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Auszug

Djurleit ist ein giiltiger Mineralname. Das Mineral ist orthorhombisch oder
pseudo-orthorhombisch mit der Zusammensetzung Cu,e,S, dem Beugungs-
aspekt P*n* und den Gitterkonstanten: ¢ = 26,92; b = 15,71; ¢ = 13,56A
(alle + 0,29/)). Fur Z = 128, d.h. fiir einen Zellinhalt Cy;,S,5, betrigt D,
5,81 g - em—3 gegeniiber D,, = 5,747 4 0,007. Einkristalle sind selten. Die Inten-
sitédtsverteilung fiir eine stark hervortretende, pseudo-hexagonale Unterzelle
spiegelt die anniéhernd hexagonal-dichteste Packung der Schwefelatome wider.

Abstract
Djurleite is a wvalid species, orthorhombic or pseudo-orthorhombic, with
composition Cu,,,S, diffraction aspect P*n*, and cell dimensions: ¢ = 26.92 A,
b= 15.71, ¢ = 13.56, all £ 0.2°,. For Z = 128, or Cuy,S;,, per cell,
D, =581 gem™3; D, = 5.747 4 0.007. Single crystals are rare. A strongly
marked pseudo-hexagonal subecell has an intensity distribution reflecting the
hexagonal close-packed arrangement of the sulfur atoms.

1. Historical introduction

DJiurrE (1958) was the first to recognize that a phase distinct
from chalcocite exists near the composition Cu,qS at room tem-
perature. He called this phase “Cu, ¢S III,”” and published an unindexed
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powder pattern which he described as showing “low symmetry”.
Previously N.W.BUERGER (1941) and subsequent workers had thought
that a chalcocite solid solution extended from Cu,S to about Cuy g,S,
because of the similarity of the powder patterns of the two phases.

RoseBooM (1962) and MortMoTo (1962) independently established
the existence of a mineral identical to DJURLE’s phase “Cu, ¢S I11.”
Both of them identified the mineral, which they named djurleite, on
the basis of the x-ray powder patterns. Neither was able to derive
the symmetry or cell parameters. MoriMoTO showed a precession
pattern which he believed was that of djurleite, but the present work
has shown that this pattern is actually that of a digenite-like phase.

In 1960 TaxEDA, working in Prof. SapaNaca’s laboratory at the
University of Tokyo, began an investigation of mineral specimens
labelled ““boulangerite” (Pb,Sb,S,;) from Neudorf, Harz, Germany.
It soon became clear that this material had been mislabelled, and
that it consists of at least two crystallographically distinct phases,
neither of which could be identified. In October 1963, at the Geophysi-
cal Laboratory of the Carnegie Institution of Washington, G. KuLLE-
rUD, R. BRETT, and N. MoRIMOTO (private communication) examined
a polished section of the Neudorf material and concluded that it
resembles djurleite and contains lamellae indicating twinning, un-
mixing, or both. P.IBER (private communication) at the Marshall Space
Flight Center, Huntsville, Alabama kindly performed a qualitative
electron-probe microanalysis of the same material and confirmed that
it contained only Cu and S as essential elements; he did not find
Sb or Pb.

SapanNaca, MorimoTo, and OHMASA (1963), on the basis of their
examination of material from the Ani Mine, had suggested that
djurleite might be a mixture of mutually-oriented crystals of two
species: “djurleite I,”” similar to digenite, and ‘“‘djurleite II,” similar
to chalcocite. This suggestion has now been shown to be unwarranted,
but at the time it cast some doubt on the legitimacy of djurleite as
a single phase.

TaxEDA and DoNNAY (1964) presented a paper at the 1964 Annual
Meeting of the American Crystallographic Association in Bozeman,
Montana, in which they gave the space group, cell dimensions and
an interpretation of the twinning of an orthorhombic phase present
in the Neudorf material. They referred to this phase as ‘““‘chalcocite IV”’
because its cell dimensions closely approximate multiples of those of
hexagonal chalcocite. The same cell dimensions and space group had
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been found by Sapawacga and OuMasA (private communication,
November 1963) for an unidentified phase associated with chalcocite
on a specimen from St. Ives, Cornwall. At the same meeting APPLEMAN
recognized the cell dimensions and the precession patterns of twins,
which TakeEpA and Donxway had obtained for ‘‘chalcocite IV”’, as
being identical with those which he had obtained earlier from material
known to be djurleite. Thus he was able to inform TarEDA and
Doxnway of the identity, composition and density of this phase.

ArprEMAN and RoseEBooM had begun single-crystal x-ray studies
of djurleite in 1962, with the object of obtaining crystal-chemical
explanations for some of the phase equilibria observed by RoseEBoom
in the system Cu—S. RoseBoom had already confirmed DJURLE’s
observation that djurleite is a phase distinct from chalcocite with
a characteristic powder pattern. Unfortunately he could not make
single crystals of synthetic djurleite large enough for x-ray study.
However, untwinned single crystals were obtained from massive
natural djurleite by a method described below. From these crystals
AprrPLEMAN determined the cell of djurleite in 1962, but he was unable
to confirm the space group. He later studied large natural specimens,
which appeared to be single crystals of pure djurleite, but proved to
be intimately twinned. RoseBoom subsequently determined the
density of djurleite on this material and he obtained a more accurate
estimate of its composition from synthetic samples.

When the precession films taken by TaxEpa and DoNNAY were
compared with those obtained by APPLEMAN, it was obvious that
they represented the same substance. The comparison showed that
APPLEMAN’s original crystals were indeed untwinned, and provided
an additional check on the validity of the twin laws which TARKEDA
and DoxNAY had derived. As a result of this cooperation, djurleite
has been confirmed to be a valid species and its cell dimensions and
space group have been determined. The present paper sets forth the
results of this joint investigation.

II. Chemistry

Although DJurLE assigned the composition Cu,geS to his new
phase, he never synthesized it by itself. His samples of Cu, oS com-
position produced a mixture of djurleite (Cu, ¢S III) and a tetragonal
phase (Cuy oS II), which he believed to be a polymorph of djurleite.
Samples annealed at 400°C and at 70°C yielded the two phases in
different proportions, suggesting that both phases had the CuyyS
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composition. As it has now been shown that the tetragonal phase
can vary from at least Cu, 3¢S (JaNosI, 1964) to Cu,S (SKINNER, BoYD
and ENGLAND, 1964), the above argument is no longer valid.

Both RosEBoom (1962) and MorimMoTo (1962) had identified the
mineral, djurleite, as DIURLE’s low-symmetry phase Cu, ¢S III from
powder patterns alone. Chemical analyses were of doubtful value
because of impurities in the samples and the small differences in
composition between chalcocite (20.15 wt.%/, S), djurleite (about
20.4 wt.%/; S), and digenite (22.0 wt.%/;8). An x-ray fluorescence
analysis, reported by RoseBoow, indicated only a composition inter-
mediate between those of digenite and chalcocite. About 0.8 percent
Fe was present, probably as pyrite. MoriMoTO gave a chemical
analysis indicating the formula Cu,g,Fej S, but he noted that this
analysis had been made on a djurleite-digenite mixture.

While investigating the phase equilibria in the system Cu—S,
Rosesoom (1966) tried several ways of synthesizing pure djurleite.
Its low decomposition temperature of 93° and the nearly ubiquitous
tetragonal phase made this a difficult task. The only completely
successful synthesis was accomplished with a sample containing
20.40 = 0.03 wt. °/; S (Cuy 9691 0.0045). Because it would be possible
for nearly 10 wt. ?/, chalcocite to go undetected, the composition of
the djurleite in this sample can be shown only to lie between Cuy ¢6,S
(20.46 wt. %/, S) and Cuy 4,58 (20.37 wt. °/, S). This particular synthesis
involved: (@) annealing a mixture of Cu and S at 125°C for 2 months,
(b) regrinding, (¢) rapid reheating to 260°C, (d) slow cooling (10
degrees/day in 2-degree decrements) to room temperature, followed
by (¢) an eighteen-month wait while the tetragonal phase comprising
two thirds of the sample slowly inverted to djurleite. Similar experi-
ments on other compositions obviously cannot be performed overnight.
Djurleite synthesized in other runs, the products of which contain
various amounts of other copper sulfides, is compatible with the above
composition range but does not delimit it more precisely.

III. Crystallography
Experimental

(A) Neudorf material.—The specimens from Neudorf, Harz, Ger-
many which were used in this study came from the private collection
of Dr. K. Sakurar, Tokyo. In these specimens almost all of the
djurleite is twinned. Some of the twins simulate hexagonal single



408 H. TaxEDA, J. D. H. DoxNAY, E. H. RosEsooMm and D. E. APPLEMAN

crystals; they are short prismatic with perfect basal cleavage. Stri-
ations parallel to the trace of the cleavage plane are observed on the
faces of the hexagonal prism. In all, eleven specimens were investigat-
ed, ranging from 0.13 to 0.25 mm in their largest dimension.

Precession photographs were first taken of the zero- and upper-
level reciprocal-lattice nets parallel to the cleavage plane. On these
nets the strong reflections show hexagonal symmetry, but the com-
plete patterns show orthorhombic symmetry. Zero- and upper-level
precession photographs were then taken of the reciprocal-lattice nets
perpendicular to the cleavage plane and parallel to the orthorhombic
symmetry directions. The nets perpendicular to the cleavage plane
but at 30° to the symmetry directions were also photographed. In
addition to the precession photographs, cone-axis, rotation, and
Weissenberg photographs were taken around each orthorhombic
symmetry direction.

When the twin laws of the Neudorf material had been interpreted,
as described in an accompanying paper by TArREpA, DonNay and
APPLEMAN (1967), it was discovered that the specimens consist pri-
marily of an orthorhombic phase twinned according to two twin laws:
pseudo-hexagonal and pseudo-tetragonal. Another unidentified phase
is also present. The orthorhombic phase was subsequently identified
as djurleite.

(B) Butte material.—The djurleite showing the least twinning was
extracted from a massive sample from Butte, Montana, said to come
from the Kelly Mine. When examined under the ore microscope and
by the x-ray powder method, the sample was found to be approxi-
mately 909/, djurleite, 5%/, digenite, and 5°/, bornite, with a trace of
pyrite. A number of individual djurleite grains, 0.5 to 0.8 mm in
diameter, show no twinning.

A portion of the sample was chilled in liquid nitrogen to prevent
deformation and shattered in a percussion mortar. The fine-grained
fraction was mounted in cement on a glass slide and polished for
observation with the ore microscope. Several apparently homogeneous
grains were removed by dissolving the cement with acetone, and were
then remounted, polished on a second surface and again examined
for chemical homogeneity and lack of twinning. The most suitable
fragments were then photographed by the precession method.

Large macrocrystalline specimens of pure djurleite were obtained
from Butte through the kindness of Mr. LESTER (. ZEIHEN of the
Geological Research Laboratory of the Anaconda Co. These specimens
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are pseudo-hexagonal plates up to 10 mm in width and 2 mm in
thickness. Examination under the ore microscope shows that all of
them consist of the same phase. Faint color differences between
crossed nicols are suggestive of twinning. The edges of the plates are
bevelled by curved, striated faces, many with re-entrant angles.
Precession photographs of small fragments broken from the large
plates show intimate twinning according to the pseudo-hexagonal
twin law found in the Neudorf material. The patterns are in fact
identical with those obtained from the hexagonally twinned Neudorf
specimens, with the difference that in the Butte material the relative
volumes of the individual crystals making up the twin are approx-
imately equal.

Density

The best density measurements were obtained on two of the large
twinned specimens of pure djurleite from Butte, Montana. The density
was determined on a Berman balance by weighing the samples in
air and in toluene whose density was accurately known. The two
specimens, weighing 243 and 360 mg respectively, gave densities of
5.751 4- 0.01 and 5.744 4 0.01 g ecm=3, at 25°C, with 3 determina-
tions on each specimen. The average is D, = 5.747 4 0.007 g cm™—3
(standard deviation).

MorimoTo’s density determination of 5.63 g cm—2 for djurleite
(MorMoToO, 1962) is so low as to suggest that his sample was either
digenite or a digenite-djurleite mixture. He describes the crystals as
cubic with octahedral faces, ‘“aparently pseudomorphs after galena”.

Single-crystal data

The cell dimensions of djurleite, independently determined on
material from both localities, are: ¢ = 26.95, b = 15.71, ¢ = 13.56 A
(Neudorf); a = 26.90, b = 15.72, ¢ —= 13.57 A (Butte); all approxi-
mately + 0.29/,. The diffraction aspect is orthorhombic P*n* with the
additional criterion: 0LO present only with % even. This aspect is
compatible with the orthorhombic space groups D—Pmnm and
Cl,—P2,mm or Pmn2;. In this case the 0k0 extinctions are structural.
The diffraction aspect is also compatible with the monoclinic space
group C%,—P2;/n with 8 = 90° and an intensity distribution very
close to orthorhombic.

There is a strongly marked pseudo-hexagonal subcell. All strong
sublattice reflections obey the conditions A = 0 mod 4, ¥ = 0 mod 4,
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I = 0 mod 2. The converse is not true: some reflections whose indices
obey these criteria are not strong. The very strong reflections all
obey additional conditions (Table 1). This intensity distribution is
similar to that of a hexagonal close-packed structure.

Table 1. Criteria for strong sublattice reflections
(h, k, 1) = (p mod 8, ¢ mod 8, » mod 12)

par | pqr
000 ‘ 404
042 , 408
046 442
04 10 4410

The smallest subcell deduced from the patterns has dimensions:
a'=af4, b'=10/4, ¢'=c/2. Metrically it is pseudo-tetragonal,
a,(T) = ¢’, ay(T) = a’, ¢(T) =b’, and can be obtained from the
orthorhombic crystal cell abc by the transformation 00%/200/030.
Provided it is face-centered on b’c’, it is also pseudo-hexagonal,
a,(H) = b, ay(H) = [(b’/2)2 + (¢'/2)?]}, ¢(H) = o', in which case it
is obtained from abc by the transformation 010/0%2/200. This subeell,
as was pointed out to us by Professor SapaNacA and Dr. OnMasa
(Tokyo), is very close to the cell of hexagonal (8) chalcocite: a = 3.961,
c=6.722 4, at 152°C (DJURLE, 1958). For the sake of comparison
(Table 2), we use the orthohexagonal cell a’’6"¢c’’ of hexagonal chalco-

Table 2. Orthohexagonal cell a”’b’’¢’’ of hexagonal chalcocite as subcell of djurleite
and orthorhombic chalcocite

Hexagonal | Djurleite | Hexagonal | Djurleite | Hexagonal }?rth;,'
chalcocite! subecell 2 chalcocite cell? chalecocite rhom .1c
chalcocite?!
a” b’ 4a” b 3a” a
3.961 A 3.92A 15.844 A 1571 A 11.883 4 | 11.8814
b’ ¢ 2b" c 4p” b
6.861 6.82 13.722 13.56 27.444 27.323
¢’ a’ 4¢” a 2¢” ¢
6.722 6.73 26.888 26.95 13.444 13.491
Z =4 Z = 128 Z = 96

1 DjurLE, 1958.

2 This paper, Neudorf.
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cite. The present orientation of the djurleite cell is chosen in such
a way that its b axis coincides with the unique b of the monoclinic
interpretation. This is the reason for the cyclic permutation of the
cell edges in Table 2.

Table 3. X-ray powder data for djurleite

1 3 4 1 4 1 4
I obs  Tobs I bkl dovs” Tobs A bkl s’ Tobe
ms 351 w 361 .
-~ - 243 - 1012 2,469 10
£ s 1 ms 5353 2.893 16 w 544
T e ‘ - [t w 325
- - 7153 - 913
w T 52 -
- ms 911 2,868 11 - 505
- 052 - 724
- - 450 s 1110 2.417 17
n - 034 - 453
- 5 ns 152 IR -
- - 134 2.855 14 - 135
r 830 - 833
- . - 4oy s 4 k4
w . . w 51 4 n 425
t . B9 8 - 752 - 751
- . m 343 2.816 10 w 515
- . w 822 - 1030
- 773 - 920 s 8n 2
- 3055 iy s 804 2.389 85
s . - 552 - 10 2 2
- . - - 550 w 940
- 5. REERE - L3 s 111
- . v 334 - 923
- . w 642 2.709 7 ———
7 s 604 m 743
- 351 5.618 - 105 -
- 340 3.599 w 524 w 335
- 711 3.599 - 912 m 561 2.324 5
- 323 3.501 | 3.501 9 v 741 P w 544
S w52 3% s 1000 2601 8 S 525
D (5) =L - 015 —
- 042 . - 61 4 - 615
- 1353 . :l n 551 w 752 2.290 4
va 4uo . m 115 o 734
w 004 3 3.391 34 - 813 .65 £ 101 3
- w23 . vw 1010 2.657 18 - 824
- 513 . - 452 - 112
- 622 —= {5) - 25 4
- 1u2 - 101 L - 435
s 800 3.360 1% o 543 m 063
- 721 £ 505 - 8351
- 2553 - 950 2,500 6 - 660 2.263 3
- 01 & - - 922 - 006
- 631 3.309 7 - 053 2,202 6
- 242 - 650 2,183 4
- hoh4t w 061 2.146 [
- 114 v 260 --- (59) - 3lie7 3
w 204 m 153 2,570 13 2.071 7
- 810 - 044 2.049 9
- 532 3.283 13 m 025 - 960 1.970 _
- 712 - 315 - 1114 1.968
- 214 - 161 vs 080 1.965 | 1966 47
ns 333 - 624 2.557 7 - 455  1.964
v 811 3.19% 17 - 7353 - 131 2 1.964
- 502 - 14k - 373 1.963 ]
—=(5) - 8140 - 180  1.960
- 613 - 125 vs 046 1.960
024 - 823 - 835 1.958 | 1.958 100
mg 314 - 931 - 105 2 1.957
s 230 3.106 11 ) - 1034 1.955
- 124 - 253 ——- (70} —  1.925 7
= (5) - w 651 - 1233 1.875 _
- 433 w 261 2.527 7 - 074 1.872
- 632 1 24y s 1242 1,872
m 151 N o 552 vs 12 04  1.870 | 1.870 96
ws P 3.057 16 £ 225 o517 8 - 282  1.869
- 224 £ 534 b - 1313  1.868
- L0 4 w 360 - 481 1.868
- 731 - 841 - 174 1.868
ws 821 —- (3) - 870 1.868 |
s R0 2 5.012 17 - 503 - 655 1.867
- 251 w 415 1.693 22
— (10) —— s 553 2,480 9 1.682 17
go01 2 - 643 1.645 11

! Relative intensity estimated from single crystal data where available. Order of decreasing intensity
is vs, s, ms, m, w, vw, f.

2 Caleulated from the following cell: orthorhombic, P*n*, ¢ = 26.90, b = 15.72, ¢ = 13.57 &; 0%0,
k = 2n. Calculated values are listed only in the vicinity of observed values to save space. Omission of
seven values would be indicated —(7)—.

3 Average from two diffractometer patterns, CuK« radiation.

4 Average peak height, uncorrected, scaled to a maximum value of 100.



412 H. Taxepa, J. D. H. Doxyay, E. H. RoseEsoom and D. E. APPLEMAN

Powder data

X-ray powder data for djurleite (Table 3) are indexed on the
basis of the cell found in this study. The data are average values from
two diffractometer patterns of the twinned crystals of pure djurleite
from Butte, Montana. The patterns were run at § degree 26 per minute.
The diffractometer was calibrated with respect to the silicon used
as an x-ray standard at the Geophysical Laboratory. The silicon cell
edge was taken as 5.4306 A.

Cell content

The cell volume of djurleite, calculated from the average cell
dimensions obtained in the present study, is 5734.7 A3. The most
probable composition, as discussed above, is Cuy¢S. The djurleite
cell contains 64 nodes of the sublattice corresponding to the lattice
of hexagonal chalcocite, which contains 2 Cu,S per cell. If, as seems
probable, the packing of sulfur atoms is similar in the two minerals,
then the djurleite cell contains 128 sulfur atoms, and the total cell
content is Cu,zS;a. If the number of Cu atoms is reduced to 251, the
corresponding formula is Cu, ,S; if it is increased to 253, the formula
is Cuy ¢7,S. Both formulae are outside the range of possible composition
found above.

The calculated density corresponding to a cell content of Cuy;,S; s
is 5.81 g em—3. This is somewhat higher than the observed density
of 5.747 g cm—3.

IV. Conclusions

The work reported in this paper shows that djurleite is a valid
mineral species, with crystallographic parameters and composition
distinct from those of chalcocite, digenite, or other copper sulfides.
The uncertainty felt by previous workers regarding the true identity
of djurleite is due largely to the presence of a phase of unknown
composition which occurs, associated with djurleite, in many natural
and synthetic specimens. Precession patterns of this phase from the
Neudorf material resemble those of the digenite-like phase found by
SapaxNAga, MoriMoTro and OmHMASA (1963) in specimens from the
Ani Mine. These patterns can be interpreted as showing that the
digenite-like phase is twinned, with the pseudo-hexagonal axis of
its twin lattice parallel to that of djurleite. On precession patterns
taken of specimens in which both phases occur, a strong reflection
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of the digenite-like phase falls in a position that violates the n-glide
extinction rule of djurleite. The occurrence of these two phases in
mutual intergrowth in many specimens, combined with the effects
of twinning in both phases, makes interpretation of the patterns
difficult.
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