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Ansrnecr

Crystal structur€s of Cu-poor tetrahedrite
er,vu.eSbaSf and of Cu_rich tetrahedrite,
Curvrs,&SbaSra were refined by full-matrix least.
squares from counter-difhactometer X-ray data
(d>30') obtained from their parallel-exsolved
intererowth, originally a single crystal of synthetic
high-temperaturo phase. Respective R indices for
114 and 110 observed reflections arc 4,1 atd. 7.4Vo.
Both phases are cubic, isostructural with natural
tetrahedrite (Wuensch 1964) in space group /43rn,
yglth Z - 

-23 ttre a values are 10.:11(i) and
10.448(l) A, respectively. The SbJ(l) distances
ayo 2..45 and, 2.46 A, respectively. The Cu(l) posi-
tfon in Xhe Cu-poor phase has geVo occupincy,
the Cu(l)-S(l) distance is 2.31 A. That in the
Cu-rich phase has 67Vo occupancy, with the aver-
age Cu-S distance 2.35 L. The C\(2) positions
are fully occupied, with the Cu(2) (mean
position)-S distances-2.25 (x2) and Z.ZS E, and
2.27 (y2) anid 2.25 A, respectively. If the piotate
probability ellipsoids of Cu(2) are interpreted as
disordered flat-pyramidal Cu(2) coordination. the
Cu-S distances become 2,28-2.30 A. and the
Cu(2){u(2) contacts e 2.76 A. fne remainirs
copper is mobile, with only one weak maximum
(0.1 Cu) witl trigonal-planar coordination located
iq the Cu-dch phase. The Cu-poor phase contains
- 2 anld tle Cu-rich phase e 8 mobile Cu atoms
iq tle ceU. Both phases represent room-tem1'grature
olectrolytes.

Sor"ruanB

La strusture cristalline de deux .tetra6drites,,
Cq,vr:.sSboSrg et Cuars.6SbaSg, a 6t6 affin6e, par la
m6thode des moindres carr& i matrice complbte,
i partir de donndes de diffractioo X recueillies
sur diffractomdtre i compteur (0>300). Le sp6.
cimen 6tudi6 consistait en une intercroissance de
d6mixtion des deux phases en orientations parallBles
provgnant d'un oristal unique d,une phase syuth6-
tigue de haute temp6rature. Sur 114 et 110 16-
flexions obcervdes, le r&idu esl rospestivement,

6t9

R = 0.041 et R, = 0.074. I.e.s deux phases, iso-
types de la tetra6drite nalurelle (Wuensch 1964),
cristallisent en 143m, avec Z = 2 et a = 10.323(1).
at - lO.448El)A comme ar6te de maille. Les va-
leurs num6riques suivantes se rapportent, resp€stivE-
ment i la phase i faible teneur en cuivre et i ta pha-
se d fortg teneur en cuivre. Distance Sb-S(t): 2.45
et 2.46 A. Occupation de la position CriDi gOEo
et 67Vo. Distance Gr(l)-S(l): 2.31 et 235 lL.
Occupation do la position Cu(2): 100Vo er
1007o. Distances Cu(2)-S: 2.25 (x 2), 2.25 A. et
2.27 (x 2), 2.25 A. Dans I'hypoth&se of les eI-
lipsoides de probabilit6 allong6s de Cu(2) repr6-
senteraient une coordination de Cu(2) en d&ordre,
en forme de pyramide surbaiss(e, on obtient" pour
les distances Clr-S, 2.28-2.3^0 A et, pour les con-
tacts Cx(2)--Cu(2), - 2.76 A. Le cuiwe en excls est
mobile, avec un seul maximum (faible, 0.1 Cu) i
coordinatiou plane trigonale, situ6 dans la phase la
plus riche en cuivre. Le nombre d'atomes de cuivre
mobiles dans la maille s'6lbve d, -2 et i - 8, res-
peotivement. Les deux phases sont des electrolytes
i la temp6rature ambiante.

Clraduit par la R6daction)

INt.nouuctloN

Tetrahedrite is the most common sulfosalt
of copper in the majority of sulfide ore-de.
posits. Its widely accepted formula, CuuSbrSra,
was postulated by Pauling & Neuman (1934)
in their reappraisal of Machatschki's (1928)
work. Natural tetrahedrites, however, contain
substantial amounts of Fe, Zn, Ag, As and Hg
in solid solution, and the general for.mula is
more nearly (Cu,Ag)ro(Fe,Zn)z(Sb,As)aSu
(Springer 1969, Takduchi 1970).

The Pauling & Neuman (1934) structure was
refined by Wuensch (1964). Structures for
Hg-rich (schwazite) and Ag-rich (freibergite)
tetrahedrites were determined by Kalbskopf
(1971, 1972). All these structural studies have
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been carried out with natural, substituted teta-
hedrites, and the Me:Sb:S ratio was assumed to
be l2z4:L3.

With recent studies of the phase relations
in the Cu-Sb-S system by Skinner et al. (1972)
and by Tabuka & Morimoto (1973), it is pos-
sible to determine the crystallography and com-
position of unsubstituted pure copper tetrahe-
drite. In 1965 Cambi & Elli found that tetra-
hedrite has a solid-solution field and obeerved
the presence of two coexisting phases in their
tetrahedrite samples. Skinner et aI. (1972) xpe-
cified tle composition of the high-temperature
tetrahedrite as Cura+-Sba+gSrg (0 < x 3 t.92;
--0.02 < y < O.27) and demonstrated that the
two room-temperature tetrahedrite phases Curr*'
Sbr+gSn and Cura--Sbe+gSrg represent products
of a low-temperature exsolution. The room-
temperature solid-solution field of tetrahedrite
was also studied by Tatsuka & Morimoto
(1973), but so far no one has carried out
structural studies on the exsolved phases. The
present paper reports our attempts to do so.

EnpsRnlnNTer-

Crystals of tetrahedrite were grown from pure
Cu, Sb and S in evacuated silica glass tubes at
400oC. Only charges in the centre of the tetra-
hedrite composition field (Skinner et al. 1972)
yielded single crystals of suitable quality. No

TABLE 1. CHEfIICAL AND CRYSTALLOGRAPHIC INFORT1ATION

Eatlnated overall. conpoaitlonr CutZ,SgSbq.Ogsi:

Tha sxaolvsd phaaaar

cu-poor  phoaa
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t .  tSb4S1 3
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ft@ the tm €xsslvBd c@ponsnta mrE aml-6utona-
t tc€ l l v  a€per€ tad  us lng  re f lEc t lon  prc f l l s8 .  -a  ?
Abgomt lon 'corFc t lon t  c rya ta l  vo lune -0 .31  x  10  -  s -
l7  bo lndery  func t lona,  2225. ln t 'g ta tTon po ln ts  lnB lds
t h s  c r y 8 t 8 l ,  I l '  7 5 0 . 4  c m - r .

Ful:, natrlx ustghtsd lgast-aguar€8 rflnmant.

R  .  t ( l  l F ( o b e ) l  -  l r ( c a r c ) l  l ) / t l F ( o b s ) l  - . -
R r '  ( E * (  l F ( o b 8 )  I  -  l r ( c a l c )  l 1 2 / t u r l o a a l 2 l l / 2
r . 1 o r l / v a r ( F ( o b e ) )

C!-poor phaaa

N o .  o f

F ( o b e )  1 1 4
R 4"12"
R ,  4 . 1 2

g:rta!_gh€s
-Cu1 

U. USbnsl 3

g  .  1 0 . 4 4 6 ( t ) A

cub lc ,  Iaan

Cu- r lch  pheae

1 1 0
7 , 4 2
O . 5 5

AnlBotroplo t€TpBrature fat

" p [ - i i t ' r t ' r e r j ]

P'

Fro. 1. Crystaf faoes on the studied crystal of
synthetic tetrahedrilg; a denoles {100}, d {110},
n {2ll) and o1 {111}.

suitable crystals could be grown at the limits of
the elongate composition field.

Most crystals display twinning or coarse mosaic
(or both) on X-ray photographs. One crystal
found to be free of these phenomena was nsed
for structure analysis. All tetrahedrites grown
above 300oC undergo .exsolutioB into Cu'rich
and Cu-poor components (Makovicky & Skinner
1978). Thus, our crystal quenched to an agglo-
merate of rather loosely connected micrograins.
Because the crystal would have disintegrated to
powder if stressed, it could not be ground to a
sphere in order to lessen the absorption prob-lem.
The crystal was, as far as possible, stabilized
by impregnating it with synthetic resin at room
tempeiature. The crystal used (Fig. 1) t 11o-
-"t-ti", bounded by the forms {211},-{1lO},
{100} and, of secondary importance, {111}. All
of them represent typical forms developed on
tle crystals of natural tetrahedrite (Palzche et
a l .1951).

The two tetrahedrites in the exsolved mosaic
remained perfectly parallel so we had, in effect,
two crystals in one. Systematic extinctions are
the same, and the intensity distribution in
reciprocal space is nearly the same for loth
phases. From the possible space groups I43m
ind 123, the former was chosen on the basis
of the structural results. The cubic lattice con-
stants of both phases (Table 1) were refined
from the quartz-calibrated Weissenberg photo-
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graphs using 22 reflections for each phase and
extrapolating the calculated a values to d = 90o
by the Nelson & Riley (1.945) formula.

Intensity data were collected on an. automated
Supper-Pace single-crystal diffractometer in the
laboratory of Dr. L. Finger, Carnegie Institu-
tion, Washington, D.C. Equi-inclination strategy
(<rl-scan) and monochromatic Cu Ka radiation
were used. The entire region of each pair of
reflections with the same hkl indices was step-
scanned. Step increments were 0.O5o, step count-
ing was times 3 seconds, and number of steps
per reflection pair was from - 5O to - 300.
The rotation axis was [111] for both com-
ponents. X-ray intensities of the two exsolved
phases were collected in two separate runs, each
at its appropriate diffraction angles.

Owing to the almost complete overlap of
tle reflections of the two phises at low diffrac-
tion angles, only the reflections with 0 angles
above 30o were subjected to the peak-separa-
tion procedures. Each measurement peak was
separated from the accompanying peak of tle
other phase by a series of semi-automatic pro-
cedures. The entire range of every peak scan
was plotted out in a computer output of sui-
table format (Fig. 2). The principal points
describing peak widths and peak maxima were
located from it. The principal points were then
used for computer separation of the two peaks,
the results again checked and, if necessary, re-
processed using the modified plots. The only
assumption used in the programs was that peak

profiles were symmetrical. The assumption was
confirmed for all well-defined peaks, and it is
a logical consequence of the @-scan strategy
from a half-spherical crystal mounted with the
flat basis nearly perpendicular to the rotation
axis. Standard errors for the final intensities
were obtained from the counting statistics, and
were augmented appropriately when only a
part (> one half) of the examined peak could
be separated from the overlap with the inter-
fering peak. Scan plots allowed us to assess
intensities for all weakest to zero-intensity re-
flections. At the high diffraction angles, where
the reflections become split into their ar and
ar components (i.e., they become asymmetrical),
the angular difference of the corresponding re-
flections of the two exsolved tetrahedrites is
such that their peaks are completely separated.

All measured reflections were subjected to
the absorption and Lorentz-polarization cor-
rections. Absorption corrections were carried
out using the program written by C. T. Prewitt
after Wuensch & Prewitt (1965).

The mounted crystal was microphotographed
in 30 different orientations. By combining pho-
togtaphs, distances between crystal faces and
the crystal centre could be accurately estimated
for all 15 crystal faces (Fig, 1). The remaining
surface was closely described by an ellipsoid
slightly elongate along the rotation axis [111],
and the growth base was approximated by the
closest fitting crystal face, (111). The linear
absorption coefficient for the average composi-

783
Cu - riah ld

I 1 @ @

655
Cu -p6r td

l 1 o o @

286
Cu-rich ld

10@a

E A O { S 0 4 s 4 0

Frc. 2. Simulated ploa of selected step-scanned X-ray reflections of the studied crystal which contains two
lnrallel, exsolved tetrahedrite end-members. Full circles denote net stepcount values after peak se-
paration, empty circles denote the peak of the other end-member (with the same hkl indices), subtracted
during the separation. 783 and 655 are strong reflections, 286 a very weak reflection.

6 0 s
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tion of the composite crystal and Cu Kd n-
diation is high, 75O.4 (95Vo of the original
value to account for the void cracks). If we
had used Mo radiation to reduce absorption,
we would have greatly diminished the shell of
paired reflections sufficiently split to allow re-
liable separation of individual pea*s. A non-
linear grid of 2Ox2Ox?-A integration points,
their density increasing towards t}te crystal sur-
face, was used for absorption correstion. Alto-
gether there were 2225 integration points inside
the crystal as defined by the above 16 planar
and 1 ellipsoidal boundary functions. The total
volume of the crystal was estimated to be e
0.31 x 104 cm3. It can be approximately cir'
cumscribed by a sphere with a radius of 0.025
cm. Transmission fastors for individual reflec-
tions varied between 0.O20 and 0.003. No
extinction correction was performed because
of the pronounced mosais sharacter of the
crystal with cracks and ensuing block misorien-
tation.

Equivalent corrected structure-factors \rere
weighted and averaged, with the weights in-
directly proportional to the structure-factor
variances obtained from counting statistics, to

which both the Lorentz-polarization and the
absorption corrections had been applied. The
larger of the two resulting variances of the
mean, the external or the internal (Deming
L964), represents the accuracy of the final
structure-factorr and was used in the weighted
least-squares refinements. The overall a(F) / F
ratio for the strong and medium reflestions is
0.036. Step-scanning enabled us to obtain direct-
ly the Fou and o(F) values even for the weakest
reflections so that no minimal F/q(F) cutoff
value was introduced. Two to four equivalent
reflections were averaged in each case, the
average beng 2.4 measurements for each in-
dependent reflection. The reflections with ft,
k, I > 0 were used in further refinement; the
remaining reflections were employed in the at-
tempts to establish the absolute configuration
of the two tetrahedrite structures. After each
step in data reduction, the reflections were
examined and those showing the consequences
of bad peak-separation were excluded. The last
check was based on difference-Fourier maps
where reflections causing false ripples without
symmetry equivalents were sought and three of
tlem eliminated. The structure analysis of the

TABLE 2. INDEPENDENT POSITIONAL AND THERI1AL PARAT'IETERS FOR THE CRYSTAL STRUCTURES OF TETRAHEDRITES

A t o m  E q u l p o l n t  A t o m l c .  C u , t Z . g S b 4 S 1 3
PargmsEsra  oreeEnt  work

e , r  q h  C- - 1 3 . 6 - - 4 " 1 3

pressnt work

cu1 o .4Zn, r  .  zF"o .  3sbasr  3
t luenech ( 1 964)

c u ( 1 t  I  L  o
12d

C u ( 2 )  x 0 0
1 2 e

s ( 1  )

s ( 2 )

sb

s l t e  occupancy  0 .90 ( ' l  )

F t t  O . O O 7 2 I 4 )

B a g  0 . 0 0 s 5 ( 2 1

a l t e  o c c u p a n c y  1 . 0 1 ( 2 )
x  0 . 2 1 6 0 ( 5 )

B t t  0 . 0 0 6 2 ( 4 )

9 z z  0 . 0 1 9 2 ( 4 )

9 z l  - 0 . 0 1 1 8 ( 5 )

a l t e  o c c u p a n c y  0 . 9 9 ( 1 )
x  0 , 1 1 4 4 ( 2 ,
z  0 . 3 6 3 5 ( 4 )

B r r  o . o o 3 7 ( 1 )
gss  o .  oo31  (  5 )

xxz
7 4 9

- 0 . 0 0 0 4 ( 3 )

0 . 0 0 0 2 ( 2 )

o . 6 7  ( 2 ' )

0 . 0 0 5 7 ( 7 )
0 . 0 0 4 4  (  3 )

0 . 9 9  ( 3 )
o.2157 aA)
0 . 0 0 4 4 ( 5 )
0 . 0 2 0 1  ( 5 )

- o . 0 1 4 ? t 7  )

0 . 9 s ( 2 )
0 . 1 1 3 7 ( 5 )
0 . 3 6 1 3 ( 7 )
0 . 0 0 4 0 ( 2 )
0 . 0 0 3 5 ( 5 )

- 0 . 0 0 1 3 ( 5 )
- 0 . 0 0 0 6 ( 3 )

1 . 0 4 ( 9 1
0 . 0 0 4 9 ( 9 )

1  . 00  f l xed
u .  zooJ t z  t
0 . 0 0 5 0 (  1  )

- 0 . 0 0 1 1 ( 1 )

1  . 00  f l xed

0 . 0 0 2 8 ( 3 )
o , o o 2 7  ( 2 )

1 . 0 0  f l x E d
0 . 2 1 5 0 ( 5 )
0 . 0 0 3 2 ( 5 )
0 . 0 1 3 0 ( 6 )

- 0 . 0 0 9 4  (  1 4 )

1  . 00  f l x sd
0 . 1 ' t 5 2 ( 3 )
0 . 3 6 0 9 ( 5 )
0 . 0 0 3 0  (  3 l

0 . 0 0 2 6  ( 4 )
- 0 . 0 0 0 8  (  4  )
- 0 . 0 0 0 1  ( 3 )

1 . 0 0  f l x e d
0 . 0 0 2 7 ( 6 )

1  . 00  f l x sd
o.268211'
0 . 0 0 2 6 ( 1 )

- 0 . 0 0 0 3 ( 1 )

B,tz
Bsr

000
l a

xxx
0 c

e l t e  oocupancy  0 .89 (5 )
9 r t  0 . 0 0 4 9 ( 7 )

s l t e  occupancy  1 .00  f l xBd
x  0 . 2 6 4 3 ( J )

g t , t  0 . 0 0 3 2 ( 1 )

B , t z  - o . o o o 3 ( 1 !

The numbet€  ln  paran theaes reprseent  ca lcu le ted  Etandard  er r€ ra  and rs fe r  to  the  lea t  deo lmal  p lace
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TABLE 3.  RESULTS OF THE PRINCIPAL REFINEf ' IENT STAGES FOR SYNTHETIC TETRAHEORIIES
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Phase r c u t z . r s b 4 s t 3 cu t  g.  osbes r  g

Tsnp.  f€c to ra t
Rst in8nBnt  type t

F ( o b e )  w e l g h t a r

B

i  n l t .

1

8 B
i n t t .
1 1

n ! q !
r € d .  B n a n t .  c o n a .

l/ver l./var I,/var

!. 22
B nant .

l/var l lvat

Atom

C u ( 1 )

C u ( 2 )  s l t €  o c e u p .
B r ( A 3 )

Y r "  z '

S ( 1  )  s l t e  o c c u p .
B r  ( A r  )
x . y
z

9 ( 2 )  e l , t e  o c c u p .
B r  ( A .  )
x r !  y . r  z .

S b  e l t e  o c c u o .
B .  ( A 2  )
x . y a z

1 . o t r  1 . 0 r r  0 .  s 4
1 . 1  g  2 , 2 9  2 . 3 3
1 / 4  1 / 4  1 / 4
1 / 2  1 / 2  1 / 2
0 0 0

1 . 0 r r  1 . 0 0 . r  0 . 9 9
4 . 1 9  4 . 7 7  6 . 2 9

, 2 1 5 D  . 2 0 9 0  , 2 1 2 9
0 0 0

1 . 0 . r  1 . 0 r r  1 . o 2
1 . 2 1  1 , 7 6  1 , 4 1

. 1 1 5 2  , 1 1 3 2  .  t 1 4 r

.  3609 .3625 .3625

1 . 0 4 r  t . 0 0 r r  1 . 1  0
1 , 1 4  2 , 1 6  2 . 3 8
0 0 0

1 . 0 . r  l . 0 r r  1 . 0 r .
1 . 1 1  1 , 2 7  1 , 3 2

.2642 .26A7 .2683

0 . 8 9  0 . 0 8
2 , 6 4  2 . 5 6
1 / 4  - 1 / 4
1 / 2  - 1 / 2
0 0

1 . 0 1  1  . 0 4
6 . 4 9  6 . 7 9

. 2 1 6 6  - . 2 1 8 8
0 0

0 . 9 8  0 . 9 S' r . 4 6  1 . 4 6
. 1 1 4 5  - . 1 1 4 5
. 3 5 3 5  - . 3 6 3 6

0 , 8 9  0 , a 7
1 .  S 6  1 . 7 7
0 0

1 . 0 r r  1 . 0 r r
1  , 3 7  , l  . 3 4

. 2 6 6 3  - . 2 6 8 3

1  . 0 t .  0 . 6 6
1 . 1 9  2 , 0 6
1 / 4  1 / 4
1 / 2  1 / 2
0 0

1  .  0 r .  0 . 9 6
4 . ' t 9  5 . 3 6

,2150 .2141
0 0

1 . 0 . r  ' 1  . 0 0
1  . 2 3  1  . 6 e

. 1 1 5 2  . 1 1 4 6

. 3 6 0 9  . 3 6 1 1

1  . 0 . r  I  . 0 3
1  . 1 4  I  . 9 5
0 0

1 . 0 r r  1 . 0 r .
1  , 1 1  r  . 9 6

.2682 .2668

f lna l

0 . 6 5  0 . 6 7  0 . 6 6
1 . 9 8  2 . 1  1  2 . 0 3
1 / 4  1 / 4  - 1 / 4
1 / 2  1 / 2  - 1 / 2
0 0 0

0 .  9 5  0 . 9 9  0 . 9 0
6 . 3 3  6 . 4 9  6 . 3 5

.2151 .2157 -  ,2159
0 0 0

r  . 0 0  0 . 9 9  I  . 0 0
1  . 5 1  1  . 6 7  1  . 6 7

. 1 1 4 6  . ' t 1 3 7  -  . 1 1 4 0

. 3 6 1 6 . 3 6 1 3  - . 3 6 1 2

r  . 0 6  I  . 0 4  , t  . 0 0
1 , 9 6  2 , 1 4  2 , 1 7
0 0 0

1 . 0 r . 1 . 0 r .  1 . 0 r .
2 , 1 0  2 , 1 8  2 . 1 A

.2664 .2663 -  .2662

Parmeter

B t t a  o c c u o .
B r  t A 2  )

z .

l l n a r

0 . 9 0
2 .  5 9
1 / 4
1 / Z
0

1 . 0 1
6 . 3 4

,219O
n

0 . 9 s
1  . 4 9

. 1  1 4 4

0 .  8 9

0

1 . 0 r .
' t . 3 8

. 2 6 8 3

Bond  l eng the  (A )
c u ( 1 )  -  s ( 1 )
C u ( 2 )  -  S ( 1 )
c q ( 2 )  -  s ( 2 )
sb  -  s ( . 1  )

2 ,321  2 .317  2 .311  2 .310
2 .284  2 .272  2 .242  2 .243
2 .165  2 .157  2 .257  2 .25A
2 .488  2 ,453  2 ,451  2 .451

2 . 3 1  1
2 .246
2.250
2 ,452

2.X76 2.X50 2,353 2,354
2,248 2,?83 2,267 2.268
2.237 2.247 2,254 2.256
2 .455  2 ,454  2 .462  2 .458

R  1 3 . 1  1 1 . 1  7 , 3  4 , 1  4 . 1  4 . 1  2 1 , 4  1 4 . S  s . Z  7 . 7 . . r  9 . 0* '  t o ' o  r o . o  7 ' 7  4 . 1  4 . 3  4 , 1  z o . 7  i 4 . g  g , 7  7 . 1 t . t  9 . 2

I  lao t rcp lc  tsmpara tuF fac to r  o r  'equ lva len t  l so t rop lc  tempera ture  f€c to r ,  € f t€ r  Hmi l ton  (J959)
r .  parametara  k8pt  f l xed  dur lng  the  re f lnmant
' f f  R  d r o p s  t ' o  7 , 4 / 6 . 9 2  r t t h  C u ( 3 )  ( a i t e  o c c u p a n c y  e  0 . 1 0 ,  e q u i v a l e n t  8 s 9 . , 1 7 ,  a . 1 a 0 . 2 9 0  a n d  a 0 . 0 3 0 )

lnc luded ln  th6  f ln6 l  re f lnment
.  paramstarB w l th  va luga do tsmlnad by  sJm8t ry

Abbrev la t lonar  B  -  lnd lv ldua l  l so t rcp ic  tampera ture  fac to ra ,  I  -  an leo t rop lo  tmpera turs  f6c to6 ,  tn i t .  -
in i t l€ l  va1 !as  (Wuensch 1964) l  rad . /cona. /anant .  -  rad loa l . / conaeruat lve . /Enant lonomh
Ff inanant ,  var  -  var lance o f  F(obs l ,

Cu-poor tetrahedrite was based on the total
of. ll4 nonequivalent reflections, that of the
Cu-rich tetrahedrite on 110 reflections.

Stnucrune DstsnltdrNetroN AND RrrrN*rnNt

The parameter values obtained by Wuensch
(1964) on natural tetrahedrite (Table 3) served
as the starting set for both tetrahedrites. How-
ever, the set was not applied uncritically. Three-
dimensional Patterson functions of both phases
were compaxed with a calculated Fatterson
function of Wuensch's tetrahedrite. Fourier
functions were also calculated for both, using
the phases obtained only on Sb (and then on
Sb a1d Sl) atoms, in order to verify the Cu
positions. All three-dimensional Fourier svn-
tlteses were performed with Ahmed,s (tgeS)

program NRC-8. The difference Fourier based
on the F(calc.) values calculated from
Wuensch's tetrahedrite and the F(obs.) values
of the Cu-rich phase showed immediately that
the Cu(l) position was partly vacant.

Both structures rvere refined by means of
the full-matrix least-squares program ORFLS
(Busing et al.1962) modified by E. Makovicky
to include anomalous dispersion corrections.
Scattering curves for neutral Cu, Sb and S after
Cromer & Waber (1965) were used together
with anomalous dispersion coefficients for these
elements by Cromer (1965). In the first stage
of the refinement, unit weights and isotropic
individual temperature-factors were employed
(Table 3). In this stage of refinement all posi-
tional parameters not constrained by symmetry,
all individual temperature fastors and, in the
case of the Cu-rich phase, the site occupancies
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were refined. Only the occupancy of the Sb
position was kept fixed at 1.,0 in either phase,
in agreement with the composition of the sam-
ple in the phase diagram. This assumption was
confirmed by the resulting site-occupancies of
S(1), Cu(2) and partly also S(2). All of them
were within refinement accuracy equal to unity.
The occupancy of Cu(l) in the Cu-rich phase
was refined from 1.0 to 0.67 with a considerable
gain in the R value (Table 3). It did not depart
from O.67 in any of the consecutive refinement
stages.

After the parameter shifts became insignificant
with respect to the relevant standard errors
(Ap < Ys cr), anisotropic temperature-factors
were introduced. For both phases a major de-
crease in the R values was observed when the
pronounced anisotropy of the "thermal ellip-
soid" of Cu(2) was considered (Table 3). The
observation weights were introduced after the
completion of this refinement stage. Again, the
structures were refined until the parameter shifts
became insignificant when compared with stand-
ard errors (Tables 2 and 3).

A single scale-factor was used for all reflec-
tions of each phase through most refinement
stages. In the last stage, three scale-factors
related to the ( coordinates of reflections dur-
ing the collection of intensities were used.

The refinement attempts in the space group
123 did not give results significantly different
from those in the space group 143m. The latter
was accepted as final for both structures.

For both phases enantiomorphous orientatrons
were extensively refined. However, the differ-
ences between the structure parameters obtained
for the two orientations lay mostly within the
limits of the estimated standard errors. Thus,
the absolute orientation could not be established.
These results are similar to those of Wuensch
et al. (1966); we follow them in preferring the
orientation with the better agreement factor
(Tables 2 and,3).

The highly regular character of the crystal
structure of tetrahedrite brings about fairly
strong interactions between some structure para-
meters during the refinement. The strongest
interactions occur between the parameters of
Cu(l) and of Cu(2). The highest positive
correlation-coefficients tie Bu of Cu(1) with
.r of Cu(2) and pu of Cu(2) with B:z of the
same atom.

Therefore, both the radical and the conser-
va{ive approaches were tried in full for the Cu-
poor phase. In the first approach, with fast
convergence, the parameters were refined simul-

taneously even if they displayed a high degree
of correlation. In the second approach, the
simultaneous refinement of higbly correleted
parameters was largely avoided, and the con-
vergence was slowed down by the use of suit-
able damping factors for parameter shifts
(Sparks l96L). The results of the two ap-
proaches can be compared in Table 3. The only
important differences are those in the posi-
tional parameter x of Cu(2). This parameter,
which significantly influences the experimental
values for the Cu(2)-S bond lengths, suffets
most from correlation problems during the re-
finement and has the largest standard errors of
all positional parameters (Table 2; cf,, Table
2 in Wuensch et al. 1966).

From the start of the structure determinations
we were aware of the apparent absence of a
large part of the copper indicated by the com-
position of the Cu-rish phase. In each stage of
determination and refinement, attempts were
made to locate the missing copper atoms.
Numerous spurious maxima in the Fourier maps
were tried out. In later stages, all imaginable
positions for the additional and substitutional
copper atoms in the more-or-less refined struc-
ture of the Cu-rich phase were tried, with vary'
ing site-occupancies and temperature-factors.
None of the positions was found to be oc-
cupied: there is no additional Cu in or around
the tCu(l)$l tetrahedra, close to the [Cu(2)
Sal triangles, nor replacing a part of the [SbSg]
coordination pyramids. Nor is there additional
copper in the empty tetrahedra in the structure
or in the void space of the Cu(2) spinners
of Wuensch (1964). Once the structure refine-
ment of the Cu-rich phase was completed with
the basic set of atoms given in Table 2, the
difference-Fourier map showed small but well-
defined maxima of what was subsequently re-
fined as the partly occupied Cu(3) position
(Table 3). No additional indications of copper
were found in the final Fourier and difference-
Fourier maps of both exsolved tetrahedrite
phases. No spurious maxima were found in the
difference maps, located on or around the refined
copper and sulfur atoms [including Cu(2)],
indicating their good positional refinement. No
electron-density bridges connecting Cu(l) with
Cu(2) and Cu(2) with Ctt(2)t were observed.

DrscrupttoN eNp DrscussloN oF THE
Srnucrunss

The final atomic parameters are given in
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Table 2 together with the parameten deter-
mined by Wuensch (1964) for the natural tetra-
hedrite of approximate composition Curo.Znr.g
Feo.gSbrSrg. The root-mean-square displace-
ments of the atoms along the principal a(es of
the vibiation (or disorder) ellipsoids, together
with the orientation of the ellipsoids, are given
in Table 5. Principal interatomic distances and
angles are given in Table 4, again compared
with the corresponding data of Wuensoh (t964).
Representative fragments of the two structures,
drawn by ORTEP (Johnson 1965), are shown in
Figures 3 and 4. Observed and calculated strus-
ture factors (Table 6) have been deposited and
may be obtained at nominal charge from the
Depository of Unpublished Da.ta, CISTI, Na-
tional Research Council of Canada, Ottawa,
Ontario KlA 0S2.

The crystal structures of both the Cu-poor
and the Cu-rich unsubstituted tetrahedrite con-
for.m to the principles established for tetrahe-
drite by Pauling & Neuman (1934) and by
Wuensch (IgU).

The [SbSil pyramids

The sturdiest element in the structure, least
influenced by the formation of interstitial and
substitutional solid solutions (Cur, Cuu, Zn,
Fe), is the [SbSg] pyramid. The Sb-.S(1) inter-
atomic distances show slight compression and
distension in the Cu-poor and Cu-rich phase,

TABLE 4. SELECTEO INTERATOf.II0 oIsTANcEs ANO ANGLES
FOR TETRAHEDRITES
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TABLE 5 .  I ' IAGNITUDES AND ORIENTATIONS OF THE PRINCIPAL AXES OF THE THERI IAL ELLIPSOIDS FOR THE STRUCTURES

OF SYNTHETIC TETRAHEORITES

Atom E l l t p -  r . n .  E .
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axig msnt
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respectively, compared to the Sb--S(l) distances
in Curo.Znr.rFeo.aSbaSr' (Wuensch 1964). How-
ever, they are longer than the corresponding
distances in freibergite (Kalbskopf 1972), in
whish the [SbSa] pyramids are compressed be-
tween the expanded, triangular arms [(Cu, Ag)
(2)Sal of the spinners (Wuensch 1964, Fig. 5).
The S(1)-S(1) distances and the S(l)-Sb-

Ftc. 3. Fragment of the crystal structure of Cu-
poor tetrahedrite between (0yQ0) (upper left-
hand corner) and (th, yr, 6) (lower right-
hand corner). Unit-cell edges are parallel to the
S(2){u(2) bonds at (0,0,0). ORTEP drawing
with 50Vo probability ellipsoids. Sulfur atoms
are shaded.

Frc. 4. Fragment of the crystal structure of Cu-rich
tetrahedri.te. The description, size and orientation
of the fragmetrt are the same as in Figure 3.
ORTEP drawing.

MINBMLOGIST

S(1) angles in the [SbSs] pyramids of tle
phases studied are slightly larger than in the
substituted tetrahedrite (Wuensch 1964). The
observed Sb-S(l) distances are in good agree-
ment with the average Sb-S distances in the
sulfosalts with isolated [SbSa] groups (Kupdlk
1974, Table 5l-A-2).

T he [Cu(L) S] tetrahedra

The [Cu(l)S(l)a] tetrahedra are only partly
occupied by stationary Cu in both structures
(Table 2). ln both cases Cu(1) displays es-
sentially isotropic and moderate thermal motion.
The increase of the Cu(1)-S(1) distancas by
0.04 A (- 2 rel, Vo) betvteen the minimal
and the maximal Cu contents in the tetrahedrites
studied represents the most spectacular change
in the stationary skeleton of unsubstituted tetra-
hedrites. If we linearly extrapolate the depend-
ence of the Cu(1)-S(1) distance on the occupancy
of the Cu(l) position, this distance in the fully
occupied tetrahedron would represent 2.295(5)
A. lt is close to the tetrahedral Cu-S distances
in chalcopyrite (23A2 A: Hall & Stewart 1973),
cubanite (av. 2.305 A: Szymanski L974), gr(l)
in luzonite (23A4 A: Marumo & Nowacki
1967), and in lautite (2.289 and,2.3M A: Maru-
mo & Nowacki 1964)

The partial occupancy of the Cu(1) position
shows that in the Cu-rich phase one out of three
tetrahedra is void with respect to stationary
copper. Extrapolating the above linear plot
towards zero occupancy for Cu(l), we obtain
the tetrahedron centre-S(l) distance ot 2.47Q)
A. ttre triangular faces of a void tetrahedron
will have the centre-to-corner distances of -
2,33 A and will allow free passage of Cu ions,
similar to the triangular coordinations in high
skinnerite at l7O"C (2.254,2.282 and 2.284 A:
Makovicky & Skinner, unFubl. data), and to
the fases of tetrahedra in higb chalwcite (2.25
and 2.33 A 1:x; after Buerger & Wuensch 1963,
2.287 and 2329 A (3x) after Sadanaga et al.
1965).

Naturally, the vacant [CuSd tetrahedra are
not entirely vacanf with respect to mobile copper
atoms, and their dimensions should be some-
what smaller than the extreme dimensions cal-
culated for them above. The triangular faces
of the average, two-thirds occupied (i.a, non-
extrapolated) tetrahedra have the centre-to-
corner distances of only n 2.22 A, below the
average Cu-S distances of stationary triangular
planar copper soordination (Table 7).

In both phases studied the K\(l)Sel tetra-



hedron is distended along the 4 axis. The elonga-
tlon is more pronounced, in both cases, than in
the substituted tetrahedrite (\4'uensch L964)
and can be seen from the S(1)-Cu(1)-S(1)
angles and S(1)-S(1) edges given in Table 4.
Orientational calculations on tetrahedrite models
with fixed spinners and varying Cu(l)-S dis-
tances (Makovicky, in prep.) show that only
a small part of distension can be derived from
the structural adjustments connected with de-
creasing Cu(l)-S distances. Consequently, the
principal reason for the more regular character
of the [(Cu, Zn,Fe) (l)Sd tetrahedron in the
substituted tetrahedrite studied by Wuensch
(1964) is its partial occupation by Zn and Fe,
both of which require regular tetrahedral co-
ordination (e.9., Hall & Stewart 1973).

Tetrahedra of Cu with higher site-symme-
tries in well-refined structures are typically dis-
torted (usually flattened, perhaps for accommod-
ational reas6ns), with S_Cu-S angles grouped
around - 108.5' ?nd - 111o0 respectively (ten-
nantite: Wuensch et aI. L966; chalcopyrite: Hall
& Stewart 1973; l:uzonile: Marumo & Nowacki
1967; covellite: Kalbskopf et aI. 1975' Evans
'& Konnert L976).

The lCu(2)Sl tiangles

Cu(2) occun in trigonal planar coordination
similar to that described by Wuensch (1964),
as an octahedral group of six copper atoms
(6tcus'l triangles), centred on S(2) and en-
closed in a cage of tetrahedra (Belov & Pobe-
dimskaya 1.969), Our results suggest that Cu(2)
is more centrally positioned in the [Cu(2)S(2)
S(1),1 trian'gle than indicated by Wuensch
(.1964), with the Cu(2)-S(2) distance of. 2.25
.d instead of. 2.23 A. Because of strong correla-
tions, the r parameter of Cu(2) represents the
least accurate of all positional parameters
(Tables I and 4; cl., Table 2 in Wuensch L964) .
Table 3 shows its systematic increase as the
refinement proceeded towards its final form
(weighted anisotropic refinement), together
with the corresponding changes in the Cu(2)-S
distances. It shows that the r parameter is
sensitive to the conditions of the refinement and
that caution should be exercised when compar-
ing results of different refinbments.

Table 4 shows that all interatomic distances
in the Cu(2) spinners of the Cu-poor phase are
shorter than those in the Cu-rich (or substituted)
phase. However, if the S(1)-S(2) distance is
taken as a measure of spinner compression
(Table 4), we see that the spinnen of Wuensch
(1964) and of our Cu-poor tetrahedrite have

6n

about the same radii, whereas the radius of the
spinner in the Cu-rich phase is significantly
larger. Thus, the reduction in the Cu(2)-S
distances and in the Sb-S van der Waals contact
distances (Wuensch 1964) in the Cu-poor phase
stems from the reduced S(l)-S(1) distance
in the narrower [Cu(2)Sr] coordination triangles
(Table 1) rather than from the reduction in
the radius of the spinner cavity. The cavity in
the Cu-rich phase is expanded, but the re-
duced S(1)-S(1) distances in the [Cu(2)Sa]
triangles and the expansion of the [SbSs] pyra-
mid make the corresponding increase in the
intercavital Me-S distances less appreciable.

The Cu(2lS distances

Similarly to substituted tetrahedrite (Wuensch
1964) and tennantite (Wuensch et al. 1966),
Cu(2) in both unsubstituted tetrahedrites dis-
plays markedly anisotropic "thermal" .motion.
Root-rnean-square displacement in the direction
perpendicular to the planes of the [Cu(2)Ss]
coordination triangles is 2 to 2.5 times larger
than in the planes (Table 5). This "thermal
motion" is not accompanied by a corresponding
displacement of the sulfur atoms attached to
Cu(2). If only the displacement of Cu(2) is
taken into account by placing the Cu(2) atoms
at the r.m.s. distance from their mean positions,
the Cu(2)-S distances will be as follows: 2.287
and 2.283 A (zx) in the Cu-poor phase, 2.296
and 2.308 A (zx) in the Cu-rich phase, and2.26l
and 2.299 A (Zx) in Wuensch's (1964) tetrahe-
drite. These distances (respective averages are
2.284,2.304 and2.286 A) correspond well to the
observed Cu-S distances for the triangular
copper coordination in sulfides and sulfosalts
(Table 7). The only exceptions are the trian-
gular nets with a tight [Cu(1)Sa] coordination
in covellite (Kalbskopf et al. 1975, Evans &
Konnert 1976), which even at r.m.s. distances
display short Cu-S bonds (Table 7).

Furih.r refinement was attempted using the
split Cu(2) position, similar to the procedure
tiiea Uy Kalbskopf (1972) on freibergite ,and
by the above authors on covellite. As in these
cases, the results did not differ significanfly
from those using the single Cu position (r'0,0)'

fhe Cu(2)1u(2) distances

Displacement of Cu(2) from the mean. posi'

tions ilters significantly the Cu(2){u(2) dis-

tances from ihose given in Table 4' The six

Cu(2) atoms will be statistically distributed over

12 
'flat-pyramidal 

sites lining the four voids

cRysrAL srRucruREs or Curr.rSb+Srs AND Cu$.oSbaSra
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in the spinner cavity (Wuensch 1964, Fig. 5). short Cu{u contacts. For the calculated r.m.s.
Unavoidably, at least some of them will define displacement it follows that the two (or thieej

IABLE 7. CU-S AilO CU.CU DISTANCES IN SELECTED SULFTDES, SULFOSALIS ANO CHELATES TITH S LIGANDS
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copper(2) atoms which are displaced towards
each other from the places of their coordination
triangles will lie as close as 2.77, 2.75 and
2.8I A from each other, respectively, in the
Cu-poor, Cu-rich and the substituted tetrahe-
drite (Wuensch t964).

Recent structure refinements have yielded
many examples of pairs, groups or networks of
Cu atoms with short Cu{u contacts of the
order of 2,6-2.9 A, both in tetrahedral and
trigonalllanar coordinations with sulfur (Table
7, also Wells 1975). The metal-metal distances
are generally longer than the Cu*Cu distance in
metallic copper (2.56 A, Donnay & Ondik 1973),
indicating correspondingly weaker interactions.
Their spread is large. Together with the magni-
tude of the shortest Cu{u interactions, the
spread primarily represents a function of the
steric properties of the given (covalent) struc-
ture type, rather than of the Cu-S distances
or of the size of cations involved in the struc-
ture. From a literature review by E. Makovicky
it is apparent that reliable structural data (SB
and SR) on the hydride, nitride, phosphides,
arsenides, silicide and tellurides of Cu demon-
strate the same situation, together with the
insensitivity of minimal Cu-Cu distances to the
size of the anion involved. Only in some metallo-
organic structures the small sizes of bonding O,
C, N (or P) seem to allow, where the attashed
Ugands permit, short Cu-Cu contacts of. 2.42-
2.45 A.In simpler Cu,,X* structures the minimal
Cu{u distances start between 2.55 and 2.70 A;
in complicated structures (usually with addi-
tional cations) they may start above 2.40 A,
or only above 2.70 Al. fne Cu-S and Cu{u
distances in chelates with bonding sulfur atoms
are comparable with those in sulfides (Table 7),
Some of the typical aggregates of copper atoms
in sulfides, i.e., paks, quintets, infinite chains,
layers, tetrahedral, octahedral and cubis groups,
[Cue] to [Cu'], are also indicated in Table 7.

The above review shows the importance of
metal-metal interactions in the formation, or
additional stabilization, of many sulfide and
sulfosalt structures containing copper. Some of
them formed as ordered phases at low temPera-
tures. The others represent low-temperature
modifications of original high-temperature
forms with mobile Cu atoms and stationary sul-
fur (-+' semimetal) arrays [e.g., wittichenite
CugBiSs and skinnerite C\rsSbSg (Makovicky er
al. 1975, Karup-Mfller & Makovicky 1974),
chalcocite Cu,S (Buerger & Wuensch 1963, Sa-
danaga et al. 1965)1.

Thus the Cu{u interactions, averaged over

space and timp, might contribute to the stability
of the Cu(2) spinners in tetrahedrite. The in-
teresting questions that arise and that we plan
to examine further are: (1) the potential mob-
ility of Cu(2) in the spinner cavity at elevated
(f.e., mineral-formation) temperatures, and (2)
the influence of possible Cu(2) ordering in the
cavity on stability or symmetry (or both) of
tetrahedrite at very low temperatures.

The interatomic distances between the flat
pyramidal Cu(2) (at the r.m.s. distance) and
Sb (at rest) are 2.98, 3.02 and 3.06 A, respect-
ively, for the Cu-poor, Cu-rich and substituted
tetrahedrite. These contact distances lie above
the values given for Cu-.Sb bonds in CurSb
(2.62--2.53 A: Elander et al. L935).

The S(2) position

The S(2) position of the spinners is fully
occupied in the Cu-rich phase and nine-tenths
occupied in the Cu-poor phase (Table 2).
However, the occupancy and the temperature
factor of S(2) have the largest estimated stand-
ard errors of all structure parameters and change
considerably with refinement (Tables 2 and 3).
Therefore, the difference in the calculated site'
occupancy for S(2) in the Cu-poor phase from
unity (twice the estimated standard error) can-
not be considered significant.

Thus, both Cu-rich and Cu-poor tetrahedrites
have the S(2) position essentially fully occupied.
Our results are in agreement with the results
of Wuensch (L964), Wuensch et al. (1966)

and Kalbskopf. (1972) on substituted tetrahe-
drite, tennantite and freibergite, respectively.

Belov & Pobedimskaya (1969) argued that
S(2) is in excess, and that the Cu(2) atoms are
only coordinated by two sulfur atoms and form
a metal cluster tCu.l in the spinner cavity. In

their electron-diffraction study Avilov er al.
(l97la, b) thought they had confirmed Belov's
arguments. However, the accuracy, of their work
uoi th"it conclusions were justifiably disputed
(SR 37Al1971, referee's comments). Eden-
harter et aI. (197I) revised the results of

Wuensch et at. (L966) and confirmed that the

S(2) site in tennantite is fully or nearly fully

occupied.
Io-oot refinements, the R value dropped with

the addition of S(2), by about 37o in' both cases
(c1., Edenhaftet et al. L97t). The occupancies
and the temperature factors of S(2) correlated
only moderately during the entire,refinement
(Table 3). There is no doubt about the presence

of S(2) in our phases. The compositional evid-
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ence concerning the thirteenth sulfur in the
formula of tetrahedrite was discussed bv Mako_
vicky & Skinner (1978).

Pauling (1970) suggested thar S(2) has trans-
argononic, and S(1) argononic electron-configu_
raJiol, contrary to Belov et al. (1969), who
admit only argononic configuration. Several
sulfur atoms coordinated by 5 and 6 copper
atoms can be found in the structure of low
chalcocite (Evans I97L).

The mobile-copper array

As mentioned above, the rest of the copper
indicated by the chemical formulae (MiLo-
yl"lY t Skinner 1978) cannot be located using
higher-theta X-ray reflections. The mobile por-
tion represents about 7%o of. total copper i;the
Cu-poor phase and about 28Vo of total Cu in
the Cu-rich phase. From all lower coordination
sites along the conduction paths in the tetra-
hedrite structure, only the triangular planar site
adjacent to the bases of the [SbSs] pyramid of
the Cu-rich phase displays a diffuse peak of
electron density. It was refined as Cu(3) with
the site occupancy of only 0.1 Cu, and with a
very high temperature-factor (refined as a biax-
ial ellipsoid with Bu:pzz-pss=,0.021(3) and
Bn=Bu=Bza--0.0O6(2), equivalent isotropic
B- 9.17). The (stationary) Cu(3)-S(t) dis-
tances -are 2,17 A (2x) and 235 A, average
2.23 A; the Cu-Sb distances are ).4g and
2.88 A. The shorter Cu-S and Cu-Sb distances
are too short. However, the oblate ellipsoids
of S(1) and Sb (Tabte 5) show thar, as a
rigid body, rhe entire [SbSa] pyramid of the
Cu-rich phase undergoes random displacements
parallel to its base (i.e., perpendicular to the
three-fold axis). The displacements are ap-
parently connected with the transition of mobiie
copper through the Cu(3) sites and witb the
changes in the size of [Cu(1)Sa] tetrahedra when
vacated by Cu(l) and on transition of mobile
Cu through their faces. Proper orientations of
displacements for S(1), Sb and Cu(3) (Table
5) readily yield interatomic distances consistent
with stationary distances in sulfides and in
CuzSb (Elander et a\.1935).

The Cu(3) maxima suggest that the empty
regions of the spinner cavity play a role as ihe
conduction paths. The contacts Cu(3){u(2)
represent normal Cu-Cu contacts. whereas
Cu(3) and Cu(l) are mutually exclusive (dis-
tance of 2.26 A). No electron-density bridges
between different Cu positions were bbservid.

An alternative interpretation of the diffuse
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maxima as a result of the rotation of the
axis, although compatible with the distances ro
S-b and Cu(t), yields unaccepiaute;s;_S-ano'S'{u(2) contacts. It also contradicts the full
occupancy of S(l) found in the structure re_
finement (Tables 2 and 3).

Thus the Cu-rich (and to some extent also
Cu-poor) unsubstituted tetrahedrite represents a
room-temperature solid electrolyte (O'Keeffe &
Hyde L976), with mobile copper ions. The
reversible and immediate exsolution processes
(Skinner et al. 1972, Tatsuka & Morimoto 1973,
Makovicky & Skinner 1978), and the ready
diffusion of copper (Tatsuka & Morimoto 1973j,
are in agreement with our structural data. The
exsolution/homogenization process suggests that
the rnobility or the number of mobile ions (or
both) visibly increase with temperature and
make the entire range of tetrahedrite solid
solution stable above 127.5"C. The range of
the solid solution becomes more limited again
at 359oC (Skinner et al, L972), when a new
solid electrolyte (CuaSbSa: Makovicky & Skinner
1972,1975) appears, representing a more stable
phase for the compositions richer in Sb.

The stability of the tetrahedrite solid-solution

Investigations of the bearing (l) of tetrahe-
drite at and below the sublattice (i.e., Cu-array)
melting/freezing temperatures (or during the
Faraday transition: O'Keeffe & Hyde 1.976)
and (2) of the influence of building ordered
stationary arrays from the mobile Cu atoms on
the symmetry or stability (or both) of unsubsti-
tuted tetrahedrite will be of great interest. Tat-
suka & Morimoto (1977) suggested that on
long dry annealing at 250"C the Cu-rich tetra-
hedrite (and presumably the entire unsubsti-
tuted tetrahedrite solid-solution) decomposes.
'fhus, the tetrahedrite solid-solution should only
be metastable at room temperatures. Howevero
syntheses of unsubstituted tetrahedrites from
simple sulfides in aqueous ammonium chloride
solution at 200'C (Lind & Makovicky, unpubl.
data) still yield tetrahedrite which decomposes
into the Cu-rich and Cu-poor components on
quenching.

The crystal structure of Cu-poor tetrahe-
drite suggests possible reasons for the existence
of the boundary constant-a parameter that se-
parates the observed compositions of unsqbsti-
tuted tetrahedrite from the ideal composition of
Cur:SbaSrs (Makovicky & Skinner 1978). A de-
crease in the lattice parameter a is connected
with a decrease in the average size of tetrahedra
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lSbS'l pyramid by 180' around the three-fold
[Cu(l)Se] and of the cavities in the tetrahedral
netvr/ork. The reduction of the radius of the
spinner cavity is accompanied by the com-
pression of the S(1)-S(1) (i.e., peripheral)
edges of the [Cu(2)$] triangles and the cor-
responding distension of the [SbS'] pyramids.
Thus, two critical interatomic distances occur:
the S(1)-S(l) distance in the edge g! the
Cu(l) tetrahedron, perpendicular to the 4 axis
(Wuensch et al. 1966), and the very short
S(1)-S(1) distance in the peripheral edge of
the Cu(2) triangle. Linear extrapolation of
these S-S distances towards the ideal compo-
sition CurlSbesra yields 3.65 and 3.33 A, res-
pectively. The former distance represents the
lower limits of the common S-S distance in the
Cu coordination polyhedra of the Cu sulfo-
salts, although still shorter unshared edges of

lCuSal tetrahedra have been observed (> 3.46
A in nowackiite: Marumo 1967). The distances
comparable with the latter distance of 3.33 A
are unknown to us in the similar Cu positions.
It already lies close to the minimal intermole-
cular S-S distances in various forms of ele-
mental sulfur (3.20 A: Donohue et al. t96l|
3.31 A: Abrahams 196l; 3.M A: Watanabe
1974).It also is comparable with the shortest
S-S distances observed in sulfosalts in various
structural positions, primarily in the tight pg
coordina.tion pyramids of As and Sb, or in the
positions in which the S-S contacts are stressed
in order to achieve the best overall structural
accommodation. For example, in the structure
of galkhaite (Divjakovi6 & Nowacki 1975), clo-
sely related to tetrahedrite, in which the Cu(2)e
S(2) spinners are replaced by a single, statisti-
cally occurring atom of Tl and the [Cu(l)Sa]
tetrahedra by large, regular tetrahedra [HgSn],
the latter short $-S contact is compressed to
3.276 A, Alternative reasons for the low{u
boundary were discussed by Makovicky & Skin-
ner  (1978).

The bond angles and interatomic distances
(Table 4) show that in the series from Cu-rich
to Cu-poor compositions, the shapes of the
three principal coordination polyhedra of the
structure, those of Sb, Cu(1) and Cu(2), change
very little. Thus, the contraction of the station-
ary portion of the structure towards the Cu-
poor end of the tetrahedrite solid-solution re-
presents approximately a similarity operation
(Shubnikov 1961) for all structure elements.
Therefore, tle existence of the solubility gap
in the series at low temperatures apparently
results from the stability problems of the

mobile copper array at these temperatures, or
from the problems involved in its interactions
with the stationary atoms [primarily Cu(l)].
The chemica.l evidence (Makovicky & Skinner
1978) and the present refinement show that,
for the low contents of Sb, only the unsubsti-
tuted tetrahedrites with - 10.8 Cu(1) + 12
Cu(2) * n 2 Cu (mobile) atoms and with
8 Cu( l )  .+ 12 Cu(2)  *  -  8  Cu (mobi le)
atoms in a unit cell exist at room temperature.
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