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Abstract: The newmineral plavnoite (IMA2015-059), ideally K0.8Mn0.6[(UO2)2O2(SO4)]·3.5H2O, is a member of the zippeite group.
It was found in the Plavno mine, in the eastern part of the Jáchymov ore district, Western Bohemia, Czech Republic, where it occurs as
a supergene alteration phase formed by hydration–oxidation weathering of uraninite in hydrothermal U-veins. It was found to be
associated with marécottite, magnesiozippeite, blatonite and gypsum. The mineral occurs as reddish to reddish-orange thin blades,
elongated on [0 0 1] and flattened on {0 1 0}, which are intergrown in globular aggregates up to 0.5mm across. Crystals are transparent
with a vitreous to silky lustre. The streak is pale orange. The mineral is non-fluorescent under both long- and short-wave ultraviolet
(UV) radiation. The Mohs hardness is about 2. Crystals are brittle with perfect {0 1 0} cleavage and uneven fracture. The density
calculated from the empirical formula is 4.926 g cm�3. Optically, plavnoite is biaxial (þ), with a = 1.740(5), b= 1.770(5), g= 1.850
(5) (measured in white light). The measured 2V is 64.6(4)°; the calculated 2V is 65.3°. Dispersion could not be observed; no
pleochroism was observed. Electron-microprobe analyses yielded the empirical formula (based on 2U atoms per formula unit, apfu)
K0.77(Mn0.51Zn0.04Ni0.03Mg0.02)S0.60[(UO2)2O1.08(OH)0.92(SO4)0.96(SiO4)0.24](H2O)3.50. Plavnoite is monoclinic, C2/c, a= 8.6254
(16), b= 14.258(3), c= 17.703(4)Å, b = 104.052(18)°, V = 2122.0(8) Å3 and Z = 8. The structure (R1 = 4.99% for 989 reflections with
I> 3s[I]) contains UO7 pentagonal bipyramids and SO4 tetrahedra forming sheets of the well-known zippeite topology. The
interlayer region contains infinite zig–zag chains of corner-sharingMn2þF6 octahedra (F=O, H2O) with K-centred polyhedra. The K
atom sits at the partially occupied, mixed K/O site, the non-shared corner of the Mn2 octahedron. The mineral is named after the type
locality � the Plavno mine.
Key-words: plavnoite; uranyl sulfate hydrate; new mineral; zippeite group; crystal structure; chemical composition.
1. Introduction

Plavnoite, a K–Mn member of the zippeite group, is a new
uranyl sulfate mineral found at Jáchymov, Czech Republic.
Members of this group, referred to as zippeites in the
following, are common alteration products after uraninite
and sulfides in oxide zones of many uranium deposits
(Krivovichev & Plášil, 2013; Plášil, 2014). Members of the
zippeite group are paragenetically, chemically (Frondel
et al., 1976; Krivovichev & Plášil, 2013; Plášil, 2014) and
DOI: 10.1127/ejm/2017/0029-2583
structurally related (Burns et al., 2003; Burns, 2005;
Krivovichev & Plášil, 2013). Detailed information on the
crystallography and crystal chemistry of this mineral group
has been given elsewhere (e.g. Burns et al., 2003; Brugger
et al., 2003,2006;Peetersetal., 2008;Plášilet al., 2011aand
b; Plášil & Škoda, 2015). Structurally, these minerals differ
inhavingdistinct symmetries (triclinic toorthorhombic) and
space groups; however, they all possess structures based on
sheets of the same topology, the zippeite topology (Burns,
2005), giving aU:S ratio equal to 2:1. Chemically, zippeites
0935-1221/17/0029-2583 $ 5.40
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Fig. 1. A typical crystal aggregate of plavnoite overgrowing a
clayey-quartz gangue. Field of view is 2.5-mm wide, photograph by
P. Škácha. (Online version in colour)
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are hydrated oxo–hydroxo sulfates of uranyl containing in
their structures monovalent (Kþ, Naþ and NH4

þ), divalent
(Mg2þ, Ca2þ, Zn2þ, Co2þ, Ni2þ and Cu2þ) and trivalent
(Y3þ and REE3þ) cations (Frondel et al., 1976; Brugger
et al., 2003; Burns et al., 2003; Plášil et al., 2011a and b,
2012).There isnogeneral valid formula for thewholegroup.
The formula of zippeite proper can be expressed as
Kx[(UO2)4(SO4)2Ox(OH)4�x](H2O)6�x, where x≈ 2 in the
natural material and x≈ 3 in syntheticmaterial (Burns et al.,
2003; Plášil et al., 2011a). The general formula of theM2þ-
dominantmembers of the zippeite group, except themineral
pseudojohannite (which contains Cu2þ) and marécottite
(containing Mg2þ), can be expressed as Mx

2þ[(UO2)2x-
O2x(SO4)x](H2O)3.5 (Burns et al., 2003; Plášil et al., 2012).
The structure of natural magnesiozippeite (Plášil et al.,
2012), the monoclinic Mg member, differs from the
structure of the synthetic phase (Burns et al., 2003). There
are additionalMg-containing synthetic phases distinct from
magnesiozippeite by their symmetry and composition
(Burns et al., 2003). The mineral marécottite (Brugger
et al., 2003; Plášil & Škoda, 2015) is a triclinic Mg-bearing
member with the ideal formula Mg3[(UO2)4O3(OH)
(SO4)2]2(H2O)28. The mineral pseudojohannite is unique
both structurally and chemically due to the presence of
Cu2þ,whichundergoes Jahn–Teller distortions (Plášil et al.,
2012). Pseudojohannite is triclinic (spacegroupP-1), and its
chemical formula is Cu3(OH)2[(UO2)4O4(SO4)2](H2O)12
(Plášil et al., 2012). There is only one member of the group
that contains trivalent cations, the mineral sejkoraite-(Y),
which is triclinic (space group P-1) with the ideal formula
Y3[(UO2)8O7OH(SO4)4](OH)2(H2O)24 (Plášil et al.,
2011b).Plavnoite is a newmemberof this group, chemically
and structurally similar to the monoclinic M2þ-bearing
members. Formally, the classification and nomenclature of
the group that have been established byFrondel et al. (1976)
are still used; however, novel studies make clear that an
updated, new classification of this group is needed.
Plavnoite is named after the type locality, the Plavno

mine. The new mineral and its name were approved by the
Commission on New Minerals, Nomenclature and
Classification of the International Mineralogical Associa-
tion (IMA2015-059). There are three cotype specimens.
One is deposited in the collections of the National
Museum in Prague, Department of Mineralogy and
Petrology, Cirkusová 1740, Praha 9, Czech Republic
under the catalogue number P1P 4/2015. The second one is
deposited in the collections of the Natural History
Museum of Los Angeles County, 900 Exposition
Boulevard, Los Angeles, CA 90007, USA, catalogue
number 65588. The third cotype is deposited in the
Fersman Mineralogical Museum of the Russian Academy
of Sciences, registration number 4740/1.

2. Occurrence

Plavnoite was found on several samples originating from
the Plavno mine, which is located in the south-eastern part
of the Jáchymov ore district, Czech Republic. A
description of the Jáchymov ore district and its geological
setting have been given in detail elsewhere (e.g. Ondruš
et al., 1997, 2003; Hloušek et al., 2014). The Jáchymov
ore district is a classic example of the Variscan
hydrothermal vein type of deposit, the so-called five-
element formation, Ag–Bi–Co–Ni–U. Jáchymov is the
type locality for 46 minerals, and more than 430 minerals
have been identified from there.

The samples were found underground on the vein no. 13
at the 2nd level of the Vladimír shaft of the Plavno mine.
Along with plavnoite, superior crystals of marécottite,
used for the X-ray studies by Plášil & Škoda (2015), as
well as magnesiozippeite and blatonite were found.
Samples consist of highly haematitized, clayey material
(resembling mylonitic material) of dark reddish-brown
colour. Hundreds of isolated crystal aggregates of
marécottite, magnesiozippeite and plavnoite were found
in cracks within the clayey material and surrounding
rocks. The clayey material is a mixture of a mica-related
phase, quartz, haematite and gypsum. Detailed informa-
tion on geological settings and the type of mineralization
found at the locality is given in the above-mentioned
papers.
3. Physical and optical properties

Plavnoite forms reddish-orange to orange thin blades, up
to about 50-mm long, tightly packed into globular
aggregates, up to about 0.5mm across (Figs. 1 and 2).
Crystals are elongated on [0 0 1] and flattened on {0 1 0}.
The prism forms include {1 0 0}, {0 1 0}, {0 1 1} and
f0 1 1g (Fig. 3). Twinning is common on {1 0 0}. Crystals
are transparent with a vitreous to silky lustre. The streak is
pale orange. The mineral is non-fluorescent under both
long- and short-wave UV radiation. The Mohs hardness is
about 2. Crystals are brittle with perfect {0 1 0} cleavage
and uneven fracture. The density could not be measured
because of the paucity of pure material for physical
measurement. The calculated density is 4.926 g cm�3

based on the empirical formula.



Fig. 2. Blades of plavnoite (backscattered-electron image, Hitachi
S-3700N).

Fig. 3. Idealized crystal drawing of twinned plavnoite; clinographic
projection in non-standard orientation.
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Optically, plavnoite is biaxial (þ), with a= 1.740(5),
b= 1.770(5), g = 1.850(5) (measured in white light). The
measured 2V based on extinction data collected on a
spindle stage and analysed using EXCALIBRW is 64.6
(4)°; the calculated 2V is 65.3°. Dispersion could not be
observed. No pleochroism was observed.
4. Chemical composition
A crystal aggregate of plavnoite was analysed using a
Cameca SX100 electron microprobe (Masaryk University,
Brno), operating in wavelength-dispersive mode with an
accelerating voltage of 15 kV, beam current of 2 nA and a
15-mm beam diameter. We use a wide beam and a low
current to prevent from volatilization of elements such as
K (cf. Plášil et al., 2014a). The following X-ray lines and
standards were used: Ka lines: Mg (Mg2SiO4), S (BaSO4),
K and Si (sanidine), Mn (spessartite), Zn (ZnO) and Ni
(Ni2SiO4); Ma line: U (uranophane). Other elements,
such as Al, Ca, Co, Cu, Fe, Na, Pb, Ba, Y, As, P, V and F,
were also sought but were below the detection limits
(∼0.05–0.15wt.% under the analytical conditions used).
The peak counting times were 10–20 s, and the counting
time for each background point was 50% of the time for
peak. The measured intensities were converted to
elemental concentrations using the PAP programme
(Pouchou & Pichoir, 1985). The low total sums of the
corresponding analyses are caused by the instrumental
difficulties (crystal size much smaller than the beam size;
necessity to use a defocused beam to prevent K
volatilization) and the imperfection of the polishing.
Table 1 gives the chemical composition obtained for the
plavnoite-type sample (five-point analyses), with H2O
contents calculated assuming charge balance (OH) and
ideally 3.5H2O per formula unit (pfu). The empirical
formula calculated on the basis of 2U atoms pfu is
K0.77(Mn0.51Zn0.04Ni0.03 Mg0.02)S0.60 [(UO2)2O1.08
(OH)0.92(SO4)0.96(SiO4)0.24](H2O)3.50. The elevated Si
contents may be a contribution by the sample matrix
due to the very small size of the crystals from the holotype
specimen available for analysis. Indeed, as better material
became available (see below, Table 2), it showed no Si in
the analyses. The ideal formula is K0.8Mn0.6[(UO2)2
O2(SO4)]·3.5H2O, which requires K2O 4.74, MnO 5.35,
SO3 10.06, UO3 71.91 and H2O 7.93, total 99.99wt.%
(rounding errors).

Five additional samples of plavnoite were analysed
(Table 2) in order to check for chemical variability. Their
chemical composition is in general close to that of the type
sample. The empirical analytical totals show a large range
(77.03–96.65wt.%), which appears to be related to the size
of analysed groups of plavnoite crystals. According to the
available data, plavnoite chemistry ranges from K0.53
Mn0.57 to K0.8Mn0.58 (Fig. 4).

The Gladstone–Dale compatibility index 1� (KP/KC) is
0.011 (superior) for the empirical formula of the type
sample and the density calculated from the powder X-ray
diffraction data.

4.1. Raman spectroscopy

The Raman spectrum was recorded with a Thermo-
Scientific DXR Raman microscope interfaced to an
Olympus microscope (objective 50�) in the spectral
region 50–4000 cm�1 with a nominal resolution of
∼5 cm�1. The power of the frequency-stabilized single-
mode diode laser (532 nm) impinging on the sample was
about 2mW. The spectrometer was calibrated with a
software-controlled calibration procedure (Omnic 8
software) using multiple neon emission lines (wavelength
calibration), multiple polystyrene Raman bands (laser
frequency calibration) and standardized white-light
sources (intensity calibration). Spectral manipulation,



Table 1. Results of WDS analyses of plavnoite-type sample from Jáchymov.

Constituent wt.% Range Stand. dev. Norm. wt.% Probe standard

K2O 3.77 3.64–4.00 0.14 4.47 Sanidine
MnO 3.75 3.43–4.21 0.31 4.45 Spessartine
NiO 0.21 0.00–0.40 0.19 0.24 Ni2SiO4
ZnO 0.35 0.09–0.52 0.21 0.42 ZnO
MgO 0.08 0.01–0.18 0.08 0.10 Mg2SiO4
SiO2 1.52 0.23–2.81 0.91 1.81 Sanidine
SO3 7.93 7.27–8.61 0.64 9.41 Barite
UO3 59.29 56.59–61.74 2.25 70.34 Uranophane
H2O* 7.40 – – 8.77 –

Total 84.30 100.00

* H2O content was calculated on the basis of charge balance and 3.5H2O pfu.

Table 2. Chemical composition of additional plavnoite samples from Jáchymov.

Sample Ideal Type A B C D E

n 5 5 4 6 8 7
K2O 4.74 3.77 2.68 2.96 3.63 4.32 3.33
MgO 0.00 0.08 0.00 0.04 0.03 0.08 0.02
CuO 0.00 0.00 0.13 0.00 0.32 0.00 0.00
CoO 0.00 0.00 0.05 0.00 0.21 0.10 0.03
NiO 0.00 0.21 0.10 0.00 0.03 0.03 0.00
MnO 5.35 3.75 3.62 4.26 4.20 4.11 3.61
ZnO 0.00 0.35 0.38 0.42 0.03 0.30 0.04
Al2O3 0.00 0.00 0.00 0.00 0.00 0.01 0.11
SiO2 0.00 1.52 0.00 0.00 0.02 0.00 0.10
SO3 10.06 7.93 7.16 8.71 9.17 9.68 8.24
UO3 71.91 59.29 56.64 64.67 66.77 70.12 59.52
H2O* 7.92 7.40 6.27 7.33 7.53 7.90 6.84

Total 99.99 84.30 77.03 88.40 91.95 96.65 81.85

K 0.801 0.773 0.575 0.557 0.660 0.748 0.680
Mg 0.000 0.020 0.000 0.008 0.006 0.016 0.006
Cu 0.000 0.000 0.016 0.000 0.035 0.000 0.000
Co 0.000 0.000 0.007 0.000 0.024 0.010 0.004
Ni 0.000 0.026 0.013 0.000 0.004 0.004 0.000
Mn 0.600 0.510 0.516 0.532 0.507 0.472 0.490
Zn 0.000 0.041 0.047 0.046 0.003 0.030 0.005
Al 0.000 0.000 0.000 0.000 0.000 0.002 0.020
SiO4 0.000 0.244 0.000 0.000 0.003 0.000 0.016
SO4 1.000 0.956 0.903 0.962 0.982 0.986 0.989
UO2 2.000 2.000 2.000 2.000 2.000 2.000 2.000
H 6.999 7.922 7.031 7.197 7.157 7.153 7.293

OH* 0.000 0.922 0.031 0.197 0.157 0.153 0.293

H2O* 3.5 3.5 3.5 3.5 3.5 3.5 3.5

* H2O contents were calculated on the basis of charge balance (OH) and ideal 3.5H2O; n� number of spot analyses; coefficients of empirical
formula were calculated on the basis of 2U pfu.
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such as background correction, was done with Omnic 8
software. The tentative assignment of the plavnoite
spectrum was done based on papers by Čejka (1999)
and Plášil et al. (2010).
The Raman spectrum of plavnoite is shown in Fig. 5.

Raman bands at 3533 and 3385 cm�1 are assigned to
nO–H stretching vibrations of symmetrically non-equiva-
lent hydrogen-bonded H2O molecules. The Odonor–

Oacceptor distances of the corresponding hydrogen bonds,
inferred from the empirical relation given by Libowitzky
(1999), are ∼3.0 and∼2.8Å. A weak band at 1630 cm�1 is
attributed to the d H–O–H bending vibration. Bands at
1106 and 1027 cm�1 are attributed to the n3 SO4

2� triply
degenerate antisymmetric stretching and n1 SO4

2�



Fig. 4. Metal cation contents (expressed as apfu) of the analysed plavnoite samples (data from Table 2). (Online version in colour)

Fig. 5. Raman spectrum of plavnoite.
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symmetric stretching vibrations, respectively. The n1
UO2

2þ symmetric stretching vibration is assigned to the
very strong band at 817 cm�1. The inferred U–O bond
length obtained from the empirical relation given by
Bartlett & Cooney (1989) is ∼1.79Å. Bands at 502, 475
and 435 cm�1 were assigned to the split doubly degenerate
n2 SO4

2� bending vibrations. Raman bands at 377 and
348 cm�1 are attributed to the stretching U–Oligand
vibrations, and the bands at 292 and 267 cm�1 to the
split doubly degenerate n2 (d) UO2

2þ bending vibrations.
The bands at 229, 164, 129 and 106 cm�1 are assigned to
lattice modes.
4.2. Powder X-ray diffraction

Powder X-ray diffraction data for plavnoite (Table 3) were
obtained at room temperature using a PANalytical
Empyrean powder diffractometer equipped with a Cu
X-ray tube and PIXcel3D solid-state detector. The powder
data were measured using Debye–Scherrer geometry, with
CuKa1,2 provided by the focusing Göbel-mirror optics.
The sample was mounted in a boron-glass capillary
(0.3mm in diameter) and scanned over the 2u range from
4° to 80° with a step size of 0.013° 2u and a counting time
of 10 s per step (accumulation of 20 patterns during a total



Table 3. Powder diffraction data for plavnoite from Jáchymov (strongest lines in bold; d values quoted in Å).

Iobs dobs dcalc h k l Iobs dobs dcalc h k l

27 8.590 8.595 0 0 2 2 1.7826 1.7821 2 6 4
100 7.133 7.138 0 2 0 1 1.7792 1.7792 3 1 6
3 6.203 6.205 1 1 2 2 1.7614 1.7613 1 7 4
13 5.489 5.491 0 2 2 1 1.7571 1.7571 1 1 10
8 4.296 4.297 0 0 4 1 1.7506 1.7499 1 5 8

9 4.185
4:185
4:184

�
2 0 0

4 1.7471
1:7470
1:7459

�
2 0 8

2 0 2 2 0 10

2 4.135 4.137 1 3 0 4 1.7239 1.7240 4 0 4
1 4.089 4.088 1 1 4 3 1.7191 1.7190 0 0 10
5 3.914 3.915 1 3 2 <1 1.7008 1.7007 3 5 4
5 3.680 3.682 0 2 4

8 1.6965
1:7470
1:7459

�
2 2 8

9 3.610 3.610 2 2 0 2 2 10

25 3.565 3.569 0 4 0 4 1.6920 1.6942 5 1 4

36 3.446
3:448
3:445

�
2 0 2

5 1.6758
1:6780
1:6758
1:6745

8<
:

3 3 6
2 0 4 4 2 4

3 3.295 3.296 0 4 2 4 2 8

47 3.104
3:105
3:103

�
2 2 2 4 1.6710 1.6712 0 2 10
2 2 4 <1 1.6618 1.6616 3 7 2

14 2.8650 2.8649 0 0 6 1 1.6469 1.6464 3 7 0
2 2.8155 2.8163 1 3 4 1 1.6419 1.6413 2 8 2
1 2.8079 2.8099 3 1 2 <1 1.6210 1.6211 1 5 8
1 2.7444 2.7455 0 4 4 1 1.6173 1.6167 3 7 4
2 2.7158 2.7156 2 4 0 <1 1.6063 1.6061 5 3 4
1 2.7124 2.7151 2 4 2

1 1.5986
1:5981
1:5946

�
4 6 2

1 2.6991 2.7022 1 5 0 0 6 8

2 2.6879 2.6875 2 0 6 1 1.5886 1.5883 2 6 8
15 2.6582 2.6587 0 2 6

1 1.5850
1:5847
1:5845

�
2 8 2

13 2.6372 2.6376 1 5 2 2 8 4

1 2.5218 2.5219 1 5 2 1 1.5708 1.5710 4 6 4
2 2.5172 2.5170 2 2 4

3 1.5691
1:5691
1:5683

�
2 4 8

1 2.4898 2.4903 1 1 6 2 4 10

10 2.4799
2:4797
2:4786

�
2 4 2 <1 1.5585 1.5584 1 9 0
2 4 4

3 1.5525
1:5523
1:5513

�
4 4 4

1 2.4554 2.4551 3 3 2 4 4 8

<1 2.4463 2.4461 3 1 2 2 1.5481 1.5487 0 4 10
<1 2.4067 2.4069 3 3 0 2 1.5462 1.5457 1 9 2
2 2.3784 2.3792 0 6 0 1 1.5245 1.5249 3 7 6
2 2.2927 2.2930 0 6 2 1 1.5208 1.5214 1 9 2

<1 2.2675 2.2676 3 1 6 1 1.5148 1.5146 0 8 6
6 2.2343 2.2341 0 4 6 1 1.5002 1.5002 1 7 8
1 2.2106 2.2108 1 5 4 1 1.4972 1.4982 4 6 2
1 2.2014 2.2012 3 3 2 <1 1.4938 1.4937 5 3 2

<1 2.1883 2.1885 1 1 8 1 1.4881 1.4882 4 2 10
6 2.1575 2.1571 4 0 2 1 1.4691 1.4688 3 7 4

2 2.1499
2:1487
2:1469

�
0 0 8 1 1.4651 1.4646 5 5 4
2 4 6 1 1.4443 1.4443 1 9 4

3 2.1348 2.1349 2 0 6 1 1.4390 1.4387 2 2 12
2 2.1327 2.1334 2 0 8 1 1.4328 1.4325 0 0 12
2 2.0927 2.0918 4 0 4 <1 1.4308 1.4309 3 5 10

<1 2.0806 2.0815 0 6 4 <1 1.4165 1.4166 1 7 8

6 2.0666
2:0684
2:0649

�
3 3 6

2 1.4083
1:4082
1:4076

�
2 6 8

4 2 2 2 6 10

3 2.0577 2.0575 0 2 8 3 1.4048 1.4051 6 2 2

3 2.0459
2:0474
2:0454
2:0440

( 1 5 6 1 1.4012 1.4015 1 5 10
2 2 6

3 1.3959
1:3960
1:3957
1:3953

8<
:

4 6 4
2 2 8 1 9 6

4 2.0090
2:0081
2:0074

�
4 2 0 4 6 8
4 2 4 1 1.3786 1.3789 3 9 0

1 1.9813 1.9813 1 7 0 1 1.3755 1.3749 4 8 2
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Table 3. (continued).

Iobs dobs dcalc h k l Iobs dobs dcalc h k l

6 1.9589
1:9582
1:9577

�
2 6 2 2 1.3693 1.3691 2 8 6
2 6 4 <1 1.3468 1.3466 3 7 6

5 1.9542 1.9555 1 7 2 <1 1.3439 1.3438 4 0 12
3 1.9494 1.9508 1 1 8 1 1.3294 1.3294 0 4 12
2 1.9283 1.9272 4 0 6 1 1.3091 1.3086 5 7 6
1 1.9066 1.9069 1 7 2

1 1.3057
1:3051
1:3040

�
3 9 6

<1 1.8935 1.8931 1 5 6 6 2 8
<1 1.8734 1.8735 3 5 2

1 1.2997
1:2994
1:2989

� 6 4 0

1 1.8617 1.8618 4 2 2 6 4 6
1 1.8584 1.8606 4 2 6 1 1.2893 1.2895 1 9 8
3 1.8466 1.8461 4 4 2 <1 1.2822 1.2824 1 11 0

2 1.8423
1:8408
1:8399

�
0 4 8 1 1.2749 1.2753 1 11 2
1 7 4 <1 1.2635 1.2630 1 7 10

4 1.8309 1.8303 0 6 6 1 1.2485 1.2483 2 8 8

1 1.8056
1:8052
1:8047

�
4 4 0 1 1.2452 1.2456 5 7 2
4 4 4 1 1.2417 1.2410 5 5 10

<1 1.8003 1.8011 3 3 8 1 1.2400 1.2398 4 8 4
1 1.7898 1.7896 3 5 6 1 1.2273 1.2272 0 6 12
2 1.7846 1.7844 0 8 0 1 1.2166 1.2165 1 11 4
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of 24 h). Powder data were processed with the PANalytical
High-Score software, used for the peak-profile fitting
procedure (Pseudovoigt shape function corrected for
asymmetry, after Thompson–Cox–Hastings). The unit-
cell refinement was done with Celref software (Laugier &
Bochu, 2004) using h k l-indices obtained from the
structure model calculated by the program PowderCell
(Kraus & Nolze, 1996). Refined parameters were lattice
constants and the correction for the sample displacement.
Unit-cell parameters refined from the powder pattern
are a= 8.6288(8)Å, b= 14.2755(9) Å, c= 18.720(1)Å,
b= 104.040(4)°, V = 2117.4(2)Å3.

4.3. Single-crystal X-ray diffraction

The single-crystal study was conducted utilizing an
Oxford Gemini diffractometer with CuKa radiation
(l = 1.540568Å) and a focused ∼200-mm beam. The
use of CuKa source was necessary because of the crystal
dimensions. The data collection provided the following
unit cell: a = 8.6201(17) Å, b = 14.229(3) Å, c = 8.8705
(19) Å, b= 103.998(18)°, V = 1055.7(4) Å3 and Z = 4. The
structure was solved from diffraction data and refined to
an R of 8.77% for 528 reflections with Iobs> 3s(I).
However, the structure model was not complete and
contained several peculiar features. First of all, the K
atoms could not be located from the data, and difference
Fourier maps contained a large number of positive peaks,
principally around the U atoms. That was not unreason-
able; considering that, the absorption linear coefficient
was 92.51mm�1 (for the Cu radiation). Therefore, a new
diffraction experiment was undertaken in order to obtain
better results. A prismatic, 40� 13� 10mm3 crystal was
selected for X-ray study employing a Rigaku Oxford
diffraction SuperNova diffractometer. Mirror-mono-
chromatized MoKa radiation (l= 0.71073Å) from a
microfocus X-ray source was used with an Atlas S2 CCD
detector. Compared to the previous experiment, it was
found out that we had missed some of the weak
reflections responsible for the doubling of the c
parameter. The new cell was related to the old cell by
the matrix (1 0 0/0 1 0/0 0 2). The studied crystal is
monoclinic, with a = 8.6254(16), b = 14.258(3),
c = 17.703(4) Å, b= 104.052(18), V = 2122.0(8) Å3 and
Z = 8 (Table 4). In comparison to the experiment on the
Gemini diffractometer, the number of collected reflec-
tions on SuperNova instrument increased by a factor of
about 14. Integration of the data, including corrections for
background, polarization and Lorentz effects, were
carried out with the CrysAlis RED program. The
absorption correction, which combines the shape of the
crystal and an empirical frame scaling, was done in
Jana2006 (Petříček et al., 2014). The structure of
plavnoite was solved by the charge-flipping algorithm
using the Shelxt (Sheldrick, 2015). The structure was
refined in the Jana2006 program (Petříček et al., 2014) by
least squares based on F2. The structure solution provided
a reasonable model involving a nearly complete uranyl-
sulfate sheet and several interstitial atom sites. The
positions of the remaining atoms, oxygen and potassium
were located on the difference-Fourier maps. The O site
linked to one of the Mn sites possessed a significantly
negative value for Uiso, suggesting the possibility that K
partially occupied this site. The refined K/O occupancy at
the site is about 50/50. The composition obtained from
the structure model, with respect to the Me sites,
K0.532Mn0.565, approaches the composition obtained by
the EPMA study, K0.75Me2þS0.59 pfu. The oxygen atoms
of the SO4 groups had to be constrained to the same value
of Uiso, because they otherwise were non-positive



Table 4. Summary of data collection condition, crystallographic details and structure refinement for plavnoite.

Structural formula K0.565Mn0.532[(UO2)2O2(SO4)](H2O)2.44
Unit-cell parameters (from 617 reflections between 3.7 and 26.6 °u) a= 8.6254(16)Å

b= 14.258(3)Å
c= 17.703(1)Å
b= 104.052(18)°

V [Å3] 2122.0(8)
Z 8
Space group C2/c
Dcalc. [g cm�3] 4.801 (for the above given formula)
Temperature 296K
Wavelength MoKa, 0.71073Å
Crystal dimensions 40� 13� 10mm3

Limiting u angles 3.71–29.47°
Limiting Miller indices �11� h< 11, �19� k� 17, �23� l� 24
No. of reflections 11,747
No. of unique reflections 2653
No. of observed reflections (criterion) 989 [I> 3s(I)]
Absorption coefficient (mm�1), method 31.72, analyticalþ empirical scaling
Tmin/Tmax 0.980/1.000
Rint obs/all 0.0992/0.1679
F0 0 0 2588
Param. refined, constraints, restraints 80, 3, 9
R1, wR2 (obs) 0.0499, 0.0998
R1, wR2 (all) 0.1745, 0.1618
GOF (obs, all) 0.90, 0.88
Weighting scheme 1/(s2(I)þ 0.0000004I2)
Twin matrix

1 0 0
0 �1 0

�0:997 0 �1

0
@

1
A

Twin fractions 0.544(3)/0.456(3)
Drmin, Drmax (eÅ

�3) �13.75, 8.73
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definite. The crystal was found to be twinned, which is a
common feature within this mineral group, with the
monoclinic twin law (1 0 0/0�1 0/�0.997 0�1), provid-
ing a refined twin fraction of 0.544(3)/0.456(3).
Implementation of the twinning in the refinement yielded
a significant drop in the R values by about 4%. The
refinement converged to R = 0.0499 and wR = 0.0998 for
989 unique observed reflections. Final atom coordinates
and displacement parameters are listed in Table 4,
selected interatomic distances in Table 5, and the bond-
valence analysis (after Brown, 1981, 2002) is given in
Table 6. The original crystallographic information file is
provided as Supplementary material linked to this article
and freely available from the Geoscience Wolrd (GSW)
website of the journal: http://eurjmin.geoscienceworld.org.

4.4. General crystal structure features

The crystal structure of plavnoite (Fig. 6) contains two
independent U, two S, two Mn and fourteen O sites,
including one mixed site occupied by K and O. The
structure is consistent with the general features of zippeite-
group minerals (Brugger et al., 2003; Burns et al., 2003;
Plášil et al., 2011a and b, 2013) and has the so-called
zippeite topology (Burns, 2005). A detailed discussion
on the topological features can be found in the
aforementioned publications. The structural unit of the
plavnoite structure � the uranyl oxo-sulfate sheets
(unprotonated), of composition [(UO2)2O2(SO4)]

2�, are
characteristic for theM2þ-containing monoclinic zippeites
(Schindler & Hawthorne, 2008; Plášil et al., 2013, 2014b).
The interlayer of the plavnoite structure contains M2þ

sites, occupied by Mn2þ, O sites of H2O molecules and a
mixed K/O site. The two symmetrically unique Mn sites
are coordinated octahedrally in a distinct manner (Fig. 7).
While the Mn1 site is linked to two H2O sites (two
symmetrically related O11 sites) and four O apical uranyl
atoms in the structural units, the Mn2 site is linked to two
uranyl O atoms and four H2O sites (O11, O13, O14 and a
mixed K/O site). The presence of K1 and Mn2 atoms is
mutually exclusive. This leads to the logical question
about the effective charge balance between the sheets and
the interlayer (see below).

The structural formula obtained from the refinement
is K0.565Mn0.532[(UO2)2O2(SO4)](H2O)2.44, Z= 8, with
Dcalc = 4.801 g cm

�3. We note that the H2O content
derived from the structure is lower than the ideal H2O
content (3.5H2O) of M

2þ-containing zippeite-like miner-
als with monoclinic symmetry (Burns et al., 2003). It is
probably actually lower than the ideal content, and it is
most probably due to the K/O disorder; however, the
refined K/O ratio can be affected to some extent by the

http://eurjmin.geoscienceworld.org


Table 5. Atom fractional coordinates and displacement parameters (Ueq, Uiso, Uaniso) for plavnoite.

Atom x y z Ueq/iso U11 U22 U33 U12 U13 U23

U1 0.3331(4) 0.2318(3) 0.41472(18) 0.0084(10) 0.0051(17) 0.0106(12) 0.0085(15) 0.0017(19) �0.0004(16) 0.0025(15)
U2 0.3300(4) 0.7687(3) 0.41546(17) 0.0077(9) 0.0081(18) 0.0127(13) 0.0037(14) 0.0007(18) 0.0038(16) 0.0018(15)
S1 0 0.2428(9) 0.25 0.0038(15)*
S2 0.5 0.2367(10) 0.25 0.0038(15)*
Mn1 0.5 0 0.5 0.011(4)*
Mn2 0.327(2) 0.498(4) 0.3716(8) 0.011(4)*
O1 0.113(4) 0.186(2) 0.305(2) 0.006(2)*
O2 0.609(9) 0.255(2) 0.460(2) 0.006(2)*
O3 0.093(8) 0.254(2) 0.450(2) 0.005(7)*
O4 0.441(3) 0.1776(19) 0.3040(17) 0.006(2)*
O5 0.336(5) 0.3567(18) 0.3931(19) 0.011(9)*
O6/K1 0.5377(19) 0.501(4) 0.3478(7) 0.048(6)*
O7 0.345(5) 0.107(3) 0.432(2) 0.001(9)*
O8 �0.077(3) 0.3064(19) 0.2944(18) 0.006(2)*
O9 0.331(7) 0.893(4) 0.434(3) 0.031(15)*
O10 0.628(4) 0.301(2) 0.295(2) 0.006(2)*
O11 0.377(2) �0.002(5) 0.5848(10) 0.009(5)*
O12 0.314(5) 0.6495(10) 0.3814(17) 0.003(8)*
O13 0.212(4) 0.488(4) 0.248(2) 0.002(9)*
O14 0.5 0.5 0.5 0.056(12)*

* Refined occupancies: Mn1 = 0.49(2), Mn2 = 0.286(13), O6/K1 = 0.43(5)/0.57(5).

Table 6. Selected interatomic distances (inÅ) in the plavnoite structure.

U1–O1 2.45(3) U2–O2ii 2.24(7)
U1–O2 2.34(7) U2–O2iii 2.17(4)
U1–O3 2.33(7) U2–O3iv 2.21(7)
U1–O3i 2.33(3) U2–O8iv 2.52(3)
U1–O4 2.49(3) U2–O10ii 2.45(3)
U1–O5 1.82(3) U2–O9 1.81(6)
U1–O7 1.80(4) U2–O12 1.797(17)
〈U1–OUri 1.81 〈U2–OUri 1.80
〈U1–Oeqi 2.39 〈U2–Oeqi 2.32

S1–O1 1.45(3) S2–O4 1.46(3)
S1–O1v 1.45(3) S2–O4vi 1.46(3)
S1–O8 1.46(3) S2–O10 1.50(3)
S1–O8v 1.46(3) S2–O10vi 1.50(3)
〈S1–Oi 1.46 〈S2–Oi 1.48

Mn1–O7 2.19(4) Mn2–O5 2.05(6)
Mn1–O7x 2.19(4) Mn2–O6 1.96(3)
Mn1–O9xi 2.23(5) Mn2–O11i 2.08(3)
Mn1–O9iii 2.23(5) Mn2–O12 2.18(5)
Mn1–O11 2.04(2) Mn2–O13 2.17(4)
Mn1–O11x 2.04(2) Mn2–O14 2.398(13)
〈Mn1–Oi 2.15 〈Mn2–Oi 2.14

K1–O1vii 2.86(6)
K1–O5 2.95(5)
K1–O7 3.11(5)
K1–O9 3.03(6)
K1–O10 3.15(6)
K1–O13 2.94(3)
K1–O13viii 3.05(4)
K1–O14 2.792(13)
K1–O12 3.02(5)
〈K1–Oi 2.99

Fig. 6. The structure of plavnoite viewed along [1 0 0]. Uranyl
sulfate sheets (UO7 = blue, SO4 = yellow) of the zippeite topology
alternate with interlayer occupied by the Mn2þ-based distorted
octahedra (orange) and a mixed K1/O6 site (violet). Unit-cell edges
are outlined in red. (Online version in colour)

Plavnoite, a new member of the zippeite group 125
problems connected with site-scattering refinement of
the light elements besides heavy elements (comparing the
scattering power of O and K besides heavy scattering U).
4.5. Plavnoite and zippeite group � structural and
crystal chemical features

The coordination of the Mn2þ cations in the interlayer is
very similar to that found in the structure of natural
magnesiozippeite by Plášil et al. (2013). The presence of
both Kþ and M2þ in the interlayer of the zippeite-group
minerals and compounds is not surprising. First of all, the
chemical data available for zippeites suggest a miscibili-
ty between Mþ and M2þ members, and the presence of
both monovalent and divalent cations as interstitial
species was documented for synthetic zippeites by
single-crystal X-ray studies (Peeters et al., 2008).



Table 7. The bond-valence analysis for plavnoite.*

U1 U2 Mn1 Mn2 K1 S1 S2
P

BV Assignment

O1 0.45 0.14 1.60�2↓ 2.19 O
O2 0.56 0.68, 0.78 2.04 O
O3 1.14 0.72 1.86 O
O4 0.42 1.56�2↓ 1.98 O
O5 1.55 0.50 0.11 2.16 O
O6 0.63 0.63 H2O
O7 1.62 0.34�2↓ 0.11 2.07 O
O8 0.39 1.56�2↓ 1.95 O
O9 1.59 0.31�2↓ 0.17 2.07 O
O10 0.45 0.06 1.40�2↓ 1.91 O
O11 0.51�2↓ 0.46 0.97 H2O
O12 1.63 0.35 0.09 2.07 O
O13 0.36 0.08 0.44 H2O
O14 0.19 0.17 0.36 H2O

P
BV 5.75 6.25 2.31 2.48 0.94 6.32 5.91

* Values are given in valence units (vu). SBV= sum of bond-valences incident at the atomic site; �2↓=multiplicity. U6þ
–O bond-valence

parameters (r0 = 2.045, b= 0.51) taken from Burns et al. (1997) for [7]U–O; Mn2þ–O, S6þ–O and K–O bond-valence parameters from Brown
& Altermatt (1985).

Fig. 7. The interstitial complex in the structure of plavnoite: (a) infinite chains of Mn2þ-octahedra extending along [1 0 0] alternate with (b)
the K-based (violet atom) polyhedra extending along [0 0 1]. Both sites are partially occupied and mutually exclusive. Unit-cell edges are
outlined in red. (Online version in colour)
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Although plavnoite is structurally very similar to those
synthetic compounds (Table 7), it differs from them in
some details. At first sight, there is a clear difference in
the chemical composition of these structures: according
to the structure refinement, plavnoite contains
K0.57Mn0.53 (K0.75Me2þS0.59 according to EPMA), while
the synthetic K–Mn zippeite contains K0.50Mn0.75
(K0.19Mn0.67 according to EPMA, Peeters et al.,
2008). Comparing the structure of plavnoite with the
structures of the zippeite-related compounds synthesized
by Peeters et al. (2008), it shows significant differences
in the interlayer complex. The interstitial cations are
ordered in a distinct way, which is reflected in the
composition of the interstitial complex, as well (see
above). Although in the case of the synthetic compound
Mn2þ (and other divalent metals in the series of synthetic
compounds) is dominant, in plavnoite Kþ is dominant
over M2þ. The charge imbalance due to the vacancies at
the sites occupied by monovalent and divalent cations
(taking into account their lowered occupancy) is, most
probably, responsible for the protonation of some of
the O2� anions within the structural unit. However,
according to the bond-valence analysis, and as it is clear
from the average structure, none of the O atoms within
the structural sheet has an OH character, they are just
acceptors of the H-bonds from an interlayer.

Plavnoite is a new member of the uranyl sulfates of the
zippeite group, Strunz class 07.EC, Dana class 31.10.04.
Although it contains potassium, it differs substantially
from zippeite, ideally Kx[(UO2)4(SO4)2Ox(OH)4�x]
(H2O)6�x (where x≈ 2 in case of natural mineral) (Plášil
et al., 2011a). The differences are in the configuration and
composition of the interstitial complex and in the
composition of the structural sheets. Plavnoite is very
similar to the synthetic zippeite-group-related phases
described by Peeters et al. (2008), which are monoclinic
(space groupC2/c) and contains K and a divalent transition
metal (Co, Ni, Zn or Mn) in their structures. These
structures differ from those of zippeite (Burns et al., 2003;
Plášil et al., 2011a) and synthetic magnesiozippeite (Burns
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et al., 2003), and they contain a M2þ-polyhedron linked in
a manner similar to that in the structure of natural
magnesiozippeite (Plášil et al., 2013). The K:M2þ ratio
seems to be variable and also correlates with the number of
O atoms in the structural sheets, probably with a small
amount of OH� for charge balance. The comparative data
for the relevant members of the zippeite group are given in
Table 8. Plavnoite is structurally more similar to
monoclinic zippeites that contain divalent metal cations
than it is to triclinic members of the group, sejkoraite-(Y)
(Plášil et al., 2011b) or marécottite (Brugger et al., 2003)
or to zippeite (Plášil et al., 2011a) itself. Based on the
current knowledge, we can summarize that there is most
probably no complete solid solution between K- and Mn-
dominant zippeite; plavnoite (with a slightly variable
composition) actually represents an ordered stable
member. According to our best knowledge, there is no
K-dominant zippeite, natural or synthetic, that contains
structural units similar to the monoclinic M2þ-containing
members, and there is no Mn2þ-dominant member of the
zippeite group, as well.
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