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AbstrACt

An equilibrium mixture of monoclinic pyrrhotite and pyrite was synthesized in the eutectic AlCl3-
KCl melt at 525 K. The reaction 7FeS2(cr) + 12Ag(cr) = 8Fe0.875S(cr) + 6Ag2S(cr) was studied by 
an electromotive force technique in an all-solid-state electrochemical cell with an Ag+-conductive 
solid electrolyte in Ar at atmospheric pressure: (–) Pt | Ag | AgI | Ag2S, Fe0.875S, FeS2 | Pt (+). In the 
490–565 K temperature range a linear electromotive force vs. temperature trend was obtained from 
which the temperature dependence of the sulfur fugacity was determined for the monoclinic pyrrhotite-
pyrite equilibrium: logfS2(mpo+py) = 14.079 – 14406�T–1, (500 < T/K < 565). In addition, standard 
thermodynamic functions were calculated for monoclinic pyrrhotite Fe0.875S at 298 K and atmospheric 
pressure: 'Gf(mpo, 298.15 K) = –(136 200 r 3000) J�mol, S°(mpo, 298.15 K) = (66.7 r 1.3) J��mol�K), 
'Hf(mpo, 298.15 K) = –(157 400 r 3000) J�mol. Gaseous sulfur, S2—ideal gas at 1 bar (105 Pa) pres-
sure—was taken as a standard state for sulfur. 
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introDuCtion

In most ore deposits one or several forms of iron sulfides are 
usually present, and they are often the prevailing ore components. 
The pyrrhotite (po)–pyrite (py) equilibrium and pyrrhotite as a 
phase of variable composition are often used as a sulfur fugac-
ity indicator (Toulmin and Barton 1964; Barton and Toulmin 
1966; Scott 1976).

There are three stable sulfides in the Fe-S system in the 
500–750 K temperature interval: stoichiometric pyrite FeS2, 
anti-ferromagnetic hexagonal E-pyrrhotite (E-po), which is 
stable below 598 K, and paramagnetic hexagonal J-pyrrhotite 
(J-po), stable at temperatures above 598 K (Toulmin and Barton 
1964) or 601 K (Osadchii and Chareev 2006). The transition of 
pyrrhotite from the E-phase into the J-phase occurs at 598 r 8 
K and is accompanied by a change of the magnetic properties.

Low-temperature phase relations in the Fe-S system were 
studied in several works. According to Nakazawa and Morimoto 
(1971) in the region of E-po stability at least nine pyrrhotite 
superstructures were isolated, but no data on their stability were 
reported. The most well-known naturally occurring superstruc-
ture is Fe0.875S (Fe7S8), monoclinic pyrrhotite (mpo), occurring 
in equilibrium with pyrite. Taylor (1970) concluded that the 
SHULWHFWRLG�WUDQVIRUPDWLRQ�PSR�ļ�SR�S\��RFFXUULQJ�DW�����.��
is metastable, whereas according to Kissin and Scott (1982), this 
transition is stable and occurs at 527 K.

In nature, monoclinic pyrrhotite is found in equilibrium with 
pyrite or pyrrhotite superstructures of various compositions 
including troilite. This observation suggests instability of all 
pyrrhotite superstructures except for monoclinic pyrrhotite and 

troilite (Putnis and McConnell 1980).
In our previous study (Osadchii and Chareev 2006) in the 

temperature range of 518–723 K only hexagonal pyrrhotite was 
stable in an assemblage with pyrite and argentite. On cooling 
of the Ag-Fe-S system below 518 K a phase reaction E-po+arg 
ĺ�$J�S\�RFFXUV��VLOYHU�DSSHDUV�LQ�WKH�VDPSOH�V\VWHP��DQG�WKH�
electromotive force (EMF) of the cell becomes zero (E = 0). At 
the same time the growth of threadlike silver crystals on the free 
surface of the sample was observed. Furthermore, increasing the 
temperature above 518 K, leads to a new linear E(T) trend that is 
different from the previously obtained E(T) dependence for the 
E-po+py equilibrium (Chareev and Osadchii 2005). Such trends 
had a smaller slope in E-T coordinates and always intersected 
with the E-po+py equilibrium line below the E-J transition point 
in hexagonal pyrrhotite (a574 K). The position of these trends 
depended on the given annealing temperature (below 518 K) and 
the exposure time and was related to the formation of metastable 
monoclinic pyrrhotite, differing from the equilibrium E-po by the 
higher sulfur content. However no evidence of the presence of 
exactly monoclinic pyrrhotite in the sample system was found.

theoretiCAl bACkgrounD

Equilibrium phase relations in the Ag-Fe-S system that in-
cludes monoclinic pyrrhotite, pyrite, and argentite are described 
by the solid-state reaction,

7FeS2(cr) + 12Ag(cr) = 8Fe0.875S(cr) + 6Ag2S(cr). (1)

Reaction 1 can be implemented in an all-solid-state electro-
chemical cell,

(–) Pt | Ag | AgI | Ag2S, Fe0.875S, FeS2 | Pt (+)
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