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ABSTRACT
Cation ordering in two important iron nickel sulÞde minerals, pentlandite and violarite, was studied
by neutron powder diffraction using samples prepared with isotopically enriched 60Ni. Pentlandite of
composition Fe4.8Ni4.2S8, annealed at 150° C for 1 month has a disordered Ni/Fe distribution with Ni
occupying 57(2)% of the octahedral site and 46(1)% of the tetrahedral site with a unit cell repeat of
10.1075(1) Å. After annealing for a further 2 months at 150 °C the Ni/Fe distribution is still disordered
with 53(2)% Ni in the octahedral site and 48(2)% Ni in the tetrahedral site and the cell parameter
increased by 0.21% possibly due to slight readjustment of the Fe/Ni ratio.
Synthetic violarite, FeNi2S4, prepared at 300 °C, exhibits ordering of Ni onto the tetrahedral site,
with Fe and the remaining Ni sharing the octahedral site. In situ neutron diffraction heating experiments in which pentlandite and violarite were heated up to 300 °C for 12 hours did not alter the Ni/Fe
distribution between tetrahedral and octahedral sites. Violarite did not exhibit any evidence of magnetic ordering upon cooling to –173 °C. The interatomic distances in the two structures indicate that
in pentlandite Fe2+ and Ni2+ are high spin and in violarite Fe2+ is low spin with Ni3+ with an inverted
spinel structural type.
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INTRODUCTION
Pentlandite and violarite are important iron nickel sulÞdes,
frequently found together in maÞc nickel deposits where they are
usually the major ore minerals. Pentlandite is a primary mineral
and usually forms as an exsolution product with pyrrhotite from
the break down of the monosulÞde solid solution (mss) (Naldrett
et al. 1967; Vaughan and Craig 1974; Durazzo and Taylor 1982;
Etschmann et al. 2004). Natural pentlandite shows an irreversible thermal expansion upon heating to 250 °C that is thought
to be associated with the break down of Fe and Ni ordering
over the tetrahedral and octahedral sites (Tsukimura 1989).
Tsukimura (1989) reported that an ordered natural pentlandite
(Ni4.57Fe4.4Co0.03)S8 with a = 10.051 Å expanded to a = 10.108
Å after disordering by annealing at 250 °C, an expansion of
0.56%. Rajamani and Prewitt (1975) observed a similar expansion (0.55%) on disordering a slightly more Ni-rich pentlandite.
Tsukimura (1989) predicted that the disordering temperature for
natural pentlandite might be as low as 111 °C. Etschmann et al.
(2004) found that annealing synthetic pentlandites at 150 or 200
°C for up to 5 months resulted in a contraction of the unit-cell
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parameter suggesting that Fe/Ni ordering might have occurred
at these temperatures. Mössbauer, magnetic, and X-ray diffraction (anomalous dispersion method) measurements indicate that
Fe is preferentially ordered onto the octahedral site for natural
pentlandite (Knop et al. 1970; Tsukimura and Nakazawa 1984;
Tsukimura 1989).
Violarite can form as a hypogene product, via exsolution
from pentlandite, but is more commonly a supergene oxidation
product of pentlandite (Nickel et al. 1974; Mirsa and Fleet 1974;
Grguric 2002; Tenailleau et al. 2006). Violarite is a thiospinel
and the Fe and Ni are distributed over tetrahedral and octahedral
sites in a ccp array of S atoms. There are important similarities
between the crystal chemistries of pentlandite and violarite:
both are based on cubic close packing of S with the metal atoms distributed over octahedral and tetrahedral sites and they
can accommodate variable Fe/Ni ratios. In terms of occupation
of available tetrahedral and octahedral sites in the S lattice the
pentlandite and violarite structures can be viewed as opposites.
In pentlandite, the Fe and Ni atoms occupy ½ of the tetrahedral
sites and 1/8th of the octahedral sites in the ccp S array (Fig. 1a),
whereas in the violarite structure they occupy ½ of the octahedral
and 1/8th of the tetrahedral sites (Fig. 1b).
There is considerable scope for the ordering of the Fe and Ni
atoms in both structures. Ordering in spinels is well known. In
normal spinels, the divalent cations occupy the octahedral site
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