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Abstract: Two new isostructural minerals udinaite and arsenudinaite with the end-member formulae

NaMg,(VOy); and NaMgy(AsOy)s, respectively, are found in the Arsenatnaya fumarole, Tolbachik

volcano, Kamchatka, Russia. They are associated with one another and anhydrite, diopside, hematite,

schéferite, berzeliite, svabite, calciojohillerite, tilasite, reznitskyite, ludwigite, rhabdoborite-group bo-
rates, forsterite, magnesioferrite, fluorapatite, pliniusite, and powellite. Both minerals occur as equant

tetragonal prismatic-dipyramidal crystals up to 0.15 mm, aggregates up to 1 cm and interrupted crusts

up to 2 x 2 cm?. Udinaite and arsenudinaite, visually indistinguishable from one another, are trans-
parent, beige or brownish-yellowish, with vitreous lustre. Both minerals are optically uniaxial (-);

w =1.785/1.777 and & = 1.830/1.820, Dy, = 3.613/3.816 g-cm ™3 (udinaite/arsenudinaite). The empiri-
cal formulae are: udinaite: (Nag 55Ca.16)x0.71(Mga.04Mno 02Fe.01)54.07(V1.63A51.05P0.28510.0350.01)53.00012
arsenudinaite: (Nao.57Cao.13)20.70(Mg4.01Mn0,01Feo.01)24.03(A52.07V0,84Po.10510.0150.01)23.030120- Both

minerals are tetragonal, [-42d, Z = 4, a = 6.8011(2)/6.8022(1), ¢ = 19.1839(12)/19.1843(6) A, and

V =887.35(7)/887.66(4) A3, Ry =0.0287/0.0119 (udinaite/arsenudinaite). Their crystal structure con-
sists of the helical chains of edge-sharing MgOg octahedra and isolated TOy tetrahedra, forming a

heteropolyhedral pseudo-framework with Na cations located in cavities. Both minerals are isostruc-
tural to jeffbenite. Udinaite and arsenudinaite form an isomorphous series in which the contents of T

constituents vary within (in apfu): V1 ¢9.1Asp.8-1.0P0.4-0.0-

Keywords: udinaite; arsenudinaite; new mineral; jeffbenite; TAPP; crystal structure; fumarole
sublimate; Tolbachik volcano; Kamchatka

1. Introduction

In this paper, we describe two new minerals: udinaite (Cyrillic: yaunaunr), ideally
NaMg4(VOy)3, and arsenudinaite (Cyrillic: apcenynunant), ideally NaMg4(AsOy)s. They
are isostructural and form a solid-solution series in which the major variable is the V>*:As>*
ratio. Synthetic analogues of both vanadate and arsenate end members of this series were
earlier known; however, the intermediate members were not synthesized, and thus, the
isomorphous series is novel.

Udinaite is named after the Udina volcano situated near the discovery locality. The
picturesque Udina volcanic massif consists of two extinct conical stratovolcanoes, Bol’shaya
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Udina (2920 m) and Malaya Udina (1945 m). Arsenudinaite is named as an analogue of
udinaite with As > V. Both new minerals and their names have been approved by the IMA
Commission on New Minerals, Nomenclature and Classification: IMA2018-066 (udinaite)
and IMA2018-067 (arsenudinaite). The type specimens are deposited in the systematic
collection of the Fersman Mineralogical Museum of the Russian Academy of Sciences,
Moscow, with the catalogue numbers 96,272 (udinaite) and 96,273 (arsenudinaite).

2. Occurrence and Mineral Associations

Minerals of the udinaite-arsenudinaite series were found in the Arsenatnaya fumarole
located at the Second scoria cone of the Northern Breakthrough of the Great Tolbachik
Fissure Eruption 1975-1976, Tolbachik volcano, Kamchatka Peninsula, Far-Eastern Region,
Russia (55°41' N 160°14’ E, 1200 m asl). This scoria cone is a monogenetic volcano about
300 m high and ca. 0.1 km? in volume, formed in 1975 [1]. Strong fumarolic activity
occurs here currently. The active, hot Arsenatnaya fumarole belonging to the oxidizing
type is characterized by an outstanding mineral diversity and uniqueness. Arsenatnaya,
first uncovered by us in 2012, already became a famous mineral locality in which 62 new
IMA-approved mineral species were discovered. This fumarole, its general mineralogical
features and zonation pattern are described in [2,3].

The type specimens of both udinaite and arsenudinaite were collected by us in July
2016 from deep (3—4 m) under the day surface, the hottest zone of the Arsenatnaya fu-
marole. The temperatures in this area measured, using a chromel-alumel thermocouple,
during collecting were 450-470 °C. Sublimate incrustations in this zone are up to 4 cm
thick and usually mainly consist of anhydrite, diopside and hematite, typically with signifi-
cant amounts of arsenate-vanadate garnets of the berzeliite-schéferite series and svabite.
Udinaite and arsenudinaite are associated, besides these minerals, with one another and
with calciojohillerite, tilasite, reznitskyite, ludwigite, rhabdoborite-group borates, forsterite,
magnesioferrite, fluorapatite, pliniusite, arsenowagnerite, wagnerite, powellite, scheelite,
and baryte.

In July 2021 in the upper part of this zone, the As-richest variety of arsenudinaite close
to the end-member NaMg4(AsOy)3 was found. It is associated with hematite, fluorophlogo-
pite, sanidine, forsterite, enstatite, calciojohillerite, and fluorapatite-svabite series members.

3. Methods

The Raman spectrum of As-rich udinaite was obtained using an EnSpectr R532 spec-
trophotometer (Department of Mineralogy, Moscow State University, Moscow, Russia) with
a green laser (532 nm) at room temperature. The output power of the laser beam on the
sample was about 7 mW. The spectrum was processed in the range from 100 to 4000 cm ™!
with the use of a holographic diffraction grating with 1800 mm~! and a resolution equal to
6 cm 1. The diameter of the focal spot on the sample was about 10 um with 40x objective.
The spectrum was acquired on a crystal cluster.

Scanning electron microscopic (SEM) studies in secondary electron (SE) mode were
carried out, and chemical composition was determined for all studied samples using a JEOL
JSM-6480LV scanning electron microscope equipped with an INCA-Wave 500 wavelength-
dispersive spectrometer (Laboratory of Analytical Techniques of High Spatial Resolution,
Department of Petrology, Moscow State University, Moscow, Russia), with an acceleration
voltage of 20 kV, a beam current of 20 nA, and a 5 um beam diameter. The standards used
are as follows: Na (jadeite), K (KTiOPOy), Ca (CaSiO3), Pb (PbTe), Mg (diopside), Mn (Mn),
Cu (CuFeS,), Zn (ZnS), Sr (SrSO4), Fe (FeSy), Si (jadeite), P (KTiOPOy), V (V), As (GaAs),
S (ZnS). Contents of other elements with atomic numbers higher than that of carbon are
below detection limits.

Powder X-ray diffraction (XRD) data were collected using a Rigaku RAXIS Rapid II
diffractometer with curved image plate detector (Department of Crystallography, St. Pe-
tersburg State University, St. Petersburg, Russia), rotating anode with VariMAX microfocus
optics, using CoKa radiation, in Debye—Scherrer geometry, at accelerating voltage of 40 kV,
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current of 15 mA and exposure time at 12 min for each sample. The distance between
sample and detector was 127.4 mm. The data were processed using osc2xrd software
(Department of Crystallography, St. Petersburg State University, St. Petersburg, Russia) [4].

Single-crystal XRD studies were carried out using an Xcalibur S diffractometer equipped
with CCD detector (MoK« radiation) (Department of Crystallography, Moscow State Uni-
versity, Moscow, Russia).

4. Results
4.1. General Appearance and Physical Properties

In the type specimens, udinaite and arsenudinaite, visually indistinguishable from one
another, form nearly equant tetragonal crystals up to 0.15 mm across, separate or combined
in chains up to 0.5 mm long. The crystals are prismatic—dipyramidal, sometimes pseudo-
cuboctahedral, regular or, more commonly, distorted (Figure 1). On them, faces of the
pinacoid {001} and the tetragonal prisms {100} and {110} are undoubtedly identified; non-
indexed forms include two tetragonal dipyramids {h0l} (typically, one of them is the major
form: Figure 1a,b), one tetragonal tetrahedron {/hl} and one tetragonal scalenohedron {hki}
(rare and minor forms). Many crystals are skeletal, case-like and contain anhydrite in the
core (Figures le and 2). Interesting double epitactic intergrowths were observed: “ribbed”
parallel aggregates of small, flattened forsterite crystals epitactically overgrow a larger
prismatic anhydrite crystal and crystals of udinaite or arsenudinaite epitactically overgrow
forsterite (Figure la—c). Both udinaite and arsenudinaite occur as open-work, typically
bush-like aggregates up to 1 cm across, in which these minerals are always intimately
intergrown with anhydrite. Such aggregates overgrow a surface of anhydrite crusts or are
embedded in them together with garnets of the berzeliite-schéferite series, calciojohillerite,
rhabdoborite-group borates, and tilasite (Figures 2 and 3). Interrupted crusts consisting of
aggregates of udinaite, arsenudinaite and anhydrite cover areas up to 2 cm X 2 cm.

Figure 1. Cont.
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Figure 1. Morphology of crystals and aggregates of holotype udinaite and arsenudinaite: (a-c) com-
plex epitactic intergrowths: “ribbed” parallel aggregates of small flattened forsterite crystals epitac-
tically overgrow large prismatic anhydrite crystal and pseudo-cuboctahedral crystals of udinaite
((a,b): (a) general view, (b) magnified fragment with the largest udinaite crystal) and arsenudinaite
(c) epitactically overgrow forsterite; (d,e) well-formed 9almost regular in shape (d) and significantly
distorted (e)) crystals of arsenudinaite (light grey) partially ingrown in surface zone of large anhydrite
(grey) crystals. SEM image, SE (a,b) and BSE (c,e) modes.

N | > NS
\.‘\

\ 188 s

Figure 2. Abundant skeletal, case-like coarse crystals of udinaite (light grey) embedded in anhydrite
(dark grey matrix), with small grains of rhabdoborite-(V) (1) and tilasite (2). Polished section, SEM
(BSE) image.

The As-richest variety of arsenudinaite found in another association forms coarse
short-prismatic crystals up to 0.5 mm x 1 mm, separate or combined in clusters up to 3 mm
across overgrowing hematite crystal crusts which cover the surface of basalt scoria altered
to sanidine aggregate by fumarolic gas.

Both new minerals are transparent, with vitreous lustre and white streak. They are
beige, pale brownish, brownish-yellowish or greyish-brownish; the smallest crystals are
almost colourless; the As-richest variety of arsenudinaite is light yellow. Both minerals are
brittle. The Mohs” hardness is ca. 3%. Cleavage or parting was not observed, the fracture
was uneven. Density was not measured because solid crystals of udinaite and arsenudinaite
are small, and the minerals form intimate intergrowths with anhydrite. The density values
calculated using the averaged empirical formulae of the holotypes are 3.613 g cm 3 for
udinaite and 3.816 g cm ™2 for arsenudinaite.
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(b)

Figure 3. Aggregates of beige udinaite (a) and arsenudinaite (b) intimately associated with colourless

to bluish prismatic anhydrite, yellow-orange garnets of the berzeliite-schéferite series and minor
black hematite. FOV width: (a) 8.8 mm, (b) 11.4 mm. Photo: I.V. Pekov and A.V. Kasatkin.

4.2. Optical Data

In plane-polarized transmitted light, udinaite and arsenudinaite are colourless and
non-pleochroic. Both minerals are optically uniaxial (). The refractive indices are given in
Table 1.
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Table 1. Comparative data for udinaite and arsenudinaite.

Mineral Udinaite Arsenudinaite
Ideal, end-member formula NaMgy(VOy)s NaMg,(AsOy)3
Crystal system Tetragonal
Space group 1-42d
a, A 6.8011 (2) 6.8022 (1)
¢, A 19.1839 (12) 19.1843 (6)
V, A3 887.35 (7) 887.66 (4)
V4 4 4
Deale, g cm ™3 3.613 3.816
4.654-19 4.657-26
4.294-22 4.300-24
Strongest reflections 3.340-28 3.341-29
of the powder 3.003—-48 3.007-46
X-ray diffraction 2.774-100 2.775-100
pattern:d, A—I 2.747-17 2.750-17
2.663-16 2.663-17
1.699-26 1.698-27
Optical data Uniaxial (-) Uniaxial (-)
w 1.785 (8) 1.777 (10)
€ 1.830 (6) 1.820 (6)

4.3. Raman Spectroscopy

The Raman spectrum of As-rich udinaite (holotype, Figure 4) was interpreted ac-
cording to [5]. The bands in the region 750-950 cm™! correspond to V5*-0 and As*-O
stretching vibrations of tetrahedral VO, and AsO, groups. Bands with frequencies lower
than 500 cm ™! correspond to V>*-O and As>*-O bending vibrations of VO,3~ and AsO,3~
anions, Mg-O stretching vibrations and lattice modes. The absence of bands with frequen-

cies higher than 950 cm ™! indicates the absence of groups with O-H, C-H, C-O, N-H, N-O
and B-O bonds in udinaite.

o0
=l
o0
-
b
oy
g
o e
A
Ll |
A |
0 500 1000 1500 2000 2500 3000 3500 4000

Raman shift, cm ™!
Figure 4. The Raman spectrum of the holotype udinaite.
4.4. Chemical Data

Chemical composition of udinaite and arsenudinaite are given in Table 2 (represen-
tative analyses sorted by descending of V;0Os5 content). The empirical formulae were
calculated on the basis of 12 O atoms per formula unit (apfu).
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Table 2. Chemical composition of udinaite-arsenudinaite series minerals.

No. 1* 2 3 4 5 6 7 8 9 10 * 11 12 13 *
Mineral Udn (ht) Udn Udn Udn Udn AsUdn  AsUdn AsUdn AsUdn AsUdn (ht) AsUdn AsUdn  AsUdn
wt. %

3.51 3.43
Na,O (3.37-3.63) 3.63 3.00 3.57 4.08 3.67 3.63 2.86 3.59 (3.18-3.89) 3.18 3.04 6.11
K,0 0.01 0.01 0.01
1.41
CaO 1.8 (1.69-1.94) 1.76 1.62 1.54 227 1.45 1.53 1.62 1.04 (0.93-2.40) 2.40 0.98
SrO 0.35 0.24 0.05
0.14
PbO (0.00-0.36)
33.54 31.48
MgO (32.51-34.16) 32.51 33.48 32.84 33.12 32.52 31.82 31.40 31.17 (30.61-32.56) 31.40 30.61 30.04
0.29 0.17
MnO (0.25-0.37) 0.25 0.26 0.20 0.42 0.21 0.16 0.10 0.26 (0.10-0.26) 0.17 0.14
0.03 0.03
CuO (0.00-0.08) 0.08 0.05 0.10 0.15 0.09 0.05 0.03 (0.00-0.06) 0.01
ZnO 0.01 0.02
0.21 0.09
Fe;O3 (0.18-0.27) 0.20 0.10 0.13 0.31 0.10 0.21 0.04 0.23 (0.00-0.23) 0.04
. 0.38
SiO, (0.22-0.65) 0.22 0.14 0.24 0.95 0.26 0.07 0.09 0.06 0.1 (0.06-0.21) 0.07 0.21
4.11 1.33
P05 (3.59-4.82) 4.08 2.75 3.42 5.38 3.70 1.83 0.47 2.20 0.22-2.33) 2.03 0.22 1.10
30.51 14.82
V205 (29.25-31.14) 30.13 28.12 25.80 24.11 22.37 22.26 18.83 15.01 (11.47-18.83) 13.01 12.56 1.55
24.75 46.34
AsyOs (24.07-25.60) 25.60 31.41 31.74 28.22 35.00 36.95 44.06 45.26 (43.67-50.61) 46.50 50.61 60.53
0.22 0.14
SO; (0.21-0.24) 0.22 0.03 0.18 0.16 0.14 0.16 0.18 0.07 (0.07-0.28) 0.09 0.13
Total 99.49 99.03 100.97 100.0 99.20 99.56 98.62 99.71 98.92 99.34 98.85 98.56 99.33
Formula calculated on the basis of 12 O atoms per formula unit
Na 0.55 0.57 0.47 0.57 0.65 0.59 0.59 0.47 0.59 0.57 0.53 0.51 1.05
Ca 0.16 0.15 0.14 0.13 0.20 0.13 0.14 0.15 0.09 0.13 0.22 0.09
Sr 0.02 0.01 0.02
Mg 4.04 3.95 4.03 4.00 4.03 4.00 4.00 3.97 3.97 4.01 4.03 3.98 3.99
Mn 0.02 0.02 0.02 0.01 0.03 0.01 0.01 0.01 0.02 0.01 0.01 0.01
Cu - 0.01 - 0.01 0.01 0.01 - - - -
Fe 0.01 0.01 0.01 0.01 0.02 0.01 0.01 - 0.01 0.01 -
Si 0.03 0.02 0.01 0.02 0.08 0.02 0.01 0.01 0.01 0.01 0.01 0.02
P 0.28 0.28 0.19 0.24 0.37 0.26 0.13 0.03 0.16 0.10 0.15 0.02 0.08
\% 1.63 1.62 1.50 1.39 1.30 1.22 1.24 1.05 0.85 0.84 0.74 0.72 0.09
As 1.05 1.09 1.33 1.36 1.20 1.51 1.63 1.95 2.02 2.07 2.09 231 2.82
S 0.01 0.01 - 0.01 0.01 0.01 0.01 0.01 - 0.01 0.01 0.01
ZA I 0.74 0.61 0.71 0.85 0.74 0.73 0.62 0.68 0.70 0.75 0.60 1.05
M 4.07 3.99 4.06 4.03 4.09 4.03 4.02 3.98 4.00 4.03 4.04 3.99 3.99
T 3.00 3.02 3.03 3.02 2.96 3.02 3.02 3.05 3.04 3.03 3.00 3.08 2.99

YA =Na+Ca+Sr; ZM =Mg + Mn + Cu + Fe; T = As + V + P + Si + S; empty cell means the content was
below detection limit, and dash means 0.00 apfu (for minor admixtures). Udn—udinaite, AsUdn—arsenudinaite;
(ht)—composition of holotype specimens (averaged on 6 analyses each), ranges are in parentheses. *Analyses 1,
10 and 13 correspond to samples (1), (2) and (3), respectively, with studied crystal structure (see below).

These data, together with Figure 5, demonstrate that the new minerals form an iso-
morphous series with the As:V ratio as the major variable: V,O5 content varies from 31.1 to
1.5 wt.% and As,Os content from 24.1 to 60.5 wt.%. The third significant variable is P,
from 0.2 to 5.4 wt.% P>0Os (Table 2). Thus, the composition of minerals of the udinaite—
arsenudinaite series changes mainly due to the homovalent substitutions at the tetrahedral
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position T (for structure data see below): As>" «+ V°* («» P°*). The contents of tetrahe-
drally coordinated constituents vary in the following limits (in apfu): V1¢-0.1As28-1.0Po.4-00-
Admixtures of other T constituents are insignificant (apfu): 0.00-0.08 Si and 0.00-0.01 S
(Table 2). Slight positive correlation between V and P contents is observed (Figure 5).

P

'.

As \%

Figure 5. Ratios of major tetrahedrally coordinated constituents (T) in minerals of the udinaite—

arsenudinaite isomorphous series. Compositions of single crystals with studied crystal structures are
given as white stars.

The octahedrally coordinated position M is almost fully occupied by Mg in all studied
samples; the contents of admixtures (Fe, Mn, Cu and Zn) is insignificant: not higher than
0.06 apfu together (Table 2).

The large-cation position A is predominantly occupied by Na, typically with Ca
admixture (up to 0.22 apfu), and is usually partially vacant: the cation deficiency reaches
0.39 apfu (#4 in Table 2). It is not excluded that minor admixture of Mn is also in the A site.

The empirical formulae of the holotype specimens (averaged on six analyses each) are:

udinaite (#1 in Table 2):

(Nag 55Cag.16)x0.71(Mg4.04Mng 02Fe.01)24.07(V1.63A51.05P0.28510.0350.01)23.00012;

arsenudinaite (#10 in Table 2):

(Nag 57Cag.13)x0.70(Mg4.01Mno 01Fe.01)x4.03(A2.07V0.84P0.10510.0150.01)23.03012-

The simplified, end-member formula of arsenudinaite is NaMg4(AsO4)s, and of udi-
naite is NaMg4(VOy)3, which requires Na,O 5.77, MgO 30.02, As,Os 64.21, total 100 wt%
for arsenudianite and NayO 6.66, MgO 34.67, V5,05 58.67, total 100 wt% for udinaite.

4.5. X-ray Crystallography and Crystal Structure

Powder XRD data of both holotype udinaite and arsenudinaite are given in Table 3. The
unit-cell parameters calculated from the powder data are as follows: udinaite: a = 6.806(1),
¢ =19.196(9) A, and V = 889.2(7) A3; arsenudinaite: a = 6.808(1), ¢ = 19.186(9) A, and
V =889.1(6) AS.

Crystal structures were studied for three single crystals with different As:V ratios:
holotype specimens of udinaite (1) and arsenudinaite (2) and a sample of the As-richest
arsenudinaite chemically close to the end-member formula (3) (##1, 10 and 13, respectively,
in Table 2).
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Table 3. Powder X-ray diffraction data (d in A) of udinaite and arsenudinaite.
Udinaite Arsenudinaite

Imeas dmeas Il * deatc ** Imeas dmeas Ll * deatc ** !
1 6.406 1 6.410 1 6.441 101
7 4792 5 4.796 9 4792 5 4.796 004
19 4.654 16 4.659 26 4.657 16 4.659 103
22 4.294 15 4.299 24 4.300 17 4.300 112
28 3.340 23 3.342 29 3.341 23 3.342 105
7 3.204 6 3.205 9 3.208 6 3.206 202
48 3.003 40 3.004 46 3.007 40 3.005 211
100 2.774 100 2.774 100 2.775 100 2.774 204
17 2.747 14 2.747 17 2.750 14 2.747 213
16 2.663 14 2.663 17 2.663 14 2.663 116
0 e 3 M a3 wmom
2 2.383 4 2.387 2 2.384 215
11 2.328 8 2.329 12 2.330 7 2.330 206
2.037 3 2.036 4 2.037 3 2.036 217
3 1.962 3 1.962 3 1.963 3 1.963 314
10 1.878 7 1.877 5 1.874 7 1.878 321
5 1.810 4 1.809 4 1.811 4 1.809 323

C w1 .y m
9 1749 : 1746 ; 1749 : e
15 1.700 15 1.701 400
26 1.699 23 1.698 27 1.698 23 1.698 228
13 1.693 13 1.693 325
1 1.675 2 1.674 2 1.676 2 1.674 402
3 1.601 3 1.601 318

6 1.599 1 1.599 6 1.599 1 1.599 0.0.12
2 1.597 2 1.597 413
R
7 1.524 3 1.521 7 1.525 3 1.521 420
9 1.517 7 1.515 8 1.517 7 1.516 415
C w1 m 0 e 1 mmom

10 1450 st 10 . T

: 1433 : i : 1434 3 Gm s
2 1.389 4 1.387 2 1.388 4 1.387 408
3 1.375 5 1.373 3 1.375 5 1.374 426
3 1.358 3 1.357 2 1.359 4 1.357 501
3 1.334 4 1.334 2 1.334 4 1.334 510

* For the calculated patterns, only reflections with intensities > 1 are given; ** the unit-cell parameters calculated

from single-crystal data. The strongest reflections are marked in bold type.
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The crystal structures were solved by direct methods with the SHELX software pack-

age [6] and refined to:

Rq =0.0287 for 544 independent reflections with I > 20(I) (1);
R1 =0.0119 for 554 independent reflections with I > 20(I) (2);
Ry =0.0151 for 543 independent reflections with I > 2o(I) (3).

Crystal data, data collection information and structure refinement details are given
in Table 4, atom coordinates and displacement parameters are in Table 5, and selected

interatomic distances in Table 6.

Table 4. Crystal data, data collection information and structure refinement details for udinaite and

two chemical varieties of arsenudinaite.

Sample (» Holotype Udinaite Arsenudinte Arsenudinsite
(Nag70Cag.15)y0.85 (Nag70Cag.15)y0.85 Na
Crystal chemical formula Mgy
(V135A5133P032)73.00012 (As1.64V0.96P0.40)73.00012 (As2.76V0.12P0.12)y:3.00012
Formula weight 489.67 495.38 528.84
Crystal system, space group, Z Tetragonal, I-42d, 4
a, A 6.8011 (2) 6.8022 (1) 6.79122(12)
¢, A 19.1839 (12) 19.1843 (6) 19.1590(6)
v, A3 887.35 (7) 887.66 (4) 883.63(4)
F(000) 938 947 1003
i (mm—) 6.923 7.684 10.94
Absorption correction gaussian
Crystal dimensions (mm) 0.06 x 0.08 x 0.10 0.08 x 0.13 x 0.16 0.15 x 0.21 x 0.32
Diffractometer Xcalibur S CCD
Temperature (K) 293
Radiation MoK, A =0.71073 A
0 range (°) 3.18-32.13 3.18-28.28 4.25-29.92

Range of 11, k, |

-9—-+9,-9—-+9,-25-25

-9—+9,-9—-+9,-25—-25

-9—-9,-9—-+9,-25-25

Numbers of measured,
independent and observed
[I > 20(I)] reflections

7155, 552, 544

6977,557, 554

6193, 546, 543

Rint

0.0815

0.0359

0.0469

Structure solution

direct methods

Refinement on

FZ

R1 and wR2 for I > 20(])

0.0287, 0.0614

0.0119, 0.0348

0.0151, 0.0430

R1 and wR2 for all data

0.0295, 0.0617

0.0118, 0.0348

0.0152, 0.0430

Number of parameters refined 49 49 47
APmax, APmin (€ A73) 0.545, —0.713 0.217, —0.510 0.267, —0.443
GooF 1.160 1.281 1.209
w = 1/[02(Fo2) + (0.0250P) + w = 1/[02(Fo2) + (0.0153P)% + w = 1/[0%(Fo2) + (0.0175P)% +
Weighting scheme 2.2343P] 0.8144P] 2.2732P]

p = ([max of (0 or Fo2)] + 2Fc?)/3
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Table 5. Coordinates and equivalent displacement parameters (Ueq, in A?) of atoms, site occupancy
factors (s.o0.f.) and site multiplicities (Q) for holotype udinaite (1), holotype arsenudinaite (2), and the
As-richest arsenudinaite (3).

Site Ne x y z Ueq s.o.f. Q
(1) 0.0078(2) Asp60Vo28P 0,12

T(1) (2) 0 0 0 0.00643(12)  Asp72Vo12P 0.16 4
(3) 00046(2) ASQ.92V0_O4P/0.04
(1) 0.34580(12) 0.00720(19) Vo57As035P 008

T(2) (2) 0.34557(6) 0.25 0.125 0.00550(10) ASOA46V0_42P/0.12 8
(3) 0.34481(10) 0.00697(17) Aso.92V0_04P/0.04
(1) 0.02167(10) 0.0117(4)

M(1) (2) 0 0.5 0.02167(5) 0.0102(2) Mg 00 8
(3) 0.02064(10) 0.0066(4)
(1) 0.7598(3) 0.0114(4)

M(Q2) 2) 0.75977(17) 0.25 0.125 0.0090(2) Mgi.00 8
(3) 0.7591(3) 0.0072(4)
(1) 00172( ) Na0.7OCa0.15D0‘15

A (2) 0 0 0.5 00163( ) Na0_70CaO.15|:|0_15 4
(3) 00126( ) Nalvoo
(1) 0.5056(5) 0.2032(4) 0.05940(14) 0.0118(6)

O(1) (2) 0.5060(3) 0.2033(2) 0.05939(8) 0.0114(3) O1.00 16
(3) 0.5058(5) 0.2055(5) 0.05960(15) 0.0085(7)
(1) 0.2250(5) 0.4544(4) 0.09941(15) 0.0142(7)

0O(2) (2) 0.2247(3) 0.4544(2) 0.09947(8) 0.0123(3) O1.00 16
(3) 0.2234(5) 0.4529(4) 0.10007(15) 0.0090(6)
(1) 0.9439(4) 0.2034(4) 0.04413(15) 0.0119(7)

O(3) (2) 0.9440(2) 0.2047(2) 0.04406(8) 0.0114(3) O1.00 16
(3) 0.9418(5) 0.2054(5) 0.04375(16) 0.0082(6)

Admixtures of Si and S which were considered together with P and signed as P’

Table 6. Selected interatomic distances (A) in the structures of holotype udinaite (1), holotype
arsenudinaite (2), and arsenudinaite close to ideal end-member formula (3).

(1) Holotype (2) Holotype (3) As-Richest
Udinaite Arsenudinaite Arsenudinaite
T(1)-O(3) 1.666(3) x 4 1.6727(16) x 4 1.6749(31) x 4
<T(1)-O> 1.666 1.673 1.675
T(2)-0(2) 1.688(3) x 2 1.6877(16) x 2 1.6753(30) x 2
—-0(1) 1.693(3) x 2 1.6961(16) x 2 1.6901(31) x 2
<T(2)-O> 1.691 1.692 1.683
M(1)-0O(1) 2.081(3) x 2 2.0814(17) x 2 2.0765(32) x 2
—-0(@3) 2.098(3) x 2 2.0894(17) x 2 2.0867(31) x 2
—-0(2) 2.159(3) x 2 2.1588(17) x 2 2.1725(32) x 2
<M(1)-O> 2.113 2.110 2.112
M(2)-0O(3) 2.018(3) x 2 2.0189(18) x 2.0136(34) x 2
—-0(2) 2.072(3) x 2 2.0724(16) x 2 2.0770(30) x 2
-0(1) 2.162(4) x 2 2.1596(19) x 2 2.1495(38) x 2
<M(2)-O> 2.084 2.084 2.080
A-O(1) 2.318(3) x 4 2.3182(17) x 4 2.3035(31) x 4
-0(2) 2.689(3) x 4 2.6917(17) x 4 2.7032(32) x 4
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5. Discussion
5.1. Structure Description

Udinaite and arsenudinaite are isostructural to one another and to their synthetic end-
member analogues, NaMg4(VOy)s [7] and NaMgs(AsOy)s [8], respectively. Their crystal
structure (Figure 6) is based on the helical chains of edge-sharing octahedra MOg (M = Mg)
running along [100] and [010]. The perpendicular chains are linked via common O vertices.
The structure contains two crystallographically non-equivalent tetrahedral sites T(1) and
T(2) (species-defining T = V°*, As®*). Adjacent parallel chains of octahedra MOy are con-
nected via T(2)Oy4 tetrahedra, which share two vertices with octahedra of one chain and an
edge with octahedra of the neighbouring parallel chain (Figure 7a). Each T(1)Oy4 tetrahe-
dron shares all vertices with octahedra MOg—two with octahedra of one chain and two
with octahedra of the perpendicular chain. As a result, a heteropolyhedral M-T-O pseudo-
framework is formed. Large cations A (Na with admixed Ca) are located in cavities of the
pseudo-framework and centre eight-fold polyhedra with four short A-O distances and four
elongated ones (Table 6; Figure 7b). The A sites are partially vacant; this feature is also typi-
cal for many synthetic representatives of the NaMg4(VOj)3 structure type (here and below,
U means vacancy): VIH(Mg0.5D0,5)VIMg4IVA53Olz [9], VI(Cog.500.5)VICo4Y As3045 [10],
V(O 65Nig35) VINig"Y As3O11.70(OH)o 30 [11], V™ (Mgo 52Fe**0.3300.15) V! (Fe* .40Mg1 60)"Y
(Gez56F€3"0.44)O12, V(Y 6sMgo 21000.11) V! (Fe** 2. 4sMg1 55)TY (Gen 0sFe¥*0.62)O12 [12], VI (Mn2*
05005)VIMn?*4 VV30, [13].

Figure 6. The crystal structure of udinaite/arsenudinaite: T = (As, V)- and (V, As)-centred tetrahedra,
M = Mg-centred octahedra and A = (Na, Ca) cations (for details, see also Table 5). The unit cell
is outlined.
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02 //
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o1 01 02
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Figure 7. Two parallel helical chains of MOy octahedra connected via T(2)Oy tetrahedra (a) and
coordination environment and coordination polyhedron of the A cation (b) in the structure of
udinaite/arsenudinaite. For legend, see Table 5.

Udinaite and arsenudinaite differ from one another mainly in occupancies of the
tetrahedrally coordinated T sites (Table 2).

The distribution of constituents between the T(1) and T(2) sites in the holotype crystals
(1) and (2) was evaluated on the basis of the refined numbers of electrons; in both cases,
As vs. V were refined. As the electron microprobe data show, all crystals contain only
admixtures of Si and S, which were considered together with P and signed as P’ in Table 5.
Close T(1)-O and T(2)-O distances allow one to assume that admixtures P’ are distributed
between T(1) and T(2) approximately equally or with insignificant preference to T(1) due
to slightly shorter T(1)-O distances in comparison with T(2)-O (Table 6). For holotype
udinaite and arsenudinaite, P* admixture was added in both T sites, and the corresponding
occupancies for the T sites were fixed during the refinement. The refinement of As vs. V
gave the following refined numbers of electrons (eyf): 28.1 for T(1) and 25.9 for T(2) in
holotype udinaite and 28.9 for T(1) and 26.7 for T2 in holotype arsenudinaite. In both
studied crystals, the T(1) site is As-dominant while the T(2) site is V-dominant in udinaite
and As-dominant in arsenudinaite. Arsenudinaite (3) has low contents of both V and P,
and As strongly prevails in both T-sites; thus, for the crystal (3), the occupancies of both
these admixtures were fixed during the refinement.

We assume, from the structure refinement data, the approximate gross composition of
the studied single crystals as follows:

holotype udinaite (1) (Nag.70Cap.10o.15)Mga(V1.42A81.30P0.28)O12

holotype arsenudinaite (2) (Nag70Cag.150.15)Mga(As1.64V0.96P 0.40)O12

arsenudinaite (3) NaMg4(Asz,76V0_12P0,12)Z3,00012

The main individual, species-defining feature to distinguish udinaite from arsenudi-
naite is the general prevailing of V or As in the mineral while the compositions of M and A
cations are close in both minerals (Table 2). Ionic radii of V>* and As®* are close (0.355 and
0.335 A, respectively, for tetrahedral coordination [14]) that causes the closeness of unit-cell
dimensions and powder X-ray diffraction patterns of udinaite and arsenudinaite (Tables 1



Minerals 2022, 12, 850

14 of 16

and 3). At the same time, substitution of V°* for As>" results in the distinct increase in
density and decrease in refractive indices of arsenudinaite in comparison with udinaite
(Table 1). The latter effect is in general characteristic for pairs of isotypic vanadates and
arsenates [15].

5.2. Comparative Crystal Chemistry

Udinaite and arsenudinaite represent the well-known synthetic compounds structure
type of NaMg4(VOy)3 [7], or Mgp5sMga(AsO4)3 = Mgs(AsOy), [9]. This includes compounds
with the general formula VIIAVIAL VT304, (Roman numerals in formulae here and below
mean coordination numbers) in which the dodecahedrally coordinated A site is filled
by Na, Li, Mg, Mn2+, Co?*, Ni%t, Fe?t, Fe3*, Y, Ca or partially vacant, the octahedrally
coordinated M sites are occupied by Mg, Mn?*, Co?*, Ni?*, Fe?*, Fe3* or Al and the
tetrahedrally coordinated T sites are mainly filled by V°*, As®*, Ge**, Si or Fe®*. All of
these compounds have tetragonal symmetry, space group I-42d, close unit-cell dimensions,
and similar powder XRD patterns [5-11,14-19].

Among them, only the phase with the simplified formula (Mg,Fe)(Mgp5Aly5)4Si3012
was earlier known in nature, as inclusions in diamonds of lower-mantle origin. It was re-
ported under a provisional name TAPP, “tetragonal almandine-pyrope phase” [20,21], and
has the same chemical composition as an Fe-bearing pyrope; however, it strongly differs from
garnets in terms of structure. TAPP was studied in detail in [22] and described, after the IMA
approval as a mineral species (IMA2014-097) with the name jeffbenite and the idealized for-
mula Mg3Al,Si3O1;. The members of the udinaite-arsenudinaite isomorphous series are the
second and third natural representatives of the NaMg4(VO,)3 = Mgo5Mga(AsOy); = jeffbenite
structure type. Later, niasite Nig 5(AsO4)3 = Nig5Nis(AsO4)3 (IMA2019-105) with the same
structure was discovered in the material from the abandoned mine at Johanngeorgenstadt,
Saxony, Germany [23].

Besides representatives of the YI'!NaV!Mg, (!YVO,); structure type, chemically differ-
ent members of the garnet supergroup and arsenates and phosphates of the alluaudite
supergroup demonstrate the same stoichiometry Mes(TOy); (Me = M + A). All three struc-
ture types are strongly different. In particular, they show different ratios between the
octahedrally coordinated M cations and the A cations with other coordination numbers.
Oxysalt and oxide garnets (mainly cubic, la-3d) are characterized by the general formula
VLA VINLIVT304, and the A cations centre oxygen dodecahedra [24]. Alluaudite-type
compounds (monoclinic, C2/c) have the general formula A(1)A(2)VIM3'V T301,; the A(1)
cations have eight-, ten-, six- or even four-fold (flat square for Cu?*) coordination, and
the A(2) cations centre eight- or six-fold polyhedra [25]. In the Arsenatnaya fumarole,
we observe close association of arsenate and vanadate minerals with species-defining
Mg (YIM), Na and Ca (V''A) belonging to all three above-listed structure types with the
same general stoichiometry: members of the continuous isomorphous series udinaite
NaMgy(VOy)3—arsenudinaite NaMgy(AsOy)3 (NaMgs(VOy)s structure type, tetragonal,
M:A = 4:1), members of the continuous isomorphous series schéferite (CayNa)Mg,(VO4)3—
berzeliite (CayNa)Mg»(AsOy)3 (garnet structure type, cubic, M:A = 2:3) [26], calciojohillerite
NaCaMg3(AsOy)3 (alluaudite structure type, monoclinic, M:A = 3:2) [27] and paraberzeliite
NaCapyMgy(AsOy); (alluaudite structure type, monoclinic, M:A = 2:3) [28]. Crystal chemical
features of the series udinaite—arsenudinaite and schéferite-berzeliite are similar here: wide
isomorphism between V°* and As®" in tetrahedrally coordinated T sites and almost no
admixtures in sites occupied by alkali-earth and alkali cations.

5.3. Notes on Genetic Features

Udinaite and arsenudinaite are fumarolic minerals formed at temperatures not lower
than 470-500 °C. They were deposited directly from the gas phase as volcanic sublimates
or, more probably, formed as a result of the interaction between fumarolic gas and basalt
scoria. The latter could be a source of Mg and Ca, which have low volatility in fumarolic
systems at temperatures up to 400-500 °C [29].
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Unlike the orthosilicate jeffbenite, which crystallizes under high pressure and tem-
peratures and was assumed as a pressure marker for detecting super-deep diamonds [22],
the orthovanadate and orthoarsenate of this structure type, udinaite and arsenudinaite,
were formed in the Arsenatnaya fumarole under atmospheric pressure and the suggested
temperature interval 500-700 °C [3]. Similar conditions of formation can be suggested for
niasite, probably a product of a high-temperature nickeline oxidation during the fire [23].

Probably, the combination of high temperature (>470-500 °C) and atmospheric pres-
sure together with strong oxidizing conditions [2] favours wide isomorphism between
high-valence (penta- and hexavalent) components in minerals crystallized in the hottest
zones of the Arsenatnaya fumarole. Seven continuous isomorphous series/systems are
found by us in this part of Arsenatnaya (pairs/triads of major variables are in parenthe-
ses): arsenudinaite-udinaite (As®*-V°*), berzeliite-schiferite (As®*—V°*), isokite—tilasite—
reznitskyite (P>*—As>*-V°"), fluorapatite-svabite—pliniusite (P°*~As>*-V°*), wagnerite—
arsenowagnerite (P°*-As>*), powellite-scheelite (Mo®*~W®"), and rhabdoborite-(V)-rhabdo
borite-(Mo)-rhabdoborite-(W) (V>*-Mo®*-Wo+).
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