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CuS1,y phase. Klemm (1962) recognized a linear change in the x-ray
reflection intensity ratio, I(os/I(210, in proportion to the cobalt and
nickel contents in pyrite solid solutions. With copper we find a similar
relation. The ratio I(s00)/I (2109, based on the height of peaks in powder
diffraction charts, changes from about 1.4 for Elba pyrite to about 4 for
disulphide phase containing about 70 mol % CusS (CuKea radiation).
In addition, several reflections such as (221), (322, 410), (411), (430),
(431), which in pyrite are always too weak to observe, occur in the
Debye-Scherrer photographs for the copper-rich phase indicating a change
in the sulphur positions.

Dry experiments

In order to investigate their breakdown temperatures, disulphide
phases, previously synthesized by the hydrothermal technique, with
various iron to copper ratios, were heated dry in the presence of excess
pure sulphur at temperatures above 250° C. At 250° C, after 112 days
no change was recognized under the reflecting microscope or by x-ray
diffraction. At 275° C, the disulphide phase remained after 38 days, but
after 112 days some grains had decomposed to pyrite, covellite, and
sulphur liquid. Most of the original disulphide phase remained, and there
was no appreciable change in the x-ray diffraction pattern. Even the
zoning which was occasionally observed in the disulphide grains was
maintained. After 42 days heating at 300° C, the disulphide phase was
completely decomposed. Complete decomposition occurs in less than
20 days at temperatures of 320°, 340° and 360° C.

Concerning the composition of the pyrite which occurred as a break-
down product, cell measurements indicated a small copper content (less
than 5 mol. % CuSy). The cell values range from 5.428 to 5.438 A and
tended to be larger when breakdown occurred at lower temperature,
from a short period run or from a copper-rich initial phase. Thus it appears
that the exsolution of copper from the pyrite structure is sluggish especi-
ally at compositions closer to pure FeS,. For these runs between 250° and
360° C, none of the resultant pyrite can be considered as having a com-
position in equilibrium with covellite and sulphur liquid due to this
sluggishness.

At 400° C the disulphide phase decomposed to pyrite, covellite and
sulphur liquid, while at 500° C pyrite, “idaite®”’ and sulphur liquid were
formed. At both temperatures the cell edge of the pyrite was independent
of the heating period and original disulphide composition. The cell values

*Reflections closely similar to data for synthetic CusFeSg on Powder Diffraction File
card #13-161.
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of 5.417 to 5.420 A are not significantly different than for pure FeS,. No
appreciable amount of copper seems to be dissolved in pyrite in equilib-
brium with covellite and sulphur liquid at 400° C, and with “idaite’ and
sulphur liquid at 500° C.

Stability of the iron-copper disulphide phase

The CuS; phase with pyrite-type structure was synthesized under very
high confining pressures, from 15 kb (400° C) to 65 kb (400° to 1600° O
by Munson (1966) and by Bither et al. (1966, 1968). It has not been syn-
thesized under lower pressures. In the pyrite structure the cations are
co-ordinated by six anions forming a nearly regular octahedron while the
anjons are bonded to three cations and another anion. Due to the Jahn-
Teller effect of Cu?* placed in an octahedral ligand field* (Orgel 1959), it is
reasonable to expect that Cu?* prefers not to enter into the pyrite-type
structure (Radcliffe & McSween, 1969).

At very high confining pressure the atoms are forced closer together
resulting in broadening of the copper e, level into a band, and delocaliza-
tion of the electrons (Bither ef al. 1968). Hence, CuS, is a superconductor
(Bither ef al. 1966 ; Munson et al. 1967). The CuS; phase with pyrite-type
structure is, therefore, stable only under higher pressures, and probably
cannot be synthesized in silica glass capsules where the pressure is less
than one atmosphere.

On this basis one must question the stability of the iron-copper
disulphide solid solution under the lower pressure conditions employed
in the present experiments. Several additional facts also suggest that the
iron—copper disulphide phase in question is a metastable phase.

1. Although the disulphide phase was synthesized hydrothermally at
275° C, the results of dry tests indicated that the phase is unstable and
decomposes to pyrite, covellite and sulphur at this temperature.

2. Synthesized disulphide phases often show slight compositional
zoning in individual grains. And results are sometimes difficult to repro-
duce.

3. Judging from the results of the dry tests, pyrite cannot dissolve
large amounts of CuS; at temperatures above 300° C. However, if the
iron-copper disulphide solid solution obtained in hydrothermal runs is
truly stable, the solubility of CuS, in pyrite must increase greatly as the
temperature decreases from 300° to 250° C, going from nearly zero to
about 70 mol. 9. The shape of the solvus for this solid solution seems
unusual in our opinion.

*Due to asymmetrical occupancy of the ¢, orbital, Cu?+ prefers to occupy an octahedral
position elongated along the z-axis, whereas the pyrite structure has rather equi-
dimensional octahedral positions.
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4. FeS;, CoS; and NiS, prefer the pyrite structure under ordinary
conditions and their unit cells increase in this order. These three di-
sulphides are mutually soluble to an appreciable degree at temperatures
above 400° C (Klemm 1962; Clark & Kullerud 1963), but the existence of
stable solid solutions is doubted at lower temperatures, except for the
mineral bravoite which contains approximately equal atomic proportions
of FeS; and NiS, (Clark & Kullerud, 1963). Springer et al. (1964) syn-
thesized solid solutions of various compositions in the FeSy—CoSy—NiS,
system below 300° C using a hydrothermal technique, and they believed
these synthetic solid solutions and most natural ones to be metastable.
The difference between unit cell values of FeSs and CuS; is about 0.4 A,
which is greater than the differences between any of the other disulphide
pairs discussed.

The tentative conclusion follows that the iron-copper disulphide phase
synthesized in hydrothermal runs is metastable under the conditions
employed. The temperature of 275° C obtained as an apparent upper
stability limit of the phase, means that only temperatures above 275° C
are sufficient to decompose the metastable phase into the stable assem-
blage during a relatively short period. Similarly, Springer ef al. (1964)
recognized 300° C as the temperature below which metastable solid
solutions occurred during hydrothermal synthesis in the FeS;—CoSs—
NiS; system.

Pyrite-type disulphides in FeSy—CoSeNiSe—CuSy system

The present results show that a probably metastable, pyrite-type,
disulphide solid solution can be formed easily under certain hydrothermal
conditions along the join FeSy—CuS,. While Clark & Kullerud (1963)
reported a stable phase with composition close to Fe:Ni = 1:1 below
137° C, Springer et al. (1964) found that almost complete solid solution is
formed metastably in the FeS,—CoS:—NiS, system below 300° C. Along
the NiS;—CuS; join, Moh & Kullerud (1963, 1964) have synthesized a
pyrite-type solid solution with composition close to CuNisSs (500°-
300° C, dry) and others from CuNiSs to CuNiS, (200° C, dry, and
100° C, hydrothermal). This (Cu,Ni)S; phase seems to be a stable one,
especially at higher temperatures. The literature records no experimental
results along the CoSs—CuS; join.

These results strongly imply the existence of extensive solid solutions
in the quaternary FeS;—CoS,;—NiS—CuS; system at lower temperatures,
although most of them are probably metastable. Natural occurrence of
villamaninite, the pyrite-type disulphide from the Carmenes district,
Spain, seems to be an example of these metastable solid solutions. Many
investigators have found various ratios of cations, Fe, Co, Ni and Cu,
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although nickel and copper are predominant (Schoeller & Powell 1920;
Hey 1962; Moh & Ottemann 1964; Ypma ef al. 1968).

Recently, Vaughan (1969) suggested non-stoichiometry (sulphur-
deficiency) of bravoites from Maubach. However, he analyzed the metals
employing an electron microprobe and derived the sulphur by difference.
The results of microprobe analyses for natural villamaninites also showed
sulphur-deficiency (Ypma et al. 1968). In a later section we will try to
explain the inconsistency of unit cell values of natural fukuchilite and
synthetic CusFeSs phase, partially by the sulphur-deficiency of natural
fukuchilite. Because the deficiencies observed are of approximately the
same order as the errors when sulphur is determined by electron micro-
probe analysis, further investigations will be needed to conclusively
establish sulphur deficiency in the phases of this quaternary system.

The present experimental results indicate that fukuchilite has a variable
cation ratio along the FeS;—CuS, join. Also, ‘idiomorphic villamaninite’
described by Ypma et ol. (1968) has a composition CuggoFeq.25C00,05-
Nip.14S: which is close to that of fukuchilite CugrsFep2sSs. Clearly a
problem in nomenclature exists. Ypma et al. (1968) proposed to extend
the name villamaninite to minerals with pyrite structure containing more
than 25 and less than 75 mol. 9, CuS,. But, for a systematic nomenclature
the present writers have an alternative suggestion. We suggest that the
name villamaninite be reserved for minerals with compositions close to
the NiSy;—~CusS:; join as proposed originally by Schoeller & Powell (1920),
and that the name fukuchilite be employed for minerals close to the
F682—Cu82 join.

Fukuchilite from the Honawa Mine, Japan

This mineral was described in detail by Kajiwara (1969). The composi-
tion and unit cell were CusFeSs and 5.58 A. From Fig. 2 of the present
investigation a very different cell edge of 5.72 A would be expected for the
CusFeS;s composition.

In an attempt to resolve this discrepancy, a natural fukuchilite-bearing
specimen collected at the type locality was examined. As described by
Kajiwara (1969), fukuchilite occurs as a matrix for minute grains of pyrite
and covellite in a uniform, almost eutectic-like intergrowth. Large grains
of pyrite and covellite are also found with this aggregate and could not
be cleanly separated from the aggregate.

X-ray powder diffraction patterns of the fukuchilite-bearing aggregate
containing some large pyrite and covellite grains were obtained using
Debye-Scherrer and Guinier cameras. Table 3 shows the data from the
Debye-Scherrer photographs. The fukuchilite reflections were always
weak and broad but gave a cell edge of 5.60 =& 0.01 A, which is very close
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TABLE 3. X-RAY POWDER DIFFRACTION DATA FOR THE FUKUCHILITE-BEARING
AGGREGATE FROM THE HANAWA MINE, JAPAN

d(d) I Remarks dd) I Remarks
3.436 vw Barite (210) 1.629 s py (311)
3.204 wb fk (111), cv (10T1) 1.588 vw _
3.114 w Py (111) barite (211) 1.556 wb  py(222),cv (1126)
3.021 m cv (10 1.500 w py (230)
2.795 sb fk (200), cv (1013) 1.446 w py (321)_
2.706 s py (200), cv (0006) 1.851 vw  cv(1.0.T.11) _
2.484 wb fk (210) 1.279 vwb  fk (331), cv (2028)
2.417 m py (210) 1.242 vw  py (331)
2.307 wvw cv (1015) 1.212 w py (420)
2.267 wwb fk(211) 1.183 w Py (421)
2.204 m py (211) 1.155 vw py (332)
2.028 vwvw cv (0008) 1.106 w py (422)
1.969 wb fk (220) 1.076 vwb fk (333), (511)
1.910 m py (220) 1.043 (aa) s py (333) (611)
1.880 m v (1120) 1.042 (a2) W py (333), (511)
1.851 vw 1.006 (e;) m Py (432), (250)
1.763 wvw _ 1.006 (@s) w py (432), (250)
1.729 w cv (1018) 0.9893 (1) m py (621)
1.682 wb fk (311) 0.9892 (as) w py (521)

FeKe radiation, A = 1.9373 &, 26 kV — 10 mA.

Pyrite py (20 reflections) a = 5421 A, standard error of the

mean = 0.0013
Fukuchilite fk (8 reflections) a = 5600 A, standard error of the
mean = 0.005

b = broad reflection. cv = covellite

to the value, 5.58 A, reported by Kajiwara (1969). Reflection (110) was
not observed in the present study. The cell edge of the co-existing pyrite
was 5.421 = 0.003 A.

Electron microprobe analysis was made of the fukuchilite-bearing
aggregate using synthetic chalcopyrite as standard for iron and copper,
and pyrite from Elba for sulphur. Unfortunately we could not find an
area of fukuchilite large enough (>1 um) to be analyzed. Therefore the
beam diameter was broadened to “~40 um, and the average chemical
composition for the fine-grained, three-phase aggregate was obtained.
We believe this assumption led to a close approximation of the bulk
composition because the pyrite and covellite grains, which average
<1 pm diameter, are uniformly distributed in the fukuchilite matrix.

Six replicate analyses were made at each of four points and gave the
following result: Fe 28.9 + 0.1, Cu 23.4 4 0.2, and S 47.7 & 0.2 weight
per cent. In order to calculate the new chemical composition of fuku-
chilite, modal analysis was carried out on ten areas on photomicrographs
at 1400 and 2800 magnifications. The mode was fukuchilite 47.5 &= 3.0,
pyrite 34.6 -+ 1.8, and covellite 17.9 = 1.4 in volume per cent. The small
ranges observed confirmed the mineralogical homogeneity of the assem-
blage analyzed. Using these chemical and modal compositions of the
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aggregate, the chemical composition and formula of this fukuchilite is:
Fe 25.6, Cu 25.8, S 48.6 weight per cent, or Cug.s7Feo.5351.75.

Since the calculated formula is far from the published value of CusFeSs,
the formula was re-calculated selecting values from the above chemical
and modal analyses at the appropriate error limits to maximize sulphur
and copper in the formulae, which are respectively: Cug.«sFeo.5751.32 and
Cuop.s2Fe0.4851.00. Even these limiting compositions do not approach a
sulphur to metal ratio of 2 or a Cu:Fe ratio approaching 3:1. For the
above best estimate of the composition the Cu to Fe ratio is almost unity,
and the cell edge value of 5.60 A is very close to that for the ratio of unity
in the synthetic solid solutions (see Fig. 2). But under the reflecting
microscope, the natural fukuchilite is pinkish grey in colour, and different
from the synthetic phase with similar Cu to Fe ratio, the colour of which
is light grey in reflected light. The difference probably relates to the differ-
ent metal to sulphur ratios. In the experiments, a pinkish colour was
observed with the more copper-rich phases.

It may be concluded that the fukuchilite investigated in this study is
copper-poor and sulphur-deficient compared with that reported by Kaji-
wara (1969), although sulphur deficiency was suggested in his paper. How-
ever this is no reason to question the CusFeSg composition he reported
because a broad range of compositions can be synthesized sometimes with
variations on the scale of a single run.

Kajiwara reported that heating at 200° C for three days in the presence
of liquid sulphur causes the partial breakdown of fukuchilite. This
behaviour is quite different from that of the synthetic phase which
may also suggest the compositional deviation from the metal:sulphur
stoichiometry.

As mentioned previously, the fukuchilite-bearing aggregate includes
extremely minute inclusions of pyrite and covellite in uniform distribu-
tion. This texture is interpreted as a product of the partial breakdown of
original fukuchilite grains. Although the exact composition was un-
obtainable due to minuteness of the inclusions, the reflectivity of pyrite
disseminated in fukuchilite is obviously lower than for large-grained
pyrite, the composition of which is judged to be FeS, from unit cell
measurements. No special reflections were obtained for this pyrite even
when employing the sensitive Guinier camera. From its reflectivity, this
disseminated pyrite would appear to contain a small amount of dissolved
copper.
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