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Ansrnacr

The structuxes of - pentlandite from Frood Mine,
Ontario (a: 10.0384 and composition Fes.sTNia.sa
Coo.ozSs) and cobalt pentlandite from Outokumpu,
Finland (a=9,9774 and composition Fe1.6Co6.66
Ni:..s2Ss) have been refined anisotropically, using
single crystals, to final unweighted R values of L7%
and 1.8/s, respectively. The structures of these natural
pentlandites were formd to be very similar to that of
synthetic CoeSs. The interatomic distances m these
pentlandites including synthetic C,oeS3 suggest that
(a) the octahedral Co irl CoeSB is in the divalent
low spin statg (b) the octahedral Fe is probably in
the divalent high spin statg and (c) all the tetrahedral
cations are divalent although valency for the tetra-
hedral cation is an ambiguous concept because of the
delocalization of d electrons. Determination of the
site populations of Fe and Ni in the two sites of the
Frood p-.ntlandite was not successful because of the
similarity of tlre x-ray scattering factors of Fe and Ni.

A special aspect of the pentlandite structure is the
presence of three metal-metal bonds from each tetra-
heilral cation, which result in a "cube cluster" of
tetrahedral cations. This cube cluster appears to sta-
bilize the pentlandite structure and fixes the total
number of d electrons in the unit cell to a uniform
va',ue as in an electron compound. The structure and
chemistry suggest that tle structural formula for
pentlandite would be vr[Fe"Nir]rv(FerNistra)Ss.
The known physical prop:rties are consistent with the
proposed crystal chemistry of pentlandite.

Iwrnooucrron

Pentlandite (Fe,Co,Ni)eSs is the major ore
mineral for Ni and occurs commonly in associa-
tion with pyrrhotite, pyrite and chalcopyrite. The
chemistry of such 6rr irnFortant mineral in terms
of tlee solid solution behavior of the major cat-
ions is poorly understood because of the lack of
crystal chemical data. Knop & Ibrahim (1961)
studied the synthetic pentlandite systern and
found that of the tlree end members, FeeS8,
CogSa and NisSs, only CogSs forms a stable
homogeneous phase; the other two end members
apparently do not form pentlandite. Recently,
howwer, Nakazawa et aI. (1973) reported the
formation of a cubic iron sulphide as a thin
film, with diffraction pattern similar to pent-
Iandite, by flash evaporation and vacuum de-

CRYSTAL CHEMXSTRY OF NATURAL PENTTANIDITES

V. RAJAMANI arvo C. T. PREWIT
Depafimmt of Earth and, Space Sciences, State Urliuersitg of Nan York,

Stony Brook, Nat York 11790

position technique. Knop & Ibrahim also found
that the individual substitution of Fe or Ni for
Co is limited. However, the solid solution is
"complete and the stucture is preserved if Fe
and Ni are introduced simultaneously." Substi-
tution for Co by Fe and Ni both individually
and simultaneously causes an expansion of the
unit cell. This observation is puzzling because
of the radii of these cations (generalln Fe is
larger than Co and ri/ould tend to increase the
lattice parameter, whereas Ni is smaller than
Co and would decrease the lattice parameter)
and raises the question, 'TVhat are the valencies
and spin states of these cations in this struc-
ture ?" An answer to this question is essential
in orplaining the solid solution behavior of
these cations in pentlandite.

The natural pentlandites were considered by
Lindqvist et al. (1936) to be isotypic rvith qfn-
tletic CogSe and to belong to the space group
Oun-FmSrn with four formula units, MeSs, per
unit cell. The 36 metal atoms are distributed
over 4 octahedral sites, 4(b), and 32 tetrahedral
sites, 32(f). (These, henceforth, will be referred
to as M(O) arrd M(T) sites, respectively). The
32 sulphur atoms are distributed over 8(c) and
24(e) quipoints in four-and five-fold coordina-
tion by metal atoms, respectively. (These, hence-
forth, will be referred to as Sl and 52, respective-
1y). The space group and the structure were later
confirmed by Pearson & Buerger (1956) and
Knop & Ibrahim (1961). Geller (1962) refined
the structwe of qynthetic CosSa using visually
estimated, two-dimensional, single-crystal x-ray
intensity data. Geller found that the octahedral
sites are nearly regular, tetrahedral sites are dis-
torted to give the site ryrnmetry 3nz and the
tetrahedral Co-Co distances are similar to the
distance in metallic cobalt indicating considera-
ble metallic bonding.

Previous studies on the crystal chemistry of
pentlandite by the Mijssbauer technique and
magnetic measurements indicate that Fe tends
to order in the octahedral sites (Kno3 ef al.
1970; Vauehan & Ridout 1971), and that octa-
hedral Fe(II) and Co(III) are in the low-spin
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state (Vaughan & Burns 1971). It is well known
that the interatomic distances in oxide structures
are widely used to infer the oxidation and spin
states of transition element ions. Such distances
are not available for natural pentlandites since
structural refinements on single crystals of these
minerals have n-ot yet been carried out using
t-"qaq x-ray diffraction techniques. The octa-
hedral Co-S distance in CogSa reported by Geller
(196?) appgars to be too large for low-spin
cobalt in sulphides (Rajamani & Prewitt i92).
The aim of our present investigation was to
refine the structures of natural Fe-Ni pentland-
ite and cobalt pentlandite and to compare them
with the skucture of synthetic CogS8, and to
obtain information on the probable cation va-
lencies, spin-states and ordering parameters using
interatomic distances. An afiempt has also been
lna{e to explain the mineral chemistry of pent-
landite by combining the structural data rvith
chemical data obtained from microprobe analyses
of natural pentlandites. The known physical
properties have been discussed in the light of the
mineral chemistry of pentlandites.

Experirnental

Since pentlandite usually occurs in intimate
association with pyrrhotite, care was taken to
select a "single-crysta1" by taking precession
pictures of several pentlandites. One good, ap-
proximately equant, crystal of Fe-Ni pentlandite
trom Frood Ming Sudbury, Ontariq of dimen-
sion 0.05 mm was mounted on the [ll0] axis.
The space group conditions and unit cett ai-
mension were checked using precession photo-
graphs. In addition, a crystal of cobalt-pentland-
ite, from Outokumpu, Finland, was selected and
precession photographs were taken by mounting
a crystal of dimension 0.M mm along the [110]
axis. The diffraction patterns were e:<hemelv

sharp indicating good crystals for collecting in-
telslty data. The cell dimensions of these crys-
tals are calculated from 20 values measured on
the single-crystal diffoactometer. The chemical
compositions of these pentlandites as well as a
few other pentlandites from different localities
were determined using the ARL electron probe
microanalyzer. Homogeneous, stoichiometric sin-
gle crystals of Fe&, CoS2, and NiSz were used
as standards for Fe, Co, Ni and S. The analy-
tical data are listed in Table 1. The cell pa-
rameters, the chemical formulas assuming no
anion vacancies in the structure and the calcu-
lated densities of the Frood and Outokumpu
pentlandites are shown in Table 2.

Integrated intensities of 420 reflections were
collected for each crystal (within the range of
sin 0/I: 0.06 - 0.70) automatically on a PDP-
15/35 controlled Picker diffractometer at room
temperature using a graphite monochromator and
MoKa radiation. A scan speed of 2o/min. was
used and background counts were accumulated
for 5 seconds on both sides of the pea}s. A
standard reflection was measured for everv 20
reflections. The intensity data thus obtained were
converted into observed structure factors after
applying Lorentz and polarwation corrections.
The observed structure factors of the symmetry-
equivalent reflections were averaged and 98 re-
flections were used for the refinement of the
structnres. The two strongest reflectionso 440 and
80Q were rejected during the refinement because
they appear to suffer from secondary extinction.
The absorption correction was not made because
although the linear absorption coefficients were
i60 and 165 cm-1 for the Frood and Outokumpu
pentlandites, respectively, the transmission fac-
tors varied only between 0.28 and 0.25 for Frood
pentlandite and between 0.31 and 0.27 for Outo-
kumpu cobalt pentlandite.

IIICROPROBE ANAI.YSES OF SOTIE PEI.ITLAIIDITES,
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33 .00  47 .30
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0,43 32,90 47.30
0.14 33,50 47.82

98.07
99.43
98.72  1 .114
99.95  1 .122
98.72  t .131
98.85  1 .123
98,22  t .110
98.85  l . l l 4
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#3-8 25.10 20.67
#3- r8  28 .30  23 .19

Sanples 117073. 11522, R"11297, R6l8 were obtained from U.S. Natlona,l Musem.
.sanples-il4-3, f3-8, and lf3-18 are from ltarbr.tdge tylne, Quebec, Cinua,
l , lJnn: Sample from Duluth Compl€x, Northern t , t i inesota.



180 THE CANADIAN

Refinement

The probable space groups on the basis_of the
diffraction qrmmetry arc Ol"-Fm3rn, Trt-F43m or
Os-F432. Since the generally accepted space
group is the centrosymmetric one (Knop & Ibra-
hnn 1961; Pearson & Buerger 1956; Geller 1962)
the stuctures lvere refined in the space group
Fm3m. L. W. Finger's REINE least-squares pro-
gram was used to refine the structure. The four
octahedral cations are assumed to be in 4(b)
at (Yz,Yz,Y)" etc. The starting positional pa-
rameters for 32(f) and 24(e) positions were
taken from the refinement of CogSs, as given
by Geller. Doyle & Tumer's (1968) atomic scat-
tering factors for neutral atoms were used along
with correction factors for anomalous dispersion.
The first three cycles of refinement using unit
weights and individual isotropic temperature
factors (B:0.5 for cations and B : 1.0 for
anions) resulted in an unweighted R of I0.L/6
for the Frood pentlandite. The isotropic temper-
ature factor for the tetrahedral cations was con-
siderably higher than for the octahedral ones.
Microprobe analysis of several grains of Frood
pentlandite from the same sample indicated a
metallsulphur ratio of approximately 1.11 which
is significantly less than I.I25 required for the

1ABLE 2. COI{POSITIONS, CELL PARAMETERS AND CALCULATED DENSITIES
OF FROOD AXD OUTOKUMPU PEIITLqNDITES

Cmpos it lon

Total I'letal

F"3.g7Ni4.g4coo.o7Ss F"t .o:Ni t .gzcos.6osB
8.88 9.0s

MINERALOGIST

stoichiometric composition (even after allowing
for the precision of ow microprobe analysis).
It was assumed that the structure could be cation
deficient with some tetrahedral vacancies as was
indicated in the refinement in the form of re-
latively large temperature factors. Six more cycles
of refinement with complete occupancy of octa-
hedral sites and approximxely L.S/o vacancies
in the tetrahedral sites resulted in an R of 3,5%.
The temperature factor for the cations in the
two sites improved considerably. Attempts to re-
fine the structure on the basis of octahedral
vacancies resulted in a high R factor and ab-
normal temperature factors for the tetrahedral
cations. Six additional cycles were run to refine
the occupancies of Fe and Ni in the octahedral
and tetrahedral sites, with the constraints of
chemistry. Three different models of cation dis-
tribution rvhich include (1) enriclrment of Fe
in the octahedral site over a random distribu-
tion tM(O) : 0.7 Fe + 0.3 Ni ; M(T) : 0Al
Fe * 0.58 Nil (2) enrichment of Ni in the octa-
hedral site tM(O) : 0.3 Fe + 0.7 Ni ; M(T) :

0.46 Fe + 0.51 Nil and (3) random distribution
of Fe and Ni in the two sites tM(O) :0.M5

Fe * 0.555 Ni; M(D : 0.44 Fe * 0.55 Nil
were tried during the occupancy refinement.
However, the R factors and refined parameters
were almost identical in all tlree models and
thus it was not possible to determine the dis-
tributions of Fe and Ni through site occupancy
refinement. Refinement of the structure using
weights based on counting statistics (Prewitt &
Sleight 1968) reduced the R factor to 2.9/s with-
out changing the positional parameters and

Cel l  Parmete f  a . lO,O38( l )A

Calculated Density 5,03 gn/cc

a"s.s770)A
5.25 gm/cc

TABI.-E 3. POSITIONAL Ai,ID THERI'IAL PARAME]ER5 IN FROOD PENTLANDITE AND OUTOKUMPU Co-PENTLANDITE (5TANDARD DEVIATIONS IN BRACrcTS).

PosJtlonal Paraneter

a a a

Temperature ractors (A2)
lsotroplc Anisotropic----i-'-- 

e.,.,*lo2 ts2rx1o2 B33xl02 arrxtoz st3xl02 Brrxtlz

4(b) ar(o) Frood
0utokmpu

outokmpu 1/4

t /2
1/2

1/2  112 0 .55(4)
1  12  1  t t  n  6qr? \

32 f )  i v ( r )  F rood o .  t2608(4)  0 . '1260s(4)  0 . l2608(4)  0 .42(3)  0 .106(9)  0 .106(9)  0 .106(e)  0 .00s(4)  0 .008(4)  0 .00s(4)
0u tokmpu 0 .12617(2)  0 .12617(2 \  0 .12617(21 0 .4e(2)  0 .124(4)  0 .124(4)  0 .124(4)  0 .006(2)  0 .006(2)  0 .006(2)

8(a)  S1 Frood 1 /4  1 /4  i tq  0 .58(4)
r /4 1/4 0.621(3)

24(e)  s2  Frood 0 .2632(1)  0  0  0 .42(3)  0 .09( l )  0 . l l ( l )  0 .11(1 . ) .  0  0  0
o u t o k m p u  0 . 2 6 2 3 f 1 1  0  n  0 . 4 q f 2 l  0 . 0 9 3 ( 8 )  0 . 1 3 8 ( 6 )  0 . 1 3 8 ( 6 )  0  0  0

Frood: 
".tf 

lFol-lEoll/t lFol.g.027. Secondary extJnctjon conection factor c=5 x 10-'.

outokumpu: a=zllrol-ltoll/t lral.0.ol8. secondary extinctlm corectJon factor c'4 x l0-7.

TABLE 4. MAGNITUDE TOID ORIENTATION OF fiERI'IAL ELLIPSOIDS. (STANDARD DEV]ATIONS IN PARENTHESES)

E l  l  i p s o i d
A t o m e i t s ( A ) ' a b " ( A ) ' a b c

0.070( 2)
o,  o7e( 2)

;;:;s 
'6;:;6 ri,i.oitSoj

54.72(1) 54.72(r  )  54.76(2)

o1

lz- 3
65.86 os,ao raa.oo(toJ
54.74 54.74 54.74

0 .0  90 .0
90 .0  90 .0
90 .0  90 .0

s2 ?,
I

a

90 .0'180.0
'180 .0

0.077( l  )
0.082(1 )

0.06e (3)
0.083(2)
0.083( 2)

0 .0  90 .0  90 .0
90 ,0  90 .0  180 .0
90 .0  90 .0  180 .0

0.067 (5)
0 .075 (2 )
0 .075 (  2 )
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temperatwe factors of the atoms. The final two
cycles of anisotropic refinement resulted in an
unweighted R factor of 2,7/s for the 94 unre.
jected reflections.

We also tried to refine the structure on the
basis of Eliseev's structural model (quoted in
Knop & Ibrahim, 1961; see Knop ef al. 1965)
for natural pentlandites-complete ordering of
Fe and Ni in the 32(f) positions with excess
cations located in 4(a) at (0,0,0). Refinement
of the structure in the above model resulted in
poox agreement of the observed and calculated
structure factors. One cycle of refinement in the
noncentroqfmm enic Fi3rn space group also re-
sulted in a very large R factor. Attempts were
also made to refine the structure on the basis
of ordering of Fe and Ni in the tetrahedral sites,
s'ith the octahedral site located at the equipoint
4(b). Neither the temperature factor nor the R
factor was changed with this ordered model.

The same procedwe was repeated to refine the
structure of cobalt pentlandite. Since the com-
position of this mineral is close to its stoichio-
metric composition, there should not be any
tetrahedral vacancies. Refinement was initialized
with the coordinates and temperature factors ob-
tained for Fe.Ni pentlandites and with chem-
istry-constrained cation distributions in the two
sites. The first three cycles of refinement resulted
in an R factor of 3,1/o. The next few cycles to
refine the occupancy of cations in the two dif-
ferent sites were not successful because of the
close similarity of the x-ray scattering factors of
Fe, Co, and Ni. The final cycles of anisotropic
refinement included a secondary extinction fac-
tor, positional, and thermal parameters. The re-
finement converged giving a final unweighted
R factor of I.8/6 for the 95 unrejected reflections.
The refined atomic coordinates, temperature fac-
tors and tlermal ellipsoids o[ M(T) and 52
atoms for the two pentlandites are listed in
Tables 3 and 4. The final (averaeed) structure
factors of the independent reflections for the
two pentlandites are listed in Table 5.

Drscussow

The structure of natural pentlandite is essen-
tially similar to that of qynthetic CogSg. The
positional parameter r for the tetrahedral sites,
M(T), is very close to that obtained by Geller
(1962) for CosSe. Ifowever, a slight change in
the r parameter for the 52 site has been observed
(the present values are 0.263 and 0.262 tor tbe
two pentlandites as compared to 0.259 reported
by Geller for CosSa). Values of selected inter-
atomic distances and angles are listed in Tables
6 and 7. The zulphur, 52, octahedron surrounding

hkL Fo Fc
200 98 90
400 269 234*
600 109 100
800 708 660*

10 .00  36  37
1 2 . 0 0  l l l  1 0 7

220 95 95
420, 86 86
62A\ n 74
820 41 38

10.20 60 59
12.20 26 22

440 748 763*
640 45 46
840 157 150

10.40 76 77
12.40 436 441

660 67 66
860 57 56

10 .60  50  51
12 .60  5  1  0

880 482 499'10.80 
22 2t

111  t 37  147
311  320  318
5 1 1  3 r 8  3 1 1
7 r ' r  '152 

143
9 l l  4 0  3 5' l l . 1 1  

1 3 1  1 2 9' l 3 . i l  
157  t 58

33] 187 189
531 93 107
731 189 187
931 zo2 ?61

1't.31 128 127
13.31 23 24

55t 46 44
751  193  195
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69  84
771 146 149
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11 .71  84  86
991  l 8  I
222 256 277
422 69 74
622 I88 190
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t0.22 138 138
*denotes reflections that were reJected in thq reflnement

TABLE 6. IITEMTO{IC DISTANCES (g) IN PENTLNDITES.

(STAI.{DARD DEVIATIONS IN PARENIHESES)

Frood outokumDu Snthetlc Coasa
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Atom

r(o)-sz (ro)
s(r)-Sl-s? ({9)-

-tr(r, lxr-r(r) (x3
s'l -s(r)(x4
s2 -{(o)

-r(r) (x4
-s2(x4)

2.377 (2
2.  r54(1
2,258(1
2.531 (1
3.518(r
2.  r  54( l
2.377 (2
2,258(1
3.362(2

2.3e2( r1  )
2.132(5)
2 .2@(8)
2 .501 (6 )
3 .481 (8 )
2 . t 3 2 ( 5 )
2.392( r 'r  )
2.20S(8)
3.382 05)

2,373(
2.'t40(
z.23,s(
2 .5  r 8 (
3.494(
2.  I  40(
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TABLE 7. IMPORTANT BOND ANGLES IN PEIffLANDITE
(STANDARD DEVIATION5 IN PARENTHESES)

Frcod (oJ
9 0 . 0

1 0 7 . r 8 ( 4 )
1  n  . 66 (4 )
90 .0

109.47
68 .19 (4 )

r  27.55 (4)

uu@Kumpu l-,
90 .0'r 
07.42 (3)

r 1 r . 4 5 ( 2 )
90 ,0

109 .47
68.44(3)

127.32(3)

TASLE 5. OBSERVED AND CALCULATED STRUCTURE FACTORS
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the cations in M(O) is very regular (the calcu-
lated octahedral Co.S distance in CosSs using
x(S2): 0.263 is 2.354 as against 2.394 re-
ported by Geller). The tetrahedral sites are
trigonally (3m) distorted, one distance (M-
Sl) being considerably shorter than the otleer
three. All three basal edges of each distorted
tetrahedron are shared by adjacent letrahedran
and short metal-metal distances occur across tfte
shared edges. The metal-metal distances in all
these structures are similar to tlhe distances found
in metallic Fe, Cq and Ni. These distances can
be cnnsidered as representing metallic-bonding
(Cotton 1966; Hulliger 1968). Thus, each tetra-
hedral cation is coordinated to three other tetra-
hedral cations, in addition to four sulphur atoms.
Each Sl is surrounded by four M(T) atoms in
the form of a regular tetrahe&on. Eaih 52 atom
is coordinated to one M(O) and four M(?)
atoms whiefr oc€ur at the coryrers of a square
pyramid. The isotropic temperature factor of the
M(O) cation is slightly greater than that of
M(?) cation, consistent with ihe general rela-
tionship between the cation coordination number
and temperature factors observed for pyroxene
structwes (Cameron et al. 1973). Also, the Sl
atom has a higher temperature factor than the
52 atom, again consistent qdth the relation be-
tween the coordination number and temperature
factors of anions (the higher the coordination
number of the anion, the smaller the tenrper-
ature factor). The point symmetries of atomic
positions in the structure indicate that only
M(Q and 52 atoms could be anisotropic. The
r.m.s. amplitudes, listed in Table 4, show that
these atoms are slightly anisotropic.

Tetrahedral
Bond Dlstance

o

Cation valencies, spin states and ordering
Interatomic distances in sulphide minerals can

be used to predict probable cation valencies and
spin states. for a given coordination number and
also, to some extent, cation ordering. Table 8
shows interatomic distances in several isostruc-
tural sulphide minerals including pentlandite.
The octahedral Co-S distances in synthetic CogSa is
slightly larger tJran the distances in Co& (pyrite
tfpe) and CoS (jaipurite) where octahedral Co
is probably in the divalent low spin state (Burns
& Vaughan 1971). The octahedral Co in pent-
landite could be divalent, low-spin. The absence
of Jahn-Teller distortion, expected for the di-
valent low spin Co, may be attributed to the
delocalization of electrons in the conduction
(o*) band (lellinek 1969).

fu mentioned earlier, Knop ef al. (1970) and
Vaughan & Ridout (1971) studied the Mijssbaus
spectra of natural pentlandites and observed an
enridrment of Fe in the octahedral site.

Kp : lXil"ro)/Q - Xil?o:)]* [(1 - X#rn)
/x{r"<r.,: 3.861.

However, a comparison of octahedral M-S dis-
tances in pyrite (vrFe,+(z's) : s:2.264),
troil i te (vIFe2+(H.s) - S:2.454) and Frood
pentlandite (2.377 A) indicates that the octa-
hedral Fe2+ probably is not in the low-spin
state, particularly if there is any enrichment of
Fe in the octahedral site. This distance can be
interpreted as indicating either a random dis-
tribution of dii'alent, high-spin Fe in the two
sites or an enrichment of Ni in the octahedral
site which also contains a small amount of di-
valent, low-spin Fe. The latter possibility is not
consistent with the fact that the divalent low-
spin Fe will have a much greater octahedral
site prefeence energy than Ni2+ and hence
would be enriched in the octahedral site. In
both Frood and Outokumpu pentlandites, the
octahedral M-S distances are approximately
equal, thereby suggesting that the octahedral
site in the Outokumpu pentlandite is not com-
pletely filled with Co.

The tetrahedral Co-S distaace in qynthetic
CosSs is identical to tJre Co-S distance in CosSa
which is a normal thiospinel and suggests that
tetrahedral Co could be divalent Similarln the
tetrahedral M-S distances in natural pentlandites
are consistent with divalent cations in tetra-
hedral coordination. However, assignment of
formal valenry to the tetrahedral cations be-
comes difficult and has no meaning in the
chennical sense because of the complerity of
bonding. fu pointed out earlier, the presence of
tlree metal-metal bonds for eadr tetrahedral
cation leads to tlae formation cluster of 8 metal

2.11

2,19

2,22

2,190

2.2@

2,228

2 , 8

z,241

octahedral
Bond DJstance

z,zafl

, 1 '

2,40

2.66

2.25

2,4

2,447

2.338

2,394

2,3i(r,

2,373

2.317

Structure
Typ€

Pentlandltc

Heazl e'modl te

!hcklnaalt€

ll lnerals

Pyt lte FeSz

Cattlerlte CoS2

Vaoslte Nlsz

crelglte FcaS4

Llnnaelte Co3E

Polydyrlta Nt3S4

Troll.lto

Jdlpurlto

8-llls

synthetlc co9s8

Ortokngl Pn

F ood Pn

M3t
(F€)r+8S



183

atoms at the corners of a cube. This is shown
in Ficure 1, which represents part of the pent-
landite structure. Qualitative aspects of bonding
in pentlandite have been discussed by Vaughan
f tg 1) who zussested ordering of Fe and Ni in
the alternate cortters of the cube cluster in Fe-Ni
oentlandite. fu indicated elsewherg the structure^was 

refined on the basis of an ordered model
bv splittine the tetrahedral sites into two sets

tl'zti'tl : w,-rlcx, w,, wc and-M(Jz) : w
k"' &,, bcr], occupying the alternate corners
of a cube, attd fiUittg the individual set com-
pletely wfth eith.r Fe or Ni. Such an ordered
i*aui aia not change either the R factor or the
temperature factors. Thus, evidence for ordering
of Fe and Ni in the tetrahedral sites of natural
oentlandites is inconclusive. If ordering of Fe^u"a 

mi within t}e tetrahedral sites were real,
then ordering of cations in the octahedral sites
would be re[uired depending on the F-e:Ni ra-
tios ; for example, Fe might be ordered in^ the
octairedral sitei for Fe-rich compositions. Such
a simple explanation of ordering, as proposed
for many electron compounds, does noJ appear
to hold for pentlanditea since it was shown by
Knop ef al. (tgZO) and Vaughan & Ridout
(1971) bv Mijssbauer techniques that Fe is
oraerect in the octahedral sites even when Fe:Ni
ratio is close to unity. Howevex, it is noJ possible

io aut**i"e unequivocally any ordering -by
r-ray techniques though our interatom.ic- dis-

tances would suggest no such ordering of Fe in

Fe-Ni pentlandite

Mineral chemistrg
The refinement of the structure of Frood pent-

f u"aitu (composition Fes.srNia.eaCoo.ozSs) on the

CRYSTAL C}IEMISTRY OF NATT'RAL PENTLANDITES

Frc. 1. Part of the Pentlandite structure showing the

"cube cluster" of tetrahedral cations which are
coordinated to one Sl anil tluee 52 atoms.

basis of a cation-deficient model needs some
explanation. Studies on the compositign o,! tu-
tural pentlandites by Knop et al. (1965), ,G,ra-te-
rol & Naldrett (1971), and Harris & Nid<el
(1972) indicate (a) a wide range of M:S ratios,
(b) a wide range of Ni:Fe ratios which increases
in'a genetal way with increasing Ni content of
the bulk composition of the sulphide assembl-age
and, (c) no-correlation between the-sulphur
content of pentlandite and the mineral assern-
blage contalning pentlandite. Further, Knop &
Ibrahim (1961) outlined the compositional limits
within which pentlandite, (Fe,Ni,Co)eSs, oclurs
in the MgSa section of the qfstem Fe-CoNi-S
(see Fig. 2). It should be mentioned here that
the compositional limits of pentlandite in the
qynthetic systern were, in fact, iust estimated
from the bulk compositions of tJre starting ma-
terials and from the observed lattice parameter
variations. The actual compositions of pent-
landites within the stability region are not known
because they were not directly determined and,
also, at leasl some of the run products contained
other admixed phases. Figrue 2 also shows the
compositions of some natural pentlandites, most
of which fall close to a line for which Fe:Ni =

1:l or on the Nirich side of the line. Perhaps
it would be appropriate to consider the possibi-
lity suggested by Rosenqvist (1954) tfrqt the
pentlandite structure could be stabilized by an
electron/atom ratio. hr spite of large variations
in the composition, the total number of "3d"
electrons in the unit cell of pentlandite appeals
to be uniform, thereby supporting Rosenqvist's
suggestion. Thus, if the pentlandite structure is
stabilized by a particular electron/atom ratio
(within a small allowable range) no stoichiome'
try can be expected in this phase. Since CosSe
and Fe+.oNin.ssa are the most stable phases with
complete solid solution, it can be assumed that
the itructure is stabilized by seven d electrons
per cation. It should be emphasized here that
ihis requirement arises because of the formation
of the-cube cluster of the tetrahedral cations
which are numerically eight times more abundant
than the octahedral sites. Increasing the Ni con-
tent in pentlandite over 4.5 atoms in the formula
unit would cause cation vacancies in the tetra-
hedral sites if the number of d electrons in the
cube cluster were kept constant. Lr general, the
structural formula for Fe-Ni pentlandite can be
uritten as vt[[euNiollv(FeJfistr")a$, where
r : mole fraction of Fe in the tetrahedral sites,
u: mole fraction of Ni in the tetrahedral sites,
l: tetrahedral vacancy for Ni-rich compositions
or excess cations for Fe-rich compositions:

z= f - (xx 6)  + (v  X 8)  -77 + 7.
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T:", fr: metal,/sulphur ratio in pentlandite
wru De glven by:

M/S: (9 - 8z) i- 8 : l.I2S - z.

The above equation predicts a relation between
the M/S ratios and rvi/ru ,"ii*-;;;;r#;;;".
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Figure 3 shows such a relation between .ll4lS
ratios and Ni content in natural pentlandites-
the plot being based on the electron microprobe
data giyen by Harris & Nickel (1922) and on
some of our own data given in Tabie l. The
M/S ratios decrease with increasing Ni content

Fe, Ss,s "E Ni9ss
Frtc.2. Natural pentlandite co:npositions_(after Harris & Nickel lg?2). Dashed lines, a. rraLuar ysruarrqrre composluons (aner Harris rf Nickel lg72). Dashed linesr,epresent the estimated solid solution limits outlined by lbop * llr'"r.rim-irriorl intlu Mps, 'q.!o_n 9f {ru "y$9- 

Fe-,Co-Ni_S. o*ii.a:a"i il;;d;r;;"'.o,,po.i-
tions for which Fe:Ni = l:1. Open circles represent thu -;;;;;;-rep"rtea in
tlis worlc
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Frc,..l-. variation of metal/suil#;JTrliT"Tn content in natural psntrancrita
The"solid line represents-the equation M/s :1i2s:z/& Til ;;id' are frompentlandite 

"compositions. 
af"ter Harris & Nickel (lgz2). crosses are from-the present

sruqy. lhe tull triangle is from argentian pentlandite after vuorelaine\ et aI. irg72).
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in natural pentlandites as required by the above
equation. The observed slope agrees with the
theoretical one shown in Figure 3.'.fhe scattering
in the data points is probably due to r:he low
p-recision involved in the analysis of sulphur by
the microprobe. This observation indicales that
the- pentlandite structure could be stabilized by
d electrons like an electron mmpound or Hume-
Rothery phase. Since the octahedral sites can be
completely filled with either Fe. Co or Ni. the
total number of d electrons in the unit cell will
not be constant but rvill be fairlv uniform
(.260 t 4 per unit ce11). The excess citions thar
are required for Fe.rich compositions mav be
located in the normally unoccupied tetrahedral
sites.

Physical propoties

- The foregoing interpretation of structure and
chemistry of pentlandites with the predicted
probable cation valencies, spin states and order-
qg accounts for the various physical properties
of pentlandites and Co pentlandites obierved by
various inv,estigators (Knop & Ibrahim lg6l;
51qp ul al. 1965; Kouvo et aI. IgSg; petruk
1969; and Burns & Vaughan, lg7l). hr natural
pentlandites, the cell parameter, a, decreases with
increasing Co content. Microhardness of pent-
landite inceases with inseasing Co coritent
Further, the phase CosSa is found io be stable up
to 835oC (Rosenqvist 1g54); however. the svn-
trulS^f=.'ily.oSs is reported to be stabie only up
to 610oC (Krdlerud 1963). These variatioru of
phy-slcgl properties with increasing Co content
could be explained by the pt"r"tt.6 of low spin
divalent Co in the octahedral sites and the
grea-ter (ligand field) stabilization energ;r gained
by divalent Co in the tetrahedral sites 6dpared
to Fe2+ and Ni2+ (A^o, > Am, ) A""r). '

Though the cell parameter, microhardness and
Fuqqo"l stlbility varies with Co mntent in pent-
landite, reflectivify does not appear to vary si-
gnificantly with composition (Bums & Vaushan
l_970; Vaughan l97l). This could be, perfraps,
the manifestation of a uniform number"oi d elec-
trons in the unit cell. A small increase in re-
{9c1ivity !9r Co--pentlandite (R : SS% as against
as.Q -g 5l% for Fe+.sNia.oSe, Vauilhan jgzt)
could be due to the presence of low ipin Co(II)
in the octahedral sites. Recently, Vuorelainen
et al. (1972) reported the occurrence of arqentian
pentlandite (Ag.erNiz.s+Fes.aSe) in .om" Fin rish
sulphide deposits. Even herg the total number
of d electrons in the cubic cluster is nearlv the
same. Substitution of Ag in pentlandite is reirted
to have drastically reduced the reflectivity and
microhardness and increased the lattice parnme-
ter. Assuming Ag is monovalent (indicated try the

lattice pararneter 10.504 as against i0.07A for
normal pentlandite) a consideration of the size
of the Ag ion and the three metal.metal bonds
required for a tetrahedral cation would lead us
to predict ordoing of Ag in the octahedral sites.
It should be noted here that there is only 0.8 Ag
in the formula unit, theteby suggesting that zuch
an ordering of ^A.g is not impossible from struc-
tural consideration. Refinement of the structure
of argentian pentlandite by Hall & Stewart
( 1973) indicates such an ordering of Ag in the
octahedral site.

The variation of cell parameter with composi-
tion in Fe-Ni pentlandite is rather interesting.
Knop & Ibrahim showed that the cell parameter
decreases witll increasing Ni content in pent-
landite. However, the variation is not linear as
indicated by their Fig. 7 (Knop er aI. L965,
p. 307) which shows that "a" decreases at first
rapidly in the Fe-rich region, relatively less
rapidly in the region where Fe:Ni ratio is close
tc, unity, and flattening out with increasing Ni.
This variation is difficult to explain by radii
considerations alone. The variation might mean
that the type of solid solution muld be similar
to the metal addition for Fe-rich compositions and
metal omission for Ni-rich compositions to main-
tain uniformity of electron concentration. Donnay
& Shewman (197I') observed that the cell volume
oJ tyntlretic pentlandite [(Fe"Ni")oSa : n: Yzf
decreases with increasing sulphur content and
attributed this to metal omission and addition
solid solution. Increasin! Ni content alone in
pentlandites causes a simultaneous decrease in
the cell volume with an increase in sulphw
centent, thereby suggesting that the metal addi
tion and omission solid solution exists in tJris
structure to maintain a uniform number of d
electrons in t}le unit cell. Recently, Nakazawa
et al. (1973) reported the formation of cubic ion
sulphide as a thin film ( - 5004) by flash
evaporation and vacuum deposition technique.
Though the diffraction pattem of this cubic iron
sulphide appears to be similar to that of pent-
landite, the lattice parameter is significantly
higher than that expected through simple substi-
tution of Co by Fe. Unfortunately, the exact
chemical composition of this new phase is not
known. It is predicted that the phase could be
exhemely cation rich (Feg+cSe) if the structure
is similar to natural pentlandite.

Conclu,sions

i. The structure of natural pentlandite is
essentially similar to the s1mthetic bogSs. A slight
change only in the x parameter of S(e) atoms
was observed.
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2. The snucture appeaxs to be stabilized by
metal-metal bonding. Tluee such bondings
around each tetrahedral cation results in the
formation of a metallic cube cluster. Because of
the metal-metal bonding and cluster formation,
the total number of d electrons in the unit cell
remains uniform, as in an electron compound,
in spite of large variations in compositions.

3. Metal addition and omission solid solutions
and ordering of cations in the two different sites
appear to be controlled by the cube cluster
formation.

4. The structural formula for Ni-rich pent-
landites would be Mr-'Sa and for Fe-rich ones,
Mr+rSs.

5. Interatomic distances in natural pentlandite
suggest that the octahedral Co could be divalent
low spin; and the octahedral Fe may be divalent
high spin. Complete delocalization of d electrons
in the structure because of the metal-metal bond-
ing makes the assignment of formal valency
(in the chemical sense) for the tetrahedral ca-
tions meaningless though our interatomic dis-
tances are consistent with the presence of di-
valent species. Because of uncertainties about
Geller's (1962) two dimensional refinement re'
sults, the structure of qfnthetic CogSa is now
being refined to provide more information about
the spin state of octahedral Co in the pentlandite
structure.
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