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Abstract. The new mineral kenoargentotetrahedrite-(Zn), [Ag6]4+(Cu4Zn2)Sb4S12�, was discovered at
the Yindongpo Au deposit, Henan Province, China. It occurs as black metallic anhedral grains or
equant crystals up to 40 µm in size. It is opaque in transmitted light and shows a greenish-
grey colour in reflected light. Electron microprobe analysis for the studied material gave the
empirical formula (on the basis of total cations being equal to 16 atoms per formula unit,
apfu): M(2)(Ag3.75Cu2.25)66

M(1)[Cu3.90(Zn1.18Fe0.69Cd0.26)62.13]66.03
X(3)(Sb3.69As0.27)63.96

S(1)S11.94
S(2)�.

Kenoargentotetrahedrite-(Zn) is cubic, I43m (no. 217), with a= 10.4624(4) Å, V = 1145.23(13) Å3, and Z = 2.
The crystal structure has been refined to a final value of R1 = 0.0247 on the basis of 274 independent reflections
(Fo> 4σ (Fo)) by using single-crystal X-ray diffraction data. The seven strongest X-ray powder diffraction lines
(d in Å (I ) (hkl)) are the following: 3.010 (100) (222), 1.844 (30) (044), 2.606 (22) (004), 1.572 (15) (226),
2.046 (9) (134), 7.35 (6) (011), and 1.909 (5) (125). Kenoargentotetrahedrite-(Zn) is isostructural with other
keno-member tetrahedrites with the [Ag6]4+ cluster. The structure refinement result confirms the coupling be-
tween the site occupancy factor of subvalent hexasilver clusters at the M(2) site and that of the vacancy at
the S(2) site. This relationship further substantiates the charge balance substitution mechanism of S-deficiency
tetrahedrites: 6M(2)Ag++S(2)S2−

=
M(2)[Ag6]4+

+
S(2)�.

1 Introduction

The nomenclature and classification of the tetrahedrite
group was approved by the IMA CNMNC (International
Mineralogical Association Commission on New Minerals,
Nomenclature and Classification) in 2019 (Biagioni et al.,
2020a), and the general formula can be written as follows:

M(2)AM(1)6 (B4C2)
X(3)DS(1)4 YS(2)12 Z, where A is Cu+, Ag+, �

(vacancy), and [Ag6]4+ clusters for A6; B is Cu+ and Ag+; C
is Zn2+, Fe2+, Hg2+, Cd2+, Mn2+, Ni2+, Cu2+, Cu+, In3+,
and Fe3+; D is Sb3+, As3+, Bi3+, and Te4+; Y is S2− and
Se2−; and Z is S2−, Se2−, and � (vacancy). The tetrahedrite
group is divided into 11 different series on the basis of the
A, B, D, and Y constituents. There are four different min-
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eral series among them in which silver predominates in the
M(2) or M(1) crystallographic position (i.e. freibergite se-
ries, rozhdestvenskayaite series, arsenofreibergite series, and
zvěstovite series). Freibergite was first reported by von Weis-
senbach (1831) and named by Kenngott (1853), inferring an
Ag-rich tetrahedrite occurring at Freiberg, Saxony, Germany.
The definition of freibergite was not clear from the very be-
ginning, and geologists usually used it ambiguously to de-
scribe Ag-rich tetrahedrite for a long time. In fact, freiber-
gite reports in the literature included both the recently ap-
proved tetrahedrite series (Ag< 3 apfu), the freibergite series
(3<Ag< 8 apfu), and even the rozhdestvenskayaite series
(Ag> 8 apfu). Previous studies of Ag-bearing tetrahedrite-
group minerals show that Ag priority is ordered at the M(2)
site, and the residual Ag atoms will occupy theM(1) site only
when Ag is in excess of 6 apfu (Kalbskopf, 1972; Johnson
and Burnham, 1985; Peterson and Miller, 1986; Charnock et
al., 1988).

It has been noted for over 50 years that there is a relation-
ship between the unit-cell parameters and Ag content (Shi-
mada and Hirowatari, 1972; Riley, 1974; Welch et al., 2018).
The abnormal trend of decreasing “a” with the increasing
Ag for Cu substitution in Ag-rich tetrahedrite (Ag> 4 apfu)
has been explained by Rozhdestvenskaya (1993) when Ag
predominantly or entirely replaced Cu at the M(2) site: the
S(2) site became vacant, with the formation of an [Ag6]4+

for charge balance. Based upon this, an idealized for-
mula as (Ag4+2xCu2−2x)[(Cu, Ag)4(Fe, Zn)2]66Sb4S12S1−x
(0<x < 1) for this abnormal trend was given by Moëlo
et al. (2008), and it was proposed that it can be con-
sidered to belong to a specific species (freibergite) which
is distinct from regular Ag-rich tetrahedrite (argentotetra-
hedrite). Finally, the structure feature of freibergite with va-
cancies at the S(2) site was confirmed and clarified by Welch
et al. (2018) and was renamed to kenoargentotetrahedrite-
(Fe) during the establishment of the nomenclature of
tetrahedrite (Biagioni et al., 2020a). [Ag6]4+ clusters
are rare in nature, only found in Ag-rich tetrahedrite,
i.e. kenoargentotetrahedrite-(Fe) (Welch et al., 2018, re-
named by Biagioni et al., 2020a), kenoargentotetrahedrite-
(Zn) (this study), kenoargentotennantite-(Fe) (Biagioni et al.,
2020b), and kenorozhdestvenskayaite-(Fe) (Qu et al., 2023).

In this paper, the description of kenoargentotetrahedrite-
(Zn) is reported, including a detailed description of the min-
eral paragenesis, Raman spectroscopy, chemical composi-
tion, crystal structure refinements, and crystal chemistry dis-
cussions for this extremely rare [Ag6]4+-cluster-containing
tetrahedrite-group mineral. The new mineral, its name, and
its symbol (Kattr-Zn) have been approved by the Inter-
national Mineralogical Association (IMA) Commission on
New Minerals, Nomenclature and Classification (CNMNC)
(IMA 2020-075). The type material is deposited at the Ge-
ological Museum of China, No. 16, Yangrou Hutong, Xisi,
Beijing, 100031, People’s Republic of China, under cata-
logue number M16112.

2 Occurrences and paragenesis

The new mineral kenoargentotetrahedrite-(Zn) was discov-
ered in the Yindongpo mine, Weishancheng ore field, Tong-
bai County, Nanyang, Henan Province, China (32°33′02′′ N,
113°25′25′′ E). The Yindongpo mine is a super-large hy-
drothermal Au–Ag-dominated polymetallic deposit in the
Tongbai orogen, central China. The ore-forming process took
place during continental collision between the Yangtze Block
and the North China Block (Zhang et al., 2013). Three-stage
fluid–rock interactions can be identified in the wall rock
alteration, i.e. silicification, sericitization, and carbonation–
chloritization (Zhang et al., 2011, 2013). The main orebodies
are hosted in silicified quartz–sericite schist and/or carbona-
ceous quartz–sericite schist.

Kenoargentotetrahedrite-(Zn) usually occurs as anhedral
grains or equant crystals up to 40 µm in size. It is closely
associated with kenoargentotetrahedrite-(Fe), tetrahedrite-
(Zn), sphalerite, galena, pyrite, acanthite, chalcopyrite, and
quartz (Fig. 1). Kenoargentotetrahedrite-(Zn) is black in
colour, and the luster is metallic. It is brittle with a con-
choidal fracture. It is opaque in transmitted light and shows a
greenish-grey colour in reflected light, and internal reflection
is brown-red. Micro-indentation hardness (Vickers hardness
number, VHN) (50 g load) was measured using a micro Vick-
ers hardness tester with both diagonals measured for each in-
dentation, and the values range from 288.7 to 324.1 kg mm−2

(mean value of four measurements: 309.7 kg mm−2). The
density of 5.209 g cm−3 was calculated based on the empiri-
cal formula and unit-cell volume refined from single-crystal
XRD (X-ray diffraction) data.

3 Raman spectroscopy

The Raman spectrum was collected on a polished thin sec-
tion at Tianjin Center, China Geological Survey, using a Ren-
ishaw via Raman microscope with a 532 nm laser (4 mW,
1 µm) in a measurement range of 1200–100 cm−1 (Fig. 2).
The major Raman band of kenoargentotetrahedrite-(Zn) at
353 cm−1 is assigned to Sb–S stretching vibrations. The
weak intensity shoulder at 346 cm−1 is assigned to antisym-
metric stretching, which is consistent with the previous Ra-
man spectra study of the tetrahedrite–tennantite solid solu-
tions (Kharbish et al., 2007). The symmetric bending and an-
tisymmetric bending modes appear as weak peaks at 314 and
282 cm−1, respectively. A number of low-wavenumber bands
observed at 214, 201, and 160 cm−1 can be described as lat-
tice vibrations.

4 Chemical composition

The chemical composition was determined at the Bei-
jing Research Institute of Uranium Geology with a JXA-
8100 electron microprobe under operating conditions of
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Figure 1. (a) Plane-polarized reflected-light images and (b–d) backscattered electron (BSE) images of kenoargentotetrahedrite-(Zn) and
associated mineral assemblage. Kattr-Zn: kenoargentotetrahedrite-(Zn), Kattr-Fe: kenoargentotetrahedrite-(Fe), Ttr-Zn: tetrahedrite-(Zn),
Sp: sphalerite, Gn: galena, Ccp: chalcopyrite, Py: pyrite, and Qz: quartz. Mineral symbols are quoted from Warr (2021).

Figure 2. Raman spectrum of kenoargentotetrahedrite-(Zn).

20 kV accelerating voltage, 10 nA beam current, and 1 µm
beam diameter. The standards used were pure silver (Ag),
chalcopyrite (Cu, S), ZnS (Zn), pyrite (Fe), CdSe (Cd),
Sb2S3 (Sb), and GaAs (As). The ZAF (atomic number–
absorption–fluorescence) correction was applied. The av-

erage of nine electron microprobe analyses (wt %) is
given in Table 1. The general formula is calculated on
the basis of 16 cations per formula unit, yielding the
formula of M(2)(Ag3.75Cu2.25)66.00

M(1)[Cu3.90(Zn1.18Fe0.69
Cd0.26)62.13]66.03

X(3)(Sb3.69As0.27)63.96
S(1)SS(2)11.94�, which

can be simplified as (Ag, Cu)6[Cu4(Zn, Fe, Cd)2](Sb,
As)4S12�. The ideal formula, Ag6(Cu4Zn2)Sb4S12�, re-
quires 33.99 wt % Ag, 13.35 wt % Cu, 6.87 wt % Zn,
25.58 wt % Sb, and 20.21 wt % S (100 wt % total).

5 X-ray crystallography and structure refinement

The crystal for XRD analysis, with dimensions of
7× 6× 5 µm, was extracted from the polished thin section
at the Institute of Microstructure and Property of Advanced
Materials, Beijing University of Technology, by using an
FEI Helios NanoLab 600i dual-beam system equipped with
a focused ion beam (FIB) and scanning electron micro-
scope (SEM). Both powder and single-crystal X-ray stud-
ies of kenoargentotetrahedrite-(Zn) were carried out using
a Rigaku XtaLAB Synergy diffractometer (MoKα radia-
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Table 1. Chemical data (wt %) for kenoargentotetrahedrite-(Zn).

% 1 2 3 4 5 6 7 8 9 Mean SD

Ag 20.57 23.64 22.01 24.97 22.7 22.81 22.98 22.57 20.32 22.51 1.44
Cu 23.6 20.67 22.67 20.62 21.53 21.89 21.42 20.83 22.55 21.75 1.02
Zn 3.03 6.52 3.14 3.96 5.28 3.10 4.12 4.52 4.89 4.28 1.16
Fe 2.40 0.45 2.70 2.24 1.48 2.52 2.21 2.56 2.87 2.16 0.75
Cd 1.90 0.50 1.68 1.91 1.78 1.26 2.13 1.80 1.61 1.62 0.48
Sb 24.91 25.20 24.77 24.90 25.02 25.05 24.65 24.99 25.24 24.97 0.19
As 1.36 1.12 1.38 1.06 1.29 1.21 1.06 0.99 0.84 1.15 0.18
S 21.80 21.20 21.58 20.94 21.5 21.51 21.37 20.48 21.20 21.29 0.39

Total 99.57 99.30 99.93 100.60 100.58 99.35 99.94 98.74 99.52 99.73 0.61

apfu

Ag 3.42 3.99 3.65 4.15 3.76 3.84 3.84 3.78 3.34 3.75 0.25
Cu 6.67 5.92 6.39 5.82 6.06 6.25 6.07 5.92 6.29 6.15 0.27
Zn 0.83 1.82 0.86 1.09 1.44 0.86 1.13 1.25 1.33 1.18 0.32
Fe 0.77 0.15 0.87 0.72 0.47 0.82 0.71 0.83 0.91 0.69 0.24
Cd 0.30 0.08 0.27 0.30 0.28 0.20 0.34 0.29 0.25 0.26 0.08
Sb 3.67 3.77 3.64 3.67 3.67 3.73 3.65 3.70 3.68 3.69 0.04
As 0.33 0.27 0.33 0.25 0.31 0.29 0.25 0.24 0.20 0.27 0.04
S 12.21 12.04 12.05 11.71 11.99 12.18 12.01 11.53 11.72 11.94 0.23

Total 28.21 28.04 28.05 27.71 27.99 28.18 28.01 27.53 27.72 27.94 0.23

SD: standard deviation. The metric of atoms per formula unit (apfu) was calculated on the basis of a total of 16 cations.

tion) at the School of Geosciences and Info-Physics, Cen-
tral South University. The X-ray powder diffraction data
were recorded using the Gandolfi technique in powder mode
at 50 kV and 1 mA. The pattern was indexed on the ba-
sis of the calculated pattern based on the unit-cell param-
eters and the structural model determined by single-crystal
X-ray diffraction using the CHEKCELL software package
(Laugier and Bochu, 2000). The refined lattice parame-
ters yielded from the powder patterns are a = 10.4336(5) Å
and V = 1135.81(17) Å3. The observed and indexed powder
diffraction data for kenoargentotetrahedrite-(Zn) are listed in
Table 2.

Single-crystal X-ray diffraction studies were performed
using a Rigaku XtaLAB Synergy diffractometer equipped
with a hybrid pixel array detector and MoKα radiation
at 50 kV and 1 mA. The intensity data were corrected for
X-ray absorption using the multi-scan method, and em-
pirical absorption correction was performed using CrysAl-
isPro software spherical harmonics, which was implemented
in the SCALE3 ABSPACK scaling algorithm (Rigaku Ox-
ford Diffraction, 2021). The refined unit-cell parameters
are a = 10.4624(4) Å, V = 1145.23(13) Å3, and space group
I43m. The crystal structure was refined using the SHELX
(Sheldrick, 2015) and Olex2 software packages (Dolomanov
et al., 2009). In the first stage, the structure refinement was
performed with the non-splitting model of the M(2) site, in
agreement with the literature (e.g. Wuensch, 1964; Johnson
et al., 1988). The S(1) and S(2) sites were refined using the

S neutral scattering curve: S and S vs. �, respectively, while
theM(2),M(1), andX(3) sites were appropriately fixed, cor-
responding to the chemical compositions. Several cycles of
isotropic refinement converged to R1 = 0.0452, confirming
the correctness of the structural model. An anisotropic struc-
tural model for all atoms converged to R1 = 0.031. How-
ever, the Ueq of M(2) (0.0339 Å2) is relatively larger than
those of other sites, suggesting its split nature, in agree-
ment with previous works (Welch et al., 2018; Biagioni et
al., 2022a, b; Sejkora et al., 2021, 2022, 2023; Wang et
al., 2023b). Although the hints of splitting are not as evi-
dent as in other cases mentioned above, the studied material
of kenoargentotetrahedrite-(Zn) has a mixed (Ag, Cu) occu-
pancy at theM(2) site, and the S(2) site is not fully empty. In
addition, the<M(2). . .S(2)> distance (2.043 Å) is too short
for the metal–sulfur bond of the partially occupied S(2) site
(Fig. 3a). Therefore, a splitting model would help better un-
derstand the nature of the relationship between the [Ag6]4+

clusters at the M(2) site and the vacancy at the S(2) site
(see the discussion below). The following neutral scattering
curves, taken from the International Tables for Crystallog-
raphy (Wilson, 1992), were used for the splitting model: Ag
vs. � at M(2a), Cu vs. � at M(2b), Sb vs. As at X(3), S
at S(1), and S vs. � at S(2). The sum of the site occupancy
factor (s.o.f.) at M(2a) and M(2b) was constrained to be 1.
The M(1) site was appropriately fixed, corresponding to the
chemical compositions. The result of the initial free refine-
ment shows that the s.o.f. of S at the S(2) site (0.43(3) apfu)
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Figure 3. The [Ag6]4+ cluster of kenoargentotetrahedrite-(Zn): (a) non-split-site model and (b) split-site model, viewed along [111].

Table 2. X-ray powder diffraction data (d in Å) for
kenoargentotetrahedrite-(Zn).

Imeas dmeas dcalc hkl

6 7.35 7.38 0 1 1
1 4.25 4.26 1 1 2
3 3.670 3.689 0 2 2
100 3.010 3.012 2 2 2
5 2.792 2.789 1 2 3
22 2.606 2.608 0 0 4
5 2.456 2.459 0 3 3
3 2.224 2.225 2 3 3
9 2.046 2.046 1 3 4
5 1.909 1.905 1 2 5
30 1.844 1.844 0 4 4
3 1.792 1.789 3 3 4
4 1.695 1.693 2 3 5
15 1.572 1.573 2 2 6
1 1.505 1.506 4 4 4
1 1.327 1.325 1 5 6
1 1.305 1.304 0 0 8
1 1.228 1.230 2 2 8
1 1.212 1.213 3 4 7

The seven strongest lines are in bold.

is approximately equal to that of Cu at the two M(2b) sites
(0.436(9) apfu), indicating that the occupancy of Ag at the
M(2a) site should be coupled with a vacancy at the S(2) site,
while the occupancy of Cu at the M(2b) site should be cou-
pled with the occurrence of S at the S(2) site. Consequently,
the s.o.f. of M(2b) was constrained to be the same as that
of S(2) at the last stage. After several cycles of anisotropic
refinement for all the atoms, the Ueq values for the M(2) site
dropped to 0.0229 Å2, and the R1 values finally converged to
0.0247 for 274 reflections with Fo> 4σ (Fo) and 22 refined
parameters without any restraints.

Details of the data collection and the crystal structure
refinement are given in Table 3. Atomic coordinates and

displacement parameters are given in Tables 4 and 5, and
selected distances are given in Table 6. The bond-valence
sum (BVS), calculated using the bond-valence parameters of
Brese and O’Keeffe (1991), is shown in Table 7. The initial
structure refinement results of the non-splitting mode for the
M(2) site (Tables S1–S5) are given in the Supplement.

6 Discussion

6.1 Structure description

The crystal structure of kenoargentotetrahedrite-(Zn) agrees
with the general features of kenoargentotetrahedrite-(Fe) and
other keno-member tetrahedrites (Welch et al., 2018; Bia-
gioni et al., 2020b; Qu et al., 2023), with the occurrence of
the [Ag6]4+ cluster replacing the S(2)-centred Ag6 octahe-
dron.

The tetrahedrally coordinated M(1) site shows an average
bond distance of 2.3427(16) Å, in accordance with the val-
ues of argentotetrahedrite-(Zn), which range from 2.3386 to
2.3475 Å (Sejkora et al., 2022). On the basis of the elec-
tron microprobe data, the occupancy at the M(1) site can
be given as Cu0.65Zn0.20Fe0.15, neglecting minor Cd. The
calculated bond distance of 2.340 Å can be compared with
the observed data. The BVS of the M(1) site is 1.48 va-
lence units (v.u.), close to the theoretical value of 1.33 v.u.
The M(2) site is split into two sub-positions: the M(2a)
(12e) sub-position and the M(2b) (24g) sub-position. The
M(2a) sub-position has a triangular planar coordination lo-
cated between two M(2b) sub-positions, with the latter hav-
ing a flat trigonal pyramidal coordination symmetrically po-
sitioned on both sides of the S(1)2S(2) triangular plane.
M(2a) and M(2b) are separated by 0.37(2) Å, and the dis-
tance between two neighbouring M(2b) sub-positions is
0.52(3) Å. These distances are significantly short and al-
most half of those reported in other tetrahedrite-group min-
erals characterized by a split M(2) site (e.g. 0.60–1.08 for
M(2a) Å, 1.20–2.00 Å for M(2b), Makovicky et al., 2005;
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Table 3. Information on structural refinement for kenoargentotetrahedrite-(Zn).

Crystal data

General formula Ag3.37Cu6.53Zn1.20Fe0.90Sb3.70As0.30S12.44
Formula weight 1779.22
Crystal size (µm) 7× 6× 5
Crystal system cubic
Space group I43m (no. 217)
Unit-cell dimensions a = 10.4624(4) Å
Volume 1145.23(13) Å3

Z 2

Data collection and refinement

Instrument Rigaku Synergy
Radiation, wavelength, temperature MoKα, 0.71073 Å, 293(2) K
F (000) 1609
2θ range (°) 5.50 to 56.48
Total reflections 1089
Unique reflections (all) 294
Unique reflections (I > 4σ(I)) 274
Rint 0.0341
Rσ 0.0328
Range of h, k, l −11≤ h≤ 10; −10≤ k ≤ 3; −13≤ l ≤ 8
R1, wR2 (Fo> 4σ (Fo))a R1 = 0.0247, wR2 = 0.0383
R1, wR2 (all data) R1 = 0.0289, wR2 = 0.0389
Goodness of fit 1.111
No. of parameters, restraints 22, 0
Maximum and minimum residual peak (eÅ−3) 0.472 (1.63 Å from M(2b))

−0.586 (1.18 Å from M(2b))
Flack parameterb

−0.04(8)

a w = 1/[σ2(F 2
o )+ (0.0097P)2], where P = (F 2

o + 2F 2
c )/3. b Flack (1983).

Table 4. Site, Wyckoff position, site occupancy factor (s.o.f.), fractional atomic coordinate, and equivalent isotropic displacement parameter
(in Å2) for kenoargentotetrahedrite-(Zn).

Site Wyckoff s.o.f x/a y/b z/c Ueq

M(2a) 12e Ag0.562(19) 0.1891(8) 0 0 0.0229(9)
M(2b) 24g Cu0.219(9) 0.214(2) 0.0175(14) −y 0.0229(9)
M(1) 12d Cu0.65Zn0.20Fe0.15 1/4 1/2 0 0.0171(6)
X(3) 8c Sb0.928(19)As0.072(19) 0.26912(6) x x 0.0143(4)
S(1) 24g S 0.11839(18) x 0.3629(2) 0.0153(6)
S(2) 2a S0.438(19) 0 0 0 0.027(5)

Andreasen et al., 2008; Sejkora et al., 2021; Biagioni et al.,
2022a; b). An unconstrained refinement of the M(2a) and
M(2b) sites was performed, resulting inM(2a)=Ag0.562(19)
and M(2b)×2

=Cu0.438(9), suggesting Ag is dominant at
the M(2) site. The bond distance of M(2a)–S(1), at
2.525 (7) Å, is consistent with the <Ag–S> distance of
other Ag-rich tetrahedrites, i.e. kenoargentotetrahedrite-(Fe)
(2.554 Å, Welch et al., 2018) and kenorozhdestvenskayaite-
(Fe) (2.550 Å, Qu et al., 2023). The distance between M(2a)
and S(2) (centroid), 1.979(9) Å, is too short for the Ag–S
bond, in agreement with other keno-member tetrahedrites,

indicating the formation of the [Ag6]4+ cluster instead of the
M(2)6S(2) octahedron. The observed<M(2b)–S(2)> dis-
tance (2.25(2) Å) can be compared with that of flat trigo-
nal pyramidal coordination in tetrahedrite-(Cd) (2.32(2) Å,
Sejkora et al., 2023), and it is also consistent with the
Cu–S distance in triangular coordination of tetrahedrite-
(Hg), i.e. 2.242(4) Å for a Cu(2)–S(2) bond (Biagioni et al.,
2020c). Therefore, the M(2b)–S(2) distance of the studied
material can be considered reasonable for a Cu-occupied po-
sition.
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Figure 4. The relationship between the unit-cell parameter a (Å) and the Ag content (apfu) in the Ag-bearing tetrahedrite species (mod-
ified after Biagioni et al., 2020a). Taking into account the effect of the ionic radius on the a parameter, the reported Ag-bearing tetra-
hedrite data were selected on the basis of Ag> 0.1, As< 0.5, Cd< 0.3, and Hg< 0.1 (apfu). Further considering the existence of the keno-
member tetrahedrite, the Ag content (apfu) is recalculated on the basis of 16 cations per formula unit. The pink, yellow, and blue spots are
kenoargentotetrahedrite-(Zn), kenoargentotetrahedrite-(Fe), and kenorozhdestvenskayaite-(Fe), confirmed by single-crystal structure deter-
mination, respectively. References: (1) Petruk (1971), (2) Shimada and Hirowatari (1972), (3) Riley (1974), (4) Charlat and Lévy (1975),
(5) Pattrick and Hall (1983), (6) Peterson and Miller (1986), (7) Balitskaya et al. (1989), (8) Li and Wang (1990), (9) Rozhdestvenskaya et
al. (1993), (10) Zhdanov et al. (1992), (11) Samusikov and Gamyanin (1994), (12) Welch et al. (2018), (13) Sejkora et al. (2022), (14) Shu
et al. (2022), (15) Qu et al. (2023), (16) this study.

Table 5. Anisotropic displacement parameters (in Å2) for kenoargentotetrahedrite-(Zn).

Site U11 U22 U33 U23 U13 U12

M(2a) 0.014(3) 0.0272(17) U22 −0.0068(18) 0 0
M(2b) 0.014(3) 0.0272(17) U22 −0.0068(18) 0 0
M(1) 0.0207(12) 0.0203(13) 0.0155(6) U22 0 0
X(3) 0.0143(4) U11 U11 −0.0017(3) U23 U23
S(1) 0.0144(8) U11 0.0172(15) −0.0003(7) U23 −0.0015(9)
S(2) 0.027(5) U11 U11 0 0 0

The evidence for Ag–Ag bonding in
kenoargentotetrahedrite-(Zn) can be found in the M(2)Ag–
M(2)Ag distance of 2.798(12) Å (Fig. 3b). This value
compares closely with 2.85 Å of metallic silver and
Ag–Ag distances reported in synthetic ternary phos-
phides, Ag6M’6M4P12 (e.g. Ag6Si6Sn4P12: 2.890 Å,
von Schnering and Hoenle, 1979; Ag6Ge10P12: 2.838 Å,
Nuss et al., 2017), and other keno-member tetrahedrites
(i.e. kenoargentotetrahedrite-(Fe), Welch et al., 2018;
kenorozhdestvenskayaite-(Fe), Qu et al., 2023), which is
markedly different from the observed Ag–Ag length of
argentotetrahedrite-(Zn) (3.195 to 3.250 Å, Sejkora et al.,
2022). As a result, the volumes of the [Ag6]4+ cluster in

the keno-member freibergites (10.33–10.81 Å3) are approx-
imately 50 % smaller than the volumes of the M(2)6S(2)
octahedron (15.37–16.18 Å3) in non-keno-member ones (Ta-
ble 8), which is also consistent with the observation that the
M(2). . . centroid distance (mean: 1.99 Å) of keno-member
freibergites is significantly shorter than the M(2)–S(2) bond
length of non-keno-member freibergites (mean: 2.28 Å).
The BVS result of M(2) (0.79 v.u.) is consistent with the
theoretically calculated BVS (0.81 v.u.), further confirming
the presence of the [Ag6]4+ cluster for the studied material
(Table 7).

The X(3) site has an average bond distance of 2.436(3) Å
with a BVS of 3.03 v.u., which is consistent with the theoreti-
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Table 6. Selected bond distances (Å) and polyhedral volumes (Å3) for kenoargentotetrahedrite-(Zn).

M(2a)–S(1)×2 2.525(7) M(1)–S(1)×4 2.3427(16)
–S(2)×1 – ∗ [M(1)S(1)4] tel. vol. 6.59
[Ag6]4+ cluster oct. vol. 10.326 X(3)–S(1)×3 2.436(3)
M(2b)–S(1)×2 2.360(16) [X(3)S(1)3] tri. pyramid vol. 2.37
–S(2)×1 2.25(2)

∗ M(2). . . centroid distance for kenoargentotetrahedrite-(Zn)= 1.979(9) Å. Ag–Ag= 2.798(12) Å.

cal value of mixed-occupied trivalent cations. The results can
also be compared to values reported in other freibergite series
species (for instance, 2.438 Å, Welch et al., 2018; 2.436 Å,
Shu et al., 2022; 2.397 to 2.438 Å, Sejkora et al., 2022).

The S(1) site is 4-fold coordinated, being bonded to
two M(1) sites, one M(2) site, and one X(3) site. The
BVS of S(1) is 2.07 v.u., in agreement with the occur-
rence of S2−. On the contrary, the [�0.562S0.438(19)] oc-
cupancy of S(2)Z is consistent with its lower BVS re-
sult (0.90 v.u.), indicating the vacancy is dominant at the
S(2) site. Interestingly, the s.o.f of S at the S(2) site is
approximately equal to that of Cu at the splitting M(2)
site. A similar phenomenon has been observed in other
keno-member tetrahedrites, i.e. kenorozhdestvenskayaite-
(Fe), [Ag0.90(3)Cu0.10(3)] at the M(2) site coupled with
[�0.86S0.14(11)] at the S(2) site (Qu et al., 2023). This cou-
pling between the presence of subvalent hexasilver clus-
ters at the M(2) site and that of the S deficiency at the
S(2) site further substantiates the following charge bal-
ance substitution mechanism of keno-member tetrahedrite-
group minerals: 6M(2)Ag++S(2)S2−

=
M(2)[Ag6]4+

+
S(2)�

(Rozhdestvenskaya et al., 1993; Welch et al., 2018;
Qu et al., 2023). On the basis of this correlation,
the general structural formula for the Ag-rich keno-
member tetrahedrite could be described as the fol-
lowing: [(Ag6)

4+
x (Cu6)

6+
1−x]6M(1)6X3)4S(1)12[�xS(2)1−x]

(0.5<x ≤ 1). Taking into account that it is also probable
that both the [Ag6]4+ cluster and Ag6S octahedron occur in
some purely silver-occupied M(2) site keno-member tetra-
hedrites, the crystal chemical investigation of more samples,
especially the materials with full site occupancy by Ag at the
M(2) site, would be useful in gaining a better understanding
of this coupling behaviour between the S deficiency and the
[Ag6]4+ cluster formation.

6.2 Relationship between Ag content and unit-cell
parameters

The study of relationships between Ag content and unit-
cell parameters started at the beginning of the 1970s. Early
studies indicated that the unit-cell parameters of Ag-bearing
tetrahedrite increase in a positive linear trend with silver con-
tent (up to 4 Ag apfu) but decrease with extending silver sub-
stitution (Shimada and Hirowatari, 1972; Riley, 1974; Char-

lat and Lévy, 1975; Pattrick and Hall, 1983; Samusikov et
al., 1988; Balitskaya et al., 1989; Welch et al., 2018). Bia-
gioni et al. (2020a) made an up-to-date historical synopsis
review of previous studies on this issue. In order to reduce
the influence of different cation radii (for instance, As, Cd,
and Hg) that can cause slight deviations between the chem-
ical composition and the unit-cell parameter trend, we opti-
mized the selection of reported data and updated some new,
important data from the published Ag-bearing tetrahedrite
data that include both chemical data and unit-cell param-
eters (Fig. 4). It clearly shows that the recently approved
kenoargentotetrahedrite-(Zn) and kenorozhdestvenskayaite-
(Fe) are not on the trend line of decreasing the unit-cell pa-
rameter with increasing Ag content (Ag> 4 apfu). This re-
minds us that in addition to the Ag–Cu content ratio, there
must be other factors that restrict the formation of silver
clusters in Ag-bearing tetrahedrite, e.g. sulfur fugacity (Sack
et al., 2022; Qu et al., 2023) or the radius of the cation at
X(3), which could play a crucial role in promoting the for-
mation of silver clusters in Ag-rich tetrahedrites (Nuss et
al., 2017). It should be noted that the unit-cell parameter of
sample no. 12 with a = 10.40 Å (and 8.75 Ag apfu) given
by Balitskaya et al. (1989) is far away from that of chem-
ically similar kenorozhdestvenskayaite-(Fe) (a = 10.7119,
8.41 Ag apfu, Qu et al., 2023). Since this result is doubtful,
we strongly suggest excluding at least these data in further re-
search on the relationships between chemistry and unit-cell
parameters of Ag-bearing tetrahedrite. In addition, Li and
Wang (1990) reported several Ag-rich tetrahedrite species
from the Dachang ore field, Guangxi, China. The average re-
sult of nine electron microprobe analyses for three different
samples from the Lame no. 11 orebody yielded 48.57 % Ag,
1.31 % Cu, 23.26 % Sb, 0.02 % As, 0.06 % Bi, 0.53 % Pb,
5.94 % Fe, 0.23 % Zn, 0.03 % Mn, 0.03 % Sn, and 19.98 %
S, for a total of 99.96 %. The empirical formula is recal-
culated on the basis of 16 cations per formula unit, yield-
ing Ag6(Ag3.29Cu0.43Fe2.19Zn0.07Pb0.05Mn0.01)66.04(Sb3.94
As0.01Bi0.01Sn0.01)63.96S12.85, which corresponds to the
ideal formula, Ag6(Ag4Fe2)Sb4S13. The seven strongest X-
ray powder diffraction lines (d in Å (I ) (hkl)) are the fol-
lowing: 3.16 (100) (222), 1.934 (70) (044), 2.740 (50) (004),
1.648 (40) (226), 2.585 (30) (114), 2.000 (30) (125), and 7.74
(20) (110). The unit-cell parameter, a = 10.950± 0.009 Å,
is similar to that of rozhdestvenskayaite-(Zn) (10.9845 Å,
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Table 7. Bond-valence sum (BVS) analysis for kenoargentotetrahedrite-(Zn).

Site M(2) M(1) X(3) 6anions Theoretical

S(1) 0.32×2↓ 0.37×4↓×2→ 1.01×3↓ 2.07 2.00
S(2) 0.15×6→ 0.90 0.88
6cations 0.79 1.48 3.03
Theoretical 0.81† 1.33 3.00

Bond-valence sums were calculated with the site-occupancy factors given in Table 4. Calculations were
done using the equation and constants of Brown (1977), S = exp[(R0–d0)/b]. Superscripts indicate the
number of equivalent bonds involving cations and anions. The theoretical bond valence of M(2), M(1),
and S(2) is calculated on the basis of 0.562[Ag6]4+

+ 0.438(Cu6)
6+, (2/3Me+ + 1/3Me2+), and

0.438S2−, respectively.

Table 8. Comparative characteristics of kenoargentotetrahedrite-(Zn), kenoargentotetrahedrite-(Fe), and argentotetrahedrite-(Zn).

Kenoargentotetrahedrite-(Zn) Kenoargentotetrahedrite-(Fe)a Argentotetrahedrite-(Zn)b

Ideal formula Ag6(Cu4Zn2)Sb4S12� Ag6(Cu4Fe2)Sb4S12� Ag6(Cu4Zn2)Sb4S13
M(2)A [Ag6]4+ [Ag6]4+ (Ag6)

6+

M(1)C Zn Fe Zn
S(2)Z � � S
Ag–Ag distance(Å) 2.789 2.84 3.195 to 3.250
M(2). . . centroid (S2) distance (Å) 1.979 2.009 2.259–2.298
[Ag6]4+ cluster or M(2)6S(2) vol. (Å3) 10.33 10.81 15.37–16.18
a(Å) 10.4624(4) 10.4930(4) 10.5155–10.5663
V (Å3) 1145.23(13) 1155.31(8) 1162.8–1179.7

a Kenoargentotetrahedrite-(Fe) named as freibergite in Welch et al. (2018), renamed by Biagioni et al. (2020a). b Sejkora et al. (2022).

Welch et al., 2018) and significantly larger than that
of kenorozhdestvenskayaite-(Fe) (10.7119 Å, Qu et al.,
2023), corresponding to a potential new rozhdestvenskayaite
series species, rozhdestvenskayaite-(Fe), characterized as
8<Ag< 10 apfu, 0.5< S(2)S< 1.0, and Fe>Zn at theM(1)
site.

6.3 Relationship between Ag content and equivalent
isotropic displacement parameters (Ueq) of the
M(2) site

The relatively largeUeq value of theM(2) site in tetrahedrite-
group minerals has been well known for decades. The
M(2) site of Ag-bearing tetrahedrite has strongly anisotropic
displacement ellipsoids, as previously noted by Kalb-
skopf (1972). Johnson and Burnham (1985) proposed that
this behaviour is better explained as thermal motion rather
than splitting the M(2) site into two flat pyramidal sub-sites
positioned symmetrically above and below the S(1)–S(2)–
S(1) plane triangle. On account of a relatively strong residual
in the 1F maps, Makovicky et al. (2005) successfully intro-
duced a split M(2) position for a Cu-rich tennantite, and, as
a result, a significant drop in all R values has been observed.
With the approval of the tetrahedrite-group nomenclature,
more and more new tetrahedrite species have been discov-
ered all around the world in the past 5 years. In certain new
mineral species, the splitting model has effectively reduced

the Ueq of the M(2) site and further decreased the R1 value
(Welch et al., 2018; Biagioni et al., 2022a, b; Sejkora et al.,
2021, 2022, 2023; Wang et al., 2023b). In the splitting model,
theM(2) site is split into two sub-positions,M(2a) at (x, 0, 0)
andM(2b) at (x, y,−y) (Andreasen et al., 2008). TheM(2a)
sub-position has triangular planar coordination, whereas the
M(2b) sub-position has two flat trigonal pyramids symmet-
rically situated out of the S(1)2S(2) plane. The M(2a) sub-
position is between two M(2b) sub-positions, and their axes
of elongation are approximately along a line connecting two
M(2b) sub-positions (Makovicky et al., 2005). The sum of
the site occupancy factors at the two split positions, M(2a)
and M(2b), was generally constrained to the full occupancy
(Sejkora et al., 2022; Biagioni et al., 2022a).

Kalbskopf (1972) first suggested that silver preferentially
occurs at the 3-fold-coordinated M(2) site and may be posi-
tionally disordered between two sites on either side of the
coordination plane. Through the statistics of the recently
described tetrahedrite mineral species (Table 9), indeed, as
the silver content increases, the Ueq values of M(2) show
a positive correlation and increasing trend. Peterson and
Miller (1986) found that although the apparent thermal mo-
tions of the atoms at the M(2) site are increasing with in-
creased Ag content, the highest anisotropy occurs in the Ag-
barren tetrahedrite structure. Thus, the Ag content may not
be the only limiting factor in the effect of the thermal dis-
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Table 9. Ueq of the M(2) comparison of recently described tetrahedrite-group minerals.

Mineral Ideal formula M(2) site s.o.f. Ueq Reference

Non-splitting mode of the M(2) site

Kenoargentotetrahedrite-(Zn) [Ag6]4+(Cu4Zn2)Sb4S12� M(2) Ag0.63Cu0.37 0.0339(6) (1)

Kenoargentotetrahedrite-(Fe) [Ag6]4+(Cu4Fe2)Sb4S12� M(2) Ag0.88Cu0.12 0.0340(4) (2)
M(2) Ag0.95Cu0.05 0.0278(2) (3)

Kenorozhdestvenskayaite-(Fe) [Ag6]4+(Ag4Fe2)Sb4S12� M(2) Ag0.90Cu0.10 0.0464(11) (4)

Argentotetrahedrite-(Cd) Ag6(Cu4Cd2)Sb4S13 M(2) Ag0.55Cu0.45 0.0851(8) (5)

Argentotetrahedrite-(Hg) Ag6(Cu4Hg2)Sb4S13 M(2) Ag0.565Cu0.435 0.0727(11) (6)

Argentotetrahedrite-(Fe) Ag6(Cu4Fe2)Sb4S13 M(2) Ag0.70Cu0.30 0.0711(7) (2)

Tetrahedrite-(Fe) Cu6(Cu4Fe2)Sb4S13 M(2) Cu0.57Ag0.43 0.0604(7) (2)

Tetrahedrite-(Hg) Cu6(Cu4Hg2)Sb4S13 M(2) Cu1.00 0.0547(11) (7)

Tetrahedrite-(Ni) Cu6(Cu4Ni2)Sb4S13 M(2) Cu1.00 0.062(2) (8)

Splitting mode of the M(2) site

Kenoargentotetrahedrite-(Zn) [Ag6]4+(Cu4Zn2)Sb4S12� M(2a) Ag0.562 0.0229(9) (1)
M(2b)×2 Cu0.438 0.0229(9)

Rozhdestvenskayaite-(Zn) Ag6(Ag4Zn2)Sb4S13 M(2a) Ag0.49 0.050(1) (2)
M(2b)×2 Ag0.51 0.049(1)

Zvěstovite-(Zn) Ag6(Ag4Zn2)As4S13 M(2a) Ag0.53 0.048(9) (9)
M(2b)×2 Ag0.47 0.052(10)

Argentotetrahedrite-(Zn) Ag6(Cu4Zn2)Sb4S13 M(2a) Ag0.52 0.039(4) (10)
M(2b)×2 Cu0.48 0.039(4)
M(2a) Ag0.54 0.042(3) (10)
M(2b)×2 Cu0.46 0.042(3)
M(2a) Ag0.67 0.057(5) (10)
M(2b)×2 Cu0.33 0.057(5)

Tennantite-(Hg) Cu6(Cu4Hg2)As4S13 M(2a) Cu0.81 0.040(4) (11)
M(2b)×2 Ag0.19 0.040(4)

Tennantite-(Cu) Cu6(Cu4Cu2)As4S13 M(2a) Cu0.67 0.034(2) (12)
M(2b)×2 Cu0.33 0.034(2)

Tennantite-(Cd) Cu6(Cu4Cd2)As4S13 M(2a) Cu0.84 0.0380(7) (13)
M(2b)×2 Cu0.16 0.0380(7)

Tennantite-(Ni) Cu6(Cu4Ni2)As4S13 M(2a) Cu0.69 0.041(3) (14)
M(2b)×2 Cu0.31 0.041(3)

Tetrahedrite-(Cd) Cu6(Cu4Cd2)Sb4S13 M(2a) Cu0.63 0.036(10) (15)
M(2b)×2 Cu0.37 0.036(10)

References: (1) this study, (2) Welch et al. (2018), (3) Shu et al. (2022), (4) Qu et al. (2023), (5) Mikuš et al. (2023), (6) Wu et al. (2022), (7) Biagioni et
al. (2020c), (8) Wang et al. (2023a), (9) Sejkora et al. (2021), (10) Sejkora et al. (2022), (11) Biagioni et al. (2021), (12) Biagioni et al. (2022), (13) Biagioni et
al. (2022b), (14) Wang et al. (2023b), (15) Sejkora et al. (2023).
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placement parameters at the M(2) position for tetrahedrite-
group minerals. The role of the Fe content at the M(1) site
and the Sb–As ratio at the X(3) site in affecting the degree
of splitting of M(2) has been confirmed by Rietveld refine-
ment of neutron powder diffraction data (Andreasen et al.,
2008). Nevertheless, the positive correlation trend of the Ueq
values of M(2) with the increasing Ag content would not be
masked by the relatively insignificant effect. In contrast, the
Ueq values of the M(2) in [Ag6]4+ cluster-containing tetra-
hedrites have shown a cliff-like decrease compared to the
normal Ag-rich tetrahedrite-group minerals (Table 9). Peter-
son and Miller (1986) noted that there is a linear relationship
between the temperature factor of the S(2) site and the Ag
per formula unit, and the Ueq value of the S(2) site is gener-
ally coupled with that of the M(2) site. They suggested that
the high apparent thermal motion of the S(2) site might be
attributed to the site being only partially occupied. The au-
thors also noted that, despite the possibility of some vacancy
at the S(2) site, the large deficiency necessary to explain
the high thermal parameter is greater than what the chemi-
cal component permits. It is worth noting that at that time,
the nature of the vacancy occupancy at the S(2) site in the
tetrahedrite structure had not been totally understood. There-
fore, they predict that the thermal motion of S(2) and M(2)
will increase with the increase in vacancies at the S(2) site.
However, more and more observation results from the keno-
member tetrahedrites show thatM(2) position silver clusters,
along with the vacancy of the S(2) site, can significantly re-
duce their Ueq values. Although it is expected that the for-
mation of the [Ag6]4+ cluster probably plays an important
role in this behaviour, there is room for a great deal more re-
search to highlight this effect. The further investigations not
only will promote and extend the understanding of the spe-
cial structure features of tetrahedrite-group minerals for min-
eralogists but also will provide new insights for the material
sciences community.

7 Conclusions

The description of this extremely rare keno-member
tetrahedrite-group mineral provides new insights into the
crystal chemical complexity of these common sulfosalts in
hydrothermal ore deposits. On the one hand, this study con-
firms the coupling between the presence of the subvalent hex-
asilver cluster at the M(2) site and that of the vacancy at the
S(2) site, further substantiating the charge balance substitu-
tion mechanism of S-deficiency tetrahedrites. On the other
hand, it is a good case for indicating the necessity and prac-
tical meaning of splitting the M(2) site in the tetrahedrite-
group minerals.
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