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Orientation of exsolved pentlandite in natural and synthetic nickeliferous pyrrhotite
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Abstract

Pentlandite (pn), (Fe, Ni)S,, exsolves from nickeliferous pyrrhotite (po), (Fe, Ni),_.S, in
the form of flames exhibiting weak reflection anisotropism and preferred orientation. X-ray
precession studies on both natural and synthetic crystals have established the orientation
relation: (111)pn|| (00.1)po; (O11)pn (| (11.0)po; (112)pn || (10.0)po. In synthesis experiments,
rapidly quenched samples of (Fe,Ni),_,S solid solutions contain randomly oriented blebs of
pentlandite, whereas slowly cooled charges contain coherent lamellae of pentlandite parallel

to (00.1) of pyrrhotite.
Introduction

Three textural varieties of pentlandite, (Fe,Ni)pSs,
are common in the pyrrhotite-bearing (Sudbury-
type) natural nickel sulfide assemblages: (1) massive
(blocky) pentlandite, often containing islands of
pyrrhotite; (2) partial to complete rims of pentlandite
around pyrrhotite grains; and (3) stringers and blebs
of pentlandite in pyrrhotite often showing preferred
orientation. “Flame” or ‘‘brush” texture, consisting
of fine subparallel plates or needles with sharp to
ragged borders, is characteristic of the latter variety
of pentlandite (Fig. 1), but it also occurs at the mar-
gins of rim-type and (more rarely) blocky pentland-
ite, projecting into the adjacent pyrrhotite. All these
textural varieties are often found within the limits of
a single polished section; however, detailed electron-
microprobe analyses have failed to establish any sys-
tematic compositional differences among them.

Crystallization of pentlandite during cooling
of synthetic high-temperature (Fe,Ni);_,S (mon-
osulfide) solid solutions (Newhouse, 1927; Hewitt,
1938; Hawley and Haw, 1957; Kullerud, 1956, 1962),
often with textures typical of natural pyrrhotite-pent-
landite assemblages, strongly suggests that the pent-
landite in natural assemblages has exsolved from a
high-temperature nickeliferous pyrrhotite. The with-
drawal of the monosulfide solid-solution (mss) solvus
in the Fe-Ni-S system to progressively more S-rich
compositions at decreasing temperature (Naldrett, et
al., 1967; Shewman and Clark, 1970; Misra and Fleet,
1973a), and the fact that the bulk compositions of the

typical Sudbury-type Fe-Ni sulfide assemblages lie
within the monosulfide solid-solution field at higher
temperatures (Naldrett and Kullerud, 1967; Craig
and Kullerud, 1969) further supports this inter-
pretation. Thus the subsolidus exsolution origin of
pentlandite in nickel-sulfide assemblages is well es-
tablished.

The present contribution is the combined report of
two independent investigations, one on a natural
sample by MEF and KCM and the other on synthetic
material by CAF and JRC. The crystallographic rela-
tionship between host pyrrhotite and exsolved pent-
landite is established, correcting previous reports,
and structural controls on the exsolution process are
discussed.

Oriented intergrowths of several ore-mineral pairs
were examined by Gruner (1929), who recognized a
common structural feature in them. The arrangement
of atoms in one or more atomic layers of the first is
nearly identical with that in one or more layers of the
second. Further, a single element, usually oxygen or
sulfur, populates those layers. For example, there is a
close dimensional fit between the oxygen positions in
the close-packed (111) layers of magnetite and those
in the close-packed (00.1) layers of ilmenite. Such an
arrangement, like that of coherent twin boundaries,
tends to minimize interfacial energy because the first
coordination spheres of the atoms on the common
plane are satisfied by both structures (Buerger, 1943;
1945).

Gruner (1929) concluded on the basis of crystal-
structural arguments that true “oriented intergrowths
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F1G. 1, Photomicrographs illustrating some typical pentlandite
(pn)-pyrrhotite (po) textural relationships. The bar in each photo-
micrograph represents 0.04 mm. Oil immersion, reflected light.
(a) Stringer of flame-textured pentlandite (light gray) in pyrrhotite
(darker gray). Note the preferred orientation of the flames
parallel to the pyrrhotite cleavage. Specimen 52, Falconbridge
mine, Sudbury, Ontario, Canada.

(b) Oriented blebs of flame pentlandite (light gray) in pyrrhotite
(darker gray). Specimen 9868, Creighton mine, Sudbury, On-
tario, Canada.

of pentlandite and pyrrhotite . . . are improbable if
not impossible,” despite previous reports of such in-
tergrowths by Newhouse (1927) and others. Sub-
sequently Lindqvist et al. (1936) showed that the
pentlandite structure determined by Alsén (1925),
which formed the basis of Gruner’s argument, was
incorrect; that structure assumes a unit-cell composi-
tion of 8(FeNi,;S,) and has the S and metal positions
reversed relative to the accepted structure.
Responding to Gruner’s paper, Ehrenberg (1932)
documented oriented intergrowths of pentlandite and
pyrrhotite. His polished sections from Sudbury show
both pentlandite exsolved from pyrrhotite and
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pyrrhotite exsolved from pentlandite. In the former
example, “cut parallel to the base” [presumably the
(00.1) of pyrrhotite], pentlandite occurs in three dis-
tinct orientations resembling a snowflake. In the later
example, apparently hexagonal-shaped pyrrhotite
crystals lie in the (111) plane of pentlandite. Ehren-
berg also described the only known example of pent-
landite epitaxially overgrown on pyrrhotite (Fig. 2).
Pentlandite occurs as tri-radiate overgrowths in two
orientations on the (00.1) face of pyrrhotite with the
rays extending perpendicular to the {10.0} form of
pyrrhotite. These “stars” are composed of small crys-
tals that have faces normal to the ray directions and
hence parallel to {10.0} of the pyrrhotite substrate.
Assuming that the three-fold symmetry of the stars
was not merely inherited from the substrate but ac-
tually represents that of [111] of pentlandite, Ehren-
berg assigned the small vertical faces to the dodecahe-
dron, {110}. He thus deduced that the (111) and (110)
planes of pentlandite parallel the (00.1) and (10.0)
planes of pyrrhotite respectively [ie. (111) pn
|| (00.1)po and (110)pn || (10.0po].

Oriented intergrowths of pentlandite and pyrrho-

FIG. 2. Pentlandite epitaxially overgrown on pyrrhotite (vertical
dimension 2.5 mm) from Miggiadone bei Pallanza, Piemont, Italy
(from Ehrenberg, 1932, with permission).
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FiG. 3. Photomicrograph of flame-textured pentlandite (light
grey) in pyrrhotite showing distinct anisotropism. Analyzer 2° off
crossed position, oil immersion, reflected light. Bar is 0.04 mm.
Specimen 9868, Creighton mine, Sudbury, Ontario, Canada.

tite are commonly encountered in experimental prod-
ucts as well as in natural samples. They were first
produced experimentally by Hawley and Haw (1957)
and have subsequently been reproduced by a number
of workers (e.g. Naldrett et al. 1967; Misra, 1972;
Craig, 1973).

The crystal structures of both pentlandite and
high-temperature pyrrhotite are now well-known.
High-temperature pyrrhotite, which is the iron end-
member of the mss, has the NiAs structure (Harald-
sen, 1941). Lundqvist (1947) confirmed that the mss
also has the NiAs structure. Pentlandite was shown
to be isostructural with Co,Ss, by Lindqvist et al.
(1936) on the basis of powder methods. The structure
was confirmed by Pearson and Buerger (1956) and
Knop and Ibrahim (1961), and has since been refined
by Rajamani and Prewitt (1973).

Experimental methods and results

Natural samples

The specimens used in this portion of the in-
vestigation were polished sections from earlier elec-
tron-microprobe studies of natural pentlandite as-
semblages (Misra and Fleet, 1973a, 1974). More
detailed examination of the assemblage from the
Creighton mine, Sudbury (Specimen 9868) reveals
that the flame pentlandite has a weak but distinct
reflection anisotropism (Fig. 3) with parallel ex-
tinction. As far as we are aware, anisotropic
pentlandite has not been reported in the literature.
This anisotropism is often masked by the much
stronger anisotropism of the enclosing pyrrhotite, but
is readily recognized when the microscope analyzer is
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off-set very slightly from the crossed position. A reex-
amination of other polished sections from the earlier
studies confirms that weak anisotropism is a charac-
teristic feature of the flame pentlandite, and to a
lesser extent, of the smaller grains of rim-type pent-
landite in these assemblages. When much of the en-
closing pyrrhotite is removed, the anisotropism is
markedly reduced, suggesting that it results from
elastic strain. Such pentlandite is likely to have pre-
served its original orientation relationship with the
host pyrrhotite and was therefore considered ideal for
the present study.

A small fragment (about 0.01 mm in longest di-
mension) of an intergrowth of pyrrhotite and flame
pentlandite was removed from a polished section of
specimen 9868 and examined by the precession
method. A representative X-ray diffraction pattern is
shown with an interpretation of the certral area of
this photograph in Figure 4. The vertical reciprocal
lattice row in Figure 4a includes both pyrrhotite (po)
00./ and pentlandite (pn) khh diffractions, thus con-

F1G. 4A. Zero level precession photograph showing the crystal-
lographic orientation of pyrrhotite and exsolved pentlandite in
specimen 9868. [01.0]po, [110]pn precession axis; p = 20°; Zr-
filtered MoKa radiation, 35 kV, 20 mA, 14 days exposure.
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FiG. 48. Interpretation of the central part of the precession photograph of Fig. 4a. Large solid circles,
pyrrhotite (po) subcell reflections; small solid circles, pyrrhotite 4C supercell reflections; large plus signs,
reflections of pentlandite (pn) in the first orientation; small plus signs, refiections of pentlandite in the
second orientation; weak reflections unlikely to survive reproduction of the original film have been

omitted.

firming that [111]pn ||[00.1]po and consequently that
(I111)pn || (00.1)po. The direction normal to [111]*pn
in the plane of the photograph is [T12]*pn; thus
(112)pn || (10.0)po. In confirmation of this, zero-level
precession films taken with the crystal rotated 30°
about [00.1]po show parallelism of the Okkpn and
hh.Opo reciprocal lattice rows, giving (0T1)pn|
(11.0)po. The orientation relationship between pen-
tlandite and pyrrhotite is established as (111)pn||
(00.1)po, (011)pn||(11.0)po, (112)pn]||(10.0)po and is
summarized stereographically in Figure 5.

The compositions (atomic percent) of the coexist-
ing pyrrhotite and pentlandite in specimen 9868 are:
pyrrhotite, Fe (46.01), Ni (0.62), Co (0.00), Cu

(<0.01), S (53.37); pentlandite, Fe (24.72), Ni
(27.68), Co (0.40), Cu (0.00), S (47.20) (Misra and
Fleet, 1973a, Table 5). The lattice parameters deter-
mined from the uncalibrated precession films are:
pyrrhotite (subcell), @ = 3.434A, ¢ = 7.05A; pent-
landite, @ = 10.050A. The value for the pentlandite
lattice parameter is in good agreement with that of
Knop et al. (1965) for Creighton mine pentlandite
(10.042A).

In the earlier study (Misra and Fleet, 1974) only
monoclinic pyrrhotite (4C) was recognized. However
the present study indicates that the pyrrhotite in the
vicinity of the flame pentlandite is apparently hex-
agonal. Careful examination of precession films
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F1G. 5. Stereogram showing the orientation relationship of ex-
solved pentlandite (pn) in pyrrhotite (po), (111)pn (00.1)po,
(0T1)pn }|(11.0)po, and (112)pn|[(10.0)po. Pentlandite indices are
on the left-hand side of the poles, pyrrhotite indices on the right.

shows that, in each of the three ‘equivalent’ settings
about the pyrrhotite c-axis, the distribution of the 4C
superstructure reflection intensities has mm symme-
try, and the pentlandite and pyrrhotite retain the
parallelism of their orientation relationship. Thus,
this 4C superstructure is the hexagonal 24, 4C one
reported by Fleet (1968).

Synthetic samples

Crystals were synthesized by evacuated silica tube
techniques (Kullerud, 1971) in Kanthal-wound fur-
naces. A monosulfide solid-solution composition
(Fe:Ni:S = 53:10:37 weight percent) was prepared by
direct reaction of high-purity (99.999 percent) sulfur
(AsaRrco), iron (United Mineral), and nickel (John-
son, Matthey and Company, Ltd.); the iron and
nickel had previously been reduced at >700°C in a
stream of hydrogen. Initial reaction in evacuated si-
lica tubes at 600°C for twenty-four hours resulted in
discrete beads of Fe;_.S and Ni,_,S. These were
ground under acetone and then annealed in evac-
uated tubes for an additional twenty-four hours to
homogenize the mixture. Single crystals suitable for
X-ray precession studies were obtained by suspend-
ing a 3 cm long silica tube containing the homoge-
nized powder in a vertical furnace at temperatures in
excess of 900°C for one week. Crystals grew by sub-

limation in a thermal gradient of 5°/cm. The result-
ing single crystals and crystal clusters were euhedral
for the most part and averaged about 0.1 mm in
diameter. The presence of well-developed pinacoids
(00.1) and first order dipyramids (k0.1) facilitated
orienting the crystals on the precession camera.

Polished sections of crystals that had subsequently
been annealed at 400°C for one week clearly show
exsolved pentlandite. The pentlandite (~8 modal per-
cent) occurs predominantly along cracks, edges, and
grain boundaries as small oriented flame-like la-
mellae which coalesce to form irregular grains, and in
some instances completely rim a crystal. Larger la-
mellae often occur within grains. Generally, the
larger the pentlandite grain or lamella the more ir-
regular its shape.

The unit-cell dimensions of the monosulfide solid-
solution were refined using the least-squares program
of Appleman and Evans (1973). Average d-values
were measured from diffractometer tracings recorded
with monochromatized CuK« radiation from 24° to
75° 28, scanning at a rate of 0.5° 20 per minute.
Barium fluoride (@ = 6.1971A) was used as an inter-
nal standard.

The crystals quenched from above 900°C have a =
3.449(1)A and ¢ = 5.758(2)A, where the number in
parentheses is the estimated standard deviation.
These values are statistically identical to the cell di-
mensions of the crystals that had been annealed at
400°C. Although distinct in polished sections and
precession photographs, there is not sufficient pent-
landite in the annealed crystals to be recorded on the
diffractometer tracings. Thus, it is not surprising that
no expression of nickel loss is apparent in the mono-
sulfide solid-solution cell dimensions. Furthermore,
in this compositional region of the solid-solution,
unit-cell dimensions are not a particularly sensitive
measure of nickel loss, since the increase in ¢ due to
the decrease in Ni is compensated by the decrease in ¢
due to the decrease in total metal content. The cell
dimension of pentlandite [@ = 10.15(2)A] was com-
puted from measurements of precession photo-
graphs. This value corresponds to an iron-rich com-
position (34 atomic percent Fe) (Misra and Fleet,
1973b) as would be expected from the known phase
relations (Misra and Fleet, 1973a).

Precession photographs of crystals that had been
quenched in air from above 900°C were recorded
about the [00.1] and [10.0] axes using MoK« radi-
ation. Neither these photographs nor those of the
annealed crystals show pyrrhotite superstructure re-
flections. Precession photographs of the annealed
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F1G. 6. Zero-level precession photograph showing crystallogra-
phic orientation of pyrrhotite and exsolved pentlandite in a syn-
thetic crystal. [10.0]po precession axis; u = 25°; unfiltered MoK
radiation, 35 kV, 16 mA, 100 hrs. exposure. Small “powder” arcs
represent pentlandite lamellae slightly misaligned with respect to
the pyrrhotite host.

crystals exhibit short arc-shaped pentlandite diffrac-
tions superimposed on the pyrrhotite reciprocal lat-
tice. The pentlandite diffractions describe arcs of
about 1'2° on either side of [11.0]* in the a-b plane
and 8%° about the same direction in the
[110]*~c*plane. The 5.88A pentlandite d-value mea-
sured along ¢* of pyrrhotite is in close agreement with
the published value of 5.86A for d;, of iron-rich
pentlandite (Misra and Fleet, 1973b). Likewise, the
3.58A pentlandite d-value measured along [11.0]* of
pyrrhotite is in good agreement with the value of
3.59A for dy, of pentlandite. Indexing of these pent-
landite d-values is unequivocal, as no other permit-
ted diffractions of pentlandite or pyrrhotite corre-
spond to these d-values. The colinearity of [L11]*pn
with [00.1]*po and [001]*pn with [11.0]*po fixes the
mutual crystallographic orientation of these inter-
grown structures. In terms of the direct lattice
(111)pn]||(00.1)po, and (011)pn||(11.0)po.

Discussion

The same orientation relationship has been estab-
lished for both natural and synthetic exsolution inter-
growths of pentlandite and pyrrhotite. This corrects
the orientation previously reported by Francis (1974)
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and Francis ef al. (1974). The orientation relation-
ship here established for intergrowths is not the same
orientation relationship that Ehrenberg (1932) deter-
mined for epitaxial overgrowths of pentlandite on
pyrrhotite. Since intergrowths are constrained in
three dimensions rather than two and since more
than one mutual orientation may be possible, inter-
growths and overgrowths need not in general be gov-
erned by the same orientation relationship. In this
case, however, if the crystals comprising the pentland-
ite stars in Figure 2 are interpreted as octahedra
rather than dodecahedra, then the orientation rela-
tion of the overgrowths is identical to that of the
intergrowths. We prefer this interpretation because it
is consistent with the octahedral morphology of syn-
thetic pentlandite crystals (C.T. Prewitt, personal
communication, 1974).

Since pentlandite and pyrrhotite form oriented in-
tergrowths, it is reasonable to infer close dimensional
and structural similarities. The crystal structure of
pyrrhotite is a metal-deficient derivative of the simple
hexagonal NiAs-type structure (space group
P6,/mmec, Fig. 7). The sulfur atoms are arranged in
hexagonal close-packed arrays parallel to (00.1), with
metal atoms occupying the octahedral interstices.
There are two formula units of (Fe,Ni);_,S per unit
cell. The ideal crystal structure of pentlandite (space
group Fm3m) is based on cubic close-packed arrays

a' O/o O/
/- O/- o/

[io- o]po [|| o]po
[T2]pn [oTi]pn

J \

FiG. 7. Idealized structure of the pyrrhotite subcell projected
parallel to ¢ axis. Large stippled circles, S at z = 3/4; large open
circles, S at z = 1/4; small solid circles, Fe at z = 0, 1/2. The
orientation relationship is indicated by vectors.
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of sulfur atoms parallel to (111), with metal atoms in
both tetrahedral and octahedral interstices (a useful
diagrammatic representation is given in Misra and
Fleet, 1974, Fig. 5). In each unit cell there are four
formula units of (Fe,Ni),Ss; thirty-two of the metal
atoms are in tetrahedral coordination with S and four
are in octahedral coordination. The average sul-
fur-sulfur distance in the close-packed layers of pen-
tlandite is 3.46A, identical to that in pyrrhotite, and
the interplanar spacings normal to the close-packed
layers of both structures are within two percent of
one another.

Orientation of the phase boundaries between pent-
landite and pyrrhotite is not fixed by establishing the
mutual orientation of the respective lattices, although
certain planes may become energetically favored. The
precise optical determination of the phase boundary
orientation is difficult because these minerals do not
form the long, sharp contacts characteristic of other
exsolved pairs (e.g. cubanite-chalcopyrite), but the
weight of textural evidence (Ramdohr, 1969), albeit
not rigorously determined, supports the view that
pentlandite lamellae exsolved parallel to (00.1) of
pyrrhotite. However, the snowflake-like illustration
in Ehrenberg (1932) suggests that in at least some
instances pentlandite exsolves along pyramidal pyr-
rhotite planes.

It is not fortuitous that the pentlandite-pyrrhotite
phase boundary commonly parallels the close-packed
sulfur layers. The close dimensional fit and the stack-
ing continuity across the phase boundary produce a
coherent interface parallel to the close-packed layers.
Thus pentlandite forms as coherent lamellae along
(00.1) planes of pyrrhotite in conformity with the
criteria for oriented intergrowths recognized by Gru-
ner (1929) and rationalized by Buerger (1934, 1945).

Pentlandite exsolves from pyrrhotite with one
[111]pn axis parallel to [00.1]po. The [Li1}pn is a 3-
fold axis whereas [00.1]po is a 6-fold axis. Thus two
orientations of pentlandite, related either by reflec-
tion on (I12)pn or by 2-fold rotation about [111]pn
are predicted and two are observed on precession
photographs (Fig. 4). The reflections of the second
orientation are much weaker than those of the first,
suggesting that within the volume of the sample ana-
lyzed the two orientations did not nucleate with equal
probability. The two orientations are not resolved on
zero-level precession photographs precessed about
[01.0]po, [10.0]po, and [11.0]po since these axes are
normal to the twin planes or the twin axis.

The transformation of pyrrhotite to pentlandite
involves substantial changes in both crystal structure
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and chemical composition. For constant sulfur con-
tents the volume change is about 9 percent, based on
the lattice parameters of the natural crystal. Also,
transformation of the sulfur arrays from hexagonal
to cubic close-packing, assuming no cooperative
mechanism, requires redistribution of shuffling of 4
out of every 6 sulfur layers. Thus the departure from
parallelism shown by the arcs on the precession pho-
tograph of the synthetic crystal (Fig. 6) is not surpris-
ing. It is surprising, however, that no such departure
can be detected in the natural sample. The radial
displacement of reflections in Figure 4a is due merely
to mechanical disruption on removal of the crystal
fragment from the polished section, since the pentland-
ite and pyrrhotite reflections are displaced by corre-
sponding amounts.

In subsequent experiments (Francis, 1974) mono-
sulfide solid-solution crystals with a wide range of
nickel-to-iron ratios have been synthesized. Crystals
quenched from 600°C into ice water as well as those
quenched in air contain 0.5-5 micron blebs of pent-
landite. The presence of complete powder rings of
pentlandite on precession photographs establishes
their random orientation. During one experiment a
fuse blew out and the furnace cooled from 600°C to
room temperature in about ten hours. The crystals
that experienced this slow cooling contain pentland-
ite in oriented lamellae rather than randomly orien-
ted blebs. Thus pentlandite exsolution textures are
dependent on cooling rate. An investigation of reac-
tion kinetics, similar to that by Yund and Hall (1970)
on pyrite exsolution of pyrrhotite, would contribute
significantly to understanding the exsolution of
pentlandite from pyrrhotite.
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