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Abstract  19 

Thermal behavior of vergasovaite, ideally Cu3O(SO4)(MoO4), and its synthetic analogue has 20 

been studied by high-temperature single crystal X-ray diffraction in the temperature range of 21 

300-1100 K. According to the EMPA results, the empirical formulas are 22 

(Cu2.36Zn0.61)∑=2.97O[(Mo0.91S0.08V0.04)∑=1.03O4](SO4) for vergasovaite and  23 

Cu2.97O[(Mo0.92S0.09)∑=1.01O4](SO4) for its synthetic analogue. The mineral is stable until 950±15 24 

K; at 975 K, the unit-cell parameters and volume increase abruptly due to topotactic 25 

transformation of vergasovaite into cupromolybdite, Cu3O(MoO4)2. The transformation is 26 

accompanied by loss of sulfur (and excess copper) without destruction of the crystal. The 27 

thermal expansion of the vergasovaite structure is strongly anisotropic, being minimal along the 28 

[O2Cu6]
8+ chains comprised of vertex-sharing OCu4 tetrahedra. The peculiarities of the thermal 29 

expansion of vergasovaite can be explained by the anisotropy of bond length evolution in the 30 

Cu1O6 and Cu3O6 octahedra and flexibility of the S-O-Cu and Mo-O-Cu bond angles. Synthetic 31 

Zn- and V-free analogue demonstrates negative thermal expansion at 425-625 K and melts at as 32 

low temperature as 700 K with no indication of transformation or recrystallization at least below 33 

1200 K. 34 



The topotactic transformation observed for copper sulfate molybdate, vergasovaite may 35 

bring new ideas and become an exciting playground for the preparation of self-regenerating 36 

compounds with such magnetic ions as Cu2+. 37 
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1. Introduction 42 

The recent progress in X-ray diffraction techniques and software has accelerated in-situ 43 

studies of single crystals under non-ambient conditions. The practical importance of studying 44 

such phenomena can hardly be overestimated. Single-crystal-to-single-crystal (SC-SC) 45 

transformations have attracted great attention due to the excellent opportunity to study structure-46 

property relationships for different materials in addition to other methods (Sahoo et al. 2011; 47 

Müller et al. 2015). However, the overhelming majority of reports are devoted to SC-SC 48 

transformations in organic or metal-organic compounds, whereas there are only few papers on 49 

these phenomena occurring in purely inorganic (Peryshkov et al. 2010; Kahlenberg et al. 2015) 50 

and especially anhydrous (Iordanidis and Kanatzidis, 2000; Wang et al. 1998) systems, wherein 51 

the SC-SC transitions are exceptionally rare, since single-crystal integrity is generally destroyed 52 

during the phase transformation process. An example of “successful” transition is 53 

Ln2[(UO2)2V2O8]3ꞏnH2O series (Mer et al. 2019): upon heating, these crystals can transform 54 

from water-rich (n = 28) to water-poor (n = 6) hydrates, and despite the very essential volume 55 

shrinkage (ΔV = -27.8%), the crystal retains enough perfectness for structural studies; the 56 

(de)hydration is fully reversible. Topotactic transitions in single crystals were described for a 57 

number of minerals and inorganic compounds (Dent-Glasser et al. 1962; Nicol 1963; Fei et al. 58 

2012). For example, the recent studies of dumortierite-like compounds (Mentré et al. 2018) 59 

revealed an oxidative exsolution of a part of iron at the crystal surface in the form of hematite 60 

and amorphous Fe phases during heating experiments. Metal catalyst formation as a result of the 61 

segregation from oxide crystal lattice during exsolution processes became of a great interest in 62 

materials science (Neagu et al. 2013). Kinetics of these processes is very fast and usually very 63 

difficult to register and study for the understanding of underlying mechanisms. Control of such 64 

transformations is crucial because many materials undergo solid-solid transitions between 65 

various forms as a function of temperature or pressure.  66 

The copper sulfate-oxides and molybdate-oxides are of essential interest from geological, 67 

physical, and chemical aspects. Studies of these minerals may help in better understanding of the 68 



geochemistry and mineralogy of the oxidation areas of molybdenum deposits and evolution of 69 

mineral parageneses of the active fumaroles with strongly oxidizing environments. For instance, 70 

the nearly forty-year mineralogical investigations of the slag cones of the Tolbachik volcano on 71 

Kamchatka peninsula (Vergasova and Filatov 1993, 2016) revealed as many as 350 mineral 72 

species, a type locality for at least 123 (Pekov et al. 2020). The highest diversity of exhalative 73 

mineral species is observed for the fumaroles of the Second Scoria Cone (SSC hereafter) of the 74 

Great Tolbachik Fissure Eruption (1975–1976, GTFE hereafter) and likewise in the Naboko 75 

scoria cone of the 2012–2013 Tolbachik Fissure eruption (FTE). A number of GTFE minerals 76 

are now being considered as archetypes for unique magnetic materials (Botana et al. 2018; 77 

Fujihala et al. 2017; Bartrutdinov et al. 2018; Siidra et al., 2020, Nekrasova et al., 2021). 78 

Despite the large number of sulfate minerals (e.g. Siidra et al. 2017) discovered in GTFE 79 

fumaroles, there is just a handful of molybdate species unambiguously detected including 80 

cupromolybdite Cu3O(MoO4)2 (Zelenski et al. 2012), and vergasovaite Cu3O(SO4)(MoO4) 81 

(Bykova et al. 1998). Vergasovaite has been discovered in 1999 among the exhalations of the 82 

Yadovitaya (Poisonous) fumarole in association with some other rare copper-sulfate species. 83 

This mineral is isostructural to Cu3O(MoO4)2 (Berlepsch et al. 1999) first synthesized in 1956 by 84 

annealing together MoO3 and CuO (Thomas et al. 1956). Crystals of Cu3O(MoO4)2 can be 85 

prepared by heating lindgrenite Cu3(MoO4)2(OH)2 in air stream at 643 – 683 K (Vilminot et al. 86 

2009), at 973-1023 К via chemical transport using Br2 (Steiner et al. 1996); and hydrothermal 87 

synthesis which, under certain conditions, leads to a different polymorph (Hara and Sato 2013). 88 

Vergasovaite, ideally Cu3O(SO4)(MoO4), exhibits an ordered version of the cupromolybdite 89 

structure with T1 site jointly occupied by Mo, S and minor V, the other T2 site being fully 90 

occupied by sulfate (Berlepsch et al., 1999). Such ordering may stem from both size and 91 

chemical differences, as exemplified by some more GTFE minerals with ordering of different 92 

tetrahedral anions (e.g. aleutite (Cu5O2)(AsO4)(VO4)∙(Cu0.5□0.5)Cl (Siidra et al. 2019) and 93 

vasilseverginite Cu9O4(AsO4)2(SO4)2 (Pekov et al. 2021)). Synthetic analogues of vergasovaite 94 

have not been reported to date. 95 

Over the past decades, high-temperature X-ray studies have been performed for many 96 

hydrated sulfate mineral species (e.g. Ballirano et al. 2015; Balić-Žunić et al. 2016), while 97 

anhydrous sulfates are much less studied. The overall goal of our research has been to determine 98 

thermal behavior including thermal expansion of various anhydrous sulfate mineral species of 99 

fumarolic origin. To do so, we have studied kamchatkite, chalcocyanite, euchlorine, 100 

dolerophanite and vergasovaite. Hereby we report the results of variable-temperature (300-1150 101 

K) single-crystal X-ray studies of vergasovaite as well as its synthetic analog whose behavior at 102 

high temperatures turned out to be unprecedented and deserves a detailed study. 103 



  104 

2. Materials and methods 105 

2.1 Mineral occurrence 106 

The crystals were collected by the authors at the Yadovitaya (Russian for Poisonous) 107 

fumarole, SSC, GTFE. Samples of vergasovaite (Fig. 1) used in the study were recovered from 108 

1.5 m depth. The temperature of the gases at the sampling location was approximately 350 °C. 109 

Immediately after recovery, the samples were sealed off on-site and thus isolated from the humid 110 

atmosphere. Vergasovaite forms single crystals up to 1-2 mm long deposited directly from 111 

volcanic gas emissions as a sublimate. In the selected samples, it associates mainly with 112 

chalcocyanite CuSO4, kamchatkite KCu3O(SO4)2Cl, alumoklyuchevskite 113 

K3Cu3O2(Al,Fe3+)(SO4)4, euchlorine KNaCu3O(SO4)3, anhydrite CaSO4 and langbeinite  114 

K2Mg2(SO4)3. Several cases have been reported when vergasovaite associates with 115 

cupromolybdite Cu3O(MoO4)2 (Zelenski et al., 2012). 116 

2.2 Synthesis of vergasovaite analogue 117 

The synthetic approach was targeted at single crystal growth and attempted to emulate the 118 

natural conditions of cupromolybdite/vergasovaite formation in active fumaroles. Mixtures of 119 

K2SO4 (added for lowering the melting point), CuSO45H2O, CuO and MoO3 in (1-2):2:(2-3):1 120 

ratio with overall sample mass of ⁓5 g were placed in porcelain boats inside an open silica tube 121 

(inner diameter 20–25 mm) which were placed into a horizontal furnace. A stream of air (0.5–0.7 122 

l/min) was passed through a wash bottle containing 50 ml of concentrated (37%, ca. 9.3 mol/l) 123 

hydrochloric acid and directed into the tube imitating the fumarolic gas stream. The samples (one 124 

sample for a single experiment) were heated to 1040 K in 2 hrs, soaked at this temperature for 125 

the same time, after which the tube was stoppered and taken rapidly out of the furnace. The black 126 

viscous melt solidified in approximately 10 minutes; the boat was taken out of the tube after 127 

cooling to room temperature. Brown needles of copper molybdates and green acicular crystals of 128 

synthetic vergasovaite (Fig. 1) were formed. The boats were kept in tightly closed polypropylene 129 

vials prior to analysis. 130 

2.3 Chemical composition 131 

Selected crystals of vergasovaite and its synthetic analogue were embedded into epoxy 132 

resin, polished and coated with carbon film. Electron microprobe analyses (EMPA) were carried 133 

out in energy dispersive mode (acceleration voltage 20 kV, beam current 2 nA, acquisition time 134 

30 s per point), by means of a Hitachi S-3400N scanning electron microscope equipped with an 135 

Oxford Instruments X-Max 20 spectrometer, and interpreted using the Oxford AzTec software 136 

package. The following analytical standards were used: CaSO4 (SKα), metallic Cu (CuKα), Mo 137 

(MoLα), Zn (ZnKα) and V (VKα). Other elements were found below the detection limits.  138 



According to the EMPA results (Table 1), the empirical formulas are 139 

(Cu2.36Zn0.61)∑=2.97O[(Mo0.91S0.08V0.04)∑=1.03O4](SO4) for vergasovaite and  140 

Cu2.97O[(Mo0.92S0.09)∑=1.01O4](SO4) for its synthetic analogue. 141 

 142 

 143 

Table 1. Chemical composition of studied vergasovaite and its synthetic analogue. 144 

 Mineral* Synthetic** Formula amounts*** 
 Wt% Range Wt% Range Cation Natural Synthetic
SO3 18.97 17.88–20.40 19.08 17.91–20.09 S 1.08 1.09 
MoO3 28.80 27.78–30.12 29.15 28.02–30.23 Mo 0.91 0.92 
V2O5 0.74 0.21–1.58   V 0.04  
CuO 41.47 40.63–42.06 51.80 50.97–52.32 Cu 2.36 2.97 
ZnO 10.97 10.00–11.29   Zn 0.61  
Total 100.95  100.04     
* Average of nine analyses 145 
**Average of five analyses 146 
***Calculated based on nine oxygen atoms per formula unit 147 
 148 
 149 
2.4 Thermal analysis 150 

 The experiments were conducted on a STA 429 СD NETZSCH device equipped with a 151 

Pt/PtRh sample holder of the «TG + DSC» type and a quadrupole QMS 403 C NETZSCH mass 152 

spectrometer. Polycrystalline NM sample was placed in a fused alumina crucible with a cover 153 

with an aperture in the centre. After weighing ±0.01 mg, the crucible was mounted on the holder 154 

and subject to complex thermal analysis with a heating ramp of 20 K/min in air flow (50 155 

cm3/min) in the temperature range of the 300 – 1400 K. Mass losses (mg) and enthalpy changes 156 

(mW/mg) were registered simultaneously (Fig. S1). 157 

Between 950 and 1100 K, the differential scanning calorimetry (DSC) curve for VM 158 

exhibits an endothermic effect with a maximum at 1008 K, which corresponds to the step in the 159 

thermal gravimetry (TG) curve. Upon further heating between 1100 and 1400 K, the DSC curve 160 

exhibits a deflection into endothermal region. The peak at 1322 K corresponds to the chemical 161 

decomposition of the VM sample. 162 

The DSC curve of SA exhibits an endothermal effect culminating at 698 K, which most 163 

likely corresponds to its decomposition.  164 

2.5 Single-crystal X-ray experiment 165 

Single-crystal X-ray data of vergasovaite and synthetic analogs (Table 2) were collected 166 

using a Rigaku XtaLAB Synergy-S diffractometer equipped with a PhotonJet-S detector 167 

operating with MoKα radiation at 50 kV and 1 mA. Сrystals with dimensions of 0.15×0.11×0.12 168 

mm for vergasovaite and 0.18×0.10×0.14 mm for synthetic analog were chosen and more than a 169 



hemisphere of data was collected for each crystal with a frame width of 0.5° in ω, and 2 s spent 170 

counting for each frame. The data were integrated and corrected for absorption applying a 171 

multiscan type model using the Rigaku Oxford Diffraction programs CrysAlis Pro. For each 172 

crystal, a complete data set was collected in the 300–1150 K range using a hot air gas blower 173 

system. During the experiment, the crystal was fixed in a quartz capillary in an upright position 174 

using a quartz fiber. Initially, the temperature step was 25 K; for a more detailed study of the 300 175 

– 800 K interval for a mineral, the step was decreased to 10 K. The atomic coordinates for 176 

synthetic cupromolybdite (treating one site as sulfur-occupied) published by Vilminot et al. 177 

(2009) were used as starting point, and the structure was successfully refined with the use of 178 

SHELX software package (Sheldrick 2015).  179 

Both for the vergasovaite mineral sample and for the synthetic one, the experiments were 180 

repeated on other crystals to make sure that there were no possible artifacts when performing the 181 

X-ray study. The results below are represented for one sets of the experiments for each type of 182 

material, since they show good reproducibility. 183 

Table 2. Crystallographic data for vergasovaite (VM) and its synthetic analog (SA) at 300 K. 184 

 VM SA 
Space group Pnma Pnma 
a(Å) 7.4304(3) 7.4295(3) 
b(Å) 6.8154(2) 6.8293(3) 
c(Å) 13.5310(6) 13.5087(5)
V(Å3) 685.23(5) 685.41(5) 
ϴ max,  3.35 

29.45 
3.34 
25.24 

No. of measured 
and independent 
reflections 

896 
782 

1256 
1102 

Rint 0.048 0.039 
R 0.039 0.039 
wR1 0.049 0.061 
R1 0.022 0.027 
S 1.094 1.057 

 185 

 186 

3. Results 187 

3.1 Crystal structure 188 

3.1.1 Vergasovaite mineral sample (VM)  189 

 In the studied sample of VM mineral, the T1 site has a mixed refined Mo0.947(4)S0.053(4) 190 

occupancy, whereas T2 is fully occupied by sulfur. Vanadium content unambiguously 191 

determined by microprobe cannot be refined. Atomic coordinates and thermal displacement 192 

parameters for VM for each temperature are provided in the corresponding Crystallographic 193 



Information Files (CIFs) (Supplement). At 300 K, VM is orthorhombic, Pnma, a = 7.4304(3), b 194 

= 6.8154(2), c = 13.5310(6) Å, V = 685.23(5) Å3 (Table 2). According to the chemical analysis 195 

in Table 1, the occupancy of the T1 site is Mo0.91S0.08V0.04.  196 

 The crystal structure is refined to the reasonable values in the temperature range of 300 – 197 

975 K (R1 = 2.5 – 5.5%, S ~ 1.00). At 1000 – 1050 K, only cell parameters could be calculated, 198 

while at 1075 K, the structure is well refined with both T sites completely occupied by Mo atoms 199 

only, i.e. as isostructural to that of cupromolybdite down to R1 = 5.32% and S = 0.995. There are 200 

also significant changes in the data quality are observed with the rise of the temperature; below 201 

975 K Rint ≤ 5%, while at 1000 K, Rint = 68.09%, at 1025 K - 16.97%, at 1050 K - 27.08%. At 202 

1075 K, Rint value decreases to 9.56% and later again increases to 19.63% at 1100 K. It took 10 203 

minutes for the thermal equilibration of the crystal at each point in the 500 – 1100 K range and 204 

15 minutes at 300 – 500 K range. 205 

In the crystal structures of vergasovaite and its synthetic analogue, oxocentered OCu4 206 

tetrahedra share vertices to form chains (Fig. 2 a,c), which in turn are interconnected into the 3D 207 

framework by the sulfate and molybdate anions (Berlepsch et al. 1999). The unit-cell contains 208 

three symmetrically independent copper sites (Fig. 2d), whereof two, Cu1 and Cu3, are 209 

coordinated in a strongly distorted octahedral motif while the third, Cu2, in square pyramidal 210 

(considering Cu-O distances below 3.5 Å). Cu1 and Cu3 sites form four long (2.054(4) – 211 

2.376(3) Å) and two short (1.898(2) – 1.935(4) Å) bonds each, which is rather uncommon. A 212 

similar coordination was also observed for Cu2+ in the structures of CuMoO4 (Soltys et al. 2018) 213 

and in Cu-doped Zn3O(MoO4)2 (Sohnel et al. 1996). Cu [4+2] coordination is also observed in 214 

the structure of volborthite (Basso et al. 1988), wherein Cu1 atom forms four long equatorial 215 

bonds of 2.172(6) Å, and two short apical bonds of 1.938(6) Å. A significant amount of Zn 216 

determined by microprobe (Table 1) is substituting for Cu in vergasovaite. The exact amount of 217 

Zn in each of three Cu sites, in vergasovaite, cannot be refined, due to the very poor Cu/Zn 218 

scattering contrast by XRD. 219 

3.1.2 Synthetic analog (SA) 220 

 In contrast to the mineral sample (VM), Mo and S are completely ordered with T1 site 221 

occupied by molybdenum and T2 site occupied exclusively by sulfur. Atomic coordinates and 222 

thermal displacement parameters for the SA for each temperature in the range 300-700 K are 223 

given in the Crystallographic Information Files (CIFs) (Supplement). At 300 K, SA is 224 

orthorhombic, space group Pnma, a = 7.4295(3), b = 6.8293(3), c = 13.5087(5) Å, V = 685.41(5) 225 

Å3 (Table 2). In sharp contrast to the VM, SA is stable only until 700 K above which it darkens 226 

and becomes amorphous. At all points, the structure could be refined down to acceptable values 227 

of R1 = 2.7 – 5.7%, S ~ 1.00.  228 



 229 

3.2 High-temperature transformations 230 

3.2.1 Transformation pathways 231 

Vergasovaite mineral sample (VM)  232 

Upon heating to 900 K, the initial green color of the crystal is retained, but at 925 K (Fig. 233 

3) it turns reddish; the crystal shape is preserved. At 975 K (Fig. 3с), the crystal facets are clearly 234 

visible. At 1000 K, the crystal habit is retained but the facets look somewhat smeared (Fig. 3d); 235 

at 1025 K (Fig. 3е), a drop of melt is clearly visible. The composition of the melt drop 236 

corresponds approximately to dolerophanite Cu2O(SO4) as determined by microprobe analysis. 237 

Brownish red color of the resulted crystal after transformation of VM coincides with the color of 238 

cupromolybdite (Zelenski et al. 2012). 239 

Reconstruction of the reciprocal space of VM (Fig. 3 a,b) indicates only smooth changes 240 

in the crystal in the 300-950 K range. At 975 K, a sphere of additional reflections appears 241 

indicating the beginning of transformation; an abrupt change of cell metrics is also observed 242 

(Fig. 5a). No variation in occupancies of tetrahedral sites is observed below 950 K; the mean 243 

bond lengths are <d(Mo-O)> = 1.746 Å and <d(S-O)> = 1.460 Å at this temperature. At 975 K, 244 

both tetrahedral sites become occupied exclusively by molybdenum while sulfur is no longer 245 

present; the mean bond lengths are <d(T1-O)> = 1.748 Å and <d(T2-O)> = 1.735 Å. 246 

At 975 K, the initial vergasovaite Cu3O(MoO4)(SO4) transforms into cupromolybdite 247 

Cu3O(MoO4)2. The process is so fast that the crystal retains its initial shape and only the color 248 

change is observed by a naked eye. The changes invoked by “desulfurization” manifest 249 

themselves at essentially higher temperatures. At 975 K, the diffraction pattern contains some 250 

extra reflections besides those of cupromolybdite. Unfortunately, this pattern does not permit to 251 

determine the cell parameters of the “extra” phase. It is necessary to note that with the 252 

temperature rise the diffraction maxima do not vanish which indicates that the crystal is not 253 

completely destroyed. At 1075 K, the ‘extra’ maxima are almost extinct (Fig. 3f); at 1100 K, 254 

there are further changes which correlate with the reference data on thermal decomposition of 255 

Cu3Mo2O9 at 1110 – 1130 K (Machej and Ziołkowski 1980; Nassau and Schiever 1969; 256 

Kohlmuller and Faurie 1967).  257 

Synthetic analogue (SA)  258 

 Contrary to the mineral sample, the crystal of the synthetic compound does not undergo 259 

the transformation described above; it decomposes completely at as low temperature as 700 K 260 

with no indication to (re)crystallization at least below 1200 K. The occupancies of the tetrahedral 261 

position are not varied with temperature; there are also no visible changes in the reciprocal 262 

space. The orientation matrix remains constant until the melting point. 263 



 Upon heating, the crystal of SA changes its color from olive green to black (Fig. 4). 264 

Already at 650 K, darkening of the crystal is clearly visible; at 675 K, traces of black sublimate 265 

appear in the inner walls of the quartz capillary which clearly indicates the start of 266 

decomposition. At 700 K, the capillary becomes dull, with a black spot at the place where the 267 

crystal used to be. At 300 K, the reciprocal space contains only regular maxima; at 650 K, their 268 

number decreases sharply while the order is yet retained. At 675 K, a spheroid of reflections is 269 

observed indicating decay of the crystal. At 700 K, just a handful of spots are observed which 270 

totally disappear over time. 271 

 272 

3.2.2 Unit-cell parameters and thermal expansion 273 

Vergasovaite mineral sample (VM) 274 

 As follows from Fig. 5a, there are abrupt changes in evolution of unit-cell parameters at 275 

950-975 K, which corresponds to the transformation into cupromolybdite. At 950 K, the unit cell 276 

parameters are a = 7.5241(8), b = 6.8411(6), c = 13.7591(14) Å, V = 708.22(12) Å3, while at 975 277 

K a = 7.7513(7), b = 6.8987(6), c = 14.6894(15) Å, V = 785.50(13) Å3.  278 

To verify high-temperature transformation pathway of vergasovaite, three consecutive 279 

experiments were conducted with different steps all showing almost identical behaviour of the 280 

material. The red dots in Figure 6a indicate datasets used for the fits. The thermal dependence of 281 

a, с and V of VM below 950 K can be approximated by a linear fit, while that for b is better 282 

approximated by a two-degree polynomial fit (Fig. 5a). The approximation equations at 300-950 283 

K are as follows:  284 

a(t)=7.391+1.39×10-4t;  285 

b(t)=6.851-1.58×10-4t+1.506×10-7t2;  286 

c(t)=13.440+3.429×10-4t;  287 

V(t) = 674.55 + 0.03446t. 288 

The thermal expansion (TE) of the mineral is strongly anisotropic (Fig. 2f). Between 300 289 

and 950 K, the main values of the TE tensor are α11×10-6 = 18.48…18.71 K-1, α22×10-6 = -290 

10.0…18.7 K-1, α33×10-6 = 24.91…25.32 K-1. In fact, the thermal expansion is more or less 291 

uniform along a and c while along b, the structure expands continuously until 950 K. The most 292 

likely reason for this behavior is the rigidity of the OCu4 tetrahedra forming the [O2Cu6]
8+ chains 293 

running along the b axis. In the ab and bc planes, thermal expansion is minimal at low 294 

temperatures along these chains and increases slightly at elevated temperatures. In the ac plane, 295 

thermal expansion is nearly constant until 950 K; so is the volume expansion coefficient (αV×10-
296 

6 = 34.1…62.1 K-1). 297 

Synthetic analogue (SA)  298 



 The thermal dependences of unit cell parameters exhibit one inflection and one kink (Fig. 299 

5b). These parameters increase in the 300 – 450 K range while decrease slightly between 450 300 

and 550 K. The kink is observed between 550 and 575 K. We could not reveal a structural reason 301 

for this observed phenomenon. The approximation equations for 300-550 K (a1, b1, c1, V1) and 302 

575-700 K (a2, b2, c2, V2) are as follows:  303 

a1(t)=7.180+1.211×10-3t-1.325×10-6t2; (for 300-550 K) 304 

a2(t)=9.116-5.173×10-3t+4.074×10-6t2; (for 575-700 K) 305 

b1(t)=6.673+8.031×10-4t-1.02×10-6t2; 306 

b2(t)=8.519-5.229×10-3t+4.016×10-6t2; 307 

c1(t)=12.944+2.732×10-3t-2.923×10-6t2; 308 

c2(t)=16.871-10.29×10-2t+8.171×10-6t2; 309 

V1(t)=616.331+3.397×10-2t-3.837×10-4t2; 310 

V2(t)=1180.43-1.522t+1.192×10-3t2. 311 

 312 

3.2.3 Bond lengths 313 

The effect of thermal motion on the bond-lengths values from single-crystal X-ray 314 

diffraction experiment is well-known (Downs 2000). Corrections for all bonds discussed below 315 

in VM and SA were calculated by using a formula for the rigid-body motion: 316 

𝐿ଶ ൌ 𝑙
ଶ  3

8ൗ 𝜋ଶሺBୣ୯ሺ𝐴ଶሻ െ Bୣ୯ሺ𝐴ଵሻሻ, 317 

where L and l0 are corrected and observed A1-A2 bond lengths, respectively; Beq(A1) and Beq(A2) 318 

are equivalent temperature factors of A1 (cation, i.e. Cu, S, Mo) and A2 (anion i.e. O) atoms, 319 

respectively. 320 

The thermal dependences of the bond lengths in VM (Fig. 6) and SA (Fig. 7) are similar. 321 

Changes in the bond lengths in the oxocentered OCu4 tetrahedra (Fig. 2d) with increasing 322 

temperature are comparable with the accuracy of determining the bond lengths. With increasing 323 

temperature 300 → 950 K, two O1-Cu1 bonds change from 1.8965(1) to 1.8900(1) Å, O1-Cu2 324 

elongate from 1.9256(1) to 1.9438(1) Å, and O1-Cu3 changes from 1.9350(1) to 1.9435(1) Å in 325 

VM. For example, dependences of the bond lengths vs. temperature for O1-Cu1 and O1-Cu3 326 

bonds are shown in Figure 6 and 7. 327 

A similar trend is observed for the molybdate and sulfate tetrahedra below 850 K (Fig. 6). 328 

The maximal elongation of the Mo-O and S-O bonds does not exceed 0.02 Å and 0.04 Å, 329 

respectively. At 850-950 K, these dependences significantly deviate from linearity, particularly 330 

for T2-O2 and T1-O6.  331 



The changes of bond lengths in the cation centered Cu2O5 and Cu3O6 are relatively small 332 

(±0.06 Å) approaching 0.1 Å only for Cu3-O3 (difference in the bond length value at 950 and 333 

300 K). Expansion of Cu1O6 octahedron is more anisotropic. This polyhedron is formed by three 334 

pairs of bonds, Cu1-O1, Cu1-O4, and Cu1-O5 which change by -0.01, 0.14, and -0.11 Å, 335 

respectively. The most rigid Cu1-O1 bonds align parallel to the axes of [Cu3O]4+ chains while 336 

Cu1-O4 and Cu1-O5 are normal to them. 337 

Comparison of the bond lengths in the structures of cupromolybdite, vergasovaite, and 338 

the product of its thermal transformation (Table 3) indicates that the differences for the Cu1O6 339 

and Mo1O4 polyhedra do not exceed 0.07 Å. In Cu2O5, a principal difference is observed only 340 

for Cu2-O3 (0.094 Å); the largest disagreement is observed for Cu3O6 which exhibit two short 341 

and four long bonds. The short Cu3-O7 and Cu3-O3 bonds differ by 0.092 and 0.067 Å, 342 

respectively while four long bonds, when proceeding from vergasovaite to cupromolybdite, 343 

increase essentially: Cu3-O6, by 0.024 Å, Cu3-O2, by 0.049 Å, and Cu3-O4, by 0.047 Å.  344 

 345 

Table 3. Bond-distance values in the structures of vergasovaite, the product of its chemical 346 

transformation (cupromolybdite), synthetic analog of vergasovaite, and cupromolybdite mineral. 347 

 Vergasovaite 

300 K 

(this study) 

Vergasovaite 

synthetic 

analog 

300 K 

(this study) 

Vergasovaite 

synthetic 

analog 

950 K*** 

 

Cupromolybdite 

after the 

transformation 

of vergasovaite 

at 975 K (this 

study)*** 

Cupromolybdite 

mineral 

(Zelenski et al., 

2012) 

 

Cu1-O1 ×2 1.8977(16) 1.9041(14) 1.8990(1) 1.8675(1) 1.8606(14) 

Cu1-O4 ×2 2.094(3) 2.082(2) 2.2633(1) 2.2571(1) 2.186(3) 

Cu1-O5 ×2 2.376(3) 2.386(2) 2.2574(1) 2.2676(1) 2.257(3) 

      

Cu2-O1 1.929(4) 1.928(3) 1.9300(1) 1.9467(1) 1.930(3) 

Cu2-O2 1.935(4) 1.936(3) 1.9685(1) 1.9412(1) 1.884(4) 

Cu2-O5 ×2 1.957(3) 1.955(2) 2.0266(1) 2.0701(1) 1.992(2) 

Cu2-O3 2.526(4) 2.540(3) 2.4880(1) 2.2543(1) 2.160(4) 

      

Cu3-O7 1.896(4) 1.900(3) 1. 9602(1) 2.0451(1) 1.953(4) 

Cu3-O1 1.935(4) 1.926(3) 1.9459(1) 1.9991(1) 1.950(3) 

Cu3-O6 2.054(4) 2.050(3) 2.1143(1) 2.3600(1) 2.336(4) 

Cu3-O3 2.162(4) 2.154(4) 2.2935(1) 2.6257(1) 2.559(5) 

Cu3-O4 ×2 2.264(3) 2.275(2) 2.2846(1) 2.0639(1) 2.016(3) 

      

T1*-O6 1.718(4) 1.722(3) 1.7410(1) 1.7428(1) 1.709(4) 



T1*-O7 1.745(4) 1.743(4) 1.7562(1) 1.7818(1) 1.759(4) 

T1*-O5 ×2 1.775(3) 1.782(2) 1.8015(1) 1.7964(1) 1.787(2) 

      

T2**-O2 1.471(5) 1.467(4) 1.5054(1) 1.8105(1) 1.734(4) 

T2**-O3 1.477(4) 1.472(4) 1.5193(1) 1.7716(1) 1.713(4) 

T2**-O4 ×2 1.484(3) 1.486(2) 1.5040(1) 1.7709(1) 1.767(3) 

*T1 = Mo6+ (predominantly) in vergasovaite and cupromolybdite; **T2 = S6+ in 348 

vergasovaite, whereas T2 = Mo6+ in cupromolybdite; *** bond-distance values obtained after the 349 

correction using a formula for the rigid-body motion. 350 

 351 

Concluding remarks 352 

 353 

Vergasovaite is stable until 950 K. Between 950 and 975 K, the unit-cell parameters 354 

change abruptly as vergasovaite transforms into cupromolybdite with expulsion of sulfur but 355 

without destruction of the crystal shape. The structural changes upon heating are very similar for 356 

the natural vergasovaite and its synthetic analog, yet their decomposition points change 357 

drastically. Most probable explanation is the stabilization of the mineral structure by the 358 

admixtures of Zn and V at the Cu and Mo sites, respectively. It is worth noting that the 359 

compound Cu3O(MoO4)2 is commonly formed as a product of high-temperature decomposition 360 

of some other copper molybdates, e.g lindgrenite, Cu3(MoO4)2(OH)2, and szenicsite, 361 

Cu3(MoO4)(OH)4 (Ismagilova et al. 2019). For the thermal decomposition of vergasovaite, one 362 

can suggest the following schematic reaction: 2Cu3O(MoO4)(SO4) = Cu3O(MoO4)2 + {CuSO4 + 363 

Cu2OSO4}, the species in braces forming the melt, as in the studied case. Additional sealed-tube 364 

experiments also suggest relative volatility of Cu2O(SO4), most likely due to chemical transport: 365 

upon heating the mixtures of anhydrous CuSO4 and pre-synthesized Cu2OSO4 and Cu3Mo2O9 in 366 

the 770 – 1150 K temperature range, red-brown single crystals of Cu2OSO4 are first to form; 367 

they are also observed on the tube walls above the main charge which suggests vapor growth 368 

mechanism to be at least partly operative. The role of trace admixtures like Zn and V in 369 

preservation of the initial crystal is yet to be understood, but most likely important as 370 

demonstrated by simple melting of the zinc- and vanadium-free crystal of the synthetic analog. 371 

The current study shows that it is impossible to predict the properties obtained on minerals for 372 

synthetic compounds and vice versa. At the same time, zinc and/or vanadium doping of synthetic 373 

analogues of vergasovaite can have a decisive effect on the manifestation of nontrivial properties 374 

in the studied series of compounds. 375 

Upon heating the mineral and its synthetic analog demonstrate significantly different 376 

behavior. The largest increase is observed for the с parameter (by 0.13 and 0.17 Å, respectively) 377 



in both materials. In the structure for the mineral (Table. 4), the а and b increase by a similar 378 

value (0.1 and 0.09 Å), while virtually no change in b is observed (0.002 Å) for the synthetic 379 

Cu3O(SO4)(MoO4). Upon further heating of the transformation product, the cupromolybdite 380 

structure is stabilized, which is reflected at 1075 K by increasing quality of the diffraction 381 

pattern; the compound starts melting at 1100 K.  382 

Table 4. Unit-cell parameters at ambient and at temperatures of decomposition for the 383 

vergasovaite and its synthetic analog.  384 

 Vergasovaite Increment Synthetic analogue Increment 

300К 950К  300К 700К  

a (Å) 7.421(2) 7.5241(8) 0.1031 7.4295(3) 7.4944(4) 0.0649 

b (Å) 6.754(3) 6.8411(6) 0.0871 6.8293(3) 6.8277(3) -0.0016 

c (Å) 13.624(5) 13.7591(14) 0.1351 13.5087(5) 13.6776(6) 0.1689 

V (Å3) 682.85(3) 708.22(12) 25.37 685.41(5) 699.88(6) 14.47 

 385 

In the structure of vergasovaite, the sulfate and molybdate tetrahedra, as well as the OCu4 386 

species, are strong and rigid constituents, which remain almost unchanged during heating (Fig. 6, 387 

7). The same is also observed for the Cu2O5 square pyramids. The peculiarities of the thermal 388 

expansion of vergasovaite can be explained by the anisotropy of bond length evolution in the 389 

Cu1O6 and Cu3O6 octahedra and flexibility of the Mo(T1)-O-Cu and S(T2)-O-Cu bond angles 390 

(Fig. 8). Сopper polyhedra with higher coordination numbers are easier to transform upon 391 

temperature increase. The weakest expansion is observed along the [O2Cu6]
8+ chains.  392 

By now, the fumaroles of Tolbachik are known to produce three minerals with the overall 393 

A3O(SO4)(TO4) formula (A = Cu, Zn; T = S, Mo): glikinite, Zn3O(SO4)2 (Nazarchuk et al., 2020), 394 

vergasovaite, Cu3O(SO4)(MoO4), and cupromolybdite, Cu3O(MoO4)2. By now, synthetic analogs 395 

have been produced for all three (Bald and Grühn, 1981; Vilminot et al., 2009; this work). The 396 

formation temperatures reported, 1140 K (Kihlborg et al., 1971) to 875 K (Steiner et al, 1996, 397 

1997; Bald et al., 1981), are very close to those observed in the GTFE fumaroles. The crystal 398 

structures of these three minerals and their synthetic analogs are based on the [A3O]2+ (A = Cu, 399 

Zn) chains which are also present in the structure of kamchatkite KCu3O(SO4)2Cl (Siidra et al., 400 

2017). Considering the structural similarities of glikinite, vergasovaite and cupromolybdite and 401 

similarity of their formation conditions, one is tempted to assume the existence of a Cu3O(SO4)2 402 

mineral. Yet, no such compound has been reported; our attempts to prepare it have also been 403 

unsuccessful. However, it can probably be stabilized by doping. The structure of hermannjahnite, 404 

CuZn(SO4)2 (space group P21/n) (Siidra et al. 2016), indicates that exchange between copper and 405 

zinc sites may change the overall symmetry of the structure.  406 



Implications 407 

Synthetic Cu3O(MoO4)2 and CuMoO4 are employed as heterogeneous oxidation catalysts 408 

(Toniolo et al. 2008; Wang et al. 1998, 2002; Drummer et al. 2022). The latter compound has 409 

been suggested as a constituent of sensors (Li et al. 2019). It also exhibits magnetic ordering 410 

(Matsumoto el al. 2012; Kuroe et al. 2014). Partial replacement of MoO4
2- by smaller SO4

2- 411 

results in shortening of Cu2+Cu2+ contacts which is expected to enhance the magnetic exchange 412 

between these ions; hence, magnetic properties of synthetic vergasovaite are expected to be quite 413 

interesting. The topotactic transformation observed for vergasovaite in this work may bring new 414 

ideas and become an exciting playground for the preparation of self-regenerating compounds 415 

with such magnetic ions as Cu2+. Flexible and diverse coordination of divalent copper cations is 416 

a contributing factor for such transformations. The copper-oxymolybdate framework is flexible 417 

enough to allow topotactic transitions to occur. 418 

Whereas single-crystal-to-single-crystal transformations are studied in detail to date, well 419 

documented topotactic transitions in pure inorganic compounds with crystal shape preserving are 420 

as yet very rare. Observation of processes as reported above suggests more complex mechanisms 421 

and cascade of phenomena which allow preservation of the crystal. The transformation of 422 

vergasovaite into cupromolybdite with crystal shape preservation proceeds with a loss of volume 423 

and should lead to the formation of "spongy"-type structures described by Glikin (2009). The 424 

formation of the latter may occur only in the systems containing isomorphic components. 425 

Physically, the replacement of a protocrystal (usually, with a liquid phase presence) is 426 

accompanied by the inheritance of its structural fragments, which determine the preservation of 427 

the initial shape of crystals. This nonequilibrium process is associated with abrupt changes in the 428 

system. Probably, the first drops of the melt inside the natural vergasovaite crystals were the 429 

catalysts of the replacement process, which took place simultaneously with the "desulfurization".  430 

The transformation of vergasovaite into cupromolybdite demonstrates the complexity of 431 

the processes in the fumaroles of the scoria cones of the Tolbachik volcano with an exceptionally 432 

rich mineral diversity. The temperature regime in active fumaroles is not constant and changes 433 

by hundreds of degrees Celsius depending on volcanic activity, which in turn causes the 434 

transformation of minerals and the emergence of new ones. Understanding the various processes 435 

and knowledge of the nature of the alteration products of divalent copper minerals are of interest 436 

for mineralogy, geochemistry and environmental science. 437 
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 598 

Figure captions 599 

 600 

Figure 1. Olive-green crystals of vergasovaite in association with langbeinite (white) and 601 

euchlorine (light-green) (a) and crystals of synthetic vergasovaite obtained in an open silica tube 602 

(b). 603 

 604 

 605 

Figure 2. General projection of the crystal structure of vergasovaite (a-c) (OCu4 tetrahedra = 606 

orange, S = yellow balls, Mo = green balls, Cu = blue balls, O = red balls). The coordination of 607 

the cations and the “additional” oxygen anion at 300 K (d). The shifts of atoms in vergasovaite 608 

(VM) upon heating (e). Projections of thermal expansion tensors for vergasovaite (VM) (f). 609 

Negative thermal expansion is highlighted in red. 610 

 611 

Figure 3. Evolution of the vergasovaite (VM) crystal color and reciprocal space upon continuous 612 

heating in the temperature range from 300 to 1075 K. The crystal and sulfate melt drop are 613 

encircled with the white dashed line for clarity. The data were acquired on a Rigaku XtaLAB 614 

Synergy-S diffractometer. 615 



 616 

 617 

Figure 4. Evolution of the synthetic analogue of vergasovaite (SA) crystal color and reciprocal 618 

space upon continuous heating in the temperature range from 300 to 700 K. The crystal and 619 

black melt are encircled with the dashed line for clarity.  The data were acquired on a Rigaku 620 

XtaLAB Synergy-S diffractometer. 621 

 622 

 623 

Figure 5. Thermal dependence of unit-cell parameters for vergasovaite. Results of three 624 

consecutive experiments vergasovaite (VM) are shown in different colors (blue, orange and red) 625 

(a). Thermal dependence of unit-cell parameters for the synthetic analog of vergasovaite. Results 626 

of two consecutive experiments for synthetic analog (SA) are shown in different colors (blue and 627 

red) (b). Note, the error bars are smaller than the markers size. 628 

 629 

Figure 6. Selected bond lengths vs. temperature in the structure of vergasovaite VM. Note, the 630 

error bars are smaller than the markers size. 631 

 632 

 633 

Figure 7. Selected bond lengths vs. temperature in the structure of the synthetic analogue of 634 

vergasovaite (SA). Note, the error bars are smaller than the markers size. 635 

 636 

 637 

Figure 8. Evolution of the T1-O-Cu and T2-O-Cu bond angles upon continuous heating in the 638 

structures of vergasovaite VM (blue) and the synthetic analogue (SA). The angle value changes 639 

are labeled. Note, the error bars are smaller than the markers size. 640 

 641 
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 645 

 646 

 647 
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