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Abstract
Ryabchikovite, ideally CuMg(Si2O6), a new pyroxene-group mineral (IMA No. 2021-011) was dis-

covered in exhalations of the active Arsenatnaya fumarole, Tolbachik volcano, Kamchatka, Russia. The 
associated minerals are diopside, hematite, cuprospinel, fluorophlogopite, anhydrite, johillerite, tilasite, 
and aphthitalite-group sulfates. Ryabchikovite forms thin (up to 25 μm), light brown to reddish-brown 
epitactic crusts on short-prismatic brownish-gray crystals of diopside (up to 0.5 mm). The new mineral 
is optically biaxial (+), α = 1.685(5), β = 1.690(5), γ = 1.703(4), and 2V (meas) = 60(15)°. The average 
chemical composition (wt%, electron microprobe data) is: MgO 18.05, CaO 0.77, CuO 26.46, ZnO 
2.23, Al2O3 0.93, Fe2O3 1.89, SiO2 50.10, total 100.43. The empirical formula calculated based on 6 O 
atoms per formulas unit is (Mg1.05Cu0.78Zn0.06Fe3+

0.06Ca0.03)(Si1.96Al0.04O6). Electron backscattered diffrac-
tion and powder X-ray diffraction show that ryabchikovite is a Cu,Mg-ordered analog of clinoenstatite. 
Ryabchikovite adopts the space group P21/с and has the following unit-cell parameters: a = 9.731(9), 
b = 8.929(8), c = 5.221(4) Å, β = 110.00(6)°, V = 426.3(7) Å3, and Z = 4. Ryabchikovite is named in 
honor of the outstanding Russian geochemist and petrologist Igor Dmitrievich Ryabchikov (1937–2017). 
Our studies reveal that copper analogs of rock-forming minerals could be found in fumarolic systems. 
Their crystallization does not require high temperatures or/and pressures (below 500 °C/Pa).
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Introduction
The pyroxene group minerals are among the most widespread 

and well studied. The main results of earlier research of differ-
ent characteristics of pyroxenes (chemical variability, crystal 
chemistry, spectroscopy, thermodynamics, and applications) 
were summarized by Prewitt (1980). The general formula of 
pyroxenes is M2M1(T2O6) (Morimoto et al. 1989). The species-
defining components in earlier known natural pyroxenes are 
as follows: M1 = Mn2+, Fe2+, Mg2+, Zn2+, Sc3+, Ti3+, V3+, Cr3+, 
Mn3+, Fe3+, Al, M2 = Mg2+, Fe2+, Mn2+, Li, Ca, Na, and T = Si, Al 
(International Mineralogical Association List of Minerals, http://
www.ima-mineralogy.org). The detailed description of structural 
variations in pyroxenes is given by Cameron and Papike (1981).

Pyroxenes are polygenic minerals formed in different mag-
matic, metamorphic and metasomatic rocks, which can be used 
as markers of P-T conditions. Besides the usual for pyroxene-

group minerals formation conditions, some pyroxenes (enstatite, 
clinoenstatite, and diopside) were found in exhalations of active 
and extinct volcanic fumaroles (Getahun et al. 1996; Symonds et 
al. 1987; Tessalina et al. 2008; Naboko and Glavatskikh 1992).

The possible solid solutions in natural pyroxenes were dis-
cussed in detail by Peter Robinson in the corresponding chapter 
of the handbook (Prewitt 1980) and crystal chemical features 
were summarized by Morimoto (1989). Noteworthy, pyroxenes 
with the distinct Cu content (>1 wt% CuO) had not been found in 
nature until our work on silicate mineralization from fumaroles 
of the Tolbachik volcano. Some samples of pyroxenes (diopside 
and enstatite) of fumarolic genesis, originating from the active 
Arsenatnaya fumarole (Tolbachik volcano, Kamchatka, Russia), 
contain up to 1.2 wt% CuO (Shchipalkina et al. 2020). The ori-
gin of these pyroxenes is related to two processes: metasomatic 
alteration of host rocks by hot gas and primary crystallization 
from the gas. Pyroxenes of the diopside-aegirine-esseneite solid-
solution system are of the main minerals in deep, hottest zones of 
the mentioned fumarole (Pekov et al. 2018a, 2020; Shchipalkina 
et al. 2020). Another location in which Cu impurity was detected 
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