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Annealing of synthetic hammarite, CurPb2Bi4Se, and the nature of
cation-ordering processes in the bismuthinite-aikinite series
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Ansrru,cr
The progress of ordering of cu* and Pb2+ in synthetic hammarite, curpbrBiosr, has

been monitored by the form and sharpness of satellite reflections in electron diffraction
patterns and by high-resolution transmission electron microscopy (HRTEM). The initial
state of the synthetic hammarite is that of the parent bismuthinite cell, with a disordered
distribution of Bi and Pb on the M2 sites and Cu disordered over the available tetrahedral
sites with two-thirds occupancy. Strong superlattice reflections, corresponding to a super-
cell of the bismuthinite parent with a 3a period, were observed in samples annealed at
175 and 225 "C for 24 months or longer, and HRTEM images show crystals with domains
ofa well-ordered 3a supercell phase. In addition to Ihe 3a supercell, superlattices with a
5a period were also observed in some crystal fragments, indicating chemical variation
within the annealed products. HRTEM was used to monitor Cu ordering and revealed
that the distribution of Cu and Pb in the cell is not that of hammarite but of a lower
symmetry supercell consisting of the intergrowth of one aikinite cell (two aikinite units)
with two krupkaite cells (four krupkaite units). Fully ordered natural hammarite has a 3a
supercell of the bismuthite parent, but with the two aikinite units and four krupkaite units
ordered into a centrosymmetric structure in Pbnm. The lattice images show steps in or-
dering; cations order first on a local scale to create end-member polysome strips, then the
polysome slrips order to form simple supercells, and finally, with longer annealing time,
the Pb and Cu are reordered into the higher symmetry hammarite cell. The electron
diffraction and high-resolution lattice image data suggest that the ordering of Cu+ and
Pb2+ in these minerals is coupled and that Pb2+ does not order before Cu*. The results of
these annealing experiments indicate that in nature intermediate compositions in the bis-
muthinite-aikinite series consist of compositionally well-ordered polysome strips, which,
depending on the initial composition and the cooling rate, may remain as disordered
intergrowths (stacking disorder), form ordered intergrowths, or fully order into the super-
cell minerals.

IxrnooucuoN

The bismuthinite-aikinite group is a polysomatic series
of minerals that lie on the composition line between BirS,
and CuPbBiSr. They are found in a wide variety of ore
deposits, particularly in hydrothermal vein systems, but
in general they are not common minerals. The series con-
tains six well-ordered minerals intermediate in compo-
sition between the end-members bismuthinite, BirSr, and
aikinite, CuPbBiSr. The bismuthinite structure can be
considered the archetype for the series, with the other
members being derived from it by the ordered substitu-
tion of Pb for Bi coupled with the insertion of Cu into a
tetrahedral site. The bismuthinite structure, in the centric
space group Pbnm, consists of quadruple BioS. units, in
which half the Bi is nominally threefold coordinated (Ml
site) and the other half is nominally fivefold coordinated
(M2 site), there being two such units per unit cell (Fig.
l). The structure can also be visualized in terms of tri-
gonal prisms: the Ml site has three short bonds and three

longer contacts, and the M2 site is a monocapped trigonal
prism with five short bonds and two longer contacts. All
atoms in the unit cell lie on a mirror plane at either yr or
3/qc, and the height of trigonal prisms (3.91 A) defines c
(Fie. l). Krupkaite is derived from bismuthinite by re-
placing one-half of the Bi3+ with pb2+ in the M2 site and
inserting Cu+ into one-half of the available tetrahedral
sites in an ordered fashion. This ordering results in a
lowering in symmetry from Pbnm to the acentric group
Pb2,m. In aikinite the M2 site is fully occupied by pb2+,
Cu+ occupies all four tetrahedral sites, and the symmetry
is again Pbnm. ln the structure refinements of aikinite
and krupkaite, there is no evidence of Pb entering the Ml
site; it is restricted to the M2 site (Mumme, 1975; Ko-
hatsu and Wuensch, l97l; Ohmasa and Nowacki, 1970).

In addition to the end-members, bismuthinite (B) and
aikinite (A), and the mid-member krupkaite (K), which
all have simple cells based on the archetype, minerals
with intermediate composition have structures based on
the ordered intergrowth of units of an end-member struc-
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Fig. I . Schematic diagram of the bismuthinite structure pro-
jected down [001] showing the location of vacant tetrahedral
sites. In the top half of the diagram the structure is depicted as
quadruple BioSu units; in the lower part of the structure it is
shown as trigonal prisms. The Ml and M2 sites are indicated,
as are the vacant tetrahedral sites. In the other members of the
series Pb is ordered onto the M2 site and Cu onto the tetrahedral
sites. Circles: solid, z : Y+; open, z : 3/o; large, Bi in M2 site;
medium, Bi in Ml site; small, S; medium \,\rith dot, vacant tet-
rahedral sites for Cu.

ture with units of the mid-member structure. The struc-
ture of hammarite, CurPbrBioSr, is not a simple inter-
growth of one aikinite cell with two krupkaite cells but
rather consists of an ordered intergrowth of four krup-
kaite units with two aikinite units (4K * 2,A') in space
group Pbnm, forming a 3a supercell (Horiuchi and
Wuensch, 1976) (Fig. 2). Structural and compositional
data for the members of the bismuthinite-aikinite min-
erals are summarized in Table 1. [See Makovicky (1981)
for a review of the crystallography of these minerals.l

In contrast to the highly ordered superstructures, ex-
tensive compositional fields have been reported in natu-
ral specimens from a variety of localities. Harris and Chen
(1976) reported a compositional field of Cu, 

"Pb,-"Bir*,Su(0.0 . x = 0.34) for aikinite and Cu,-"Pb, 
"Bi3*"S6

(-0.13 < x < 0.34) for krupkaite, whereas Mozgova et
al. (1990) examined the composition ofbismuthinite-aik-
inite minerals from the Inkur tungsten deposit, Trans-
baikal, Russia, and found less extensive compositional
fields. Studies of synthetic samples by Springer (1971),
Mumme and Watts (1976), and Chang and Hoda (1977)
revealed complete structural solid solution between bis-
muthinite and aikinite above 300'C, and all attempts to
prepare the ordered superstructures have been unsuc-
cessful. HRTEM studies showed that compositional vari-
ation in these minerals, from some deposits at least, is

Fig. 2. Schematic diagram of the hammarite structure pro-
jected down [001] showing the ordering ofthe 2A' units with 4K
units in the unit cell. The two aikiniteJike units are shaded.

due to the stacking disorder of the compositionally or-
dered structural strips (polysomatic strips) rather than
simple random substitutional solid solution @ring, 1989).
In general, for any composition in the bismuthinite-aik-
inite series (that is, a mineral with the formula Cu"Pb'-
Bi2 ,S3), there are three or four possible structural states:
(l) complete solid solution, in which Pb is randomly sub-
stituted for Bi in the M2 site, and Cu is disordered over
the available tetrahedral sites; (2) ordering of the Pb +

Cu substitution into A, K, or B polysomatic strips and
the disordered intergrowth ofthese strips; (3) disordered
intergrowth of A, K, or B polysomatic strips with ordered
strips of the higher (or supercell) members of the series,
such as slabs of hammarite within a krupkaite matrix;
and (4) fully ordered intergrowth of polysomatic strips'
such as in hammarite (4K + 2A), when the composition
matches that of a supercell member.

In 1989, long-term annealing experiments were initi-
ated to follow the'process of cation ordering in these min-
erals and to prepare well-ordered superlattice phases. The
experiments were terminated in April 1994, at which time
some samples had been annealed for 56 months. The
hammarite composition was selected to represent the bis-
muthinite-aikinite series as a whole. Given the close re-
lationship among members of the group, it seems reason-
able that these experiments apply in general terms to the
whole series.

ExpsRrNrnNTAL METHoDS

A20 gbatch of synthetic hammarite, CurPbrBioSr, was
prepared by reacting stoichiometric proportions of CurS,

TABLE 1, Minerals in the bismuthinite-aikinite series

Mineral Composition a (A)
SPace

O1A1 c1A1 group Structure'

Bismuthinite Bi"Ss 11.23
Pekoite CuPbBi,'S'. 33.50
Gladite CuPbBi.S" 33.53
Krupkai te CuPbBtSu 11.15
Lindstromite Cu"Pb.Bi'S'. 56.11
Hammarite Gu"PbrBioS. 33.77
Friedrichite CuuPbuBlS'" 33.84
Aikinite CuPbBiS" 11.32

11.27 3.91 Pbnn
11.32 3.99 Pm,m
11.49 4.00 Pbnm
11.51 4.U Pmlm
11.57 4.0O Pbnm
'11.59 4.01 Pbnm
11.65 4.01 Pb2,m
1'|..64 4.O1 Pbnm

29
4 8 + 2 K
2 F J + 4 K
2K
8 K + 2 A
4 K + 2 A
2K+ 4A
2A

- B : bismuthinite units, K : krupkaite units, A : aikinite units.
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Fig. 3' Electron diffraction patterns for synthetic hammarite annealed at 175 "C for (a) four months, (b) 12 months, (c) 20
months, and (d) 32 months. Note the absence of superlattice reflections along a* after four months of annealing, whereas after 32
months the superlattice reflections are strong but not very sharp.

PbS, and BirS, in a sealed, evacuated silica tube at 500
'C for 25 d. The sample was quenched, reground, and
heated for an additional 25 d at 500 "C to obtain a more
homogeneous product. The polycrystalline synthetic
hammarite was divided into 24 charges, which were sealed
in evacuated silica tubes. Twelve tubes were loaded into
a muffie furnace and annealed at 175 + 5 "C, while the
other 12 samples were annealed in a similar furnace at
225 + 5 "C. Pring (1989) suggested that the ordering tem-
peratures may be about 200 oC on the basis of TEM ob-
servations, and the annealing temperatures were selected
to be on either side ofthis value. The annealing experi-
ments ran continuously (minor power outages excepted)
for 56 months. A tube was removed from each furnace
every four months for the first 40 months of the experi-
ment, and the final two samples remained in the furnaces

for 16 additional months. The furnaces were turned off
briefly while the samples were removed to ensure that the
furnace temperature did not exceed the annealing tem-
perature. The extent ofcation ordering and supercell for-
mation was assessed by monitoring sharpness of supercell
reflections by electron diffraction. Specimens were pre-
pared for electron microscopy by grinding under acetone
in an agate mortar, and the fracture fragments were dis-
persed from suspension onto Cu grids coated with holey
carbon support films. The electron diffraction patteffrs
were obtained using several electron microscopes but
mainly a JEOL 2000 FX, operating at 200 kV and fitted
with a side-entry +60'double-tilt goniometer and an en-
ergy-dispersive X-ray analysis system (EDS). The large
tilt range greatly facilitated the recording ofseveral [001]
diffraction patterns for each crushed sample. Diffraction
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patterns were recorded fiom at least six crystal fragments
in each of the 24 samples examined. High-resolution im-
ages were obtained for selected specimens to assess the
extent and nature of compositional ordering, using a JEOL
200 CX transmission electron microscope fitted with a
specially modified side-entry t15' double-tilt goniome-
ter. The limited tilt of this instrument made locating suit-
able crystal fragments difficult, and image data were ob-
tained for only eight samples. The optical parameters for
this instrument are C" : A.41, C" : 0.90 A, and at 200
kV the point-to-point resolution is 1.8 A and the Scherzer
defocus is - 393 A. Simulations of high-resolution images
were performed by the conventional multislice method
(Goodman and Moodie, 1974), using local programs based
on the routines by G. R. Anstis (personal communica-
tion). Ordering schemes for the hammarite composition
were derived from the atomic coordinates for the ham-
marite and gladite structures (Horiuchi and Wuensch,
1976; Kohatsu and Wuensch, 1976).

Attempts were made to monitor the compositions of
the crysral fragments using the JEOL 2000 FX fitted with
the EDS system; these experiments were not successfitl.
Overlap of lines in the EDS spectra of these minerals is
extensive, and the variations in X-ray line intensities ow-
ing to the size and shape of the crystal fragments were
g.reater than those caused by the compositional differ-
ences among hammarite, krupkaite, lindstr6mite, and
friedrichite.

Rrsur,rs
Figure 3 shows a selection of [001] diffraction patterns

for the hammarite samples annealed at 17 5 "C. The elec-
tron difraction patterns reveal the progressive appear-
ance ofsuperlattice reflections along the a* direction. The
samples annealed at 225 "C gave a similar set of results.
The extent of supercell formation within individual sam-
ples varied considerably from grain to grain. The diffrac-
tion patterns in Figure 3 represent the most ordered state
observed for each annealing period. In addition to the 3a
superlattices, 5a superlattices were observed in samples
annealed for periods of 24 months or longer, indicating
some compositional variation within the products (Fig.
4). The 3a superlattice corresponds to hammarite, where-
as the 5a superlattice could correspond to either
CurPbrBirS,, (lindstr6mite) or CurPbrB,,Sro, 3 phase not
known in nature but with a composition between ham-
marite and friedrichite. It was not possible to establish
the composition with the EDS system fitted to the JEOL
2000 FX microscope. The progressive formation of
chemically distinct structural slabs in the synthetic ham-
marite samples annealed at 17 5 and 225 "C is revealed
by high-resolution lattice images (Fig. 5). The images in-
dicate that cations first order on a local scale to create
end-member polysome strips, which are unit-cell-wide
strips of aikinite and krupkaite, and then these polysome
strips themselves order to form supercells. In the inter-
mediate state between solid solution and ordered super-
cell (Fig. 5a and 5c), the crystals consist of disordered

Fig. 4. Electron diffraction pattern for the 5a supercell phase
from a sample of synthetic hammarite annealed at 225 t for
24 months.

intergrowths (stacking disorder) of compositionally dis-
tinct slabs (Fig. 5b). The diffraction pattern correspond-
ing to this image shows streaks rather than distinct sat-
ellite reflections.

Although the supedattice diffraction effects, continuous
streaks and distinct satellite reflections (although some-
what streaked) (Fig. 3b-3d), are similar to those observed
in natural members of the bismuthinite-aikinite series
(Pring, 1989), they do not necessarily reflect the same
structural states. The streaked diffraction patterns ob-
served for natural specimens in the previous study were
the result of disordered stacking along a of well-ordered
structural slabs; very few breaks in continuity of cation
ordering along b were observed. Such breaks in conti-
nuity appear as steps in the lattice rows (one such step is
seen in Fig. 3d of Pring, 1989). The corresponding images
in this study show many breaks in the correlation of the
Pb + Cu ordering between cells along b and reveal a less
ordered structural state (Fig. 5b).

DrscussroN

There are few measurements of the mobility of Pb2+
and Cu+ in sulfides; however, on the basis ofphase-tran-
sition data for copper sulfides, it is clear that Cu+ is quite
mobile at the annealing temperatures used in these ex-
periments (Putnis, 1977).The larger radius ofPb'z+ might
cause a lower mobility relative to Cu+, and the ordering
of Pb2* on the M2 site may be the rate-determining step
in the overall cation-ordering process irr these structures.
It is also possible that the difrrsion of Cu+ and Pb'z+ is
coupled. Determination of the ordering process depends
on the starting state of the synthetic hammarite. A crucial
question is whether all the Pb'z* initially is disordered
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Fig. 5 (left and above). Lattice images and corresponding
electron difraction patterns for synthetic hammarite annealed
at 175 and 225 {. (a) After four months at 17 5 "C, showing no
evidence of cation ordering. (b) After 32 months at 175'C,
showing the formation of compositionally ordered strips with

poor correlation along b and disorder along a. The individual
aikinite strips are indicated with small arrowheads. The large
arrowhead indicates a break in the ordering. (c) After 56 months
at 225 t, showing well-developed, compositionally distinct slabs
of 3a an.d 4a supercells.

only on the M2 site or over both the Ml and M2 sites.
Horiuchi and Wuensch (1976) showed that in hammarite
all the Pb is ordered on the M2 site of the bismuthinite
parent and that two sites (Ml and M2) are crystal-chem-
ically distinct. Mumme and Watts (1976) refined the cat-
ion distribution in pekoite (the 48 + 2K superstructure)
using superlattice reflection intensity data and assigned
all the Pb'?+ to the M2 site. They found that this site was
displaced 0.5 A from its ideal position in the bismuthinite
structure. Mumme and Watts (1976) also investigated the
nature of the ordering processes by single-crystal X-ray
diffraction methods using synthetic crystals grown by I,
vapor-transport methods at 500 "C. Although they dis-
cerned no superlattice reflections in their X-ray photo-
graphs, they found, on the basis ofbondJength data, that
Pb2+ was ordered on the M2 site rather than the Ml site.
Thus, it seems probable that the initial structural state of
the hammarite is the archetype cell in which Cu+ is dis-
ordered over the four tetrahedral sites, Pb'z+ and Bi3+ are
disordered over the M2 site, and Bi3+ occupies the Ml
site.

Ordering of Pb over eight of the 12 available M2 po-
sitions in the supercell should produce some intensity in

some of the hammarite superlattice reflections because
this process is associated with displacements in these po-
sitions. In their structure refinement of gladite, Kohatsu
and Wuensch (1976) found that displacements of the M2
site associated with Pb ordering was the principal contri-
bution to superlattice intensity. However, because Pb2*
and Bi3* are isoelectronic and the displacements are small,
this ordering does not produce noticeable changes in im-
age contrast at crystal thicknesses that permit valid use
of the multislice method (<100 A). Therefore, it is not
possible to follow the process of ordering of Pb and Bi
with HRTEM; however, the ordering of Cu+, which is
ordered over otherwise vacant sites, can be seen. This is
illustrated by the series of image simulations shown in
Figure 6. It should be noted that because ofthe nature of
the fracture in these minerals, in general the crystal frag-
ments examined in this study were considerably thicker
than 100 A, and no attempt was made to obtain detailed
image matching using the multislice method.

IfPb'?* ordering is independent ofCu+ ordering, then
one may expect to find superlattice intensity in the elec-
tron diffraction pattern but no noticeable contrast changes
in the images. The images show considerable changes in
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Fig. 6. Through-focal series of image simulations of the pos-
sible ordering states of the hammarite composition. The instru-
ment parameters for the simulations are 200 kV, C, : 0.41 mm,
foil thickness 100.25 A. (a) Solid solution Pb and Bi disordered
over the M2 sites and Cu disordered over the available tetra-

hedral sites. (b) Pb and Bi ordered over the M2 sites and Cu
disordered over the available tetrahedral sites. (c) Pb and Bi
disordered over the M2 sites and Cu ordered over the tetrahedral
sites. (d) Fully ordered hammarite. (e) A 3a supercell based on
one aikinite cell and two krupkaite cells.

Fig.7. Lattice image and corresponding electron diffraction
pattern for hammarite from Gladhammar, Sweden, showing a
distinctive 16.9 A spacing. (For specimen and experimental de-
tails, see Pring and Hyde, 1987.)

contrast associated with the presence of superlattice re-
flections, and this suggests that ordering ofCu+ and Pb2+
is coupled.

It is evident when comparing the lattice image of or-
dered hammarite (Fig. 5c) and the hammarite image sim-
ulations (Fig. 6d) that they do not conespond well; the
ordered hammarite simulations have a 16.9 A repeat
(1.5a) because ofthe centric distribution ofA units in the
cell rather than the 33.8 A (3a) repeat shown in Figure
5c. Images of natural hammarite show the 16.9 A repeat
(1.5c) in thin regions, and the image detail matches well
with the image simulations (Fig. 7). The 3c supercell ob-
served in the annealed crystal has a different ordering
scheme than that reported for natural hammarite; the
structure appears to consist of a supercell based on the
simple ordered intergrowth of one aikinite cell with two
krupkaite cells, as shown in Figure 8.

It appears from electron diffraction and image data that
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Fig. 8. Schematic diagram of a 3a supercell based on one
aikinite cell and two krupkaite cells projected down [001]. The
aikinite units are shaded.

ordering in synthetic hammarite proceeds through the
following states: (l) solid solution with Pbr+ and Bi3+
disordered over the M2 sites and with Cu+ disordered
over the tetrahedral sites; (2) formation of A and K strips
one unit cell wide, which show steps or breaks in conti-
nuity of Pb2+-Bi3+ and Cu+ ordering along a and b; (3)
formation of continuous A and K strips along b but with
the disordered intergrowth ofthese strips along a; (4) for-
mation of a simple supercell based on the ordered inter-
growth ofA and K cells; and (5) reordering ofPb-Bi and
Cu cations into the higher symmetry hammarite super-
cell.

Given the long annealing times used in this experi-
ment, it would not be feasible to monitor Cu+ and Pb2*
by single-crystal X-ray structure refinement methods. A
more fruitful route may be to follow the disordering re-
action by annealing well-ordered natural crystals of ham-
marite above the ordering temperature. The ordering
temperature of the bismuthinite-aikinite intermediates is
not yet established; the evidence ofearlier phase studies
and the annealing experiments reported here suggest that
this temperature is between 225 and 300 .C. However,
given that the longest period used in the previous an-
nealing experiments was three months at 300.C, and that
it took 24 months of annealing at225'C before the extent
of partial ordering was sufrciently advanced to be de-
tected by electron diffraction, the ordering temperature
could be above 300 "C.

Nevertheless, it is clear that under the geological con-
ditions at which these minerals form, true structural solid
solution in these minerals would occur only at very rapid
cooling rates. One would expect nearly all natural mate-
rial to consist of compositionally well-ordered strips,
which, depending on the initial composition and the cool-
ing rate, would be disordered intergrowths or ordered su-
perstructures.


