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Phase relation of some sulfide systems-(5)
Especially Fe-Ni-S system

Arashi KITAKAZE (Museum of Sugaki Ore Collection),

and Ryuichi KOMATSU (Graduate School of science and Engineering)

Abstract:

Phase relation studies for ternary Fe-Ni-S system have been performed by author. Their results are

described as mainly phase diagrams. Many diagrams were obtained by integrating after Sugaki et al, 234

and Kitakaze at al. >, and adds additional new data and new knowledge were obtained by outhouses.
Phase relations at 1,100, 1,000, 900, 875, 750, 800, 750, 700, 650, 600, 550, 500 and 450°Cusing the
dry method were showing. Further, cross sections for (Fe,Ni)-S and po-hx from 1,000 to 450°C by

integrating after Kitakaze et al. >
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Introduction

Since the study by Kullerud”®, it has been
accepted that pentlandite (FessNissSg) breaks
down to a mixture of pyrrhotite (monosulfide
solid-solution) and phase Niz:xS2 at 610°+3°C or
above (Kullerud et al.?, Craig & Scott1!? | Barton
& Skinner 'Y, Craig & Vaughan'?). However,
Sugaki & Kitakaze®*'¥ found that pentlandite of
composition FessNis5S7.9 does not break down but
transforms into a high-form at 615°+3°C and that
a continuous solid-solution between this high-
form and phase Nisz:xSy is stable in the Fe-Ni-S
system at 800° and 650°C (Sugaki et al. 1),
Fedorova & Sinyakova®® reported an extended
heazlewoodite solid-solution (FexNiix)3+yS, at
820° and 600°C in the Fe-Ni-S system. Also,
Karup-Mgller & Makovicky'® ascertained an
elongated solid-solution with (Ni,Fe)s:xS2 in the
system at 725°C. Kosyakov et al.'” reported some
schemes of polythermal cross sections in Fe-Ni-S

Xs<50 mole %, but not ternary phase diagram of
the ternary system were show. Sinyakova &
Kosyakov!® show the 600°C section of the Fe-
FeS-NiS-Ni phase diagram and recognized
pentlandite, monosulfide solid-solution,
heazlewoodite solid-solution and metal phases.
But B1 and B2 in the Ni-S binary system described
below were not found, so some problem was
remained. Further, Hayashi (1985) recognized the
existence of a (Fe,Ni)9Ss-Nisz«xS» solid-solution in
his study of the quaternary Cu-Fe-Ni-S system at
850° and 650°C. All of these SS are the same phase.
Peregoedova & Ohnenstetter'® recently reported
that a quaternary SS between hz SS (Ni,Fe)s:xS2
and intermediate SS Cui+xFe1+yS, was established
in the system Fe-Ni-Cu-S at 760°C.

On the other hand, Lin et al.?®, Sharma &
Chang??, Singleton et al.?? and Kitakaze &
Sugaki 22 found that phase Niz:xSz (B) (Kullerud
& Yund? | Liné & Huber??, Rau?® in the binary

Ni-S is not a mono-phase but consists of two
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limited SS of phases 1 (NisS2 corresponding to a
h-hz and 2 (NisS3, a high-temperature phase) with
a narrow field of immiscibility between them over
the temperature range from 524° to 806°C.
Accordingly, the h-pn —Nisz:xS2 SS mentioned
above is incorrect. It is possible for h-pn to form a
continuous solid-solution with either B1 or B2, but
not both.

The appearance of h-pn, B: and B2 as stable
phases required the reexamination and revision of
the phase relations of the systems Fe-Ni-S and Cu-
Fe-Ni-S above 500°C obtained by the previous
authors (Kullerud®, Kullerud et al?, Craig &
Kullerud?®, Hsieh et al. 2", Barker?®, Hayashi®?,
Fedorova & Sinyakova'®, Karup-Mgller &
Makovicky!®, Peregoedova & Ohnenstetter 9. In
order to clarify the phase relations among high-
form pentlandite,

low-form pentlandite, B1 and P2 and their
thermal stabilities, we have investigated seven

isotherms of the Fe-Ni-S system at 50°to 20°C
intervals from 650° to 450°C especially where
both high- and/or low-pentlandites and 31 coexist.
There have been found a lot of phase changes such
as pseudoperitectoids, pseudoeutectoids, ternary
peritectoid and eutectoids and tie-line changes
besides a polymorphic phase-transition, and so the
phase relations of the system became more
complicate than those described by the preceding
researchers as above. The experimental results
ascertained by us are already reported by Sugaki
& Kitakaze'¥, Kitakaze et al. at temperatures
from 650 to 450°C and Kitakaze et al.9 at
temperatures from 875 to 650°C. Therefore, this
report combined our previous data and added
some new data on phase relation is described
below.

Chemical compositions and crystallographic
data for minerals and solid phases appeared in this
study are compiled in Table 1.

Table 1. Minerals appeared in this study belonging within the Fe-Ni-S system

Minerals and phases Symbols Compositions  Structure types References
Cell edges in A
Pyrite py  (FeNi)Sa Cubic Pa3 Fuiii ef a™
a 5.3825
Vaesite vs  (NiFe)S: Cubic Pa3 Nowack er m’."n'
a 5.6765
Monosulfide solid-solution mss  (FeNi)i.8  Hexagonal P 6:/mme Craig & Scott"”
(Fe=Ni) a 345 ¢ 56
High-form pentlandie hpn  (FeNipSg  Cubic Pn3m Sugaki & Kitakaze 4
(Fe=Ni) a 5.245(650°C)
Pentlandite pn  (FeNipwSg Cubic Fm3im Rajamani & Prew \llII'
(Fe=Ni) a 10.100 Sugaki & Kitakaze'"
Phase f Ba  NLSiSS) Cubic Pn3m Kitakaze & Sugak Z
a 5.140(600°C)
Phase § | Bi NisS«SS)  Cubic Fmdm Kitakaze & Sugaki™
a 5.210(600°C)
Phase o (kamacite) o (FeN1) Cubic Fm3m Ramsden & Cameron’—
FeposMinos @ 2.860
Phase y (tacnitc) ¥ (FeNi) Cubic Fm3m Dumpich et al ™
FeoaoNine @ 3.587

SS: solid-solution

Experimental Procedure

Evacuated silica glass tube method

Synthetic experiments were mainly carried
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out by the evacuated silica-glass tube method
which is about same described by Kitakaze et
al.>® using pure iron and nickel metals (over
99.99% in purity) and sulfur (99.99%).



Identification of phases

All the run products obtained using the
evacuated glass tube method were fine to coarse
grained sulfide and their mixture, and examined
by ore microscope, XRD by diffractometer and
high-temperature XRD by high temperature
diffractometer under N gas for determination of
phases and phase assemblages. Sometimes,
XRD for some synthetic phases were performed
using the Guinier method and cell parameters

are refined by their data.
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Phase relation of Fe-Ni-S system

Phase relation at 1,100°C

The phase relations at1,100°C obtained using
by the evacuated silica-glass tube method are
shown in Fig. 1. Monosulfide SS (mss) appears
as the first sulfide phase (Feo.92S1.00) in the
system at 1,188°C (Rau?®®, Kubaschewski®®),
has a limited SS to extend its field successively
toward Ni-S direction and assemble with central
sulfide liquid. There are two liquid fields for the

central sulfide liquid -sulfur and -metal.

1,100C

Vv

lig

40

Atomie % Ni

h'lil ’ 80 ' Ni

Fig. 1. Isothermal section in central portion of Fe-Ni-S system at 1,100°C.

Phase relation at 1,000 T
The phase relations at 1,000°C obtained using

the evacuated silica-glass tube method are shown
in Fig. 2. There are the central sulfide liquids, two
sulfide phases of monosulfide SS(mss) and vaesite
(vs)in central portion of Fe-Ni-S system. Vaesite
(vs), which crystallized as a stable phase NiS; by
a reaction between two immiscible liquids, Ni-rich

liquid and sulfur liquid at 1,022+3°C (Arnold &
Malik®®, Lin et al.??, Sharma & Chang®Y;
Singleton et al.??). The mss filed was suddenly
wider than that at 1,100°C spreading to Ni-S join.
A univariant assemblages of mss-vs-sulfur liquid
(S(I)) was appeared. Sulfide liquid field becomes
narrower than that of 1,100°C.
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Fig. 2. Isothermal section in central portion of Fe-Ni-S system at 1,000°C.

Phase relation at 900 T
The phase relations in the ternary system at

900°C are shown Fig.3. There are two sulfides
such as vs and mss, and sulfide liquid. Mss
extends its field successively toward Ni-S join

with decreasing temperatures and forms a
complete SS between Fe1xS (1C) and Ni1-xS.
There are two univariant assemblages of mss-vs-
S(1) and mss-sulfide liquid-y which were
appeared in this temperature.

Fe 20 1

0
Atomic % Ni

60 80 Ni

Fig. 3. Isothermal section in central portion of Fe-Ni-S system at 900°C

Phase relation at 875 C

Phase relations of Fe-Ni-S system at 875°C
obtained from the equilibrium run data and the
EPMA data for the synthetic products are shown
in Fig. 4 (modified diagram after Kitakaze et al.%.
Only six phases appeared at this temperature, four

solid phases such as vs, mss, a and y, and two
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liquid phases as sulfide liquid and sulfur liquid.
Vs has a limited SS ranging from NiS; to
Feo.1sNio.s2S2 along the FeS2-NiS; join at 875C.
Sulfide liquid phase occupies a wide field
extending from the Ni-S join toward the inside of
the ternary composition.

In the figure, three univariant assembles are
found as vs+ mss + S(I), mss + sulfide liquid+
yand mss +o+y.
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Fig. 4. Isothermal section in central portion of Fe-Ni-S system at 875°C (modified diagram after Kitakaze et al. ®)

Phase relation at 850 €

The phase relations based on the data of the
equilibrium experiments and the EPMA at 850°C
are shown in Fig. 5 (modified diagram after
Kitakaze et al.®. H-pn with Feq.93Nis.06Ss.01 first
appears as stable at 870+3°Cas a result of
pseudoperitectic reaction between mas
(Feo.89Ni0.11S1.00) and liquid (Feo.43Nio.17S0.41).

The stable phases such as S(1), vs, mss, h-pn,
sulfide liquid, a and y are found in the figure. At
850°C, h-pn appears with a limited SS from
Fes.08Ni3.0357.99t0 Fes s1Nis 24S7.9sincluding

Fea.50Nis.50Ss.00. Liquid phase occupies a wide

field extending from the Ni-S join toward the
inside of the ternary composition. H-pn coexists
with mss and/or liquid. The a coexists with y
and mss. The Fe-rich ends of the h-pn and liquid
are more Fe-rich than those by them.

Two univariant assemblages are found as h-pn
+ mss + y and h-pn+ mss + S(I). The sulfide liquid
on the metal-rich side coexists with mss and y as a
univariant assemblage. Most Fe-rich mss (~FeS)
can coexist with a and y as a univariant
assemblage.
Vs coexists with mss and S(I) as a univariant
assemblage. No pyrite is found at this temperature.

Ni

Fig. 5. Isothermal section in central portion of Fe-Ni-S system at 850°Cby dry method (modified diagram after
Sugaki & Kitakaze, 1996; Kitakaze et al. ®).
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Phase Relations at 800 €

From the equilibrium run and EPMA data for
the phases produced, the phase relations at 800°C
were obtained and shown as Fig. 6 (modified
diagram after Kitakaze et al.®.

H-pn (Fes.2oNi3.74S7.97) extends its field rapidly
toward the Ni-rich side with decreasing
temperature below 850°C, and reaches the Fe-free
Bo (44.7 atomic % S) in the Ni-S join at 806+3°C,
at which By crystallizes (Lin et al.?%). As seen in

the figure, h-pn is formed continuous SS from h-

mss+S(H+vs
7

pn (Fes20Ni3.74S7.97) to Bo at 800°C. The Fe-rich
end composition of the SS (Fes29Niz74S7.97) at
800°C contains slightly Fe-rich than that at 850°C.
Phase B1 with the S-richest composition (~42.9
atomic % S) just appears by peritectic reaction
between By and liquid in the Ni-S join at 800°C.
The liquid phase still occupies an extensive field
but retreats its field toward the Ni-S join at 800°C.

The continuous mss is present as at 850°C. The h-
pn-Po SS coexists with the mss and/or liquid.

Ni

Fig. 6. Phase relations in the central portion of the Fe-Ni-S system at 800°C (modified diagram after Kitakaze et

al.®).

Five univariant assemblages are found in the
mss + liquid + y, mss + o + y and B 1 (42.9

atomic % S) + h-pn + liquid and vs + mss + S(I).

Phase relation at 750 T

On cooling from 800°C, the liquid phase
furthermore retreats toward the Ni-rich side.
The tie-lines between mss and liquid are replaced

by those between h-pn and yat 762+3°C (invariant).

The reaction is reversible.

Below 762+3°C, mss cannot crystallize from
liquid by a pseudeutectic reaction. Phase [ 1
grows and quickly extends as a SS from the Ni-S
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isotherm at 800°C as follows: h-pn + mss + liquid,
join within the ternary field with decreasing
temperature, forming a SS with fairly large area.

The phase relation from the data for equilibrium
studies and EPMA is shown in Figure 4 at 750°C
(modified diagram after Kitakaze et al. ®).

There are five univariant assemblages in the
system as follows: 1) mss + h-pn + v; 2) h-pn +
liquid + v; 3) h-pn + B1 + liquid; 4) mss + a +vy. 5)
mss + vs + S ().

A continuous SS from h-pn (Fes.44Ni3.60S7.96) t0
Bo is formed at 750°C.



mss+vs+3(lig)
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750C

hpn+ # +lig

Ni

Fig. 7. The phase relations in the Fe-Ni-S system at 750°C (modified diagram after Kitakaze et al. ®).

Phase Relations at 700 €

Below 750°C, pyrite (py) appears in the system
at 742+1°C (Kullerud and Yoder®”, Barton and
Skinner®®, Kubaschewski®®) and assembles with
vs and mss.  And other tie-line change from h-pn

and liquid to 1 and y at 739+3°C was ascertained.

Below this temperature, no crystallization of h-pn
from liquid as pseudeutectic is found.

The isothermal phase diagram at 700°C,
obtained from the equilibrium run data and EPMA
data for the phases produced, is shown in Figure 5
(modified diagram after Kitakaze et al., 2011). H-

pn (Fes.07Nia.03S7.90) continues as an elongated SS
to phase B in the Ni-S join. Liquid field shrinks

toward the Ni-rich side but persists as a small field
reaching the Ni-S join. Fe-rich portion of the
metal-rich side of the h-pn SS coexists with v,
whereas its Ni-rich portion coexists with 1SS.

Four univariant assemblages are found in the
metal-rich portion of the system as follows: 1) mss
+ aty, 2) h-pn + mss +y, 3) h-pn +f1+y, 4) B +
liquid +y.

In the S-rich portion of the system, pyrite forms
a limited SS at 700°C. Vs also has a limited SS.
Both disulfides coexist separately with S (liquid)
or mss and both SS coexist each other and form
two univariant assemblages with mss or S (liquid).

700°C

py+ys+S(0
¥

Ni

Fig. 8. The isothermal diagram in the Fe-Ni-S system at 700°C (Modified diagram after Kitakaze et al., 2011).
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Phase Relations at 650 €

The isothermal phase diagram at 650°C is
shown in Fig. 9. H-pn SS field grows slightly
longer and wider (Sugaki & Kitakaze!®1439),

Kitakaze et al.>®).
retains the complete SS.

The mss still exists and

The field of phase 1
contracts to become smaller than that at 700°C.
The metal-rich side of h-pn SS (Fes 41Ni3.6557 94),

except the Ni-rich portion, coexists with y as at
700°C.  Phase B1, except for its Ni-rich portion,

pytwaHSlig)h

can coexist with ydue to retreat of liquid field.

In the metal rich portion, four univariant
assemblages are found as follows: 1) mss + a+ vy,
2) h-pn + mss + v, 3) h-pn + B1 + v, and 4) 4
+ liquid +v.

Also, in the S-rich portion of the system, two
univariant assemblages of py (Feo.91Nio.09S2.00) +
vs (Feo.19Nio.81S2.00) + Mss (Feo.s5Nio.20S1.00) OF
S(1) also exist similar to those of 700°C.

6507

A

40 i ;
Atomic % Ni

Fig. 9. The isothermal diagram in the Fe-Ni-S system at 650°C (modified diagram after Kitakaze et al. 59).

Phase relations from 650°to 600°C

The liquid field disappears entirely at the 637°C
and 33.2 atomic % S eutectic on the Ni-S boundary.
Pentlandite (low-form; pn) first appears as a stable
phase at 625°+3°C due to a polymorphic phase-
transition from h-pn SS of the most Fe-rich
composition FesgNisz40S7.82. This reaction is
reversible. The phase-transition was ascertained
by high-temperature X-ray powder diffraction,
DTA, EPMA and microscopic examination
(Sugaki & Kitakaze 1998). It proceeds toward the
more Ni-rich and/or S-poor portions of the SS with
decreasing temperature successively, and as a

result pn is formed as another SS. Meanwhile Fe-
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rich extremity of h-pn retreats toward the Ni-rich
and S-poor sides with decreasing temperature.
The Fe-rich extremity of the pn SS grows a little
the
pseudoperitectoid reactions between mss and Fe-

to Fe-rich side by peritectoid and
rich extremity of h-pn SS with decreasing
temperature from 625°C. Because of the retreat of
the h-pn SS and a slight growth of the Fe-rich
extremity of pn SS with decreasing temperature,
new tie-lines between the most Fe-rich end of pn
and y occur at or below 617°+3°C replacing those
between mss and the Fe-rich end of h-pn SS which
were stable above this temperature.

On the other hand, the Ni-rich extremity of pn



SS grows to the more Ni-rich side by a peritectoid
reaction between mss (Feo.40Nio57S1.00) and h-pn
(Fes.2sNis.75S7.92) immediately after leaving from
the S-rich boundary of h-pn at 603 C and by a
pseudoperitectoid reaction between them down to
568°C successively.

Phase relations at 600°C

The phase relations based on the data of the
equilibrium experiments and the EPMA data at
600°C are shown in Fig. 10 (modified diagram
after Kitakaze et al., 2016). H-pn SS still
remains stably in the elongated field with
compositions from Fes2sNiz72S754 t0 Nigse ~
2.7553.00 (B2) although it retreats toward the Ni-S
boundary compared to its composition at 650°C.
Pn forms a limited SS with a composition range
from Fes 6aNi336S7.52 t0 Fe325Nis 7557.92 including
Feas0Nis50Ss.00 at 600°C.  Therefore, both high-
and low-from pentlandites coexist. The S-rich side
of pn SS coexists with mss. Its metal-rich side
coexists mostly with the high-form SS.  Only the
Fe-rich portion of the pn can coexist with y
because of the retreat of the field of the high-form
SS.

The field of B1 becomes smaller at 600°C than
that at 650°C by shrinking and retreating toward
the Ni-S boundary. It coexists with Ni-rich

high-form pentlandite SS and/or y.
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Inthe metal-rich portion of the system, there are
five univariant assemblages as follows: 1) mss +
at y; 2) mss + pn+vy; 3) pn + h-pn + mss; 4) pn +
h-pn + y and 5) h-pn +p1+ vy. The univariant
assemblage of 3) pn + h-pn + mss suggests that the
last two phases participate in a pseudoperitectoid
reaction extending the Ni-rich end of the pn SS.
The 2) univariant assemblage indicates that the
Fe-rich end of pn SS extends slightly to the more
Fe-rich side by means of a pseudoperitectoid
reaction between mss and y on cooling, not h-pn,
because of the tie-line change from mss-h-pn (Fe-
rich end) assemblage to the Fe-rich pn -y
assemblage at 617°C as mentioned above. H-pn
cannot participate the reaction below this
temperature. However, the 4) univariant
assemblage h-pn + pn +y indicates that the Fe-rich
extremity of h-pn retreats toward the Ni-rich side
due to its breakdown into a mixture of h-pn with a
little Ni-rich composition + pentlandite +y as a
pseudoeutectoid  reaction  with  decreasing
temperature below 617°C successively.

On the S-rich portion of the system, the
compositions of py and va SS retreat toward the
Fe-S and Ni-S boundaries, respectively. Despite
this, both py and vs still form two univariant
assemblages separately with mss or S (liq) as those
at 600°C.
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Fig. 10. The isothermal diagram in the Fe-Ni-S system at 600°C (Modified diagram after Kitakaze et al., 2011).

Phase relations from 600° to 550°C

The h-pn SS retreats rapidly toward the Ni-S
boundary with decreasing temperature from 600°C
breaking down to a mixture of h-pn + pn + vy as its
pseudoeutectoid reaction product. New tie-lines
between pn and Bireplace those between h-pn and
y at or below 579°+3°C. The This tie-line change
is reversible. As a result, a new univariant
assemblage of h-pn + pn + B; instead of the
univariant assemblage of h-pn + pn + y appear
below this temperature. The Fe-rich extremity of
h-pn furthermore retreats to more the Ni-rich side
breaking down into a mixture of h-pn with a little
Ni-rich composition + pn + p1 as another
with

temperature from 579° to 503°+3°C (ternary

pseudoeutectoid  reaction decreasing
eutectoid of h-pn).

The Ni-rich extremity of the pn SS grows to the
Ni-rich side by peritectoid and pseudoperitectoid
reactions between mss and h-pn with decreasing
temperature from 603 to 568°C. The compositions
of the Ni-rich extremity of pn and mss and h-pn as
pair of reactors as the pseudoperitectoids at
temperatures from 600 to 570 “C are as follows.

The tie-lines between mss and h-pn are replaced

by those between h-gd and pn SS at 568°+3°C.
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H-gd (aNizSg of Kullerud & Yund*?, Misra &
Fleet*!)) first appears in the ternary field close to
the Ni-S boundary by a peritectoid reaction
between mss and h-pn. It gets to the Ni-S
boundary at 573°+3°C (Kullerud & Yund*®), and
also grows to the Fe-rich side conversely as a
limited at 568°C with decreasing temperature by a
pseudoperitectoid reaction between mss and h-pn
to 568°C,
to

and
the
composition by pseudoeutectoid reactions of mss

at temperatures from 596°

furthermore extends continuously
or h-pn at temperatures from 568 to 503°C.

Heazlewoodite first appears by inversion of 1
(NisSz) at 565°+3°C, and then by exsolutions
subsequently from the 1 and B2 solid-solutions on
cooling from 565° to 533°C and from 564 to 524°C,
respectively, at the Ni-S boundary. This phase also
occurs together with B, at a S-rich eutectoid of Bz
at 564°C on the boundary, and grows as a small
solid-solution within the ternary, coexisting with
Ni-rich h-pn (Fe-bearing ) and B: (Fe-bearing
B1) as a limited SS below this temperature.

Phase relations at 550°C
An isothermal phase-diagram obtained from the
experimental data at 550°C is shown in Fig. 11



(modified diagram after Kitakaze et al.). Due to
the tie-line changes at 579° and 568°C and the
appearances of h-gd at 596°C and hz at 565°C on
cooling as described above, the phase relations in
the Ni-rich portion of the metal-rich field of the
diagram become more complicate than those at
600°C (Fig. 10).

Pn grows as a SS from FesggNiz32S784 t0
Fe,.44Nis.5657.¢5 at 550°C and coexists with mss, h-
pn. h-gd, B1 and y. However, an assemblage of pn
and hz is unable to be formed because of the stable
tie-lines between h-pn and 1 at this temperature.
Elongated h-pn SS retreats furthermore to the Ni-
rich side, but still persists in a reduced field. It
coexists with h-gd, B1 and/or hz besides pn. A B1
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field shrinks and deforms, but its Ni-rich portion
still connects with the Ni-S boundary. H-gd
appears as a limited SS.

New five univariant assemblages of 1) mss + pn
+ h-gd; 2) pn + h-pn + h-gd; 3) pn + h-pn + B1; 4)
h-pn + pn h + B1 and 5) pn + Bi+ y appear in
comparison with the isotherm at 600°C. Other
univariant assemblages of 6) mss + a + y and 7)
mss + pn (FesesNiz32S7.84) + v in the metal-rich
portion and of 8) py+ vs + mss or S (liquid) in the
S-rich portion still exist stably as the same as those
at 600°C, but the composition of each phase of the
assemblages differ with those at 600°C.

N 550°C
s v
/ ‘.\uu
\ mestpnthgd
pn+hpn+hgd

hpn+hz+ [0y

NG

N @
i
5

Phase relations from 550° to 500°C

Phase B disappears at 533°+3°C to break down
to a mixture of hz and Ni on the Ni-S boundary.
However, it persists stable as a ternary phase away
from the Ni-S boundary at 520°C. The B1 coexists
with pn, h-pn, h-pn, hz and/or y. Phase Bsbreaks
down to a mixture of hz and h-gd at 524°+3°C of
an eutectoid on the Ni-S boundary. but its SS (h-
pn) remains as a Ni-rich ternary phase within a
small thin field coexisting with hz, 31, h-gd and/or
pn. Pn coexists separately with mss, h-gd, B,
and/or y in addition to h-pn SS.

Awaruite appears due to an order—disorder

Atomic %o Ni

Fig. 11. The phase diagram in the system Fe-Ni-S at 550°C (modified diagram after Kitakaze et al., 2011).

transformation of y at 517°C and has a limited SS
the Fe-Ni
temperature

extending along boundary with
(Kubaschewski®®,
Swartzendruber??). It coexists with hz and/or y
below 517°C.

The tie-lines between h-pn and hz are replaced
by those between h-gd and B at 512°+3°C or

below.

decreasing

The h-pn SS finally breaks down to a mixture of
pn, B1and h-gd at 503°+3°C.  The composition of
the h-pn at the eutectoid 503°C is almost the same
(Fe1.04Ni7.96S6.93), the
compositions of its breakdown products also are

as composition and
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very close to Fe2.4aNis.56S7.85 for pn, p1 and h-gd at
500°C.

Phase relations at 500°C

At 500°C, h-pn disappears, and pn is present as
an elongated SS extending from Fes gsNi3.3257.s5 to
Fez.43Nis.5757.85, and coexists with mss, h-gd, B1
and/or y as shown in Fig. 13. The mss field
becomes narrower but still extends continuously
across the entire diagram. H-gd coexists with 1
and/or hz in addition to mss and/or pn. Hz
coexists stably with y and/or awaruite as well as

B1 and/or h-gd. Awaruite coexists only with hz

py+Sia) pyveSiliyh

and/or y at 500°C.

There are nine univariant assemblages in the
system as follows: 1) mss + o+ y; 2) pn
(Fes.6sNi332S7.85) + mss + y; 3) pn + mss + h-gd;
4) pn + h-g + B1; 5) h-gd + B1 + hz; 6) pn + B2 + v
7) hz + B +y; 8) hz +y+ awaruite and 9) hz +
awaruite + .

Meanwhile, in the S-rich portion of the system,
py and vs at 500°C still form two univariant
assemblages with 10) mss or S (liquid) as they do
at higher temperature although their SS fields have
shrunk.

vl

AN 500C

.

\ py+ve+ mss

VE
_\QU

58 pot mas+hed
/ k. e
\ AN \ | = gd nthgdt ('
\\ - ‘_‘x ]ll\ pot+hydt

; \\x \\/ }g ffff f ; 5 ¥ b

60 Y aw 20 Ni

Atomic % Ni

Fig.12. The phase diagram in the Fe-Ni-S system at 500°C (modified diagram after Kitakaze et al., 2011).

Phase relations from 500° to 450°C

The tie-lines between piand h-gd are replaced
by those between pnand hz at 498°+3°C. Pn is able
to coexist stably with hz below this temperature.
The B1 field contracts with decreasing temperature,
and finally disappears by its breakdown to a
mixture of pn, hz and y at 484°+3°C of a ternary
eutectoid. The composition of the i at this
eutectoid is very close to that of the Pi
(Feo.26Ni2.87S2.00) produced at 485°+3°C. Also, the
compositions of the breakdown products at the
eutectoid are close to those of pn, hz, and y at
482°C.

VI of composition Feg70Ni229S4.00 at 455C

Vol .70 (2019)

appears independently as a ternary phase within
the S-rich portion of the system as a product by a
peritectoid reaction between mss and vs. This
phase grows as a limited solid-solution to the Ni-
rich side by a pseudoperitectoid reaction between
vs and mss with decreasing temperature. The Fe-
rich end of vl coexists with py, vs and mss as two
univariant assemblages of py + vs + vl and py +
mss + vl at 459°C or below.

Phase relations at 450°C
Because of disappearances of h-pn at 503°C and
B1 at 484°C, the phase relations at 450°C become



simpler than those at 500°C as seen in Fig. 14.
Mss still maintains a continuous SS field as before
but becomes thin. It coexists with py, vs and vl
in the S-rich side and with pn, h-gd, o and y in the
metal-rich side. Pn is also found as a principal
phase as before, and coexists with mss, h-gd, hz
andy. It forms an elongated SS of the composition
range from Fes73Niz27S7.092 t0 Fe2.84Ni6.1657.89
including FessNis5Ss0, but becomes thinner than
that at 500°C.

Seven univariant assemblages as follows: 1)
mss + a +y; 2) mss + pn (Fes 73Niz27S7.92) + v; 3)
pn (Fez2s4Nie.16S7.89) + mss + h-gd; 4) pn
(Fe2.84Ni6.1657.89) h-gd hz; 5) pn

(Fes_elNi5_3987_73) +hz + Y, 6) hz + Y+ awaruite and

+ +

py-Hve+Silig)
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7) hz + awaruite + y are found in the metal-rich
portion of the isotherm at 450°C. On the other
hand, vl appeared at 459°C as above grows as a
limited SS. There
assemblages of 8) py+ vl + vs; 9) py + vl + mss
and 10) vs + vl + mss or 11) S (liquid) in the S-
rich portion of the system. A limited SS of vl

are four univariant

coexists with vs, py and mss, and forms two
univariant assemblages of 8) and 9) in the Fe-rich
side and a univariant assemblage of 10) in the Ni-
rich side. No the coexistence of pentlandite and
awaruite is found at 450°C, however, pentlandite
appears in association with awaruite and/or vy
below 431°+ 3°C.

450°C

msstpnt v \
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Fig. 13. The phase diagram in the system Fe-Ni-S at 450°C (modified diagram after Kitakaze et al. %).

Phase relations of the FessNiss-S and Fegg-
NisS joins in the system Fe-Ni-S

Phase relations along the FessNis5-S join

The phase relations were investigated along the
pseudobinary FessNiss.S join at temperatures
from 1,100° to 450°C using the evacuated silica
tube method, with a particular focus on a limited
composition range from 35 to 57 atomic % S in
order to unravel the thermal stability ranges of
high- and low-form pentlandites, coexisting with

monosulfide solid-solution and y.

The resulting phase diagram combined and
modified with data after 1998; Kitakaze et al. >)
is shown in Fig. 14. About same diagram was
already reported by Sugaki & Kitakaze (1998), but
there were some minor mistakes of phase
assemblages for pseudoeutectoid, pseudoeutectic
and pseudoperitectoid in consideration as ternary
it
understood that h-pn transforms into pn (low-

phase relations. From the diagram is

form) on cooling.
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Pn of composition FessNis.5Ss0 is cubic Fm3m
with a=10.100 A at room temperature. On the
other hand, h-pn (FessNis5S7.95) is cubic Pn3m
with a=5.194A at 650°C, corresponding to one
half of the cell edge of pn. This high-low inversion
is reversible. It is thought to be a transition of an
order-disorder type from the supercell (low-form)
to the sub-cell (Sugaki & Kitakaze!®'¥),

A S-less portion of the h-pn SS than 46
atomic % S cannot invert into the low-form, but
successively exsolves pn from the SS along a
solvus reducing its SS field with decreasing
temperature. Finally, the h-pn SS gets to
composition Fes sNis5S7.36 (44.98 atomic % S) at
587°+3°C corresponding to the end of the
exsolution and the beginning of the
pseudoeutectoid of the high-form in the join. It
down into a mixture

breaks (univariant

assemblage) of h-pn with a very little Ni-richer
1,100

1,000

900

@x
(=}
(=}

Temperature(<C)

700

600

hpn+pn+y

500

composition, pn and y at 587°C, and changes
successively to the divariant assemblage of
pentlandite and y at 585°+3°Con cooling. The
appearance of this univariant assemblage was
ascertained as a narrow field as a limited
temperature range of only a few degrees such as
1°, 2°, 3° and 6°C at 45.8, 45.0, 44.4 and 36.0
atomic % S, respectively. In the S-richer portion
than 47 atomic % S as a bulk composition in the
join h-pn or pn appear as the divariant
assemblages with mss. These pentlandites play a
phase-transition of the no mass-transfer type. In
the cases, their inversion temperatures fall slightly
from 615° to 611°+3°C with increasing S content
of the bulk composition because a composition of
pentlandites in the divariant assemblages becomes

more Ni-rich than Fe=Ni in atomic % so as to be

off the join.

pn+hpn+mss

mss+vs+py

py+mss+vl

35 40

45

50 55 60

Atomic % S (Fe=Ni)

Fig. 14. The phase relations of the FessNis5.S join in the composition range from 35 to 60 atomic % S at

temperatures from 1,100 to 450°C in the Fe-Ni-S system (redrawing diagram after Kitakaze et al.>1%),
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Phase relations along the Feg.9S-NizS; join

The pseudo binary phase diagram for the Feg oS-
NisS2 join (0 to 60 atomic % Ni), passing through
the ideal composition FessNis5Ss.0 of pentlandite,
in the system at temperatures from 950 to 450°C
was constructed in order to examine the thermal
stabilities of both high- and low-form pentlandite
solid-solutions, and to ascertain their intricate
relations with coexisting phases such as mss, B1.
h-gd and hz below 600°C. As a result, the diagram
was obtained as shown in Figure 10. This figure
corresponds to that at the same position as a cross
section shown by Kullerud (1962, 1963a), but the
phase relations in this diagram really differ to
those by him, because of the appearances of high-
form pentlandite and 1 as the new phases, their
eutectoids and the tie-line changes among the
phases as mentioned above already. The phase
relations are especially complicated in the Ni-rich
portions below 550°C.

The h-pn SS has a large wedge-like field, and
coexists with mss, pn or B1 as the divariant
assemblages in the join.  On the other hand, pn
appears as limited SS  from 26.5 to 31.6
atomic % Ni (561°C) below 614°C in the join, and

900
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coexists with mss, h-pn, 1, h-gd, hz and/or y as
the divariant and univariant assemblages. This pn
SS is principally formed by the phase-transition
from the high-form SS on cooling. This phase-
transition begins from h-pn with Fes.42Nis.58S7.96 at
614°C as the

continues  as

non-mass-transfer
the
immediately and ends at 561°C and 31.6 atomic %
Ni of pentlandite. The field of the high-form SS
also reduces by exsolution along its solvus for pn

inversion,

mass-transfer  inversion

addition to the phase-transition with decreasing
temperatures down to 561°C. At this temperature
the h-pn SS of a composition with 40.0 atomic %
Ni breaks down by a pseudoeutectoid reaction into
a mixture of h-pn with a little S-poorer
composition, pn and B1 as a univariant assemblage.
However, h-pn of this univariant assemblage
decrease its amount with descending temperature
and disappears at 529°C, 40 atomic % Ni. Its field
changes to the divariant assemblage of pn and B
below this temperature. H-pn (Fe-bearing B2) is
stable down to 503°C of its eutectoid in the system,
but the fields of the univariant assemblage h-pn +
pn + B1 disappears at higher temperature (540° to
509°C) than 503°C because those are out of the

lig

mssthpntlig

mss+thpntlig

800~

mss

700

Temperature(°C)

500

Fig. 15 The phase relations in the Fep 9S-Nis0S2.0 join of the system Fe-Ni-S at the temperatures from 950° to 450°C

|—hpnthz+ 3,
=4 — hpothedths
| prthed+
s — puthet §

[~ pn+hz+hed

Z

pn+hzt

in the composition from 0 to 60 atomic % Ni(redrawing diagram after Kitakaze et al.>®).
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join. Divariant assemblage h-pn + B1 also
disappears at 509°C.

Heazlewoodite with NizS, in the join first
appears as a stably principal phase owing to the
phase transition of B1 at 565°C, and coexists with
B1 (565° to 484°C), high-form pentlandite (565° to
512°C), high-form godlevskite (524° to 397°C),
pentlandite (below 498°C) and y (below 484°C) as
the divariant and univariant assemblages in the
join.  Among them, the assemblage of pn and hz
occurs as a principal association due to the tie-line
change at 498°C or below as illustrated already,
sometimes in association with B1, h-gd or y. The
univariant assemblage of pn + hz + 1 among them
only appears at limited temperature range between
498 and 484°C.The univariant assemblages of pn
+ hz + h-gd or y is stable below 498° or 484°C,
respectively. As mentioned above, the phase
relations in the Ni-rich portion of the join below
~550°C are complicate because of the occurrence
of two tie-line changes at 512° and 498°C and two
eutectoid of high-form pentlandite and 1 at 503°
and 484°C, respectively.  So, an enlarged figure
of that portion is given supplementary.

Pentlandite ss

The compositional ranges of the pn SS at
temperatures from 625to 450°C in this study are
shown in comparison with those obtained by
Shewman & Clark*®, Misra & Fleet**** and Ueno
et al.* in Fig. 16. These SS ranges overlap in a
principal portion each other except for both the
Fe- and Ni-rich extremities of the solid-solutions
as seen in the figure. There also is a tendency
roughly that the solid-solution range moves
gradually to the Fe-richer side with decreasing
temperature. A compositional range from
Fes.68Ni3.32S7.85 toFe2.43Nis.5757.85 (46.59 atomic %
S) including FessNissSs at 500°C by us is
approximately the same as those obtained by these

Vol .70 (2019)

authors except Shewman & Clark*®. The pn SS
retreats its Ni-rich extremity to the inside of the
ternary so as to reduce its field below 500°C
(Shewman & Clark*®, Ueno et al. %%, this study).

According to the previous papers (Kullerud*®,
Naldrett et al. 4?, Kullerud et al. ¥, Shewman &
Clark*, Fedorova & Sinyakova®®), pentlandite
cannot coexist with y at temperatures from 575°
to 600°C because the FeS-(Ni,Fe)s+xSatie-lines are
stable. However, no such tie-lines were found in
this study. Pentlandite can coexist with y in a
wide temperature range from 617° to 450°C or
below. The assemblage of most Ni-rich pn and hz
as seen in Ni-Cu ores appears first at 498°+3°C by
the tie-line change as mentioned already. This is
in good agreement with of approximately 500°C
estimated by Kullerud*®.

Pn is also produced by exsolution from the h-pn
SS and B1 SS of ternary compositions with
decreasing temperature and by those breakdowns
at 503° and 484°C, respectively, of eutectoids as
stated above already.

Kitakaze & Sugaki*® reported that a single
phase of pentlandite of the compositions with
FesoNiso0Sso and Fe2sNissSso shows phase
transition of non-mass-transfer type at 603° and
597°+3°C, respectively.

Bell et al. *®, who studied physical stability
of pn by the high-pressure DTA method, found
that breakdown temperature of synthetic
pentlandite (Fes.sNis5Ssg) into a mixture of
pyrrhotite and high (a) or low (B) hz h falls to
535°C at 14 kb and 425°C at 25 kb. However,
these temperatures may correspond to those of
the high-low inversion of pn. If so, itis
thought that the inversion temperatures of h-pn
and low-form pn decrease significantly with
increasing pressure, but we have now no such a

data about its pressure effects.



17(17)

—o—Shewman & Clark(1970)
Misra & Fleet(1973)
—0— Ueno et al.{2000)

—s— Kitakaze et al.(2011) &

this study
-
600
[3)
T
=
+3
E
v 500
=N
g
@
B
400 I | |
30 35 40 45

Atomic % Ni

Fic. 16. A composition range in the maximum and minimum values of the Ni-content of pentlandite solid-solution at

temperatures from 625to 400°C in comparison to that by Sewman & Clark*®, Misra & Fleet*" and Ueno et al. ¥

(modified diagram after Kitakaze et al. %).
DISCUSSION

Pentlandite stability

No phase corresponding to h-pn SS including
FeasNissSso was found at temperatures above
610°C by Kullerud®4®, Kullerud et al.® and Hsieh
et al.??.  However, Sugaki et al.>® found an
extensive field for h-pn with more Fe-rich
compositions than Fes sNis5Sg.0 to Nig4+ySo of the
Ni-S boundary at 800 and 650°C. Hayashi et al. 5%
and Hayashi?® also recognized existence of the
same SS as above in the equilibrium runs of the
quaternary Cu-Fe-Ni-S at 850°C, and 800, 650 and
600°C, respectively. Fedorova and Sinyakoval®
investigated the isothermal phase relations in the
Fe-Ni-S system at 900, 820 and 600°C, and
reported an extended hz SS (FexNij_x)3+ySp at
820 and 600°C at which limited pn SS. Karup-
Mgller & Makovicky'® showed an elongated field
of (Fe,Ni)34+xSy in the phase diagram at 725°C.
Both the SS correspond to h-pn-Nis:xS2 SS of
Sugaki et al.>® and Kitakaze et al.>®,

Ni-rich ternary phase Nis:xSz in the Ni-rich

portion of the system was found at 862°C by

Kullerud® and Kullerud et al.®.  Also, a ternary
phase  with a limited SS at 850°C was described
by Hsieh et al.?".
the liquid field or along its S-rich boundary at

However, these phases are in

850°C in this study except a small S-rich part of
phase B.

H-pn with composition Fes.94Nis.06Ss.00 appears
earliest at 870+3°C by the pseudoperitectic
reaction between mss and sulfide liquid in the
system. This precipitation by the pseudoperitectic
reaction terminates when the high-form solid-
solution extends composition to reach the Ni-S
join to include phase By at 806+3°C. It is
noticeable that the appearance of the high-form is
so fast as to form the extensive SS on cooling for
only 64°C from 870 to 806°C. After the
pseudoperitectic reaction, the crystallization of
the high-form from the liquid by pseudeutectic
reaction continues with decreasing temperature
down to 739+3°C, at which the tie-line of the
liquid-high-form pentlandite changes into those of
the p1-y. Fedorova & Sinyakova'® also stated that
hz SS (h-pn SS) is formed by a peritectic reaction
between mss and sulfide liquid below 876°C.
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Karup-Mgller & Makovicky'® suggested that
liquid (sulfide melt) -mss fractionation is replaced
by liquid- Niz«xS> fractionation soon below 850°C,
and this fractionation persists down to 635°C, at
which the liquid in the Ni-S join solidifies
(Kullerud & Yund*?). According to our study, the
tie-line between liquid and high-form pentlandite
persists at temperatures from 870+3°C to 739+3°C,
but no such tie-lines exist below 739+3°C.
Similarly, liquid-monosulfide solid-solution tie-
lines persist down to 762+3°C, but no such tie-

lines are found below this temperature.

Pentlandite Ore Genesis

H-pn with Fe=Ni in atomic % can crystallize
from liquid at temperatures from 865° to 746°C in
the system Fe—Ni-S (Sugaki & Kitakaze'¥). This
implies that Ni-Cu sulfide ores with h-pn can be
formed by crystallization from sulfide magma in a
geological process, as supported by many
published observations and descriptions in the
Lindgren®.-52),

Bateman®®, Hawley®¥, Ramdohr®®). From our

previous literatures (e.g.
experimental data and referring to previous papers
for pentlandite genesis, we propose that
pentlandite is formed by the following genetic
process: 1) a phase-transition (625° to 550°C in the
Fe-Ni-S system) from h-pn crystallized primarily
from sulfide magma by successive peritectic and
eutectic (and/or pseudoperitectic or
pseudoeutectic) reactions (865° to 746°C for
Fe=Ni in the Fe-Ni-S system) (Sugaki et al.»2%),
Fedorova & Sinyakova'®, Karup-Mgller &
Makovicky!®, Sugaki & Kitakaze!® Kitakaze et
al.>®), 2) an exsolution from the S-rich extremity
(boundary) of the h-pn SS consuming its large
field with decreasing temperatures from 625° to
503°C for the metal-rich boundary of the pn SS, 3)
an exsolution of the metal-rich boundary of mss
below 625 °C for the S-rich extremity of the pn SS
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as a narrow rim as a S-richer portion (Edwards®®
Hawley 1962°%, Naldrett et al. ”, Francis et al.
), Ramdohr®), Craig & Vaughan'?, Fedrova &
Sinyakova'®, Kitakaze et al.>®), 4) an exsolution
from a field of the B1 SS, 5) a peritectoid at 603°C
and a pseudoperitectoid from 603° to 568°C
continuously between mss and h-pn for the growth
of the Ni-rich extremity of pn with S (and Ni)-
richer composition, 6) two pseudoperitectoids
between mss and the Fe-rich extremity of h-pn at
temperatures from 625° to 617°C and between mss
and y at temperatures from 617° to 450°C or below
successively for a little growth of the Fe-rich
extremity of pn (Fedorova & Sinyakova'®,
Kitakaze et al.>®), 7) two successive
pseudoeutectoids of the Fe-rich extremity of h-pn
breaking down to pn with the metal-rich extreme
composition (and y or B1) at temperatures from
617° to 579°Cand from 579° to 503°C, 8)
pseudoeutectoid of h-pn at temperatures from
568° to 503°C for the growth of the Ni-rich
extremity of pn successively from 5)
pseudoperitectoid reaction, 9) pseudoeutectoid of
mss at temperatures from 568° to ~500°C for the
Ni-rich end of pn (and h-gz) an exsolution from
Fe-bearing h-gd below 503°C for the Ni-rich
extremity of pn, 11) an eutectoid of h-pn
(Fe1.04Ni7.06S6.03) breaking down to the Ni-rich
extremity of pn (h-gd and B1)at 503°Cand 12) an
eutectoid of B1 (Feo.26Ni2.86S2.00) breaking down to
pn, hz and y at 484°C.

Among these possibilities, pentlandite in
magmatic Ni-Cu sulfide deposits is thought to
have been formed principally by the reactions of
1) to5). Pentlandite can also appear as a product
by hydrothermal precipitation and replacement
below ~ 600°C (e.g. Lindgren®®, Bateman®®,
Edwards®®, Hawley®”, Park & MacDiarmid®®,
Sugaki & Kitakaze®?). Fleet® recently reviewed
that high-form pentlandite (Fe=Ni) crystallizes
from metal-rich liquid between 865° and 746°C in



a series of presentation extending from Sugaki et
al.Y to Sugaki & Kitakaze'?, noting that
pentlandite in the magmatic sulfide ores in
generally understood to form by segregation or
phase separation from mss in the subsolidus.

Pentlandite from the magmatic Cu—Ni ore
deposits commonly assembles with pyrrhotite and
chalcopyrite and sometimes cubanite and bornite.
Accordingly, to study the pentlandite ore genesis,
it is sure to furthermore ascertain the phase
relations in the quaternary system Fe—Ni—Cu-S in
addition to those of the ternary Fe-Ni-S. For
such a purpose the phase—equilibrium studies of
the quaternary Fe—Ni—Cu-S in relation with the
ore genesis of the Cu—Ni deposits were already
carried out by Craig & Kullerud?®, HillsY,
Hayashi?® and Peregoedova & Ohnenstetter®®.
Although they reported the divariant and
univariant assemblages among the phases on the
Fe-Ni-S, Cu-Ni-S, Cu-Fe-S and Cu-Fe-Ni
faces of the quaternary tetrahedron, there are
found no a four component phase independently
within the Cu-Fe—Ni-S tetrahedron except for
such a limited quaternary solid-solution grown fat
slightly within the tetrahedron from the Fe-Ni-S
or Cu-Fe-S faces as monosulfide solid-solution,
pentlandite and heazlewoodite or bornite and
intermediate solid-solution, respectively.

While Kitakaze®® found three sulfide phases,
X:(Fe,Cu)sNisSs, Y:CuFegNi,Sg and
Z:.CuzFesNiSs, in the Fe-Ni-Cu-S system as
unknown minor minerals in lherzolite of the
Horoman peridotite massif in the southern
mountains of Hidaka, Hokkaido, Japan. These
phases were approved by the Committee for New
Minerals and Mineral Names of the International
Mineralogical Association and named as sugakiite
Cu(Fe,Ni)gSs for phase Y (Kitakaze®®), and
horomanite (Fe,Ni,Co,Cu)sSg and samaniite
Cuz(Fe,Ni)7Sg for phases X and Z (Kitakaze%?,
Kitakaze et al. %), respectively. Peregoedova &
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Ohnenstetter'® recently reported that a complete
quaternary SS between hz SS (Ni, Fe)s:xS, and
intermediate SS Cui:xFe1:xS2 (their terminology)
in the quaternary system Fe—Ni—Cu-S at 760°C.
Recentry, Kitakaze et al.’® found Ni-rich
horomanite associating chalcopyrite in the
Kouyama gabbroic body, Hagi, Japan.

These facts suggest a possibility that the phase
relations in the quaternary system Fe—Ni—-Cu-S
will be more complicate than those by the authors
of the previous literatures as above.

Acknowledgments
Expenses for this study were partially defrayed by
a Grant-in-Aid for Scientific Research from the
Ministry of Education, Science and Culture of Japan,

to which the authors offer their sincere thanks.

References

DSugaki, A., Kitakaze, A. and Hayashi, T. (1982): High-
temperature phase of pentlandite. Annual Meeting
Mineral. Soc. Japan (30thanniversary) (Tsukuba),
P-22, 60 (abstr., in Japanese).

ASugaki, A., Kitakaze, A. and Hayashi, T. (1983): New
data on pentlandite stability. Mining Geol., 33, 63
(abstr., in Japanese).

®Sugaki, A and Kitakaze, A. and Hayashi, T. (1984): The

solid solution of pentlandite and its phase relations
at temperatures from 600 to 800°C. J. Japan.
Assoc. Mineral., Petrol. Econ. Geol., 79, 175-176
(abstr., in Japanese).

“Sugaki, A., Shima, H. and Kitakaze, A. (1976):
Application of Bence and Albee method to sulfide
minerals-especially Cu-Fe-Pb-Bi-S system. J.
Mineral. Soc. Japan 12, special issue, 85-92 (in
Japanese).

SKitakaze, A., Itoh, H. and Komatsu, R. (2011): A

revision of phase relations in the system Fe-Ni-S
from 650°to 450°C. Can. Mineral. 49, 1687-1710.
®)Kitakaze, A., Machida, T. and Komatsu, R. (2016):

Mem Fac Eng Yamaguchi Univ



20(20)

Phase relations in the Fe-Ni-S system from
875 to 650°C. Can. Mineral., 54, 1175-1186
DKullerud, G. (1962):The Fe-Ni-S system. Carnegie
Institute of Washington. Yearbook, 61, 144-
150.
®Kullerud, G. (1963):Thermal stability of pentlandite.
Can. Mineral., 7, 353-366.

9Kullerud, G., Yund, R.A. and Moh, G.H. (1969):Phase
relations in the Cu-Fe-S, Cu-Ni-S, and Fe-Ni-S
systems. In H.D.B. Wilson Ed, Magmatic ore
deposits. Economic Geology Monograph, 4, 323-
343.

)Craig, J.R and Scott, S.D. (1976): Sulfide phase
equilibria. In P.H. Ribbe Ed., Sulfide Mineralogy,
CS1-110. Mineral. Soc. Am., Washington, D.C.

2)Craig, J.R and Vaughan, D.J. (1981): Ore Microscopy
and Ore Petrology. 152-160, 188-194 p. John
Wiley and Sons, New York.

1¥3)Sugaki, A and Kitakaze, A. (1992): Phase transition of
pentlandite. proc.29thint. Geol. Congress (Kyoto),
3, 676 (abstr.).

4)Sugaki, A and Kitakaze, A. (1998): High form of
pentlandite and its thermal stability. Am. Mineral.,
83, 133-140.

®)Fedorova, Zh. N. and Sinyakova, E.F. (1993):
Experimental investigation of physicochemical
conditions of pentlandite formation. Russ. J. Geol.
Geophys., 34, 79-87.

®)Karup-Mgller, S. andMakovicky, E. (1995): The phase
system Fe-Ni-S at 725°C. NeuesJahrb. Mineral.
Monatsh., 1995, 1-10.

MKosyakove, V.., Kraeva, A.G. Fedrova, Z.N. and
Sinyakova, E.F. (1996): Topological analysis of
evolution of phase equilibria in the Fe-Ni-S
system in the range < 0.5 along the temperature
axis. Russian Geology and Geophysics, 37, 5-15.

®)Sinyakova, E.F. and Kosyakokov,, V.I.(2001): 600°C

section of the Fe-FeS- NiS-Ni phase diagram.
Inorganic Materials, 37, 1130-1137.
9)peregoedova, A. and Ohnenstetter (2002): Collectors of

Pt, Pd and Rh in a S-poor Fe-Ni-Cu sulfide system

Vol .70 (2019)

at 760°C: Experimental data and application to ore
deposits. Can. Mineral., 40, 527-561.
2)Lin, R.Y., Hu, D.C. and Chang, Y.A. (1978):
Thermodynamics and phase relationships of
transition metal-sulfur systems: Il. The nickel-
sulfur system. Metall. Trans. B, 9B, 531-5%
2)Sharma, R.C. and Chang, Y.A.  (1980):
Thermodynamics and phase relationships of
transition metal-sulfur systems:
Thermodynamic properties of the Ni-S liquid
phase and the calculation of the Ni-S phase
diagram. Metall. Trans. B, 11B, 139-146.
2)Singleton, S., Nash, P. and Lee, K.J. (1991): Ni-S. In
T.B. Massalski, J.L. Murray, L.H. Bennett and
H. Baker Eds, Binary alloy phase diagrams,
vol. 2. 2850-2853. American Society of
Metals, Metal Park, Ohio.
B)Kitakaze, A. and Sugaki, A. (1996): Study of phase
Niz:xS2 in the Ni-S system, especially high-
temperature forms of NisS2 and NisSs. Joint
Annual Meeting Japan. Assoc. Mineral.,
Petrol. Econ. Geol., Mineral. Soc. Japan and
Soc. Resource Geol.,, (Kanazawa), 149
(abstr.,).
2)Kitakaze, A. and Sugaki, A. (2001): Study of phase
Niz:xS2 in the Ni-S system with emphasis on the
phases of high-form NizS2 (B1), and NisSz (B2) .
NeuesJahrb. Mineral. Monatsh., 2001, 41-48.

Z)Rau, H. (1976):Homogeneity range of high temperature
Nis:xS2. J. Phys. Chem. Solids, 37, 929-930.

26)Craig, J.Rand Kullerud, G. (1969):Phase relations in the
Cu-Fe-Ni-S system and their application to
magmatic ore deposits. In H.D.B. Wilson Ed.,
Magmatic ore deposits. Economic Geology
Monograph 4, 344-358.

2NHsieh, K-C., Chang, Y.A. and Zhong, T. (1982):The Fe-
Ni-S system above 700°C. Bulletin Alloy Phase
Diagrams, 3, 165-172.

2)Barker, W.W.(1983): The Fe-Ni-S system + (Co,Cu).
CSIRO Report No. FP. 26.

29)Hayashi, T. (1985): Study on the phase equilibrium in



the system Cu-Fe-Ni-S, especially phase relation
in the central portion. 221. PhD. thesis, Tohoku
University.

30Fujii,T., Yosida, A., Tanaka, K., Marumo, F. and Noda,
Y. (1986):High pressure compressibility of pyrite
and cattierite. Mineral. J., 13, 202-211.

$DNowack, E., Schwarzenbach, D., and Hahn, Th (1991):
Charge densities in CoS2 and NiSz(pyrite
structure). Acta Crysal. B47, 650-659

$)Rajamani, V. and Prewitt, C.T. (1973): Crystal

chemistry of natural pentlandite. Can. Mineral.,
12, 178-187.

%3)Ramsden, A.R. and Cameron, E.N. (1966):Kamacite
and taenite superstructures and a metastable
tetragonal phase in iron meteorites. Am. Mineral.,
51, 37-55.

$)Dumpich, G., Wassermann, E.F., Manns, V., Keune. W.,

Murayama, S. and Miyako, Y. (1987): Structural
and magnetic properties of NixFeix. J.Magnetism
Magnetic Mater., 67, 55-64.

$)Kubaschewski, O. (1982): Iron-binary phase diagrams.

73-78, Springer- Verlarg, New York.
) Arnold, R.G. and Malik, O.P. (1975): The NiS-S system
above 980°C. Econ. Geol.., 70, 176-182.
$MKullerud, G. and Yorder, H.S. (1959): Pyrite stability
relations in the Fe-S system. Econ. Geol., 54,
533-572.

®)Barton, P.B. JrR and Skinner, B.J.(1979) : Sulfide
mineral  stabilityies. In  H.L.Barnes Ed
Geochemistry of Hydrothermal Ore Deposits.
Wiley, p.278-403.

39Sugaki, A and Kitakaze, A.(1996):New data of high-
pentlandite solid solution-Study on the Fe-Ni-S
system (5)-. Joint Annual Meeting, Japan. Assoc.
Mineral. and Econ. Geol., Mineral. Soc. Japan,
Soc. Resource Geol. (Kanazawa). 150 (abstr)..

“OKullerud, G. and Yund, R.A. (1962):The Ni-S system

and related minerals. J. Petrol., 3, 126-175.
sMisra, K.C. and Fleet, M.E. (1973):The chemical
compositions of synthetic and natural pentlandite

assemblages. Econ. Geol., 68, 518-5309.

21(21)

42)Swartzendruber, L.J., Itkin, V.P. and Alcock, C.B.
(1993):Fe-Ni (Iron-Nickel). In H. Okamoto Ed,
Phase diagrams of binary Iron alloys, 256-278,
The Materials Information Society, Materials
Park, Ohio

4Shewman, R.W. and Clark, L.A.(1970):Pentlandite
phase relations in the Fe-Ni-S system and notes on
the monosulfide solid solution. Can. J. Earth Sci.,
7, 67-85.

“Misra, K.C. and Fleet, M.E. (1973b): Unit cell
parameters of monosulfide, pentlandite and
taenite solid solutions within the Fe-Ni-S system.
Mat. Res. Bull., 8, 669-678.

4)Ueno, T., Ito, S., Nakatatsuka, S., Nakano, K., Harada,
T. and Yamazaki, T. (2000):Phase equilibria in
the system Fe-Ni-S at 500°C and 400°C. Mineral
Petrol. Sci., 95, 145-161.

“6)Kullerud, G.(1963):The Fe-Ni-S system. Carnegie Inst.

Wash., Yearbook, 62, 175-189.

“DNaldrett, A.J., Craig, J.R. and Kullerud, G. (1967): The
central portion of the Fe-Ni-S system and its
bearing on pentlandite exsolution in iron-nickel
sulfide ores. Econ. Geol., 62, 826-847.

“8)Bell, P.M., England, J.L. and Kaullerud, G. (1964):
Pentlandite, pressure effect on breakdown.
Carnegie Inst. Wash., Year book63, 206-207.

“)Kitakaze, A. and Sugaki, A. (2004): The phase relations
between FessNis5Ss and CooSs in the system Fe-
Ni-Co-S at temperatures from 400 to 1100°C. Can.
Mineral.,42, 17-42.

S0Hayashi T., Sugaki, A., and Kitakaze, A. (1985): The
phase equilibrium of the Cu—Fe—Ni—S
system (abstract): Min. Geol. 35, 97 (in
Japanese).

SDLindgren, W. (1933): Mineral Deposits. 930 p.

McGraw-Hill Book Co., New York.

2)Lindgren, W.(1937):Succession of minerals and
temperatures of formation in ore deposits of
magmatic affiliation. Trans. Am. Inst. Mining and
Metall. Eng., 126, 356-376.

S3)Bateman, A.M. (1952) : Economic Mineral Deposits.

Mem Fac Eng Yamaguchi Univ



22(22)

John Wiley and Sons, New
York, p. 70-891, 586-591.

IHawley, J.E. (1962): The Sudbury ores: Their
mineralogy and origin. 30-59, 147-207. Mineral.
Assoc. Can.

S5)Ramdohr, P. (1980): The Ore Minerals and Their

Intergrowths, vol 2. 497-505. Pergamon Press,
Oxford.

S6)Edwards, A.B. (1954): Textures of the Ore Minerals. 92,
108-110, 136 p. Australian Institute of Mining
and Metallurgy, Melbourne.

S)Francis, C.A., Fleet, M.E., Misra, K.C. and Craig, J.R.
(1976): Orientation of exsolved pentlandite in
nature and synthetic nickeliferous pyrrhotite. Am.
Mineral., 61, 913-920.

8)Park, C.F. and MacDiarmid, R.A. (1964): Ore Deposits.

159-160, 215-219, 268. WH Freeman and Co,
San Francisco.

59)Sugaki, A and Kitakaze, A. (2006): New phase relations
of the system Fe-Ni-S at temperatures from 875
to 450°C as the pentlandite ore genesis 19%
Program and Abstracts, General Meeting of the
International Mineralogical Association (Kobe),
197 (abstr.).

60Fleet, M.E. (2006): Phase equilibria at high
temperatures. In D.J. Vaughan Ed., Sulfide

Mineralogy and Geochemistry, 365-419. Mineral.

Soc.Am., Virginia.

6DHill, R.E.T.(1983):Experimental study of phase

Vol .70 (2019)

relations at 600°C in a portion of the Fe-Ni-Cu-S
system and its application to natural sulphide
assemblages. In. Buchanan, D,L.and Jones, M.J.
Sulphide deposits in mafic and ultramafic rocks.
The Institution of Mining and Metallurgy, p.14-
21.
62)Kitakaze, A. (1998): Sulfide minerals from the Horoman
peridotite, Hokaido, Japan. J. Japan. Assoc.
Mineral. Petrol. Econ. Geol., 93, 369-379 (in
Japanese with English abstract).
8)Kitakaze, A. (2008) : Sugakiite, Cu(Fe,Ni)sSs, a new
mineral species from Hokkaido, Japan. Can.
Mineral.,46, 263-267.
64Kitakaze, A. (2008): Horomanite, (Fe,Ni,Co,Cu)sSs,
and samaniite, Cuz(Fe,Ni)7Ss, new mineral
species from Horoman peridotite massif.
Hokkaido, Japan. Collected Abstract 2008,
Japan Asso. Mineral. Sci. (Akita), 123 (abstr.,).
®)Kitakaze, A. Itoh, H. and Komatsu, R.(2011):
Horomannite, (Fe,Ni,Co,Cu)eSs, and samaniite,
Cuz(Fe,Ni)7Ss, new mineral species from the
Horoman peridotite massif, Hokkaido, Japan.
Mineral. Petrol. Science, 106, 204-210.
86)Kitakaze, A. and Komatsu, R. (2016): New occurrence
of Ni-rich horomanite from the Kouyama gabbro,
Hagi city, Yamaguchi Prefecture Japan. Jour.
Mineral. Petrol. Science, 45, 133-137 (Japanese
with English abstract).

(Received Feb. 4, 2020)



	7)Kullerud, G. (1962):The Fe(Ni(S system. Carnegie Institute of Washington. Yearbook, 61, 144-150.
	8)Kullerud, G. (1963):Thermal stability of pentlandite. Can. Mineral., 7, 353-366.
	33)Ramsden, A.R. and Cameron, E.N. (1966):Kamacite and taenite superstructures and a metastable tetragonal phase in iron meteorites. Am. Mineral., 51, 37-55.
	46)Kullerud, G.(1963):The Fe-Ni-S system. Carnegie Inst. Wash., Yearbook, 62, 175-189.
	48)Bell, P.M., England, J.L. and　Kullerud, G. (1964): Pentlandite, pressure effect on breakdown. Carnegie Inst. Wash., Year book63, 206-207.
	York, p. 70-891, 586-591.



