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Abstract. Low chalcocite is monoclinic, space group P2Ifc, with a unit cell
having a = 15.246(4)A, b = 11.884(2)A, c = 13.494(3) A, P = 116.35(1t,
and containing 48 Cu2S. Its structure was solved by the symbolic addition
method, using 5155 independent intensity data measured with MoKcx
radiation on an automatic diffractometer. Refinement in anisotropic mode
led to R = 0.086. The structure is based on hexagonal-close-packed frame-
work of sulfur atoms, with copper atoms occupying mainly triangular
interstices. Of the 24 different copper atoms, 21 form triangular CUS3groups,
and one is in a distorted CUS4 tetrahedron.

Djurleite is monoclinic, space group P2Ifn, with a unit cell having
a = 26.897(6) A, b = 15.745(3)A, c = 13.565(3) A, P = 90.13(3t, and con-
taining 8 CU31S16' The structure was solved by extending the known
substructure phases by the symbolic addition procedure, using 5686 inde-
pendent intensity data measured with MoKcx radiation. Refinement con-
verged at R = 0.116. The structure is similar in general to the low chalcocite
structure, but of the 62 different copper atoms, 52 form triangular groups, 9
form distorted tetrahedral groups, and one is in unique linear twofold
coordination.

Both structures are derived from the high chalcocite structure (P 63/mmc,
a = 3.96 A, c = 6.72 A, cell content = 2 Cu2S) which forms a substructure
corresponding to the hexagonal-close-packed sulfur framework, but the
details of the copper arrangement are entirely different in the two phases. The
average Cu - S bond length in the CUS3 triangles is 2.32 A in low chalcocite
and 2.29 A in djurleite. The overall average Cu - S distance in the tetrahedra
is 2.48 A, but varies from 2.22 to 2.91 A. Each copper atom has from 2 to 8
other copper atom neighbors less than 3.0 A distant, varying up from 2.45 A
through a maximum clustering at about 2.78 A. CU- Cu bonding interaction
is probably significant but is not clearly understood.

*
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Introduction

Several major detailed studies of the Cu - S system have been published
(Roseboom, 1966; Rau, 1967; Cook, 1972; Potter, 1977), all of which show
the existence of two phases CuxS at room temperature with x dose to 2. The
stoichiometric phase Cu2S has long been known as chalcocite, a supergene or
hypergene ore mineral of copper. The existence of the compositionally dose-
lying phase having x = 1.96 was discovered in an X-ray study of the Cu-S
system by Djurle (1958), and soon became recognized as a mineral which was
named in his honor (Roseboom, 1962; Morimoto, 1962). Mathieu and
Rickert (1972), and Potter (1977), in careful electrochemical studies, showed
that (low) chalcocite at room temperature has a very narrow homogeneity
range, in which x lies between 1.997 and 2.000 (::t 0.002). The range is
considerably broader for djurleite, as x ranges between 1.934 to 1.965
::t 0.002. The low-temperature form of chalcocite, commonly designated
"low chalcocite", and djurleite both revert on heating to the disordered
hexagonal phase called "high chalcocite", the former at 103.5° C, the latter at
93° C.

Both low chalcocite and djurleite are very common species, often
intermixed or intergrown. Many specimens in museums and study collections
labelled "chalcocite" may actually be primarily djurleite. A comprehensive
study of the crystal habits of the two minerals has not yet been made, but the
author's experience suggests that the elongated prismatic habit of crystals
from Bristol, Connecticut is characteristic oflow chalcocite, and that the flat,
hexagonal, platy habit bounded by prisms that is common at Redruth,
Cornwall, is characteristic of djurleite. Their physical and optical properties
are practically identical. Thus, the only certain method to distinguish the two
is X-ray diffraction (Roseboom, 1966).

The structures of both low chalcocite and djurleite are based on a
hexagonal-dose-packed framework of sulfur atoms, with the copper atoms
arranged in a complex way in the interstices. At about 100°C the copper
atoms become highly disordered, virtually "fluid", with the transformation
to high chalcocite, for which the crystallography, as Veda (1949) first
showed, is simply that of the sulfur framework itself. The high mobility of
copper in this phase is associated with unusually high ionic conductivity, as
shown by Hirahara (1951). When the copper atoms "freeze" on cooling in a
sharp, first-order transition, they become fixed in either the low chalcocite or
the djurleite arrangement, presumably depending on the local Cu/S pro-
portions at the point of nude at ion, although Putnis (1976) daimed that one
or the other may appear at random at stoichiometric composition.
Knowledge of the details of the copper arrangement in the low temperature
phases has naturally been much desired as new aspects ofthe complex Cu - S
system have been discovered. Both structures have now been solved by the
author in this laboratory, and their structure analyses and the resulting
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detailed atomic arrangements are described in this paper. Preliminary notices
of these findings have been published previously (Evans, 1971; Evans, 1979).

Previous crystallographic studies

The proper pseudo-orthorhombic cell oflow chalcocite was first determined by Rahlfs (1936). A
detailed analysis of the crystallography of this phase was then reported by Buerger and Buerger
(1944), who established an A-centered orthorhombic cell with a = l1.92A, b = 27.84A and
c = 13.44A, containing 96 Cu2S. Assuming that the crystal is orthorhombic, they showed that

the space group A b 2m is the only one compatible with the hexagonal unit cell of high chalco-
cite, from which it is most probably derived as a superstructure produced by small atomic
displacements. However, the nature of this superstructure has remained hidden until the present
study.

The first insight into the structure of high chalcocite was given by Veda (1949), who showed
that an approximate explanation of the observed X-ray intensities is obtained on the basis of two
sulfur atoms in the cell in hexagonal closest packing, with no regard to the copper atoms. It

became clear that this hexagonal-close-packed sulfur framework prevails also in low chalcocite,
associated with the pseudohexagonal character observed by Buerger and Buerger (1944).
Eventually, by careful electron density study of the high chalcocite cell, Wuensch and Buerger
(1963) and also Koto and Morimoto (1965) found that the sulfur framework is sharply

delineated, but that the copper atoms are highly disordered, being smeared out through the
interstices, with some concentration at triangular, tetrahedral and linear coordination sites.

As mentioned above, djurleite was first recognized in an X-ray study by Djurle (1958), who
assigned to it an orthorhombic cell in space group Pmnm containing 128 CU,S where x = 1.96. A
detailed study of the crystallography of this phase, which is complicated by extensive twinning
(Takeda, Donnay and Appleman, 1967), was made by Takeda, Donnay, Roseboom and
Appleman (1967). They showed clearly how the superstructure relationship between high and

low chalcocite extends also to djurleite, which has a pseudohexagonal character even stronger

than that oflow chalcocite. These authors listed an orthorhombic cell like that of Djurle (1958),
but expressed the strong feeling that the phase may actually be monoclinic in space group P2t!n.
The present author had the privilege of examining their precession photographs, from which it
was possible to reach this conclusion unequivocally. With the later discovery of untwinned
crystals, the fact was dramatically confirmed.

Crystallographic metrics of chalcocite and djurIeite

The unit cell dimensions of chalcocite and djurleite were determined by
means of least squares analysis of X-ray powder data obtained from the
Hagg-Guinier focussing camera. The method and resulting powder data have
been presented by Potter and Evans (1976). The unit cells obtained are given
in Table 1, which is analogous to Table 2 of Takeda, Donnay, Roseboom and
Appleman (1967). For low chalcocite, a crystal from Bristol, Connecticut was
used for the powder run and all subsequent single crystal work. The
composition is assumed to be essentially invariant at CUzS. The full set of
single crystal intensity data were available to enable Potter and Evans to
index the powder pattern unambiguously on the monoclinic cell. This was not
the case for djurleite at that time, so they assumed an orthorhombic cell. Also,
the sample of djurleite from the Ozark Lead Co. mine at Sweetwater,
Missouri, that was used for the powder pattern (and also the subsequent


