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

Telrahedrite forms a stable cone-shape solid solution at 500°C in the quaternary
Cu-Fe-Sb-S composition Letrahedron, exlending from ils base with a narrow compositicn
field on the Cu-8b-S lace Lo the top of composition Cu;,Fe,Sb,S;. With the composition
change from Cuj,,Sb.S,; to Cu,,Fe,Sb,S,; In the solid solution. the cell edge, melting temper-
ature, and Vickers micro-hardness increase regularly from 10.3260 to 10.3835 A, from 573° (o
661°C, and from 300 to 380 kg/mm?’, respectively, whereas the density decreases from 5.00 to
4.81. Although iron-free (etrahedrite Cu,,Sb,S,; decomposes below 250°C, wron-bearing (et-
rahedrite such as Cuy, ,Fe,,Sb,S,, persists till room lemperature.

Telrahedrite sohid solution is Lhe only stable quaternary phase inside the Cu-Fe~-Sb-S
system and coexisls with all the binary and ternary sulfide phases of the Cu-Fe-Sb-S system

at 500°C, except covellite.

Introduction

Tetrahedrite contains many elements such as Fe,
Zn, Ag, Hg, and/or As in addition to the three essen-
Lial elements of Cu, Sb and S. This suggests that these
guest elements may play important roles for the sta-
bility of tetrahedrite. In order to elucidate the siabil-
ity relanons of wetrahedrite in general, a study of the
phase relations 1n quaternary systems such as the
Cu-Fe-S$b-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 ol tetrahedrite and pseudotetrahedrite in the
Cu-Sb-8 system have been reporied by Tatsuka and
Morimoto (1973, 1977). Substitution of Cu by Zn,
Fe, and Ag in synthelic tetrahedrite was studied by
Hall (1972, 1974). Differential therma) analysis of
synthetic tetrahedrite with iron was reported by Su-
gaki et al. (1972), and phase relations in Lhe
Cu-Fe-Sb-S systenm at 475°C, especially in the vicin-
ities of the tetrahednte solid solution and bornite
solid solution, were reported by Nakamura e¢ al.
(1974).

In the Cu-Sb-S syslem (Tatsuka and Morimoto,
1873, 1677), the tetrahedrite solid solution at 500°C
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does not contains the ideal composition, Cuy;Sb,S,a.
bul occupies a narrow, more copper-rich composi-
tion field from Cu,2 285, 12815 (0 Cuyz 025b4.0,S15. Tel-
rahedrite in this solid-solution feld decomposes into
famatinite, digenite. and antimony on annealing at
temperatures below 230°C. However, tetrahedrite
persists without this decomposition by rapid cooling
10 above 95°C: it dissociates into immiscible Cu-rich
and Cu-poor metastable tetrahedrite phases by rapid
cooling to below 95°C.

In scme preliminary experiments, however. we ob-
served that such decomposition and dissociation re-
actions did not occur when a small amount of iron
replaced copper of tetrahedrite in the Cu-Sb-S§ ter-
nary system (Tatsuka and Morimoto, 1973, 1977).
This indicates that the stabilily region of tetrahedrite
is essentially dependent on the amount of iron in the
Cu-Fe-Sb-S§ system. I[n the present investigation, the
phase relations and the stability 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 oul
at lower temperatures. The name abbreviations used
in this study are given in Figure 1 and Table 1.

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 (. Composition and name abbreviation of natural and synihelic phases 1o the
Cu-Fe-Sb-S system

System Name Abbreviation Conposition

Cu-8 covellite cv cus
chalcocite ce cuzs
high digenite ndg Cu2£ - Cu1_755

Fe-S pyrrhotite solid po Ss Fel_xs
solution
pyrite PY Fe2S

Cu-Sb-§ famatinite £fm Cu3SbS4
chalcostibite cstb CquS2
tetrabedrxte solid td 8s Cu12+x5b4+y513
solution
pseudotetrahedrite ptd ss Cu3SbS3 —_
solid solution

Cu12.195P4. 54513

skinnearite sk Cu35b53

Cu-Fe-S bornite bn CusF‘eS4
bornite solid bn ss wide range
solotion
chalcopyrite cp CuFe52
cubanite cb CuFeZS3
intermediate iss wide range
solid solution

Fe-Sb-5 berthierite bt Peszs3
gudmundi te gd FeSbs

- - — 3 N *

Cu-Fe-5b-5 ;ef;ghedflfg td ss Cuy,_ Fe Sb,5,

olid solution 0L %62
Fo purity and sulfur powder and antimony crystal grains

composicion

T Pe=6.896%
atomic %

l'iz. I, Natural and syntheuc phases in (he Cu-l'c-Sb-S
system The name abbrevigtions used in the present study are given
wn Table 1. The secvon with I'c — 6 896S atomic percent corre-
sponds (o the stoichiometric composition Cu,.Fe;Sb.S,s.

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 Morimoto (1973).

In order to invesiigate the effect of iron on the
stability of tetrahedrite solid solution. the shape
of the tetrahedrite solid-solution feld in the
Cu-Fe-Sb-§ system was studied by synthesizing
specimens with 1.7241, 3.4482, 5.1724, 6.8965, and
7.5172 atomic percent iron. These atomic percents of
iron correspond (o iron contents of x = 0.5, 1.0, 1.5,
2.0, and 2.18, respectively, 1o the formula of Cu,,_,
Fe,Sb.S;;. Two-hundred thirty-four specimens were
synthesized in the present study.
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Fig. 2 a-c. Tetrahednte sohd-solution Felds a1 S00°C wm the sections with various iron contenls of the Cu-Fe-Sb-S composition

tetrahedron. ldeal compositions are indicated by solig circles

Reflection microscope and X-ray diffraction meth-
ods were employed to identify the phases. The cell
dimensions of tetrahedrite werc obtained by the X-
ray powder method. Density was measured with a
pycnometer at 20°C. Fine-powdered specimens (~20
mg) sealed in evacuated sihca capsules underwent
differential thermal analysis to study the transition,
decomposition, and melting behavior of tetrahedrite.
A Shimadzu microhardness testcr was used for the
measurement of Vickers microhardness. Instead of
the standard toad of 100g, a load of 25g was used
because of the smalt size of crystals. The time of
indentation was 15 seconds Ten indentations were
made for each determination, excluding the indenta-
tions with excessive (racturing.

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-Sbh-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 line con-
necting Cu;,Sb,S,; and Fe¢,,Sb,S,s composition, as
shown 1n Figure 3. At 500°C tetrahedrite in the
Cu-Sb-S system occupies a narrow solid-solution
field at 500°C from Cu,; 24Sb, 2S5 to Cuyy 2Sbi6:Sss
(Tatsuka and Morimoto, 1973, 1977) (Fig. 22). In the
composihion section with 1.7241 atomic percent iron,
the tetrahedrite sohd-solution field extends from
Cupy5sFe0.50804.0:5: 10 Cuiz 16F 65,54 65515, but does
not reach the “ideal” composition Cuy,Fe,Sb,Sis
(Fig. 2b). In the section with 3.4482 aiomic percent
iron, tetrahedrite solid solution has a small field
around the “ideal composition Cu,,FeSb,S,, (Fig.
2¢). In the more iron-rich sections with 5.1724 and
6.8965 atomic percent iron, Lhe tetrahedrite solid-
solution fields narrow almost 1o points and are lo-
cated very near the ‘‘ideal” compositions,
CuyesFe, sSb,S,; and Cu,,Fe,Sb,S,, respectively (Figs.
2d and 2¢). Single-phase tetrahedrites with the



1104

TATSUKA AND MORIMOTO: TETRAHEDRITE STABILITY RELATIONS

compoelition

(Fey2Sb,6,,)

Pe=6.89651

Pa=5.17241

Fa=3.44821¢
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atomic § Fe

Fig. 3. Skeich of the tetrahednile solid solvtion at 500°C in the Cu-Fe-Sb-S compasition tetrahedron. Al the jowns wih the

teirahedrite sohd soluticn are shown by the arrows,

“ideal”” compositions Cuy,;Fe,,S5,8,; and
Cu,,Fe,Sb,S,; were not obtained by repeated syn-
theses, bul 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 Cug aaFe;,58b,S,; have been synthesized.
Tetrahedrite always appeared with chalcopyrite and
Sbh, and ne single-phase tetrahedrite was observed.

Thus, it can be concluded that tetrahedrite in Lhe
Cu-Fe-Sb-S§ system possesses stoichiometric compo-
sitions represented by a general ideal formula Cu,,_,
Fe,Sb,S,.. where | < x < 2. This result is consistent
with the stoichiometric formula (Cu,Ag,Fe,Zn),
(Sb,As),S,y proposed for tetrahedrite (Pauling and
Neuman, 1934; Takéuchi, 1971; Springer, 1969).

A sketch of the tetrahedrite sohd-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;8b,S,; on the
Fe-Sb-S lace and terminates at the apex composition
CuinFe,Sb,S,,. 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 et
al. (1974), who reported that tetrahedrite in the
Cu-Fe-Sb-S syslem has a linear solid solution of
(Cu,Fe).Sb,S,; with the iron content between 4 and
7.4 weight percent at 475°C based on quantitative
microprobe analyses of synthetic specimens.

In order to determine the effect of iron 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, digenile, and anti-
mony was observed only in iron-free tetrahednte,
indicating the stability ol tetrahedrite with 1.724]
atomic percent iron under this condition. Further-
more, no dissociation of iron-bearing tetrahedrite
into two phases was observed in cooling to below
95°C, supporting the effect of 2 small amount of iron
on the stability of tetrahedrite at low temperatures.

Cell dimensions and density in tetrahedrite
solid solution

The cell dimensions and density of tetrahedrite of
different fron 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 experimemal runs for the phase refations of
tetrahedsite sohd solutions in the Cu-Fe-Sh-S sysiem a1 500°C.
Name abbreviations are given n Table | Tablc¢ 2. continued.
Composition, atomic % Reating time, Products Composition, atomic & Reating time, Products
[N fe Sb 5 Days Cu Fe sb 5 Days
35.50 1.724) 13.80 44.9259 35 tdvfm+cstb 34.48 6.B963 13.79 44.8338 105 td+bo
39,66 ).724) 13.79 44.8259 EA! tdvEm+cstb J4.55 6.B963 13.75 44.8035 105 tgbgo
+
39.90 1.724) 13.70 44.6758 s cdsgm 34.60 6.8965 13.75 44.7535 105 td+bo
40.00 1.7241 13.606 44,6759 le cd+fm =
34.35 6.8965 13.85 14,9035 105 td
40,10 1.724) 13.65 44.5259 35 €4 ¢fm 34.40 6.8565 13.825 44.5785 105 td
40.15 1.7241 13.55 44.575% 16 td+Emrdg L
40.30 1.7241 13.50 44,5759 16 td+Entdg 2.50 6.9965 13.85 44.7535 108 kS0
34.45 6.8963 13.85 44.8 td+
40.45 1.7241 13.45 44.2759 16 téd+dg 3 td+Sb
40.55 1.7Z41 13.55 44.1759 15 td+dg 34.30 6.8965 12.50 44.5033 105 +
90.70 1.7241 13.50 44.4739 18 tdsdg 33.86 7.5172 13,795 44.8278 35 tdecp+Si
35,80 1.7241 13.80 44.6739 Al td 33.75 7.5172 13,85 44.8828 35 td+cp+Sb
40.10 1.724) 13.70 44.4739 16 td 33.65 7.5172 13.90 44.92328 35 td+cp+Sb
40.25 1.724) 13.65 44.3759 16 td 33.65 7.5172 13.85 :2_93§§ 24 CS’CP*gg
33.50 7.5372 14.00 .982 td=Cp¥
40.40 1.724) 13.60 44.2759 16 tqd 4 b
40.50 1.7241 13.70 44.0759 16 cd 33.45 7.5172 14.05 44.9B28 24 td+cp+s
40.65 1.7241 13.65 4£3.9759 105 td
40.80 1.7241 13.65 43.8259 105 cd
40,95 2.724L 13.50 43.8259 10§ £Q+sk i i r iron (Fig. 4a wever
t0es 1133 23R inms e Lk ing 6.89_65 atomic percent iro (Fig. 4a). Ho ,
40.65 1.7241 13.80 43.8259 35 tdrsk the density of tetrahedrite decreases from 5.00 for the
40.45 1.7241 13.85 43.9759 16 td+sk ( -fr cime 4 .81 for the 8965 atomic per-
40.35 1.724) 13.75 44.1759 16 tdesk fron fce Spe . nto i 6_ p
40.20 1,724) 13.80 44.4759 16 t+sk cent iron specimen (Fig. 4a). The influence of cop-
40.30 1.724) 13.%0 44.0759 16 td+sk . - .. .
N per-iron replacement on the density variation is rela-
40.10 1.7241 14.10 44.0759 35 ta+sk+esed s . . . .
40,00 1.7241 14.00 44.2759 35 td+sk-csch tively small, because the difference in atomic weight
39,90 1.7241 13.50 44.6759 71 tdsesch between iron and copper is small. It can be concluded
35.60 1.7241 14.00 44.8259 16 td+cath X . .
. that iron atoms simply replace copper atoms in the
37.75 3.4481 13.80 45,0017 14 caefmrcsth . ! .
37.60 3.1483 13.95 45,0017 14 ta+fmicethb solid solution and the number of atoms in a unit cell
37.85 3.4483 13.80 44.50%1 71 td+fn stays constant.
37.95 3.4483 13.70 44.9017 71 tg+fm 1 { v \ ul e fr h
i 3hey 3l daesel I tdvin Th‘eoretlcaldc?nlsﬂy alues were calc eru d from the
38.20 1.4483 13.60 44.7517 6 ta-dg starting composition by assuming 26 sulfur atgms per
38.20 3.4483 13.75 44.70)7 2105 ta+dg ni he m ured d ities in good agree-
38.10 3.4483 13.80 44.6517 71 td-+dg unit CCU.'T < C%S d ens arc g g
38.20 3.4483 13.80 44.55)7 16 ca+dg ment with theoretical values, showing only a system-
37-85 34483 1383 a8 5 o atic difference of about three percent (Fig. 4a).
18,00 3.4483 13.80 44.7517 16 €q In the composition plane with 1.7241 atomic per-
36.10 3.44B3 13.90 44.6517 16 td+csto cent iron, the tetrahedrite solid-solution Reld at
38,00 3.4483 13.90 44.65)7 16 rd+cstb . o o
37.90 3,4483 13.90 44.7517 71 td+esth 500°C expands from near the “ideal” composition
38.00 3.4483 13.80 44.73517 35 tdéesthb . .
37.75 3.4483 13,90 44.9017 7n za+cseb (Cuy sFe,.sSb,S,3) to the more copper-rich composi-
35.95 5,)724 13.B5 45.0276 19 tascprestd tion, or more exactly, from Cle.saFeo.asb4.u:\_Su to
35.85 5.)724 13.95 45.0276 19 tdvrepresed  Cly, 0Fen 5Sb, 05,5 Both cell edge and density in-
36.10 S.L724 13.80 44.9276 73 tdrcp | H
3605 5.1734 13.85 ¢4.627¢ 13 caren crease with increase of copper content from 1_0.3424
36.15 5.1724 13.80 44.8776 105 ¢d+bo to 10.3789 A and 4.91 to 5.01, respectively (Fig. 4b).
36.207 5.1724 13.793 44.8276 16 td+bo The mass of the unit cell of the copper-rich tetrahe-
36.15 S5.1724 13.85 44.8276 19 td+botcstb .

36.20 s.inq 13.85 44.7776 18 td+bo+Csth drite 1s greater by about 3.] percent than that of the
36.20 5.)724 13.85 44.8776 105 ed copper-poor end member. This suggests that the
. 5. 4 1.825 44.8526 35 t i . . .
36.155.1724 1 . composition change of tetrahedrite in a constant jron

36.10 5.1724 13.90 44,8276 20 tdvesthb . . =

36,00 5.1724 13.90 44.9286 71 cd+eseh content section takes place mainly by addition of
. 5.1724 . 44.9776 35 td+catb . .

35-50 1393 7 copper atoms to interstices of the structure. The most

34.15 6.8965 13.B5 45.103% 19 td+cpipy e - ; H

34705 68965 1385 43 1038 16 cdrepy coppcrlnch end member of the solid §oluuon hgs

34.20 6.8965 13.90 45.0035 32 tgﬂ;p approximately one more copper atom in each unit

31.25 6.B965 13.90 44.9535 3 ca+cp : : : .

1 40 6 8965 1380 445033 105 taren cell in comparison with the most copper-poor end

34,50 6.8965 13.70 44.9035 105 td+cp member in the section of 1.7241 atomic percent iron.

34.40 6.8965 13.70 45,0035 20 zdvep

These experimental results are in agreement with
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Fig 4(a) Celi edge and demnsity of the wetrzhednte sohd solution plotted against atorme percent of iron For the specimens with no (ron
angd 1.7241 aLomic percent iron, the most copper-poor end members were selected, because Lhey have Lthe nearest compositions (o the ideal
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plotied against 210mic percent of sulfur. The calculaied values of density (open orcles) were obtained by assuming 26 sulfur 210msn a
unjt cell Precise values for the cell edge, density, and composition gre given n Table 3.

those of Tatsuka and Morimoto (1973). Thus the
variation of the cell edge and density of the syathetic
tetrahedrite can be explained by two main factors.
One is the substitution of copper atoms by other
atoms such as iron, zing, mercury, and silver, and the
other is the imerstitial addition of copper atoms in a
tetrahedrite structure of no or very low iron content.

Wuensch (1964) reports a cell edge of 10.3908 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,0Fe,Sb,S,;. 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-
nation copper.

Fe?* atoms occupy preferentially the six- or four-
coordination sites in sulfides and sulfosalts in gen-
eral. The isomer shifts and quadrupole splittings of
Maéssbauer spectra for synthetic tetrahedrite with a
composition of Cu,gFe, 0SbiSi2, have shown that
iron atoms are tetrahedrally coordinated by four sul-
fur atoms, and are in the divalent state, Fe** (Kawai
el al,, 1972). In tetrahedrite, therefore. the expansion
of the cell edge by the substitation of Cu atoms by Fe
atoms 1s considered to be due mainly to the larger
ionic radius of Fe?* relative to that of Cu®~.

Some expenmental results of interest on copper
valency have been obtained by X-ray photoelectron
spectroscopy (Nakai ef al., 1976). The valence state
of copper atoms in some twenty sulfide and sulfosalt
munerals, including natural tetrahedrite, are all Cu'f,
and no Cu?* has been found. If copper atoms prefer
the monovalent state in tetrahedrite of the Cu-Sb-S
system, the composition of tetrahedrite in this system
must be described as Cu,,Sb,S,5 by requirement of
the electrical charge balance. The existence of the
wide solid-solution range of tetrahedrite from
Cu,5.1,Sby.0sSis to CuyyssSbe0sS,s (Tatsuka and Mori-
moto, 1973)1n the Cu-Sb-S system at 300°C suggests
that copper atoms exist in two iontc states, Cu'* and
Cu?*, with preference of Cu'* over Cu?*,

Melting temperature and Vickers microhardness

Both melting temperature and Vickers micro-
hardness vary systematically with the iron content of
tetrahedrite sohd solution. The Vickers micro-
hardness varies from 300 to 380 kg/mm? with in-
creasing iron content, in spite of a decrease in density
{Fig. Sa). The Vickers microhardness for tetrahedrite
reported by Hall (1972) is consistent with the present
results.

In order to examine the change in the melting
temperatures of iron-bearing tetrahedrite, differential
thermal analyses of tetrahedrite solid solution along
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the Cu-poor edge were carried out (Fig. 6). The melt-
ing temperature apparently rises from 573° to 661°C
wilh 1ncrease in iron content (Fig. Sb). 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 melting,

Because the specimen used for the DTA measure-
ment (n this invesugation was the copper-poor tet-
rahedrite Cuy;305b5.458,; (Table 3a), 1t first breaks
down to famaltinite + chalcostibite + high-skinnerite
at about 543°C. Two endothermic peaks starting at
573°C and 584°C are considered to indicate the melt-
ing of the decomposition products.

The copper-poor tetrahedrite Cu,,.4Fe,555,4:5,4
(1.7241 atomic percent iron) (Table 3a) breaks down
to famatinite + chalcostibite + tetrahedrile at about
570°C. The endothermic peak beginning at 594°C
may correspond to melting of the decomposition
products. The tetrahedrite Cu,q sFe, ;0SbnSia does
not break down al temperatures below the melting
point. The endothermic peak beginning at 643°C cor-
responds Lo the incongruent melting to hguid and a
more iron-rich tetrahedrite phase. The final tetrahe-
drite in this incongruent melting is Cu, 4Fe,Sb,S,q,
which melts at 661°C. For the tetrahedrite
Cu,,FeSb,S,;. the endothermic peak shows some in-
termediate shape belween Cu, ;3Fe5sSbse:S1; and
Cuyy sFei0Sbi01S1e. However, microscopic observa-
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Fig. § Vickers microhardness and melting temperawsre an the
tetrahednte sohid solution. Composition of the specimens are given
in Table 3a.
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Compasition 550 600 650 700
Cug_gﬁFe25b4513 T 1 i
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Cuyy.58F%0.50%P4. 02513
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Cvy2.105P4. 05513
1 | I 1 |
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Fig. 6 DTA curves of synthetic tetrahedrite sn (he Cu-Fe-5b-8
system, Composibons of the specimens are given in Table Ja

tion of the quenched products indicated that the
melting of Cu,,FeSb,S,q is of the same type as that of
CuipasFer508bi 01S)s.

The almost symmetrical endothermic peak starting
at 661°C shows congruent melting of tetrahedrite
Cus 45Fe,Sb,S,5, which is very near the stoichiometric
composition. These results indicate that the thermal
stability range of Letrahedrite gradually increases
with increasing iron content. However, the role of
iron atoms for the stabilization of tetrahedrite is not
clear at this stage.

Stability and assembiages of tetrahedrite

Tetrahedrite solid sotution can coexist at 500°C
with almost all stable phases in the Cu-Sb-S,
Cu-Fe-S, and Fe-Sb-S systems. Only covellite does
not form a join with tetrahedrite solid solution. Dige-
nite-bornite solid solution coexists with tetrahedrite
solid solution over the entire compositional range.
Chalcoslibile coexists with tetrahedrite solid solution
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Table 3. Cell edges, densities, and compositions of tetrahedrite sohid solvtions.

composition cell) edge density
atomic percent chemical formula (S=13) a (A) at 25°C cale.
Cu Fe Sb S Cu Fe §b s t0.002 +0.03

41.90 0 13.80 44.30 12.30 O 4.05 13 10.3260 5.00 5.0%99%9

{a) 39.80 1.7241 13.80 44.6759 11.58 0.50 4.02 13 10.3424 4,9) 5.011
37.93 3.4483 13.79 44.8317 11L.00 1.00 4.00 13 10.3499 4,87 4,967

36.10 5.)724 13.85 44.8776 10.46 1.50 4,01 13 L0.3661 4,82 4.928

34.40 6.8965 13.825 44.8785 9.96 2.00 4.00 13 10.3835 4,81 4.89)

39.B0 1.724) 13.80 44.6759 11.58 0.50 4.02 13 10.3424 4.91 5.01)

40.10 1.724) 13.70 44.4759 11.72 0.50 4.00 13 10.3508 4.94 5.022

(b} 40.50 1.724) 13.70 44.0759 11.95 0.5) 4.04 13 10.3649 4.97 5.058
40.65 1.724)1 13.65 43.9759 12.02 0.531 4.04 13 10.3705 5.00 5.06)

40.80 1.7241 13.65 43.8259 12.10 0.51 4.05 13 10.3789 5.01 5.070

containing up to about five atomic percent iron.
Famatinite and high-temperature skinnerite form
joins with tetrahedrite solid solution with up to about
3.5 and 1.7 atomic percent iron. respectively. Tel-
rahednte solid solation with more than about five
alomic percent iron can coexist with chalcopyrite
solid sofution, intermediale solid sotution, pyrrhotite
solid solution, pyrite, stibnite, berthierite, and anti-
mony.

Natural tetrahedrite shows complex compositions
in which As and Sb display extensive mutual sub-
stitution, and elements such as Fe, Zn, Hg, and Ag
commonly substitute for Cu. Phase relations in the
system Cu-Sb-As-S were studied by Luce et af.
(1977). It has been shown that silver atoms preferen-
tially occupy three-coordinated positions (Kalbs-
kopf, 1972) and that mercury atoms substitate only
for copper atoms tetrahedrally coordinated with sul-
fur (Kalbskopl, 1971).

Chemical compositions of natural tetrahedrite
strongly support the conclusion that the minerals
belonging 1o the tetrahedrite~tennantite series have
a general formula, (Cu,Ag)(Fe,Zn,Hg,Cu*),(Sb,
As),S,s (Pauling and Neuman, 1934; Takéuchi, 1971;
Springer, 1969). According to Charlat and Levy
(1974), Cu* in the (Fe,Zn,Hg) sites is limited less
than 0.2 atom in most natural specimens. Only when
more than one atom Fe is in the (Fe,Zn,Hg) sites can
as much as 0.8 atom Cu* be included in the same sites
in some cases. suggesting that more Cu-nich tetrahe-
drites than CusFe, ,Sb,S,5 are not stable. Thus, al-
though tetrahedrite Cu,,  Fe,Sb.S,s was apparently
stable at rcom temperature in the present experi-
ments, it i1s most likely that such tetrahedrite decom-

poses in nature 1o the mixture of more iron-rich
tetrahedritc Cuypwiy6F 2, 5Sb,S,a. famatinite, dige-
mte, and antimony.
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