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Abstract

Ammoniovoltaite, (NH4)2Fe
2+
5 Fe3+3 Al(SO4)12(H2O)18, is a new voltaite-group mineral. The mineral was

discovered at the Severo-Kambalny (North-Kambalny) geothermal field, Kambalny volcanic ridge,
Southern Kamchatka, Russia. Ammoniovoltaite forms at ∼100°C around geothermal gas/steam vents in
association with alunogen, tschermigite and pyrite. Crystals of ammoniovoltaite have euhedral habit, are up
to 50 µm in size and grow on alunogen plates. Ammoniovoltaite is black with vitreous lustre, opaque, brittle
and water-soluble. Neither cleavage nor parting is found, the fracture is conchoidal. The mineral is isotropic,
with the refractive index n = 1.602(2) (589 nm). Infrared spectra contain an absorption band at 1433 cm–1

distinctive for the ammonium ion. The chemical composition is (iron content is given in accordance with
Mössbauer data, H2O calculated from a crystal-structure refinement, wt.%): FeO 13.26, Fe2O3 11.58, MgO
2.33, ZnO 0.04, Al2O3 2.74, SO3 47.46, K2O 0.19, CaO 0.11, (NH4)2O 2.96, H2O 16.03, total 96.70.
The empirical formula based on S = 12 atoms per formula unit is [(NH4)1.88K0.08Ca0.04]Σ2.00
(Fe2+3.74Mg1.17Fe

3+
0.05Zn0.01)Σ4.97(Fe

3+
2.89Al0.09)Σ2.98Al1.00(SO4)12.00(H2O)18.00. The crystal structure has been

refined to R1 = 0.031 and 0.030 on the basis of 1217 and 1462 unique reflections with I >2σ(I) collected at
100 K and room temperature, respectively. Ammoniovoltaite is the ammonium analogue of voltaite. Themineral
is cubic, Fd�3c, a = 27.250(1) Å and V = 20234(3) Å3 (at 100 K); and a = 27.322(1) Å and V = 20396(3) Å3

(at RT), with Z = 16. The strongest lines of the powder X-ray diffraction pattern [d, Å (I, %) (hkl)] are: 9.67 (74)
(022), 7.90 (56) (222), 5.58 (84) (422), 3.560 (100) (731), 3.418 (100) (008) and 2.8660 (37) (931). A brief
review of ammonium minerals from various volcanically active geological environments is given.

KEYWORDS: ammoniovoltaite, sulfate, ammonium, new mineral, voltaite group, geothermal field, Kambalny
volcano.

Introduction

THE southern part of Kamchatka Peninsula is
famous for a large number of geothermal fields

(Fig. 1) (Rychagov et al., 2014). The latter have
been studied extensively due to the high potential
for geothermal energy. The area around Kambalny
volcano is well-known for geothermal activity with
the emissions of CO2, H2S and CH4 gases. The
surface of the Severo-Kambalny geothermal field
(as well as other geothermal fields in Southern
Kamchatka) is usually covered by efflorescences
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that originate under conditions of: (1) elevated
temperature up to ∼100°C; and/or (2) acid leaching
of primary rocks with the release of elements for the

subsequent formation of various exhalative miner-
als. Mineral assemblages of the Severo-Kambalny
geothermal field are represented mostly by

FIG. 1. Geographical (upper) and geological (lower) maps of the south-western part of Kamchaka Peninsula (Rychagov
et al., 2014). Key: (1) 1ava-pyroclastic sediments of Neogene age; (2) volcanogenic-sedimentary rocks (tuffites) of
Pauzhetka suite; (3) ignimbrites; (4) lava complexes of Koshelev volcanic massif; (5) volcanic rocks (lavas, pyroclastic
flows and extrusions) of Kambalny ridge; (6) pumice dacite; (7) subvolcanic and extrusive bodies of basalt and andesite;
(8) extrusive subvolcanic bodies of contrasting composition; (9) hydrothermally altered rocks: A – secondary quarzites,
W – argillites; (10) geothermal fields: 1 – Perviye goryachuye istochniki, 2 – Pauzhetsky, 3 – Severo-Kambalny (marked
by red spot), 4 – Central`no-Kambalny, 5 – Yuzhno-Kambalny, 6 – Verhne-Koshelevsky, 7 – Nizhne-Koshelevsky.
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water-soluble minerals, usually hydrated sulfates
that only appear and remain stable in periods of dry
weather. In 2014, uncommon for the region,
relatively dry weather conditions occurred for
several summer weeks and allowed discoveries of
ammoniovoltaite.
Ammoniovoltaite and associated minerals

described in this paper were found prior to the
recent eruption of Kambalny volcano in March
2017. The Severo-Kambalny geothermal field is
located∼15 km away from the active crater. Neither
changes in dimensions nor in geochemical para-
meters (temperature, pH and Eh) were observed for
the Severo-Kambalny field during the summer
expeditions in 2014 and 2016 by the Geothermal
Laboratory of Institute of Volcanology and
Seismology, Russian Academy of Sciences.
Here we describe the new species ammonio-

voltaite, ideally (NH4)2Fe
2+
5 Fe3+3 Al(SO4)12(H2O)18.

The name highlights the composition of the
mineral, i.e. ammonium analogue of voltaite.
The mineral and its name have been approved
by the International Mineralogical Association
Commission on New Minerals, Nomenclature
and Classification (IMA2017-022, Zhitova et al.
2017). The type specimen is deposited in the
collections of the Fersman Mineralogical Museum
of the Russian Academy of Sciences, Moscow,
Russia, with the registration number 5030/1 (part
of the holotype).

Occurrence

Ammoniovoltaite was found in the central part
of the Severo-Kambalny geothermal field
(51.42854°N, 156.87341°E), Kambalny volcanic
ridge, Kamchatka Peninsula, Russia (Fig. 1).
Geothermal fields related to Kambalny volcano
are divided into three groups: Severo (=North)-,
Yuzhno (=South)-, Central`no (=Central)-Kam-
balny without a unique name for each thermal
anomaly. The Severo-Kambalny group consists of
several rather weak and small thermal anomalies
and a much larger active field, therefore the name
Severo-Kambalny usually refers to the field. The
Severo-Kambalny geothermal field (Fig. 2) is
located at 900–950 m above sea level and has
approximate dimensions of 200 m × 250 m.
Primary lava flows of andesite–basalt, andesite

and dacite were converted to variegated clays
(Rychagov et al., 2017) as a result of hydrothermal
activity at the Severo-Kambalny geothermal field.
Remnants of lava flows are very scarce (Fig. 2). The

field is characterized by a number of gas/steam
vents (up to 50 cm in diameter) and mudpots (up to
60 cm in diameter). The maximum temperatures of
gas/steam vents and mudpots are 99°C and 103°C,
respectively. The circulating hydrothermal solution
is mainly acidic with pH ranging from 1.9 to 6.7.
The significant ammonium concentration at the

geothermal fields in this area was first noted by
Nekhoroschev (1959) and confirmed later by
analyses that reported (NH4)

+ in mudpots in the
range 10.5–750 mg/l (Ogorodova et al., 1971). A
high ammonium concentration in hydrothermal
solution was also reported for geothermal fields
associated with the neighbouring Koshelev volcano
(Fig. 1) (Kalacheva et al., 2016).
Ammoniovoltaite covers walls in cracks around

gas/steam vents in strongly hydrothermally altered
remnants of andesite–basalt lava flows (Fig. 2). The
temperature of gases at the sampling location was
∼100°C. In general, Kambalny geothermal fields
are characterized by a high content of pyrite
(Rychagov et al., 2010) and the oxidation of
primary sulfides causes the formation of secondary
sulfates. The mineral is found in close association
with alunogen, tschermigite and pyrite (Fig. 3).

General appearance and physical properties

Ammoniovoltaite occurs in aggregates or micro-
scopic euhedral, usually distorted, crystals growing
on alunogen plates (Figs 3, 4). The mineral exhibits
the following forms: octahedral, cubo-octahedral
and cubic (Fig. 4). Ammoniovoltaite is black with
greenish grey colour in thin fragments, opaque to
translucent and has a vitreous lustre (Fig. 3). The
mineral is brittle. The Mohs hardness is ∼3–3.5,
estimated by: (1) analogy with other group
members; and (2) crushing of the mineral grains
between slides. Neither cleavage nor parting is
observed and the fracture is conchoidal. The
mineral is water-soluble and decomposes with
formation of acid solution and solid residual.
Macroscopically the mineral is black, even in the

smallest visible grains. In plain-polarized light, it is
pale greenish-grey and nonpleochroic. Grains and
their fragments have an equant shape and no
cleavage was observed. The mineral is isotropic.
The refractive index is n = 1.602(2) (589 nm).

Infrared spectroscopy

Infrared (IR) spectra were obtained using the KBr
pellet method (200 mg of KBr and 2 mg of
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ammoniovoltaite) and a Bruker Vertex 70 FTIR
spectrometer at room temperature.
The IR spectra are shown in Fig. 5. The main

absorption bands and their tentative assignments
are represented in Table 1 and are in good
agreement with the data for ammoniomagnesio-
voltaite (NH4)2Mg5Fe

3+
3 Al(SO4)12(H2O)18 (Szakáll

et al., 2012, Chukanov, 2014) and synthetic
(NH4)2Fe

2+
5 Fe3+3 Al(SO4)12(H2O)18 (denoted below

as NH4-Fe synthetic voltaite as reported in Majzlan
et al., 2013). The spectra contain a broad and
intensive band ∼3400 cm–1 with a shoulder at
3300–2400 cm–1 previously attributed to stretching
vibrations of OH (Szakáll et al., 2012, Chukanov

et al., 2016) and NH4 (Majzlan et al., 2013). The
split bands at 1691 and 1641 cm–1 were assigned to
H–O–H bending vibrations in water molecules. The
band at 1433 cm–1 is a distinctive feature of
ammonium in voltaites (Szakáll et al., 2012;
Majzlan et al., 2013). Three split bands observed
in the region 1200–1000 cm–1 (1124, 1053 and
1003 cm–1) are due to asymmetric and symmetric
stretching vibrations of sulfate (Szakáll et al.,
2012). The bands at 893 and 727 cm–1 are
attributed to Fe···O–H bending vibrations com-
bined with overtones of Fe···O stretching vibra-
tions. The bands in the region 660–590 cm–1 are
assigned to SO4 bending vibrations. The band at

FIG. 2. General view (a) and remnants of lava flows covered by white alunogen (b, ∼1 m by 2 m field of view) in the
Severo-Kambalny geothermal field (Southern Kamchatka, Russia).
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438 cm–1 is due to Fe3+···O bending vibrations
and/or ν2(E) bending vibrations of SO4

2– (Chukanov
et al., 2016).

Mössbauer spectroscopy

Mössbauer spectra were collected at room tem-
perature using a 57Co(Rh) source. The spectrometer
was calibrated using the spectra of α-Fe at room
temperature. Powdered absorbers were pressed in
plastic disks and fixed on an aluminium holder. The
density of the natural iron in the absorber was
<5 mg/cm2. The spectra were analysed using a
Voigt-based quadrupole-splitting distribution
(QSD) analysis. The Lorentzian linewidth (Γ) of
the symmetrical elemental doublet of the QSD was
allowed to vary during the spectra fitting to account
for absorber-thickness effects (MossFit software).
The Mössbauer spectra for ammoniovoltaite are

shown in Fig. 6 and selected hyperfine parameters

are given in Table 2. The spectra of ammoniovol-
taite show absorption peaks due to both Fe2+ (the
dominant species) and Fe3+. It was fit to a QSD
model having two generalized sites, one for Fe2+

(with one Gaussian component) and one for Fe3+

(with one Gaussian component) (Table 2). The
comparative data for ammoniovoltaite and its
synthetic analogue, NH4-Fe voltaite, (Majzlan
et al., 2013) are given in Table 2 from which it
can be inferred that Fe2+:Fetot is 0.56 and 0.63 for
ammoniovoltaite and its synthetic analogue,
respectively. The observed difference originates
from occupancy of the octahedral M2+ site that is
populated exclusively by Fe in the synthetic
compound (Majzlan et al., 2013), whereas in
ammoniovoltaite Mg occupies ∼23% of M2+ (see
below) affecting Fe2+:Fetot.

Chemical composition

Crystals of ammoniovoltaite were mounted in an
epoxy block and polished. The sample was coated
with a 10 nm carbon layer for further electron
microscopy work. Preliminary quantitative chem-
ical analyses were performed by a scanning
electron microscope Hitachi S3400N equipped
with an Oxford X-Max 20 energy-dispersive spec-
trometer. Working conditions were 20 kV acceler-
ating voltage and 1.5 nA beam current. Spectra
were obtained at spot mode for 30 s each and
revealed that the mineral contains abundant Fe, S,
Al,Mg andN andminor Zn, K and Ca. The study of
element distributions revealed zoning of ammonio-
voltaite crystals mainly in the Fe/Mg ratio (21.08–
27.18 wt.% FeO and 0.69–3.72 wt.% MgO) and
minor variations in the content of K and Ca (0–0.27
wt.% K2O and 0–0.24 wt.% CaO) (Fig. 7).
Further quantitative element analyses were per-

formed using a scanning electron microscope
Hitachi S3400N equipped with an INCA Wave
500 wavelength-dispersive spectrometer (WDS).
Operating conditions were as follows: acceleration
voltage 20 kV, probe current 10 nA and peak and
background acquisition were 30 s and 15 s, respect-
ively. Ammoniovoltaite is unstable under a
spot electron beam. Therefore, a defocused beam
(5 µm × 5 µm spot size) was used for the analyses.
Raw intensity data were corrected using a matrix
correction by the ‘XPP’ method (modified j(ρZ),
Pouchou and Pichoir, 1991). For WDS standard-
ization the following reference compounds were
used: FeS2 for iron, MgO for magnesium, Zn
for zinc, Al2O3 for aluminium, CaSO4 for calcium,

FIG. 3. Images of black ammoniovoltaite (amv) in
association with white alunogen (alu) under an optical

microscope.
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KCl for potassium and CaSO4 for sulfur. The
chemical composition averaged for six analyses is
given in Table 3. It was impossible to separate pure
material in the amount sufficient for direct quanti-
tative determination of N and H by gas chromatog-
raphy. Therefore the amount of N was measured in
energy-dispersive spectroscopy (EDS) mode by
scanning electron microscopy using BN as the
standard. The measurement gave a somewhat over-
estimated value for N (Table 3). Therefore it was
reduced in the chemical formula based on charge-
balancing or (NH4) + Ca + K = 2 atoms per formula
unit (apfu) (supported by single-crystal structure
refinement). The amount of H2O was calculated
based on the crystal-structure data. The empirical
chemical formula calculated on the basis of S =
12 apfu is [(NH4)1.88K0.08Ca0.04]Σ2.00(Fe

2+
3.74Mg1.17

Fe3+0.05Zn0.01)Σ4.97(Fe
3+
2.89Al0.09)Σ2.98Al1.00(SO4)12.00

(H2O)18.00. The simplified formula is (NH4)2Fe
2+
5

Fe3+3 Al(SO4)12(H2O)18. The Gladstone-Dale com-
patibility index 1–(KP/KC) = –0.015 (superior, for
(NH4)2O – 2.96 wt.% [measured]) (Mandarino,
2007).

Powder X-ray diffraction

Preliminary powder X-ray diffraction (XRD)
patterns were obtained by means of a Bruker D2
Phaser diffractometer in Bragg-Brentano geometry
operated at 30 kV/10 mA, LYNXEYE detector
(CuKα, step scan = 0.02°, counting time = 1 s and
2θ range of 5–55°) and revealed the presence of a
voltaite-group mineral, alunogen and tschermigite.

FIG. 4. Back-scatter electron images of ammoniovoltaite (amv) in association with lammellar aggregates of alunogen
(alu).
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Due to the coexistence with tschermigite, ammo-
nium substitution in the voltaite-group mineral was
considered to be very probable. The black colour of
the mineral indicated that it is not ammoniomagne-
siovoltaite which is yellow.
Several crystals of ammoniovoltaitewere crushed

and mounted in Paraton oil in a loop. The sample
was studied byGandolfi-likemotion using a Rigaku
RAXIS RAPID II diffractometer (Debye-Scherrer
geometry, d = 127.4 mm) equipped with a rotating
anode X-ray source (CoKα) and a curved image
plate detector. The data were integrated using the
software package Osc2Tab/SQRay (Britvin et al.,
2017). Topas 4.2 (Bruker-AXS 2009) was used for
the refinement of the unit-cell parameters of
ammoniovoltaite by the Rietveld method and for
indexing of powder XRDdata. The structural model
in the Fd�3с space group of the synthetic analogue
of ammoniovoltaite (Majzlan et al., 2013) was
used initially. Unit-cell parameters refined from the
powder XRD data are a = 27.352(1) Å and
V = 20462(3) Å3. Indexed powder XRD data are
provided in Table 4.

Single-crystal XRD

Single-crystal XRD data for structure determination
were collected at 100 K and room temperature (RT)
for two different crystals with MoKα radiation by
means of a Bruker APEX II DUO diffractometer

operated at 50 kV/40 mA and equipped with a
CCD area detector. The data were collected and
processed using the Bruker software APEX2
(Bruker-AXS, 2014); details on data collection
are in Table 5. A semi-empirical absorption-
correction based upon the intensities of equiva-
lent reflections was applied (SADABS,
Sheldrick, 2015). The diffraction data were
indexed in space group Fd�3с with a = 27.250
(1) Å at 100 K and a = 27.322(1) Å at RT
(Table 5). The atomic coordinates, isotropic
displacement parameters and site occupancies
are given in Table 6, anisotropic displacement
parameters are provided in Table 7. Selected
bond distances are listed in Table 8. The
crystallographic information files have been
deposited with the Principal Editor of
Mineralogical Magazine and are available as
Supplementary material (see below).
The structure refinements were performed using

SHELXL software (Sheldrick, 2015). The initial
atomic coordinates for the structure refinements
were taken from the structure reports of voltaite
published by Mereiter (1972) and Majzlan et al.
(2013) except for the O6w and O7w sites and
hydrogen atoms of the O5w oxygen atom belonging
to water molecules. All non-hydrogen atoms were
refined anisotropically. Although several peaks are
observed around the A site (A = N0.96K0.02Ca0.02),
hydrogen atoms of the ammonium group were
removed from the refinement as they are strongly

FIG. 5. IR spectrum of ammoniovoltaite.
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TABLE 1.Wavenumbers (cm–1) of absorption bands in the IR spectra of ammoniovoltaite in comparison to its synthetic analogue and ammoniomagnesiovoltaite.

Ammoniovoltaite
(NH4)2Fe

2+
5 Fe3+3 Al

(SO4)12(H2O)18

Ammoniomagnesiovoltaite
(NH4)2Mg5Fe

3+
3 Al

(SO4)12(H2O)18

Ammoniomagnesiovoltaite
(NH4)2Mg5Fe

3+
3 Al

(SO4)12(H2O)18

Synthetic
(NH4)2Fe

2+
5 Fe3+3 Al

(SO4)12(H2O)18

Tentative assignment in accordance
with Chukanov et al. (2016)

This work Szakáll et al. (2012) Chukanov (2014) Majzlan et al. (2013)

3439 3423 3550, 3380 3560–3000 Stretching of OH and NH4
3300–2600 ∼3263 3215, 3120 ∼3248, 3091

2490 n.a. 2500 2501 O–H stretching in acid sulfate groups*

1691 n.a. 1693 1689 H2O bending
1641 1641 1635 1639

1433 1431 1430 1431 NH4

1124 1122 1215, 1152 1153, 1130 SO4 asymmetric stretching
1053 1065 1068 1055

1003 1014 1002 1007 SO4 symmetric stretching

893 n.a. 885 879 Fe…O–H bending combined with overtones
of Fe…O stretching727 710 731

659 n.a. 656 − SO4 bending
624 629 627
592 594 595 592

438 474 505, 465, 445 442 Fe3+…O bending and/or ν2(E) bending of SO4
2–

‘n.a.’ – Observed but wavenumber is not provided.
*As a result of reversible proton transfer SO4

2– + H2O↔HSO4
– + OH– (the low intensity of this band indicates that the dynamic chemical equilibrium is strongly shifted to

the left).
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disordered. Site occupancies of the mixed- and
partially occupied sites A,M1 andM2 were refined
(Table 6). Hydrogen atoms for the O5w water
molecule were located from the difference-Fourier
map, the O–H bonds were softly restrained at the
distance 0.96(4) Å.
The bond-valence sums in valence units (vu) are

3.00 forM1, 2.26 forM2, 3.21 for Al and 5.98 for S
sites calculated using bond-valence parameters
from Gangé and Hawthorne (2015). The bond-
valence sums were calculated on the basis of the
following assumed site occupancies: M1 = Fe3+,
М2 = Fe2+0.62Mg0.20Fe

3+
0.17Zn0.01, S = S and Al = Al.

A bond-valence sum for the A site was not

calculated as hydrogen atoms of ammonium
groups were not localized.

Description of the crystal structure

The crystal structure of ammoniovoltaite is iso-
typical with that of voltaite and other cubic
members of the group and their synthetic analogues
(Table 9). The crystal structure of ammoniovoltaite
consists of kröhnkite-like chains running along the
diagonal between two crystallographic axes. These
chains are built by alternating M2X6 (X6 = O2–

4 ,
(H2O)2 and M1O6 octahedra linked via SO4

tetrahedra (Fig. 8a). The M2 site is occupied

FIG. 6. Mössbauer spectra of ammoniovoltaite.

TABLE 2. Mössbauer parameters for ammoniovoltaite and its synthetic
analogue.

Г (mm/s) δ (mm/s) ΔEQ (mm/s) %

Ammoniovoltaite (NH4)2Fe
2+
5 Fe3+3 Al(SO4)12(H2O)18

(this work)
Fe2+ 0.372(6) 1.303(2) 1.856(4) 55.9
Fe3+ 0.398(9) 0.469(4) 0.311(0) 44.1
Synthetic (NH4)2Fe

2+
5 Fe3+3 Al(SO4)12(H2O)18

(Majzlan et al., 2013)

Fe2+ 0.338 1.312 1.819 63.3
Fe3+ 0.293 0.452 0.382 36.7

δ – isomer shift, ΔEQ – quadrupole splitting, Г – line width.
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FIG. 7. (a, b) Back-scatter electron images of ammoniovoltaite crystals. Dark grey indicates Mg-rich zones and light grey
correspond sto Fe-rich compositions (FeO 21.08–27.18 wt.%; MgO 0.69–3.72 wt.%). (c, d) False-colour element-

distribution maps. Note the green colour in (с) designates regions enriched with K (0–0.27 wt.% K2O).

TABLE 3. Chemical composition (in wt.%) of ammoniovoltaite.

Constituent Mean Range Ideala Stand. Dev. Probe standard

[FeOtotal] 23.68 22.53–24.19 28.93 0.49 FeS2

[FeO]b 13.26 18.09
[Fe2O3]

b 11.58 12.04
MgO 2.33 1.65–3.26 0.08 MgO
ZnO 0.04 0.02–0.14 0.09 Zn
Al2O3 2.74 2.68–2.83 2.57 0.05 Al2O3
SO3 47.46 47.08–47.66 48.36 0.39 CaSO4
K2O 0.19 0.07–0.30 0.02 KCl
CaO 0.11 0.11–0.13 0.02 CaSO4
(NH4)2O

c 2.96 2.11–3.75 2.62 BN

H2O
d 16.03

Total 96.70 100.00

aCalculated for the simplified formula (NH4)2Fe
2+
5 Fe3+3 Al(SO4)12·18H2O.

bDistinguished by Mössbauer spectroscopy.
cMeasured in EDS mode.
dCalculated from the crystal structure.
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TABLE 4. Observed and calculated powder XRD data for ammoniovoltaite.

2θmeas (°) Imeas dmeas (Å) Icalc dcalc (Å) h k l

10.61 74 9.67 8 9.67 0 2 2
13.01 56 7.90 9 7.90 2 2 2
15.03 27 6.84 4 6.84 0 0 4
18.45 84 5.58 26 5.58 4 2 2
21.33 11 4.834 8 4.835 0 4 4
22.30 2 4.625 2 4.623 5 3 1
23.87 12 4.325 3 4.325 0 6 2
25.07 24 4.122 16 4.123 6 2 2
26.21 18 3.945 14 3.948 4 4 4
28.34 24 3.654 19 3.655 6 4 2
29.11 100 3.560 94 3.561 7 3 1
30.34 100 3.418 100 3.419 0 0 8
32.23 12 3.222 18 3.223 8 2 2
32.92 27 3.157 36 3.158 7 5 1
34.03 28 3.057 40 3.058 0 8 4
34.69 9 3.001 12 3.002 7 5 3
35.75 5 2.9145 6 2.9157 6 6 4
36.37 37 2.8660 67 2.8672 9 3 1
37.39 3 2.7904 3 2.7916 8 4 4
38.99 2 2.6807 3 2.6821 8 6 2
39.69 25 2.6350 16 2.6319 6 6 6

6 2.6319 10 2 2
41.07 27 2.5500 40 2.5506 9 5 3
42.00 8 2.4961 17 2.4969 10 4 2
43.44 3 2.4169 11 2.4176 0 8 8
44.16 5 2.3794 3 2.3807 10 4 4

8 2.3807 8 8 2
44.80 1 2.3471 2 2.3454 0 10 6
45.37 8 2.3191 13 2.3200 9 7 3
46.23 12 2.2785 23 2.2793 0 0 12
46.75 2 2.2547 9 2.2559 11 5 1
47.54 1 2.2194 2 2.2185 12 2 2

2 2.2185 10 6 4
48.06 19 2.1966 19 2.1970 11 5 3

31 2.1970 9 7 5
49.52 6 2.1356 7 2.1358 12 4 2

10 2.1358 8 8 6
50.64 33 2.0914 98 2.0916 11 7 1
51.47 2 2.0602 6 2.0617 12 4 4
52.04 5 2.0392 3 2.0444 13 3 1

4 2.0444 11 7 3
11 2.0387 10 8 4

52.68 5 2.0159 21 2.0164 12 6 2
53.90 1 1.9736 2 1.9740 8 8 8
54.47 1 1.9548 1 1.9587 13 5 1

1 1.9587 11 7 5
4 1.9537 12 6 4

55.09 3 1.9342 15 1.9341 0 14 2
55.70 11 1.9148 33 1.9150 14 2 2

1 1.9150 10 10 2
56.30 4 1.8959 14 1.8965 0 12 8
56.88 3 1.8783 17 1.8785 12 8 2
58.62 2 1.8273 13 1.8275 12 8 4

(continued)
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mainly by divalent cations, whereas the M1 site is
preferable for trivalent cations. The three-dimen-
sional arrangement of kröhnkite-like chains pro-
duces the framework (Hawthorne et al., 2000)
shown in Fig. 8b. The framework contains two
types of interstitial cavities: (1) those formed by
M2X6 octahedra and SO4 tetrahedra and occupied
by (NH4)

+ molecules; and (2) those formed by
M1O6 octahedra and SO4 tetrahedra and occupied
by large [Al(H2O)6]

3+ complexes (Fig. 8). The
following distances (values are given for data
collected at 100 K) are observed for the first cavity-

hosting ammonium ions: A–O3 = 3.317 Å and
A–O4 = 2.900 Å. Therefore the coordination
environments of the A site may be represented as
a 12-vertex polyhedron with <A–O> = 3.108 Å
and polyhedral volume (VAlO12

) 72.2 Å3. The
cavity occupied by Al(H2O)6 complexes is
formed by twelve O4 atoms with Al–O4 =
4.017 Å and VAlO12

= 157.3 Å3 (Fig. 9). The NH4

hosting cavities are arranged around Al(H2O)6-
cavites in a tetrahedral manner.
From the data provided by Majzlan et al. (2013)

it can be concluded that for K-dominant synthetic

TABLE 4. (contd.)

2θmeas (°) Imeas dmeas (Å) Icalc dcalc (Å) h k l

59.08 3 1.8142 13 1.8154 13 7 3
4 1.8154 11 9 5

60.20 8 1.7836 35 1.7842 15 3 1
61.45 1 1.7507 6 1.7510 12 8 6
62.00 2 1.7367 10 1.7368 14 6 4

8 1.7368 12 10 2
62.42 6 1.7262 19 1.7264 13 9 1

8 1.7264 11 9 7
63.10 2 1.7094 5 1.7095 0 0 16
63.66 1 1.6962 5 1.6963 12 10 4
64.20 6 1.6833 24 1.6834 14 8 2

13 1.6834 10 10 8
64.74 3 1.6707 27 1.6708 14 6 6
65.29 1 1.6583 3 1.6585 0 16 4

7 1.6585 12 8 8
66.36 3 1.6345 17 1.6346 12 10 6
67.42 15 1.6117 90 1.6117 16 4 4

7 1.6117 0 12 12
67.94 2 1.6008 24 1.6006 12 12 2
68.94 12 1.5805 27 1.5818 17 3 1

8 1.5818 13 11 3
9 1.5818 15 7 5
5 1.5818 13 9 7

69.54 1 1.5685 10 1.5687 12 12 4
70.05 5 1.5585 4 1.5585 16 6 4

24 1.5585 12 10 8
70.96 5 1.5411 29 1.5411 17 5 1

8 1.5411 15 9 3
9 1.5411 13 11 5

72.12 5 1.5196 20 1.5195 14 8 8
8 1.5195 12 12 6

73.16 2 1.5009 6 1.5011 18 2 2
19 1.5011 14 10 6

74.06 1 1.4854 12 1.4856 17 7 1
4 1.4856 13 11 7

74.69 1 1.4746 16 1.4747 18 4 2
75.06 2 1.4684 19 1.4683 15 11 1

6 1.4683 17 7 3
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voltaites, the <A–O> ranges within 3.02–3.08 Å
with the highest value attributed to K-Fe species,
whereas for NH4-dominant voltaites the <A–O> is
slightly longer being 3.11 and 3.10 Å for NH4-Fe
and NH4-Mn forms, respectively. In ammonio-
voltaite <A–O> is 3.11 at 100 K and 3.12 at RT that
suggests that the <A–O> distance may be a useful
sign of occupancy of the A site in voltaites.
The observed <S6+–O> distances (Table 8) are

1.472 Å (at 100 K) and 1.470 Å (at RT) and fall
within the range reported for synthetic voltaites:
1.470–1.475 Å (Majzlan et al., 2013). The range of
<Al–O> distances for synthetic voltaites is 1.83–
1.87 Å (Majzlan et al., 2013) and our values
[1.880 Å (at 100 K) and 1.874 (at RT), Table 8] are
very similar. The <M2–X > distance shows broad
variations in synthetic voltaites (2.03–2.17 Å)
depending on the radii of the dominant divalent
cation (Majzlan et al., 2013). However, the values
of <M2–X > obtained in our study coincides with

the value reported for NH4-Fe voltaite (Majzlan
et al., 2013) despite the fact that the occupancy of
M2 site is different for the two (Fe in the synthetic
and Fe, Mg in the natural sample). No direct
correlation is observed between <M1–O> and occu-
pancy of the M1 site as reported in the series M1 =
Fe3+ studied by Majzlan et al. (2013), but <M1–O>
varies in the range 1.97–2.08 Å. The NH4-Fe sample
is reported with <M1–O> = 1.97 Å, while our value
is slightly larger, 2.00 Å (Table 8).

Discussion

Ammoniovoltaite is a new member of the voltaite
group (Table 9), and is the NH4-analogue of voltaite
and the Fe2+-dominant analogue of ammonio-
magnesiovoltaite. It is also the first ammonium-
dominant voltaite-group mineral with a determined
crystal structure. The synthetic analogue of

TABLE 5. Crystallographic data, data collection information and refinement parameters for
ammoniovoltaite.

Crystal data
Crystal system Cubic
Space group Fd�3c
Unit-cell dimension a (Å) 27.250(1) 27.322(1)
Unit-cell volume (Å3) 20234(2) 20396(3)
Z 16 16
Calculated density (g/cm3) 2.549 2.529
Absorption coeff. (mm–1) 2.593 2.572

Data collection
Diffractometer Bruker APEX II DUO Bruker APEX II DUO
Temperature (K) 100 293
Radiation, wavelength (Å) MoKα, 0.71073 MoKα, 0.71073
θ range for data coll. (°) 2.11–32.27 2.11–34.50
h, k, l ranges −34≤ h≤ 11 −26≤ h≤ 42

−14≤ k≤ 40 −29≤ k≤ 22
−33≤ l≤ 30 −43≤ l≤ 22

Axis, frame width (°), time per frame (s) ω, 0.5, 40 ω, 0.5, 45
Reflections collected 8816 11150
Unique refl. (Rint) 1509 (0.041) 1814 (0.039)
Unique refl. F > 2σ(F ) 1217 1462
Data completeness to θmax (%) 99.5 99.7

Structure refinement
Refinement method Full-matrix least-squares on F2

Weighting coeff. a, b 0.060000, 0.500000 0.060000, 0.500000
Data/restrains/parameters 1509/2/95 1814/2/95
R1 [F > 4σ(F)], wR2 [F > 4σ(F )] 0.031, 0.086 0.030, 0.084
R1 all, wR2 all 0.044, 0.093 0.043, 0.091
Goodness-of-fit on F2 0.999 1.000
Largest diff. peak and hole (e–Å–3) 1.06, –0.48 1.09, –0.40
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TABLE 6. Atom coordinates, site occupancies and equivalent isotropic displacement parameters (Å2) for ammoniovoltaite.

Site
T,
K

Wyckoff
symbol Composition1 s.s.2 calc. s.s.3 x y z Ueq/iso

A 100 32b N0.94K0.04Ca0.02 8.28(4) 7.74 ¼ ¼ ¼ 0.0246(4)
293 8.33(3) ¼ ¼ ¼ 0.0264(3)

M1 100 32c Fe3+0.97Al0.03 25.54(3) 25.61 0 0 0 0.00645(5)
293 25.65(2) 0 0 0 0.01122(4)

M2 100 96g Fe2+0.62Mg0.20

Fe3+0.17Zn0.01

23.04(2) 23.24 ¼ 0.10223(2) −0.10223(2) 0.00792(4)
293 22.27(1) ¼ 0.10280(2) −0.10280(2) 0.01328(3)

Al 100 16a Al ⅛ ⅛ ⅛ 0.0064(2)
293 ⅛ ⅛ ⅛ 0.0106(1)

S 100 192h S 0.23680(2) 0.27613(2) 0.11758(2) 0.00791(4)
293 0.23739(2) 0.27570(2) 0.11765(2) 0.01231(3)

O1 100 192h O 0.24946(2) 0.24712(2) 0.07342(2) 0.0113(1)
293 0.24968(2) 0.24709(2) 0.07326(2) 0.0183(1)

O2 100 192h O 0.22342(3) 0.32653(2) 0.10344(2) 0.0160(2)
293 0.22394(2) 0.32606(2) 0.10396(2) 0.0242(1)

O3 100 192h O 0.19424(2) 0.25405(2) 0.14189(2) 0.0188(2)
293 0.19537(2) 0.25355(2) 0.14207(2) 0.0301(2)

O4 100 192h O 0.27910(2) 0.27640(2) 0.15108(2) 0.0145(1)
293 0.27986(2) 0.27595(2) 0.15057(2) 0.0235(1)

O5w 100 192h H2O 0.18076(2) 0.42239(2) 0.12157(2) 0.0164(2)
293 0.18079(2) 0.42199(2) 0.12183(2) 0.0272(1)

O6w 100 192h □0.75(H2O)0.25 0.0819(9) 0.14723(8) 0.07093(8) 0.0140(6)
293 0.08981(8) 0.14703(7) 0.07115(7) 0.0213(5)

O7w 100 192h □0.75(H2O)0.25 0.08897(9) 0.10366(8) 0.06965(9) 0.0154(6)
293 0.08985(8) 0.10352(7) 0.06940(8) 0.0241(5)

H1 100 192h 0.1809(8) 0.4304(7) 0.1542(5) 0.114(7)
293 0.1867(8) 0.4349(7) 0.1544(5) 0.174(9)

H2 100 192h 0.1726(5) 0.4469(4) 0.1001(4) 0.051(4)
293 0.1697(5) 0.4444(4) 0.0972(5) 0.096(5)

1In agreement with the formula obtained by microprobe and Mössbauer data, [(NH4)1.88K0.08Ca0.04]Σ2.00(Fe
2+
3.74Mg1.17Fe

3+
0.05Zn0.01)Σ4.97(Fe

3+
2.89Al0.09)Σ2.98Al1.00(SO4)12.00

(H2O)18.00;
2Site scattering in electrons per formula unit; 3 Calculated site scattering in electrons per formula unit.
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ammoniovoltaite was previously obtained and
studied by Sajó (2012) and Majzlan et al. (2013).
Previous comprehensive studies of synthetic vol-
taites (Beveridge and Day, 1979; Gossner and
Bäuerlein, 1930, 1933; Gossner and Fell, 1932;
Gossner and Besslein, 1934; Majzlan et al., 2013)
showed evidence for incorporation into the voltaite-
type structure of a number of different divalent
M2+ cations (M2+ = Fe, Mg, Zn, Cd, Co and Mn) in
comparison to the natural members (M2+ = Fe, Mg
and Zn). The A site is populated in natural species
either by NH4

+ or K+ with minor contents of other
alkali and alkali-earth metals such as Na and Ca,
whereas synthetic samples were also obtained with
Tl+ and Rb+ (Gossner and Fell, 1932; Gossner and
Besslein, 1934).
The ammonium ion is characteristic of specific

geological conditions. Ammoniovoltaite was dis-
covered at a geothermal field characterized by a
high ammonium concentration. Another (NH4)

+

member of the voltaite group, ammoniomagnesio-
voltaite, was found in a burning coal dump (Szakáll

TABLE 7. Anisotropic displacement parameters (Å2) of atoms in the structure of ammoniovoltaite.

Atom T, K U11 U22 U33 U23 U13 U12

N 100 0.0246(4) 0.0246(4) 0.0246(4) 0.0059(4) 0.0059(4) 0.0059(4)
293 0.0264(3) 0.0264(3) 0.0264(3) 0.0099(3) 0.0099(3) 0.0099(3)

М1 100 0.00649(5) 0.00649(5) 0.00649(5) 0.00160(6) 0.00160(6) 0.00160(6)
293 0.01122(4) 0.01122(4) 0.01122(4) 0.00219(4) 0.00219(4) 0.00219(4)

М2 100 0.00806(7) 0.00786(4) 0.00786(4) −0.00050(6) −0.00011(5) −0.00011(5)
293 0.01428(6) 0.01278(4) 0.01278(4) −0.00097(5) −0.00038(4) −0.00038(4)

Al 100 0.0064(2) 0.0064(2) 0.0064(2) 0.00000 0.00000 0.00000
293 0.0106(1) 0.0106(1) 0.0106(1) 0.00000 0.00000 0.00000

S 100 0.00879(7) 0.00766(7) 0.00728(7) −0.00010(6) 0.00056(7) −0.00024(7)
293 0.01349(6) 0.01181(5) 0.01163(6) −0.00020(5) 0.00038(5) −0.00077(5)

O1 100 0.0133(2) 0.0123(2) 0.0083(2) −0.0021(2) −0.0013(2) 0.0034(2)
293 0.0232(2) 0.0194(2) 0.0124(2) −0.0033(2) −0.0024(2) 0.0037(2)

O2 100 0.0243(3) 0.0089(2) 0.0150(3) 0.0010(2) 0.0009(2) 0.0022(2)
293 0.0357(3) 0.0134(2) 0.0236(2) 0.0009(2) −0.0005(2) 0.0029(2)

O3 100 0.0166(3) 0.0195(3) 0.0204(3) 0.0014(3) 0.0078(2) −0.0066(2)
293 0.0279(2) 0.0302(3) 0.0322(3) 0.0011(2) 0.0123(2) −0.0103(2)

O4 100 0.0141(3) 0.0211(3) 0.0083(2) −0.0053(2) −0.0022(2) 0.0016(2)
293 0.0202(2) 0.0353(3) 0.0151(2) −0.0068(2) −0.0034(2) 0.0046(2)

O5w 100 0.0127(2) 0.0220(3) 0.0145(3) −0.0022(2) 0.0010(2) 0.0020(2)
293 0.0203(2) 0.0368(3) 0.0246(2) −0.0021(2) 0.0024(2) 0.0050(2)

O6w 100 0.012(1) 0.018(1) 0.012(1) 0.003(1) −0.006(9) −0.003(9)
293 0.0229(9) 0.0265(9) 0.0146(8) 0.0091(7) −0.0068(8) −0.0046(8)

O7w 100 0.016(1) 0.014(1) 0.016(1) −0.005(1) −0.007(1) 0.0027(9)
293 0.0218(9) 0.029(1) 0.0217(8) −0.0101(8) −0.0107(8) 0.0052(8)

TABLE 8. Selected bond lengths (Å) in the structure of
ammoniovoltaite.

T = 100 K T = 293 K

М1–O1 2.0021(6) × 6 2.0033(5) × 6
<М1–O> 2.002 2.003

М2–O5w 2.0706(6) × 2 2.0747(5) × 2
М2–O2 2.0722(6) × 2 2.0704(6) × 2
М2–O4 2.1205(6) × 2 2.1173(6) × 2
<М2–X> 2.088 2.087

S–O3 1.4648(7) 1.4595(6)
S–O4 1.4704(6) 1.4681(5)
S–O2 1.4723(7) 1.4724(6)
S–O1 1.4807(6) 1.4813(5)
<S–O> 1.472 1.470

Al–O6w 1.868(2) × 12 1.858(2) × 12
Al–O7w 1.891(2) × 12 1.890(2) × 12
<Al–O> 1.880 1.874
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TABLE 9. Comparative data for ammoniovoltaite, its synthetic analogue and voltaite-group minerals.

Mineral/ compound Ammoniovoltatite
Synthetic
analogue*

Ammonio-
magnesiovoltaite Voltaite Zincovoltaite Magnesiovoltaite Pertlikite

Chemical formula (NH4)2Fe
2+
5 Fe3+3 Al(SO4)12(H2O)18 (NH4)2Mg5Fe

3+
3 Al

(SO4)12(H2O)18

K2Fe
2+
5 Fe3+3 Al

(SO4)12(H2O)18

K2Zn
2+
5 Fe3+3 Al

(SO4)12(H2O)18

K2Mg2+5 Fe3+3 Al
(SO4)12(H2O)18

K2(Fe
2+,

Mg)2Mg4Fe
3+
2

Al(SO4)12(H2O)18
Crystal system Cubic Tetragonal
Space group Fd�3c I41/acd
a, Å 27.322(1)a 27.239(3)b 27.260(2) 27.254(8) 27.180(1) 27.161(1) 19.2080(3)
c, Å = a = a = a = a = a = a 27.2158(7)
V, Å3 20234(2) 20210(4) 20257(2) 20244 20079.29 20038(2) 10041.2(6)
R1 (%) 0.030 0.022 No single-crystal

data
0.033 n.a. 0.032 0.022

Strongest lines of the powder
X-ray diffraction pattern:
d, Å (I, %)

9.67 (74), 9.63 (54),c 6.85 (24), 9.64 (64), 5.53 (48), 6.77 (37), 5.543 (28),
7.90 (56), 7.86 (15), 5.59 (100), 6.81 (30) 4.24 (28), 5.53 (61), 3.396 (100),
5.58 (84), 5.56 (100), 3.420 (72), 5.56 (69), 3.54 (67), 3.532 (68), 3.136 (21),

3.560 (100), 3.546 (32), 3.562 (66), 3.548 (81), 3.39 (100), 3.392 (100), 3.038 (39),
3.418 (100), 3.405 (28), 1.7836 (25), 3.407 (100), 3.13 (39), 3.034 (45), 2.848 (31),
2.8660 (37) 2.855 (15) 1.5582 (25) 2.8570 (35) 2.84 (32) 2.845 (30) 2.078 (29),

Dcalc /Dmeas (g/cm
–3) 2.529/n.a. 2.585/n.a. 2.351/n.a. 2.663/n.a. 2.767/2.756 2.506/2.51(2) 2.56(1)/2.59(3)

Reference This proposal Majzlan et al.
(2013)

Szakáll et al.
(2012)

Mereiter (1972) Li et al. (1987) Chukanov et al.
(2016)

Ertl et al. (2008)

*Synthetic analogue of ammoniovoltatite (NH4-Fe).
aRT value, a = 27.250(1) at 100 K; bat 120 K; ccalculated using the cif (ICSD 188360).
n.a. – not analysed or not available.
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et al., 2012). The question of ammonium sources
and distribution of ammonium minerals are worth
a more detailed discussion. The current IMA list
contains 67 ammonium minerals (mostly sulfates)
out of 5224 approved mineral species. The
majority of these minerals originates from: (1)
volcanic activity (∼29%) (Table 10); (2) guano
decomposition (∼25%) [e.g. möhnite (Chukanov
et al., 2015), niahite (Bridge and Robinson, 1983)
and struvite (Maclvor, 1887; Yang et al., 2014)];
and (3) black lignitic shales, burning coal seams or
natural fires in oil-bearing shale (19%) [e.g.
ammoniomagnesiovoltaite (Szakáll et al., 2012),
carlsonite and huizingite-(Al) (Kampf et al.,
2016)].
Regarding volcanically active geological envir-

onments, ammonium minerals are reported at: (1)
fumaroles of active volcano cones; (2) gas/steam

FIG. 8. (a) General projection of the crystal structure of ammoniovoltaite. Kröhnkite-type chains are highlighted and Al
(H2O)6 groups are omitted (designated by blue circles) for clarity. (b) Three-dimensional framework of ammoniovoltaite.

FIG. 9. Three-dimensional arrangement of NH4- (purple)
and Al(H2O)6 (grey) hosting cavities in the crystal

structure of ammoniovoltaite.
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TABLE 10. List of volcanogenic ammonium minerals.

Mineral Chemical formula from IMA list 2017 Type locality (or localities of later findings*) Reference

Active volcano cones (implies the presence of the volcano’s feeding channel)
Adranosite (NH4)4NaAl2(SO4)4Cl(OH)2 La Fossa crater, Vulcano Island, Sicily, Italy Demartin et al. (2010a)
Adranosite-(Fe) (NH4)4NaFe2(SO4)4Cl(OH)2 La Fossa crater, Vulcano Island, Sicily, Italy Mitolo et al. (2013)
Aluminopyracmonite (NH4)3Al(SO4)3 La Fossa crater, Vulcano Island, Sicily, Italy Demartin et al. (2013)
Argesite (NH4)7Bi3Cl16 La Fossa crater, Vulcano Island, Sicily, Italy Demartin et al. (2012)
Bararite (NH4)2SiF6 Mt Vesuvius, Naples Province, Campania, Italy* Palache et al. (1951)
Barberiite (NH4)BF4 La Fossa crater, Vulcano Island, Sicily, Italy Garavelli and Vurro (1994)
Brontesite (NH4)3PbCl5 La Fossa crater, Vulcano Island, Sicily, Italy Demartin et al. (2009a)
Campostriniite (Bi2.5Na0.5)(NH4)2Na2(SO4)6·H2O La Fossa crater, Vulcano Island, Sicily, Italy Demartin et al. (2015)
Cryptohalite (NH4)2SiF6 Mt Vesuvius, Naples Province, Campania, Italy Scacchi (1873)
Lucabindiite (K,NH4)As4O6(Cl,Br) La Fossa crater, Vulcano Island, Sicily, Italy Garavelli et al. (2013)
Kremersite (NH4)2Fe

3+Cl5·H2O Mt Vesuvius, Naples Province, Campania, Italy* Palache et al. (1951)
Panichiite (NH4)2SnCl6 La Fossa crater, Vulcano Island, Sicily, Italy Demartin et al. (2009b)
Pyracmonite (NH4)3Fe(SO4)3 La Fossa crater, Vulcano Island, Sicily, Italy Demartin et al. (2010b)

Therasiaite (NH4)3KNa2Fe
2+Fe3+(SO4)3Cl5 La Fossa crater, Vulcano Island, Sicily, Italy Demartin et al. (2014)

Thermessaite-(NH4) (NH4)2AlF3(SO4) La Fossa crater, Vulcano Island, Sicily, Italy Garavelli et al. (2012)

Geothermal fields (implies the presence of a deep source of heat and hydrothermal activity)
Ammonioalunite (NH4)Al3(SO4)2(OH)6 Geysers, California, USA* Dunning and Cooper (1993)
Ammonioborite (NH4)3B15O20(OH)8·4H2O Larderello, Pisa Province, Tuscany, Italy Schaller (1933)

Ammoniojarosite (NH4)Fe
3+
3 (SO4)2(OH)6 Geysers, California, USA* Dunning and Cooper (1993)

Ammoniovoltaite (NH4)2Fe
2+
5 Fe3+3 Al(SO4)12(H2O)18 Severo-Kambalny geothermal field, Southern Kamchatka, Russia This work

Boussingaultite (NH4)2Mg(SO4)2·6H2O Travale, Montieri, Grosseto Province, Tuscany, Italy Bechi (1864)
Geysers, California, USA* Dunning and Cooper (1993)

Larderellite (NH4)B5O7(OH)2·H2O Larderello, Pisa Province, Tuscany, Italy Bechi (1854)
Letovicite (NH4)3H(SO4)2 Geysers, California, USA* Dunning and Cooper (1993)
Mascagnite (NH4)2(SO4) Travale, Montieri, Grosseto Province, Tuscany, Italy Mascagni (1779)

Geysers, California, USA* Dunning and Cooper (1993)
Mohrite (NH4)2Fe

2+(SO4)2·6H2O Travale, Montieri, Grosseto Province, Tuscany, Italy Garavelli (1964)
Tschermigite (NH4)Al(SO4)2·12H2O Geysers, California, USA* Dunning and Cooper (1993)
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vents and/or efflorescence areas at geothermal
fields and (3) the surface of fresh lava flows.

Active volcano cones

The locality with the largest reported number of
ammonium minerals to date is La Fossa crater,
Vulcano, Aeolian Islands, Sicily, Italy
(Campostrini et al., 2011), which is an active
volcano cone and type locality of seven ammonium
sulfates and five ammonium halides (Table 10).
Ammoniumminerals at La Fossa crater are reported
as sublimates around fumaroles formed at tempera-
tures of ∼170–350°C (e.g. argesite, lucabindiite
and pyracmonite). Another example of an active
volcano cone where ammonium mineralization has
been reported is Mt Vesuvius, Naples Province,
Campania, Italy.

Lava flows

Sal ammoniac (NH4Cl) is a relatively abundant
natural phase occurring at the surface of the fresh
lava flows (e.g. Tolbachik eruptions; Fedotov and
Markhinin, 1983).

Geothermal fields

Until recently, most of the ammoniumminerals first
discovered at geothermal fields were reported from
the Larderello–Travalle geothermal province
(Table 10) and first described before 1911 (the
time when the first geothermal power plant was
built). Ammonium mineralization is also reported
from the Geysers geothermal system, California,
USA (Dunning and Cooper, 1993) and a number of
other localities in California, USA (Krohn et al.,
1993) (Table 10).
For geothermal fields located in Southern

Kamchatka (Fig. 1) two potential sources of
nitrogen are discussed: (1) deep magmatic or/and
(2) biogenic from underlying sedimentary rocks
containing organic material. The isotope study
performed on ammonium minerals including
geothermal fields at Kambalny volcanic ridge
(Volynets et al., 1967) provided a broad range of
δN15 (= 15N:14N) that did not allow the source of N
to be established for certain. The nitrogen source
for Southern Kamchatka geothermal fields asso-
ciated with Kambalny and Koshelev volcanos
remains unclear at present and requires additional
isotope studies.
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