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ABSTRACT

One hundred and thirty samples from the collection of the Natural History Museum in Florence, labeled as tetrahedrite, have
been extensively studied by means of SEM, XRD, EPMA, DTA, EPR and SQUID techniques. Wide-ranging substitutions,
confirmed by compositional data, play a fundamental role in the thermal behavior, “stabilizing” natural tetrahedrite with respect
to the synthetic equivalent. In order to determine the valence state and site occupancies of Cu and Fe, electron paramagnetic
resonance (EPR) and magnetic measurements were performed on selected samples of natural tetrahedrite. EPR measurements
were performed down to 130 K, and magnetic susceptibility measurements, in the range 2–300 K. EPR magnetic parameters were
determined on the basis of spectral simulations. The behaviour of �––1 versus temperature was interpreted by means of
Heisenberg’s model, thus yielding values for the Curie and Weiss constants. All samples are characterized by the presence of
small amounts of Cu2+ and Fe2+; Fe3+ was detected only in metal-deficient samples. Both Cu and Fe occupy the tetrahedral site;
whereas in some samples the former appears aggregated in dimers, the latter is randomly distributed over the lattice. The results
of the study confirm the crystal-chemical formula of the tetrahedrite samples investigated.

Keywords: tetrahedrite solid-solution, compositional data, thermal behavior, electron paramagnetic resonance, magnetic
susceptibility, crystal chemistry, cupric ion.

SOMMAIRE

Nous avons caractérisé cent-trente échantillons appelés tétraédrite dans la collection du Musée d’Histoire Naturelle à Florence
par microscopie électronique par balayage, diffraction X, analyse par microsonde électronique, analyse thermique différentielle,
résonance paramagnétique des électrons, et la technique SQUID. Des substitutions d’étendue importante, confirmées par données
chimiques, exercent un rôle fondamental dans le comportement thermique, “stabilisant” la tétraédrite naturelle par rapport à
l’équivalent synthétique. Afin de déterminer la valence et la position de Cu et Fe, nous avons déterminé la résonance
paramagnétique des électrons (RPE) d’échantillons naturels choisis jusqu’à 130 K, et les propriétés magnétiques sur l’intervalle
2–300 K. Les paramètres magnétiques des spectres RPE ont été déterminés par simulation. Le comportement de �––1 en fonction
de la température a été interpreté au moyen du modèle de Heisenberg, menant ainsi à une évaluation des constantes de Curie et
de Weiss. Tous les échantillons contiennent de faibles quantités de Cu2+ et de Fe2+. En revanche, on a décelé le Fe3+ seulement
dans les échantillons déficitaires en métaux. Le Cu et le Fe occupent le site tétraédrique. Tandis que le Cu semble agencé en
dimères, le Fe serait plutôt distribué de façon aléatoire dans le réseau. Les résultats de notre étude confirment la formule
cristallochimique des échantillons de tétraédrite étudiés.

(Traduit par la Rédaction)

Mots-clés: solution solide de la tétraédrite, données sur la composition, comportement thermique, résonance paramagnétique des
électrons, susceptibilité magnétique, chimie cristalline, ion cuprique.
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INTRODUCTION

Tetrahedrite-group minerals, well known since an-
tiquity, have been the object of numerous investigations
from the 18th century (Palache et al. 1944) up to mod-
ern times (e.g., Johnson et al. 1986, 1987, Makovicky
& Karup-Møller 1994, Pfitzner et al. 1997, Foit &
Ulbricht 2001, and references therein), owing to their
economic importance as a source of copper and, to a
lesser extent, of other elements, such as Ag. In spite of
their simple fundamental structure, first illustrated by
Machatschki (1928a, b), confirmed by Pauling &
Neumann (1934), assessed by Wuensch (1964) and sub-
sequently refined for different varieties (e.g., Kalbskopf
1971, 1972, Peterson & Miller 1986), no complete defi-
nition of their crystal chemistry has yet been achieved.
Indeed, spectroscopic investigations designed to clarify
some characteristics of the compositional variation and
of the electronic structure (Vaughan & Burns 1972,
Johnson & Jeanloz 1983, Jeanloz & Johnson 1984,
Vaughan & Pattrick 1984, Pattrick et al. 1993) did not
provide definitive assignments concerning the arrange-
ment of cations in the structure. We have done an accu-
rate chemical and thermal characterization of numerous
natural samples representing different varieties, com-
bined with electron paramagnetic resonance (EPR) and
magnetic investigations, for comparisons with the sparse
information avalaible for the Cu-pure synthetic ana-
logue, in particular on the role played by the various
substituents (Makovicky & Karup-Møller 1994, Pfitzner
et al. 1997). Whereas the compositional characteriza-
tion has been performed for all samples, EPR and direct
magnetic measurements have been used only on selected
samples. As proposed by Calas (1988) and Bernardini
et al. (2000), in fact, determination of the values of the
components of the magnetic tensors, g, hyperfine A and
zero-field splitting, can give a significant contribution
to knowledge of the structure of the paramagnetic site
and, in particular, to the solution of problems related to
the valence states and to the site occupancies of Cu2+

and Fe2+.

ANALYTICAL PROCEDURES

One hundred and thirty samples, labeled as tetrahe-
drite, kindly provided by the Natural History Museum
of the University of Florence, were investigated by X-
ray powder diffraction (XRD), electron scanning mi-
croscopy (SEM), electron-probe microanalysis (EPMA),
and differential thermal analysis (DTA).

All samples were analyzed by XRD using PW 1710
diffractometer equipped with a graphite monochroma-
tor (Co tube, 20 mA, 40 kV, step size 0.01°2�, 3 s per
step, Si plate support), and their composition was quali-
tatively determined by a Philips 515 SEM equipped with
an energy-dispersion specrometry (EDS) analytical sys-
tem and an elaboration EDAX 9800 detector system (ac-
celerating potential 25 kV). Quantitative analyses were

performed using an EPMA JEOL JXA superprobe op-
erating at 15 kV and 10 nA using synthetic marcasite,
stibnite, sphalerite and cinnabar and pure As, Cu, Mn
and Ag as standards. The thermal behavior of tetrahe-
drite-group minerals with different compositions was
investigated using a Netzsch STA 409 DTA system with
5°C/min scan rate, T = 1V, paper speed = 10 cm/h.

Six samples (numbers 1609, 1611, 1584, 15406,
1535, 47250) were selected for spectroscopic investiga-
tions on the basis of their different Fe:Zn ratio. EPR
measurements were performed on a Bruker 200D spec-
trometer equipped with ST100/700 variable-tempera-
ture assembly interfaced with Stelar software to an IBM
PC computer. EPR data were collected on powders, dis-
persed in paraffin wax in pure amorphous silica capil-
laries, as reported in Bernardini et al. (2000), and the
spectra were registered at the X band in the temperature
range from 130 to 298 K. The g-values were refined
with reference to the external standard DPPH [2,2–di(4-
tert-octylphenyl)–1-picrylhydrazyl] value (g = 2.0037).

Magnetic susceptibilities were measured in the range
2.6–298 K with a Cryogenic S600 Superconducting
QUantum Interference Device (SQUID) magnetometer
at applied fields of 1 and 0.1 T. Corrections for molecu-
lar diamagnetism, estimated from Pascal’s constants
(O’Connor 1981), were applied. Following the iterative
Gauss–Newton method, a non-linear least-squares re-
finement algorithm was devised in order to refine the
parameters Cx (Curie constant) and �x (Weiss constant)
in the Heisenberg model (Spal/ek et al. 1986). Conver-
gence rate has been accelerated by means of a “shift-
cutting” algorithm. For the first iteration, approximate
Cx and �x values, were estimated from the first-order
Curie–Weiss linear model (Carlin 1986).

RESULTS

Chemical composition

The formula coefficients of the analyzed samples
recalculated from EPMA data on the basis of thirteen
atoms of sulfur are reported in Table 1. The Hg content
ranges from traces to 1.65 atoms per formula unit, apfu,
whereas Mn, the content of which is invariably lower
than that reported in the literature (Basu et al. 1984,
Dobbe 1992), is not coupled with Cd or Pb. The ana-
lytical data confirm the complete substitution between
Sb and As, Cu and Ag and Fe and Zn, in agreement
with the data of Johnson et al. (1987) and Foit &
Ulbricht (2001); no relationship between the Cu or Fe
and As was detected, in disagreement with the results
of Charlat & Lévy (1974).

The triangular diagram (Fig. 1) confirms not only
the substitution involving Cu and Ag but also, where
the sum Cu + Ag is higher than 10 apfu, that between
Cu and the sum Fe + Zn + Hg, pointing to the presence
of Cu2+, as proposed by some authors (Foit & Ulbricht
2001, and references therein). The existence of metal-

837 40#3-juin-02-2368-05 6/26/02, 11:08838



TETRAHEDRITE SOLID-SOLUTION: EPR AND MAGNETIC INVESTIGATIONS 839

poor samples (metal sum less than 12 apfu), reported in
Table 2, supports the hypothesis of the presence of Cu2+

or Fe3+, or both, as suggested by Foit & Ulbricht (2001).
In these metal-poor samples, the possible presence of
Fe3+ does not seem to be correlated with the total Fe
content, as reported by Makovicky et al. (1991).

X-ray diffraction

The a cell edge of the tetrahedrite samples tends to
increase with increasing Sb content and with decreas-
ing Cu content (Foit & Ulbricht 2001). The effect of
other substituents does not seem to lead to definite
trends, as already observed by Charlat & Lévy (1974),
thus suggesting their possible averaging roles. The over-
all contribution of the substituents on a value has been
estimated by Johnson et al. (1987) in terms of the fol-
lowing expression:

apred = 10.379 + 0.082(Ag) – 0.01(Ag2)
– 0.09(Cu*) – 0.066(Hg) – 0.038(As) – 0.144(Bi),
where Cu* = 2 – (Fe + Zn + Hg + Cd).

The apred values calculated on the basis of the collected
compositional data fit well the observed ones with a
mean residual value | 0.028 | Å (Fig. 2).

The poor correlations observed for a versus Sb and
a versus Cu could be accounted for by considering these
samples to show split X-ray-diffraction peaks, which
may be due to coexisting tetrahedrite-group phases with
very small compositional differences. In fact, consider-
ing only the Cu-rich and Cu-poor synthetic compounds,
Tatsuka & Morimoto (1977a) suggested the presence,
at low temperature, of coexisting tetrahedrite and
“pseudotetrahedrite”, as named by the authors, the dif-
fraction patterns of which differ only by the presence of
some “superstructure” reflections. The small number of
Ag-rich samples has not allowed us to study the relative
apred trend as suggested by Pattrick & Hall (1983).

Thermal behavior

The DTA spectra, run on about 20 out of the 130
samples characterized, show various features that allow
us to group their relative curves in four categories,

837 40#3-juin-02-2368-05 6/26/02, 11:08839



840 THE CANADIAN MINERALOGIST

uncorrelated with specific composition (Fig. 3). In Fig-
ure 4, the DTA curve of the pure Cu synthetic analogue,
used as standard, is reported. That curve shows three

endothermic effects beginning at a temperature close to
540°, 580° and 600°C, respectively. The first effect may
be ascribed to the decomposition process suggested by
Skinner et al. (1972) who, however, did not publish their
DTA curve. The other two effects should correspond to
the incongruent melting of the breakdown products, i.e.,
famatinite, skinnerite and high digenite. In their study
on the role of the Fe content in stabilizing breakdown
products of the Cu-pure synthetic tetrahedrite, Tatsuka
& Morimoto (1977b) reported only the high-tempera-
ture part of their DTA runs, thus not showing whether
any endotermic effect developed before the 695–720°C
high-temperature peaks.

FIG. 1. Ternary diagram of EPMA data. FIG. 2. Correlation between predicted a (apred) and a obtained
from XRD spectra (aob).

FIG. 3. DTA curves of natural samples, temperature range 500°–800°C (5°C/min).
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Comparing the DTA curves of the natural samples
of tetrahedrite run in this study with that of the pure-Cu
synthetic compound, a role similar to that played by Fe
may be assigned to Zn, as proved by the single thermal
effect (detected both on heating and on cooling) begin-
ning at 695°C for sample 1562, characterized by a very
high Zn content (Fig. 3a). The DTA curves of the other
three categories of tetrahedrite show, respectively: a
large and asymmetrical peak at 655°C (category b), a
peak with a shoulder beginning at 665°C (category c),
and two peaks beginning at 595° and 660°C (category
d). These features may be ascribed to an incongruent
melting process. The different morphologies of these
three DTA patterns may be explained by a binary
peritectic-type reaction which, obviously, cannot be di-
rectly applied to compositionally complicated natural
compounds, but the quenching experiments performed
on sample 1588, from different temperatures (800° and
500°C), confirm the possibility of such a reaction. The
microphotographs of the associations revealed in the
products quenched from 800° and from 500°C and in
the final product of the DTA are shown in Figure 5. In
Figure 5a, an Iss-type solid enclosed in a Sb-rich
quenched melt is observed, whereas in Figure 5b, the
crystallization of a tetrahedrite-type material, due to the
reaction between the Iss solid phase and the Sb-rich
melt, is evident. Finally, the crystallization of a
chalcostibite-type material from the residual melt clearly
appears in Figure 5c. According to the different compo-
sition of the starting materials (e.g., more Fe- or Zn-rich
and with different percentage of minor elements), dif-
ferent phases (e.g., chalcopyrite, bornite) may crystal-
lize from the residual melt, in agreement with the
observation of Tatsuka & Morimoto (1977b).

Electron paramagnetic resonance

The EPR spectra of the six selected samples, regis-
tered at different temperatures from 130 to 298 K, are
plotted as the first derivative of microwave absorption
(Figs. 6–9) with respect to the applied Zeeman magnetic
field. A signal at about 3300 G is present in all spectra.
The line shapes of the samples, except 1609, do not al-

low for resolution of the hyperfine structure; changes in
the line position and in the line shape characterize the
spectra registered below room temperature. Line posi-
tion and shape may be attributed to Cu2+ paramagnetic
centers; the experimental average g-value (~2.07) is in
agreement with the range proposed by Peisach &
Blumberg (1974) for Cu2+ in sulfide systems. Moreover,
both line shapes and positions are similar to those pre-
sented for Cu2+ in sulfide minerals (Bente 1987,
Bernardini et al. 2000). The broadness of the line is
probably due to spin–spin interactions, between spins
belonging to different paramagnetic centers, i.e., be-
tween Cu2+ and Fe2+ ions, the latter being undetectable
at the EPR X-band.

The very similar EPR spectra of samples 1584 and
15406 (Fig. 6) are characterized by the low intensity of
the absorption band. By lowering the temperature, the
line width decreases, even if its shape remains asym-
metrical. In sample 1535 (Fig. 7), the main absorption
is characterized by two lines at ~3200 and ~2800 G; the
line shape, almost unchanged down to 160 K, shows a
drastic variation at 130 K. Two more lines are invari-
ably present: the first is centered at ~1600 G, and its
position and shape can be attributed to small amounts
of Fe3+ (in agreement with the chemical data reported
in Table 2). The second, extremely narrow and centered
at ~3400 G, is due to the resonant field of a free elec-
tron, g ≈ 2 (Abragam & Bleaney 1970). By decreasing
temperature, both lines show a gradual variation in
shape; the former narrows and the latter increases in
intensity. A detailed study of the signal due to “free elec-
trons”, related to the conductivity of the material, will
be reported in a forthcoming paper concerning the syn-
thetic analogue of tetrahedrite, Cu12Sb4S13. Samples
1609 and 47250 (Fig. 8) have similar spectra at room
temperature, except for the almost resolved hyperfine
structure of the former. The two samples also show a
similar behavior with temperature down to 160 K, but
at 130 K both spectra clearly change, differing from each
other. Spectra for sample 1611 (Fig. 9) are character-
ized by one line with a great intensity, centered at ~3200
G, which does not show the presence of a hyperfine
structure. Variations of the line shape are evident at all
temperatures.

FIG. 4. DTA curve of synthetic tetrahedrite, temperature range 500°–800°C (1°C/min).
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Simulations of the spectra, necessary for a more ac-
curate determination of the magnetic parameters, were
performed by means of SimFonia, part of the WINEPR
package provided by Bruker Analytische Messtechnik
GmbH. In this software, the spin Hamiltonian is treated
by using the second-order perturbation theory. In order
to obtain a good fit of the experimental spectra, it was
necessary to consider the zero-field-splitting (ZFS) pa-
rameters for all samples, except 1584 and 15406, the
spectra of which are very similar to those of synthetic
stannite (Bernardini et al. 2000). The introduction of
ZFS parameters implies the presence of dimers of Cu2+,
where the exchange interaction presents an anisotropic
character (Abragam & Bleaney 1970). Best-fit param-
eters are reported in Table 3.

The spectra of samples 1584 and 15406 can be ex-
plained by the presence of a small fraction of paramag-
netic Cu2+, the signal of which is only slightly broadened
by the surrounding Fe atoms. The magnetic parameters
suggest the presence of isolated Cu2+ in the tetrahedra,
in agreement with the findings of Bernardini et al.
(2000). The spectral changes, which appear upon low-

ering the temperature, suggest the presence either of two
competitive sites of Cu2+, i.e., two slightly different dis-
tortions of the tetrahedral coordination, or of a transi-
tion of Cu2+ between the two different arrangements. In
all other samples, the values for ZFS magnetic param-
eters (D and E) suggest the presence of an anisotropic
exchange-interaction (Abragam & Bleaney 1970). Cu2+

dimers display similar ZFS values. A variation of g-
values at low temperature (130 K) in sample 47250,
1609 and 1535 suggests a structural rearrangement of
the site coordination. ZFS parameters are smaller in
1611 than in samples 1535, 1609 and 47250, and g-ten-
sor values indicate a quasi-axial symmetry. In sample
1611, a greater amount of Cu2+ might be responsible
for the higher intensity of its spectra. The good agree-
ment between experimental spectra and those simulated
with the parameters shown indicates that clusters of
higher size are negligible, if any are present.

Two structural models of possible dimers of Cu2+

are shown in Figure 10a and b, the first constituted by
two adjacent (“cis”) positions of the octahedron formed
by joining M2 sites around S2, and the second consti-

FIG. 5. SEM microphotographs of sample n. 1588: a)
quenched from 800°C (heating cycle 20°–800°C; 1°C/
min); b) quenched from 500°C (heating cycle 20°–
800°–500°C; 1°C/min); c) cooled at room temperature
(heating cycle 20°–800°–20°C; 1°C/min). Symbols:
iss: intermediate solid-solution, td: tetrahedrite, chcl:
chalcostibite.
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tuted by two adjacent M1 tetrahedra. In samples where
Cu2+ is more concentrated, dimers may result from a
combination of M1 positions (Fig. 10b). To explain the
observed strong anisotropy of the hyperfine tensor com-
ponent (Table 3), the geometry of bonding of the S-
bridged Cu2+ pair has to be considered. By assuming
the structural model for the dimer reported in Figure
10b, symmetry-adapted linear combinations of atomic
orbitals (SALC) were taken into account. On this basis,
the unpaired electrons of the two paramagnetic centers
appear mainly delocalized in the plane defined by the
Cu–S–Cu bridge, in which the contribution of p and d
orbitals for Cu and that of p for S are expected to pre-
dominate (Albright et al. 1985), being the plane where
two components of the hyperfine tensor are the great-
est. Starting from the best-fit D values, isotropic values

FIG. 6. EPR spectra of sample 1584 and 15406. The spectra
were recorded at 9.5 GHz.

FIG. 7. EPR spectra of sample 1535. The spectra were
recorded at 9.5 GHz.

FIG. 8. EPR spectra of sample 1609 and 47250. The spectra
were recorded at 9.5 GHz.

FIG. 9. EPR spectra of sample 1611. The spectra were
recorded at 9.5 GHz.
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of the exchange interaction constant Jiso were calculated
at different temperatures applying the relation:

J
D

g g
iso =

( ) ( )⊥

8

1

4
2 23

2 2
– – –

where D is the ZFS parameter due to the anisotropic
term of the interaction and g⊥ = (g1 + g2)/2. The re-
ported Jiso values (Table 3) decrease with decreasing
temperature. Jiso values for sample 1611 are significantly
higher than the others, in agreement with the spectral
evidence (more intense and narrow line).

Magnetic data

The magnetic data of the six selected samples are
reported in Figures 11 and 12 as �T and �–1 versus tem-
perature, respectively. All samples exhibit a Curie–
Weiss-like behavior. Clear deviations from linearity
(Fig. 12), predicted by a Curie–Weiss trend, are evident

for all samples at about 20 K, but sample 15406 shows
the same effect at ~70 K. These deviations could be
explained by the appearance of antiferromagnetic inter-
actions.

According to Spal/ek et al. (1986), the trend of the
inverse of �–1 with T may be interpreted by means of
the randomly diluted magnet approximation (Heisen-
berg high-temperature model), which implies a small
fraction of paramagnetic centers [Fe2+] statistically dis-
tributed in a diamagnetic framework composed by the
monovalent (Cu, Ag) and divalent (Zn, Hg) diamagnetic
cations. The values of the Curie (Cx) and Weiss con-
stants (�x), both functions of the concentration (x) of the
paramagnetic center, have been refined from the
relation:

FIG. 10. Structure of dimers of Cu2+ in tetrahedrite: M2 “cis”
positions (a) and M1 corner sharing tetrahedra (b). The
symbols are defined in the text, except S2 which denotes
the additional sulphur atom.

FIG. 11. �T versus T data of the investigated samples.

FIG. 12. �–1 versus T data of the investigated samples (cir-
cles) and linear trends calculated on the basis of the refined
magnetic constants (lines).
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where z is the coordination number, which could be ei-
ther 3 (Fe in M2 site) or 4 (Fe in the M1 site). Refined Cx
and �x values, reported in Table 4, should have a linear
dependence on x (Spal/ek et al. 1986, Bernardini et al.
2000).

Whereas the least-squares refinement of Cx versus x
shows a good linear trend, �x and x do not appear to be
correlated. This effect may be due to the dependence of
the Weiss constant on different parameters, related not
only to the nature of the paramagnetic species, but also
to their crystallographic distribution, the strength of the
ligand field, and the interactions with minor substitu-
ents.

No strong variations in the least-squares parameters
(slope, corresponding to the absolute Curie and Weiss
constants, and intercept) are present as a function of z,
as predicted from the equation used, in which z affects
only the second-order term of the �x expansion. On the
other hand, geff, which can be calculated from the abso-
lute value of C reported in Table 5, is strongly depen-
dent on the oxidation state and on the coordination of
the paramagnetic ion (Boudreaux & Mulay 1976). If
Fe2+, with six electrons in the valence shell, occupies
the M2 planar trigonal site, the spin state can be only S
= 0 or S = 1, depending on the intensity of the ligand
field (Albright et al. 1985); in the latter case, geff would
be 3.81. Being Fe in tetrahedral M1, Fe2+ is S = 2 and,
therefore, geff is 2.16, a much more suitable value ac-
cording to ligand field theory (Boudreaux & Mulay
1976). The geff = 1.82 value for M2 and 1.79 for M1,
which account for a Fe3+ with five unpaired electrons,
S = 5/2, in both crystallographic M1 and M2 sites, is not
allowed for Fe by filled orbital mixing due to spin-orbit

interaction (Drago 1977). In conclusion, in agreement
with the MO calculations of Vaughan & Burns (1972)
and with the magnetic investigations on Fe2+ in similar
coordination (Bernardini et al. 2000), Fe is surely diva-
lent and occupies the tetrahedral site, thus explaining
both the almost negligible orbital contribution to sus-
ceptibility and the presence of the antiferromagnetic
interactions.

CONCLUSIONS

Of the 130 samples studied, all six samples investi-
gated by EPR spectroscopy contain Cu2+ atoms. The
presence and the relative amount of Cu2+ appear unre-
lated to the bulk composition of the tetrahedrite–
tennantite solid solution; moreover, Cu2+ is present not
only in samples with a sum of cations less than 12, but
also in those with a Cu + Ag content higher than 10
apfu, thus confirming the compositional data presented
by Foit & Ulbricht (2001).

The coordination polyhedron of Cu2+ is distorted,
thus giving three g-values; according to Bernardini et
al. (2000), the distortion of the tetrahedron should pro-
vide a similar anisotropy; moreover, the presence of
directional interactions between pairs of Cu2+ indicates
the presence of dimers in the more Cu2+-rich samples.
The spectroscopic data point to the attribution of the
Cu2+ species to the M1 tetrahedron.

According to the susceptibility data, all Fe is diva-
lent and occupies the tetrahedral M1 sites; its distribu-
tion is completely ramdom. EPR measurements confirm
this valence state and the presence of a very small
amount of Fe3+ in sample 1535, which is characterized
by a deficiency of the sum of metal cations.

The experimental data lead us to conclude that in
natural tetrahedrite–tennantite solid solution, Ag sub-
stitutes for Cu in M2. If the sum of Cu + Ag exceeds 6
apfu, monovalent Cu occupies M1 together with Fe2+

and the other divalent (Zn, Hg, Cd, Mn) cations. More-
over, the substitution of divalent cations by Cu2+ is al-
lowed in M1, even if only small amounts of Cu2+ could
be documented in the samples studied. The following
crystal-chemical formula, therefore, may be proposed
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for the tetrahedrite samples investigated: M2(Cu,Ag)6
M1[Cu+,Zn,Fe,Hg,Mn,Cu2+]6Sb4S13.
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