between Fe** and Fe’* ions
mediated by polarons (14). The mobility of polarons is increased
by compression. The electron hopping and polaron mobility rep-
resent delocalization of electrons and could result in a higher
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entropy of the high-pressure phase and account for the negative
P-T slope of the transition.

Although the high-pressure transition has not been reversed,
the positive enthalpy of transition shows that cubic greigite spinel
is clearly stable at atmospheric pressure and 298 K. The mono-
clinic and cubic phases would coexist stably only at the phase-
boundary pressures and temperatures. This is consistent with the
natural monoclinic phase in the Sudbury ore deposit being ac-
companied by pyrrhotite (Fe;_,S), but not by cubic Fe;Sy (15). The
presence of the monoclinic phase in the Sudbury, Ontario, Canada
impact structure is consistent with it being a quench product from
high pressures, higher than the equilibrium phase boundary. Inter-
estingly, both that material and our synthetic sample appear to have
very small crystallite size and nanoscale phenomena may contribute
to their formation and energetics. Another possible implication
could be a potential existence of monoclinic Fe;S, in the lower crust
or at the crust-mantle boundary of Mercury.

In summary, our experimental thermodynamic results illustrate
the complex nature of phase behavior in the Fe-S system. We
conclude that Fe;S, spinel (greigite) is a stable phase near ambient
conditions in the Fe-S system, that it has a low surface energy
comparable to that of oxide spinels, and that it transforms, with a
negative P-T slope to a high-pressure monoclinic phase near 3 GPa.
These results suggest that Fe;S, is not a rare metastable mineral but
may occur commonly as a stable phase, often as nanoparticles, in a
number of terrestrial and planetary environments.

Materials and Methods

Materials. Iron (ll) chloride tetrahydrate (Alfa Aesar), L-cysteine (Fisher Sci-
entific), hexadecyltrimethylammonium bromide (CTAB) (Fisher Scientific),
polyvinylpyrrolidone (PVP) (Alfa Aesar), ethylenediamine (Fisher Scientific),
and deionized water which was purged with nitrogen gas for 1 h.

Synthesis. Bulk Fe3S,; was synthesized by hydrothermal method following
previously reported procedure (42). Inside a glove tent, 8 mmol of iron (ll)
chloride tetrahydrate, 12 mmol of L-cysteine, and 2.4 mmol of CTAB were
dissolved in 140 mL of N,-purged deionized water. The mixture is then
transferred to a 200-mL Teflon container and sealed inside an autoclave. The
autoclave was heated to 165 °C for 40 h and cooled naturally. A black pre-
cipitate was obtained by centrifugation and washed with water and ethanol
several times. The precipitate was finally dried at room temperature.

For nano-Fe3S, synthesis, a previously reported procedure with a slight
modification was carried out (43-45). In a 250-mL three-neck flask, 16 mmol
of L-cysteine and 2 mmol of PVP were dissolved in 70 mL of deionized water
under degassing with nitrogen. Eight mmol of iron (ll) chloride tetrahydrate
was dissolved in 70 mL of deionized water in separate beaker and added to
the three-neck flask drop by drop using a syringe. Finally, 500 pL of ethylene
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Fig. 2. Calculated P-T diagram of Fe3S, showing negative slope.
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diamine was added to the mixture and stirred well. The resulting mixture
was transferred to a 200-mL Teflon sealed autoclave and heated at 160 °C
for 16 h. The resulting black precipitate was washed with water and ethanol
several times before being allowed to dry at room temperature.

Two preparations were done in a multianvil press (Big Blue Press at Arizona
State University) to produce enough of the high-pressure phase for calori-
metric and other measurements. The samples were run in an 18/12 multi-
anvil assembly at room temperature and 5 GPa (46). The samples were
compressed to 5 GPa, held at pressure overnight, and then decompressed, all
at room temperature, and the product consisted of the high-pressure phase
of FesS4. The samples were recovered as well-compacted and coherent pel-
lets. Boron nitride capsules were used to contain the samples, and the boron
nitride layers were easily separated from the sample pellets after the syn-
theses. The total yield was about 300 mg of high-pressure FesS,.

Characterization. The phase purity of Fe3S, samples was checked by powder
X-ray diffraction (PXRD) with a Bruker D8 Advance diffractometer with Cu
Ka radiation (40 kV, 40 mA) in the 26 range of 10-80° with a 0.018° step size
and a 1-s step time. The PXRD patterns were refined by employing the
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