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Jezekite (IMA2014-079), Na,[(UO,)(CO,),](SO,),-3H,0, is a new uranyl carbonate-sulfate mineral from Jachymov,
Western Bohemia, Czech Republic. The new mineral was found on samples from the Geschieber vein in the Svornost
mine. It occurs as a crystalline crust composed of thin, bladed prismatic crystals of yellow to sulfuric yellow color on
a gangue along with andersonite, ¢ejkaite, schrockingerite and ubiquitous gypsum. It is a supergene, low-temperature
mineral formed by hydration—oxidation weathering of uraninite associated with post-mining processes. Jezekite is he-
xagonal, space group P-62m, with unit-cell parameters a = 9.0664(11), ¢ = 6.9110(6) A and V =491.97(12) A3, Z=1.
Crystals are thin blades elongated along [001]. Crystals exhibit the forms {001}, {1-11}, {100} and {010}, commonly
forming twins/intergrowths with a twin plane parallel to [001]. Jezekite is light yellow to sulfuric yellow and has a
very pale yellow streak. It exhibits a bright greenish white fluorescence under both long-wave and short-wave UV. It is
transparent with a vitreous to pearly luster. The mineral has a Mohs hardness ~2; it is brittle, with uneven fracture and
a perfect cleavage on {001} and along [010]. The calculated density based on the empirical formula is 2.966 g/cm?.
The mineral is optically uniaxial (+), with ® = 1.484(2) and & = 1.547(2) (589 nm). It is non-pleochroic. The chemical
composition of jezekite (wt. %, electron-microprobe) is: Na,0 27.92, SO, 18.49, UO, 32.85, CO, (calc.) 15.08, H,O
(calc.) 6.17, total 100.51, which yields the empirical formula Na, . (UO,)(CO,).(S, ;,0,),-3H,0 (based on 22 O apfu).
Prominent features in the Raman spectrum include the O—H stretching vibrations, symmetric stretching vibrations of
(UO,)*" ions, and stretching and bending vibrations of symmetrically non-equivalent CO, groups and highly disordered
SO, tetrahedra. The eight strongest powder X-ray diffraction lines for jezekite are [d A( 1) (hkD)]: 7.861(59)(100),
6.925(20)(001),5.193(100)(101), 4.534(44)(110), 3.415(23)(201), 2.751(17)(112), 2.728(20)(211), 2.618(25)(300). The
crystal structure of jeZekite (R = 0.043 for 444 reflections with | | > 3c[l]) contains finite uranyl tricarbonate clusters
linked through the Na—-O bonds to form sheets of the composition {Na,[(UO,)(CO,),]}* parallel to (001). The adjacent
sheets of polyhedra are also linked through Na—O bonds to the six Na2 atoms and highly disordered sheets of com-
position {[(SO,),(H,0),]}* into a sandwich-like structure. The new mineral is named after Professor Bohuslav Jezek
(1877-1950), a prominent Czech mineralogist and crystallographer.
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1. Introduction

Uranyl carbonates are important alteration products of
hydration—oxidation weathering of uraninite (Finch and
Murakami 1999; Krivovichev and Plasil 2013; Plasil
2014), which are of great environmental importance due
to the extensive thermodynamic stability of dissolved
uranyl carbonate complexes in the solutions. Therefore,
the uranyl carbonate complexes are often responsible for
increased mobility of U (as U®, in the form of the uranyl
ion, UO,*), in particular under weakly acidic to alkaline

conditions (Langmuir 1978). The increased activity of
CO, in solution is due to dissolution of common gangue
carbonates or from atmospheric CO, in descending/
meteoric waters. Uranyl carbonates most frequently oc-
cur as efflorescence on mine walls, adits and tunnels, as
characteristic minerals formed as recent or sub-recent
phases due to post-mining weathering (Plasil 2014 and
references therein). However, also “old” in-situ formed
uranyl carbonates are known as constituents of massive
aggregates of uranyl minerals called gummites (P1asil et
al. 2006, 2010). Similarly, several well-known uranyl
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Fig. 1 Jezekite from Jachymov. a — Typical massive crystalline crust on weathered gangue. Width of image is 4 mm. b — Detailed view of crystal-
line aggregates composed of thin, long hexagonal crystals. Width of image is 2.5 mm. (Both photographs by P. Skacha).

carbonates from U deposits of Democratic Republic of
Congo such as wyartite, sharpite and roubaultite are most
probably also of supergene in-situ (old) weathering ori-
gin, being associated with alteration of the U ore-bodies
in the geological past.

Here we report on jezekite (pronounced ‘ye zhe kait’;
Cyrillic — exexut), which is a new uranyl carbonate-
sulfate mineral from Jachymov (Joachimsthal), Czech
Republic. The new mineral and name were approved
by the Commission on the New Minerals, Names and
Classification of the International Mineralogical Asso-
ciation (IMA2014-079). The new mineral is named after
Professor Bohuslav Jezek (1877-1950), Czech crystal-
lographer and mineralogist, professor of both Charles
University in Prague and Technical University of Mining
in Pfibram. Bohuslav Jezek was a student of Professor
Karel Vrba at the former Karl-Ferdinand University in
Prague (later Charles University), after whom vrbaite is
named (Jezek 1912). Professor Jezek obtained venium-
docendi at the Charles University and started, for the first
time in Czechia, experimenting with the diffraction of
X-rays on crystals together with Dr. Karel Teige. They
also began teaching crystallography at the University in
1922. Later, Professor JeZek moved on to the Technical
University of Mining in Pfibram, where he was appointed
as a regular Professor of Mineralogy. Besides exceptional
lecture texts and books (used by students long after his
death), Professor Jezek translated Agricola’s classical
work “Twelve Books on Mining” from Latin to Czech (in
1933). Among his mineralogical works, a paper on johan-
nite from Jachymov (Jezek 1916) is of particular interest.
It is noted that in 1914 another Czech mineralogist, Prof.
Frantisek Slavik, had already named a phosphate from
Greifenstein, Germany (Slavik 1914a, b) after Bohuslav
Jezek. However, further analyses showed that “jezekite”
of Slavik was the same as Na-rich morinite and, thus,
the former mineral was discredited (Fischer 1962). Since
more than fifty years have passed after that discrediting,

re-use of the same name is allowed by CNMNC in ac-
cordance with its current rules (Nickel and Grice 1998).

The holotype specimen is deposited in the systematic
collection of the Fersman Mineralogical Museum of the
Russian Academy of Sciences, Moscow, Russia, under
the catalogue number 94620.

2. Occurrence

Jezekite was found on two specimens only collected
during the 1990’s by one of the authors (JH) at the Ge-
schieber vein of the Svornost mine, Jachymov, western
Bohemia, Czech Republic. Unfortunately, there are no
labels specifying the exact place where these specimens
were collected. According to the mineral assemblage of
these samples, we only infer that they came from the 10t
level of the mine. A description of the locality of Jachy-
mov and its geological setting has been already given in
detail elsewhere (e.g., Ondrus et al. 1997, 2003; Tvrdy
and P14sil 2010; Hlousek et al. 2014). The Jachymov ore
district is a classic example of the Variscan hydrothermal
vein type of deposit, the so-called “five-elements forma-
tion”, Ag—Bi—Co—Ni—U. Jachymov is the type locality
for 45 minerals and more than 430 others have been
identified there.

Minerals found in direct spatial association with
jezekite include Na-rich uranyl carbonates: andersonite,
Cejkaite, schrockingerite and also natrozippeite. Minerals
putty several fragments covering the footwall of an old
mining adit. They are of supergene origin and formed due
to alteration during post-mining processes.

3. Physical and optical properties

Jezekite forms markedly thin, fine, bladed to acicular
crystals up to 0.2 mm long, tightly packed in isolated
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aggregates up to 0.5 mm across (Fig. 1) and/or massive
veinlets consisting of these crystals. They were com-
monly found to be curved by torsion. Crystal forms
{001},{1-11},{100},{010} were observed on crystals
elongated on [001]. Common twinning is on (001) plane.
Jezekite is pale to sulfur yellow in crystals and intensive
sulfur yellow in larger aggregates with a pale yellow
streak. Crystals are transparent with a vitreous to pearly
luster. They are brittle, with a perfect cleavage on (001)
and a good cleavage along (100), and have uneven frac-
ture. The Mohs hardness is estimated at ~2. A density of
2.966 g/cm?® was calculated using the empirical formula
and unit-cell dimensions from single-crystal X-ray data.
Jezekite shows bright greenish white fluorescence under
both long- and short-wave UV; however, it is stronger un-
der short-wave UV. The new mineral is optically uniaxial
positive, with @ = 1.484(2) and ¢ = 1.547(2) (589 nm).
It is non-pleochroic; however, it shows some pseudo-
absorption effects due to the high birefringence. The
elongation direction of the acicular crystals is negative;
extinction is straight. The Gladstone-Dale compatibility,
1= (K /K), is fair (0.069) for the empirical formula and
the single-crystal unit-cell.

4. Chemical composition

The chemical composition of jezekite was determined
using a CamScan4D scanning electron microscope (SEM)
equipped with an Oxford Link ISIS energy-dispersive
X-ray spectrometer. An operating voltage of 15 kV was
used for the analysis with a beam current of 500 pA and
a beam rasterizing area of 8 x 8 um, since jezekite was
found to be extremely unstable

Tab. 1 Results of chemical analyses (in wt. %) of jezekite

Mean (n=9) Range SD Standard
Na,O 27.92 27.12-28.46  0.49 Albite
SO, 18.49 17.62-19.47  0.59 BaSO, (synth.)
uo, 32.85 32.38-33.63  0.44 UO,(synth.)
CO, 15.08%*
H,O 6.17*
total 100.51

* calculated from the structure
SD — standard deviation

on 22 O apfu). The simplified formula, Na,[(UO,)(CO,),]
(S0,),-3H,0, requires Na,O 28.15, CO, 14.98, SO, 18.22,
UO, 32.51, H,0 6.14, total 100 wt. %.

Jezekite is slightly soluble in a cold H,O and readily
soluble in 10% HCI acid.

5. Raman spectroscopy

A Raman spectrum of jezekite (Fig. 2) was collected
in the range 50-4000 cm™' using a DXR dispersive
Raman spectrometer (Thermo Scientific) mounted on
a confocal Olympus microscope (100% objective). The
Raman signal was excited by a 532 nm diode-pumped
solid-state laser and detected by a CCD detector. The
experimental parameters were: 5 s exposure time, 32
exposures, 400 lines/mm grating, 50 mm slit spec-
trograph aperture and 2.5 mW laser power level. The
instrument was set up by a software-controlled calibra-
tion using multiple neon emission lines (wavelength
calibration), multiple polystyrene Raman bands (laser

under the electron beam due
to the presence of components
that are volatilized readily (Na
as well as CO, and H,0). The
molecular H,O content was not
determined directly, because
of the paucity of pure material
available for thermal analysis.
The H,O content was calculated
from the stoichiometry in turn
obtained from the structure
model. The presence of H,O
was confirmed independently
by Raman spectroscopy.

The empirical formula of
jezekite, calculated as a mean
of nine representative spot anal-
yses (Tab. 1), is Na, [(UO,)
(CO,),I(S,,,0,,-3H,0 (based

Raman Intensity (au)

O-H stretching
vibration

1.01

v, (U0,

v, (8O,)

6 H-O-H
+ overtones + v, (CO,)

i 5 (UO,)?"

4000 3000
Fig. 2 The Raman spectrum of jezekite.
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frequency calibration) and standardized white-light
sources (intensity calibration).

Spectral bands at 3620 and 3380 cm™' are attributed to
v O-H vibrations of symmetrically non-equivalent H,O
molecules. According to the correlation published by
Libowitzky (1999), the O—HO hydrogen bond lengths
vary between 3.20 and 2.90 A. Bands at 2740 and 1710
cm™' may be related to the overtones or combination
bands. Bands at 1656 and 1600 cm™' were assigned to the
v, (8) bending vibrations of structurally non-equivalent
H,O molecules. Very weak bands in the region from 1300
to 1600 cm ! are, however, related to the split doubly
degenerate v, (CO,)* antisymmetric stretching vibra-
tions. Bands at 1195, 1130 and 1110 cm™ are attributed
to the triply degenerate v, (SO,) antisymmetric stretching
vibrations, and two bands at 1060 and 1050 cm™ to the
v, (CO,) symmetric stretching vibrations. According to
Jolivet et al. (1980), the magnitude of the splitting of the

Tab. 2 Powder diffraction data for jezekite

doubly degenerate v, (CO,)* antisymmetric stretching vi-
brations (1550, 1375, 1355 cm™) supports conclusions of
the X-ray crystal structure analysis: the carbonate planar
groups are linked bidentately in the equatorial plane of
the uranyl hexagonal bipyramids. A band at 996 cm™! is
attributed to the v, (SO,) symmetric stretching vibration.
A very weak band at 896 cm™ may be connected with
the v, (UO,)*" antisymmetric stretching vibration and the
very intense band at 825 cm™ to the v, (UO,)*" symmetric
stretching mode. Anyway, the possibility of coincidence
of the bands related to the v, (UO,)*" and the v, (CO,)
cannot be excluded. According to the empirical relation
given by Bartlett and Cooney (1989), the U-O bond
lengths in the uranyl ion, inferred from the stretching
wavenumbers of the v, and v, bands are approximately
~1.79 A. The weak bands at 731 and 715 cm™' are as-
signed to the v, (8) doubly degenerate (CO,) in-plane
bending vibrations. Bands at 688, 629 and 622 cm! are

attributed to the triply degenerate v,

(8) (SO,) bending vibrations. Bands at

- d, d h ok . d, d Loh k| 4§ 8 and 379 cm™ may be connected
59 7861 7857 40 1 0 0 3 17147 17145 5 a4 1 o With the doubly degenerate v, (3)
20 6925 6918 2 0 0 1 3 1708 17080 2 4 o 2 (SO,) bending vibrations, while those
100 5193 5192 100 1 0 I 1 16897 16891 3 1 o 4 at277 and 248 are due to the doubly
44 4534 4536 40 1 1 0 2 16644 16641 4 4 1 1  degenerate v, (8) (UO,)*" bending
14 396 398 14 2 0 0 3 16173 16170 6 2 2 3  vibrations. The remaining bands at
12 3.792 3793 12 1 1 1 2 15989 15985 5 3 2 2 188,161 and 85 cm ! may be assigned
11 3.460 3459 18 0 0 2 2 15841 15838 4 3 1 3  tov (U-Op, ) stretching and & (O,
23 3415 3416 27 2 0 1 Io1s7i2 s 1 os 00 U0, ) and 8 (OUO,, ) bending
8  3.166 3166 12 1 0 2 2 15362 15361 3 4 1 2 vyibrations (Volod’ko et al. 1981).
12 2968 2970 10 2 1 0 2 15324 15323 2 5 0 1
17 2751 2751 21 1 1 2 1 15119 15120 2 3 3 0
20 2728 2729 28 2 1 1 2 14949 14945 4 2 1 4 g Xray crystallography
25 2.618 2619 23 3 0 0 1 14847 14848 1 4 2 0 and structure
32596 2.596 4 2 0 2 1 14772 14772 2 3 3 1 determination
7 2449 2449 10 3 0 1 1 14521 14517 4 4 2 1
2 2305 2.306 3 0 0 3 2 14438 14432 3 3 0 4
13 2260 2268 17 2 2 0 1 14205 1420 3 3 2 3 6.1. Powder diffraction
5 2254 2253 8 2 1 2 1 14108 14111 2 5 1 0 ) )
3 2213 2213 8 1 0 3 1 13855 13855 1 3 3 2 X-raypowder diffraction data (Tab. 2)
4 2177 2.179 6 3 1 0 | 13828 13826 2 5 1 1 Wwere obtained from a hand-picked
8 2153 2155 12 2 2 1 2 13760 13753 4 2 2 4 sample using a PANalytical Empy-
1 2088  2.088 2 3 0 2 1 13646 13644 2 4 2 2  rean diffractometer equipped with a
8 2080 2078 12 3 1 1 1 13614 13627 2 1 0 5  PIXcel’” detector using CuK radia-
3 2056 2.056 6 1 1 3 1 13552 13547 3 3 1 4 tion (45kV, 40 mA) and operating in
2 19895 19887 5 2 0 3 1 13099 13095 2 6 0 0 Debye—Scherrer geometry provided
1 1.9647  1.9642 2 4 0 0 1 13064 13066 2 5 1 2 by focusing Gobel mirror optics. Data
8 1.8973 1.8967 12 2 2 2 1 1.2984 1.2985 1 5 0 3 were collected in the range 3-70° 20,
2 1.8841 18895 5 4 0 1 I 12863 12866 2 6 0 1  with a step size of 0.01° and count-
5 1.8440 18437 8 3 1 2 I 12697 12697 2 4 3 1 ing time of 2 s per step, using an
2 18220 18214 7 2 1 3 212479 12480 3 3 2 4 ,ecumulation of 40 scans to improve
4 18026 18025 6 3 20 ! 12376 1.2378 25 2 1 the intensity statistics. Positions and
4 1744 17442 8 3 21 ! 12245 1.2246 6 02 intensities of diffraction profiles were
5 17310 17307 5 3 0 3 1 12179 12176 2 4 1 4 . .
refined using a pseudo-Voigt shape
5 17283 17296 4 0 0 4

d values quoted in A

function with the High-Score pro-
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gram (PANalytical, Almelo,
B.V.). Unit-cell parameters
were refined by least-squares
with the Celref program (Lau-
gier and Bochu 2003). The
theoretical pattern, used for
indexing the experimental da-
taset, was calculated from the
structure data using Powder-
Cell (Kraus and Nolze 1996).
Refined unit-cell parameters
of jezekite obtained from
powder data are a = 9.072(2),
c=6.9182(1) A, with V =
493.1(1)A%and Z = 1.

6.2. Single-crystal X-ray

Tab. 3 Crystallographic data and refinement details for jezekite

Crystal data

Formula

Crystal system

Space group

Unit-cell parameters: a, ¢ [A]
Unit-cell volume [A?]

Z

Calculated density [g/cm?]
Crystal size [mm]

Data collection
Diffractometer

Temperature [K]
Radiation, wavelength [A]
6 range for data collection [°]

Na,[(U0,)(CO,),1(S0,),(H,0),
hexagonal
P62m
9.08022(7), 6.92071(16)
494.168(12)
1
2.971
0.10 x 0.03 x 0.02

9.0664(12), 6.9110(6)
491.97(10)

PILATUS@SNBL diffrac-
tometer, BMO1A ESREF,
Pilatus 2D detector

Oxford Diffraction Gemini with
Atlas detector

diffraction and Limiting Miller indices
structure solution

. . Total reflections collected
A prismatic crystal of

jezekite, with dimensions
0.10 x 0.03 x 0.02 mm, was
selected under the micro-
scope and examined using an
Oxford Diffraction Gemini F,,
single-crystal diffractometer

with an Atlas CCD detec-
tor using monochromatized
MoK radiation, with a fibre-
optic Mo-Enhance collimator.
According to single-crystal
X-ray data, jezekite is hexa-
gonal with a =9.0664(11), c=

Unique reflections

T /T

min’  max

int

R, wR (obs)

R, wR (all)

GOF obs/all

Weighting scheme, weights

Axis, frame width (°), time per frame (s) , 0.9, 310

Unique observed reflections, criterion
Absorption coefficient [mm™], type

Structure refinement by Jana2006
No. of ref. param., restraints, constraints 38, 0, 0

Largest diff. peak and hole (e /A3)

302 300
MoK, 0.71073 (50 kV, 30 mA)  Synchrotron, 0.68884
2.95-29.18 2.51-31.37
h=-11-10, k=-12—11, h=-13-13, k=-13—13,
=8—-9 =-6—06
D, 1,1
3392 4551
444 539

420, [1 > 30(D)]
8.75; Gaussian

539, [1 > 30()]
8.75/multi-scan

0.526/15.533 0.898/1
0.116 0.046
406 395

Full-matrix least-squares on F?
33,0,0
0.0431, 0.1051
0.0431, 0.1051

0.0426, 0.0832
0.0454, 0.0846

1.43, 1.41 2.43,2.43
o, w =1/(c*(1)+0.00041) o, w =1/(c*(1)+0.001612)
~1.37, 1.46 -3.18/4.31

6.9110(6) A, V = 491.97(12)

A% and Z = 1. Of the 3392 collected reflections, 444
were unique and 404 were classified as observed based
on the criterion [l . > 3c(l)]. Data were corrected for
the Lorentz effect, polarization factor and background;
also Gaussian correction for absorption was applied in
Jana2006 program (Petficek et al. 2014). In order to
obtain a better dataset, the same crystal was investigated
at the European Synchrotron Radiation Facility (ESRF,
Grenoble, France) at room temperature using the PILA-
TUS@SNBL diffractometer at the BMOIA end station
of the Swiss—Norwegian Beamlines; the wavelength
of the synchrotron radiation was set to 0.70135 A. The
data were collected with a single @ scan with an angular
step of 0.1° in a shutter-free mode with the Pilatus2M
detector. The raw data were pre-processed with SNBL
TOOLBOX and the integral intensities were extracted
from the frames with the CrysAlisPro software (Rigaku).
However, the dataset provided results very similar to
the laboratory data in terms of the refined structure and

the indices of agreement. The dataset from ESRF, with
better intensity statistics, clearly demonstrated that the
crystal investigated is a multi-domain split crystal. Nev-
ertheless, introduction of a split crystal (modelled as a
non-crystallographic rotational twin) into the refinement
did not lead either to a substantial improvement of the
fit or a more acceptable model. The data were checked
for twinning by merohedry or pseudomerohedry (reticu-
lar), but again the fit did not provide reasonable results
(negative values of twin fractions etc.). Due to the simi-
lar results provided by both datasets we decided to base
our interpretation and discussion of the structure on the
results from the laboratory diffractometer. The details of
the data collection and refinement for both datasets are
given in Tab. 3.

The crystal structure of jezekite was solved by the
charge-flipping algorithm implemented in the Superflip
program (Palatinus and Chapuis 2007) and subsequently
refined using the software Jana2006 (Petiicek et al. 2006,
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Tab. 4 Atom coordinates, displacement parameters and bond-valence sums for the crystal structure of jezekite

Atom Occ. BV x/a y/b z/c U, /U, (A7) un U2 U U U
Ul 6.02(7) 0 0 0.5 0.0204(2)  0.0115(3) 0.0115(3) 0.0106(5) 0.00574(17) 0
Nal 1.002)  0.666667 0.333333 0.5 0.0221(18)  0.097(5)  0.097(5)  0.010(5)  0.048(2) 0
Na2 0.81(1) —0.3631(8) 0 0.7532(13)  0.022(3) 0.083(4)  0.248(13) 0.016(5)  0.124(7) 0.000(3)
Cl 411) 0 0.3173(18) 0.5 0.026(4) 0.034(10)  0.016(6)  0.010(11) 0.017(5) 0
SI 0333 63(2)  0.6736(9) 0.4041(9) 0 0.0228(15)

o1 242(4)  0.666667 0333333 0.176(2)  0.048(2)

02 2.08(5) —0.1394(15) 0.1730(16) 0.5 0.090(8)

03 1.64(4) 0 0 0.2404(19) 0.031(4)

04 1.97(8) 0 0.4556(12) 0.5 0.085(7)

05 05  1.244) 0.5993) 0.4943) 0 0.023(3)

06 0.5  0244(4) 0.8193) 0.7003) 0 0.030(4)

07 01667 1.92(6) 0.814(3) 0.532(3) 0 0.022(3)

Occ. — occupancy; BV — bond-valence sum (in vu)

2014) with the full-matrix least-squares refinement based
on F2. Superflip output suggested a solution in the hexa-
gonal highest space-group P6/mmm. However, the struc-
ture has lower symmetry, P62m, as documented by the
refinement; even though the real symmetry can be lower
still (see below). The hexagonal symmetry is consistent
with the point group of the sub-lattice in jezekite, repre-
sented by the U and Na atoms in the structure. We note
that the jezekite structure as presented here is an average
one, containing highly positionally and occupationally
disordered SO, groups in the interlayer. Nevertheless, a
structure refinement in lower symmetry space groups did
not lead to any improvement in the fit to the data. There-
fore, we decided to present the model with the disordered
SO,, since refined values for all other atoms turned out
to make physical sense. We also note that the diffraction
intensities are affected 1) by the dominant contributions
from the U atoms and 2) the presence of rotational twin
domains from the split crystal.

The heavy atoms were found in the structure solution
readily and the lighter ones were localized by the differ-
ence Fourier syntheses. An attempt to use the rigid-body
approach for the refinement of the disordered (SO,) led to
significantly worse results than a simple less-constrained
refinement. The refinement converged with the final
indices of agreement R = 0.0426 and wR = 0.0832 for
420 observed reflections with GOF = 1.43 (Tab. 3).
The atom coordinates, the displacement parameters and
bond-valence sums are given in Tab. 4 and selected
interatomic distances in Tab. 5. The bond-valence sums
were calculated according to Brown (2002), using bond-
valence parameters of Burns et al. (1997) and Brown and
Altermatt (1985).

6.3. Description of the crystal structure

The single U site in the structure of jezekite is surrounded
by eight O atom sites forming a squat hexagonal bipyra-

Tab. 5 Selected interatomic distances (A) in the structure of jezekite

U1-02 2.458(17) S1-01 1.361(15)
U1-02! 2.458(16) S1-Ol¥ 1.361(15)
U1-021 2.458(18) S1-05 1.29(3)
U1-02i 2.458(17) S1-07 1.22(6)
U1-02v 2.458(16) <S1-0> 1.31
U1-02¢ 2.458(18)
U1-03 1.794(13) C1-02 1.287(13)
U1-03v 1.794(13) C1-02Y 1.287(13)
<U-0,> 1.794 C1-04 1.25(2)
<U-0_> 2.458 <C1-0> 1.28
Nal-Ol 2.240(17) Na2-02 2.541(10)
Nal-O1¥ 2.240(17) Na2-02Y 2.541(10)
Nal-02v 2.786(17) Na2-04 2.401(11)
Nal-Q2vi 2.786(18) Na2-05 2.52(3)
Nal-02F 2.786(16) Na2-05" 2.522(18)
Nal-04vi 2.6481(19) Na2-06™i 2.62(2)
Nal-O4vi 2.648(13) Na2-06™¥ 2.62(3)
Nal-O4 2.648(13) Na2- Q7 2.249(19)
<Nal-0> 2.59 Na2-07"¥ 2.249(17)
<Na2-0> 2.47
01-01% 2.43(2) 03-06% 2.90(2)
01-05 2.21(3) 03-06™ 2.90(3)
01-05* 2.21(2) 05-05% 1.65(4)
01-05* 2.21(3) 05-06 1.93(3)
01-07 2.02(2) 05-06% 2.61(4)
01-07* 2.02(3) 05-07 1.80(4)
01-07* 2.02(3) 05-07* 1.68(4)
02-02" 2.717(18) 05-07% 2.76(5)
02-02¢ 2.189(16) 06-06% 1.88(5)
02-04 2.218(16) 06-06™ 2.84(3)
03-06™ 2.898(18) 06-07 1.50(4)
03-06* 2.90(2) 07-07* 2.80(3)
03-06i 2.90(3) 07-07 2.80(4)
03-06ii 2.898(18) 07-07 2.92(4)

Symmetry codes: (i) -y, X-Y, z; (ii) —X+y, —X, Z; (iii) Y, X, —z+1; (iv) x-Y,
=y, —z+1; (V) =X, =X+y, —z+1; (Vi) X, Y, —z+1; (vii) X+1, Y, z; (viii) —y+1,
x=y+1, z; (ix) =y+1, x-y, Z; (x) —X+y+1, —x+1, z; (xi) X, Y, —Z; (xii) Y, X,
-z (xiii) X+1, y, —z+1; (xiv) —y+1, x-y+1, —z+1; (xv) —x+y, —X, —z+1;
(xvi) x—1, y—1, z; (xvii) —x+y, —x+1, z; (xviii) y—1, x—1, =z; (xix) Xy,
—y+1, =z; (xx) —x+1, =X+y, =z; (xxi) —X+y—1, =X, z; (xxii) =Y, X-Y, z+1;
(xxiii) —X+y, —x+1, z+1; (xxiv) y—1, Xx—1, =z+1; (xxv) —X+2, —Xx+y+1, —z.
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Fig. 3 The structure of jezekite viewed down [001]. The unit cell is
shown by red solid lines. The UO, hexagonal bipyramids are blue,
CO, planar groups chelating UQ, are black. Sodium atoms are violet,
S atoms yellow, O atoms shown as small red spheres.

mid. This is one of the typical coordinations for U in
the solid state in which the two short apical bonds of the
bipyramid constitute the uranyl, UO,*" ion. Observed
bond lengths for the polyhedra (Tab. 5) are consistent
with those most frequently observed for [8]-coordinated
US* (Burns et al. 1997). The uranyl bipyramid is chelated
by three planar CO, groups (one symmetrically unique C
site) forming a typical uranyl tricarbonate cluster (UTC)
[((UO)(CO,),]*. These clusters are linked to the Nal
atoms, occupying 2d sites, to form sheets of composi-
tion {Na,[(UO,)(CO,),]}*. The Nal site is [8]-coordi-

Na2

Na1
T

nated by six O atoms within the sheet and two O atoms
that are the vertices of the disordered SO, tetrahedron.
The coordination environment around the second Na
site (Na2) in the structure is much more complicated.
The Na2 site is [9]-coordinated, but some of these nine
bonds belong to occupationally disordered O atoms (of
the SO, group) and one O atom (O6) clearly belongs to
an H,O group, according to the bond-valence analysis
(Tab. 3). This H,O is an inverse-transformer group with
a [4]-coordinated O atom, with it linked to two Na atoms
and two hydrogen atoms (the H atoms are not present in
the current structure model). There are three positionally
disordered SO, groups in the structure (generated by the
six-fold axis). The coordination environment of these
SO, groups is quite complicated and is displayed in Fig.
3; in an average structure they are represented by three
mutually exclusive positions. The structure of jezekite
can be viewed as a three-storey sandwich-like structure
(Fig. 4) with firm, ordered {Na,[(UO,)(CO,),]}* sheets,
an alternating interlayer with six (Na2)" ions plus highly
disordered sheets of composition {[(SO,),(H,0),]}*. The
structural formula of jezekite obtained from the refine-
ment is Na,[(UO,)(CO,),](SO,),(H,0),, Z = 1.

7. Discussion

7.1. Structure topology, structure relations

The structure of jezekite is unique, but there are several
similarities to other known uranyl minerals and com-
pounds. There is only one known uranyl tricarbonate

(b) —

Fig. 4 a — The sandwich-like structure of jeZekite (left) viewed perpendicular to [001]. The unit cell is shown by black solid lines. The sheets of
UQ, bipyramids and Nal-polyhedra alternate with an interstitial layer containing disordered SO, groups and Na2-polyhedra. The stacking sequence
corresponds to the unit-cell parameter . b — The structure of schréckingerite (Mereiter 1986) showing linkage of SO, groups. UO, bipyramids are
blue, NaOy polyhedra are violet, Ca atoms are displayed in green. In schrockingerite the interstitial complex consists of H-bonded H,O groups only.
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mineral containing (SO,)* anions in the crystal structure,
schrockingerite (Mereiter 1986). The way how the sulfate
tetrahedron is linked in the structure differs from that
in jeZekite. In the structure of schrockingerite, the SO,
tetrahedron is shared between three Ca atoms within the
structural sheet, with one non-bridging vertex staggered
towards the interlayer (Fig. 4). Interestingly, the struc-
ture of jezekite is somewhat related to that of synthetic
trigonal Na,[(UO,)(CO,),] (Cisafova et al. 2001; Li et al.
2001), in terms of the unit cell metrics. This compound
is a dimorph of monoclinic ¢ejkaite (Plasil et al. 2013)
and has not been found in Nature. Hexagonal jezekite has
an a parameter that is similar to the synthetic compound
and also to schrockingerite, and a halved ¢ parameter.
The latter, which represents the stacking of the layers in
the structure, is very close to the stacking in Cejkaite, but
the two structures are essentially different. The columnar
stacking of NaO, (most commonly X = 6) polyhedra is,
however, a well-known feature from the structures of
Na-containing uranyl carbonates (Cisafova et al. 2001; Li
et al. 2001; Li and Burns 2001; Plasil et al. 2012, 2013).

7.2. Note on occurrence

Uranyl carbonates that contain alkali metals such as Na*
or K" are fairly common in Jachymov, occurring in vari-
ous places, where the appropriate conditions occur. Their
origins have been connected with post-mining weathering
processes in the old mining adits with stable humidity
and temperature. The most common Na*-bearing ura-
nyl carbonate mineral in Jachymov is schrockingerite,
NaCa,[(UO,)(CO,),I(SO,)F(H,0),, (Ondrus et al. 1997;
Mereiter 1986), which also contains S® in the structure,
as jezekite does. However, jezekite is by far rarer, most
probably due to the very high molar proportion of the
Na" in the structure.
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