Canadian Mineralogist
Vol. 16, pp. 23-30 (1978)

TALNAKHITE AND MOOIHOEKITE: THE ACCESSIBILITY OF ORDERED
STRUCTURES IN THE METAL-RICH REGION AROUND CHALCOPYRITE

A. PUTNIS

Department of Mineralogy and Petrology, University of Cambridge, Cambridge CB2 3EW,
England

ABSTRACT

Phase transformations in natural talnakhite, and
natural and synthetic mooihoekite have been studied
dynamically by in situ experiments in a transmission
electron microscope. The talnakhite structure is a
metastable transformation product Tormed under
conditions in which the transformation to the more
stable mooihoekite structure is kinetically impeded.
The relationship between talnakhite and mooihoekite
is described in terms of Time-Temperature-Trans-
formation diagrams for the two phases. The nature
of the transformations can be described theoretically
using the symmetry-point ordering theory.

SOMMAIRE

L’étude dynamique des transformations de phase
dans la talnakhite et la mooihoekite (y compris la
mooihoekite synthétique) repose sur des expériences
faites in situ au microscope électronique & transmis-
sion. La structure de la talnakhite est le produit mé-
tastable d’'une transformation qui, cinétiquement, en-
trave le passage & la structure plus stable de la mooi-
hoekite. La relation entre talnakhite et mooihoekite
est illustrée par des diagrammes Temps-Tempéra-
ture-Transformation pour les deux phases. Les
transformations sont traitées selon la théorie de la
mise en ordre des points de symmaétrie.

(Traduit par la Rédaction)

INTRODUCTION

At elevated temperatures, phase relations in
the central part of the Cu-Fe-S system are dom-
inated by the existence of an extensive solid
solution in which the cations are disordered over
the tetrahedral interstices of a cubic close-packed
sulfur structure, space group F43m (Cabri 1973).
At low temperatures a number of ordered or
partly ordered phases exists on the metal-rich
side of stoichiometric CuFeS.. These phases,
talnakhite (CusFesS:s), mooihoekite (CusFesS1s)
and haycockite (Cu.FesSs) are considered to be
stable phases with distinct stoichiometric com-
positions and well-defined structures (Hall &
Gabe 1972; Cabri 1973; Hall & Rowland 1974;
Rowland & Hall 1975; Hall 1975). Their struc-
tures are based on ordering of the extra cations
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among the interstitial sites, giving rise to super-
structures with a face-centred cubic subcell. Of
particular interest here are talnakhite, with a 2a
X2aX2a cubic supercell, space group I43m,
and mooihoekite with a 2aX2aXla tetragonal
supercell, space group P42m (where a is the
cell parameter of the subcell). Low-temper-
ature phase relations are generally intgrpreted
by considering these minerals as separate en-
tities.

This paper is concerned with the route by
which the high-temperature solid solution
orders to form these phases, the constraints
on the ordering processes and hence the rela-
tionship between partly ordered and ordered
phases. Putnis & McConnell (1976) have shown
that for a metal-enriched chalcopyrite with
composition of the form CuiizFerssS:, the
equilibrium behavior involves the formation of
a tetragonal P42m structure directly from the
F43m disordered solid solution. Under condi-
tions of supercooling two metastable phases were
formed. At temperatures slightly below the sta-
ble transformation temperature a P43m phase
with a cell edge equal to that of the solid solu-
tion was observed, and at a slightly lower tem-
perature a modulated I43m phase of cell dimen-
sion 2a was formed. These results were largely
in agreement with Hiller & Probsthain (1956)
who first suggested that the two phases equiva-
lent to the I43m and P42m phases could be
formed with the same composition. As these
two phases have been equated with the natural-
ly occurring minerals talnakhite and mooihoek-
ite, respectively (Cabri 1973), the question of
the relationship between them arises, specifically
in the light of the kinetically controlled behavior
observed by Putnis & McConnell.

Natural assemblages of talnakhite and mooi-
hoekite and synthetic mooihoekite were gener-
ously provided by Dr. L. J. Cabri; the ordering
behavior of these materials could thus be com-
pared with that of metal-enriched chalcopyrite.
The processes relating to the formation of hay-
cockite, also present in the material, will be dis-
cussed in a later paper.
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EXPERIMENTAL TECHNIQUE

The talnakhite used in this study is from
Noril’sk, western Siberia; the material and its
associated intergrowths were described by Cabri
(1967). The mooihoekite, from Mooihoek, Trans-
vaal, occurs as an intergrowth with haycockite.
This material has been described by Cabri &
Hall (1972). The synthetic mooihoekite, speci-
men number 414 of Cabri (1973), is described
as single-phase mooihoekite with bulk composi-
tion corresponding to CusFesSis. Further details
of the annealing treatment during synthesis are
provided by Cabri (1973).

The natural minerals were analyzed with an
energy-dispersive electron microprobe compris-
ing a Si(L1i) solid-state detector and Harwell pulse
processor (Kandiah er al. 1975) interfaced to a
Data General Nova 1220 minicomputer with
20K core storage. The results for talnakhite and
mooihoekite, both apparently single-phase in
reflected light, are shown in Figure 1. The re-
sults were calculated using a computer program
employing the iterative spectrum stripping tech-
nique (Statham 1976). Relative accuracy of the
results is estimated at =2%, and the precision
of the analyses estimated at =1% (relative). It
would appear therefore that the scatter shown
in Figure 1 is not spurious but reflects either
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Fig. 1. Electron microprobe compositions of appar-
ently single-phase (in reflected light) talnakhite
from Noril’'sk (closed circles) and mooihoekite
from Mooihoek (open circles). The Ni contents
(average 0.3 wt.% in mooihoekite and 0.7 wt.%
in talnakhite) have been added to the Fe in this
plot. The filled triangles are the 5 talnakhite anal-
yses from Cabri & Harris (1971) and the open
triangle is the average of 13 mooihoekite analyses
from Cabri & Hall (1972). Electron microscope
observations, however, show that apparently
single-phase regions may be multiphase.
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microstructural inhomogeneities in the sample
or the possibility that the phases have a range
of composition. The microstructures and the
transformation behavior of the phases, described
later in this paper, suggest that both may apply.

Samples of the minerals were crushed and the
finest grains collected from suspension in abso-
lute alcohol and mounted on a standard carbon-
coated grid for observations in an AEI EM6G
transmission electron microscope operating at
100 kV. After crushing, all material was kept in
a vacuum to prevent tarnishing. More than 40
such mounts were prepared with material from
different parts of the polished sections, and
within each mount more than 100 grains were
observed before and after heating, so that the
results described here probably reflect an accu-
rate sampling of the material.

The heating effect of the electron beam was
used to induce the transformations in the grain
under observation. A combination of focusing,
defocusing and lateral shifts of the beam enables
the temperature in the grain to be controlled
precisely, although the inability to determine
temperatures directly in these in situ experiments
constitutes a limitation of the technique. The
transformations were observed in a large num-
ber of grains in different orientations, providing
detailed information on the crystallographic
changes in the sample as a function of temper-
ature. Any indication of bulk compositional
change due to sulfur loss is immediately obvious
as a surface degradation of the grain, and the re-
sults presented here describe the transformation
behavior of the grains at constant composition.
The reversibility of the transformation is a fur-
ther indication of an isochemical process. The
phases present were identified by selected-area
electron diffraction, enabling diffraction patterns
to be recorded from regions of 1000A in size.

RESULTS

The transformation behavior of synthetic
mooihoekite, CusFesSis

The observations described below were nwade
on sample 414 synthesized by Cabri (1973). Elec-
tron-microscope observations made on the ma-
terial before heating showed that, although it
appeared to be single-phase in both reflected
light and X-ray powder photographs (Cabri
1973), the material is in fact two-phase, consist-
ing of a coherent intergrowth of lamellae of a
P42m phase in a matrix of the I43m phase. For
convenience, the phases present will be referred
to by their space groups. Observations over a
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FiG. 2. (a) Transmission electron micrograph of a typical sample of specimen 414. The lamellar phase
has the P42m mooiboekite structure whereas the matrix has the I43m talnakhite structure. (b) After dis-
ordering and then cooling, the whole grain has the I43m structure. (c) After a second disordering-
reordering cycle, but with a slower cooling rate, the grain contains both phases. Different proportions
of the two phases can be formed by varying the cooling rate. Scale bar represents 0.2 um.

large number of grains indicate that the sample
contains about 60% of the P42m phase. Elec-
tron-diffraction patterns taken of such two-phase
regions show no splitting of reflections, and as
the tetragonal phase exists in all possible twin-
related orientations, such a coherent intergrowth
would be impossible to detect by X-ray diffrac-
tion. Figure 2a shows a typical sample of this
material prior to the heating experiments. Note
the perturbed nature of the I43m structure.
This two-phase material disorders in stages
on heating. The I43m phase transforms to a
P43m phase (see below) prior to completely dis-
ordering to the F43m phase. The P42m lamellae
disorder, at a slightly higher temperature, direct-
ly to the F43m phase. Complete disorder to the
single-phase F43m structure over the whole
grain is achieved at around 200°-250°C. The

Temp.

behavior of this disordered phase on cooling is
the same as that described for metal-enriched
chalcopyrite (Putnis & McConnell 1976). With
very rapid cooling, the F43m phase can be
quenched to room temperature. The appearance
of partly or fully ordered phases is dependent
on the cooling rate.

The most convenient way of illustrating these
transformations is with reference to the schema-
tic Time-Temperature-Transformation ~(TTT)
diagram shown in Figure 3a. In this diagram
the onset of a transformation is displayed as a
function of temperature and time, and it is
therefore important to realize that it describes
thermodynamically irreversible behavior. It can
be considered as a non-equilibrium phase dia-
gram representing phase changes as a function
of thermal history.
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Fic. 3. (a) Schematic TTT plot illustrating the transformation bebhavior
for natural and syntheic mooijhoekite. (b) A similar diagram for natural
talnakhite. The dotted curves in both diagrams show the onset of

modulation in the I43m structure.
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In a thermally activated process the TTT
curve has the characteristic C-curve shape, as
the transformation rate depends on the thermo-
dynamic driving force AG and the diffusion co-
efficient D. At small degrees of undercooling AG
is small and D is large, whereas at low temper-
atures AG is large and D is small. The optimum
degree of undercooling for which the transforma-
tion rate is a maximum corresponds to the
‘nose’ of the C-curve. TIT diagrams are de-
scribed by Chadwick (1972), and their applica-
tion to mineralogical systems has been outlined
by McConnell (1975) and Champness & Lorimer
(1976).

To a first approximation such diagrams can
be used to predict the transformation sequence
at a given cooling rate, as a superimposed cool-
ing curve will indicate whether or not a partic-
ular phase transformation will occur. Strictly
speaking, however, they describe the time and
temperature required for an isothermal trans-
formation.

Experimentally, TTT curves are derived by
quenching to a particular temperature followed
by an isothermal anneal. In the present work,
however, owing to the uncertainty of the temper-
atures of the grains in the in situ experiments,
Figures 3a, b were derived from heating and
cooling experiments which defined the relative
positions of the C-curves for the phases observed.
In that sense the diagrams are schematic, but
they are an accurate description of the relation-
ship between the phases and are consistent with
all the experimental results.

Figure 3a shows that the P42m phase will
form directly from the disordered phase on
slow cooling, but that on more rapid cooling, the
transformation involves the formation of two
metastable phases: firstly, the P43m phase (with
a cell edge equal to that of the F43m phase), and
secondly, the I43m phase. Over a fairly wide
range of cooling rates the I43m phase is the end
result of the transformation sequence and at
room temperature no further transformations
occur, effectively stranding this metastable phase.

Figure 2b shows the grain after disordering
and cooling. This microstructure is characteris-
tic of the I43m phase which exists in this case
over the whole grain. Figure 2c shows the result
of a further heating and cooling cycle on this
grain, in which the cooling was carried out over
a longer period to enable the nucleation of the
P42m phase. Almost the whole of the grain has
transformed to the P42m structure, coherently
intergrown with the stranded I43m phase. Dif-
ferent proportions of the two phases can be ob-
tained by varying the experimental cooling rate,
illustrating that both phases have the same or

MINERALOGIST

very similar composition in this case. The prob-
lem of converting the entire grain to the P42m
phase is discussed in the next section.

Transformation from the I43m phase to the
P42m phase occurs by annealing below the dis-
ordering temperature. The nature of this trans-
formation, which can proceed by two different
mechanisms, provides a fundamental insight into
the relationship between the two phases. The
P42m phase can either nucleate and grow co-
herently within the I43m phase, producing a
microstructure as shown in Figure 2c, in which
the P42m lamellae form in twin-related orienta-
tions, or the modulated structure characteristic
of the I43m phase can progressively coarsen
until it exceeds a critical value and proceed to
convert the entire grain to twinned P42m phase.
Figure 4 a-d illustrates the second transforma-
tion sequence in synthetic mooihoekite. Further
details of these two mechanisms are in Putnis &
McConnell (1976). The significance of this se-
quence is that it characterizes the modulated na-
ture of the I43m structure in terms of an at-
tempted transformation to the stable P42m
phase, confirming the metastability of the I43m
phase in relation to the P42m structure.

A large number of such heating experiments
has been performed and many disordering-re-
cordering cycles carried out under differing cool-
ing rates in order to construct the TTT diagram
in Figure 3a. The ease of formation or accessi-
bility of the phases in terms of the relative kine-
tics of the transformations can be described with
reference to this diagram.

The transformation behavior of natural
mooihoekite

Electron microscope observations of unheated
natural mooihoekite show that again-both the
I43m phase and the P42m_phase are present in
the sample, although the P42m phase predomin-
ates. Fine intergrowths of “haycockite-type min-
erals” (with superstructures involving a factor
of 3) are also present in the apparently single-
phase mooihoekite. Single-phase grains can be
found, however, and their transformation beha-
vior is the same as that described for the syn-
thetic sample, although one additional observa-
tion is worthy of mention. This concerns the
nucleation and growth of the P42m phase on
cooling from the disordered form. _

When a single-phase grain of the P42m
structure is heated it transforms directly to the
disordered form. On cooling at a rate appro-
priate to the formation of the P42m phase, nu-
cleation and growth occur in much the same way
as shown in Figure 2¢. The result is an inter-
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F16. 4. The process of transformation from (a) the I43m structure to (d)
the P42m structure by progressive coarsening. The specimen is syn-
thetic (414), and the total annealing time from a-d is 50 seconds at a
temperature just below the disordering temperature. Scale bar repre-
sents 0.2 pm,

growth of the P42m and I43m phases. However,
it is generally not possible to transform the
whole grain back to the P42m structure, as the
volume of the phase formed is controlled by the
coherency strains associated with the inter-
growth. As the coherent lamellae grow, the mag-
nitude of the elastic energy is proportional to
their volume; thus ultimately growth will stop
unless dislocations form at the interface, reducing
the elastic energy and replacing it with a surface
energy. The introduction of these interface dislo-
cations, however, requires an activation energy,
and therefore a barrier exists between the growth
of the coherent phase up to a certain critical
volume, and the completion of the transforma-
tion which involves loss of coherency. In these
in situ experiments, loss of coherency was not
observed; indeed, considering that the free-
energy difference between the partly ordered
and ordered phases is likely to be small, the
kinetics associated with the loss of coherency
may be such that the complete transformation
to the P42m structure is not achieved even over
long periods. The presence of the I43m struc-
ture in apparently single-phase synthetic mooi-
hoekite that had been annealed at 100°C for 25
days (Cabri 1973) supports this conclusion.

The transformation behavior of talnakhite

Electron microscope observations of unheated
talnakhite from Noril'sk show that it has the
modulated microstructure characteristic of the
143m phase. Figure 5 shows the typical micro-
structure of natural talnakhite. This microstruc-
ture is highly significant in the interpretation
of the nature of this phase, a point which will be
taken up later. Commonly, small coherent la-
mellae (approximately 0.1-0.2 um long) of
chalcopyrite can be seen to have nucleated with-
in the talnakhite, and any interpretation of the
probe analyses in Figure 1 must be made bear-
ing this in mind.

On heating, the modulation is lost, and there
is a temperature interval over which the 143m
structure exists without the modulation. At a
slightly higher temperature a transformation to
the P43m phase occurs, just prior to complete
disordering and the formation of the F43m
phase. The temperature for disordering is simi-
lar to that for the P42m natural mooihoekite.
On cooling, this transformation sequence is re-
versed, but the rates at which the ordering pro-
cesses occur are many times slower than the
equivalent transformations in natural and syn-
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Fic. 5. Electron micrograph of talnakhite from
Noril'sk showing the typical modulated micro-
structure characteristic of the I43m phase. Scale
bar represents 0.2 pum.

thetic mooihoekite. This can be seen by com-
parison of the schematic TTT diagram for tal-
nakhite (Fig. 3b) with that of mooihoekite (Fig.
3a). After the initial formation of the PA3m
phase on cooling, the I43m phase develops rela-
tively sluggishly, and exists initially without any
modulation. The modulation develops on slower
cooling or on annealing. The development of
this modulation is a clear indication of a fur-
ther attempt at transformation from the I43m
structure, and the transformation behavior ob-
served in mooihiekite shows that the P42m
structure is the end result of this process. In
natural talnakhite, however, the kinetics of the
transformations are such that the P42m phase
could not be obtained by the in situ experiments
and the I43m phase remains stranded. The per-
sistence of the modulated structure in natural
material suggests that the P42m phase is kine-
tically unattainable at low temperatures over
long periods of time at these compositions. This
leads to the apparent separation of the composi-
tional phase fields for the talnakhite and mooi-
hoekite structures.

DISCUSSION

The transformation behavior described here
confirms the earlier results of Putnis & McCon-
nell (1976): the formation of partly ordered
and ordered phases in this part of the Cu-Fe-S
system is governed by the kinetics of the pro-
cesses involved, and suggests that the I43m
structure of talnakhite should not be tied to a
strict stoichiometry, nor should it be considered
without reference to its attempted transforma-
tion to the P42m structure of mooihoekite. The
relative rates of the processes as a function of
composition establish that there will be composi-
tional restrictions on the accessibility of the two
phases. This can be illustrated by changes in
their relative phase fields on a TTT diagram.

The problem of dealing with a system of this
kind, in which alternative metastable behavior
(McConnell 1975; Putnis 1976) occurs, is first-
ly, to recognize the metastable and stable beha-
vior, and secondly, to explain why certain states
are easier to nucleate, i.e., more accessible than
others. In sulfides, where dynamic observations
of phase transformations are possible, a study
of the transformation behavior as a function of
temperature and time can provide, under favor-
able conditions, an answer to the first problem.
The importance of the microstructure in this
context makes transmission electron microscopy
an ideal tool for this purpose. The second prob-
lem requires a theoretical consideration of the
symmetry changes associated with possible
transformations, and hence of the constraints on
the processes involved. Such a theory has been
developed by McConnell (1977), based on the
group theoretical approach used originally by
Landau & Lifshitz (1958), and can be directly
applied to this system. Both the theoretical and
the experimental aspects must be considered to-
gether to provide a more complete description
of the transformations which have produced the
phases observed in natural and experimental
systems,

In the theoretical treatment of the problem,
the key issue determining the route taken by a
transforming species is the accessibility of the
possible states of order relative to the free-
energy reduction associated with the transforma-
tion. In general terms, the accessibility depends
on how great are the differences between the two
states in an ordering sequence, i.e., on the num-
ber of order parameters which must be speci-
fied in the transformation. In a transformation
from a disordered to a fully ordered state
a high degree of specification is required and
this will be associated with a greater struc-
tural change than in a transformation to a
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partly ordered state (e.g., one in which the va-
cancies are ordered, but cations disordered).
Thus the change in space-group symmetry can
be used as an indicator of the amount of struc-
tural change, the type of transformation and
hence the accessibility of the process. In his sym-
metry-point ordering theory, McConnell (1977)
relates the changes in space-group symmetry to
one of three possible types of transformations:
(A) a second-order transformation involving no
nucleation incident, (B) a first-order transforma-
tion involving a minor change in structure and
symmetry, which is therefore fairly readily ac-
cessible {general symmetry-point ordering), and
(C) a first-order transformation involving a sub-
stantial change in structure and symmetry in
which nucleation will generally be difficult. This
provides a theoretical basis on which alternative
transformation behavior can be discussed.

McConnell (1977) has discussed the applica-
tion of symmetry - point ordering theory to
transformations in metal-enriched chalcopyrite
and this is directly relevant to the behavior of
talnakhite and mooihoekite. The equilibrium
transformation from the F43m structure to the
P42m structure is of the type C above, which
implies a substantial degree of ordering, but a
kinetically difficult process. Under conditions of
supercooling, this transformation is not 'acces-
sible and alternative metastable behavior may
operate. The transformation from the Fid3m
structure to the P43m structure is, however, of
type B, and can be associated with a single aspect
of ordering, in this case with the allocation of
occupied interstitial sites (Putnis & McConnell
1976). This transformation, as well as being
more accessible, does not require a specific stoi-
chiometry, and thus the P43m structure would
be expected to be the first-formed structure over
a wide compositional range in the intermediate
solid solution (iss). This is found to be the case,
both in this work and in the results of Cabri
(1973), who found =a primitive cubic phase on
quenching a range of compositions in the iss
field.

The transformation from the P43m structure
to the I43m structure is again of type B, imply-
ing a further stage in the ordering sequence,
associated with a further restriction in composi-
tion. The fact that at this stage the structure is
still not completely ordered is shown both by its
subsequent behavior and by the structural data
for this phase (Hall & Gabe 1972). By following
the sequence of more accessible transformations,
the transforming species is led ultimately to a
state of partial order from which nucleation of
the stable product becomes progressively less
likely as the temperature is decreased. This

situation has been found in a number of other
sulfide systems (Putnis 1976).

Thus we have on the one hand the equilibrium
behavior which involves the formation of a pos-
sibly fully ordered, and hence compositionally
restricted structure in a single step, requiring
the specification of parameters associated with
the ordering of vacancies, Cu and Fe atoms.
This substantial change in structure involves a
kinetically inaccessible process over a range of
compositions and cooling rates. On the other
hand, more accessible transformations which
increase the degree of order in a stepwise fash-
ion will occur under metastable conditions and
produce a series of partially ordered phases over
a range of compositions. The behavior of the
iss should be considered in these terms.

This approach emphasizes the importance of
TTT diagrams in the interpretation of solid-
state phase transformations in systems where
stable equilibrium may not be reached at low
temperatures. Considering that high-temperature
phase equilibria in a number of important sul-
fide systems are characterized by the existence
of disordered solid solutions, a reappraisal of
the methods used to study their behavior on
cooling may be required. In many cases, the tra-
ditional sealed silica-tube experiments will not
be satisfactory, and in cases such as the iss, with
the possibility of complex coherent intergrowths,
X-ray diffractometry is not sufficient in the
identification of the phases present. The electron
microprobe also may have severe limitations in
describing the compositions of apparently single-
phase materials in a system where the balance
between thermodynamically ideal behavior and
kinetic accessibility leads to a multiphase, me-
tastable assemblage. In such a system the trans-
mission electron microscope should be regarded
as a routine instrument in the identification of
phases in experimental runs, and ir situ studies
of transformation behavior may provide some
insights into the nature of the processes which
lead to such complex assemblages.

CONCLUSIONS

1. Talnakhite has a metastable structure in rela-
tion to a transformation to the mooihoekite
structure.

2. The talnakhite structure has a broad range of
possible compositions including both CusFesSie
and CusFesSss.

3. The relatively restricted compositions found
for natural talnakhite are the result of a change
in kinetics of the ordering transformations with
composition.
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4. The ordering transformations can be described
in terms of the symmetry-point ordering theory
which provides a theoretical basis for the ob-«
served kinetics.

5. Ordering transformations in sulfide solid solu-
tions should be considered in terms of the ac-
cessibility of both stable and metastable phases.
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