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Tetrahedrite stability relations in the Cu-Fe-Sb-S system
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Abstract

Tetrahedrite forms a stable cone-shape solid solution at 500'C in the quaternary
Cu-Fe-Sb-S composition tetrahedron, extending from its base with a narrow composition
field on the Cu-Sb-S face to the top of composition Cu,oFerSbnS'3. With the composition
change from Cu,r rSboS,, to Cu,oFezSbaS,g in the solid solution, the cell edge, melting temper-
ature, and Vickers micro-hardness increase regularly from 10.3260 to 10.3835 A, from 573o to
661"C, and from 300 to 380 kg/mm', respectively, whereas the density decreases from 5.00 to
4.81. Although iron-free tetrahedrite Cu,rSbnS,, decomposes below 250'C, iron-bearing tet-
rahedrite such as Cu,r uFeo uSb4S13 persists ti l l  room temperature

Tetrahedrite solid solution is the only stable quaternary phase inside the Cu-Fe-Sb-S
system and coexists with all the binary and ternary sulfide phases ofthe Cu-Fe-Sb-S system
at 500'C. exceot covell ite.

lntroduction

Tetrahedrite contains many elements such as Fe,
Zn, Ag, Hg, andlor As in addition to the three essen-
tial elements of Cu, Sb and S. This suggests that these
guest elements may play important roles for the sta-
bil i ty of tetrahedrite. In order to elucidate the stabil-
ity relations of tetrahedrite in general, a study of the
phase relations in quaternary systems such as the
Cu-Fe-Sb-S and Cu-Zn-Sb-S is necessary.

The phases and phase relations in the Cu-Sb-S
system have been reported by Skinner et al. (1972).
Subsequently, the composition variations and phase
relations oftetrahedrite and pseudotetrahedrite in the
Cu-Sb-S system have been reported by Tatsuka and
Mor imoto (1973,  197'7) .  Subst i tu t ion of  Cu by Zn,
Fe, and Ag in synthetic tetrahedrite was studied by
Hall (1972, 1974). Differential thermal analysis of
synthetic tetrahedrite with iron was reported by Su-
gaki et al. (1972), and phase relations in the
Cu-Fe-Sb-S system at 475"C, especially in the vicin-
it ies of the tetrahedrite solid solution and bornite
sol id  solut ion,  were repor ted by Nakamura et  a l .
(1974).

In the Cu-Sb-S system (Tatsuka and Morimoto,
1973, 1977), the tetrahedrite solid solution at 500"C
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does not  conta ins the ideal  composi t ion,  CurrSbnSm,

but occupies a narrow, more copper-rich composi-

tion field from Cur, ,rsbn.ors* to Cura.ozSbn orSrr. Tet-

rahedrite in this solid-solution field decomposes into

famatinite, digenite, and antimony on annealing at

temperatures below 250'C. However, tetrahedrite
persists without this decomposition by rapid cooling

to above 95"C;  i t  d issociates in to immiscib le Cu-r ich

and Cu-poor metastable tetrahedrite phases by rapid

cool ing to below 95oC.
In some preliminary experiments, however, we ob-

served that such decomposition and dissociation re-

act ions d id not  occur  when a smal l  amount  of  i ron

replaced copper of tetrahedrite in the Cu-Sb-S ter-

nary syslem (Tatsuka and MorimoIo, 1973, 1977).

This indicates that the stabil ity region of tetrahedrite
is essentially dependent on the amount of iron in the

Cu-Fe-Sb-S system. In the present investigation, the

phase relations and the stabil ity regions of tetrahe-

drite in the Cu-Fe-Sb-S system have been deter-

mined, mainly from synthetic experiments at about

500"C. Additional experiments have been carried out

at lower temperatures. The name abbreviations used

in this study are given in Figure I and Table l.

Experimental procedures

Elements of high purity were used as starting mate-
rials. Copper grains and iron sponge of 99.99 percent
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Table I  Composi t ion and name abbreviat ion of  natural  and synthet ic  phases in the
Cu-Fe-Sb-S system.

System Name Abbreviat ion Composi t ion

F e - S

Cu-Sb-S

sk inne r i  t e

Cu-Fe-S borni te

bo rn i t e  so l i d
so lu t i on

cha lcopyr i  te

cubani te

intermediate
so l i d  so l u t i on

Fe -Sb -S  be r t h i e r i t e

gud.mundite

Cu-Fe-Sb-S tetrahedr i te
so l i d  so l u t i on

cove f l i te

cha l coc i t e

L i  ^ L  l i  - ^ - i  ! ^
r 1 4 Y r r  u r 9 e r r f  L c

py r rho t i t e  so l i d
solut ion

py rr  te

famatrni te

cha l cos t i b i t e

t e t r ahed r i t e  so l i d
so lu t i on

pseudote t rahe dr i  te
so l i d  so l u t i on

CuS

Cu2S

c u r s  -  C t l . 7 5 s

- L - X

' - 2 '

Cu3SbS  
4

CUSbS 
2

a r r  q h  C
" *12+x " "  4+y "  13

C u 3 S b S 3  -

c t r 2 .  3 9 s b 4 .  s a s t :
CurSbS a
Cu5FeS  

4

r . r i  A a  r r n a a

CUFeS 
2

CuFe 
2S 3

w i  r l a  r r n a a

FeSb2S  
3

, b  e 5 D 5

n r r F 6 q h q *
" * 1 2 - x ^  " x - " 4 " 1 3

01x42

c c

hr ln

po  ss

pv

fm

cs tb

p t d  s s

S K

bn

bn  ss

b t

compoEition

F t r 2 s b 4 s r 3

, -  F e = 6 . 8 9 8 5
Cu S b  

a t o n i c  t

Fig.  I  Natural  and synthet ic  phases in the Cu-Fe-Sb-S
system The name abbreviat ions used in the present study are given
in Table I  The sect ion wi th Fe :  6.8965 atomic percent  corre-
sponds to the sto ichiometr ic  composi t ion Cu,oFqSbnS,"

pur i ty  and sul fur  powder and ant imony crysta l  gra ins
of 99.999 percent purity were obtained from Nakarai
Chemicals Ltd. Prior to use, iron sponge was reduced
in a hydrogen stream for at least two hours at
1000"C. Preparation of specimens for the present
study is essentially identical to that described by Tat-
suka and Mor imoto (1973).

In order to investigate the effect of iron on the
stabil ity of tetrahedrite solid solution, the shape
of the tetrahedrite solid-solution field in the
Cu-Fe-Sb-S system was studied by synthesizing
specimens wi th 1.7241,  3.4482,  5.1724,6.8965,  and
7.5112 atomic percent iron. These atomic percents of
i ron correspond to i ron contents of  x  = O.S,  t .O,  t .S.
2.0,  and 2.18,  respect ive ly ,  in  the formula of  Cur,  ,
Fe,SbrSre. Two-hundred thirty-four specimens were
synthesized in the present study.
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var jous i ron contents of  the Cu-Fe-Sb-S composi t ionFig 2 a-e Tetrahedr i te sol id-solut ion f ie lds at  500'C in the sect ions wi th

tetrahedron.  Ideal  comoosi t ions are indicated bv sol id c i rc les.

Reflection microscope and X-ray diffraction meth-
ods were employed to identify the phases. The cell
dimensions of tetrahedrite were obtained by the X-
ray powder method. Density was measured with a
pycnometer at 20oC. Fine-powdered specimens (-20
mg) sealed in evacuated sil ica capsules underwent
differential thermal analysis to study the transition,
decomposition, and melting behavior of tetrahedrite.
A Shimadzu microhardness tester was used for the
measurement  of  Vickers microhardness.  Instead of
the standard load of 1009, a load of 25g was used
because of the small size of crystals. The time of
indentat ion was 15 seconds.  Ten indentat ions were
made for each determination, excluding the indenta-
t ions wi th excessive f ractur ing.

Tetrahedrite solid solution in the Cu-Fe-Sb-S system

The tetrahedrite solid-solution field in sections par-
allel to the Cu-Sb-S face in the Cu-Sb-Fe-S tetrahe-
dron shrinks with increase of iron content at 500'C

(Fig. 2). Therefore tetrahedrite solid solution forms a

cone-like shape slightly deviating from the l ine con-
nect ing Cu,zSboS* and FerrSbrSr3 composi t ion,  as
shown in Figure 3. At 500'C tetrahedrite in the
Cu-Sb-S system occupies a narrow solid-solution
field at 500'C from Curr rrSbn orSre to Curs.ozSbr orSrs
(Tatsuka and Mor imoto,1973,  1977) (F ig.  2a) .  In  the
composition section with 1.7241 atomic percent iron,
the tetrahedrite solid-solution field extends from
Cur, ,rFeo uoSbn.orSr. to Curr.roFeo urSn.ouSrr, but does
not reach the "ideal" composition Cu' uFeo.uSboS*
(Fig. 2b). In the section with 3.4482 atomic percent
iron, tetrahedrite solid solution has a small f ield
around the "ideal composition Cu"FeSboS', (Fig.

2c). ln the more iron-rich sections with 5.1724 and
6.8965 atomic percent iron, the tetrahedrite solid-
solution fields narrow almost to points and are 1o-
c a t e d  v e r y  n e a r  t h e  " i d e a l "  c o m p o s i t i o n s ,
Cu,o uFe, usbrs,s and CuroFerSbnS* respectively (Figs.

2d and 2e). Single-phase tetrahedrites with the

F e  =  l , 7 2 4 I t  a C o t t . 5 F " O . 5 S b { S I 3

( b )

td+fn+cstb

tart^ )"""
" " - 9 2  t a . .

7/  ;  td+qsg5
td+bo (hdg) i
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Fig.  3.  Sketch of  the tetrahedr i te sol id solut ion at  500oC in the Cu-Fe-Sb-S composi t ion
tetrahedr i te sol id solut ion are shown by the arrows.
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a ton ic  I  Fe

te t rahedron.  A l l  the  jo ins  w i th  the

" i d e a l "  c o m p o s i t i o n s  C u r o . u F e r  5 5 b 4 S 1 3  a n d
Cu,oFerSbnSl3 were not obtained by repeated syn-
theses, but the compositional differences between the
"ideal" compositions and the compositions of the
synthetic single-phase tetrahedrites were very slight.
In the section with 7.5172 atomic percent iron, thir-
teen specimens with compositions near the "ideal"
composition Cun rrFer,,rSbnS* have been synthesized.
Tetrahedrite always appeared with chalcopyrite and
Sb, and no single-phase tetrahedrite was observed.

Thus, it can be concluded that tetrahedrite in the
Cu-Fe-Sb-S system possesses stoichiometric compo-
sitions represented by a general ideal formula Cu12_,
Fe,SbnSrr, where I ( x ( 2. This result is consistent
with the stoichiometric formula (Cu,Ag,Fe,Zn)r,
(Sb,As)rS,, proposed for tetrahedrite (Pauling and
Neuman, 1934; Tak6uchi, l97l; Springer, 1969).

A sketch of the tetrahedrite solid-solution field in
the Cu-Fe-Sb-S system is shown in Figure 3, to-
gether with the coexisting phases. The "cone" of the
tetrahedrite solid solution extends from a base in the
Cu-Sb-S face toward the point Fe,2SbnS,, on the
Fe-Sb-S face and terminates at the apex composition
Cu,oFerSbnS,r. Tetrahedrite is the only quaternary
phase in the Cu-Fe-Sb-S tetrahedron. Selected runs
essential to interpretation of the phase relations are
presented in Table 2.

This result is consistent with that of Nakamura el
al. (1974), who reported that tetrahedrite in the
Cu-Fe-Sb-S system has a l inear solid solution of
(Cu,Fe),rSbrS,, with the iron content between 4 and
7.4 weight percent at 475oC based on quantitative
microprobe analyses of synthetic specimens.

In order to determine the effect ofiron contents on
tetrahedrite at low temperatures, tetrahedrite speci-
mens with no iron and with 1.7241 atomic percent
iron were annealed at 250'C for two months. The
decomposition into famatinite, digenite, and anti-
mony was observed only in iron-free tetrahedrite,
indicating the stabil ity of tetrahedrite with 1.7241
atomic percent iron under this condition. Further-
more, no dissociation of iron-bearing tetrahedrite
into two phases was observed in cooling to below
95oC, supporting the effect of a small amount of iron
on the stabil ity of tetrahedrite at low temperatures.

Cell dimensions and density in tetrahedrite
solid solution

The cell dimensions and density of tetrahedrite of
different iron contents along the Cu-poor edge of
tetrahedrite solid solution were measured at room
temperature. The cell dimensions gradually increase
with increase of iron content from 10.3260 A for an
iron-free specimen to 10.3835 A for a sample contain-
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Table 2. Significant experimental runs for the phase relations of

tetrahedr i te sol id solut ions in the Cu-Fe-Sb-S system at  500oC.

Name abbreviat ions are given in Table l . Table 2. continued.

Conposition, atomic g

Cu .Fe Sb

Heating time, Products

Days

composition, atomic B

Cu Fe Sb

Heat ing  t ime,  Produc ts

DaYs

3 9 . 5 0  r . 7 2 4 L  1 3 . 8 0  4 4 . 9 7 5 9
3 9 . 6 6  L . ' 1 2 4 r  1 3 . 7 9  4 4 . 8 2 5 9

3 9 . 9 0  I . 7 2 4 t  1 3 . 7 0  4 4 . 6 7 s 9
4 0 . 0 0  L . 7 2 4 t  r 3 . 6 0  4 4 . 6 7 5 9
4 0 . 1 0  L . 7 2 4 r  I 3 . 6 5  4 4 . 5 2 5 9

4 0 . 1 5  r . 7 2 4 I  1 3 . 5 5  4 4 . 5 7 5 9
4 0 . 3 0  r . ' 1 2 4 L  1 3 . 5 0  4 4 . 5 ' 1 5 9

4 0 . 4 5  I . ' 1 2 4 r  1 3 . 4 5  4 4 . 3 7 5 9
4 0 . 5 5  L . 7 2 4 r  1 3 . 5 5  4 4 . 1 7 5 9
4 0 . 7 0  L . 7 2 4 r  1 3 . 5 0  4 4 . 0 7 5 9

3 9 . 8 0  r . 7 2 4 I  1 3 . 8 0  4 4 . 6 7 5 9
4 0 . 1 0  L . 7 2 4 r  1 3 . 7 0  4 4 . 4 7 5 9
4 0 . 2 5  r . 7 2 4 r  1 3 . 5 5  4 4 . 3 7 5 9

4 0 . 4 0  r . ' 1 2 4 L  1 3 . 6 0  4 4 . 2 7 5 9
4 0 . 5 0  L . 7 2 4 r  1 3 . 7 0  4 4 . 0 ' 1 5 9
4 0 . 6 5  L . 7 2 4 L  1 3 . 6 5  4 3 , 9 7 5 9
4 0 . 8 0  L . 7 2 4 L  1 3 . 6 5  4 3 . 8 2 5 9

4 0 . 9 5  L . 7 2 4 r  1 3 . s 0  4 3 . 8 2 5 9
4 0 . 9 5  L . ' 1 2 4 L  r 3 . 5 5  4 3 . 6 ' 1 5 9
4 0  .  6 5  r . 7 2 4 L  I 3  .  8 0  4 3  . 8 2 5 9

4 0 . 4 5  t . 7 2 4 L  1 3 . 8 5  4 3 . 9 ' 1 5 9
4 0 . 3 5  L . 7 2 4 L  1 3 . 7 s  4 4 . L 7 5 9
4 0 . 2 0  L . 7 2 4 L  1 3 . 8 0  4 4 . 4 7 5 9
4 0 . 3 0  r . 7 2 4 1  1 3 . 9 0  4 4 . 0 7 5 9

4 0 . 1 0  r . 7 2 4 t  1 4 . 1 0  4 4 . O 7 5 9
4 0 . 0 0  L . 7 2 4 L  1 4 . 0 0  4 4 . 2 7 5 9

3 9 . 9 0  L . 7 2 4 L  1 3 . 9 0  4 4 . 6 7 5 9
3 9  .  6 0  L . 7 2 4 L  1 4  .  0 0  4 4  . 8 2 5 9

3 7  . ' 7 5  3 . 4 4 8 3  1 3 . 8 0  4 5 . O 0 L 7
3 ? . 6 0  3 , 4 4 8 3  1 3 . 9 5  4 5 . 0 0 1 7

3 7 . 8 5  3 . 4 4 8 3  1 3 . 8 0  4 4 . 9 0 7 r
3 7 . 9 5  3 . 4 4 8 3  1 3 . 7 0  4 4 . 9 0 L 7
3 8 . r 0  3 . 4 4 8 3  1 3 . 7 0  4 4 . 7 5 r 7

3 8 . 2 0  3 . 4 4 8 3  1 3 . 6 0  4 4 . ' 1 5 l - 7
3 8 . 1 0  3 . 4 4 8 3  1 3 . 7 5  4 4 . 7 l L ' l
3 8 . 1 0  3 . 4 4 8 3  1 3 . 8 0  4 4 . 6 5 L 7
3 8 . 2 0  3 . 4 4 8 3  1 3 . 8 0  4 4 . 5 5 1 7

3 7 . 8 5  3 . 4 4 8 3  r 3 . 8 3  4 4 . 8 7 r 7
3 7  , 9 3  3 . 4 4 8 3  1 3 . 7 9  4 4 . 8 3 1 7
3 8 . 0 0  3 . 4 4 8 3  1 3 . 8 0  4 4 . ' . ? 5 I 7

3 8 . 1 0  3 . 4 4 a 3  1 3 . 9 0  4 4 . 6 5 L 7
3 8 . 0 0  3 . 4 4 8 3  1 3 . 9 0  4 4 . 6 5 1 7
3 7 . 9 0  3 , 4 4 8 3  1 3 . 9 0  4 4 . 7 5 L 7
3 8 . 0 0  3 . 4 4 8 3  1 3 . 8 0  4 4 . 7 5 L 7
3 7 . 7 5  3 . 4 4 8 3  L 3 . 9 0  4 4 . 9 0 1 7

3 5 . 9 5  5 . L 7 2 4  1 3 . 8 5  4 5 . 0 2 7 6
3 5 . 8 5  5 . L 7 2 4  1 3 . 9 5  4 5 . 0 2 7 6

3 6 .  r 0  5 . t 7 2 4  1 3 . 8 0  4 4 . 9 2 7 6
3 6 , 0 5  5 . r 7 2 4  r 3 . 8 5  4 4 . 9 2 7 6

3 6 . 1 5  5 . L 7 2 4  1 3 . 8 0  4 4 . 8 7 7 6
3 6 , 2 0 7  5 . L 7 2 4  L 3 . 7 9 3  4 4 . 8 2 7 6

3 6 . 1 5  5 . L ' 1 2 4  1 3 . 8 5  4 4 . 8 2 7 6
3 6 . 2 0  5 . L 7 2 4  1 3 . 8 5  4 4 . 7 ' 1 7 6

3 6 . 1 0  5 . L ' 1 2 4  1 3 . 8 5  4 4 ' 8 7 7 6
3 6 . 1 5  5 . L 7 2 4  1 3 . 8 2 5  4 4 . 8 5 2 6

3 6 . 1 0  5 . r 7 2 4  1 3 . 9 0  4 4 . 8 2 7 6
3 6 . 0 0  5 . L 7 2 4  1 3 . 9 0  4 4 . 9 2 8 6
3 5 . 9 0  5 , L 7 2 4  1 3 . 9 5  4 4 . 9 7 7 6

3 4 . 1 5  6 . 8 9 5 s  1 3 . 8 5  4 5  '  l 0 3 s
3 4 . 0 5  6 . 8 9 6 5  1 3 . 9 5  4 5 . 1 0 3 5

3 4 . 2 0  6 . 8 9 6 5  1 3 . 9 0  4 5 . 0 0 3 5
3 4  . 2 5  6  .  8 9 6 5  t 3  . 9 0  4 4  . 9 5 3 5
3 4 . 4 0  6 . 8 9 6 5  1 3 . 8 0  4 4 . 9 0 3 5
3 4 . s 0  6 . 8 9 6 5  1 3 . 7 0  4 4 . 9 0 3 5
3 4 . 4 0  6 . 8 9 6 5  1 3 . 7 0  4 5 . 0 0 3 5

3 5
7 r
3 5
1 6
3 5

1 6
I 6

1 6
1 5
1 6

7 l
1 6
I 6

1 6
1 6

r 0 5
I 0 s

1 0 s
1 0 5

3 5

I 6

1 6

3 5
3 5

1 r
1 6

td+fm+cstb
td+fm+c stb

td.+fn
td.+fn
td+fm

td+fn+d.g
td+fm+d9

td+dg

td
td
td

td
td
rd
td

td+sk
td+sk
td+sk

td+sk
td+sk
td+sk
td+sk

td+sk+cstb
td+sk+cs tb

td+cstb
td+c s tb

td+fn+cstb
td+fm+cstb

td+fm
td+fn
td+fn

td+dg

td+dg
td+d9

td
td
td

td+cstb
td+cstb
td+cstb
td+cstb
td+cstb

td+cp+cstb
td+cp+cstb

td+cp
tal+cP

td+bo
td+bo

td+bo+cstb
td+bo+cstb

td
rd

td+cstb
td+cs tb
td+cstb

td+cP+PY
td+cP+PY

tal+cP
td+cP
tal+cP
td+cP
td+cP

3 4 . 4 8  6 . 8 9 6 5
3 4 . 5 5  6 . 8 9 6 5
3 4 . 6 0  6 . 8 9 5 5

3 4 .  3 5  6 . 8 9 6 5
3 4 . 4 0  6 . 8 9 6 5

3 4 . 5 0  6 . 8 9 6 5
3 4 . 4 5  6 . 8 9 6 5
3 4 . 3 0  6 . 8 9 5 5

3 3 . 8 6  7 . 5 r 7 2
3 3 . 7 5  7 . 5 L 7 2
l l . b 5  t . a L t z

J J . b )  t . r L t z

J J , ) U  t . ) L t Z

3 3 .  / . 5  ' 7  
, 5 1 1 2

r 3 . 7 9  4 4 . 8 3 3 5
1 3 . 7 5  4 4 . 8 0 3 5
1 3 . 7 5  4 4 . 7 5 3 5

1 3 . 8 5  4 4 . 9 0 3 5
L3.825 44 .8785

r 3 . 8 5  4 4 . 7 5 3 5
1 3 . 8 5  4 4 . 8 0 3 5
1 3 . 9 0  4 4 . 9 0 3 5

1 3 . 7 9 5  4 4 . 8 2 7 8
1 3 . 8 5  4 4 . 8 8 2 8
1 3 .  9 0  4 4  . 9 3 2 8
t 3  .  8 5  4 4 . 9 8 2 8
1 4 . 0 0  4 4 . 9 8 2 8
1 4 .  0 5  4 4 . 9 8 2 8

td+bo
td+bo
td+bo

td
t d

td+sb
td+sb
td+sb

td+cp+Sb
td+cp+Sb
td+cp+Sb
td+cp+Sb
td+cp+Sb
td+cp+Sb

ing 6.8965 atomic percent iron (Fig. 4a). However,

the density of tetrahedrite decreases from 5.00 for the

iron-free specimen to 4.81 for the 6.8965 atomic per-

cent iron specimen (Fig. 4a). The influence of cop-

per-iron replacement on the density variation is rela-

tively small, because the difference in atomic weight

between iron and copper is small. It can be concluded

that iron atoms simply replace copper atoms in the

solid solution and the number of atoms in a unit cell

stays constant.
Theoretical density values were calculated from the

starting composition by assuming 26 sulfur atoms per

unit cell. The measured densities are in good agree-

ment with theoretical values, showing only a system-

atic difference of about three percent (Fig. 4a).

In the composition plane with 1.7241 atomic per-

cent iron, the tetrahedrite solid-solution field at

500"C expands from near the "ideal" composition
(Cur'.uFeo usb4sls) to the more copper-rich composi-

tion, or more exactly, from Curr.rrFeo uSbn.orSg to

Cu12.1sFe6.51Sb, ouSrr. Both cell edge and density in-

crease with increase of copper content ftom l0'3424

to 10.3789 A and 4.91 to 5.01,  respect ive ly  (F ig '  4b) .

The mass of the unit cell of the copper-rich tetrahe-

drite is greater by about 3.1 percent than that ofthe

copper-poor end member. This suggests that the

composition change of tetrahedrite in a constant iron

content section takes place mainly by addition of

copper atoms to interstices of the structure. The most

copper-rich end member of the solid solution has

approximately one more copper atom in each unit

cell in comparison with the most copper-poor end

member in the section of 1.7241 atomic percent iron.

These experimental results are in agreement with
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Fig.  4(a)  Cel l  edge and densi ty of  the tetrahedr i te sol id solut ion plot ted against  atomic percent  of  i ron.  For the specimens wi th no i ron
and l  '7241 atomic percent  i ron,  the most copper-poor end members were selected,  because they have the nearest  composi t ions to the ideal
ones in their  sol id-solut ion sect ions.  (b)  Cel l  edge and densi ty of  the tetrahedr i te sol id-solut ion f ie ld wi th 1.7241 aromic percent  i ron
plot ted against  atomic percent  of  sul fur .  The calculated values of  densi ty (open c i rc les)  were obtained by assuming 26 sul fur  atoms in a
uni t  cel l .  Precise values for  the cet l  edge, densi ty,  and composi t ion are given in Table 3
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those of  Tatsuka and Mor imoto (1973).  Thus the
variation of the cell edge and density of the synthetic
tetrahedrite can be explained by two main factors.
One is  the subst i tu t ion of  copper atoms by other
atoms such as i ron,  z inc,  mercury,  and s i lver ,  and the
other is the interstit ial addition of copper atoms in a
tetrahedrite structure ofno or very low iron content.

Wuensch (1964) reports a cell edge of 10.3909 A
for a natural tetrahedrite consisting mainly of copper,
iron, zinc, antimony, and sulfur, which is close to
10.3835 A of synthetic tetrahedrite with the composi-
tion Cu,oFe2sbrs,a. Half the metal atoms are in tet-
rahedral coordination sites, and the other half are in
three-fold sites. The Cu-S interatomic distances of
the mineral are 2.342 A for the four-coordination
copper, and 2.234 and 2.272 A for the three-coordi-
nat lon copper.

Fe2+ atoms occupy preferentially the six- or four-
coordination sites in sulfides and sulfosalts in gen-
era l .  The isomer shi f ts  and quadrupole spl i t t ings of
Mdssbauer spectra for synthetic tetrahedrite with a
composi t ion of  Cur0 oFe,  oSbnS12,  have shown that
lron atoms are tetrahedrally coordinated by four sul_
fur atoms, and are in the divalent state, Fe2+ (Kawai
et al.,1972). In tetrahedrite, therefore, the expansion
of the ce l l edge by the substitution of Cu atoms by Fe
atoms is considered to be due mainly to the larger
ionic  radius of  Fe2+ re lat ive to that  of  Cu2+

Some experimental results of interest on copper
valency have been obtained by X-ray photoelectron
spectroscopy (Nakai et al., 1976). The valence state
of copper atoms in some twenty sulfide and sulfosalt
minerals ,  inc luding natura l  te t rahedr i te ,  are a l l  Cu'+,
and no Cu2+ has been found. If copper atoms prefer
the monovalent  s tate in  tet rahedr i te  of  the Cu-Sb-S
system, the composition of tetrahedrite in this system
must be described as CurrSbaS,, by requirement of
the electrical charge balance. The existence of the
wide solid-solution range of tetrahedrite from
Cu,,  , ,Sb,  ogSrs to Cu,r  r rSb.0.S, ,  (Tatsuka and Mor i -
moto,  1973) in  the Cu-Sb-S system at  300.C suggests
that copper atoms exist in two ionic states, Cu'+ and
Cu'z+,  wi th preference of  Cul+ over  Cu2+.

Melting temperature and Vickers microhardness

Both melting temperature and Vickers micro-
hardness vary systematically with the iron content of
tetrahedrite solid solution. The Vickers micro-
hardness varies from 300 to 380 kglmm2 with in-
creasing iron content, in spite of a decrease in density
(Fig. 5a). The Vickers microhardness for tetrahedrite
reported by Hall (1912) is consistent with the present
resu I ts.

In order to examine the change in the melting
temperatures of iron-bearing tetrahedrite, differential
thermal analyses of tetrahedrite solid solution alons
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the Cu-poor edge were carried out (Fig. 6). The melt-

ing temperature apparent ly  r ises f rom 573o to 661'C
wi th increase in i ron content  (F ig.  5b) .  However,
microscopic observations of the quenched products

indicated that tetrahedrite with less than 1.'7241
atomic percent iron decomposes below the melting
temperature, whereas tetrahedrite with more than

3.4482 atomic percent iron does not decompose prior

to mel t ing.
Because the specimen used for the DTA measure-

ment in this investigation was the copper-poor tet-

rahedr i te  Cu' r .oSb'  0,S, ,  (Table 3a) ,  i t  f i rs t  breaks

down to famatinite * chalcostibite * high-skinnerite
at  about  543'C.  Two endothermic peaks star t ing at

573oC and 584"C are considered to indicate the mel t -
ing of the decomposition products.

The copper-poor tetrahedrite Curr.uaFeo uSbn orSrs
(1.7241 atomic percent  i ron)  (Table 3a)  breaks down

to famatinite * chalcostibite + tetrahedrite at about

570'C. The endothermic peak beginning at 594'C

may correspond to melting of the decomposition
products. The tetrahedrite Curo nuFer uoSbn orS* does
not break down at temperatures below the melting
point. The endothermic peak beginning at 643oC cor-
responds to the incongruent melting to l iquid and a
more iron-rich tetrahedrite phase. The final tetrahe-
drite in this incongruent melting is Cun r.FerSbnSr3,
w h i c h  m e l t s  a t  6 6 1 " C .  F o r  t h e  t e t r a h e d r i t e
CurrFeSbnSrr ,  the endothermic peak shows some in-

termediate shape between Cu,r ueFeo uSb, orS,, and

Cu,o nuFel uosbr.orSrs. However, microscopic observa-

Compos r t ron

c t 9 . 9 6 F t 2 s b 4 s t 3

c u t o .  4 6 F " r .  5 o s b l ,  o t s r :

c t r rF "sb {s r3

c t l r .  58F to .  5osb l .  ozS t :

c t r . 2 . : osb l .  osS r l

sso ,313..". ' .3t?'. ,  
7oo

Fig 6.  DTA curves of  synthet ic  tetrahedr i te in theCu-Fe-Sb-S

system. Composi t ions of  the specimens are given in Table 3a'

t ion of the quenched products indicated that the

melting of Cu',FeSboSrs is of the same type as that of

Curo roFe, uoSbn.orSr3.
The almost symmetrical endothermic peak starting

at 66loC shows congruent melting of tetrahedrite

Cur.goFezSboS,r, which is very near the stoichiometric

composition. These results indicate that the thermal

stabil ity range of tetrahedrite gradually increases

with increasing iron content. However, the role of

iron atoms for the stabil ization of tetrahedrite is not

clear at this stage.

Stability and assemblages of tetrahedrite

Tetrahedrite solid solution can coexist at 500'C

with almost all stable phases in the Cu-Sb-S,

Cu-Fe-S, and Fe-Sb-S systems. Only covell ite does

not form a join with tetrahedrite solid solution. Dige-

nite-bornite solid solution coexists with tetrahedrite

solid solution over the entire compositional range.

Chalcostibite coexists with tetrahedrite solid solution
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Fig 5.  Vickers microhardness and mel t ing temperature in the

tetrahedr i te sol id solut ion Composi t ion of  the specimens are given

in Table 3a
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Table 3 Cell  edges, densit ies, and composit ions of tetrahedrite sol id solut ions.

composi t ion

a + ^ f t i , . ^ 6 r ^ 6 h +

C u F e S b S
chemica l  f o rmu la  (S=13 )

C u F e S b S

a o  l  I  a A a a  d o n c i  + r- - . . -  -  - .1

a  ( A )  a t  2 5 " c
F o . o 0 2  + 0 . 0 3  c a - L c '

4 1 . 9 0  0

3 9 . 8 0  t . 7 2 4 7

3 7 . 9 3  3 . 4 4 8 3

3 6 .  1 0  5 . L 7 2 4

3 4 . 4 0  6 .  8 9 6 5

3 9 . 8 0  I . 7 2 4 I

4 0 .  1 0  L . ' 1 2 4 I

4 0 . 5 0  L . 7 2 4 I

4 0 . 6 5  r . ' 7 2 4 r

4 0 . 8 0  L . 7 2 4 L

1 3 .  8 0  4 4 . 3 0

1 3 . 8 0  4 4 . 6 7 5 9

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

1 3 .  8 5  4 4 . 8 7 7 6

1 3 . 8 2 s  4 4 - 8 7 8 5

I 3 . 8 0  4 4 . 6 7 5 9

1 3  .  7 0  4 4  . 4 7  5 9

I 3 . 7 0  4 4 . 0 7 5 9

1 3 . 6 5  4 3 . 9 7 5 9

1 3 . 6 5  4 3 . 8 2 5 9

1 2 . 3 0  0

1 1 . 5 8  0 . 5 0

1 1 . 0 0  1 . 0 0

1 0 . 4 5  1 . 5 0

9  . 9 6  2 . O O

1 1 . 5 8  0 . 5 0

r L . 7 2  0 . 5 0
' l  l  o q  n  ( 1

L 2 . 0 2  0 . 5 1

1 2 . 1 0  0 . 5 r

4 . 0 5  1 3

4 . O 2  1 3

4 . 0 0  1 3

4 . 0 1  1 3

4 . 0 0  1 3

4 . 0 2  r 3

4 . 0 0  1 3

4 . O 4  1 3

4 . 0 4  1 3

4 . 0 5  1 3

1 0 . 3 2 6 0

r 0 . 3 4 2 4

1 0 . 3 4 9 9

1 0 . 3 6 6 1

1 0 . 3 8 3 5

r 0 . 3 4 2 4

1 0 . 3 5 0 8

I 0 . 3 6 4 9

r 0 . 3 7 0 5

1 0 . 3 7 8 9

5 . 0 0  5 . 0 9 9

4 . 9 I  5 . 0 1 I

4 . 8 7  4 . 9 6 7

4 . 8 2  ! . e 2 8
4 . 8 1  4 . 8 9 1

4 . 9 I  5 . 0 I I

4 . 9 4  5 . 0 2 2

4 . 9 7  5 . 0 5 8

5 . 0 0  5 . 0 6 1

5 . 0 1  5 . 0 7 0

( b )

conta in ing up to about  f ive atomic percent  i ron.
Famatinite and high-temperature skinnerite form
jo ins wi th tet rahedr i te  sol id  solut ion wi th up to about
3.5 and 1.7 atomic percent iron, respectively. Tet-
rahedrite solid solution with more than about five
atomic percent iron can coexist with chalcopyrite
sol id  solut ion,  in termediate sol id  solut ion,  pyrrhot i te
sol id  solut ion,  pyr i te ,  s t ibn i te,  ber th ier i te ,  and ant i -
mony .

Natural tetrahedrite shows complex compositions
in which As and Sb d isplay extensive mutual  sub-
stitution, and elements such as Fe, Zn, Hg, and Ag
commonly subst i tu te for  Cu.  Phase re lat ions in  the
system Cu-Sb-As-S were studied by Luce et al.
(1977). It has been shown that silver atoms preferen-
tially occupy three-coordinated positions (Kalbs-
kopf ,  1972) and that  mercury atoms subst i tu te only
for copper atoms tetrahedrally coordinated with sul-
fur  (Kalbskopf ,  1971).

Chemical compositions of natural tetrahedrite
st rongly support  the conclus ion that  the minerals
belonging to the tetrahedrite-tennantite series have
a general formula, (Cu,Ag)ro(Fe,Zn,Hg,Cu*)r(Sb,
As) .S, ,  (Paul ing and Neuman ,  1934:  Tak6uchi ,  l97 l ;
Springer, 1969). According to Charlat and Levy
(1974),  Cu* in  the (Fe,Zn,Hg) s i tes is  l imi ted less
than 0.2 atom in most  natura l  specimens.  Only when
more than one atom Fe is  in  the (Fe,Zn,Hg) s i tes can
as much as 0.8 atom Cu* be inc luded in the same s i tes
in some cases, suggesting that more Cu-rich tetrahe-
dr i tes than Cu,o.Fe,  2sbosr .  are not  s table.  Thus,  a l -
though tetrahedrite Cu' uFeo rsb4sls was apparently
stable at room temperature in the present experi-
ments, it is most l ikely that such tetrahedrite decom-

poses in nature to the mixture of  more i ron-r ich
tetrahedrite Curo-ro.rFer-1.2Sb4S13, famatinite, dige-
n i te,  and ant imony.
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