Feldspars and feldspathoids from fumarole sublimates of the Tolbachik volcano (Kamchatka, Russia)
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The discovery of various tecto-aluminosilicates in sublimates of the active Arsenatnaya fumarole located at the Second scoria cone of the Northern Breakthrough of the Great Tolbachik Fissure Eruption (Tolbachik volcano, Kamchatka) was unexpected. They include different feldspars (potassic feldspar, anorthoclase, andesine, labrador, bytownite, anorthite, members of the series between celsian and alkali feldspars) and feldspathoids (kalsilite, nepheline, sodalite and haüyne) associated with hematite, tenorite, aphthitalite, langbeinite, anhydrite, metathénardite, sylvite, halite, diverse arsenates, etc. 
Tecto-aluminosilicates occur here as white or colorless crystals up to 0.2 mm in size (Fig. 1) or form (feldspars) crusts up to 1 mm thick covered or replaced basalt scoria. 
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Fig. 1. Typical crystals and aggregates of potassic feldspar (a), kalsilite (b), sodalite (c) and haüyne (d). Backscattered-electron images (a – c) and secondary-electron image (d) 
In general chemical composition of tecto-aluminosilicates from the Arsenatnaya fumarole and other geological formations is different. This fact is due to unusual conditions of crystallization at low (atmospheric) pressure and high temperatures involving volcanic gas, enriched not only by Na, K, S, Cl, F, and O but also As, Cu, Zn, Mo, W and other "ore" components, as a carrier. 
The impurity of As2O5 is inherent for practically all silicates. Its content is (wt. %) up to 25.5 for potassic feldspar, up to 1.1 for K-Na feldspar, up to 1.4 for bytownite, up to 2.8 for kalsilite and nepheline, up to 1.6 for sodalite, and up to 2.5 for haüyne. As5+ substitutes Si in tetrahedral Al-Si-O frameworks of feldspars and feldspathoids.
Compositional variations of feldspars from the Arsenatnaya fumarole are shown in Fig. 2. 
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Fig. 2. Ratios of major extra-framework cations in different feldspars from the Arsenatnaya fumarole: (a): ○ – As – bearing potassic feldspar, ● – K–Na – feldspar, □ – plagioclase (from anorthite to andesine); ratio of extra-framework and framework components (including vacancy [Vac]) (b and c): in potassic feldspar - ○ and As-bearing potassic feldspar - ⊕
There are two varieties of As-bearing potassic feldspar: (1) with ordinary feldspar stoichiometry and (2) with deficiency of extra-framework cations. The first group represents an isomorphous series KAlSi3O8 – KAl2AsSiO8 (idealized formula of filatovite) with the main substitution schemes 2Si4+ ↔  Al3+ + As5+ and Al3+ + Si4+ ↔  Zn2+ + As5+ (the latter was suggested by Vergasova et al., 2004).  In the second group the surplus of positive charge could be balanced by vacancies in the extra-framework sites: [vac]0 + As5+ ↔ K+ + Si4+. Such feldspar was firstly reported by Koshlyakova et al. (2014) from the same locality.
Members of the celsian-anorthoclase series occur in deeper zones of the Arsenatnaya fumarole as tiny inclusions (less than 10 μm) in open-work aggregates of diopside and hematite. The representative empirical formulae of these minerals, based on 8 O atoms, are (Na0.31Ba0.28K0.27Sr0.12Ca0.05)∑1.03(Si2.50Al1.47Fe3+0.02)∑3.99O8 and (Ba0.57Sr0.17K0.10Na0.09Ca0.06)∑0.99(Si2.10Al1.86Fe3+0.07)∑4.03O8. 
Haüyne and sodalite from the Arsenatnaya fumarole are characterized by wide variations of contents of both cations and anions extra-framework components (Fig. 3). 
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Fig. 3. Ratios of major extra-framework cations and anions in sodalite (black rhombs) and haüyne (blank squares) from the Arsenatnaya fumarole

These variations could be described by the following major substitution scheme: Na+ + Cl- ↔ Ca2- + SO42-. In the haüyne part of the isomorphous series the continuous solid solution with the limits Haü100 – Haü63 was observed. Similar situation was reported for synthetic analogues of haüyne and sodalite by Van Peteghem and Burley (1963), but within the limits Haü100 – Haü75.  Another interesting chemical feature of haüyne from Arsenatnaya is the presence of MoO3 and WO3 impurities, up to 4.2 and 1.7 wt.%, respectively. These components have not been reliably found in minerals of the sodalite-group yet. However, synthetic sodalite-type aluminates with extra-framework anions MoO42- and WO42- are known (Depmeier, 1999) 
Powder and single-crystal X-ray diffraction studies of sodalite, haüyne, kalsilite and As-bearing potassic feldspar gave the following data. (1) Sodalite and Mo,W-free haüyne have the space group P-43n and unit-cell parameter a = 8.8793(3) and 8.882(4) Å, respectively. This space group confirms that Si and Al are ordered in the tetrahedral framework. The unit cell of a Mo,W- bearing haüyne corresponds to orthorhombic model: a = 12.87(4), b = 12.87(4), c = 9.11(3) Å. This mineral is suggested to be orthorhombic by analogy with so-called CAM compound (Depmeier, 1999). (2) Kalsilite possesses space group P63 with unit-cell parameters a = 5.1562(5), c = 8.6888(11) Å. Si and Al are ordered in the framework. According to (Carpenter, Cellai, 1996; Cellai et al. 1999), kalsilite with space group P63 crystallizes at t > 500oC, while at the lower temperatures the modification with space group P-31c is stable. (3) As-bearing potassic feldspar is closer to orthoclase then other forms of KAlSi3O8 on the powder X-ray diffraction pattern. However, its unit-cell parameters, especially, α = 91.32(1) - 95.71(3)o and γ = 92.36(1) – 94.61(2)o differ from 90o and β = 108.2(2)o (for typical orthoclase β is close to 116o). Such differences could be due to a unit cell distortion caused by significant As5+ impurity. 
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