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Abstract. Tetrahedrite-(Cd), Cue(CusCdy)SbaS13, is a new IMA-approved mineral species from Radétice near
the Pfibram deposit, Czech Republic. It occurs as black metallic anhedral grains, up to 200 ym in size in
quartz—calcite gangue, associated with galena, bournonite, sphalerite, pyrite, geocronite, silver, stromeyerite,
tetrahedrite-(Zn), tetrahedrite-(Fe), tetrahedrite-(Cu), and an unknown Pb-rich tetrahedrite-like phase. In re-
flected light, tetrahedrite-(Cd) is isotropic and grey with greenish tints. Reflectance data for the four COM wave-
lengths in air are as follows (A (nm) : R (%)): 470:30.8, 546 :31.1,589:31.1 and 650 : 28.8. Electron microprobe
analysis gave (in wt % — average of 13 spot analyses) Cu 34.85, Ag 2.09, Fe 0.18, Zn 0.26, Cd 11.03, Hg 0.75, Pb
0.31, Sb 28.07, and S 23.38, with a total of 100.92. On the basis of XMe = 16 atoms per formula unit, the empir-
ical formula of tetrahedrite-(Cd) is Cug 65Ag0.34Cd1.73Zn0.07Hg0.07Fe0.06Pb0.03Sb4.06S12.34. Tennantite-(Cd) is
cubic, I43m, with unit-cell parameters a = 10.504(3) A, V =1158.9(9) A3 ,and Z = 2. Its crystal structure was
refined by single-crystal X-ray diffraction data to a final Ry = 0.0252 on the basis of 257 unique reflections with
Fo>40 (F,) and 23 refined parameters. Tetrahedrite-(Cd) is isotypic with other tetrahedrite-group minerals. Its
crystal chemistry is discussed, and previous findings of Cd-rich tetrahedrite-group minerals are briefly reviewed.

1 Introduction

Tetrahedrite-group minerals are the most common sulfos-
alts in different kinds of hydrothermal ore deposits. They
form a complex isotypic series, with the general structural
formula @AYV (B,Co)¥OD;VYIPZ, where A =Cu't,
Ag™, and O (vacancy); B=Cu™ and Ag*; C =Zn>*, Fe*,
Hg?*, Cd**, Ni*t, Mn?*t, Cu?t, Cu', In*t, and Feit;
D=Sb3", As®*, Bi*f, and Te*'; Y=S27, and Se’~;
and Z=S%", Se?~, and [J (Biagioni et al., 2020a). Thus,
tetrahedrite-group minerals are characterized by different
homo- and heterovalent substitutions. The nomenclature of

the tetrahedrite-group minerals was recently proposed by Bi-
agioni et al. (2020a), also taking into account the different C
chemical constituents, usually represented by divalent transi-
tion elements, for classification purposes.

The Cd-bearing tetrahedrite-group minerals are generally
rare, but some Cd-dominant chemical compositions have
been reported previously (see a brief review below). Re-
cently, three Cd-dominant members of the tetrahedrite group
were defined: tennantite-(Cd) from Berenguela, Bolivia (Bi-
agioni et al., 2022a); hakite-(Cd) from Piibram, Czech Re-
public (Sejkora et al., 2022); and argentotetrahedrite-(Cd)
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from Rudno nad Hronom, Slovakia (Mikus et al., 2023). A
systematic investigation of tetrahedrite-group minerals from
the Pfibram uranium and base-metal ore district led to the
recognition of a new potential Cd member of the tetrahedrite
series. Further chemical and crystallographic investigations
confirmed such a preliminary identification, allowing the
proposal of the new mineral species tetrahedrite-(Cd).

The new mineral and its name, in keeping with the current
nomenclature of tetrahedrite group (Biagioni et al., 2020a),
have been approved by the Commission on New Minerals,
Nomenclature and Classification of the International Min-
eralogical Association, under the voting number 2022-115.
Its mineral symbol, in accord with Warr (2021), is Ttr-Cd.
Holotype material (polished section) of tetrahedrite-(Cd) is
deposited in the collections of the Department of Mineralogy
and Petrology, National Museum in Prague, Cirkusova 1740,
193 00 Prague 9, Czech Republic, under the catalogue num-
ber P1P 43/2022, whereas the grain used for single-crystal X-
ray diffraction study is kept in the collections of the Museo di
Storia Naturale of the Universita di Pisa, Via Roma 79, Calci
(PI), under catalogue number 20025.

2 Occurrence and physical properties

Tetrahedrite-(Cd) has been found in material mined from
the vein S-1 in the area of the seventh and eighth lev-
els of the Radétice shaft (GPS coordinates: 49°38/20.44" N,
14°05'13.66” E) located about 300 m east of the village of
Rad¢étice, 5 km southeast of Pfibram, central Bohemia, Czech
Republic. The Radétice deposit is one of the smaller base-
metal and uranium deposits in the outer part of the Piibram
ore area. Small-scale mining operations for prevailing iron
and minor lead ores took place in several periods in the Hall-
statt age (600—500 BCE) and in the 13th—15th and 19th cen-
turies in the area of Radétice. The geochemical research con-
nected with the extensive mining operations in the Pfibram
uranium and base-metal district proceeded in the Radétice
area in 1969, and a large Ag anomaly was found during that
operation. Subsequently, the Radétice shaft was built in 1970
and reached a final depth of 462 m in 1978. Small-scale but
rich Ag(+4Pb, Zn) ore mineralization was found between the
6th and 10th levels, where 1372t of ore was mined between
the 7th and 8th levels (Stekl et al., 1984b).

The Radétice deposit is hosted in the Carboniferous rocks
of the central Bohemian plutonic complex, around 5km
from the contact with upper Proterozoic rocks of the Bar-
randian sedimentary unit in which the most significant base-
metal Bfezové Hory ore district and base-metal and ura-
nium Pfibram ore district are located. Several types of mag-
matic rocks occur in the Radétice deposit. The oldest ones
are represented by gabbro and dark quartz diorite, followed
by middle-grained amphibole-biotite quartz diorite and gra-
nodiorite. The youngest magmatic rocks are coarse-grained
granodiorite to granite and finally aplite (Stekl et al., 1984a).
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Tectonically the area is characterized by the StéZov fault
belt. The northeastern branch of this belt was named the S-2
vein, where only insignificant Pb—Zn ore mineralization was
found. The southeastern branch is the vein S-1, where the
Ag-Pb ore mineralization was found. The direction of this
vein is 310°, and its dip is mostly steep, 85° to the NW. The
ore-mineralized body is 300 m long in the eighth level, and its
vertical dimension does not exceed 240 m (Stekl et al., 1981).
The most significant ore mineralization is tied to a NW-SE
direction, which is common with the nearby Vrancice de-
posit showing a similar geology and mineralogy (Bliml et
al., 1984).

The mineralogy of the vein S-1 is rather homogeneous,
being formed by quartz and (Pb—Mn)-rich calcite accom-
panied by iron oxides and hydroxides. According to Stekl
et al. (1984b), galena, sphalerite, tetrahedrite-group miner-
als, siderite, hematite, and goethite formed during a sec-
ond stage of mineralization, whereas the occurrence of
native silver with stromeyerite, and rarer acanthite, bor-
nite, and galena, associated with quartz and (Pb—Mn)-rich
calcite, is due to a third mineralization stage. The ore-
mineralized part of the S-1 vein is developed in coarse-
grained granodiorite and ends up on the contact with diorite,
where the vein fades into several thin veinlets. Tetrahedrite-
(Cd) occurs in quartz—calcite gangue in close association
with galena, bournonite, sphalerite, pyrite, geocronite, na-
tive silver, stromeyerite, tetrahedrite-(Zn), tetrahedrite-(Fe),
Pb- and Cd-rich tetrahedrite-(Cu), and an unknown Pb-rich
tetrahedrite-like phase (under investigation). The crystalliza-
tion of tetrahedrite-(Cd) is related to a low-T hydrothermal
event.

Recently, tetrahedrite-(Cd) was also identified during the
reinvestigation of an old museum sample from the histor-
ical Zmeinogorsk Mine (Altai Krai, Western Siberia, Rus-
sia). This historical mine was discovered in 1725 as a rich
deposit of copper ore, but underground workings devel-
oped mostly for silver and gold. In the 20th century it
was mostly mined for Zn—Pb—Cu ores until 1968, when in-
dustrial work completely stopped due to its unprofitabil-
ity. The history, geology, and mineralogy of the Zmeino-
gorsk Mine can be found elsewhere (e.g. Timofeevskiy,
1940; Garmash, 1960; Bestemyanova and Grinev, 2021).
The sample containing the new mineral was collected in
1930, and since then it has been stored in the Vernadsky
Geological Museum in Moscow (Russia), under the cat-
alogue number MH-00683 and accompanied by the label
“gold, argentite, sternbergite”. Tetrahedrite-(Cd) forms areas
of up to 0.05 x 0.05 mm in tetrahedrite-(Zn), associated with
acanthite, covellite, cupropolybasite, galena, gold, imiterite,
mckinstryite, sphalerite, stromeyerite, tetrahedrite-(Hg), and
tetrahedrite-(Mn).

In holotype material, tetrahedrite-(Cd) occurs as anhedral
grains, up to 200 um in size (Fig. 1) and black in colour,
with a black streak and metallic lustre. Mohs hardness was
not measured, but it should be close to 4, in agreement with
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Figure 1. Reflected-light image of tetrahedrite-(Cd) (grey) associ-
ated with galena (light), holotype sample. The grain studied through
single-crystal X-ray diffraction was extracted from the red box.
Field of view: 0.75 mm.

other members of the tetrahedrite group. Tetrahedrite-(Cd)
is brittle, with a conchoidal fracture and indistinct cleavage.
Owing to the small amount of available material, density
was not measured; based on the empirical formula and unit-
cell parameters derived from single-crystal X-ray diffrac-
tion, the calculated density is 5.094 g cm 3. In reflected light,
tetrahedrite-(Cd) is isotropic. It is grey, with greenish tints
(Radétice) or greenish—brownish tints (Zmeinogorsk). Inter-
nal reflections were not observed. Reflectance values (Ta-
ble 1) were measured in air using a Tidas MSP400 spec-
trophotometer and Leica microscope, with a 50x objective
and Zeiss 370 WTiC standard (Radé&tice material) and an
MSEF-R microspectrophotometer with 50x objective and Si
standard (Zmeinogorsk material). The reflectance curves for
tetrahedrite-(Cd) from Radétice and Zmeinogorsk are very
similar (Fig. 2). Figure 3 compares measured data with pub-
lished reflectance curves for other tetrahedrite-series miner-
als and Cd-dominant members, respectively.

3 Chemical data

Quantitative chemical analyses on type material from
Radétice were carried out using a Cameca SX100 electron
microprobe (National Museum of Prague, Czech Republic)
and the following experimental conditions: WDS mode, ac-
celerating voltage 25 kV, beam current 20 nA, and beam di-
ameter 1 pum. Standards (element, emission line) were Ag
(AgLa), CdTe (CdLa), chalcopyrite (CuKo, SK«), HgTe
(HgL«), PbS (PbMa), pyrite (FeK«), SbyS3 (SbL«), and
7ZnS (ZnK «). Contents of other elements with atomic num-
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Figure 2. Reflectance curve for tetrahedrite-(Cd) from the Radétice
deposit and the Zmeinogorsk Mine.

Table 1. Reflectance data for tetrahedrite-(Cd) from the Radétice
deposit (R) and the Zmeinogorsk Mine (Z).

A (nm) R (%) A (nm) R (%)

R z R Z

400 31.8 315 560 313 315
420 31.8 313 580 312 317
440 314 31.0 589 311 316
460 31.0 305 600 30.8 31.5
470 30.8 303 620 302 309
480 30.7 30.1 640 293 30.1
500 30.6 303 650 28.8 29.7
520 30.7 30.7 660 284 292
540 31.0 31.1 680 27.7 285
546 311 312 700 27.0 28.0

Note: the four COM values are shown in bold.

bers >8 are below detection limits (including As, Te, and
Se).

Quantitative chemical data on the sample from the
Zmeinogorsk Mine were collected using a Tescan Solaris
FEG-SEM equipped with an Oxford Instruments Wave 700
WDS (Dipartimento di Geoscienze, Universita di Padova,
Italy). Experimental conditions were as follows: WDS mode,
accelerating voltage 25kV, beam current 10nA, and beam
diameter 2 um. Standards (element, emission line) were Ag
(AgLa), Cu (CuKa), pyrite (FeKa, SKa), Cd (CdLa),
GaAs (AsLa), MnTiO3 (MnK«), Sb (SbLa), and ZnS
(ZnK o).

In both cases, matrix correction by PAP procedure (Pou-
chou and Pichoir, 1985) was applied to the data. Results are
given in Table 2.
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Figure 3. Reflectance curve for tetrahedrite-(Cd) from the Radétice deposit, compared with published data for (a) other tetrahedrite-series
minerals — tetrahedrite-(Cu), Bankov deposit, Slovakia (Sejkora et al., 2023); tetrahedrite-(Zn), Le Freney-d’Oisans, Isere, France (Criddle
and Stanley, 1993); tetrahedrite-(Fe), Frigido Mine, Massa, Tuscany, Italy (Criddle and Stanley, 1993); tetrahedrite-(Hg), Buca della Vena
Mine, Apuan Alps, Tuscany, Italy (Biagioni et al., 2020b); and tetrahedrite-(Ni), Luobusa, Tibet, China (Wang et al., 2023) — and (b) Cd-
dominant tetrahedrite-group minerals — argentotetrahedrite-(Cd), Rudno nad Hronom, Slovakia (Mikus et al., 2023), and tennantite-(Cd),

Berenguela, Bolivia (Biagioni et al., 2022a).

Table 2. Chemical data (in wt %) for tetrahedrite-(Cd).

Radétice (n = 13)

‘ Zmeinogorsk (n = 5)

Element wt % Range Estimated SD ‘ wt % Range Estimated SD
Cu 34.85 34.32-35.16 0.26 | 35.12 34.11-35.93 0.75
Ag 2.09 1.57-3.00 0.42 6.93 6.03-7.55 0.78
Mn - - -1 0.81 0.25-1.11 0.36
Fe 0.18 0.10-0.31 0.06 0.14 0.04-0.32 0.11
Zn 0.26 0.10-0.49 0.13 0.38 0.20-0.69 0.21
Cd 11.03 10.37-11.76 0.47 6.72 5.59-8.73 1.22
Hg 0.75 0.47-0.98 0.18 - - -
Pb 0.31 0.00-0.90 0.24 - - -
As - - - | 2.63 0.87-4.16 1.46
Sb 28.07 27.52-28.34 0.26 | 2279  22.06-24.07 0.86
S 23.38 23.00-23.70 0.18 | 23.92  23.16-24.93 0.83
Total 100.92  100.17-101.36 0.35 | 99.44  98.89-100.58 0.68

n denotes the number of spot analyses.

4 X-ray crystallography

Powder X-ray diffraction data could not be collected owing
to the small amount of the available material. Consequently,
these data, given in Table 3, were calculated through the
software PowderCell 2.3 (Kraus and Nolze, 1996) using the
structural model of the sample from Radétice discussed be-
low.

Single-crystal X-ray diffraction intensity data were col-
lected using a Bruker D8 Venture four-circle diffractome-
ter equipped with an air-cooled Photon III detector and mi-
crofocus MoK« radiation (Centro per 1’Integrazione della
Strumentazione Scientifica, Universita di Pisa, Italy). The
detector-to-crystal distance was set to 38 mm. Data were col-
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lected using ¢ scan modes, in 0.5° slices, with an exposure
time of 15 s per frame. A total of 516 frames were collected,
and frames were integrated with the Bruker SAINT soft-
ware package using a narrow-frame algorithm. Data were
corrected for Lorentz—polarization, absorption, and back-
ground. Unit-cell parameters were refined on the basis of
the XYZ centroids of 1040 reflections above 200/ with
7.759<260<54.95° as a = 10.504(3) A, V = 1158.9(9) A3,
and space group [43m.

The crystal structure of tetrahedrite-(Cd) was refined using
SHELXL 2018 (Sheldrick, 2015) starting from the atomic
coordinates of Johnson and Burnham (1985). The occurrence
of racemic twinning was modelled. The M (2) site was found
to be split into two sub-positions, M(2a) and M (2b). The

https://doi.org/10.5194/ejm-35-897-2023
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Table 3. Calculated X-ray powder diffraction data for tetrahedrite-
(Cd).

deale Icalc h k l dcalc Icalc h ok !
5.252 3 2 0 0 1857 40 4 4 0
4.288 4 2 1 1 1.801 2 4 3 3
3.714 7 2 2 0 1751 1 4 4 2
3.032 100 2 2 2 1704 5 6 1 1
2.807 6 3 2 1 1704 1 5 3 2
2.626 24 4 0 0 1.661 2 6 2 0
2.476 2 3 3 0 1.621 1 5 4 1
2.476 5 4 1 1 1.584 21 6 2 2
2.349 2 4 2 0 1.549 1 6 3 1
2.239 2 3 3 2 1516 3 4 4 4
2.144 2 4 2 2 1485 1 7 1 0
2.060 1 5 1 0 1485 1 5 4 3
2.060 5 4 3 1 1485 1 5 5 0
1.918 7 5 2 1

Relative intensity and dy,z; (A) were calculated using the software
PowderCell 2.3 (Kraus and Nolze, 1996) on the basis of the structural model
given in Tables 4 and 5. Only reflections with 7., >1 are listed. The five
strongest reflections are given in bold.

following neutral scattering curves, taken from the Interna-
tional Tables for Crystallography (Wilson, 1992), were used:
Cu at M(2) (the sum of the site occupancies at the split po-
sitions was constrained to be 1), Cu vs. Cd at M (1), Sb at
X(3), and S at the S(1) and S(2) sites. The anisotropic struc-
tural model converged to Ry = 0.0252 for 257 reflections
with Fy,>40 (F,) and 23 refined parameters. Details of data
collection and refinement are given in Table 4. Fractional
atomic coordinates and equivalent isotropic displacement pa-
rameters are reported in Table 5, along with a comparison be-
tween refined mean atomic numbers (MANSs) and the values
calculated on the basis of the site occupancies discussed be-
low. Table 6 reports selected bond distances. Table 7 gives the
weighted bond-valence calculations obtained using the bond-
valence parameters of Brese and O’Keeffe (1991). A crystal-
lographic information file (CIF) is deposited in the Supple-
ment.

5 Results and discussions
5.1 Chemical formula

As discussed in previous papers (e.g. Sejkora et al., 2021),
there are different approaches to recalculating the chemi-
cal formulae of tetrahedrite-group minerals. The two bet-
ter ones normalize the number of atoms on the basis of
¥Me = 16 atoms per formula unit (apfu) or on the basis of
(As + Sb + Te + Bi) = 4 apfu. The former approach assumes
that no vacancies occur at the M(2), M (1), and X (3) sites,
whereas the latter is mainly based on the results discussed by
Johnson et al. (1986), who revealed that negligible variations
in the ideal number of X (3) atoms usually occur.
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The first approach gives the chemical formu-
lae Cuog.654)Ag0.34(7)Cd1.73(7)Zn0.07(4)Hg0.07(2)
Feo.06(2)Pb0.03(2)Sb4.06(3)S12.84(10) (Radétice) and
Cug.59(12)Ag1.12(14)Cd1.04(19)Mno.26(11)Zn0.10(5) Fe€0.04(3)
Sb3.25(17)ASO,61(33)512,95(62) (Zmeinogorsk), whereas the
other normalization strategy corresponds to the formulae
Cuo.52(4)Ag0.34(7)Cd1.70(7)Zn0.073)HE0.06(2) Fe0.06(2) Pb0.03(2)
Sb4.00S12.65(10) (Radétice) and
Cug.97(57)Ag1.16(16) Cd1.08(24)Mno.26(11)Zn0.10(6) F€0.04(4)
Sb3.38(31)A80.62(31)S13.48(1.19) (Zmeinogorsk).

In the holotype sample from Radétice, the (Cu + Ag) con-
tent is very close to the ideal one, i.e. 10.00 apfu, rang-
ing between 9.94 and 10.05 apfu (based on XMe = 16 apfu).
Ag/(Ag+Cu) is 0.034, ranging between 0.026 and 0.049.
The C constituent is represented by dominant Cd (1.64-
1.84 apfu) accompanied by minor Zn, Fe, and Hg, with Fe
likely occurring as Fe>T, in agreement with previous authors
(e.g. Makovicky et al., 1990, 2003; Nasonova et al., 2016).
Minor Pb (up to 0.08 apfu) is here considered a C constituent,
even if its actual structural role in tetrahedrite-group minerals
is currently unknown. Arsenic was not detected in the sample
from Radétice, which is consequently a pure Sb member.

Tetrahedrite-(Cd) from Zmeinogorsk displays a
(Cu+ Ag) content of 10.7apfu and an average sum of
(Cd+Mn+Zn+Fe) of 1.44apfu, thus suggesting that
some formally divalent Cu should occur as C constituent.
The Russian sample is richer in Ag than the Czech one,
having an Ag/(Ag+ Cu) ratio of 0.104, ranging between
0.090 and 0.115. Manganese occurs in relatively high
concentrations (up to 0.35 apfu, on the basis of 16 Me apfu),
in agreement with the results of Makovicky and Karup-
Mgller (1994) and the description of tetrahedrite-(Mn) by
Momma et al. (2022). The As/(As+ Sb) atomic ratio is
variable between 0.055 and 0.233, with an average value of
0.154.

The simplified formula of tetrahedrite-(Cd) is
(Cu,Ag)6[Cus(Cd,Zn,Hg Fe)>]SbsS13, corresponding to
the end-member formula Cug(CusCd;y)SbsSi3. It corre-
sponds to (in wt%) Cu 36.02, Cd 12.74, Sb 27.61, and S
23.63, totalling 100.00.

5.2 Crystal structure description

Tetrahedrite-(Cd) is isotypic with the other members of
the tetrahedrite group, whose general structural formula is
M©2)6M(1)6X(3)4S(1)12S(2) (Biagioni et al., 2020a).

The electron density at the M(2) site was found to be
split into two sub-positions, namely M (2a) and M (2b), sepa-
rated by 0.43(6) A, whereas the distance between two neigh-
bouring M (2b) positions is O.85(13)A. These distances are
shorter than those observed in other tetrahedrite-group min-
erals characterized by a split M(2) site (e.g. Cu-rich un-
substituted tennantite of Makovicky et al., 2005) and can
be compared to those reported by Biagioni et al. (2022b)
in tennantite-(Cu), i.e. 0.60(11) and 1.20(2)/3; for M(2a)-

Eur. J. Mineral., 35, 897-907, 2023
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Table 4. Crystal and experimental data for tetrahedrite-(Cd) from Radétice.

Crystal data

Crystal size (mm)

Cell setting, space group
a(A)

vV (A3)

zZ

0.100 x 0.040 x 0.035
Cubic, I-43m
10.504(3)

1158.9(9)

2

Data collection and refinement

Radiation, wavelength A
Temperature (K)

20max (°)

Measured reflections

Unique reflections
Reflections with Fo>40 (Fy)
Rint

Ro

Range of &, k, [

Ry (Fo>40 (Fp)

R (all data)

wRy (on F2)

Goof

Absolute structure parameter
Number of least-squares parameters
Maximum and

minimum residual peak (e A_3)

b

Mo Ka, A =0.71073
293(2)

54.95

1594

272

257

0.0456

0.0344

—13<h <6,
—-12<k<12,
—11<1<13

0.0252

0.0283

0.0645

1.158

0.05(11)

23

0.67 (at 1.09 A from S(2))
—0.51 (at 1.18 A from M(1))

A =1/[02(F2) 4 (0.0177P)2 +9.6207 P]. P Flack (1983).

Table 5. Site, site occupancy (s.0.), fractional atom coordinates, equivalent isotropic displacement parameters (A2), and observed and calcu-
lated (from chemical data) mean atomic number (MANyLs and MAN_,1, respectively) for tetrahedrite-(Cd).

Site S.0. x/a y/b z/c Ueq MANbg MANa1c
M(2a) Cuge3(7) 0.2131(10) 0 0 0.036(10) 18.3(1.3) } 293 29.9
M(2b) Cug_19¢4) 0.217(2) —0.029(4) 0.029(4)  0.036(10) 11.0 ’ ’

M(1)  Cup731(17)Cdo.269(17) 1/4 1/2 0 0.0241(8) 34.1(6) 35
X(@3) Sbyoo 0.26536(7) 0.26536(7) 0.26536(7) 0.0199(4) 51 51
S(1) S1.00 0.1149(2) 0.1149(2)  0.3573(3)  0.0224(7) 16 16
S(2) S1.00 0 0 0  0.024(2) 16 16

Note: MAN at M (2b) was calculated taking into account that this split position has a multiplicity twice that of M (2a).

M (2b) and M (2b)—M (2b) distances, respectively. The M (2a)
site has a triangular planar coordination, whereas the M (2b)
position has a flat trigonal pyramidal coordination. This fea-
ture agrees with previous studies (e.g. Andreasen et al., 2008;
Welch et al., 2018; Biagioni et al., 2021). Average Me—S dis-
tances are 2.268 and 2.302 A for M (2a) and M (2b), respec-
tively (Table 6). The MAN refined at M (2a) + M(2b) is 29.3
electrons, to be compared with the MAN calculated on the
basis of the site occupancy M ® (Cug 95Ag0.05), i.e. 29.9 elec-
trons (e~ ) (Table 5). The bond-valence sum was calculated
assuming that minor Ag was hosted at the larger M (2b) po-
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sition. The bond-valence sum at M(2a) + M(2b) is 1.01 va-
lence units (v.u.), in agreement with the proposed occupancy
(Table 7).

The tetrahedrally coordinated M(1) site has an average
Me-S distance of 2.391 A (Table 6), longer than that ob-
served in mixed (Cu,Zn,Fe) tetrahedrally coordinated sites in
tetrahedrite-group minerals (e.g. 2.342 A — Wuensch, 1964;
2.337 A — Wuensch et al., 1966) and comparable to those ob-
served in tennantite-(Cd) (2.370 A — Biagioni et al., 2022a)
and in argentotetrahedrite-(Cd) (2.38 A - Mikus et al., 2023).
On the basis of the electron microprobe data, the occu-
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Table 6. Selected bond distances (in A) for tetrahedrite-(Cd).

M)  =S()x4  2.391(2)
M@Qa) —S(2) 2.238(11)
—S(1)x2  2.282(8)
M@2b)  —S(1)x2 2.29(2)
—S(2) 2.322(19)
X(3)  =S(1)x3  2.4353)

pancy at the M(1) site of tetrahedrite-(Cd) can be given
as (Cu&68CdézganBIHgézlFegf)l). The mean atomic num-
ber at this site is 34.1 e~ per site, to be compared with
35.0 e~ calculated from the chemical data (Table 5). The
bond-valence sum, 1.60v.u., is higher than the theoretical
value, 1.33 v.u. (Table 7). Such an overbonding of the M (1)
site has been observed in other tetrahedrite-group minerals,
e.g. tennantite-(Hg) (1.68 v.u.), tetrahedrite-(Hg) (1.64 v.u.),
and tennantite-(Cd) (1.64 v.u.) (Biagioni et al., 2020b, 2021,
2022a). This discrepancy is probably due to the use of in-
appropriate bond parameters for Cd—S bonds (and Hg-S as
well) and the mixed ionic / covalent character of the Me—S
bonds in tetrahedrite-group species (e.g. Weller and Morelli,
2022). Indeed, the observed average <M (1)-S(1) > distance
is shorter than that calculated using ideal bond valence and
bond valence parameters of Brese and O’Keeffe (1991): in
detail, for tetrahedral coordination, the ideal Me—S bond dis-
tances should be the following: Cut 2.373 A, Cd** 2.546 A,
Zn 2346 A, Hg 2.576 A, and Fe3t 2.266 A. Assuming the
site occupancy at M(1) proposed above, the calculated
<M(1)-S(1) > distance would be 2.424 A, longer than the
observed one. Such a discrepancy was reported by Biagioni
et al. (2022a) for tennantite-(Cd), and also using the Cd-S
distance observed in greenockite (2.528 A — Xu and Ching,
1993) and hawleyite (2.526/0% — Skinner, 1961) the calcu-
lated <M (1)-S(1) > distance still remains slightly longer
(i.e. 2.418A, using an average value of Cd-S between the
values reported in greenockite and hawleyite). Charnock et
al. (1989), in their EXAFS study confirming the tetrahe-
dral coordination of Cd in tetrahedrite-group minerals, re-
ported a first S shell at 2.48 A. Using such an observed Cd—
S distance, the calculated value for the studied sample of
tetrahedrite-(Cd) would be 2.405 A, closer to the observed
value. Finally, Johnson et al. (1988) gave a crystal radius for
IVCd?t of 0.84 A, the same as 'VHg?*. Indeed, the average
<M (1)-S(1) > distance observed in tetrahedrite-(Cd) can be
compared with those reported in tetrahedrite-(Hg) (2.3913 A,
with site occupancy Cug esHgo 28Zng 05Fe.01; Biagioni et
al., 2020b) and tennantite-(Hg) (2.389 A, with site occupancy
Cug 73Hgo »7; Biagioni et al., 2021). Structural data of syn-
thetic CujgCdySbsS13 are reported in the ICSD database
(Allen et al., 1987). These data are based on unit-cell parame-
ters given by Johnson (1991) and were refined on the basis of
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powder X-ray diffraction data. In this structure (please note
that Cd is wrongly attributed to the M(2) site), the <M (1)-
S(1) > distance is 2.367 A, shorter than that observed in
tetrahedrite-(Cd).

The X (3) site has an average bond distance of 2.434 A (Ta-
ble 6), and it is occupied by Sb only. The bond-valence sum,
3.12 v.u., agrees with such an occupancy (Table 7).

Finally, both the S(1) and the S(2) sites were found to be
fully occupied by S. The bond-valence sums at the S(1) and
S(2) sites are 2.17 and 2.10 v.u., respectively (Table 7).

5.3 Relation between Cd content and unit-cell
parameter

The a unit-cell parameter of tetrahedrite-(Cd) is ~ 10.50 A.
The increase in a with respect to ideal tetrahedrite-
(Zn)/tetrahedrite-(Fe) (~ 10.38 A) is due to the occurrence
of Cd**, in agreement with Charlat and Lévy (1975), who
observed the negligible role of the Zn—Fe substitution in af-
fecting the unit-cell parameter of tetrahedrite-group miner-
als. Pattrick and Hall (1983) observed an increase of 0.06 A
per atom Cd replacing (Zn,Fe) in synthetic tetrahedrite. Con-
sequently, on the basis of the assumed chemistry of type ma-
terial of tetrahedrite-(Cd), the expected unit-cell parameter of
the studied sample should be a ~ 10.48 A; moreover, taking
into account the occurrence of minor Hg, having a similar
size to Cd, a best estimate of the unit-cell parameter may be
a~10.49 A, in accord with the observed value.

Johnson et al. (1987) proposed the following rela-
tion between chemistry and unit-cell parameters (for syn-
thetic tetrahedrites, since no data were available for
natural Cd-bearing tetrahedrites): a (A)=10.381+0.039
Ag+0.003 Ag? - 0.019 Cu* +0.064 Cd — 0.037 As, where
Cu*=[2 — (Fe+Zn+ Hg+ Cd)]. The calculated unit-cell
parameter is a = 10.493 A, in keeping with the observed
value (please take into account that minor Hg was neglected).
The calculated unit-cell parameter, assuming the idealized
chemical formula Cug(CusCd;)SbySi3, is a = 10.51 A.

5.4 Cadmium in tetrahedrite-group minerals

Currently, six members of the tetrahedrite series have been
reported: tetrahedrite-(Fe), tetrahedrite-(Zn), tetrahedrite-
(Hg), tetrahedrite-(Mn), tetrahedrite-(Ni), and tetrahedrite-
(Cu) (Biagioni et al., 2020a, b; Momma et al., 2022; Wang et
al., 2023; Sejkora et al., 2023). Tetrahedrite-(Cd) is a further
addition to this series. As discussed in Biagioni et al. (2022a),
the rarity of Cd-bearing tetrahedrite-group minerals can be
related not only to the low abundance of Cd in crustal rocks
(0.102pgg™" in the upper continental crust — Wedepohl,
1995) but also to the preference of Cd to be partitioned into
co-crystallizing sphalerite and chalcopyrite as suggested by
George et al. (2017). In fact, these authors pointed out that
Cd contents are higher in those tetrahedrite-group mineral
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Table 7. Weighted bond-valence sums (in valence units) for tetrahedrite-(Cd).

Site M) M(2a) M(2b) X(3) ZXanions Theoretical
S(1) 2x=>040%4 02072 0.13%2 104734 2.17 2.00
S(2) 6x—>023 6xX—(12 2.10 2.00
Y cations 1.60 0.63 0.38 3.12
Theoretical 1.33 0.63 0.37 3.00

Note: left and right superscripts indicate the number of equivalent bonds involving cations and anions, respectively.

samples crystallizing in sphalerite- and chalcopyrite-free as-
semblages or in unusually Cd-enriched environments.

Four members of the tetrahedrite group are characterized
by Cd as dominant C constituents. In addition to tetrahedrite-
(Cd), two other species are represented by the As-isotype
tennantite-(Cd) and the Ag-isotype argentotetrahedrite-(Cd).
The former was described from the Cd-rich hydrothermal
veins of the Berenguela district, Bolivia (Biagioni et al.,
2022a), whereas the latter is a very recent addition to the
freibergite series and was reported from the Au—Ag epither-
mal deposits of Rudno nad Hronom, Slovakia (Mikus et al.,
2023). Finally, the selenide hakite-(Cd) was reported from
Ptibram, central Bohemia, Czech Republic (§kécha et al.,
2016, 2017; Sejkora et al., 2022).

A survey of the available literature reveals that these
species have been reported since the end of the 1970s.
Tetrahedrite-(Cd) was reported by Pattrick (1978) from
Tyndrum (Perthshire, Scotland, UK), along with poten-
tial argentotetrahedrite-(Cd). An intermediate member be-
tween this latter freibergite-series mineral and tetrahedrite-
(Cd) was reported from the Ushkatyn-III deposit (Kaza-
khstan) by Voropaev et al. (1988) and by Jia et al. (1988)
from Xitieshan (China). A mineral phase with composition
corresponding to argentotetrahedrite-(Cd) was mentioned
by Repstock et al. (2016) from the Mavrokoryfi deposit
(Greece). Dobbe (1992) gave chemical data correspond-
ing to composition varying between argentotetrahedrite-
(Fe), ‘“‘argentotetrahedrite-(Mn)”, and argentotetrahedrite-
(Cd). Finally, to the best of our knowledge, the maximum
Cd content in a tetrahedrite-group mineral is probably that
reported by Voudouris et al. (2011) in tetrahedrite-(Cd) from
Evia Island, Greece, i.e. 1.97 apfu.

6 Conclusion

The new life of the tetrahedrite-group minerals following the
revision of their nomenclature (Biagioni et al., 2020a) has not
simply allowed the definition of several new mineral species
characterized, in some cases, by unusual end-member com-
position; more importantly, through the collection of modern
(and usually high-quality) data, it has promoted a better un-
derstanding of the complex crystal chemistry of this isotypic
series of sulfosalts. Cadmium-dominant members are among
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the latest addition, and, notwithstanding their exceedingly
rarity, their identification could have different implications.

Indeed, tetrahedrite-group minerals are among the most
widespread accessory sulfosalts in hydrothermal ore de-
posits, where sometimes they could host economically valu-
able elements or environmentally hazardous chemical con-
stituents. In this respect, recently some studies have focused
on the weathering of these chalcogenides (e.g. Bor¢inova
Radkové et al., 2017; Majzlan et al., 2018; Keim et al., 2018);
since Cd is a potentially toxic element (e.g. Genchi et al.,
2020), the occurrence of Cd-dominant species, among them
tetrahedrite-(Cd), could potentially have environmental im-
plications. According to Mikus et al. (2023), the low natural
abundances of some of these phases (e.g. argentotetrahedrite-
(Cd)) suggest that is difficult to expect serious environmental
issues related to such rare species. However, this is a possi-
bility that should not be neglected, in particular in Cd-rich
hydrothermal veins.

Moreover, tetrahedrite-group minerals are currently ac-
tively studied for their high-tech properties (e.g. Suekuni et
al., 2014; Chetty et al., 2015; Levinsky et al., 2019). Among
the chemical compositions showing interesting properties,
synthetic Cuj9Cd;SbsS13 has potential electronic properties
and for this reason has been the focus of several studies in
the last decade (e.g. Kumar et al., 2016; Krustok et al., 2020;
Loépez Cota et al., 2021; Ghisani et al., 2020, 2022).

Data availability. Crystallographic data for tetrahedrite-(Cd) are
available in the Supplement.
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