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Abstract: Typical characteristics of many anhydrous sulphates of exhalative origin at fumaroles at the Second scoria cone of the
Northern Breakthrough of the Great Tolbachik Fissure Eruption, Tolbachik volcano, Kamchatka, Russia, are the presence of
additional oxygen atoms (O,) in the composition. Recent field works on the fumaroles of the Second scoria cone in 2014 and 2015
resulted in discovery of a new mineral species, puninite, and collection of fresh alumoklyuchevskite and kamchatkite samples which
allowed the re-refinement of crystal structures. The crystal structure of kamchatkite, KCu3O(SO4),Cl, was solved and refined in Pnma
space group (a=9.755(2), b=7.0152(15), ¢=12.886(3)A, V=881.8(3)A%, R,;=0.021), whereas alumoklyuchevskite, K;Cus
AlO5(SOy)4, is triclinic, PT (a=4.952(3), b=11.978(6), c=14.626(12) A, a =87.119(9), B=80.251(9), v=78.070(9)°, V= 836.3
(9) A%, R,=0.049) in contrast to previously reported data.

The new mineral puninite, ideally Na,Cuz;O(SO,)3, was found in sublimates of Glavraya Tenoritovaya fumarole. The mineral is
named in honor of the Russian crystallographer Yurii Olegovich Punin (1941-2014). Puninite is closely associated with lammerite-f3,
tenorite, hematite and anhydrite. Puninite is emerald-green in colour. It is biaxial, optically positive, a=1.587(2), B=1.611(2),
v=1.649(2), 2V .=60°. The mineral is soluble in water. The empirical formula of puninite based on 13 O atoms is
(Nay 76K0.08)31.84(Cz.97Z1¢,04)53.01(S04)3.0200.92- Puninite is the first Na-dominant copper oxosulfate mineral observed on Second
scoria cone. It is monoclinic, C2/c, a=17.41(1), b=9.39(1), c=14.40(1) A, B=112.04(7)°, ¥=2183(2) A, Z=38. The eight strongest
lines of the X-ray powder diffraction pattern are (I-d-hkl): 100-8.058-200, 18.88-6.675- 002, 28.47-6.466- 202, 14.1-4.398-202,
17.37-4.247- 113, 33.89-3.839- 022, 29.15-2.854- 224, 14.95-2.724- 024. Puninite is structurally related to euchlorine, NaKCu;0
(SO4); and to fedotovite, K,CuzO(SO4)s3. The unit-cell a parameter value is very sensitive to the K-Na ratio in “euchlorine group”
minerals. The crystal structure of puninite (R; =0.035) is based on oxocentred [0,Cug]®* dimers. Four sulphate tetrahedra are ‘face-
to-face’ attached to the dimers, whereas the other sulphate tetrahedral groups provide their linkage in two dimensions. The structural
architecture of all the copper-oxosulphate exhalative minerals described in this paper can be described as being organized via a “host—
guest” principle.

Key-words: puninite; new mineral; kamchatkite; alumoklyuchevskite; sulphates; oxocentred tetrahedra; volcanic exhalations; crystal
structure; host—guest structures; Second scoria cone; Tolbachik.

1. Introduction

Fumarolic activity taking place after the Great Tolbachik
Fissure eruption (GTFE) that occurred in 1975-1976 in
Kamchatka peninsula, Russia (Fedotov and Markhinin,
1983; Vergasova and Filatov, 2012) is characterized by the
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great variety of sulphate minerals. Most of these minerals
are anhydrous, in contrast to the majority of known
sulphate minerals which contain additional water mole-
cules or hydroxyl groups (Alpers et al., 2000). To date,
more than 20 sulphate mineral species have been
discovered in fumaroles of the Second scoria cone,
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Northern Breakthrough, GTFE. Typical characteristics of
many anhydrous sulphates of exhalative origin at this
locality are the presence of additional oxygen atoms
(0,) in the composition: for example, piypite, K4Cuy
0,(S04)4-(Na,Cu)Cl (Filatov & Vergasova, 1989); fedo-
tovite, K,Cu3z0(SOy4)s, euchlorine, KNaCu3;0(SO,);
(Vergasova et al., 1988a); kamchatkite, KCu;OCI(SOy),
(Vergasova et al., 1988b); klyuchevskite, K;CusFe* 10,
(SO4)4 (Vergasova et al, 1989); alumoklyuchevskite,
K3Cu3Al05(S04)4 (Gorskaya et al., 1995); dolerophanite,
Cu,O(SO,) (Effenberger, 1985); nabokoite, Cu7TeO4gSO4)5-
KCl (Popova et al, 1987); atlasovite, CugFe’ Bi’"
04(S04)s-KCl (Popova et al., 1987); vergasovaite, Cu;0
[(Mo0,S)04)](SO4) (Bykova et al., 1998); wulffite, K;NaCuy
05(SOy)4, and parawulffite, KsNa3;CugO4(SO4)g (Pekov
et al., 2014); cryptochalcite, K,CusO(SOy)s (Pekov et al.,
2015c), which all contain O atoms that do not participate in
strongly bonded (SO,4)*~ complexes. Volcanic gases of
the GTFE are enriched in copper (Meniaylov et al., 1980)
and many of the sulphate minerals contain this metal as
essential component, with consequent formation of
unique mineral assemblages. The O, atoms in the
structures of such sulphate minerals are tetrahedrally
coordinated by Cu, with formation of oxocentered OCuy
tetrahedra (Krivovichev et al., 2013) polymerized into a
variety of structural units with different dimensionality.
Note also that all of the copper oxosulphate minerals
listed above (except vergasovaite) contain alkali elements
(K and/or Na). Potassium dominates in the composition
of these minerals, whereas Na is an essential component
in euchlorine, wulffite and parawulffite only. Euchlorine
is one of the most abundant minerals in fumaroles of the
Second scoria cone (GTFE) and Naboko scoria cone,
Tolbachik Fissure eruption in 2012-2013 (TFE) (Voly-
nets et al., 2013). The presence of the oxocentered OCuy
tetrahedra in the structures of exhalative minerals from
fumaroles of the Second scoria cone suggested a
mechanism of metal (mainly copper) transport by
volcanic gases in the form of similar tetrahedral
complexes (Filatov et al., 1992).

Kamchatkite, KCu;0(SO4),ClI (Vergasova et al., 1988b)
was discovered in the exhalative sulphate assemblages of the
Yadovitaya (Poisonous) Fumarole. The crystal structure of
kamchatkite was refined in the non-centrosymmetric Pna2
space group to R;=0.055 (Varaksina et al, 1990).
Alumoklyuchevskite, K;CuzAlO,(SOy), is isotypic to
klyuchevskite, K;CusFe*t0,(SOy4)s (Vergasova er al.,
1989) and was discovered in 1995 (Gorskaya et al., 1995)
in the samples collected earlier, soon after eruption in 1976—
1977; however, the only structural information available to
date for both minerals is of rather poor quality (R;=13%:
Krivovichev et al., 2009). Kamchatkite and alumoklyu-
chevskite are unstable in open air at ambient conditions and
hydrate with subsequent decomposition as do all the other
copper oxosulphates of exhalative origin. Recent field works
on the fumaroles of the Second scoria cone in 2014 and 2015
resulted in collection of fresh alumoklyuchevskite and
kamchatkite samples which allowed the re-refinement of
crystal structures, reported here.

The new mineral puninite, Na,Cu;O(SO4);, was also
discovered in fresh samples collected by O.1.S. and E.A.L.
in the Glavnaya Tenoritovaya fumarole in 2014. Puninite
(Cyrillic: mynunwmrt) is named in honour of Professor Yurii
Olegovich Punin (FOpwuit Onerosuy [Tynun) (1941-2014),
who worked for 45 years at Department of Crystallogra-
phy, St. Petersburg State University, Russia. Yurii Punin
was an outstanding scientist in the field of Crystallography
and Crystal Growth. The mineral and mineral name have
been approved by the Commission on New Minerals and
Mineral Names of the International Mineralogical
Association (2015-012). Type material is deposited in
the collections of the Mineralogical Museum, Department
of Mineralogy, St Petersburg State University, St
Petersburg, Russia, catalogue number 19638.

2. Locality and occurrence

Puninite, kamchatkite and alumoklyuchevskite were
found in the Glavnaya Tenoritovaya fumarole (Pekov
et al., 2015a) on the Second scoria cone of the Northern
Breakthrough of the GTFE on Kamchatka peninsula,
Russia. The Second scoria cone is located 18 km SSW of
the active volcano Ploskiy Tolbachik. The temperature of
gases in the sampling location was about 320 °C. Puninite
occurs as crystalline crusts (Fig. 1), individual crystals up
to 10 x 30 x 50 pm (usually from 5 to 20 pm in size) and
irregularly shaped grains. Puninite is closely associated
with lammerite-@3, tenorite, hematite and anhydrite. The
kamchatkite and alumokluchevskite used in this study
have the same macroscopic appearance as those described
by Vergasova et al. (1988b) and Gorskaya et al. (1995).
Kamchatkite occurs in association with chalcocyanite,
coparsite, and unidentified Cs-Cu-Cl selenite and Cu-Cl
arsenate (Fig. 2).

3. Experimental procedure

3.1. Physical and optical properties of puninite

Puninite is emerald-green in colour, has a greenish streak
and vitreous lustre. The mineral is brittle with uneven
fracture and perfect cleavage on {100}. Hardness
corresponds to 2—3 on the Mohs' scale. The density could
not be measured due to sample paucity, but it has been
calculated as 3.284 gcm  using structural data and the
empirical formula. No fluorescence is detected. Under
the microscope, puninite is pale green with very weak
pleochroism. It is biaxial, optically positive, o =1.562(2),
B=1.591(2), y=1.634(2) (589nm), 2V (meas.) moder-
ately large, 2V .. =80.7°. The mineral is soluble in water.
Compatibility, 1—(K,/K:;)=—0.035, is excellent (Man-
darino, 1981).

3.2. Chemical composition
Three crystals (40 x 40 to 40 x 20 wm) of puninite were

mounted in epoxy resin and polished with oil suspension.
The mineral was analysed using a Hitachi S-3400N
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Fig. 1. Puninite green crystalline aggregates (above) and enlarged
puninite individual crystals (below). (Online version in colour.)
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Fig. 2. Back-scattered electron microscope image of kamchatkite
(Km) associated with chalcocyanite (Ch). Some other minerals
include: coparsite (Cp), an unidentified Cu arsenate-chloride and an
unidentified Cs-Cu selenite chloride, Cs;Cug 50, 5(SeO5)3Clyg.

scanning electron microscope equipped with an Oxford
Instruments INCA energy-dispersive spectrometer (SEM/
EDS). The electron beam accelerating voltage was 20kV,
and beam current 2.5 nA as measured by a Faraday cup.
The X-ray acquisition live-time was 30s, and X-ray
processing time ‘5° for analysis. The mineral is unstable

under a spot electron beam, with strong sodium loss during
analysis; therefore, a defocused beam (3—4 pm) was used
for the analyses. Wider beam diameter could not be used
due to the presence of thick cracks on the mineral surface.
X-ray matrix correction was carried out automatically by
the Oxford Instruments INCA version of the Pouchou
and Pichoir (XPP) routine. Well characterised synthetic
compounds and minerals were used for standardisation.
System (gain) calibration was performed on Co.

The results of ten analyses are summarized in Table 1. In
addition to major elements Na, Cu and S the mineral
contains minor K and Zn. No other elements with Z>9
were found during the SEM/EDS study. Detection of the
low amount Zn in puninite is problematic due to partial
overlap of elemental X-ray peaks of Zn Lo (1.012keV)
with Cu La (0.930keV) and Na Ka (1.041keV) on EDS
spectra. Application of wavelength-dispersive spectrosco-
py (WDS), TAP crystal, 10nA beam current, scan speed
0.25 A per minute, confirmed the presence of the Zn peak,
but the element could not be quantitatively analysed due
to rapid and strong surface damage during scanning. The
empirical formula of puninite based on 13 O atoms is
(Na; 76K0.08)51.84(Cu2.97Zn0.04)53.01(5S04)3.0200.92 and the
simplified mineral formula is Na,Cu3;O(SOy);, corre-
sponding to (in wt.%) Na,O=11.46, CuO=44.13 and
SO;=44.41.

Alumoklyuchevskite and kamchatkite were analysed
using the same instrument, but with slightly different
analytical conditions: an electron beam current of 1.0 nA
and beam diameter up to 10 pm.

Alumoklyuchevskite forms a solid solution with
klyuchevskite, with an Al,O3 content between 6.9 and
1.0 wt.% and Fe,O3; content between 1.3 and 9.2 wt.%
(Gorskaya et al., 1995). The studied sample contains
4.9 wt.% Al,03 and 2.7 wt.% Fe, O3 which corresponds to
73.4 mol.% K5Cu3Al(SO,),0, and 26.6 mol.% K;CusFe® "
(S04)40, end-members (Table 1). The composition of
kamchatkite (Table 1) is close to the ideal formula
KCu3(S04),0Cl, with up to 0.5 wt.% ZnO.

3.3. X-ray crystallography

Powder X-ray diffraction data for puninite were obtained
using a Rigaku R-AXIS Rapid II single-crystal diffrac-
tometer equipped with cylindrical image plate detector, in
Debye-Scherrer geometry (with d=127.4mm), after
crushing the crystals fragments used for the single-crystal
analysis. Data (in A for CoKa) are given in Table 2. The
unit-cell parameters were refined in the monoclinic unit
cell, space group C2/c, a=17.41(1), b=9.39(1), c=14.40
(DA, B=112.04(7)°, ¥=2183(2) A3, Z=38.
Single-crystal X-ray analysis of puninite, kamchatkite
and alumoklyuchevskite was carried out using a Bruker
SMART diffractometer equipped with an APEX II CCD
detector operating with MoKa radiation at 50kV and
40 mA. A single green translucent block-shaped puninite
crystal with dimensions of 0.16 x 0.12 x 0.14 mm, a green
prismatic kamchatkite crystal of 0.15 x 0.10 x 0.10 mm
and a dark-green, acicular alumoklyuchevskite crystal of
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Table 1. Compositional data for puninite, kamchatkite and alumoklyuchevskite, wt.%.

O.1I. Siidra et al.

Mineral Puninite Kamchatkite Alumoklyuchevskite

Average (10) Min Max Average (13) Min Max Average (5) Min Max
Na,O 9.98 8.04 10.85
K,0 0.63 0.55 0.71 9.64 9.41 9.95 18.18 17.99 18.44
Rb,0O 0.54 0.48 0.61
CuO 43.21 42.50 44.57 50.61 49.19 51.93 31.47 30.72 32.06
ZnO 0.66 0.56 0.81 0.35 0.22 0.49
Al 04 4.90 4.72 5.06
Fe,0; 2.73 2.38 3.03
SO, 44.33 43.03 44.85 34.34 33.73 35.19 42.44 42.29 42.70
Cl 7.44 7.23 7.58
-0=Cl, 1.68
Total 98.81 100.70 100.26
Atoms per formula unit calculated for

0=13 0=10 0=18
Na 1.76
K 0.07 0.96 2.92
Rb 0.04
Cu 2.97 2.98 3.00
Zn 0.04 0.02
Al 0.73
Fe 0.26
S 3.02 2.01 4.01
Cl 0.98

0.20 x 0.06 x 0.07 mm were chosen for X-ray diffraction
study. More than a hemisphere of data was collected with a
frame width of 0.5° in w, and 10s counting time for
each frame for all of the described minerals. The data
were integrated and corrected for absorption using a multi-
scan type model using the Bruker programs APEX and
SADABS. Puninite is monoclinic, space group C2/c,
a=17.3885(13), b=9.4009g8), c=14.4045(11)A, B=
112.039(2)°, ¥=2182.6(3) A°, Z=8 (Table 3). The atom
coordinates for euchlorine published by Scordari &
Stasi (1990) were used initially and the structure was
successfully refined with the use of SHELX software
package (Sheldrick, 2015). Atom coordinates, bond-
valence sums and thermal displacement parameters for
puninite are given in Table 4 and selected interatomic
distances in Table 5.

The unit-cell parameters obtained for kamchatkite
(Table 3) are very similar to those reported earlier in
Varaksina et al. (1990). Statistics of diffraction intensities
and systematic extinctions for kamchatkite were consis-
tent with the space group Pnma. The |E*— 1| parameter
was equal to 0.915, which clearly indicated a high
probability of a centrosymmetric space group (Marsh,
1995) which we confirmed by subsequent structure
solution and refinement in Pnma (R, =0.021) instead of
Pna2, (R,=0.055). Comparison of experimental (Verga-
sova et al., 1988b) and calculated powder patterns for the
structural data obtained in this work and after Varaksina
et al. (1990) are presented in Table S1 freely available as
Supplementary Material attached to this article on the
GSW website of the journal: http://eurjmin.geoscience
world.org/. The calculated pattern for kamchatkite is in

somewhat better agreement with the observed pattern
reported in Vergasova et al. (1988b) than the calculated
powder pattern for the crystal structure reported in
Varaksina et al. (1990). Observed discrepancies are due
to different space groups.

Alumoklyuchevskite structural data are presented in
Table 3. The crystal structure of alumoklyuchevskite was
solved and successfully refined in the P1 space group
instead of the monoclinic symmetry (/2) reported earlier.
The resulting unit-cell volume is half that previously
reported. Our obtained R; value of 0.049 is significantly
better than the previously reported value (0.131) for this
mineral. New X-ray data allowed refinement of all of the
atoms, including oxygens, anisotropically in contrast to
data reported in Krivovichev et al. (2009). The calculated
powder X-ray pattern in P1 fits better the observed data
(Table S2) than the previously obtained data in Gorskaya
et al. (1995). The calculated pattern for the crystal
structure of alumoklyuchevskite in Krivovichev et al.
(2009) has many discrepancies with the experimental one,
especially in the relatively low 26 angle area. Atom
coordinates, bond-valence sums, thermal displacement
parameters and selected interatomic distances for kam-
chatkite and alumoklyuchevskite are provided in Supple-
mentary Material (Tables S3—S6). Bond-valence analysis
was calculated using bond-valence parameters taken from
Brown & Altermatt (1985) for the Cu**—0, Na—-0, S°*-0,
K—Cl and K-O bonds and from Allmann (1975) for AI-O
bonds. Calculated values of bond-valence sums are in
good agreement with the expected ones for all atoms in
the structures of puninite, kamchatkite and alumoklyu-
chevskite.
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Table 2. X-ray powder diffraction data of puninite (in A for CoKa).

I* dmeas dcalc h k /

100.00 8.0576 8.0589 2 0 0
3.94 7.5961 7.6058 1 1 -1
18.88 6.6750 6.6760 0 0 -2
28.47 6.4660 6.4704 2 0 -2
5.81 4.9620 4.9322 3 1 -1
9.57 4.7451 4.7364 1 1 2
14.1 4.3981 4.3944 2 0 2
17.37 4.2473 4.2568 1 1 -3
6.96 3.9302 3.9206 3 1 -3
33.89 3.8389 3.8434 0 2 -2
2.87 3.5990 3.5979 2 0 —4
12.05 3.3500 3.3460 3 1 2
13.18 3.2536 3.2425 5 1 -2
4.67 3.1353 3.1405 4 2 -2
13.47 3.0609 3.0592 4 2 0
7.77 3.0373 3.0456 1 3 -1
24 2.9519 2.9516 1 3 1
1.48 2.9000 2.9005 1 1 4
29.15 2.8535 2.857 2 2 —4
247 2.8100 2.8126 4 2 1
14.95 2.7240 2.7216 0 2 —4
3.02 2.7120 2.7069 3 3 0
8.48 2.6669 2.6650 4 2 —4
8.53 2.5242 2.5223 4 2 2
5.88 2.4664 2.4661 6 2 -2
1.05 2.4003 2.4004 -7 1 2
2.11 2.3501 2.3502 0 4 0
1.14 2.3340 2.3323 6 2 0
2.46 2.2941 2.2948 —6 2 4
1.53 2.2569 2.2574 -5 3 3
1.55 2.2527 2.2562 2 4 0
1.29 2.2230 2.2253 0 0 6
2.03 2.1282 2.1284 -2 2 6
1.72 2.1220 2.1266 5 3 1
3.44 2.1071 2.1078 —4 2 6
1.24 2.0074 2.0076 6 2 2
1.64 1.9310 1.9314 3 3 4
1.92 1.8811 1.8813 -7 3 4
1.73 1.7432 1.7434 3 3 5
2.54 1.6161 1.6159 0 4 6
3.32 1.5350 1.5379 —11 1 2
1.11 1.5208 1.5212 =5 5 5
1.18 1.5065 1.5072 2 4 6

* Most intense diffraction lines in bold.

Further details of the crystal structure investigation are
available from the Fachinformationszentrum Karlsruhe,
D-76344 Eggenstein-Leopoldshafen, Germany, on quot-
ing the depository number CSD—432023 (puninite), CSD—
432025 (kamchatkite) and CSD—432024 (alumoklyuchev-
skite), along with the names of the authors and the citation
of this paper.

4. Results
4.1. Cation coordination
4.1.1. Puninite

The crystal structure of puninite contains three symmetri-
cally independent Cu sites with different coordination
environments (Fig. 3a, Table 5). The Cu(l) site is

coordinated by four oxygen ligands to form CuO, square
pyramids. The Cu(2) and Cu(3) sites have a distorted
square pyramidal coordination environment coordinated
by five oxygen atoms each. There are two 4 sites occupied
by alkali metals in the structure of puninite. The A4(2) site is
occupied exclusively by Na™ cations, whereas the minor
amount of K™ is in A(1), as shown by both microprobe data
and structural refinement. The A4 sites are coordinated by
seven oxygen atoms each. There are three symmetrically
independent sulphate sites in the puninite structure. The
S®" cations have typical tetrahedral coordination. The
average (S—O) distances are 1.476 A, 1.473 A and 1.475 A
for the S(1), S(2) and S(3) sites, respectively. Generally,
coordination environments of atoms in puninite are very
similar to those in fedotovite, K,Cu3;O(S0,); (Starova
et al., 1991).

The structure of puninite contains fourteen O*~ anions.
The O(3) to O(14) atoms belong to the sulphate groups and
their valence requirements are strongly influenced by the
formation of S—-O bonds. The O(1) and O(2) atoms
(Table 6) are tetrahedrally coordinated by four Cu?"
cations forming short and strong O—Cu bonds. From the
viewpoint of the bond-valence theory, these bonds are
the strongest in the structure and thus it makes absolute
sense to consider the O~ anions as coordination centres
for oxocentred homometallic (i.e. with identical metal
atoms at the apices of tetrahedron) O(1)Cuy and O(2)Cuy
tetrahedra. Average O—Cu bond lengths within OCuy
tetrahedra are 1.942 A and 1.934 A for O(1)Cu, and O(2)
Cuy tetrahedra, respectively.

4.1.2. Kamchatkite and alumoklyuchevskite

Coordination environments of atoms in kamchatkite and
alumoklyuchevskite are very similar to those described
earlier by Varaksina et al. (1990) and Krivovichev et al.
(2009). The number of symmetrically independent oxygen
atoms is reduced from seven to nine in the structure of
kamchatkite according to our refinement in the Prma
space group. The Cu(l) and Cu(2) atoms demonstrate
mixed-ligand coordination environments (Table S4) with
oxygen and chlorine atoms thus forming the CuOsCl
polyhedra also known in nabokoite (Pertlik & Zemann,
1988) and georgbokiite (Krivovichev et al., 1999). The Cu
(3) atoms are coordinated exclusively by oxygen thus
forming Jahn-Teller distorted CuOg octahedra. Observed
SO, tetrahedra (Table S4) are more regular in geometry
than those in Varaksina et al. (1990) in accordance with the
centrosymmetric space group reported in our work. One
symmetrically independent K atom forms a KO¢Cl
polyhedron. The O(4) atoms (Table 6) are tetrahedrally
coordinated by four Cu®" cations in a very symmetrical
and similar manner to puninite.

The number of symmetrically independent atoms is
identical in the P1 (this study) and /2 space groups
(Krivovichev et al., 2009) in alumoklyuchevskite despite
the different symmetry and halved volume of the unit cell.
All of the Cu?" cations are coordinated identically with
formation of CuQ, squares (Table S6). The M site has a
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Fig. 3. Coordination of alkali 4 sites and Cu®" cations in the
structure of puninite (a). Ellipsoids are shown at the 50% probability
level. (b) The O(1)- and O(2)-centred OCu, tetrahedra share a
common edge thus forming [0,Cu]®" dimers surrounded by SO,
tetrahedra. (Online version in colour.)

Table 5. Selected interatomic distances in puninite (A).

Cu(1)-0(2) 1.942(3) S(3)-0(12)  1.465(3)
Cu(1)-0(6) 1.947(3) S(3)-0(13)  1.470(3)
Cu(1)-0(1) 1.952(3) S(3)-O(11)  1.482(3)
Cu(1)-0(7) 1.975(3) S(3)-0(14)  1.483(3)
(S-0) 1.475
Cu(2)-0(1) 1.933(3)
Cu(2)-0(11)  1.978(3) A-O(7)  2.391(4)
Cu(2)-0(3) 1.985(3) A(1)-O(11)  2.466(4)
Cu(2)-0(5)  2.006(3) A(1-O@8)  2.517(4)
Cu(2)-0(13)  2.190(3) A(1)-0(6) 2.538(4)
A(1-O(10)  2.576(4)
Cu(3)-0(2) 1.927(3) A(1-O(12)  2.842(4)
Cu(3)-0(14)  1.943(3) A(1-O(5)  2.889(4)
Cu(3)-0(10)  1.986(3) (4-0) 2.602
Cu(3-0(9)  2.004(3)
Cu(3)-0(12)  2.314(3) AQ2)»-0@)  22154)
AQ2)>-0(8)  2.337(4)
S(1)-0(4) 1.440(3) A(2)-0(3)  2.432(4)
S(1)-0(5) 1.480(3) AQ2)-0(13)  2.437(4)
S(1)-0(6) 1.487(3) A2)-0(14)  2.468(4)
S(1)-0(3) 1.495(3) AQ2)>-0(@)  2.585(4)
(S-0) 1.476 AQ2)-09)  3.094(4)
(4-0) 2.509
S(2)-0(8) 1.442(3)
$(2)-0(9) 1.474(3)
S(2)-0(7) 1.483(3)
S(2)-0(10) 1.496(3)
(8-0) 1.473

mixed occupancy by AI*" and Fe*" cations (Table S5).
Occupancy of the M site was first refined and later fixed in
accordance with the microprobe data. The AI**/Fe’ " ratio
in the studied alumoklyuchevskite sample is similar to
that reported in Krivovichev et al. (2009) and Gorskaya
et al. (1995). Coordination of the M site is very regular
with a somewhat more symmetrical arrangement of
oxygen atoms than previously reported. The SO, group
demonstrates typical geometry and the four K sites form
the following coordination polyhedra: K(1)Og, K(2)Os,

K(3)Oy, K(4)O4. Two symmetrically independent O(1)
and O(2) are tetrahedrally coordinated, thus forming
heterometallic oxocentred OCusM (M=AI", Fe’™)
tetrahedra. Note that the O—M bond-lengths within OCusM
tetrahedra in alumoklyuchevskite are very similar to
those observed in the homometallic OCu, tetrahedra in
puninite and kamchatkite.

4.2. Structure description
4.2.1. Puninite

The O(1)Cuy and O(2)Cuy tetrahedra share a common Cu
(1)-Cu(1) edge (Fig. 3b) thus forming an [0,Cug]*" dimer.
Four sulphate tetrahedra are ‘face-to-face’ attached to the
dimers, whereas the other sulphate tetrahedral groups
provide their linkage in two dimensions. The resulting
{Cu;0(S04);}* ™ layers are parallel to the be plane and the
alkali atoms are in the interlayer (Fig. 4). Puninite is
structurally related (Table 7) to euchlorine, NaKCuzO
(SO4)3 (Scordari & Stasi, 1990), and to fedotovite, K,Cu;O
(SO4)3 (Starovaetal., 1991). There are a number of minerals
and synthetic compounds structurally based on [0,Cug]*"
dimers (Kovrugin et al., 2016). Such dimers can be not only
homometallic but also heterometallic. In the crystal
structure of another exhalative mineral from Tolbachik,
prewittite, KPbOVSCU[PbCUSOz]Zl’l(SeO::,)zCl10 (Shuvalov
et al., 2013), two adjacent heterometallic oxocentred
[OCu;Pb]°" tetrahedra share a common Cu . . . Pb edge
to form the [0,CusPb]*" dimer.

4.2.2. Kamchatkite and alumoklyuchevskite

The [OCus]*" chains are formed by corner-sharing
oxocentred O(4)Cuy tetrahedra in the structure (Fig. 5a)
of kamchatkite. The SO, tetrahedra surround these
[OCu;]*" chains and provide their linkage into a
copper-oxosulphate  {Cu30(SO4),}° framework. KCI
complexes are located in the cavities of this framework.
The similar structural organization was reported for
nabokoite, Cu;TeO4(S04)s-KCI (Pertlik & Zemann,
1988), atlasovite, CugFe’ Bi*T0,4(S04)s-KCl (Popova
et al., 1987) and recently for another supergene mineral,
engelhauptite, KCus(V,0,)(OH),Cl (Pekov et al., 2015b),
where KCl species are located in the cavities of a
{Cu3(V,0,)(OH),}° framework.

The chains formed by edge-sharing Cu-Cu, Cu-M
(M=Al, Fe) oxocentred tetrahedra have the formula
[0,CusM> T in the structure of alumoklyuchevskite
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Table 6. Distances in homometallic (puninite and kamchatkite) and
heterometallic (alumoklyuchevskite) oxocentred OA4 (4 =Cu, Fe’t,
APP™) tetrahedra.

Puninite Alumoklyuchevskite
O(1)-Cu(2) 1.9333)x2  O(1)-Cu(2) 1.905(9)
O(1)-Cu(1) 1.952(3)x2  O(1)-Cu(1) 1.914(9)
(O—Cu) 1.942 O(1)-M(1) 1.936(9)
O(1)-Cu(3) 1.937(9)
0(2)-Cu(3) 1.9273)x2  (O—Cu) 1.923
O(2)-Cu(1) 1.942(3)x2
(O—Cu) 1.934 O(2)-M(1) 1.863(10)
Kamchatkite 0(2)-Cu(2) 1.908(9)
0(4)—Cu(2) 1.9185(15) 0(2)—Cu(3) 1.937(10)
0O(4)-Cu(1) 1.9211(15) 0O(2)—Cu(1) 1.944(9)
0(4)—Cu(3) 1.9243(7)x2  {(O—Cu) 1.913
(O—Cu) 1.922

Fig. 4. General projections of the crystal structure of puninite in
ball-and-stick (ellipsoids shown at 50% probability) and polyhedral
representation (SO4=yellow, O,Cug=red) along the b axis.
Sulphate tetrahedra and oxocentred O,Cus dimers form layers
parallel to the bc plane. A(1) and 4(2) alkali sites are located in the
interlayer and highlighted. The 4(2) site is occupied exclusively by
Na, whereas minor amount of K is observed in A(1). (Online version
in colour.)

Fig. 5. General projections of the crystal structures of kamchatkite
(a) and alumoklyuchevskite (b). Single [OCu;]*" chains formed by
corner-sharing oxocentred homometallic OCu, tetrahedra are
surrounded by SO, tetrahedra in the structure of kamchatkite
(above right). Single [0,CusM*] (M=Al, Fe**) chains are formed
by oxocentred heterometallic OCusM tetrahedra shared via common
Cu-Cu, Cu-M edges in the structure of alumoklyuchevskite (below
right). The K and CI sites are shown by green and light-green balls,
respectively. (Online version in colour.)

(Fig. 5b). The resulting one-dimensional copper-oxosul-
phate units are elongated along the a axis and surrounded by
K atoms.

5. Discussion

The structural architecture of all the copper-oxosulphate
exhalative minerals described above can be described as
being organized via a “host—guest” principle (Fig. 6).
Guest alkali atoms are located in between {CuzO
(SO4);}*~ host layers in the structure of puninite
(Fig. 6a). Electroneutral KCl guest species are located
in channels of the {Cu;0(SO4),}° copper-oxosulphate
host framework in the structure of kamchatkite (Fig. 6b),
and K atoms surround {[Cu302M](SO4)4]}3 ~ rod-like
one-dimensional copper-oxosulphate units in alumoklyu-
chevskite (Fig. 6¢). The host—guest character of these
fumarolic minerals is possibly the result of their formation
from volcanic gases. Copper-oxosulphate units of differ-
ent dimensionality tend to organize in such a structure to
allow the inclusion of alkali and chloride ions.

Puninite is a new member of the structural family of
minerals and synthetic compounds based upon [0,Cug]®"
dimers composed from oxocentred (OCus)®" groups.



508 0.1 Siidra et al.

S N
F/ ey o
4 f lﬁf Je/ 7 @ ..
LY f L]
N A =}
a * /o) / v ®
/Y fef . .
I YA ‘B o y
!/ /e A @ o
Ll <
el — =

Fig. 6. Schematic representations of the crystal structures of
puninite (a), kamchatkite (b) and alumoklyuchevskite (c). Host
copper-oxosulphate structural units are symbolized by yellow and
guest alkali (Na, K), Cl atoms by blue balls. Alkali metals are
segregated in the interlayer in the structure of puninite (a). Guest
KCl species are located in one-dimensional channels in the structure
of kamchatkite (b). K atoms are in between {[02Cu3M](SO4)4]}37
rod-like copper-oxosulphate units in alumoklyuchevskite (c).
(Online version in colour.).

Table 7. Crystal-chemical data of ‘euchlorine-group’ minerals.

Mineral Puninite Euchlorine Fedotovite
Formula NaNaCu;0 KNaCu;O KKCu30(SO0y4)3
(SO4)3
(S04)5
Crystal system Monoclinic
Space group C2/c
Unit cell
a, A 17.3885(13) 18.41(5) 19.037(6)
b, A 9.4009(8) 9.43(3) 9.479(2)
c, A 14.4045(11) 14.21(5) 14.231(5)
B, ° 112.039(2) 113.7(3) 111.04(3)
v, A3 2182.6(3) 2258.89(8) 2396.8(1)
Z 8 8 8
Reference This work  Scordari & Starova et al. (1991)

Stasi (1990)

No direct synthetic analogues of puninite are known to
date. Puninite is the first Na-dominant copper oxosulphate
mineral observed on Second scoria cone. The crystal
structures of puninite, euchlorine and fedotovite contain
two symmetrically independent A(1) and 4(2) alkali sites
each (where 4=Na, K) (Figs. 3 and 4). Thus the general
crystal-chemical formula of ‘euchlorine-group’ minerals
can be represented as A(1)4(2)[Cuz0](SO4);. In fedoto-
vite K is dominant in both of these sites, whereas
euchlorine contains one Na-dominant and one K-dominant
site; in puninite, Na is dominant in both sites (Table 7). The
difference in the atomic radii of K and Na manifests itself
as an enlargement of the unit-cell volume for “euchlorine
group” minerals from 2182.6 to 2396.8 A* for puninite and
fedotovite, respectively. The unit cell ‘a’ parameter value
is very sensitive to the K/Na ratio in “euchlorine group”
minerals. We have checked, using single-crystal X-ray
methods, different crystals of euchlorine-like minerals
from other fumaroles and assemblages (1) on the Second
scoria cone of the Northern Breakthrough of the 1975
Great Fissure Eruption, and (2) on the Naboko cone of the
new Tolbachik Eruption of 2012-2013. The enlargement

of the ‘a’ parameter value is clearly correlated with
increasing K content in both cases. In addition,
intermediate members of the puninite (Na) — euchlorine
(Na, K) — fedotovite (K) series were found. The
‘euchlorine group’ dominates in the investigated copper
sulphate mineral assemblages on the scoria cones of
Tolbachik (both the Great Tolbachik Fissure Eruption and
the Tolbachik Fissure Eruption of 2012—2013). Taking into
account the high Cs content (see Fig. 2) that is observed in
these assemblages on the Second scoria cone, it is possible
that a Cs-dominant member of the “euchlorine group” will
be discovered in the future.

The fumaroles of Tolbachik volcano are characterized
by the extremely highly oxidizing conditions, with a total
absence of native sulfur and subsequent dominance of
sulphate minerals. This feature is characteristic for all
volcanoes of the Klyuchevskaya group. High concen-
trations of primary sulfuric acid in fumarolic gases were
recently reported at Bezymianny volcano (Zelenski et al.,
2015). Such mineral-formation processes in the fumaroles
of'the Second scoria cone of the Northern Breakthrough of
the GTFE resulted in the formation of a unique suite of
primary exhalative copper-oxosulphate minerals contain-
ing 'additional' O atoms. The six most abundant trace
elements observed in gases of TFE are: K (250 ppm), Na
(220 ppm), Si (74 ppm), Br (48 ppm), Cu (21 ppm) and Fe
(12 ppm) (Zelenski et al., 2014); they explain the wide
distribution of alkali copper oxosulfates in these fumarolic
mineral assemblages. Similar processes, but at much
smaller scale, have been detected in other volcanoes such
as Vesuvius (Italy). Note that most sulphates at
these localities are secondary and that exhalative mineral
assemblages are dominated by sulphides (S*7) and
sulphosalts in accordance with the two following
reactions: (1) H,S+1/20,=S+H,O and (2) 2H,S +
SO, =2S +2H,0 (Giggenbach, 1987). However, this is
not the case for Tolbachik. Thermodynamic calculations
are needed to explain the fractionation of elements and
subsequent formation of unique mineral assemblages
observed in fumaroles of scoria cones of Tolbachik
volcano. We are in the progress to obtain ‘pure’ synthetic
analogues of copper oxosulphate minerals, unavailable
to date, for this purpose by chemical vapour transport
(CVT) reactions. Recent studies revealed this method
to be very efficient to emulate exhalative chemistry in
laboratory conditions (Kovrugin et al., 2015).
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Erratum

Copper oxosulphates from fumaroles of Tolbachik volcano: puninite, Na,Cu;O(SO,4); — a new mineral species and
structure refinements of kamchatkite and alumoklyuchevskite by Oleg I. Siidra*, Evgenii V. Nazarchuk, Anatoly N.
Zaitsev, Evgeniya A. Lukina, Evgeniya Y. Avdontseva, Lidiya P. Vergasova, Natalia S. Vlasenko, Stanislav K. Filatov,
Rick Turner, Gennady A. Karpov (2017, vol. 29, p. 499-510, DOI: 10.1127/ejm/2017/0029-2619)

*Corresponding author, e-mail: siidra@mail.ru

The optical data for puninite were erroneously reported in the abstract as a=1.587(2), B=1.611(2), v=1.649(2),
2Vea1e=60°. The correct values are a=1.562(2), B=1.591(2), y=1.634(2) (589 nm), 2V, =80.7°, as indicated in the
main text on page 500 (part 3.1, Physical and optical properties of puninite). These errors do not affect the essentials of the
study, but the authors and editors offer apologies for any inconvenience.
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