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ABSTRACT 19 

[Ag6]4+ clusters are extremely rare in nature (only found in Ag-rich tetrahedrite 20 

group minerals). Due to their remarkable structures and some promising applications, a 21 

few synthesis phases that contain octahedral [Ag6]4+ clusters have been reported in the 22 

area of material sciences. However, the kinds of natural conditions that promote the 23 

formation of subvalent hexasilver clusters in tetrahedrite group minerals are still unclear. 24 

Kenorozhdestvenskayaite-(Fe), ideally Ag6(Ag4Fe2)Sb4S12□ is a new tetrahedrite group 25 

mineral containing a natural [Ag6]4+ cluster and found in the Yindongpo gold deposit, 26 

Weishancheng ore field, Henan Province, China. This new species occurs at the edge of 27 

galena as anhedral grains of 2 to 20 μm in size and is associated with pyrargyrite, 28 

pyrrhotite, and siderite. Kenorozhdestvenskayaite-(Fe) is black in color with metallic 29 

luster. It is brittle with conchoidal fracture and has a calculated density of 5.329 g/cm3. 30 

The empirical formula calculated on the basis of cation = 16 apfu is 31 



M(2)Ag6
M(1)(Ag2.41Cu1.20Fe1.84Zn0.71)Σ6.16

X(3)(Sb3.82As0.01)Σ3.83
S(1)S11.60

S(2)□. It is cubic, with 32 

space group I 4ത 3m, a = 10.7119(6) Å, V = 1229.1(2) Å3, and Z = 2. Since 33 

kenorozhdestvenskayaite-(Fe) is a new tetrahedrite group mineral containing a natural 34 

[Ag6]4+ cluster, its structure is comparable to the synthetic ternary phosphide 35 

(Ag6M4P12)M'6. The presence of the unusual mineral assemblages, i.e., pyrrhotite and 36 

pyrargyrite, as well as the other keno-endmember tetrahedrites, indicates a low f(S2) state 37 

for the mineralization stage, probably a result of the fluid boiling process in an open 38 

system that likely contributed to the formation of S-deficient tetrahedrites. 39 
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INTRODUCTION 44 

The general structural formula of tetrahedrite-group minerals is 45 
M(2)A6

M(1)(B4C2)X(3)D4
S(1)Y12

S(2)Z, where A = Cu+, Ag+, □ [vacancy], and [Ag6]4+ clusters; 46 

B = Cu+ and Ag+; C = Mn2+, Fe2+, Co2+, Ni2+, Cu2+, Zn2+, Cd2+, Hg2+, Cu+, In3+, and Fe3+; 47 

D = Sb3+, As3+, Bi3+, and Te4+; Y = S2– and Se2–; and Z = S2–, Se2–, and □ (Biagioni et al. 48 

2020a). As an ancient mineral group with 200 years of study history, tetrahedrite-group 49 

minerals are considered the most complex isotypic series among the sulfosalts in different 50 

types of ore deposits worldwide due to their multiplicity of iso- and heterovalent 51 

substitutions at different crystallographic positions (Johnson et al. 1988; Makovicky and 52 

Karup-Møller 1994; Moëlo et al. 2008). With the approval of the tetrahedrite group 53 

nomenclature by the Commission on New Minerals, Nomenclature and Classification of 54 

the International Mineralogical Association (IMA-CNMNC) (Biagioni et al. 2020a), in 55 

the last three years, an increasing number of new composition endmembers (i.e., Cd-, In-, 56 

Mn-, and Ni-endmembers) and special structure [(Ag6)4+] tetrahedrites have been 57 

discovered all worldwide. These newly discovered tetrahedrites and their crystal 58 

chemical properties can facilitate a new perspective for revealing the super-enrichment 59 

mechanism of critical metals in hydrothermal deposits (i.e., Cd, In, Se, and Te-60 

endmembers; George et al. 2017) and provide important references in material science; 61 



these tetrahedrites have potential large-scale thermoelectric (TE) applications in the area 62 

of waste heat recovery in the power-producing, processing, and automobile industries (Ni 63 

endmembers; Wang et al. 2023a, b). Promising material applications of subvalent 64 

hexasilver cluster endmembers have caused much research interest (Kikukawa et al. 2013; 65 

Wang et al. 2018; Sack et al. 2022), and this special structure only naturally occurs in 66 

four silver-rich tetrahedrites. Moreover, the kinds of natural conditions that promote the 67 

formation of silver clusters remains unclear. 68 

Kenorozhdestvenskayaite-(Fe) has recently been discovered in the Yindongpo gold 69 

deposit, China. The new mineral and its name have been approved by the Commission on 70 

New Minerals, Nomenclature and Classification of the International Mineralogical 71 

Association (IMA-CNMNC) (IMA2022-001, Qu et al. 2022). Type material is deposited 72 

at the Geological Museum of China, No. 16, Yangrou Hutong, Xisi, Beijing 100031, 73 

People’s Republic of China, under catalog number M16132. The root name 74 

"rozhdestsvenskayaite" [pronounced rozh-dest-ven-skayaite] is in honor of Russian 75 

mineralogist Irina Rozhdestvenskaya for her important contributions to mineralogy and to 76 

the crystal chemistry of the tetrahedrite group (Welch et al. 2018). The prefix (keno) and 77 

suffix (Fe) indicate vacancy at the S(2) site and the dominant C constituent, respectively. 78 

In fact, three pieces of silver-cluster-containing tetrahedrite [i.e., kenoargentotetrahedrite-79 

(Zn), kenoargentotetrahedrite-(Fe), and kenorozhdestvenskayaite-(Fe)], and two 80 

unknown low-sulfur chalcogenides have been found in the Yindongpo gold deposit. The 81 

formation of these special minerals should be related to their special geological 82 

conditions. In this paper, the description of kenorozhdestvenskayaite-(Fe) is reported. In 83 

addition, its comparison to the isostructural ternary phosphide (Ag6M4P12)M'6 and the 84 

origin of the naturally occurring silver clusters have been discussed. 85 

GEOLOGICAL BACKGROUND 86 

Kenorozhdestvenskayaite-(Fe) was found in the Yindongpo gold deposit 87 

(29°10’58.0” N, 92°17’47.6” E), which is in the Weishancheng Au-Ag-polymetallic ore 88 

field in the central part of the Qinling-Tongbai-Dabie Orogen, China (Fig. 1a, b). The 89 

Weishancheng Au-Ag-polymetallic ore belt is located in the Erlangping back-arc basin 90 

(Zhang et al. 2013). The Erlangping terrane, including the Erlangping Group and the 91 

Waitoushan Group, mainly contains Neoproterozoic–early Paleozoic volcanic-92 



sedimentary successions and associated intrusions and is located between the Kuanping 93 

Group and Qinling Group, separated by the Waxuezi fault and the Zhuyangguan-Xiaguan 94 

(Zhu-Xia) fault from north to south (Fig. 1c). The Yindongpo giant Au deposit, Poshan 95 

giant Ag deposit, and Yindongling large Ag-polymetallic deposits are found in 96 

carbonaceous quartz-sericite schists of the Neoproterozoic Waitoushan Group, occurring 97 

in the collapsed position of the axis and along the two limbs of the anticline (Zhang et al. 98 

2011). The anticline was intruded by late Paleozoic Taoyuan granodiorite (390–357 Ma) 99 

and Mesozoic Liangwan monzogranite (128 Ma) (Zhang et al. 1999, 2000). 100 

The Yindongpo deposit, with reserves of 56.26 t Au, is one of the most important 101 

gold deposits in central China. The main ore-controlling structures are the collapsed part 102 

at the turning end of the anticline, the conjugate thrust shear fracture zone on both wings, 103 

and the bedding compression fracture zone (Fig. 1d). The distribution of the orebodies is 104 

strictly controlled by carbonaceous wall rock. Most orebodies are hosted in the Middle-105 

Waitoushan Formations (plagioclase-amphibole schist and carbonaceous quartz-sericite 106 

schist). This set of formations is considered the source layer for the deposit due to its high 107 

abundance of Au-Ag elements (Chen and Fu 1992; HBGMR, 1994). Previous studies 108 

indicate that the ore-forming process of the Yindongpo deposit can be divided into three 109 

stages, corresponding to silicification, sericitization, and carbonation and chloritization. 110 

Among them, the second (sericitization) stage is the main ore-forming stage, 111 

characterized by containing large amounts of galena, sphalerite, chalcopyrite, and native 112 

gold (Zeng et al. 2016; Zhang et al. 2011, 2013). Sericite separates from ore rock range in 113 

age from 171.8–119.5 Ma based on K-Ar and Ar-Ar geochronology, indicating that 114 

mineralization occurred during the Mesozoic collisional orogeny (Zhang et al. 2013). 115 

OCCURRENCE AND PARAGENESIS 116 

Kenorozhdestvenskayaite-(Fe) is found in massive sulfide ores and is associated 117 

with sphalerite, galena, chalcopyrite, pyrrhotite, pyrite, pyrargyrite, 118 

kenoargentotetrahedrite-(Fe), kenoargentotetrahedrite-(Zn), siderite, kutnohorite, 119 

rhodochrosite, and two unknown Ag chalcogenide phases (Fig. 2). 120 

Kenorozhdestvenskayaite-(Fe) commonly occurs as euhedral to anhedral grains at the 121 

edge of the galena crystals (Fig. 2a, b) or the narrow part of the galena grains (Fig. 2a, e), 122 

equant crystals up to 20 μm in size with black color, and the luster is metallic. It is brittle, 123 



with an indistinct cleavage. Due to the small amount of available material and the 124 

intergrowth of other phases on the micron scale, its density was not measured. The 125 

calculated density, based on the empirical formula and unit-cell volume refined from 126 

single-crystal X-ray diffraction (XRD) data, is 5.329 g/cm3. Kenorozhdestvenskayaite-127 

(Fe) is opaque in transmitted light and shows a greenish gray color in reflected light. 128 

Internal reflections are brown‒red. 129 

RAMAN SPECTROSCOPY 130 

The Raman spectrum of kenorozhdestvenskayaite-(Fe) was collected using a 131 

Renishaw in Via micro-Raman system with a laser with a frequency of 532 nm (power: 4 132 

mW, spatial resolution: 1 μm) and equipped with a motorized x–y stage and a Leica 133 

microscope with a 50× objective (Tianjin Center, China Geological Survey, China). The 134 

back-scattered Raman signal was collected, and the spectra were obtained from the 135 

polished thin section. The typical kenorozhdestvenskayaite-(Fe) Raman spectrum from 136 

150 to 1200 cm−1 is shown in Fig. 3. The major Raman bands observed at 353 cm–1 can 137 

be assigned to Sb–S stretching vibrations. The weak intensity shoulder at 345 cm–1 is 138 

attributed to antisymmetric stretching, while the symmetric bending and antisymmetric 139 

bending modes appear as weak peaks at 311 cm–1 and 287 cm–1, respectively. Lattice 140 

vibration is found at 157 cm–1. 141 

CHEMICAL COMPOSITION 142 

Quantitative electron microprobe (EPMA) analyses of kenorozhdestvenskayaite-143 

(Fe) were carried out with a JXA-8100 electron microprobe at 20 kV and 10 nA with a 144 

beam diameter of 1 µm (Beijing Research Institute of Uranium Geology, China). 145 

Standards and the following X-ray lines were used: metallic Ag (AgKα), chalcopyrite 146 

(CuKα and SKα), pyrite (FeKα), ZnS (ZnKα), Sb2S3 (SbLα), and GaAs (AsLα).  147 

Electron microprobe analysis data (average of 7 spot analyses) are given in Table 148 

1. The empirical formula calculated on the basis of 16 cations per formula unit is149 
M(2)Ag6

M(1)(Ag2.41Cu1.20Fe1.84Zn0.71)Σ6.16
X(3)(Sb3.82As0.01)Σ3.83

S(1)S11.60
S(2) □ . The ideal 150 

formula is Ag6(Ag4Fe2)Sb4S12□, which requires Ag 52.30, Fe 5.42, Sb 23.62, S 18.66, 151 

and a total of 100 wt.%. 152 

X-RAY CRYSTALLOGRAPHY AND STRUCTURE DETERMINATION153 



The studied material is a nearly equidimensional crystal (approximately 5 × 4 × 3 154 

μm), which was extracted from the polished thin section by using an FEI Helios NanoLab 155 

600i DualBeam SEM/FIB system containing a high-resolution field emission scanning 156 

electron microscope (FESEM) with a focused Gallium ion beam (FIB) microscope 157 

(Institute of Microstructure and Property of Advanced Materials, Beijing University of 158 

Technology, China). Single-crystal XRD was carried out with a Rigaku XtaLAB Synergy 159 

diffractometer equipped with a hybrid pixel array detector and CuKα radiation at 50 kV 160 

and 1 mA (School of Geosciences and Info-Physics, Central South University, China). 161 

The intensity data were corrected for X-ray absorption using the multiscan method, and 162 

empirical absorption correction was performed using CrysAlisPro program spherical 163 

harmonics (Rigaku Oxford Diffraction, 2021), implemented in the SCALE3 ABSPACK 164 

scaling algorithm. The refined unit-cell edge is a = 10.7119(6) Å and V = 1229.1(2) Å3; 165 

the space group is I4ത3m. The crystal structure was solved and refined using SHELX 166 

(Sheldrick 2015) and Olex2 software (Dolomanov et al. 2009). Scattering factors for 167 

neutral atoms were used initially: Ag vs. Cu at M(2), Sb at X(3), S at S(1) and S(2) sites. 168 

Due to the similarity of the scattering factors of Cu, Fe, and Zn, the tetrahedrally 169 

coordinated site M(1) was appropriately fixed to minimize R1 factor and achieve good 170 

agreement with the chemical data. After several cycles of anisotropic refinement for all 171 

the atoms, R1 converged to 0.0355 for 221 independent reflections with Fo > 4σ (Fo) and 172 

19 refined parameters (see Online Materials1 for CIF file). 173 

Powder XRD data could not be collected due to the extremely small size of the 174 

crystal. The pattern provided in Table 2 was calculated using VESTA software (Momma 175 

and Izumi 2011) based on the structural model. 176 

Results and Discussion 177 

Crystal structure description  178 

Kenorozhdestvenskayaite-(Fe) is isostructural with kenoargentotetrahedrite-(Fe) 179 

and other members of the tetrahedrite group (Fig. 4). As described by Rozhdestvenskaya 180 

et al. (1993) and Welch et al. (2018), freibergite [renamed kenoargentotetrahedrite-(Fe) 181 

by Biagioni et al. (2020a)] has homotypic relations with the other members of the 182 

tetrahedrite group, with the occurrence of the [Ag6]4+ cluster replacing the S(2)Ag6 183 

octahedron, according to the substitution mechanism 6M(2)Ag+ + S(2)S2– = M(2)[Ag6]4+ + S(2)184 



□.185 

The result of structure refinement for kenorozhdestvenskayaite-(Fe) shows that it 186 

could be characterized by Ag-dominance in the B constituent of kenoargentotetrahedrite-187 

(Fe), or [Ag6]4+ cluster at the M(2) site, meanwhile, vacancy-dominance at the S(2) site of 188 

rozhdestvenskayaite-(Fe) (not approved yet). In kenorozhdestvenskayaite-(Fe), M(2)–S(1) 189 

and M(2)–S(2) have average bond distances of 2.550(6) Å and 2.011(3) Å, respectively. 190 

To maintain charge balance, the metallically bonded Ag6 group needs to exist with an 191 

aggregate formal charge of +4. Evidence for Ag–Ag bonding can be found in the M(2)–192 

M(2) distance of 2.844 Å of kenorozhdestvenskayaite-(Fe), consistent with the Ag–Ag 193 

distances (2.841 Å, 2.890 Å) in kenoargentotetrahedrite-(Fe) and 194 

kenoargentotetrahedrite-(Zn), respectively (Welch et al. 2018; Qu et al. 2021). These Ag–195 

Ag distances were similar to those of metallic silver (2.85 Å) and significantly shorter 196 

than the sum of the van der Waals radii of silver atoms (3.44 Å), indicating the presence 197 

of metallic bonding in these octahedral groups. This feature of kenorozhdestvenskayaite-198 

(Fe) is markedly different from the rozhdestvenskayaite-(Zn). In the former, S(2) site is 199 

vacant, whereas in the latter the site is occupied, and the Ag–Ag distances is 3.230 Å 200 

(Welch et al. 2018) (Table 3). The occurrence of the [Ag6]4+ cluster also agrees with the 201 

calculated bond-valence sum (BVS) of 0.642 valence units (v.u.) (theor. = 0.667 v.u.) 202 

(Table 4). The presence of the [Ag6]4+ cluster results in a reduction of the S(2)M(2)6 203 

octahedral with a volume of 10.84 Å3, which is compared with the values of 204 

kenoargentotetrahedrite-(Fe) and kenoargentotetrahedrite-(Zn) (10.81 Å3, Welch et al. 205 

2018; 11.38 Å3, Qu et al. 2021) and distinguished from rozhdestvenskayaite-(Zn) (oct. 206 

vol. 15.88 Å3) (Welch et al. 2018). The [Ag6]4+ cluster is probably in the form 207 

[(Ag1+)4(Ag0)2] which would indicate two types of Ag atoms different bonding with the 208 

surrounding S2- ligands by ionic-covalent and metallic bonds, or as [(Ag1+)2/3(Ag0)1/3]6, in 209 

which case six equivalent bonds of a mixed covalent-metallic character. Although it is 210 

expected that the latter should be more realistic, further investigations are still desirable 211 

to highlight this aspect of the chemical bonding mechanism in subvalent hexasilver 212 

clusters. 213 

The tetrahedrally coordinated M(1) site of kenorozhdestvenskayaite-(Fe) has bond 214 

length [M(1)–S(1)] of 2.439(4) Å, slightly shorter than the observed bond length [2.496(2) 215 



Å] for rozhdestvenskayaite-(Zn) reported by Welch et al. (2018); this result is consistent 216 

with chemical and crystal data showing that there is less Ag at the M(1) site of the studied 217 

kenorozhdestvenskayaite-(Fe). Since Ag replaces Cu at the M(1) site, the bond distances 218 

are longer than those in kenoargentotetrahedrite-(Fe) [2.333(1) Å, Welch et al. 2018] and 219 

kenoargentotetrahedrite-(Zn) [2.343(2) Å, Qu et al. 2021] (Table 3). The large effect on 220 

the unit-cell volume caused by the difference in the ionic radii of IVAg+ (1.00 Å) and 221 
IVCu+ (0.60 Å) (Shannon 1976) has been discussed by Welch et al. (2008). Compared to 222 

rozhdestvenskayaite-(Zn) with the unit cell parameters of 10.9845(7) Å, the differences 223 

in the values are mainly due to the S fully occupying the S(2) site. In contrast, the 224 

corresponding unit cell value of kenoargentotetrahedrite-(Fe) is 10.4930(4) Å, which 225 

shows the larger difference from kenorozhdestvenskayaite-(Fe) and is caused by Ag 226 

cations dominating at M(1) sites. The BVS of the M(1) site is 1.697 v.u. and has a higher 227 

deviation from the theoretical value (1.333 v.u.), which appears to be a common 228 

phenomenon in tetrahedrite group minerals (Biagioni et al. 2020b, 2021, 2022; Sejkora et 229 

al. 2021, 2022). 230 

The X(3)–S(1) averaged bond distance is 2.428(6) Å, which is consistent with the 231 

reported bond distance of tetrahedrite series minerals (Johnson and Burnham 1985; 232 

Rozhdestvenskaya et al. 1993; Welch et al. 2018; Biagioni et al. 2020b). The BVS of the 233 

X(3) site is 3.184 v.u., which is consistent with the presence of Sb3+. 234 

S(1) site is fourfold coordinated and bonded to two M(1), one M(2), and one X(3), 235 

with a BVS of 2.23 v.u. Vacancy domination at S(2) site was observed during the 236 

structure refinement, the (□0.9S0.1) occupancy is consistent with chemical data determined 237 

by EPMA. The high apparent thermal motion at the S(2) site is a common phenomenon 238 

for the reported silver-rich tetrahedrite varieties; its mechanism is potentially related to 239 

site disorder caused by Ag occupancy at the M(2) site (Peterson and Miller 1986). 240 

Relationship to the synthetic ternary phosphides (Ag6M4P12)M'6 241 

To our knowledge, [Ag6]4+ clusters are extremely rare in nature (thus far, only 242 

found in Ag-rich tetrahedrite group minerals) and have only been discovered in the last 243 

few years. In contrast, a few phases of silver-rich oxides that contain octahedral [Ag6]4+ 244 

clusters, i.e., Ag3O (Beesk et al. 1981), Ag5GeO4 (Jansen and Linke 1992), and Ag5SiO4 245 

(Linke and Jansen 1994), have been reported in the area of material sciences since the 246 



1980s (Derzsi et al. 2021). Due to their remarkable structures and some promising 247 

applications, high-nuclearity silver clusters with an octahedrally shaped [Ag6]4+ kernel 248 

have been appealing synthetic targets during the last decade (Kikukawa et al. 2013; Wang 249 

et al. 2018). In addition to the above synthetic materials, the structural model of 250 

kenorozhdestvenskayaite-(Fe), as well as the other keno-members of the tetrahedrite 251 

group mineral, is identical to the synthetic ternary phosphides [Ag6MII
4P12]MIV

6 (MII = 252 

Ge, Sn; MIV = Ge, Si) (Bullett and Dawson 1986; Bullett and Witchlow 1986; Comins et 253 

al. 1986; Gmelin et al. 1989; Nuss et al. 2017); they are both cubic, have the same space 254 

group (I4ത3m) and Wyckoff position and are practically unoccupied in the center of the 255 

regular octahedral configuration of the [Ag6]4+ cluster. The cluster forms Ag–Ag metal–256 

metal bonds with Ag–Ag distances of 2.844(4) Å and 2.8379(7) Å (Table 5), and its 257 

surroundings are covalently bonded and pyramidally coordinated in 258 

kenorozhdestvenskayaite-(Fe) [SbS3] and (Ag6Ge4P12)Ge6 [GeP3], respectively. The 259 

electronic structure of the synthetic (Ag6M4
2+P12)M64+ in the study by Nuss et al. (2017) 260 

indicated that the lone pair at the M2+ site toward the triangular faces of the Ag6 261 

octahedron made a condition for the bonding in subvalent hexasilver clusters. Although 262 

the IIISb radius (0.76 Å) is significantly larger than that of IIIAs (0.56 Å) in tetrahedrite 263 

group minerals, it should be noted that, in addition to the three known Sb-dominance 264 

keno-member tetrahedrites [kenoargentotetrahedrite-(Fe), kenoargentotetrahedrite-(Zn), 265 

and kenorozhdestvenskayaite-(Fe)], there is also an As-dominance phase, i.e., 266 

kenoargentotennantite-(Fe), which has been found in nature. Therefore, in the absence of 267 

synthetic experimental confirmation thus far, it is still unclear whether the radius of the 268 

cation at the X(3) site could play a crucial role in promoting the formation of silver 269 

clusters in Ag-rich tetrahedrites (Fig. 5).  270 

Genesis of the silver cluster in tetrahedrite 271 

Taking into account the potential genetic indication and reference value in the 272 

fields of mineral deposits and material sciences, respectively, the kinds of natural 273 

conditions that promote the formation of silver clusters in some tetrahedrites but not in 274 

others needs to be considered. Although previous studies from the mid-1970s already 275 

discovered that the unit-cell edge of some silver-rich tetrahedrites (freibergite) decreased 276 

with increasing silver content (Riley 1974; Samusikov et al. 1988; Balitskaya et al. 1989), 277 



Rozhdestvenskaya et al. (1993) first demonstrated that freibergite may contain silver 278 

clusters instead of the S(2)-centered Ag6 octahedron of the traditional tetrahedrite group 279 

minerals. This abnormal trend appeared to show that when the silver content is > 4 apfu, 280 

the decrease in the unit-cell edge with increasing Ag content has a linear relationship with 281 

a certain negative correlation (Moëlo et al. 2008; Biagioni et al. 2020a), which implies 282 

that the occurrence of silver clusters may be related to the ratio of Ag/Cu. However, some 283 

of the freibergite series tetrahedrite (Ag > 8 apfu), i.e., kenorozhdestvenskayaite-(Fe), did 284 

not evidently meet this prediction. Therefore, other unknown reasons should restrict the 285 

formation of silver clusters. When compared to kenorozhdestvenskayaite-(Fe) and 286 

rozhdestvenskayaite-(Zn), the latter’s octahedral cluster of Ag atoms opens up and 287 

contains S atom at its center; thus, the promotion mechanism of silver cluster formation 288 

could potentially be related to sulfur fugacity in mineral formation. 289 

Mineral assemblages can be used as indicators of ore-forming conditions. In this 290 

respect, it is worth noting that, compared to pyrite, the most abundant sulfide in the 291 

epithermal hydrothermal gold-silver polymetallic deposits, silver cluster-containing 292 

tetrahedrite is predominantly associated with pyrrhotite in the Yindongpo deposit (Fig. 2). 293 

Pyrrhotite is commonly used to estimate the fugacity of sulfur in natural and 294 

experimental systems (Mengason et al. 2010). The logfs2 calculated based on the 295 

component of pyrrhotite ranges from -11.40 to -8.83 (mean -10.03) (Table 6), indicating 296 

that these sulfur-deficient minerals formed under low sulfur fugacity conditions. 297 

The low sulfidation state was potentially induced by extensive H2S loss during 298 

boiling or by the influx of meteoric water with a low S content (Lynch 1989). Previous 299 

studies of fluid inclusions in the Yindongpo deposit showed that fluid boiling occurred 300 

during the second stage of the ore-forming period (Zhang et al. 2009, 2013; Zeng et al. 301 

2016), and siderite frequently appeared together with kenorozhdestvenskayaite-(Fe), 302 

pyrargyrite, and pyrrhotite in the studied hand specimen, whose formation is considered 303 

closely related to the boiling event (Lynch et al. 1990). Furthermore, hydrogen‒oxygen 304 

isotope studies of the Yindongpo deposit indicated that the ore-forming fluids in the stage 305 

were superimposed on the transformation of atmospheric water (Zhang et al. 2013). 306 

Therefore, the above two effects potentially played an important role in reducing the 307 

sulfur fugacity of the ore-forming system. This process mainly occurred in the 308 



transformation stage of the structural system from compression to extension. The opening 309 

of these structures also facilitated fluid immiscibility or boiling and mixing with 310 

circulating meteoric water, resulting in the rapid precipitation of sulfides. The 311 

desulfurization processes of fluid boiling and sulfide precipitation consumed a large 312 

amount of S in the ore-forming fluid, and pyrrhotite, as well as the keno-endmember 313 

tetrahedrites were finally formed in the low sulfur fugacity environment. 314 

Implications 315 

Kenorozhdestvenskayaite-(Fe), an extremely rare [Ag6]4+ cluster containing 316 

tetrahedrite group mineral, formed in a low sulfur fugacity environment through a fluid 317 

boiling-associated event. Since the Ag–Ag metal bond in tetrahedrite was not fully 318 

understood until recent years, most sulfur-deficient tetrahedrites reported in the previous 319 

literature were usually attributed to analytical uncertainty in the electron microprobe 320 

analysis (Repstock et al. 2016; Wang et al. 2018; Sejkora et al. 2021). From this point of 321 

view, it is necessary to re-investigate some reported sulfur-deficient and silver-rich 322 

tetrahedrites; as a result, new keno-endmember tetrahedrites could potentially be 323 

discovered and the origin of natural silver clusters and the genesis of ore deposits could 324 

be more fully understood.  325 
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Figure Captions 516 

FIGURE 1 – (a-b) Schematic tectonic map of China showing the Central China Orogenic 517 

Belt (modified after Qu et al. 2019); (c) geological sketch of the Weishancheng ore 518 

district and the distribution of ore deposits (after Zhang et al. 2011); (d) simplified 519 

geological map of the Yindongpo Au deposit (modified from Zhang et al. 2009). 520 

521 

FIGURE 2 – Backscattered electron (BSE) images of the occurrence and mineral 522 

association of kenorozhdestvenskayaite-(Fe). Mineral symbols are quoted from Warr 523 

(2021). 524 

(a) Subhedral kenorozhdestvenskayaite-(Fe) (Kroz-Fe) associated with sphalerite (Sp),525 

galena (Gn), pyrite (Py) and pyrrhotite (Pyh). 526 

(b) Kenorozhdestvenskayaite-(Fe) occurring in galena as small composite inclusions527 

composed of pyrargyrite (Pyg), associated with sphalerite and siderite (Sd) matrix. 528 

(c) Anhedral kenorozhdestvenskayaite-(Fe) occurring with galena, sphalerite, and529 

pyrrhotite. 530 

(d) Euhedral kenoargentotetrahedrite-(Fe) (Kattr-Fe) formed along the edges of galena,531 

and kenoargentotetrahedrite-(Fe) that was partially altered by the secondary unknown 532 

Ag-I phase (Ag6S2). 533 

(e) Kenorozhdestvenskayaite-(Fe) associated with sphalerite, galena, chalcopyrite (Ccp),534 

pyrrhotite, unknown Ag-I phase, and kutnohorite (Kut). 535 

(f) Kenoargentotetrahedrite-(Zn) (Kattr-Zn) occurring with sphalerite, galena,536 

rhodochrosite (Rds) and an unknown Ag-II phase (Ag6AgSbS4). 537 

538 



539 

FIGURE 3 – Raman spectrum of kenorozhdestvenskayaite-(Fe). 540 

541 

FIGURE 4 – Crystal structure of kenorozhdestvenskayaite-(Fe), plotted using the Olex2 542 

software (Dolomanov et al. 2009). 543 

544 

FIGURE 5 – Perspective representation of the [Ag6]4+ cluster for 545 

kenorozhdestvenskayaite-(Fe), plotted using the VESTA software (Momma and Izumi 546 

2011). 547 
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TABLE 1. Chemical data (wt. %) for kenorozhdestvenskayaite-(Fe) 

Element mean (%) range (%) S.D. (σ) apfu 
Ag 45.87 43.32–47.46 1.46 8.41 
Cu 3.87 2.73–5.14 0.92 1.20 
Fe 5.18 5.07–5.28 0.08 1.84 
Zn 2.36 1.84–2.95 0.38 0.71 
Sb 23.52 22.82–24.12 0.46 3.82 
As 0.04 0.00–0.07 0.03 0.01 
S 18.80 18.24–19.09 0.31 11.60 
Total 99.62 
S.D. = standard deviation.

TABLE 2. Caluculated X-ray powder diffraction data (d in Å) for 
kenorozhdestvenskayaite-(Fe) 

Ical dcalc h k l 
28 7.5745 1 1 0 
9 4.3731 2 1 1 
9 3.7872 2 2 0 
100 3.0923 2 2 2 
4 2.8629 3 2 1 
43 2.6780 4 0 0 
12 2.5248 3 3 0 
9 2.2838 3 3 2 
12 2.1008 4 3 1 
7 1.9557 5 2 1 
27 1.8936 4 4 0 
7 1.7377 6 1 1 
7 1.6937 6 2 0 
15 1.6149 6 2 2 
Note: Only reflections with Icalc > 4 are listed. The seven strongest reflections are 
given in bold. 



2

TABLE 3. Comparative characteristics of kenorozhdestvenskayaite, kenoargentotetrahedrite, and rozhdestvenskayaite. 
Kenorozhdestvenskayaite-(Fe) Kenoargentotetrahedrite-(Fe)† Kenoargentotetrahedrite-(Zn)* Rozhdestvenskayaite-(Zn) ‡ 

Ideal formula Ag6(Ag4Fe2)Sb4S12□ Ag6(Cu4Fe2)Sb4S12□ Ag6(Cu4Zn2)Sb4S12□ Ag6(Ag4Zn2)Sb4S13 

Crystal system cubic cubic cubic cubic 
Space group I43m I43m I43m I43m 
a(Å) 10.7119(6) 10.4930(4) 10.4624(4) 10.9845(7) 
V(Å3) 1229.1(2) 1155.31(8) 1145.23(8) 1325.37(15) 
Z 2 2 2 2 
M(2)6 [Ag6]4+ [Ag6]4+ [Ag6]4+ (Ag6)6+ 
M(2) site (occ.) Ag0.9Cu0.1 Ag0.88Cu0.12 Ag0.63Cu0.37 Ag
M(1) site (occ.) Ag0.54Cu0.12Fe0.24Zn0.1 Cu Cu0.65Zn0.21Fe0.14 Ag0.75Cu0.25 
X(3) site (occ.) Sb Sb Sb0.97As0.03 Sb
S(1) site (occ.) S S S S 

S(2) site (occ.) □0.9S0.1 □ □0.63S0.37 S 

Ag–Ag 
distance(Å) 2.844(4) 2.841(2) 2.890(2) 3.230(4) 

M(2)–centroid or 
M(2)–S2 bond(Å) 2.011(3) 2.009 2.043(2) 2.284(3) 

M(2)–S2 Vol. (Å3) 10.84 10.81 11.38 15.88 
M(2)–S1 bond (Å) 2.550(6) 2.554(2) 2.475(4) 2.500(3) 
M(1)–S1 bond (Å) 2.439(4) 2.333(1) 2.343(2) 2.496(2) 
X(3)–S1 bond (Å) 2.428(6) 2.434(2) 2.441(4) 2.425(3) 
Notes: †Kenoargentotetrahedrite-(Fe) named as “freibergite” and ‡ rozhdestvenskayaite-(Zn) named as “rozhdestvenskayaite” in Welch et al (2018), 
both renamed by Biagioni et al (2020); * Qu et al (2021). 



3

TABLE 4. Bond-valence (vu) calculation for kenorozhdestvenskayaite-(Fe) 

Site M(2) M(1) X(3) Sum. Theor.
(Ag0.90(3)Cu0.10(3)) (Ag0.54Cu0.12Fe0.24Zn0.10) (Sb)

S(1) 0.321×2↓ 0.424×4↓×2→ 1.061×3↓ 2.230 2.000 

Sum. 0.642 1.697 3.184 

Theor. 0.667† 1.333 3.000 
Notes: Bond valence sums were calculated with the site-occupancy factors. 
Calculations were using the bond-valence parameters of Brese and O’Keeffe (1991), 
and the equation and constants of Brown (1977), S = exp[(R0–d0)/b]. †The theoretical 
bond valence of M(2) site is based on the [Ag6]4+. 

TABLE 5. Structural comparison between synthetic Ag6Ge10P12 and 
kenorozhdestvenskayaite-(Fe) 

Wyckoff Ag6Ge6Ge4P12□† Ag6(Ag4Fe2)Sb4S12□‡ 

12e Ag0.67+ M(2)Ag0.67+ 
12d Ge4+ M(1)[Ag2/3Fe1/3]1.33+ 
8c Ge2+ X(3)Sb4+ 
24g P3- S(1)S2- 

2a □ S(2)□ 

Crystal system cubic cubic 
Space group I43m I43m 
a(Å) 10.2959(13) 10.7119(6) 
V(Å3) 1091.4(2) 1229.1(2) 
Ag-Ag distance(Å) 2.8379(7) 2.844(4) 
Ag-centroid distance(Å) 2.007(5) 2.011(3) 
[Ag6]4+ cluster Vol. (Å3) 10.77 10.84 
Notes: † synthetic Ag6Ge10P12, Nuss et al. (2017); ‡ kenorozhdestvenskayaite-(Fe), this 
study 
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TABLE 6. Component of pyrrhotite (at. %) and related thermodynamic quantities 

Point Fe S N logfS2 
1 46.6 53.4 0.932 –8.83
2 46.9 53.1 0.938 –9.66
3 46.8 53.2 0.936 –9.38
4 47.1 52.9 0.942 –10.23
5 47.5 52.5 0.95 –11.40
6 47.4 52.6 0.948 –11.10
7 47 53 0.94 –9.94
8 46.9 53.1 0.938 –9.66
min 46.6 52.5 0.932 –11.40
max 47.5 53.4 0.95 –8.83
mean 47.03 52.98 0.941 –10.03
S.D 0.30 0.30 0.01 0.86

Notes: logfS2 = (70.03 – 85.83N)(1000/T – 1) + 39.30 1-0.9981N – 11.91 

(Toulmin and Barton 1964), N = 2 ( nFe
nFe+nS

), T = 573.15 K (referring to Zhang et al. 

2013 about the fluid inclusion temperature of the second ore-forming stage), S.D = 
standard deviation. 
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Figure 4 
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Figure 5 
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