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ABSTRACT

Auvailable compositional data for 1271 samples of natural
tetrahedrite and 295 of synthetic tetrahedrite were
examined. They show: compositional ranges of four to ten
Cu, zero to six Ag, and a total of two (Fe, Zn, Hg) atoms,
complete substitution (up to four atoms) among As, Sb and
Te, and a total of 13 atoms of S per formula unit. Data
on contents of Pb, Bi and Cd in natural samples are insuffi-
cient to define their compositional ranges, and virtually no
data exist on other substitutions, involving Co, Ni, Mn and
Au. A generalized formula (Cu,Ag),Cuy(Fe,Zn,Cu,Hg,
Cd),(Sb,As,Bi,Te),(S,Se),3 is proposed on the basis of
these compositions. The cell dimension is a linear function
of chemical elements in the formula except in Ag-rich tetra-
hedrite, where it increases with Ag content, up to four Ag
atoms per formula unit, and then decreases. Ag and As
have a low tolerance for each other in the structure, and
plots of Fe versus Ag, Zn versus Ag, and Hg versus Cu
suggest that incorporation of Ag'is controlled by several
factors. For the purpose of explaining compositional vari-
ations in tetrahedrite, the simple Brillouin-zone model of
bonding (Johnson & Jeanloz 1983) is superior to any ionic
model.

Keywords: synthetic and natural tetrahedrite, Brillouin
zone, Ag-Fe-Zn-Hg-Cd-As-Te-Bi substitution.

SOMMAIRE

On a examiné les données disponibles sur la-composi-
tion de 1271 échantillons de tétraédrite naturelle et 295 spé-
cimens de tétraédrite synthétique. Ces données indiquent:
des domaines de composition pouvant aller de quatre & dix
atomes de Cu et de zéro“a six Ag, un total de deux atomes
(Fe, Zn, Hg), substitution compléte (jusqu’a quatre ato-
mes) entre As, Sb, et Te, et 13 atomes de S du total par
unité formulaire. Les données sur la teneur des échantil-
lons naturels en Pb, Bi et Cd sont insuffisantes pour défi-
nir leurs domaines de composition; quant aux données sur
les autres substitutions, impliquant Co, Ni, Mn et Au, elles
sont pratiquement inexistantes. On propose ici la formule
généralisée (Cu,Ag)sCuy(Fe,Zn,Cu,Hg,Cd),(Sb,As,Bj,Te),
(8,Se);5 qui est fondée sur les données susmentionnées. La
dimension de la maille est fonction linéaire des éléments
chimiques qui entrent dans la formule, sauf pour échantil-
lons riches en Ag, ol elle augmente avec la teneur en Ag,
de zéro & quatre Ag par unité formulaire, aprés quoi elle
diminue. Dans la structure, Ag et As ont ’un pour I’autre
peu de tolérance; les courbes de Fe, Zn et Hg, en fonction
de Ag, Ag et Cu, respectivement, portent 4 penser que
Pintroduction d’Ag dépend de plusieurs facteurs. Pour
expliquer les variations de composition dans la tétraédrite,
le modtle simple de la liaison chimique par zone de Bril-

louin (Johnson & Jeanloz 1983) est préférable 4 tout modéle
ionique.

(Traduit par la Rédaction)

Mots-clés: tétraédrite, synthétique et naturelle, zone de Bril-
louin, substitutions Ag-Fe-Zn~Hg-Cd-As-Te-Bi.

INTRODUCTION

In the most recent thorough studies of the chemical
composition and physical properties of natural tetra-
hedrite, Charlat & Lévy (1974, 1975, 1976) propo-
sed, on the basis of a suite of 54 samples from selec-
ted localities worldwide, the general formula
(CuAg),¢(Fe,Zn,Cu,Hg,Cd),(Sb,As),S,;. Subse-
quent studies have confirmed that Se substitutes for
S (Johan & Kvacek 1971, Brodin et al. 1979), and
Bi + Te substitute for As + Sb (Oen & Kieft 1976,
Mozgova ef al. 1979). Other studies report the pre-
sence of Pb, Co, Ni, Au and Mn (Schroll & Azer
Ibrahim 1958, Bishop et al. 1977, Pattrick 1978, Basu
et al. 1981, 1984a).

The tetrahedrite structure, as described by
Wuensch (1964), can be written as: VAZ1JUM2,
UXVY,],Y'Z, where M1 represents Cu'or Ag, M2
represents Cu, Fe, Zn, Hg or Cd, X stands for Sb,
As, Bi or Te, and Y and Z could be either S or Se.
Although the existence of the six-co-ordinated Z
anion in the structure (the 13th S atom) has been
generally accepted, there has been some resistance
(Belov & Pobedimskaya 1969, Kaplunnik ef a/. 1980,
Babushkin ef /. 1984) to this in favor of a 12-S-atom
model. Furthermore, the distribution of the two
metal (M) sites in the crystal structure does not match
that of metal atoms in the general chemical formula
above. Several authors (Godonikov & Il’yasheva
1973, Johnson & Jeanloz 1983, Miller & Craig 1983,
Pattrick & Hall 1983) have collected compositional
data from published sources in order to review tetra-
hedrite chemistry or to illustrate a point germane to
their research. Because the chemical composition of
a mineral reflects the underlying crystal chemistry,
a large base of analytical data may provide infor-
mation on crystallochemical relationships. This
report is a comprehensive compilation and analysis
that clarifies some reported relationships, unearths
other ones that exist in tetrahedrite-group minerals,
and thereby serves as a guide for future research. To
minimize confusion, the use of varietal names of
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FIG. 1. Number of anions (S, S¢) per formula unit.

FiG. 2a. Number of As atoms versus number of Sb atoms
for samples of natural tetrahedrite. Dashed line is ideal

solid-solution.
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tetrahedrite-series members (tennantite, freibergite,
schwatzite, ezc.) has been avoided; such members are
described as As-rich tetrahedrite, Ag-rich tetrahe-
drite, Hg-rich tetrahedrite, efc.

The data base for this paper consists of reported
compositions of 1271 samples of natural tetrahedrite
from various ore-deposits and 295 of synthetic tetra-
hedrite. The data were not critically evaluated except
to remove clearly inaccurate analytical data (e.g.,
totals equalling 93%, 30 weight % Fe). The follow-
ing information is considered for each composition:
Cu, Ag, Fe, Zn, Hg, Cd, As, Sb, Bi, S, Pb, Te, Mn
and Se contents in weight %, and the length of the
unit-cell edge a (in A), where given. Data on other
reported substitutions are sufficiently rare and their
reported importance is sufficiently small that they
can be ignored. The weight percentage was converted
to number of atoms based on 29 atoms per formula
unit. Two additional variables were considered dur-
ing the processing: BZ, the number of valence elec-
trons per unit cell, and CHR, the net ionic charge
per formula unit (after Johnson & Jeanloz 1983). The
results were then plotted as functions of each other
or as functions of their frequency. A complete list-
ing of all the data may be obtained from the authors,
and will be included in the Ph.D. dissertation of the
first author.
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Fi6. 2b. Number of As atoms versus number of Sb atoms
for samples of synthetic tetrahedrite. Dashed line is as
in Figure 2a.



COMPOSITIONAL TRENDS IN TETRAHEDRITE

RESULTS
S and Se contents

Recalculating weight % values to the mean atomic
% S indicates that the hypothesis of 12 S atoms per
formula unit can be rejected at the 99,9% confidence
level. By far the largest number of reported tetrahe-
drite compositions (85%) have 13 S atoms per for-
mula unit (Fig. 1), effectively ending the debate as
to whether tetrahedrite contains 12 or 13 sulfur
atoms. The S content does seem to decrease slightly
as the Cu content decreases, but the maximum den-
sity in population occurs near 10 Cu and 13 S atoms.
The paucity of data sets (6) with detectable Se does
not permit any generalization regarding the mechan-
ism of Se substitution.

Sb, As, Bi and Te contents

Analytical data for both natural and synthetic
samples support the long-held premise of complete
solid-solution between the Sb and As end-members
(Figs. 2a,b). The relatively even distribution of com-
positions indicates that the geochemical conditions
necessary for the formation of all members of the
solid solution are widespread. Bi-rich tetrahedrite is
relatively rare, and the limited data indicate no
apparent correlation of Bi with Sb or As contents
in spite of the suggestion of Bohmer (1964) that Bi
substitutes for Sb but not for As. The maximum Bi
content found in our data base is approximately two
atoms per formula unit at a Cu content of approxi-
mately 10 atoms per formula unit. The relatively few
data on Te suggest a maximum of 3 to 3.5 atoms
substituting on a 1-to-1 basis for Sb (Fig. 2c); this
observation is consistent with Kalbskopf’s (1974)
findings.

Cu content

The ideal tetrahedrite and tennantite compositions
are usually given as CuIZSb4S,3 and Cules4SI3,
respectively. However, the majority of compositions
examined in this study contain 10 atoms of Cu per
formula unit (Fig. 3a). A significant percentage have
fewer than 10, down to a minimum of 4, but fewer
than 12% contain more than 10. This is consistent
with the experimental findings of Tatsuka &
Morimoto (1977), who found that synthetic tetra-
hedrite with less than 0.5 atoms of Fe per formula
unit breaks down, after annealing, to a mixture of
famatinite, digenite and chalcocite. This also agrees
with the generalized formula proposed by Charlat
& Lévy (1974), which indicates that Cu beyond 10
atoms per formula unit substitutes for the two Fe
or Zn atoms normally present.

In contrast, most synthetic compositions of tetra-
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TABLE 1. PUBLISHED SOURCES OF DATA USED IN THIS PAPER, INCLUDING
NUMBER OF SAMPLES AND.THEIR ORIGIN (NATURAL OR SYNTHETIC)
Reference Analyses Refarence Analyses

Abu'lgazina et al. (1975) 1N Luce et al. (1977) 35S
Arana (1977) 1N Maske & Skinner (1971) 13s
Araya et al. (1977) 17N McQuee 4N
Atanasov (1975) 3N m'llsr & Cratg (1983) 32N
Azer Ibrahim (1958) TN Moroweic & Kubfca (1972) N
Basu et al. 1) 5N  Mozgova et al. 51979 B4 N
Basu et al. 1984ag 6N Mozgova et al. (1980 28 N
Basu et al. (1984b, 12N poskos (1983) 1N
Birch (1981 1N Nafk $1975} [3.]
Bishop et al. (1977) 1N Nash (197 8 N
Boldyreva & Borodayev (1974) 2N Nikitin (1929) 2N
Brodin et al. (1979) 3N  Nishiwaki et al. (1971) 5N
Burkhart-Baumann (1984) 6 N Novgoredova et al. (1978) 41N
Cech & Hak (1979) 6N Oen et al. (1973) 1N
Cerng & Harris (1978 4 N n & Kieft (1976) 5N
Charlat & Lévy (1974 161N Pattrick 1978 16N
Chen & Petruk (1980) 14N Pattrick (1984 2L N
Chen et al. (1980) 4 N Pattrick & Hall (1984) 28Ss
Com ezz{ & Baran (1973) 1N Petruk et.al, (1971) 9N

Cox (1977 9N Raabe & Sack (1984) 28N
Czamanske & Hall (1975) 1N  Ransome (1909 IN
Doelter (1926 138 N Riley (1974) 24 N
Dunin-Barkovskiy et al. (1970) 3N  San del:ki & Ancoff (1981) 21N
Efdsmo et a). (1984, 73N Shimada & Hirowatar! (1972) 14N
Godovnikov & Il'yasheva (1973} 88 N Shimazaki (1974) 12N
Hak & Tupper (1979) 12N Springer (1969) 23N

11 (1972 0S8 Stanley & Ixer (1982) 4N
Hall & Czamanske (1972) 3N Sugaki et al. (1975 38S
Hintze (1904) 26N Sugakt et al, (1984, 3N
Hwang & Mayer (1982) 8N Tatsuka & Morimoto 51973 168
Imat & Lee {1980) 10 N Tatsuka & Morfmoto (1977 185
Indotev et al. (1971 9N  Thorpe et al. (1976) 2N
Ixer & Staniey (1980 6N  Thum (I 8N
Ixer & Stanley (1983 27 N Timofeyevskiy (1967 7N
Jasinski (1983) 2N Tsepin et al. (1977 3N
Johan & Kvacek (1971) 1N Tsepin et al. (1979, 2K
Johnsen (1982) 137 8 Vasil'yev & Lavrent ey (1973) 2N

Karup-Mgiler (1974) 6N Vau han & Ixer ( IN
Kovalenker at al. (1981) 2N Petersen (1977) 7N
Kvatek (1977) N Yui ( 10N
Kvatok et al, (1975) 2R Yushkin (1978) 3N
Lind & Makovicky (1982) 58 Zakrzewski & Nugteren (1984) 14N
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F1G. 3a. Number of Cu atoms versus number of Ag atoms
for samples of natural tetrahedrite. Uppermost dashed
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hedrite fall into three groups with 4, 5 or 6 Cu atoms
per M1 site (Fig. 3b), corresponding to a total Cu
content of 10, 11 or 12 atoms. This results from the
many syntheses of tetrahedrite compositions in the
range of 10 to 12 atoms per formula unit. In con-
trast, tetrahedrite with as few as three total Cu atoms
was synthesized by Pattrick & Hall (1983).

Ag content

The work of Wuensch (1964), which showed that
there are six three-co-ordinated sites in the structure,
and that of Kalbskopf (1972), suggest a maximum
of six Ag atoms per formula unit. Charlat & Lévy
(1974), however, proposed a maximum of 10 Ag
atoms per formula unit. The data gathered in this
study (Fig. 4a) indicate that although there are rare
compositions that approach 10 atoms, the vast
majority indeed have fewer than six Ag atoms.

Several authors (Charlat & Lévy 1974, Wu &
Petersen 1977, Miller & Craig 1983) have noted that
there is a distinct correlation between the Sb and Ag
contents. Figure 4a, a plot of As versus Ag contents,
shows that, in fact, Ag and As have little tolerance
for each other in the tetrahedrite structure; the
presence of only one atom of As decreases (neglect-
ing scatter) the maximum number of Ag atoms con-
tained from six to one.

In a study of Ag-rich tetrahedrite from the Mt.
Isa deposit, Riley (1974) noted that the cell expands
with increasing Ag content, up to a maximum of four
Ag atoms per formula unit; samples with progres-
sively higher Ag contents show a decreasing length
of the cell edge. Figure 4b shows that this is a general
trend for all Ag-bearing tetrahedrite, but this
decrease contrasts with the relatively linear cell-
dimension variations resulting from other composi-
tional substitutions.

The plot of the unit-cell dimension of composi-
tions of synthetic tetrahedrite (Fig. 4c) is basically
linear up to seven atoms of Ag, and does not dis-
play the break at four Ag atoms nor the subsequent
decrease from four to six atoms that samples of
natural tetrahedrite show.

Fe, Zn, Hg, Cd and Mn contents ’

Figures 5a, 5b and 5c are plots of Fe, Zn and Hg
concentration as a function of Sb. The only appar-
ent relationship is that of higher Hg content with
higher Sb content, which may be an artifact of the
limited number of data on Hg-tetrahedrite. There
does appear to be a fairly well-defined limit of two
atoms per formula unit for each element. This is con-
sistent with the limits proposed by Charlat & Lévy
(1974). The Cd data that do exist are insufficient to
make the same observation definitive, but those data
that are available, and the chemical similarity of Cd
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F1G. 4a. Number of As atoms versus number of Ag atoms
for samples of natural tetrahedrite.
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to Zn and Hg, suggest an-analogous situation. As
shown in Figure 5d, Hg content is greatest when the
Cu content is 10 atoms, and decreases sharply if Cu
is higher or lower. The decrease on the low-Cu side
appears to indicate an antipathetic relation between
Hg and Ag.

Figures Se and 5f display relationships between Fe
and Ag, and between Zn and Ag, respectively. Both
Fe and Zn display complete (up to two atoms) sub-
stitution where there are fewer than two atoms of
Ag; if Ag increases beyond this value (to a maximum
of six), Zn decreases, whereas Fe remains between
one and one-half and two atoms. This effect has been
noted by Pattrick & Hall (1983) for selected natural
samples. This positive correlation of Fe with Ag may
lead to a secondary positive correlation of Fe with
Sb, consistent with that found by Raabe & Sack
(1984) for natural samples.

Reports of Mn-rich tetrahedrite have recently been
published (Basu et al. 1984a, Burkhart-Baumann
1984), but the available data are too meager to do
more than suggest that Mn substitution is analogous
to that of Fe, Zn, Hg and Cd. Experimental data
on Fe, Zn, Hg, Cd and Mn content are scarce and
appear consistent with the data on natural material.
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Pb content

Reports of Pb in tetrahedrite are exceedingly rare,
a somewhat surprising fact, given the common occur-
rence of tetrahedrite with and within galena, and the
apparent solid-solution between the two minerals,
as evidenced by the submicroscopic exsolution-
related inclusions of tetrahedrite in galena (Gaspar-
rini & Lowell 1983, 1985). The only discernible trend
in the Pb-bearing compositions reported is a slight
tendency for them to be associated with Sb-rich com-
positions.

Brillouin zone (BZ) and ionic-charge (CHG) models

. Johnson & Jeanloz (1983) proposed the use of a
simple Brillouin-zone (BZ) model to account for the
compositional variations in tetrahedrite. In this
model, each atom contributes one or more valence
electrons to a conduction band, and these electrons
are summed over a unit cell. That paper, and a sub-
sequent one (Jeanloz & Johnson 1984), use this
maodel to account for several observations: 1) Com-
positional variations correspond to a range of
between 204 and 208 valence electrons per unit cell.

4.0

3.5+

Ag Atoms

FIG. Se. Number of Fe atoms versus number of Ag atoms
for samples of natural tetrahedrite.
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2) The largest proportion of compositions is found
at the upper limit of 208 valence electrons per unit
cell. 3) The electrical resistivity increases as compo-
sitions approach the upper limit of 208 electrons per
unit cell. 4) The optical absorption decreases as com-
positions approach the upper limit of 208 clectrons
per unit cell.

The data base collected here is ideal for testing the
first two premises; hence, the quantities BZ, the num-
ber of valence electrons per unit cell, and CHR, the
net ionic charge per formula unit, were calculated
for each composition. The number of electrons and
the formal charges used for each atom were taken
directly from Johnson & Jeanloz (1983). Figure 6a
shows that the largest number of natural composi-
tions do in fact occur at 208 valence electrons per
unit cell, and 72% of all the compositions fall within
the limits (204-208 valence electrons) predicted. The
analogous calculations of net ionic charge (Fig. 6b)
have the largest number of compositions (35%) at
0, which represents a balance of charge, but the
remainder of the compositions have a net electric
charge, which violates the premises of a purely ionic
model. The calculations for compositions of syn-
thetic tetrahedrite show the same tendencies (Figs.

4.0

3.5 &

Zn Atoms

Fic. 5f. Number of Zn atoms versus number of Ag atoms
for samples of natural tetrahedrite.
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6c, 6d). It is clear that these data substantiate the
premise that the concept of a Brillouin zone is con-
siderably more effective than a simple ionic model
in explaining the nature of tetrahedrite.

Regression analysis of cell dimensions

Charlat & Lévy (1975) gathered cell-parameter
data to complement the compositional data from
their previous work (Charlat & Lévy 1974) and fit
a linear equation to the results. Their equation relates
the changes that Ag, Hg, Cu?* and As contribute
to a ‘‘standard’’ tetrahedrite of composition
Cuyo(Fe,Zn),Sb;S,; and cell dimension of 10.386 A.
Their result is useful under their stated constraint of
less than 20 weight % Ag and only for those substi-
tutions available to them for examination. The much
larger data-base in this study allows us to further
generalize their results and to provide quantitative
statistical information concerning the fit of the model
to the data.

Techniques of multiple linear and nonlinear regres-
sion were used to analyze the relationship between
cell dimensions and composition for this data set.
Preliminary results for natural tetrahedrite indicate
that an equation of the form:

a = By+ BAg+ BFe+ ByZn + B,Hg + BsSb + B.Ag?

provides the best fit. The regressor variables are
atoms/formula unit divided by the number of sites
available (six for Ag, two for Fe, Zn and Hg, four
for Sb), B, is the intercept, and 83, are the weights
for the regressors. The resultant overall R? is
0.961833; the values for 8y, and their associated
partial F-tests are listed in Table 2. Predicted values
of @ have been found to be within 0.08 A of their
actual values. Further research on refining these rela-
tionships is underway and will be reported at a later
date.

CONCLUSIONS

The body of tetrahedrite data indicates that there
are a great many interrelated effects on tetrahedrite
compositions, some of which are easily explained,
whereas others are not yet understood. A general-
ized compositional formula of the form: (Cu,Ag),
Cuy(Fe,Zn,Cu,Hg,Cd),(Sb,As,Bi,Te),(S,Se);; seems
to best account for the range of composition of
naturally occurring tetrahedrite. This suggests that
there are three distinct metal sites in the structure,
instead of the previously determined two. The data
on synthetic tetrahedrite agree in general with those
for natural tetrahedrite, but there are some marked
discrepancies, especially concerning Ag-bearing tetra-
hedrite. More research is needed using the approach
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T 2 cERReoPONOTNG Fog, TESts ™"
Parameter Estimate Fgl_?§==

8y (intercept) 10.211 -
8y (Ag) 0.459 577.29
8, (Fe) 0.021 3.10
85 (Zn) 0.017 2.76
8, (Hg) 0.142 160.81
85 (Sb) 0.147 680.09
8 (Ag%) -0.346 276.09

of Tatsuka & Morimoto (1977), who studied the sta-
bility of synthetic tetrahedrite, particularly if we are
to understand the graphic intergrowths of tetrahe-
drite, arsenopyrite and gudmundite that apparently
result from tetrahedrite breakdown, as reported by
Juve (1974), Sandecki & Amcoff (1981), Shadlun
(1982), Miller & Craig (1983) and Basu ef al. (1984b).
Further research on less common and coupled
schemes of substitution is also desirable.

ACKNOWLEDGEMENTS

The authors are indebted to Dr. Mary L. John-
son for her permission to use her unpublished data
on synthetic tetrahedrite. We would also like to thank
J.L. Jambor for his careful review of the manuscript,
and for providing additional analytical data that sup-

"port our conclusions, but are not included in the

figures. This research was supported by a Virginia
Mining and Minerals Resources and Research Insti-

-tute (U.S. Bureau of Mines) allotment grant.

REFERENCES

ABULGAZINA, S.D., Kuznersova, E.I. & SLYUSAREV,
A.P. (1975): Composition and properties of two
Cu-Bi sulphosalts from the skarn deposits of the
Sayak group. Dokl. Acad. Sci. USSR, Earth Sci.
Sect. 222, 113-115.

ARANA, R. (1977): Nota sobre la tennantita de Molvi-
zar (Granada). Estud. Geol. 33, 219-222.

ARrava, R.A., Bowrss, J.F.W. & Sivpson, P.R. (1977):
Relationships between composition and reflectance
in the tennantite-tetrahedrite series of the El
Teniente ore deposit, Chile. Neues Jahrb. Mineral. -
Monatsh., 467-482.

ATaNAsov, V. A, (1975): Argentian mercurian tetrahe-
drite, a new variety, from the Chiprovtsi ore deposit,
western Stara-Planina Mountains, Bulgaria.
Mineral. Mag. 40, 233-237.

AzER IBrAHIM, N. (1958): Beitrag zur Kenntnis ostal-



394

piner Fahlerz. II. Chemische Untersuchungen von
Fahlerzen. Tschermaks Mineral. Petrog. Mitt. 6,
238-245.

BaBusHKIN, A.N., KoseLev, L.YA. & ZLokAzov, V.B.
(1984): Spontancous deformation in a single crys-
tal of Cu,AsS,. Sov. Phys. Cryst. 29, 478-480.

Basu, K., BorTNYKOV, N., MOOKHERJEE, A., MOZGOVA,
N. & TseriN, A.L. (1981): Rare minerals from
Rajpura-Dariba, Rajasthan, India. I1I. Plumbian
tetrahedrite. Neues Jahrb. Mineral. Abhand. 141,
280-289.

Svitsov, A.V.,
TsepiN, A.I. & VRUBLEVSKAIA, Z.V, (1984a): Rare
minerals from Rajpura-Dariba, Rajasthan, India.
V. The first recorded occurrence of a manganoan
fahlore. Neues Jahrb. Mineral. Abh. 149, 105-112,

s , Misura, B., MOOKHERIEE, A., Moz-
GOVA, N.N. & TsepIN, A.L. (1984b): Significance of
transformation textures in fahlores from Rajpura-
Dariba polymetallic deposit, Rajasthan, India.
Neues Jahrb. Mineral. Abh. 149, 143-161.

Berov, N.V. & PoBeDIMskAYA, E.A. (1969): Covelline
(klockmannite) - chalcocite (acanthite, stromeyerite,
bornite) - fahlerz. Sov. Phys. Cryst. 13, 843-847.

Birch, W.D. (1981): Silver sulfosalts from the Meer-
schaum mine, Mt. Wills, Victoria, Australia.
Mineral. Mag. 44, 73-78.

Bisuorp, A.C., CrIDDLE, A.J. & CLARK, A.M. (1977):
Plumbian tennantite from Sark, Channel Islands.
Mirneral. Mag. 41, 59-63.

BonmEer, H. (1964): Mineralogy of the Tetrahedrite
Series. Ph.D. dissertation, University of Cincinnati,
Cincinnati, Ohio.

BoLpYrREVA, M.M. & Borobpavey, Yu.S. (1974): Zinc-
bismuth tetrahedrite, a new variety of grey ore.
Dokl. Acad. Sci. USSR, Earth Sci. Sect. 212,
180-181.

BrobiN, B.V., Osipov, B.S. & KACHALOVSKAYA, V.M.
(1979); Silver bearing hakite. Zap. Vses. Mineral.
Obshchest. 108, 587-590 (in Russ.).

BURkHART-BAUMANN, 1. (1984): Unusual tennantite
from Quiruvilca, Peru. In Sulfosalts: observations
and mineral descriptions, experiments and applica-
tions (G. Moh, compiler). Neues Jahrb. Mineral,
Abh., 150, 25-64.

Crcn, F. & Hax, J. (1979): Tetrahedrite high in Ag,
Zn and Cd from Jihlava, Czech. Casop. Mineral.
Geol. 24, 83-88.

CernY, P. & Hargis, D.C. (1978): The Tanco pegma-
tite at Bernic Lake, Manitoba. XI. Native elements,
alloys, suifides, and sulfosalts. Can. Mineral. 16,
625-640.

THE CANADIAN MINERALOGIST

CHARLAT, M. & Lgvy, C. (1974): Substitutions multi-
ples dans la série tennantite-tetraédrite. Bull. Soc.
frang. Minéral. Crist. 97, 241-250.

& (1975): Influence des principales sub-
stitutions sur le paramétre cristallin dans la série
tennantite-tetraédrite. Bull. Soc. frang. Minéral.
Crist. 98, 152-158.

& (1976): Influence des principales sub-
stitutions sur les propriétés optiques dans la série
tennantite-tetraédrite. Bull. Soc. fran¢. Minéral.
Crist. 99, 29-37.

CueN, T.T., Dutrizac, J.E., Owens, D.R. &
LarLaMME, J.H.G. (1980): Accelerated tarnishing
of some chalcopyrite and tennanfite specimens, Can.
Mineral. 18, 173-180.

& PeTrUK, W. (1980): Mineralogy and charac-
teristics that affect recoveries of metal and trace ele-
ments from the ore at Heath Steele mines, New
Brunswick. Can. Inst. Mining Metall. Bull. 73 (823),
167-179.

CortELEZZI, C.R. & BaRAN, E.J. (1973): New studies
on bixbyite and on tetrahedrite from Argentina.
Neues Jahrb. Mineral. Monatsh., 426-431.

Cox, L. (1977): Mineralogy and Petrogenesis of the
Arminius Deposit, Louisa County, Virginia. M..S.
thesis, Virginia Polytechnic Institute and State
University, Blacksburg, Virginia.

Czamanske, G.K. & HaLt, W.E. (1975): The Ag-Bi-
Pb-Sb-S-Se-Te mineralogy of the Darwin lead-
silver-zinc deposit, southern California. Econ. Geol.
70, 1092-1110.

DoELTER, C. (1926): Handbuch der Mineralchemie (4
vols.). Verlag von Theodor Steinkopf, Dresden &
Leipzig.

Dunin-Barkovskry, R.L., KLiyENTova, G.P. & Porov,
V.S. (1970): Form of occurrence of zinc in tetrahe-
drite. Dokl. Acad. Sci. USSR, Earth Sci. Sect. 186,
110-112.

Emsmo, O., Fosuig, G., MaLvik, T. & Vokes, F.M.
(1984): The mineralogy and recovery of silver in
some Norwegian base-metal sulphide ores. In
Applied Mineralogy, Proc. 2nd ICAM (W.C. Park
et al., eds.). Metall. Soc. AIME, New York, 891-910;

GaspPARRINI C. & LoweLL, G.R. (1983): Argentiferous
galena from Silvermine, Missouri discredited. Geol.
Assoc. Can. - Mineral. Assoc. Can., Program
Abstr. 8, A25.

& (1985): Silver-bearing inclusions in
‘‘argentiferous”’ galena from the Silvermine district
in southeastern Missouri. Can. Mineral. 23, 99-102.

Gobpovnikov, A.A. & IL'yasHeva, N.A., (1973): Chem-



COMPOSITIONAL TRENDS IN TETRAHEDRITE

ical characteristics of fahlores. Int. Geol. Rev. 15,
1413-1422.

Hak, J. & Tupper, W.M. (1979): Ag-rich tetrahedrite
and associated sulphides from the New Calumet
deposit, Quebec, Canada. Vestn. Ustred. Ustavu.
Geol. 54, 267-274.

Harx, A.J. (1972): Substitution of Cu by Zn, Fe and
Ag in synthetic tetrahedrite, Cu,,Sb,S,;3. Bull. Soc.
Jrang, Minéral. Crist. 95, 583-594.

HairL, W.E. & Czamanskg, G.K. (1972): Mineralogy
and trace element content of the Wood River lead-
silver deposits, Blaine county, Idaho. Econ. Geol.
67, 350-361.

Hintze, C. (1904): Handbuch der Mineralogie (6
vols.). Berlin & Leipzig.

Hwang, J.Y. & Mever, H.O.A. (1982): The mineral
chemistry and genesis of the Chinkuashih ore
deposits, Taiwan. Proc. Geol. Soc. China 25,
88-101.

Imar, N. & Leg, H.K. (1980): Complex sulfide-sulfosalt
ores from Janggun mine, Republic of Korea. In
Complex Sulfide Ores (M.J. Jones, ed.). Inst. Min-
ing Metall., 248-249.

INpoLEv., L.N., Nevoysa, G.G. & Bryzcarov, L.A.
(1971): New data on the composition of stibnite and
the isomorphism of Cu and Ag. Dokl. Acad. Sci.
USSR, Earth Sci. Sect. 199, 115-118,

IXER, R.A. & Staniry, C.J. (1980): Mineralization at
Le Pulec, Jersey, Channel Islands. Mineral. Mag.
43, 1025-1029.

&_____ (1983): Silver mineralization at Sark’s
Hope mine, Sark, Channel Islands. Mineral. Mag.
47, 539-545, :

Jasinski, A.W. (1983): Some aspects of the silver
mineralization in the Hallefors region (Bergslagen,
Sweden). Mineral. Mag. 47, 507-514.

JeaNLOz, R."& Jounson, M.L. (1984): A note on the
bonding, optical spectrum and composition of tetra-
hedrite. Phys. Chem. Minerals 11, 52-54.

JoHaN, Z. & Kva&ek, M. (1971): La hakite, un nou-
veau minéral du groupe de la tetraédrite. Bull. Soc.
frang. Minéral. Crist. 94, 45-48,

JounsoNn, M.L. (1982): The Effect of Substitutions on
the Physical Properties of Tetrahedrite. Ph.D. dis-
sertation, Harvard University, Cambridge, Mas-
sachusetts.

& JEanroz, R. (1983): A Brillouin-zone model
for compositional variation in tetrahedrite. Amer.
Mineral. 68, 220-226.

Juve, G. (1974): Ore mineralogy and ore types of the

395

Stekenjokk deposit, central Scandinavian
Caledonides, Sweden. Sver. Geol. Under., Ser. C,
706.

Kavsskopr, R. (1972): Strukturverfeinerung des
Freibergits. Tschermaks Mineral. Petrog. Mitt. 18,
147-155.

(1974): Synthese und Kristallstruktur von
Cuy, Te,S3, dem Tellur-Endglied der Fahlerze.
Tschemaks Mineral. Petrog. Mitt. 21, 1-10.

KarLUNNIK, L.N., PoBEDIMSKAYA, E.A. & BELOV, N.V,
(1980): Crystal structure of schwatzite
(Cu4‘4Hg1.6)Cu65b4Sn. Sov. Phys. Dokl. 25,
506-507.

"KaRUP-MOLLER, S. (1974): Mineralogy of two copper-
antimony-sulphide-oxide occurrences from the
Ilimaussaq alkaline intrusion in south Greenland.
Neues Jahrb. Mineral. Abh. 122, 291-313.

KovaLENkER, V.A., YESTIGNEYEVA, T.L., TRONEVA,
N.V. & Vyarsov, L.N, (1981): The first discovery
of mawsonite and other Cu-Fe-Sn sulfides in gold-
sulfide-quartz ores. Int. Geol. Rev. 23, 105-114.

Kvalexk, M. (1977): Se-bearing tetrahedrite from
Bukov (deposit of Rozna, W. Moravia, CSSR). Acta
Univ. Carol. Geol. 4, 233-237.

, NovAk, F. & DrABEK, M. (1975): Canfieldite
and silver-rich tetrahedrite from the Kutna Hora ore
district. Neues Jahrb. Mineral. Monatsh., 171-179.

Lmp, I.L. & Maxovicky, E. (1982): Phase relations in
the system Cu-Sb-S at 200°C, 108 Pa by
hydrothermal synthesis. Microprobe analyses of
tetrahedrite - a warning. Neues Jahrb. Mineral.
Abh. 145, 134-156.

Lucg, F.D., Turtie, C.L. & SkiNNer, B.J. (1977):
Studies of sulfosalts of copper. V. Phases and phase
relations in the system Cu-Sb-As-S between 350°
and 500°C. Econ. Geol. 72, 271-289.

MaASKE, S. & SKINNER, B.J. (1971): Studies of the sul-
fosalts of copper. 1. Phases and phase relations in
the system Cu-As-S. Econ. Geol. 66, 901-918.

McQueen, K.G. (1984): Meneghinite, boulangerite and
associated minerals from the Pihnacles mine, Broken
Hill, New South Wales. Neues Jahrb. Mineral.
Monatsh., 323-336.

MiLLer, J.W. & Craig, J.R. (1983): Tetrahedrite-
tennantite series compositional variations in the
Cofer Deposit, Mineral District, Virginia. Amer.
Mineral. 68, 227-234.

Morowelc, H. & Kusica, L. (1972): Electronenstrahl-
mikroanalyse einiger Minerale aus dem System
Cu,,A8,8,3-Cu8bSy3. Kristall. und Technik 7,
699-704.



396

Mozcova, N.N., Tsermy, A I, & Ozerova, N.N., (1980):
Arsenic schwatzite, Dokl. Acad. Sci. USSR, Earth
Sci. Sect. 239, 143-146.

Bormnixov, N.S. & TRONIEVA,
N.V. (1979): Mercuriferous grey copper ores. Zap.
Vses. Mineral. Obshchest. 108, 437-453 (in Russ.).

Mproskos, E. (1983): A mineralogical study of the Au-
Ag-Bi-Te-Cu-Co-Ni-As-S ore mineralization in
Macedonia, Greece. Chem. Erde 42, 281-296.

Naik, M.S. (1975): Silver sulphosalts in galena from
Espeland, Norway. Norsk Geol. Tidsskr. 55,
185-189.

Nasn, J.T. (1975): Geochemical studies in the Park
City District. II. Sulfide mineralogy and minor-
element chemistry, Mayflower mine. Econ. Geol. 70,
1038-1049.

NixiTin, W.W. (1929): Parallele Verwachsurgen des
Fahlerzes und seine chemische Konstitution. Z.
Krist. 69, 482-502.

NisHiwaki, C., MATsukuma, T. & UrasaiMa, Y. (1971):
Neogene gold-silver ores in Japan. Soc. Mining
Geol. Japan, Spec. Issue 3, Proc. IMA-IAGOD
1970, 409-417.

Novcoropova, M.I., TseriN, A.l. & DmiTriEVA, M. T,
(1978): The new isomorphous series in the grey ores
group. Zap. Vses. Mineral. Obshchest. 107, 100-110
(in Russ.).

OeN, LS., Burkg, E.A.J. & Krr, C. (1973): Bis-
muthjan tennantite from Mangualde, Portugal.
Neues Jahrb. Mineral. Monatsh., 43-46.

& Krerr, C. (1976): Bismuth-rich tennantite
and tetrahedrite in the Mangualde pegmatite, Viseu
district, Portugal. Neues Jahrb. Mineral. Monatsh.,
94-96.

Partrick, R.A.D. (1978): Microprobe analyses of
cadmium-rich tetrahedrites from Tyndrum, Perth-
shire, Scotland. Mineral. Mag. 42, 286-288.

(1984): Sulphide mineralogy of the Tomnada-
shan copper deposit and Corrie Buie lead veins,
South Loch Tayside, Scotland. Mineral. Mag. 48,
85-91.

& HaLr, A.J. (1983): Silver substitution into
synthetic zinc, cadmium and iron tetrahedrites.
Mineral. Mag. 47, 441-451.

PeTRUK, W. AND STAFF (1971): Characteristics of the
sulphides. In The Silver Arsenide Deposits of the
Cobalt-Gowganda Region, Ontario (J.L. Jambor,
ed.). Can. Mineral. 11, 196-231.

Raagg, K.C. & Sack, R.O. (1984): Growth zoning in
tetrahedrite-tennantite from the Hock Hocking
mine, Alma, Colorado. Can. Mineral. 22, 577-584.

THE CANADIAN MINERALOGIST

RaNsoMmE, F.L. (1909): The geology and ore deposits of
Goldfield, Nevada. U.S. Geol. Surv. Prof. Pap. 66.

RiLey, J.F. (1974): The tetrahedrite-freibergite series,
with reference to the Mount Isa Pb-Zn-Ag orebody.
Mineral. Deposita 9, 117-124.

SANDECKI, J. & AMcoFF, O. (1981): On the occurrence
of silver-rich tetrahedrite at Garpenberg Nora, cen-
tral Sweden. Neues Jahrb. Mineral. Abh. 141,
324-340.

Schrorr, E. & Azer IraniM, N. (1958): Beitrag zur
Kenntnis ostalpiner Fahlerz. III. Geochemische
Untersuchungen an ostalpiner Fahlerzen. Tscher-
maks Mineral. Petrog. Mitt. 7, 70-105.

SuapLun, T.N. (1982): Ore textures as indicators of
formation conditions of mineral paragenesis in
different types of stratiform lead-zinc deposits. In
Ore Genesis: The State of the Art (G.C. Amstutz,
et al., eds.). Springer-Verlag, New York.

SHiMADA, N. & HiIRoWATARL F. (1972): Argentian tetra-
hedrites from the Taishu-Shigekuma mine, Tsushima
Island, Japan. Mineral. J. 1, 77-87.

Summazaxki, Y. (1974): Ore minerals of the Kuroko-type
deposits. In Geology of Kuroko Deposits (S. Ishi-
hara, ed.). Mining Geology (Japan), Spec. Issue 6,
311-322,

SPRINGER, G. (1969): Electronprobe analyses of tetra-
hedrite. Neues Jahrb. Mineral. Monatsh., 24-32.

StaNLEY, C.J. & IxER, R.A. (1982): Mineralization at
Le Pulec, Jersey, Channel Islands; No. 1 lode.
Mineral. Mag. 46, 134-136.

Sucakl, A., KiTakazg, A. & IsoBg, K. (1984): On the
gold-silver deposits of the Koryu mine, Hokkaido,
Japan. J. Jap. Assoc. Mineral., Petrology, Econ.
Geol, 19, 405-423.

, SuiMA, H. & KiTAkAZE, A. (1975): Experimen-
tal study on argentian tetrahedrite. Tohoku Univ.
Sci. Rep., 2nd ser., Spec. Vol. T (T. Takeuchi Mem.
Vol.), 63-72.

TaTtsuka, K. & MorivoTo, N. (1973): Composition var-
iation and polymorphism of tetrahedrite in the Cu-
Sb-S system below 400°C. Amer. Mineral. 58,
425-434,

& ______ (1977): Tetrahedrite stability relations
in the Cu-Fe-Sb-S system. Amer. Mineral. 62,
1101-1109.

Tuoreg, R.I., PriNGLE, G.J. & PranT, A.G. (1976):
Occurrence of selenide and sulphide minerals in bor-
nite ore of the Kidd Creek massive sulphide deposit,
Timmins, Ontario. Geol. Surv. Can. Pap. 76-1A,
311-317.

Trum, R. (1982): The volcanic copper deposits of



COMPOSITIONAL TRENDS IN TETRAHEDRITE

Caprichosa, Antachajra and Luiza in central Peru
- a case study on paragenesis and wall rock altera-
tion. Neues Jahrb. Mineral. Abh. 144, 125-147.

TiMorEYEVSKIY, D.A. (1967): First find of Ag-rich
freibergite in the USSR. Dokl. Acad. Sci. USSR,
Earth Sci. Sect. 176, 148-151.

TserN, A.l., Mozaova, N.N., Borinikov, N.S. &
Vyavsov, L.N. (1979): Zinc bearing fahlore. Dokl.
Acad. Sci. USSR, Earth Sci. Sect. 247, 150-153.

, Nocorobova, M.I. & DwmitrivEva, M.T.
(1977): First find of goldfieldite in the USSR. Dokl.
Acad. Sci. USSR, Earth Sci. Sect. 234, 156-158.

VasiL'yev, V.I. & LAvReNT'YEV, YU.G. (1973): Mercury-
bearing tennantite. Dokl. Acad. Sci. USSR, Earth
Sci. Sect. 218, 111-113.

VaucHAN, D.J, & Ixer, R.A. (1980): Studies of sul-
phide mineralogy of north Pennine ores and its con-
tribution to genetic models. Trans. Inst. Mining
Metall., Sect. B-89, 99-110.

397

Wy, 1. & PeTERSEN, U. (1977): Geochemistry of tetra-
hedrite and mineral zoning at Casapalca, Peru.
Econ. Geol. 72, 993-1016.

WuenscH, B.J. (1964): The crystal structure of tetra-
hedrite, Cu,Sb,S;3. Z. Krist. 119, 437-453,

Yur, S. (1971): Heterogeneity within a single grain of
minerals of the tennantite-tetrahedrite series. Soc.
Min. Geol. Japan, Spec. Issue 2, Proc. IMA-
TAGOD 1970, 22-29,

Yusuakin, N.P. (1978): New cadmium variety of tetra-
hedrite. Dokl. Acad. Sci. USSR, Earth Sci. Sect.
242, 149-152.,

ZaxrzeEwski, M.A. & NUGTEREN, H.W. (1984): Miner-
alogy and origin of the distal volcanosedimentary
deposit at the Hillefors silver mine, Bergslagen, cen-
tral Sweden. Can. Mineral. 22, 583-593.

Received June 12, 1985, revised manuscript accepted
November 20, 1985.



