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Composition Variation and Polymorphism of Tetrahedrite
in the Gu-Sb-S System below 400'C
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Abstract

The phase relations of tetrahedrite have been studied in the Cu-Sb-S ternary system below

400"C. Tetrahedrite is stable in a wide solid solution range above 95'C with the composition

of Cu.*xSbn*vSmwhere 0.11 < X 1 1.77 and,0.03 < y < 0.30.
This tetrahedrite solid solution dissociates below 95"C into two immiscible phases with the

same tetrahedrite structure. The dissociation is rapid and reversible. Cell dimensions and

densities of the two phases indicate that they differ only in copper content. These copper-poor

and copper-rich tetrahedrite phases change to each other by addition of copper or sulfur

even at room temperature,
The homogeneous copper-poor and copper-rich tetrahedrite phases can exist at room

temperatures only in a very narrow field with the end compositions near CuuSb,Su and

Cu,nSb.So, respectively. They are separated by a small field near Cu"SbSi", where a super-

structure appears with a cell edge two times larger than that of tetrahedrite (a - 20.848 =

0.006 A for Cu"SbonnSr), The superstructure phase, called pseudotetrahedrite, is stable up to

350.C, and transforms to the normal tetrahedrite phase, indicating its polymorphic relation

with tetrahedrite. Because of the appearance of a high-temperature phase of Cu.Sb$ above

361'C, a part of the tetrahedrite solid solution dissociates into tetrahedrite and the CugSbSs
phase.

fntroduction

Tetrahedrite is one of the widespread minerals
commonly found in sulfide ore deposits in general.
The mineral is cubic with space group 143m, and the
structure was derived from the sphalerite structure
(Pauling and Neuman, 1934; Wuensch, 1964). A
chemical formula, CurrSbnSrr, has been widely ac-
cepted for tetrahedrite as an ideal formula based
on its crystal structure. However, it contains many
elements such as Fe, Zn, Ag, and Hg in solid solution
in nature, and the majority of tetrahedrite from
various localities has been considered to correspond
to the general formula (Cu, Ag),0 (Fe, Zn)r(As, Sb)nS'3
(Pauling and Neuman,1934; Springer, 1969; Tak6uchi,
r97r).

Until recent studies of the phase relations in the
Cu-As-S system by Maske and Skinner (1971) and
in the Cu-Sb-S system by Skinner, Luce, and Mako-
vicky (1972), only very few studies were reported
on the phase relations of tetrahedrite. In order to
provide a basic knowledge of the mineralogy and

l Present Address: Research Institute, Osaka Custom
House, Minato-ku, Osaka 552, Iapan.

crystal-chemistry of tetrahedrite, we initiated a study
of the phase relations in the Cu-Sb-S system in 1969
and have mostly concentrated on elucidating the
stable composition field of tetrahedrite in the sys-
tem. In the course of this investigation, a detailed
study on the Cu-As-S system (Maske and Skinner,
1971) was published. Upon inquiry, Professor Skin-
ner kindly sent us the preprint of their excellent
paper on the phase relations in the Cu-Sb-S system
(Skinner, Luce, and Makovicky, 1972). In their
investigation, they have established the general phase
relations in the whole Cu-Sb-S system above 300'C.
Ffowever, their description on the tetrahedrite solid
solution is not yet complete below 400oC.

Our results on the phase relations in the Cu-Sb-S
system confirm Skinner's results above 400oC (Tat-
suka and Morimoto, L972a and 1972b). However,
we have studied the variation of the composition
field of tetrahedrite below 400oC in some detail
(Tatsuka and Morimoto, 1971.) as will be described
in this paper.

Because almost complete references to the earlier
work on the Cu-Sb-S system have been given by
Skinner, Luce, and Makovicky (1972), only addi-
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tional references necessary for describing our in-

vestigation are given here. The name abbreviat ions

for the compounds in the Cu-Sb-S system used by

Skinner, Luce, and Makovicky (1972) are mostly

fo l lowed in  th is  paper  (F ig .  1 ) .

Experimental Method

The crystals were synthesized dry from mixtures of sulfur,
antimony, and copper. Copper and sulfur of 99.99 and
99.999 percent puri ty, respectively, were obtained as grains
from the American Smelt ing Co. Antimony of 99.999 per-
cent puri ty was purchased from Nakarai Chemical Ltd.
The copper was reduced in hydrogen gas at 600"C.

The mixtures of the three elements in appropriate rat ios
were enclosed in evacuated silica tubes, and were kept for
about I20 hours at 500" -f  3'C, They were slowly cooled
to 300'C with the rate of 2j 'C/hour, kept at that tempera-
ture for more than 48 hours, and again slowly cooled to
room temperature in about 10 hours. The products were
ground under acetone, then dried and resealed in evacu-
ated si l ica tubes. The procedures of heating, cool ing, anneal-
ing, and grinding were repeated twice, Then the products
were kept at 300' and 400' for appropriate periods from a
week to a few months. and quenched into ice water or
slowly coo' led to room temperature. Grinding of the speci-
mens was performed two or three t imes during the heating
to accelerate reaction at 300'C and 400'C. Some crystals

Ftc. l .  Synthetic and natural phases in the Cu-Sb-S sys-
tem. The area studied in the present study is indicated by
the arrow. Abbreviat ions used in this f igure are mostly
after Skinner. Luce, and Makovicky ( 1972) and are used
in subsequent f igures nnd tables. They are as fol lows: cv,
cove l l i te  (CuS) ;  cc ,  cha lcoc i re  1Cu.S) ;hcc ,  h igh  cha lcoc i te
(Cu,S) ;  d j ,  d ju re l i te  (Cu, , , ,S) ;  an ,  an i l i te  (Cu, , .S) :  hdg,
high digenite: stb, st ibnite (Sb,S,,);  fm, famatinite
(Cu.,SbS,); cstb. chalcostibite (CuSbS,); td s.s, tetrahedrite
sol id solut ion; td two-phase, tetrahedrite two-phase region:
B, Cu,,SbS,,;  ptd, pseudotetrahedrite (see text ).

were prepared by annealing after slow cool ing to 300"C
from the melt in evacuated si l ica tubes.

The reflection microscope and X-ray diftraction were
employed to identify the phases in specimens of different
compositions. The X-ray powder patterns were obtained by
nickel-f i l tered CuKa radiat ion (X - 1.5418 A). The dif-
fractometer was calibrated with respect to silicon of 99.999
percent puri ty, the cel l  edge of which was taken as 5.4306
A at 20'C. The X-ray powder and single crystal methods
were carr ied out at high temperatures for some specimens
to confirm unquenchable phases.

The dif ferential thermal analysis (DTA) was carr ied out
for some specimens by seal ing specimens in evacuated si l ica
tr-rbes. A dif ferential scanning calorimeter (DSC) was also
used to determine the reactions at low temperatures.

Tetrahedrite Solid Solution

In the study of the phase relations in the Cu-Sb-S
system, Shima (1967 and 1968) and Sugaki and

Shima (1969) found that the synthetic specimen
with composition Cur:Sb+Sr:r woS not homogeneous,
but always included a small amount of famatinite.
They obtained an apparently homogeneous phase
under the microscope only for the composition
Cur,:SbrSrz i. However, the X-ray powder patterns

of this phase diftered from those of natural tetra-
hedrite in that all the diffraction l ines in the patterns
had split into double peaks. No reason for this spliG
ting was given by them.

In order to understand the reason for this l ine
splitt ing, we synthesized tetrahedrite with widely
different compositions around the composition of
Cur,:Sb+Srz i at different temperatures and examined
the products by the X-ray powder method and the
reflection microscope. When rapidly cooled from

300oC, apparently homogeneous tetrahedrite has an

extensive composition field in the Cu-Sb-S system,

with or without splitt in-e of the peaks in the powder

patterns.
However, as described by Skinner, Luce, and

Makovicky (1972), the field is always in an area

more copper rich than Cut:Sb*S'r. The powder pat-

terns of synthetic tetrahedrites (Fig. 2) i l lustrate

that  the spl i t t in_e of  peaks typ ical  of  Cur:  **Sbr, , r ,S l r
results because Curr *rSbr orrSr:r coltSiSts of two dif-

ferent phases with the compositions of Cur: rrSbr oo
Sr: r  and Culr ;zSb+ qy1,S13 (Tatsuka and Mor imoto,

197l). The powder data of the two phases are l isted
in Tables I and 2. S'kinner, Luce, and Makovicky
(19'12) independently describe the dissociation of
tetrahedrite -qrown at elevated temperatures into two

immiscible, but structurally similar, phases on
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Tlrls 1. X-ray Powder Data for the Copper-Poor Tetra-
hedrite of Cuo.t'Sb, onS.r+
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tne c6ir-6-a!i i. ta-.t outa:-"ed from this clata is

1 0 . 3 3 0 1 0 . 0 0 3  A .Frc. 2. X-ray powder patterns of synthetic tetrahedrite.
The typical splitting of peaks is observed in the pattern of
Cu* *Sbn o'So, and indicates that this phase is really a mix-
ture of two immiscible tetrahedrite phases, Cu- u Sbn ooS'a
and Curs oSb, .nS". The powder data of the two tetrahedrite
phases are given in Tables I and 2.

quenching, without giving an exact relation between
cell edge and composition.

Our efforts were concentrated on finding a pos-
sible composition field of tetrahedrite (tetrahedrite
solid solution) in which only a single phase of
tetrahedrite occurred for specimens rapidly cooled
to room temperature from 300"C. Based on X-ray
powder patterns and observations with the re-
flection microscope, the tetrahedrite solid solution
field appeared to cover a curved strip, running, al-
most but not quite, from Cul2SbrSrs to CurrSbrSru
in composition (Fig. 3). The cell edges of tetra-
hedrite solid solutions increase with the copper con-
tent from 10.33 A at the copper-poor end (Curz.rr
Sbl.oeSB) to 10.45 A at the copper-rich end
(Cu13.77Sba.eeS13) (Fig. 4 and Table 3). However,
the shape of the solid solution field looks unusual
and the phase determination (by the methods men-
tioned) was difficult for the specimens of the central
part of the strip. Consequently, some single crystals
with the compositions near the central part of the
field were examined by X-ray single crystal method.
A superstructure with a cell edge double that of
tetrahedrite was confirmed in a small field near the
composition CusSbSs. This field separates the tetra-

hedrite solid solution field two parts: one
copper-rich, the other copper-poor. The superstruc-
ture phase here called pseudotetrahedrite is polymor-
phically related to the normal tetrahedrite solid solu-
tion as described below.

Tetrahedrite Two-Phase Field

Examination of specimens rapidly cooled to room
temperature from 300"C revealed the copper-rich

Trsr-p 2. X-ray Powder Data for the Copper-Poor Tetra-
hedrite of Cur, 

"oSb, 
.nSt**
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Frc. 3. The composition field of the tetrahedrite solid
solution at room temperature in the Cu-Sb-S system. Com-
positions are in atom percent. The field is bounded by the
three-phase and two phase assemblages indicated. The de-
tails of the phase relations in the central part of the field
are explained in the text. The compositions Cu-SbnSr,,
Cu"SbS, and Cu.SbrS,a zr€ r€pr€S€lted as so id circles.

and copper-poor tetrahedrite phases to coexist over
a wide composition field, here called the tetrahedrite
two-phase field, in the antimony-poor region of the
tetrahedrite solid solution strip mentioned above
(Fig. 3). In one specimen the coexistence of the
two phases was revealed not only by the splitting
peaks in the X-ray powder patterns but also by
observations with a reflection microscope after etch-
ing the specimen with a 20 percent xcN solution as
described below. However, if the bulk composition
of the specimen was close to that of the central

os r o  g

a
c
o

!
5 0 0

-  t o

o
o

!
o

i  tos ,

atomic  % S

Frc. 4. Cell edges and density of the tetrahedrite solid
solution plotted against atom percent of sulfur. Precise
values for the cell edges and compositions are given in
Table 3. The measurements were carried out at room
temperature for the specimens rapidly cooled from 300.C.
The cell edge for the specimen with 42.85 atom percent
of sulphur represents that of the subcell of pseudotetra-
hedrite described later. The calculated values of density
(open circles) were calculated by assuming 13 sulfur atoms
in the unit cell.

part of the tetrahedrite solid solution, the two pos-
sible phases were very close to each other in com-
position, and X-ray single crystal methods were
needed to distinguish them.

Tlsr,s 3. Cell Edges and Composition of the Tetrahedrite Solid Solution*
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To study the variation with temperature of the
tetrahedrite two-phase field as well as its relation-
ship with the tetrahedrite solid solution in the
Cu-Sb-S system, X-ray powder studies were made at
high temperatures with specimens consisting of two
phases in evacuated silica capillaries. It was imme-
diately found that the splitting of the peaks in the
powder patterns took place by dissociation of homo-
geneous tetrahedrite at high temperatures into two
immiscible phases on quenching. The dissociation is
rapid and reversible.

As temperature increases, the two 226 peaks
gradually approach and become single at 95'C for
the specimen with bulk composition Curz.aeSbr.ogSrg
(Fig. 5 ). The gradual change in the d-values of 226
reflections for the two coexisting phases (Fig. 6)
indicates that the two phases gradually change their
compositions with temperature and finally become a
single phase at 95'C. This temperature was con-
firmed by the differential scanning calorimeter (osc)
curve for the same specimen. According to Skinner
(1972, private communication), however, the two
coexisting phases for a crystal of composition Cu12.5e
Sb+ osSrs homogenized at 125'C. This suggests
that homogenization temperature is composition-
dependent,

The degree of tetrahedrite solid solution has a
tendency to become smaller with temperature in-
crease above 300oC (Skinner, Luce, and Mako-
vicky, 1972; Tatsuka and Morimoto, 1972a) and
the dissociation of the tetrahedrite solid solution
into two immiscible tetrahedrite phases is very rapid
and reversible at about 100'C. Because the reac-
tions of the tetrahedrite solid solution with other
phases are not likely in the Cu-Sb-S system below
300oC, except for dissociation of the solid solution,
the phase relations of the tetrahedrite solid solution
obtained from the specimens rapidly or slowly cooled
to room temperature from 300"C (Fig. 3) are con-
sidered to represent the phase relations at room
temperature. On the other hand, the tetrahedrite
solid solution at 300'C is obtained only by extend-
ing the tetrahedrite solid solution over the entire
tetrahedrite two-phase field in Figure 3, except for
the appearance of the pseudotetrahedrite solid solu-
tion described later.

Main experimental runs for the determination of
the phase relations at 300oC and room temperature
are presented in Tables 4 and 5. All the experimen-
tal data are available from the authors upon request.

2ooc qoc 66'c zg'c Saoc 96oc

Frc. 5. Decrease in splitting of the 225 peaks for

CunrreSb,*S* as temperature is increased from 20"C to

95"C.

Mobility of Copper Atoms in Tetrahedrite

Because the tie lines in the tetrahedrite two-phase
field are approximately parallel to the join connect-
ing CurzSb*S13 and CurrSbrSra, the two coexisting
phases differ mainly in copper content. In order to
find the structural reason for the change in chemical
composition along the strip of single-phase tetrahe-
drite solid solution at room temperature, the densi-
ties of the specimens of different compositions were
measured by pycnometric method (Fig. a). Because
both cell edges and densities increase in the solid
solution from the copper-poor phases to copper-rich
phases, the composition change is attributed mainly
to addition of copper atoms into interstices of the

1.58 157 1.56 ^
g [  -  va lue  {A l

Frc. 5. Gradual change of the d-values for the 226 reflec-
tions of the two co-existing phases (solid and open circles)
as temp€ratures for the specimen of Curr""Sb'mSrs ?re in-
creased from 20' to 95"C.
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normal tetrahedrite structure at compositions close to
Cu'zSb+Sr:r (Pauling and Neuman, 1934; Wuensch,
1964). The most copper-rich end member of the
solid solution has about 3.32 more copper atoms in
each unit cell in comparison with the most copper-
poor end member.

Under the reflection microscope, it was difficult
to distinguish the copper-poor tetrahedrite from the
copper-rich tetrahedrite in air and in oil. However,
after etching with xcN (20% ) and KoH, cracks that
were found to be the boundaries of the two phases
were observed in the crystal grains under the micro-

T.qnrr 4. Signif icant Experimental Runs for the Phase
Relations of the Tetrahedrite Sol id Solut ion in the Cu-Sb-S

System'r'

Tnsc  4 ,  Cont inued
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4 4  . 5 8
4 4 . 8 3

4 4 . 5 6

4 4  . 6 0

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

4 4  . 4 6
4 4 . 3 5

4 4  . 3 7

4 4 . 2 5

4 4 . 0 5

{ J .  b o

{ J , O O

4 3  . 4 9

4 3  . 4 0

4 3 . 0 5

4 2 . 5 0
4 2  . 5 0
4 3 . 8 0

4 4 . 3 0
4 4 . 0 0
I J . ) U

4 3 . 2 0
4 2  . 8 6
4 2 . 3 7

4 2 . L 9
4 2 . L 4
q z . 6 )

1 0 0
3 7
8 7

* The specimens vJere annealed at  300"C for  t imes
indicated.  The ident i f icat ion of  phases was
mainly carr ied out  a few months af ter  rapid or
s low cool ing to room temperature.  Phase abbrevi-
a t i ons  a re  g i ven  i n  F i g .1 .

scope. A photomicrograph (Fig. 7) for the speci-
men of  Cu123sSb1 o lSr : r  e tched wi th xcN (20Vo)
for two seconds clearly indicates that each grain of
Cu12 *3Sb1 olSrg dissociated to two immiscible copper-
poor (white) and copper-rich (black) phases. Be-
cause such a dissociation below 100'C as found in
the tetrahedrite solid solution is very rare in sulfides
in general, the characteristics of the two immiscible
phases of tetrahedrite were studied in more detail.

The diffusion of copper atoms in the tetrahedrite
structure can take place not only in the heating
experiments described above, but also in simple
reactions at room temperature. Thus a mixture of
copper and of copper-poor tetrahedrite powders in
equal amounts was covered by platinum foil and
pressed for 30 seconds under 5 ton/cm: pressure in
l0-r Hg mm. In the pressed specimen, half of the
copper-poor tetrahedrite changed to the copper-rich
tetrahedrite in thirty minutes and this reaction pro-
ceeded to completion in a day. Similarly, copper-
poor tetrahedrite was obtained by pressing a mixture
of sulfur and of copper-rich tetrahedrite powders.

Copper-poor tetrahedrite was also obtained by
immersing a copper-rich tetrahedrite in a carbon
disulfide solution containin-9 five percent sulfur for
several hours. When the resulting copper-poor tetra-
hedrite was observed under the reflection micro-
scope, a thin fi lm of copper sulfide covered the

2 9
8 7
4 9
3 0

1 0 0

9 4
3 0
4 4

4 2
2 T

7 9
J O

7 9

td
td
td
td

td
td
td

td
td
td

td
td
td

td
td
rd

td
td
td

td
td
td

td
tal
ral

4 3
9 4

2 t

3 0
4 5
4 4
4 9

4 4
J U

4 4

t 0 3
I 0 3

8 7

8 7
7 9
5 5

9 8
9 8
4 4
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conposition, atomic t

C U S b S

Synthes is

tmperature oC

Heating temperature
and t ime

d a y s
Cool ing Products

4 r . 3 8  L 3 . ' 1 9  4 4 . 8 3

4 L . 5 7  1 3 . 8 9  4 4 , 4 4

4 L , 7  4  t 3  .  9 1  4 4  . 3 5

4 r . 8 1  1 3 . 9 4  4 4  . 2 5

4 2 . 5 5  l 4  . 1 9  4 3  . 2 6

4 2 . 8 6  L 4 . 2 8  4 2 . 8 6

4 2 . 1 I  I 4 . 2 3  4 3 . 0 6

4 3 . 2 5  1 4 . 0 5  4 2 . 7 0

4 3 . ' 1 5  1 3 . 7 5  4 2 . 5 0

4 5 .  r 5  1 2 . 9 0  4 r . 9 4

4 4 . 0 0  1 3 . 0 0  4 3 . 0 0

4 4 . 4 4  L 4 , 8 2  4 0 . 1 4

5 0 0

5 0 0

5 0 0

{  s o o
[  5 0 0

7 0 5

l ' 7 2 0
I  7 r 0
l , 7 1 0

7 t 0
'1ro

7 I 0

7 1 0

s 5 0

7 0 5

3 0 0  r

3 0 0  2

3 0 0  2

200 2
3 0 0  2

slow (one day) t t l+fn

s l o w  ( o n e  d a y )  t d

slow (one alay) to

r a p i a l  1 r r
s l o w  ( o n e  d a y )  J  " -

slow (one day) td

sl-ow (one day) Pld+sb
rapid Ptal+Sb
rapicl  td+Sb

r a p i d  P t d + c s t b  ( t r a c e )

slow (one day) Ptt l+sb

s l o w  ( o n e  d a y )  p t d

r a p i d  t d + C u  s u l f i d e s *

s l o w  ( 2 0  a l a y s )  c o p P e r - P o o r  t d +
CoPPer-r ich td+dg

s l - o w  ( o n e  d a y )  t d + S b + C u  s u l f i d e s *

3 0 0  5 0
3 6 0  I

3 0 0  I

3 0 0  I

3 0 0  I

3 0 0  5 0

* the experinents were carr ied out at room temperature. The results are i l lustrated in

F i g . I 0 :  T h e  p h a s e  w i t h  *  w e r e  n o t  p r e s i c e L y  d e t e r n i n e d  b e c a u s e  o f  c o n p l e x  r e L a t i o n s

of copper sul f ia les at low temperature.

crystal, indicating the outward diffusion of copper
atoms from the copper-rich tetrahedrite to produce
the copper-poor tetrahedrite. These outward dif-
fusing copper atoms then reacted with the sulfur
atoms in the solution.

Thus, Cu atoms are mobile even at room tem-
perature. Although this mobility of Cu atoms is
closely connected with the appearance of two dif-
ferent but similar tetrahedrite phases, the mecha-
nism of the formation of the two phases remains
unknown at this stage of the study.

Frc. 7. Photomicrograph of synthetic Curr"sSb.,rS," in
pol ished section etched two seconds with KCN (20%).The
white (scratch) reveals copper-poor tetrahedrite, the black
(deposit) represents copper-rich tetrahedrite, and the dark
gray is cold-setting plastic.

Pseudotetrahedrite Solid Solution

A phase with the composition of Cu3SbSs was
first described by Cambi and Elli (1965) and later
by Shima (1967 and 1968) and Godovikov et al
(19'7I). Skinner, Luce, and Makovicky (1972)
called it phase B or B/. They have found that
(1) phase B is only stable above 359o t 2"C;
(2) below this temperature the compositional equiva-
lent chalcostibite (CuSbSr) + tetrahedrite * anti-
mony becomes stable; but (3) phase B metastably
persists below 359"C for a long time and transforms
to phase B' at I22" * 3oC. Though this transition
temperture is in good agreement with ours, our
results indicate that phase B decomposes below
36lo ! 2oC into tetrahedrite * antimony.

When a melt of composition CusSbSa was cooled
slowly to room temperature (or re-annealed at
300'C after rapid cooling to room temperature),
phase B did not appear. The product was apparently
a tetrahedrite phase and a very small amount of
antimony representing the stable assemblage of com-
position CusSbSg at room temperature (FiS. 3).
Crystals obtained from the product were examined
by the single crystal method. They were found to
have a superstructure of tetrahedrite with the cell
edge of a = 2e' : 20.848 -+ 0.006 A, where c'
is the cell edge of tetrahedrite. The crystals of this
superstructure are cubic and are named pseudo-
tetrahedrite in this paper as already mentioned. A
precession photograph of pseudotetrahedrite is com-
pared with that of tetrahedrite (Curz.zrSbr osSrs)
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(Fig. 8). The composition of this pseudotetrahedrite
is considered to be CusSbo.ggS.3, judging from the
amount of antimony in the decomposition products
of CqSbS3,

In order to determine the temperature range
where pseudotetrahedrite is stable, a high-tempera-
ture precession camera was used. The superstruc-
ture reflections of pseudotetrahedrite of composition
CusSbo eeS3 disappear at 350o i 5oC. When the
crystal was rapidly cooled from that temperature,
the normal tetrahedrite structure was preserved even
at room temperature. However, annealing at 300oC
again changed the crystal to pseudotetrahedrite. It
is, therefore, evident that pseudotetrahedrite is poly-
morphically related to tetrahedrite. For the compo-
sition Cu3SbS3, pseudotetrahedrite is stable together
with a very small amount of antimony up to 350'C,
where upon pseudotetrahedrite transforms to tetra-
hedrite. Above 361' :t 2oC, tetrahedrite and anti-
mony change to phase B. When etched by rcN
(20Vo), pseudotetrahedrite is dark brown rather

[oor]
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Ftc. 8. Precession photographs perpendicular to the
a-axis of (a) pseudotetrahedrite with a superstructure, and
(b) tetrahedrite (CuuoSb+ *Su).

than black under the reflection microscope, and is
closer in appearance to the copper-rich tetrahedrite.

To determine a possible composition field of
pseudotetrahedrite at room temperature, the single
crystal method was applied to several tetrahedrite-
like crystals which were produced near and in the
tetrahedrite solid solution area. The compositions of
the crystals examined and the results are given in
Table 5. The appearance of pseudotetrahedrite near
the compositions Cu3SbSs results in the separation
of the tetrahedrite solid solution into copper-poor
and copper-rich phases. At room temperature, the
boundaries between pseudotetrahedrite and the cop-
per-pocr tetrahedrite and between pseudotetrahe-
drite and the copper-rich tetrahedrite are at about
Cu12 sSba 3513 and Curg rSb+.zSrB, respectively. How-
ever, the stable field of pseudotetrahedrite is con-
sidered to diminish to Cu3Sbe ggSe with temperature
increase as illustrated in Figures 3 and 9a.

Because the intensities of the superstructure re-
flections are weak compared with those of the main
reflections in pseudotetrahedrite, the difference in
structure between pseudotetrahedrite and tetrahe-
drite is considered not great. The crystal structure
of pseudotetrahedrite is now under investigation.

Variation of the Tetrahedrite Solid Solution

Based on the results obtained in this study, the
change of the tetrahedrite solid solution and its
relations to other phases are illustrated in the iso-
thermal sections at various temperatures below
400'C (Figs. 3 and 9).

The nonstoichiometric composition of the tetra-
hedrite solid solution is evident at room tempera-
ture from the present study. However, the copper-
poor and copper-rich fields in the tetrahedrite solid
solution, separated by the pseudotetrahedrite solid
solution, extend more toward the compositions of
CurzSb+Srg and Cur+SbrS13, respectively, with tem-
perature decrease. Because most of the experimental
data have been obtained from the synthetic speci-
mens rapidly or slowly cooled from 300"C and the
reaction rate is generally very slow below 300oC, it
might be possible that these stoichiometric composi-
tions are included within the tetrahedrite solid solu-
tion in the Cu-Sb-S system at room temperature.
When partial substitutions of Cu by other ions such
as Fe and Zn and of Sb by As take place in the
tetrahedrite solid solution, only the copper-poor
phase with a stoichiometric composition such as
(Cu, Zn, Fe)rz(Sb, As)aS13 seems to remain stable

l*
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atomic % Sb
3 o O ' c  3 5 O " C 4 0 0 ' c

( a )  ( b l  ( c )
Frc. 9. Possible variation of the composition fields of tetrahedrite and pseudotetrahedrite with temperature. Com-

positions are in atom percent. The compositions Cu,oSbnSr. and Cu"SbS" are represented as solid circles.

according to the chemical composition of natural
tetrahedrites (Springer, 1969; Tak6uchi, 1971).

The existence of a three-phase field involving the
copper-rich and copper-poor tetrahedrite phases plus
pseudotetrahedrite is not clear in this investigation,
but assumed in Figure 3. The two-phase field of
tetrahedrite disappears and is included in the tetra-
hedrite solid solution above about 95'C, though
pseudotetrahedrite remains stable in a very small
field until 350"C. The two-phase field with tetrahe-
drite and pseudotetrahedrite is assumed in the iso-
thermal section at 300'C (Fig. 9a).

When pseudotetrahedrite transforms to tetrahe-
drite, only tetrahedrite remains (Fig. 9b) as a stable
ternary compound in the area given in Figure 9.
Phase B of composition Cu3SbS3 appears at 36I" !
2" and the two-phase field with phase B and tetra-
hedrite expands into the tetrahedrite solid solutional
field (Fig. 9c). These relations are also given by
Skinner, Luce, and Makovicky (1972) with minor
difterences from ours. The tetrahedrite solid solu-
tional field becomes smaller with further increase of
temperature and such solid solutions finally decom-
pose to high digenite * famatinite * phase B at
543" t 2o as described by Skinner, Luce, and
Makovicky (t972).

In nature, tetrahedrite is almost invariably a
complex solid solution in which Sb and As show
extensive mutual substitution and Fe, Zn, and Ag
commonly substitute for Cu. To apply the phase
relations to natural minerals, the study of more
complex systems such as Cu-Fe-As-Sb-S is neces-
sary. In order to examine the efiect of other ions

to the phase relations in the Cu-Sb-S system, some
experiments were carried out by adding several
percent Fe or Zn instead of Cu in the Cu-Sb-S
system. The change of the phase relations was
remarkable. The tetrahedrite two-phase field dis-
appeared and a single tetrahedrite solid solution re-
mained stable even at room temperature. A similar
efiect by replacement of Sb by As was reported by
Maske and Skinner (1971). The phase relations ob-
tained in this investigation must, therefore, provide
important basic knowledge for understanding the
more complex systems.
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