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Uraninite and the supergene minerals from the Cervend hydrothermal uranium vein (Jachymov ore district, Czech
Republic) were studied. These supergene minerals represent alteration products of the joint weathering of uraninite
and hypogene sulfide minerals, connected to the acid-mine drainage (AMD) systems. The complex geochemistry of
the hypogene mineralization provided a unique environment for formation of chemically diverse supergene phases.
Among other features, the weathering system is characterized by the high activity of Cu?* and REE, which control the
composition of the resulting supergene minerals: commonly occurring are Cu-dominant uranyl sulfates of the zippeite
group (pseudojohannite, Cu-rabejacite), Cu-dominant uranyl silicates (cuprosklodowksite) or Y- and REE-containing
uranyl-sulfate mineral sejkoraite-(Y). The high activity of Cu?" and REE is also reflected by the fact that both elements
enter minerals, which are nominally Cu- or REE-free (marécottite, rabejacite, tyuyamunite, and compreignacite). The
alteration association was evaluated with regard to the crystal-chemical properties of each mineral using the bond-valence
approach, documenting distinct evolutionary trends during weathering.
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together with copper sulfides, in the old mining workings.
This paper presents results of the detailed mineralogi-
cal study concerned with the nature and genesis of this
mineral association.

1. Introduction

Studies on alteration of uraninite, ideally UO,, in oxidiz-
ing conditions, help us to better understand the processes
such as dissolution, transport and retardation/immobiliza-
tion of uranium and other elements in the environment.
Uranyl-sulfates are typical products of uraninite alteration
in the acidic oxidizing environment (Ondrus et al. 1997,

2. Occurrence

Finch and Murakami 1999; Meisser et al. 2002; Brug-
ger et al. 2003, 2006; PI4sil et al. 2012a, b; Krivovichev
and P14sil 2013; P1asil 2014). The sulfate-rich solutions,
resulting from the decomposition of the primary sulfide
minerals by descending oxidizing waters, are responsible
for the migration of the uranyl ion (UO,)*" under the
low pH conditions (Fernandes et al. 1995; Brugger et al.
2003, and references therein).

The studied association of supergene minerals from
the Cervend vein in the Jachymov (St. Joachimsthal)
ore district represents a typical alteration association of
the recent origin, resulting from the weathering and de-
composition of the primary uranium minerals, occurring

The Jachymov (St. Joachimsthal) ore district, located
in the vicinity of the namesake town in western Bohe-
mia, Czech Republic, is a classic example of Ag + As
+ Co + Ni + Bi + U vein-type hydrothermal mineral-
ization. The ore veins cut a complex of medium-grade
metasedimentary rocks of Cambrian to Ordovician age,
in the contact aurcole of a Variscan granite pluton. The
majority of ore minerals were deposited in Variscan
times from mesothermal fluids (Ondru§ et al. 2003a,
b). Primary and supergene mineralization in this
district resulted in extraordinarily rich associations;
more than 420 mineral species have been described to
date (Ondrus et al. 1997, 2003b, ¢; Plasil et al. 2010,
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2011a, b, 2012b, 2013a; Sejkora et al. 2010a—c; Tvrdy
and PI4sil 2010).

The studied site is located at the Cervena vein,
(known as “Roter Gang” to the German miners), at the
level of the Daniel adit (303 m under the surface) near
the Rovnost shaft (“Werner Schacht”) (50°22'18.315"N,
12°53'32.784"E) in the western part of Jachymov ore
district. The vein cuts the Jachymov-series of meta-
morphic rocks. In the immediate vicinity of the studied
mineralization, a Tertiary basalt dyke intersects the ore
vein together with the few fault-zones. The samples de-
scribed in this study were found on the foot-wall of an
old mining adit, partly lying directly on the surface and
partly distributed in a material of a thickness up to 10 cm.
The material comes from the ore-lens located on the
hanging-wall. This ore-lens consisted of the partly altered
primary mineralization, namely of uraninite, chalcopyrite
and tennantite. The lens was probably mined during the
prospecting works in 1950°s, when the small portion of
the uraninite bearing specimens and fine-grained dust
were buried on the footwall of the adit. However this
area, probably this accumulation too, is known for longer
time; the detailed description of a rich uraninite accu-
mulation in association with copper ores was reported
by Stép and Becke (1904). The area itself was used for
radon water storage for spa in Jachymov, known as Stép’s
springs (Trvala 1962), since the leaking water from the
vein structures and enriched in U-ore deposited on the
footwalls provided a very high activity (of about 2884
Mache units = 38.8 kBq/1).

3. Experimental

3.1. Microphotography and scanning
electron microscopy

The surface morphology of the samples was studied
using the optical microscope Nikon SMZ1500 in com-
bination with the digital camera Nikon DXM1200F
(National Museum, Prague) and optical microscope
Zeiss Stemi2000. Nikon microscope was also used for
microphotography in incandescent light. The details
of surface morphology of gold-coated samples were
studied with the scanning electron microscopes (SEM)
Jeol JSM-6380 (Institute of Geology and Palaeontol-
ogy, Charles University in Prague) and Hitachi 3700N
(National Museum, Prague) both in secondary and
backscattered electron modes.

3.2. Chemical composition

Chemical composition of studied minerals was obtained
using an electron microprobe Cameca SX100 (Joint

Laboratory of the Masaryk University and Czech Geo-
logical Survey, Brno). Wavelength dispersive mode and
following conditions were used. Uraninite: accelerating
voltage of 15 kV, current of 60 nA, 5 um beam diameter;
analytic lines and standards: K lines: Na (albite), Si
(sanidine), P (LaPO,), Ca (fluorapatite), Fe (almandine),
S (Sr80,), F (topaz); L, lines: Y (YPO,), Sr (SrSO,), La
(LaPO,), Ce (CePO,), Dy (DyPO,), Er (ErPO,), As (lam-
merite); Lﬁ lines: Pr (PrPO,), Nd (NdPO,), Sm (SmPO,),
Eu (EuPO,), Gd (GdPO,); M_ lines: Th (CaTh[PO,],),
Pb (vanadinite); M, lines: U (U). Sulfides: accelerating
voltage of 25 kV, current of 20 nA, 2 um beam diameter;
analytic lines and standards: K _lines: Zn (ZnS), Fe, S
(FeS,), Co (Co), Cu (Cu), Ni (pararammelsbergite), Mn
(Mn); L, lines: Ge (Ge), In (InAs), Ag (Ag); L, lines:
As (pararammelsbergite), Se (PbSe), Cd (CdTe). Super-
gene phases: 15 kV accelerating voltage, 2 nA current,
15-20 um beam diameter; analytic lines and standards:
K, lines: P, Ca (fluorapatite), Na (albite), Fe (alman-
dine), S (SrSO,), V (S¢VO,), Mg (MgALO0,), Si, Al,
K (sanidine), Zn (gahnite), Ni (Ni,SiO,), Co (Co), Mn
(spessartine); L  lines: Cu, As (lammerite); L, lines: Ba
(barite); M, lines: Pb (vanadinite), U (uranophane, ruth-
efordine). Peak counting times (CT) were 10-20 s for
major elements, 40—60 s for minor to trace elements and
counting time on background was %2 CT. The measured
intensities were converted to element concentrations
using the PAP program (Pouchou and Pichoir 1985).
Elevated analytical totals of minerals containing a large
amount of hydroxyl groups or crystal water are generally
caused by water evaporation either under high-vacuum
conditions or due to heating of the analyzed spot by the
electron beam. Lower analytical totals for some samples
are primarily a consequence of their porous nature or due
to poorly polished surfaces of soft or cryptocrystalline
minerals.

3.2.1. CHIME dating of uraninite

Assuming that all Pb in uraninite is radiogenic, i.e. result-
ing from the decay of Th and U, the chemical age can be
calculated as follows (Montel et al. 1996):

= L 1238 U
Pb = 3505 * 0-99276 x (¢~ 1) x 20597 + 533 g3
x (0.007196 x (emSt —1) x206.98 + 23%“704 X (6/12321 -1)
% 207.97

where t is a time in years and A>3, A?3%, and A**? are decay
constants of the 28U, U and 2*?Th, respectively (Steiger
and Jager 1977).

The peak CT for Pb, U and Th in uraninite analyses
used for CHIME dating were 120, 60 and 60 s, respec-
tively. In order to obtain as precise Pb concentrations
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as possible, the measured contents of Pb were manually
corrected for YLyZ’ ThMCI and ThM€2 overlaps on PbM .
Besides that, the analytical precision of Pb on the M_line
is higher than on M, line. We used a set of Th- and U-rich
monazites of well characterized ages in range 320-970
Ma to verify the procedure and data.

3.3. X-ray crystallography

3.3.1. Powder diffraction

Powder X-ray diffraction data were acquired using sev-
eral analytical devices.

1. The PANalytical X’Pert Pro diffractometer with a
secondary monochromator, producing CuK  , radiation,
and X‘Celerator silicon solid-state detector were utilized
for data collection using the Bragg-Brentano geometry
(Institute of Geochemistry, Mineralogy and Mineral Re-
sources, Charles University in Prague).

2. The PANalytical Empyrean diffractometer equipped
with a curved Gobel mirror, producing CuK  , radiation,
and a PIXcel®P solid-state detector were employed for
measurements in the Debye-Scherrer geometry. Pulver-
ized samples were loaded into 0.3 mm glass capillaries
and rotated during the measurement in order to increase
the counting statistics. The diffractometer was calibrated
against a LaB, (NIST) standard.

The unit-cell parameters from the powder data were
refined by Celref program (Laugier and Bochu 2004)
using the least-squares method. The theoretical powder
patterns were calculated using PowderCell software
(Kraus and Nolze 1996) based on the known structure
data. The Le Bail fitting and Rietveld refinement were
conducted using Jana2006 program (Petficek et al.
2006, 2014).

3.3.2. Single-crystal diffraction

For single-crystal X-ray diffraction experiments was
utilized Oxford diffraction Gemini single-crystal dif-
fractometer system equipped with an Atlas detector
(using monochromatic MoK radiation) and fiber-optics
Mo-Enhance collimator. Unit-cell refinement and inte-
gration of the data (including background, Lorentz effect
and polarization correction) and absorption correction
(usually combined empirical and analytical correction,
after Clark and Reid 1995) were done within CrysAlis
RED (Agilent Technologies 2012). Crystal structures
were solved from the three-dimensional intensity
data by the charge-flipping algorithm implemented in
the Superflip program (Palatinus and Chapuis 2007).
Structure models were subsequently refined using the
full-matrix least-squares algorithm (based on F?) of the

software JANA2006 (Petticek et al. 2006, 2014). The
bond-valence analysis was done following procedures
of Brown (1981, 2002).

4. Results — minerals and their structural
and chemical properties

4.1. Primary (hypogene) mineralization

The primary minerals are represented by uraninite and
abundant chalcopyrite in the quartz gangue. Besides these
two minerals, pyrite, chalcocite and minor tennantite
were found in the studied samples. Only rarely the native
Bi and Ni-arsenides were found to form small veinlets.
Primary uraninite and sulfides are strongly altered and
replaced by younger, supergene phases.

4.1.1. Uraninite, (U*
O X—y-2

2+x—(0.5y)-z

Us+ REE3*+ M2+)
X y z

Uraninite is present as a residual phase. The centers of
the residual aggregates have usually waxy luster, the
color changing from blackish more towards grey. Urani-
nite is usually fine grained, forming intergrowths in the
sulphide matrix, seldom occurring as massive aggregates.
According to EMPA study, uraninite partially underwent
coffinitization along cracks. This phase is characteristic
of the less bright regions in BSE images (Fig. 1a). The
cracks that are dark in BSE (on Fig. la) are probably
newly formed due to the sub-recent oxidation—hydration
weathering of uraninite, connected with volume changes
(see Janeczek and Ewing 1992).

According to electron-microprobe study (Tab. 1), the
chemical composition of uraninite is very varied. As
the main constituents, CaO (up to 4.52 wt. %), PbO (up
to 1.90 wt. %), FeO (up to 0.53 wt. %) and the suite of
(Y+REE),O, (up to 0.43 wt. %) were found by EPMA,
besides UO,. The normalized REE pattern (using chon-
drite composition of McDonough and Sun 1995) shows
relative enrichment in MREE and depletion in LREE and
HREE (Fig. 2). Apart from assumed O, a small portion
of other anions was detected, including SO,*, PO,* and
AsO,* (Tab. 1). An interesting issue arises concerning
the amount of U°" in the analyzed material, since no
direct determination (e.g., using X-ray photoelectron
spectroscopy) for the UO, content is available. Taking
all analyzed UO_ as UO,, the empirical formula (based
on the theoretical composition derived by Janeczek and
Ewing 1992) (mean of 6 representative analyses; cal-
culated on the basis of . U + M?* + REE = 1 apfu) is:
[U,,,Ca (REE—’_Y)O‘OZPbo.oz(Feoonno.o1)20.03]20.99{(PO4)’

0.74 0.18

(ASO4) } 20.0101.76'
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(a) (b)

(c) (d)

(e)

Fig. 1 Electron microscopy images. @ — Uraninite (bright) and leached,
coffinitized areas (greyish) with extension fractures filled by younger
U-poor phases. BSE image (Cameca SX100). b — Crystals of compre-
ignacite (type II) growing on cuprosklodowskite (needle-like crystals).
SE image (Hitachi S-3700N). ¢ — Crystalline aggregate of cupro-
sklodowskite composed of fine prismatic crystals. BSE COMP image
(Hitachi S-3700N). d — Crystalline aggregates of soddyite composed
of tiny platy crystals. SE image (Jeol JISM-6380). e — Microcrystalline
aggregate of tyuyamunite. SE image (Jeol JSM-6380).
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Tab. 1 Chemical composition and CHIME age of uraninite from Cervena vein

Cores of aggregates Rims of aggregates
wt. % oxides Mean 1 2 3 4 5 6 Mean 1 2 3
SO, 0.20 0.23 0.20 0.21 0.18 0.17 0.20 0.52 bdl 0.29 1.26
As, 0O 0.34 0.34 0.33 0.36 0.32 0.35 0.34 1.09 1.20 1.10 0.96
PO, 0.12 0.13 0.12 0.11 0.15 0.11 0.10 0.11 0.12 0.12 0.10
Sio, bdl bdl bdl bdl bdl bdl bdl 5.23 5.83 5.41 4.44
uo, 87.84 87.44 87.39 87.82 88.23 87.94 88.19 81.54 83.16 79.53 81.94
Y,0, 0.40 0.41 0.43 0.41 0.38 0.39 0.39 0.05 0.02 0.07 0.05
Tm,O, 0.56 0.54 0.57 0.52 0.56 0.57 0.62 bdl bdl bdl bdl
Lu,0O, 0.38 0.35 0.40 0.37 0.35 0.38 0.43 bdl bdl bdl bdl
Nd,0, 0.29 0.25 0.29 0.29 0.28 0.32 0.32 0.12 0.10 0.12 0.13
Sm,0, 0.13 0.12 0.11 0.22 0.17 0.02 0.11 bdl bdl bdl bdl
Gd,0, 0.23 0.24 0.22 0.23 0.25 0.19 0.23 0.08 0.04 0.12 0.08
La,0, 0.02 bdl bdl bdl 0.03 0.04 0.03 bdl bdl bdl bdl
Ce,0O, 0.20 0.16 0.21 0.21 0.20 0.22 0.20 bdl bdl bdl bdl
Pr,0, 0.05 0.03 0.05 0.05 0.03 0.05 0.06 bdl bdl 0.03 bdl
Dy, 0, 0.28 0.31 0.27 0.30 0.29 0.26 0.24 bdl bdl 0.06 bdl
Er,0, 0.05 0.07 0.04 0.06 0.04 0.07 0.04 bdl bdl bdl bdl
ALO, bdl bdl bdl bdl bdl bdl bdl 0.22 0.23 0.24 0.20
MnO bdl bdl bdl bdl bdl bdl bdl 0.62 0.64 0.59 0.62
PbO 1.86 1.83 1.85 1.86 1.83 1.89 1.90 1.02 0.18 2.20 0.69
FeO 0.51 0.47 0.51 0.51 0.53 0.51 0.50 3.12 2.95 2.83 3.58
CaO 4.43 4.48 4.45 4.35 4.52 4.43 4.37 2.23 2.32 2.22 2.16
Total 99.39 98.85 99.00 99.39 99.81 99.48 99.83 95.95 96.79 94.93 95.59
Age [Ma] 157.2+24 1554 +2 157.1+2 1572+2 1540+2 1595+2 159.9+2 - 161 204 + 4 632
Formula calculated on the basis of X all cations = 1 apfu
As** 0.007 0.007 0.007 0.007 0.006 0.007 0.007
ps 0.004 0.004 0.004 0.004 0.005 0.004 0.003
=T 0.011 0.011 0.011 0.011 0.011 0.011 0.010
U+ 0.560 0.557 0.558 0.564 0.556 0.562 0.566
uer 0.180 0.183 0.181 0.177 0.182 0.180 0.177
U total 0.740 0.640 0.739 0.741 0.738 0.742 0.743
Y3 0.008 0.008 0.009 0.008 0.008 0.008 0.008
Nd** 0.004 0.003 0.004 0.004 0.004 0.004 0.004
Sm** 0.002 0.002 0.001 0.003 0.002 0.000 0.001
Gd* 0.003 0.003 0.003 0.003 0.003 0.002 0.003
La¥* 0.000 - - - 0.000 0.001 0.000
Ce* 0.003 0.002 0.003 0.003 0.003 0.003 0.003
Pr** 0.001 0.000 0.001 0.001 0.000 0.001 0.001
Dy* 0.004 0.004 0.003 0.004 0.004 0.003 0.003
Er¥* 0.001 0.001 0.000 0.001 0.000 0.001 0.000
TY+REE 0.025 0.023 0.024 0.027 0.024 0.023 0.023
Pb* 0.019 0.019 0.019 0.019 0.019 0.019 0.019
Fe? 0.016 0.015 0.016 0.016 0.017 0.016 0.016
Ca* 0.180 0.183 0.181 0.177 0.182 0.180 0.177
Mz 0.215 0.217 0.216 0.212 0.218 0.217 0.212

bdl — below the detection limit

Composition of the rims was not recalculated due to a large chemical variability, caused by inhomogeneities (partial coffinitization)

4.2. Supergene minerals

4.2.1. Brochantite, Cu,(SO,)(OH),

Abundant brochantite forms rich, fine crystalline aggre-
gates of grass to emerald green color (Fig. 3a), reach-
ing up to 4 mm across. These aggregates are relatively

abundant, partly in the material found at the footwall
and growing directly on the relics of ore accumulation
on the hanging-wall. Brochantite is commonly associ-
ated with cuprosklodowskite; however, it was identified
in association with all other phases identified at the site,
even if spatially isolated. Rarely, brochantite overgrows
older uranyl-sulfates.

227



Jakub PIasil, Jiti Sejkora, Radek Skoda, Pavel Skdcha

10°
—@— uraninite
—O— sejkoraite-(Y)
O
© 3 0
O ..
2 "o
© 104 -
c
.......... ®
e s !
o
<@
o
€
s (]
[
103 -
Fig. 2 Chondrite-normalized
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho

The quick chemical check by electron microprobe (ED
spectrum and one measured point in WDS mode, only)
confirmed that the main constituents are Cu, S and O.

Powder X-ray data show that brochantite is probably
of MDO, polytype (Merlino et al. 2003), crystallizing in
the space group P12 /al. The second polytype, MDO,,
P2 /n11 provides a somewhat distinct powder pattern (see
e.g., Mills et al. 2010). The unit-cell parameters obtained
from the Le Bail fit are given in Tab. 2 and compared
with the published data for this mineral.

In several powder-diffraction patterns of brochantite a
few diffraction peaks that might be assigned to antlerite
were found. This suggests that antlerite might form part
of the powder mixtures with brochantite.

4.2.2. Jarosite, KFe,(SO,),(OH),

Jarosite is fairly abundant in the material found at the
underground site. It forms powdery coatings consisting
of globular aggregates. These have irregular shape and
uneven surface. The individual globules do not exceed
1 mm in size. Jarosite has creamy whitish beige to

Tab. 2 Comparison of the unit-cell parameters for brochantite polytypes

(McDonough and Sun 1995) REE pat-

Er Tm Yb Lu Y terns for uraninite and sejkoraite-(Y).

whitish orange-brownish color (Fig. 3b). It was found
in most specimens; however, its position in the altera-
tion sequence cannot be deduced from the macroscopic
observations.

Based on EMPA study, the chemical composition of
the studied jarosite can be expressed by the empirical
formula: (K0.76Ba0.05NaO.02ca0.01)20.84(Fe2.33cu0.27A10.26)22.89
[(804)1.93(p04)o.05(SiO4)o.01(ASO4)0.01]22.00(OH)5.15C10.02 (cal-
culated as the mean of 5 points, on the basis of S + P +
Si + As =2 apfu) (Tab. 3). The low totals of the analyses
are most probably caused by the extremely porous nature
of the studied aggregates.

The presence of jarosite was confirmed by the X-ray
powder diffraction. The unit-cell parameters refined from
the data are given in Tab. 4 in comparison with those for
natural and synthetic jarosites from the literature.

4.2.3. Compreignacite, K [(UO,),0,
(OH),1,(H,0), and related phases

Compreignacite is relatively uncommon in the material
studied. It forms rarely globular or irregularly shaped

Polytype; SG  Locality Reference Method  a[A] b[A] c[A] beta [°] VA%
MDO,; P12 /al Cerven vein This paper Le Bail* 13.1344(9) 9.8463(6) 6.0166(3) 103.20(1) 757.55(4)
MDO; P12 /al Val Fucinaia, Italy Merlino et al. (2003) SC 13.140(2) 9.863(2) 6.024(1) 103.16(3) 794.62(2)
MDO; P12 /al Douglas Hill mine, Nevada, USA Mills et al. (2010) SC 13.1117(4) 9.8654(4) 6.0307(9) 103.255(7)  —
MDO; P12 /al Mgédénec, Czech Republic Sejkora and Srein (2012) LS 13.128(1) 9.8627(8) 6.0345(7 103.306(8) 760.3(1)
MDO,; P12 /al Synthetic Zittlau et al. (2013) Rietveld 13.1293(3) 9.865(3) 6.022(1) 103.274(4)  —
MDO,; P2 /n 11 Capo Calamita, Italy Merlino et al. (2003) SC 12.776(2) 9.869(2) 6.026(1)  90.15(3) -

* Rp =0.0103, WRp =1.29, GOF =1 (after Young 1993). Bérar’s correction applied (Bérar and Lellann 1991)
SG — space group, SC — single crystal data, LS — least-square refinement from PXRD
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)

aggregates, which do not exceed 1 mm in size. They
have creamy orange-to-orange color and are associated
with cuprosklodowskite and gypsum growing on altered
gangue (Fig. 3c). On a one specimen compreignacite
formed crystalline aggregates in association with pseu-
dojohannite, rabejacite and gypsum.

Three types of compreignacite crystals were distin-
guished based on their chemistry. First are rich crystalline
aggregates, present only on the single specimen (Fig. 3c).
Analyses showed the prevalence of K* at the cationic site;
however, namely Cu?" was detected in significant con-
centrations. The chemical composition of studied com-
preignacite can be expressed by the empirical formula

(b)

(d)

Fig. 3 Supergene minerals from Cervena vein. a — Brochantite (dark
emerald green) with cuprosklodowskite (light-green) on matrix. Width
of image is 4 mm. b — Jarosite on altered gangue. Width of image 4 mm.
¢ — Compreignacite type I (greenish orange) with cuprosklodowskite
(whitish green) and grass-green Cu-rich compreignacite (type III)
on altered surface of the ore-specimen. Width of image 3.2 mm.
d — Compreignacite, type II (orange, tiny lenticular crystals), growing
on cuprosklodowskite (green). Width of image 3.2 mm. e — Cupro-
sklodowskite aggregates (both globules with the smooth surface and
acicular). Width of image 2 mm.

(calculated as the mean of 4 analyses, on the basis of 6
U apfu): (K0.91cqu37Mg0,o7Alvo3)zl,38[(U02)302{(Sio
(804)003}zo.ls{(OH)z.17F0,19}22.36]2(H20)7 (Tab. 5).

The second type of compreignacite is represented
by rounded crystals (Fig. 1b) associated with cupro-
sklodowskite (Fig. 3d). The crystals are usually orange.
The chemical composition can be expressed as: (K,
Cu0.24cao,04)zlAzg[(UOz)302{(Sio4)0.21(so4)()‘03}20.23(OH)1A84]2
(H,0), (mean of 4 point analyses, calculated on the basis
of 6 U apfu) (Tab. 5).

Both analyzed types thus correspond to a cation-
deficient compregnacite (Fig. 4) with increased Si/S
content, similar to compreignacite recently described

4)0.13
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Tab. 3 Chemical composition of jarosite from the vein Cervena
(in wt. %)

Mean 1 2 3 4 5
Na,0 0.06 0.07 0.07 0.07 0.06 bdl
K,0 4.41 4.41 4.46 4.40 4.50 4.30
CaO 0.10 0.10 0.09 0.12 0.09 0.10
Fe,O, 22.89 22.37 23.25 23.96 23.38 22.51
ALO, 1.62 1.64 1.64 1.57 1.59 1.66
CuO 2.61 2.64 2.69 2.57 2.45 2.71
PbO 0.82 0.87 1.00 0.87 0.71 0.63
Sio, 0.10 0.09 0.08 0.09 0.12 0.10
P,0, 0.47 0.46 0.45 0.54 0.45 0.43
As, 0O 0.10 0.10 0.08 0.08 0.22 bdl
SO, 18.99 19.04 19.21 19.08 19.27 18.36
Cl 0.38 0.11 0.05 0.07 0.08 0.08
-0=Cl 0.02 0.02 0.01 0.02 0.02 0.02
H,0* 5.72
Total 58.91 52.79 53.90 53.35 53.88 52.04
Na* 0.018 0.018 0.018 0.019 0.016
K* 0.761 0.760 0.762 0.752 0.761 0.769
Ca?* 0.015 0.014 0.012 0.017 0.013 0.015
Pb* 0.030 0.032 0.036 0.032 0.025 0.024
YA site 0.824 0.824 0.828 0.820 0.815 0.808
Fe’* 2.329 2.272 2.345 2.318 2.334 2.379
AP* 0.258 0.260 0.259 0.248 0.249 0.274
Cu? 0.267 0.270 0.273 0.260 0.246 0.287
>0 site 2.854 2.802 2.877 2.826 2.829 2.940
Sio, 0.013 0.011 0.011 0.012 0.016 0.014
PO, 0.053 0.052 0.051 0.062 0.050 0.051
AsO, 0.008 0.007 0.006 0.006 0.015
SO, 1.926 1.930 1.932 1.920 1.919 1.935
=T site 2.000 2.000 2.000 2.000 2.000 2.000
Cl 0.018 0.025 0.011 0.016 0.018 0.019
OH?® 5.152 4.999 5.232 5.078 5.080 5.413

* — calculated for the content of OH in the formula (OH?®), derived from
the charge-balance

bdl — below the detection limit;

coefficients of the empirical formula calculated on the basis of Si + P
+As + S =2 apfu.

from the Evangelista vein, Jachymov (Sejkora et al.
2013). Remarkable are zones of compreignacite aggre-
gates (Fig. 3¢, green) containing high Cu. The elevated

Cu?* is typical of compreignacite from the Cervena vein.
Moreover, a few point analyses were found to belong to
the Cu-dominant phase (labeled as “Type III”; Fig. 4)
with an empirical formula: (Cuo_84Ca0_65K0_52)22_01[(UOZ)3
Oz{(804)0.25(Si04)0.15}20.40(OH)2.38]2(H20)7 (average of
2 point analyses, calculated on the basis of 6 U apfu)
(Tab. 5).

The only known Cu-uranyl-oxide hydroxy-hydrate
mineral worldwide is vandenbrandeite, Cu[(UO,)(OH),]
(Schoep 1932). However, the sheets in the crystal struc-
ture of vandenbrandeite (Rosenzweig and Ryan 1977)
are based upon the topology, which is distinct from
that of protasite to which compreignacite also belongs
(Burns 2005). Moreover, the Ca?*-content in studied
phase probably corresponds with the mineral becquere-
lite, based upon the same topology as compreignacite.
We conclude that an existence of the new Cu-dominant
uranyl-oxide hydroxy-hydrate mineral that can contain
structural sheets based upon protasite anion topology,
is likely. The incorporation of the SiO, or SO, anions is
generally conceivable (up to the extent permitted by the
charge-balancing mechanism), since the sheets in com-
preignacite are based upon pentagons and triangles that
might be occupied by tetrahedrally coordinated anions.

The unit-cell parameters of typical orange compreigna-
cite (type I), refined from the powder X-ray diffraction
data, are similar to those reported from other localities
(Tab. 6).

4.2.4. Cuprosklodowskite, Cu[(UO,),
(SiO,0H),I(H,0),

Cuprosklodowskite is relatively abundant in the studied
association. It forms rich crystalline globular aggregates
(up to 1 mm across for the individual spherules) of the
light green color (Fig. 3e). It is associated almost with
all minerals identified at the site. Aggregates of cupro-
sklodowskite consist of very fine, minute prismatic
crystals (Fig. 1¢). Cuprosklodowskite is often associated
with gypsum and, additionally, on a one sample, it formed

Tab. 4 Comparison of the unit-cell parameters for jarosite-subgroup of minerals (for the trigonal space group R3m)

Mineral Composition Locality ~ Reference Method a[A] c[A] v [A%]
Jarosite (K, ,oBa,Na, ,Cay ) oi(Fe, . Cug Al L) Cervend  this paper Le Bail* 7.2635(1) 17.1969(6)  785.72(3)
Jarosite K, ,(H,0), Fe, ... Synthetic E:tse"r‘:;f (azr(‘)dm) Rictveld 7.30293(8) 17.2043(2)  794.62(2)
Jarosite K, ,,(H,0), , Fe, .- Synthetic E:ts:r‘:;‘rf é’:ﬂ ) Rietveld 7.3046(1) 172120(3) 79535
Natrojarosite K-containing natrojarosite )T(iili?han’ (Czlz)elnsft al. Rietveld 7.3112(2) 16.5993(3)  768.42
Natrojarosite NaFe,... Synthetic Ejf:r‘:;‘rf é‘(‘)%g) Rietveld 7.31525(6) 16.5868(2)  768.68
Plumbojarosite ~ Pb, K, (H,0), Fe,, ... Synthetic E:f;‘:;? ér(‘)‘i o) Rietveld 731852) 337274(8) 15644
Hydroniumjarosite (H,0),, Fe,., ... Synthetic gg{ﬁ;‘n etal - se 7.3559(8)  17.0186(27) 797.5(2)

* Rp =0.0103, WRp =1.29, GOF =1 (after Young 1993). Bérar’s correction applied (Bérar and Lellann 1991). SC — single crystal data.
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Tab. 5 Chemical composition of compreignacite-like minerals from the vein Cervena (in wt. %)

Type 1 Type 11 Type 11T

Mean 1 2 3 4 Mean 5 6 7 8 Mean 9 10
K,0 2.23 2.27 2.30 2.20 2.16 2.44 2.63 2.25 2.61 2.28 1.10 1.13 1.06
MgO 0.14 0.13 0.19 0.04 0.22 bdl bdl bdl bdl bdl 0.06 0.13 0.00
CaO bdl bdl bdl bdl bdl 0.10 0.04 0.07 0.12 0.18 0.96 0.33 1.59
ALO, 0.08 0.06 0.11 0.03 0.10 bdl bdl bdl bdl bdl bdl bdl bdl
CuO 1.53 1.32 1.50 1.50 1.79 1.00 0.00 1.79 1.03 1.17 3.09 3.28 2.90
Sio, 0.82 0.52 0.56 1.15 1.07 1.30 1.05 1.76 0.60 1.77 0.83 0.52 1.15
SO, 0.20 0.10 0.00 0.29 0.40 0.27 0.19 0.35 0.33 0.23 1.80 0.66 2.94
uo, 89.05 89.10 89.65 87.94 89.51 89.02 91.08 86.89 88.80 89.32 80.41 86.11 74.72
F 0.38 0.36 0.36 0.34 0.46 bdl bdl bdl bdl bdl bdl bdl bdl
-O=F 0.16 0.15 0.15 0.14 0.19
H,0* 8.56 8.30 7.94
Total 102.84 93.70 94.51 93.34 95.51 102.43 93.70 94.51 93.34 95.51 96.19 92.16 84.34
K 0.913 0.928 0.934 0.913 0.877 0.999 1.052 0.941 1.070 0.929 0.497 0.478 0.516
Mg 0.069 0.061 0.089 0.019 0.105 - - - - - 0.031 0.063 0.000
Ca - - - - - 0.035 0.013 0.026 0.040 0.061 0.384 0.117 0.650
Al 0.029 0.022 0.042 0.012 0.038 - - - - - - - -
Cu 0.370 0.320 0.361 0.367 0.431 0.242 0.000 0.446 0.251 0.283 0.829 0.822 0.837
A 1.381 1.331 1.436 1.311 1.451 1.276 1.065 1.413 1.368 1.273 1.741 1.480 2.003
Sio, 0.264 0.165 0.178 0.372 0.340 0.415 0.330 0.580 0.192 0.565 0.305 0.171 0.438
SO, 0.048 0.024 0.000 0.072 0.095 0.066 0.045 0.085 0.079 0.055 0.504 0.165 0.843
T site 0.312 0.189 0.178 0.444 0.435 0.481 0.375 0.665 0.271 0.620 0.809 0.336 1.281
uo,” 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
OH® 4.339 4.679 4.887 3.743 4.049 3.760 3.667 3.934 4.728 3.247 4.760 5.468 4.052
F 0.385 0.366 0.363 0.347 0.465 - - - - - - - -
H,0 7.00 7.00 7.00 7.00 7.00 7.00 7.00 7.00 7.00 7.00 7.00 7.00 7.00

Calculation on the basis of 6 U apfu

* H,0 — calculated based on stoichiometry in ideal compreignacite formula (Burns 1998); OH® — based on the charge-balance

intergrowths with soddyite. Usually is cuprosklodowskite
closely associated with brochantite.

Chemically, studied cuprosklodowskite is slightly
Cu?*deficient. Its chemical composition (Tab. 7) can be
expressed by the empirical formula (mean of 3 analyses,
on the basis Cu + Si + P + U = 5 apfu): Cu,,,(UO,)
[{(SiosoH)l.94(P030H)0,04}21,980Ho,16](H20)6'

Powder-diffraction data match well the reference pat-
terns in the ICDD PDF2 database. The refined unit-cell
parameters of cuprosklodowskite from the Cervena vein
are given in Tab. 8 and compared with published data
for this mineral.

0.93 2.10

been based solely on the very typical crystal shapes (see
Mereiter 1982).

4.2.6. Soddyite, (UO,) (Si0,)(H,0),

Soddyite was found only on a single specimen. It forms
yellow earthy coatings and aggregates in association with
cuprosklodowskite (Fig. 6a) covering several cm? of the
matrix. These crystalline coatings are composed of fine
platy crystals (Fig. 1d). It has a glassy to waxy luster.

Tab. 6 Refined unit-cell parameters for compreignacite (for the orthorhombic

4.2.5. Johannite, Cu[(UO,),(SO,),(OH).]

space group Pnnm)

(HZO)S Jachymov (type 1), this paper =~ Margnac (France), Burns (1998)
a[A] 14.854(7) 14.8591(7)
Johannite is extremely rare — it was found on a 4] 7.195(4) 7.1747(3)
single specimen as long prismatic crystals. Crys- ¢ [A] 12.140(9) 12.1871(5)
tals are of the dark-green to green color and do not  y[A3] 1298(1) 1299.3(2)
exceed | mm in length (Fig. 5). Johannite comes H. Slavkov, Pl4sil et al. (2006) Biezové Hory, Plasil et al. (2005)
usually alone, isolated from the other minerals a[A] 14.868(1) 14.857(2)
(on a millimeter scale). It was found in associa- b [A] 7.2036(8) 7.1779(5)
tion with pseudojohannite, rabejacite, uranopilite ¢ [A] 12.161(2) 12.155(1)
and gypsum. The identification of the mineral has V' [A] 1302.5 1296.18
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@ compreignacite, Cervena vein (first type)
14 A v compreignacite, Cervena vein (second type)
O Cu- and Ca-rich compreignacite, Cervena vein (third type)
12 4 € compreignacite, Evangelista vein (Sejkora et al. 2013)
A ideal composition of compreignacite and its Cu-analogue
10 4 A
~ 08 1 . o
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00 A W o0 A
Fig. 4 Plot of (K + Na + Mg + Ca +
T T T T T Pb + Ni + Al vs. Cu contents (apfu)
0 05 1.0 15 20 25 for compreignacite-like minerals from
Jachymov (calculation of apfu on the
K+Na+Mg+Ca+Pb+Ni+Al (apfu) basis of 6 U atoms).
Powder X-ray diffraction (Tab. 9) confirmed the pres- 4.2.7. Ura nyl vanadates: tyuyamunite,
ence of soddyite. The refined unit-cell parameters are Ca(U0.).V.0.(H.0) sengiérite
. . . . 2/ 2 g\ 1M 5 _gr
iven in Tab. 10, together with the published data. ;
& g P Cu,(U0,),V,0,(H,0), and a possible

Cu-analogue (CuUVO) of tyuyamunite

Uranyl-vanadate minerals occur usually somewhat
spatially separated from other uranyl minerals. They
are most commonly covering the samples of host rocks
including mud-rocky breccia, containing also aggregates
of pargasite (Fig. 6b). Other supergene minerals found in
the association are jarosite, brochantite, secondary covel-
lite and amorphous Cu-phases. Rarely, uranyl vanadates
on-grow the altered surface of cracks of the primary
minerals, namely tennantite (Fig. 6c¢).

Tab. 7 Chemical composition of cuprosklodowskite from the Cervena
vein (in wt. %).

Mean 1 2 3

CuO 8.69 8.33 9.59 8.16
SiO2 13.73 13.34 14.03 13.82
P,O; 0.29 0.42 0.21 0.26
uo, 70.73 72.20 68.83 71.15
H,0* 15.00
Total 108.44 94.28 92.66 93.38
Cu 0.927 0.895 1.009 0.876
Si 1.939 1.898 1.953 1.966
P 0.035 0.050 0.024 0.031
T T site 1.974 1.948 1.977 1.997
uo, 2.098 2.158 2.013 2.126
OH 2.138 2.260 2.113 2.042
H,0 6.00

Fig. 5 Aggregate of johannite crystals, on-growing rabejacite (orange- Calculation on the basis of Cu + Si + P+ U =5 apfu;

yellow) on strongly altered matrix. Width of image 3.5 mm. H,0* — content from stoichiometry in ideal formula
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(b)

(d)

Fig. 6 Supergene uranyl-silicate and vanadate minerals from Cervena vein. a — Soddyite (yellow) on the fracture of the gangue. Width of image
2 mm. b — Crusts of uranyl-vanadates (mostly the Ca-rich variety) and gypsum (prismatic colorless crystals) growing on the surface of breccia
containing pargasite fragments (blackish). Width of image 5 mm. ¢ — Rims of uranyl vanadates (dominated by the Cu-rich variety) enclosing al-
tered primary sulphides (mostly chalcopyrite and tennantite). Width of image 5 mm. d — Tyuyamunite (yellowish) crystalline aggregate in a quartz

gangue. Width of image 2 mm.

The yellowish or pale yellow parts of the aggregates
(Fig. 6d) are formed by the tiny microcrystals of tyuy-
amunite (Fig. 1e). Their dimensions cause the broaden-
ing and a diffuse nature of the peaks in the powder X-ray
diffraction pattern, making their identification and char-
acterization difficult. The chemical analysis of tyuyamu-
nite is summarized in Tab. 11 and can be expressed as:
(Ca0.91Mgo.03Alo.ozY0Ao1Bao,m)zoys(UOz)z[(V208)0A92(Si04)0.13
(SO 4)0‘03]22.00. nH,O (mean of 6 point analyses, calculated
on the basis of 2 U apfu).

The abundant green parts of
those microcrystalline aggre-

to sengiérite, ideally Cu,(UO,),(V,0,)(OH),(H,0),
(Piret et al. 1980). The unit-cell parameters obtained
from the XRD data (Tab. 12) match those of Piret et
al. (1980) (Tab. 13); however, the calculated errors on
refined parameters are considerably influenced by the
broadening of the diffraction peaks. Even though the X-
ray diffraction seemed to be fairly straightforward, the
EMPA suggested a more complex situation (Tab. 14).
The aggregates are represented by a phase: (Cu,,,Ca,,

Fe0.03)21.1‘)(UOZ)Z.OO[(VZO8)0.89(Si04)0,09(so4)0.07]2L94(OH)OA54

Tab. 8 Refined unit-cell parameters for cuprosklodowskite (for the triclinic space group PT)

gates (up to several mm across) Jéc':hymov, Musunoti, Horni Slavkov, Zalesi,

belong to a Cu-dominant phase this paper Rosenzweig and Ryan (1975) PIasil et al. (2006)  Plasil et al. (2008)
X i ‘ a[A] 7.055(9) 7.052(5) 7.06(1) 7.055(4)

.(Flg. 7) The powder diffraction (A] 9.28(2) 9.267(8) 9.19(1) 9.263(5)

is qf limited use since the crys- [A] 6.667(8) 6.655(5) 6.675(7) 6.655(3)

tallites are very small and cause [°] 109.16(11) 109.23(5) 109.54(8) 109.17(3)

extensive broadening of the g9 89.82(14) 89.84(5) 90.24(8) 89.77(3)

diffraction peaks. Still, much o] 110.07(14) 110.01(7) 108.9(1) 110.08(4)

of these aggregates belongs A3 384(1) 382.9 384(1) 382.9(6)
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Tab. 9 Diffraction pattern of soddyite

(H,0), (mean of 3 analyses, on the ba-

sis of 2 U apfu), which is close to ide-

I, d,,, d,., h k | I, d,,. d.. h k|
80 6287 6285 1 1 1 20 2.095 2.095 33 3 alized formula, Cu(UO,),V,0,(H,0),
38 4810 4810 0 2 2 7 2076 2075 4 o o (Fig. 7). We do not know whether
13 4668 4664 0 0 4 15 2047 2047 1 5 3  these point analyses belong to sen-
98 4550 4550 1 1 3 18 19795 19797 1 1 9 giérite and are affected by the high
16 379 3792 2 0 2 19 19104 19110 3 3 5 porosity or the poor surface of the
45 3361 3356 1 3 1 8 18922 1.8921 3 1 7 polished section, etc.), and/or by the
100  3.340 3.338 2 2 0 32 1.8616 1.8622 2 4 6 nature of the mineral itself (e_g.’ the
28 3257 3257 1 1 5 1 1.8344 18348 0 6 2 occupational and positional disorder
3L 29%1 291 1 3 3 2 17937 17938 0 4 8 at the Cu site). Alternatively, the ana-
21 2806 2807 0 4 0 8 17716 17716 1 3 9 lyzed phase may belong to a possible
60 2719 2720 0 2 6 17358 17361 3 5 1 new Cu-analogue of tyuyamunite.
6 2657 2659 3 1 1 13 17054 17060 2 6 0
5 2521 2518 1 3 5 12 1.6801 16789 3 5 3
20 2489 2489 2 0 6 14 1.6686  1.6688 4 4 0 4.2.8. Uranopilite, [(UO,)(SO,)
30 2473 2475 1 1 7 18 16511 16499 4 2 6 0,(OH)(H,0),](H,0),
18 2469 2466 3 1 3 1 1.6469 16466 2 4 8
3 2402 2405 0 4 4 8 1.6030 16034 0 6 6 Uranopilite occurs usually somewhat
10 2330 2332 0 0 8 5 15876 15879 5 1 3 separated from other uranyl-sulfate
3 2282 2275 2 2 6 3 1.5546 1.5547 0 0 12 minerals. It forms typical crystalline
16 2256 2256 2 4 2 5 15273 15267 1 7 3 aggregates composed of hundreds of
9 2208 2200 33 1 § 15165 151673 3 9 tiny long-prismatic crystals of intense
2178 2180 3 1 5 4 14738 14744 5 3 3 lemon yellow to pale greenish-yellow
30 02153 2153 1 5 1

color. The aggregates reach up to 0.5

Tab. 10 Refined unit-cell parameters for soddyite from Jachymov (for
the orthorhombic space group Fddd)

Zaire,
Demartin et al. (1992)
8.334(2)
11.212(5)
18.668(6)
1744(1)

Jachymov,
this paper
8.301(2)
11.229(2)
18.657(4)
1731.1(7)

a[A]
b [A]
c[A]
VA3

25

cm across and commonly grow in the
fractures of the ore-specimens (Fig. 8a).

The chemical composition of uranopilite studied
is near the ideal formula. Its empirical formula is
(mean of 5 analyses, on the basis of U + Si + S =
7 apfu) [(Uoz)s.ol{(804)0.92(Si04)0.17}21.0902(OH)5.30
(H,0),J(H,0), (Tab. 15). Interesting is Si entering the
T-site in low concentrations, which is in agreement with
previously observed similar
behavior in case of uranyl-

sengiérite
20 A ]

od

@ “unnamed CuUVO’ phase, Cervena vein
tyuamunite, Cervena vein
ideal composition

phosphates (entering of Si)
or silicates (entering of P/As)
(e.g., Plasil et al. 2009, 2010).

The single-crystal diffraction

15 4

10 A (]

Cu-analogue (¢]
of tyuamunite

Cu (apfu)
e

00 A

experiment (Tab. 16) showed
triclinic unit cell (space group
PT) with a = 8.8556(9), b =
13.9819(15), ¢ = 14.307(3)
A, a = 96.749(12)°, B =
98.754(12)°, vy =99.726(9)° and
V =1706.9(4) A® (Tab. 17).
The quality of the data is much
affected by the pervasive twin-
ning of the crystals with many
vve VvV overlapping reflections; the

tyuamunite
Fig. 7 Plot of Ca + Mg + Al + Ba +

T T T T

0.0 0.2 0.4 0.6

Ca+Mg+Al+Ba+Y+Fe (apfu)

Y + Fe vs. Cu contents (apfu) for ura-
nyl vanadates from the Cervena vein,
Jachymov (calculation of apfu on the
basis of 2 U atoms).

T T

0.8 1.0 1.2
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unresolved twinning artifacts
together with the poor absorp-
tion correction are responsible
for the high positive difference
Fourier peaks, located in the
very vicinity of U atoms within
the uranopilite sheet. Also the
limited resolution of the data
convolutes to the Fourier arti-
facts. The problems with twin-
ning and thus the data-quality
were also encountered by pre-
vious structure determinations
(Burns 2001; Meisser 2012)
(see Tab. 17). The structure of
uranopilite from the Cervena
vein was refined from the data
to an R, = 0.0923 for 1849
unique observed reflections
with [l > 3o(l)] and fully
confirms the previous structure
determination by Burns (2001).
The CIF file, containing also
a block with the reflections, is

Tab. 11 Chemical composition of tyuyamunite (in wt.%)

mean 1 2 3 4 5 6

MgO 0.13 0.23 0.30 bdl 0.07 0.07 0.11
CaO 5.69 5.22 4.92 5.80 5.76 5.87 6.55
ALO, 0.10 0.04 0.13 0.00 0.15 0.10 0.17
BaO 0.21 0.44 0.17 0.37 0.15 0.10 0.17
Y,0, 0.14 0.43 0.25 bdl bdl 0.17 bdl
Sio, 0.87 1.45 0.39 0.57 0.82 1.08 0.89
SO, 0.22 0.00 0.21 0.33 0.21 0.43 0.16
V,0, 18.60 19.03 18.94 18.08 18.24 18.31 18.99
Uo, 63.73 64.48 65.13 64.15 62.93 61.49 64.20
Total 89.69 91.32 90.43 89.30 88.33 87.52 91.21
Mg 0.029 0.051 0.065 0.016 0.015 0.023
Ca 0.910 0.825 0.771 0.921 0.934 0.974 1.040
Al 0.017 0.007 0.022 0.000 0.027 0.018 0.029
Ba 0.012 0.025 0.010 0.021 0.009 0.000 0.009
Y 0.011 0.034 0.019 0.014

M 0.979 0.942 0.887 0.942 0.986 1.121 1.081
Sio, 0.129 0.215 0.057 0.085 0.124 0.168 0.132
SO, 0.025 0.000 0.023 0.036 0.024 0.050 0.018
Vo, 1.836 1.856 1.829 1.773 1.823 1.873 1.861
T site 1.990 2.071 1.911 1.894 1.971 2.091 2.011
Uo,* 2.000 2.000 2.000 2.000 2.000 2.000 2.000

Calculation on the basis of U = 2 apfu

deposited at the Journal’s web page Www.jgeosci.org.

)

()

(b)

Fig. 8 Supergene uranyl-sulfates from Cervena vein. a — Uranopilite
crystals growing in the fracture of ore-specimen consisting of dissemi-
nated uraninite and massive sulphides (chalcopyrite). Width of image
3.5 mm. b — Long-prismatic crystals of the unnamed Cu uranyl-sulfate
with brochantite (greenish) and pseudojohannite (grass-green). Width
of image 4.6 mm. ¢ — The Cu-bearing marécottite (sulphuric yellow)
with cuprosklodowskite (light green) and acicular gypsum crystals on
altered ore-bearing specimen. Width of image 3.5 mm.
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Tab. 12 Powder diffraction data for sengierite from the Cervena vein,

Jachymov (d,, values in A)

Iobs dobs dcalc calc h k !
44 9.69 9.77 47 0 0 1
7 6.48 6.37 20 1 1 0
9 5.71 5.71 0* -1 1 1
20 5.15 5.16 17 2 0 0
32 5.09 5.03 17 1 1 1
16 4.88 4.89 100 0 0 2
30 4.30 4.35 65 2 1 0
35 4.26 4.29 68 -2 1 1
48 4.14 4.16 14 -1 1 2
46 4.06 4.03 25 -2 0 2
23 3.74 3.74 65 0 2 1
15 3.65 3.61 5 -1 2 1
50 3.26 3.26 27 0 0 3
73 3.21 3.21 12 -3 1 1
58 3.18 3.18 41 2 2 0
50 3.16 3.17 62 3 1 0
36 3.11 3.11 80 0 2 2
40 3.08 3.11 63 -1 2 2
10 3.03 3.02 8 0 1 3
7 2.969 2.981 23 2 1 2
5 2.962 2.950 34 -3 1 2
6 2.865 2.882 54 -2 1 3
1 2.823 2.854 13 -2 2 2
4 2.655 2.647 17 —4 0 1
2 2.618 2.621 17 3 2 0
6 2.573 2.569 21 -1 2 3
8 2.561 2.556 20 -1 3 1
10 2.544 2.536 7 0 2 3
6 2.459 2.459 16 4 1 0
2 2.394 2.389 33 2 3 0
1 2.378 2.379 14 -2 3 1

Refined unit-cell parameters from powder-diffraction
data are similar to the published ones (Tab. 19).

4.2.10. Unnamed Cu-uranyl-sulfate, Cu,
[(UO,),(50,),I(OH)(H,0)

New unnamed Cu-uranyl-sulfate was found along
with the Cu-rich pseudojohannite, pseudojohannite
and sejkoraite-(Y). It forms long prismatic crystals of
greenish sulfuric-yellow color resembling uranopilite,
only much longer (Fig. 8b). According to EMPA, it is
the Cu-dominant uranyl—sulfate but differing from all
known minerals by the U-S ratio of 4 : 3. The chemical
composition (Tab. 20) can be expressed by the empirical
formula (Cul.SngO.SlNa0.09zn0.09)Zl.85[(U02)4.00{(804)2.90
(510,), 15} 53.051(OH); ,,(H,0), (mean of 6 point analyses
on the basis of 4 U apfu). The whole group of crystals
was destroyed for the microprobe analysis. Attempts to
find more of this phase in order to collect the powder
XRD data remained unsuccessful.

4.2.11. Zippeite-group minerals

Cu-bearing marécottite, (Mg,Cu),[(UO,),0,(OH)
(80,),1,(H,0),,, is a phase that we have designated like
that, based on the EPMA results. It forms rich finely crys-
talline aggregates of the sulfuric to greenish yellow color
reaching up to 0.5 cm (Fig. 8c). Aggregates of Cu-bearing
marécottite are composed of minute crystals, character-

Tab. 13 Unit cell parameters of sengiérite (for monoclinic space group P2 /a)

Mineral Locality Reference afA] b [A] c[A] B[] V [A%]
Sengiérite Cervend vein this paper 10.61(4) 8.09(3) 10.04(5) 102.98(5)  840(6)
Sengiérite Luiwishi mine, Congo _ Piret et al. (1980) 10.599(5) 8.093(4)  10.085(9) 103.42(6) 841.5

4.2.9. Metazeunerite, Cu[(UO,),[(AsO,).]
(H,0)

Metazeunerite was locally found forming crystalline to
poorly crystalline aggregates, with appearance of fluidal-
like structures. It has green to light green color and im-
perfect crystals reach up to 1 mm in size. Metazeunerite
was not found in association of any other uranyl mineral.
It grows directly on a strongly altered surface of an ore-
bearing specimen.

The metazeunerite from the Cervena vein is nearly pure
Cu-member only with a small portion of Fe (up to 0.08 Fe
apfu) and Co (up to 0.03 Co apfu) entering the cationic
site (Tab. 18). However, interesting are the low SO, con-
tents (up to 0.08 S apfu) detected besides dominant AsO,
(1.87-1.97 As apfu) and PO, (up to 0.03 P apfu). Empirical
formula of the studied metazeunerite is (mean of 3 analy-
ses, Cu+Fe+ Co+S+P+As+U=5apfu) (Cu,,.Fe,,,
Coy )51 06(UO,), 45[(AsO,), (,(SO,), ,5(PO,) (H,0),.

1 .95[ 1.92 0.05 0.03] 22.00

Tab. 14 Chemical composition of an unnamed “CuUVO phase”
(in wt. %)

Mean 1 2 3
CaO 1.31 1.28 1.14 1.51
CuO 7.56 7.47 8.70 6.52
FeO 0.24 0.38 0.21 0.14
SO, 0.57 0.74 0.62 0.35
SiO, 0.55 0.55 0.77 0.34
V,0, 16.54 16.60 16.44 16.58
uo, 58.44 59.37 57.81 58.15
Total 85.21 86.38 85.68 83.58
Ca 0.228 0.219 0.202 0.265
Cu 0.931 0.905 1.082 0.806
Fe 0.032 0.051 0.028 0.019
= Asite 1.191 1.175 1.312 1.090
SO, 0.070 0.089 0.076 0.043
Sio, 0.090 0.087 0.127 0.055
VO, 1.780 1.758 1.789 1.794
> T site 1.940 1.934 1.992 1.892
uo 2.000 2.000 2.000 2.000

2

Calculation on the basis of U = 2 apfu
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istic of the zippeite-like miner-
als (Fig. 10a). The Cu-bearing
marécottite is closely associated
with cuprosklodowskite and it
on-grows the strongly altered
surface of the uraninite-bearing
specimens along with gypsum
crystals.

The chemical composi-
tion can be expressed by the
empirical formula (mean
of 3 analyses, on the basis of
8 U apfu): (Mg,,.Cu, . Ca
Mn, ,Ba 6 Zn Ni Al

0.20 0.18 0.09 0.05 0.05

Na, ,.Co [(UO,), ,,O,

0.03 0.02K0.02)22.43

0.33

(OH)1.07{(SO4)3.55(SiO4)0.14(ASO4)0.03}):3.72](H20)28 (Tab
21). The water content was assumed to be equal to the
ideal one determined by the crystal structure refine-
ment (Brugger et al. 2003), i.e. that needed for the

charge-balance. As we can see,
the low-valence cationic site is
characterized by deficiency in
occupancy (Fig. 9). However,
this is not an unusual phenom-
enon among uranyl-sulfates,
especially of the zippeite group
(P1asil et al. 2011a, b; Stevko
et al. 2012; Plasil et al. 2013b).

The powder XRD experi-
ments are challenging, because
the Cu-rich marécottite dehy-
drates quickly after grinding to
a powder. Therefore the data ac-
quisition had to be fast. The ob-
tained data allowed us to refine
the unit-cell parameters giving
reasonable results, similar to
the published data. The unit-cell
parameters were refined based
on the Rietveld refinement al-
gorithm, whereby the crystal
structure parameters of Brugger
et al. (2003) were used as the
starting model. The refined unit-
cell parameters compare well
to the earlier published data
(Tab. 22). An additional phase
was detected in the XRD pattern
but not identified with certainty;
a few diffractions unassigned
to marécottite partially match
the expected peaks of magne-
siozippeite.

Tab. 15 Chemical composition of uranopilite from the vein Cervena (in wt. %)

Mean 1 2 3 4 5

Sio, 0.49 0.41 0.45 0.52 0.77 0.33
SO, 3.61 3.90 3.19 3.64 3.58 3.74
uo, 82.59 83.02 81.71 83.48 82.51 82.23
H,0* 14.65 14.78 14.44 14.81 14.61 14.63
Total 101.35 102.11 99.79 102.45 101.47 100.93
Sio, 0.168 0.138 0.157 0.173 0.258 0.113
SO, 0.922 0.986 0.838 0.921 0.904 0.963
T site 1.090 1.124 0.996 1.094 1.161 1.076
uo, 5.910 5.876 6.004 5.906 5.839 5.924
OH 5.303 5.228 5.702 5.276 4.839 5.471
H,0 14 14 14 14 14 14

calculation on the basis of U + Si + S = 7 apfu

H,0* — water content in wt. % derived from the ideal 14 H,O in the crystal structure of uranopilite

Pseudojohannite, Cu,(OH),[(UO,),0,(SO,),/(H,0)
and its Cu-rich variety. Although pseudojohannite was
identified as less abundant mineral species in the studied
association, it forms rich crystalline aggregates composed

12!

Tab. 16 Crystallographic data and refinement details for uranopilite from the Cervena vein

Crystal data

Ideal formula

Crystal system

Space group

Unit-cell parameters: a, b, ¢ [A]
a, Ba Y [0]

Unit-cell volume [A?]

Z

Calculated density [g/cm?]
Absorption coefficient [mm™], type
Crystal size [mm]

Data collection

Diffractometer

Temperature [K]

Radiation, wavelength [A]

0 range for data collection [°]
Limiting Miller indices

Axis, frame width (°), time per frame (s)
Total reflections collected

Unique reflections

Unique reflections, criterion

Data completeness to 6 (%), R,

Structure refinement by Jana2006
No. of refined parameters, restraints
Data/restraints/parameters

R, obs, wR, obs

R, all, wR, all

GOF obs/all

Weighting scheme, weights

Twin fractions

Largest diff. peak and hole (e /A%)

[(UO,),(S0,)0,(OH)(H,0) ](H,0),
triclinic

PT

8.8556(9), 13.9819(15), 14.307(3)
96.749(12), 98.754(12), 99.726(9)
1706.9(4)

2

3.992

28.33

0.15%0.05%0.03

Oxford Diffraction Gemini with Atlas detector
301

MoK, 0.71073

2.84-29.46
h=-10—11,k=-16—17,1=-18 — 16

o, 0.5, 120

17839

7496

1849, [1 > 3a(1)]

97.78, 0.158

Full-matrix least-squares on F?
214,0

511/2/65

0.0923, 0.1886

0.2687, 0.2719

1.65, 1.15

o, W= 1/(c(l) + 0.00041?)
0.57(2)/0.37(2)/0.06(2)
14.93,-7.84

Twinning matrix 1,2; 1,3

1.013  —0.060 0.023
0.046 1 —-0.020 |,

-0.011 0.044  0.986

-0.438 -0.998 -0.461

-0.015 0.052

-0.982 -0.074 0.018
-1.014
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Fig. 9 Plot of cations (without U)
10 T T T T T T vs. anions contents (pfu) for selected
0.5 1.0 1.5 2.0 2.5 3.0 35 4.0 uranyl-sulfates from the Cervena vein
(calculation of apfu on the basis 4 U
cations (without U, apfu) atoms).

Tab. 17 Comparison of the unit-cell parameters for uranopilite from various occurrences (for the triclinic space group P-1)

Locality =~ Method Reference R, UR" R, UR' a[A] b [A] c[A] a[°] B[°] v[°] VA3
Jachymov SC _this paper 0.158 7496 0.0923 1849 8.8556(9) 13.982(2) 14.307(3) 96.75(1) 98.754(1) 99.726(9) 1706.9(4)
Jachymov SC  Burns (2001) 0.07 3907 8.896(2) 14.029(3) 14.339(3) 96.610(4) 98.472(4) 99.802(4) 1726.1(4)
La Creusaz SC Meisser (2012) 0.298 3313 0.1173 3098 8.901(2) 14.042(3) 14.521(3) 97.41(3) 98.97(3) 99.69(3) 1744.4(6)
Pribram  powder PI4sil et al. (2005) 8.896(6) 14.025(9) 14.299(6) 96.68(4) 98.60(6) 99.92(6) 1719(2)
Pribram  powder Sejkora et al. (2004) 8.857(6) 13.975(8) 14.335(4) 96.70(4) 98.63(4) 99.56(6) 1711(2)

SC - single crystal data; UR" — number of all unique reflections; UR* — number of reflections with [I > 3o(I)] (this paper) or [I > 4c(l)] (Burns
2001; Brugger unpublished data).

of minute crystals. According to SEM, the pseudojohan- Tab. 18 Chemical composition of metazeunerite from the Cervena
nite crystals are long prismatic and form multiple inter-  vein (in wt. %)
growths (Fig. 10b). Aggregates have apple to grass green Mean 1 5 3
color and strong glassy luster and reach exceptionally up CuO 835 8.55 834 3.16
to 8 mm in size (Fig. 11a). Only on one specimen, the FeO 0.52 0.45 0.51 0.60
pseudojohannite was found to be in crystals up to 0.2 CoO 0.16 0.09 0.15 0.24
mm across in association with cuprosklodowksite, Cu- SO, 0.44 0.38 0.23 0.70
compreignacite (type IIT) and amorphous Cu-containing 205 0.19 0.18 0.23 0.16
phases (Fig. 11b). Pseudojohannite is usually associated As0; 23.90 23.70 24.82 23.19
. o1 .. Uo 82.59 83.02 81.71 83.48
with other uranyl-sulfates — uranopilite, rabejacite and HO* 1172
brochantite. . ~ ~ Total 105.80 93.90 9523 93.10
Chemical composition of studied pseudojohan- =, 0.968 0.999 0.955 0951
nite is fairly homogeneous (Tab. 23). It can be ex- Fe 0.067 0.058 0.065 0.077
pressed by the empirical formula (Cu,, Mg ).,  Co 0.020 0.011 0.018 0.030
[(U02)4.0004((SO4)1.xz(SiO4)0.o3)21.85](OH)2.09(H20)12 (mean = A site 1.055 1.068 1.038 1.058
of 5 analyses, calculated on the basis of 4 U apfu). Inter- SO, 0.050 0.044 0.026 0.081
estingly, even if Cu?* content varies only a little from the ~ PO. 0.025 0.024 0.030 0.021
ideal stoichiometry, we observed another phase occurring AsO, 1918 1919 1.966 1869
with pseudojohannite, with distinct Cu?* content (Fig. 9). [EJ; site i'gg; i'giz ?;i? ig;i
Although the crystal morphology resembles pseudojohan- Hzé 6 ' ' '
nite, a more detailed description and characterization is ;o T G0 1S Pt As s U5 apfu
lacking, because the crystals in the polished section repre- H,O0* — water content in wt. % derived from the ideal 6 H,O in the

sent the only available material. Because of the higher Cu  crystal structure of metazeunerite
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50 um

content, proven by EMPA, we termed the phase Cu?*-rich
pseudojohannite (Tab. 24), whose chemical composition is:
(Cuz.ssMgo.ozFe0.01)z3.41[(U02)4.0004{(804)1.xz(SiO4)0.12}zl.94]
(OH), ,,(H,0), (calculated as the mean of 6 point analyses
on the basis of 4 U apfu).

The full structure description for pseudojohannite
was recently published by Plasil et al. (2012a). Still,

(d)

Fig. 10 Scanning electron microscopy (SEM) images of supergene
uranyl-sulfates from Cervena vein. a — Cu-bearing marécottite forming
vermiculite-like aggregates. BSE image (Hitachi S-3700N). b — Pseu-
dojohannite in needle-like and tabular crystals. BSE image (Hitachi
S-3700N). ¢ — Rabejacite in typical lens-shaped crystals. SE image
(Jeol JSM-6380). d — “Fe-rabejacite” crystal aggregate forming altera-
tion rims surrounding unaltered cores of the pure rabejacite crystals.
BSE image (Hitachi S-3700N). e — BSE image of “Fe-rabejacite™:
mineral (bright) altered to U-depleted Fe-bearing phase (dark grey
rims) (Cameca SX100).

the new powder diffraction data using proper hkl indices
according to the new structure data are lacking so far.
Therefore, we present the new powder-diffraction data
here (Tab. 25). The refined unit cell from the powder
data along with the unit-cell parameters from the pre-
liminary single-crystal X-ray diffraction data are listed
in Tab. 26.
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)

(b)

Fig. 11a — Powder aggregates of pseudojohannite. Width of image 4.6 mm. b — Pseudojohannite crystals (bright green) with brochantite (sea green),
cuprosklodowskite (white with greenish tint; upper left) and amorphous Cu-phases. Width of image 3.2 mm.

Rabejacite, Ca,[(UO,),0,(S0,),/(H,0), and its Cu**
and Fe?* varieties. Rabejacite is a relatively abundant
phase. It forms usually finely crystalline aggregates and
coatings, of the yellow or orange-yellow color (Fig. 12a).
Aggregates consist of lens-shaped crystals, reaching only
several microns across (Fig. 10c). Less common are crys-
talline aggregates composed of inconspicuous scattered
larger (0.3—0.5 mm) crystals of orange or yellowish-orange

Tab. 19 Refined unit-cell parameters for metazeunerite (for the tetra-
gonal space group P4/nnc)

Cervena vein, Synthetic,

this paper Locock and Burns (2003)
a[A] 7.150(8) 7.1797(3)
b [A] 20.8333(5) 20.857(1)
VA3 1065.1(1) 1075.1(1)

Tab. 20 Chemical composition of an unnamed “Cu-uranyl-sulphate” from the vein Cervena (in wt. %)

color (Fig. 12b). These crystals however reach up to
0.3-0.5 mm across. Rabejacite occurs usually in a close
association with ,,Fe-rabejacite®, uranopilite and gypsum
on the strongly altered surface of the gangue. The chemical
composition (Tab. 27) can be expressed by the empirical
formula (as the mean of 4 individual analyses on the basis
of 4 U apfu): [(Cal.IZB (Cuo.loFeo,ozzno,oz)zo.14]21,28
(UO,),[(80,), ,(810,), 4s)51 0005 1o 8H,0. The O* content
was calculated by charge balance, and it is significantly
lower than the ideal content of 4 O apfu present in the ideal
formula [(UO,),0,(S0,)]. This is caused by the decrease
in the occupancy of the cationic sites (Fig. 9) dominated,
according to the EMPA, by Ca® and Cu?. Here we antici-
pate some recent results of the structure study of rabejacite,
which are a subject of a forthcoming specialized paper.
According to the single-crystal X-ray diffraction, the two
different cationic sites can be
distinguished in the rabejacite

a'0.02)21,14

Mean 1 2 3 4 5 structure. First one, where the
Na,0 0.16 0.16 0.23 0.06 0.20 0.17 cations are coordinated by a
MgO 15.79 17.65 16.72 15.35 14.56 14.67 higher number of ligands (~7), is
ZnO 0.43 0.04 0.35 0.64 0.69 0.07 populated by Ca?* and also prob-
CuO 6.63 7.23 6.43 6.67 6.08 6.77 ably by Other Simi]ar elements
Si0, 0.54 0.62 0.55 0.57 0.51 0.43 (e.g. Ba, Sr). The second site
SO, 14.23 14.75 13.33 14.78 14.68 13.53 of the studied samples contains
uo, 70.08 72.71 69.03 69.13 70.84 68.89 Cu?*, and probably also Fe and
Total 92.83 96.32 90.34 92.72 93.94 90.45 Zn (see further Cu*-rabejacite).
Na 0.086 0.081 0.123 0.032 0.103 0.094 This site is [5]-coordinated by
Mg 0312 0.303 0.186 0.386 0.358 0326 ligands includi
Zn 0.086 0.008 0.072 0.130 0.137 0.014 igands including O and mo-
Cu 1361 1.430 1339 1387 1243 1.418 lecular H,0. This coordination
A site 1.845 1.822 1.720 1.935 1.841 1.852 18 n°t2+"ery characteristic of Zn*"
Sio, 0.146 0.172 0.144 0.140 0.152 0.119 or Fe*, which typically prefer an
S0, 2.898 2.899 2.759 3.055 2.962 2815 octahedral coordination. Regard-
ST site 3.044 3.071 2.903 3.195 3.114 2.834 less, we conclude that increasing
U0, 4.000 4.000 4.000 4.000 4.000 4.000 concentrations of these elements
OH*® 5.23 5.08 5.22 5.17 5.03 5.50 should lead to the occurrence of

Coefficients of the empirical formulae were calculated on the basis of 4 U apfu

OH® — derived from the charge-balance

the [6]-coordination.
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Tab. 21 Chemical composition of Cu-marécottite (in wt. %)

Ideal Mean 1 2 3
Na,0 0.03 bdl 0.09 bdl
K,0 0.03 0.05 bdl 0.03
MnO 0.45 0.40 0.51 0.44
CaO 0.60 0.48 0.75 0.58
MgO 3.74 0.99 1.01 1.04 0.92
ALO, 0.08 0.12 bdl 0.11
BaO 0.90 0.93 0.93 0.84
CuO 1.85 1.39 1.93 2.23
CoO 0.05 0.15 bdl bdl
NiO 0.13 bdl 0.25 0.15
ZnO 0.24 0.36 0.36 bdl
As,O, 0.10 0.07 0.17 0.06
Sio, 0.27 0.24 0.44 0.14
SO, 9.91 9.36 8.93 9.10 10.05
U0, 70.77 75.30 73.93 74.49 77.50
H,0 15.60 16.92 16.62 16.80 17.35
Total 100.02 107.30 104.69 106.86 110.37
Na 0.028 - 0.084 -
K 0.018 0.035 0.018 0.000
Mn 0.192 0.174 0.221 0.182
Ca 0.325 0.264 0.408 0.303
Mg 0.745 0.777 0.790 0.670
Al 0.045 0.074 - 0.064
Ba 0.179 0.186 0.186 0.163
Cu 0.707 0.542 0.745 0.828
Co 0.020 0.060 - -
Ni 2.998 0.055 - 0.104 0.059
Zn 0.090 0.137 0.137
ZA site 2.998 2.404 2.252 2.695 2.269
AsO, 0.027 0.019 0.045 0.016
Sio, 0.137 0.124 0.222 0.068
SO, 4.000 3.553 3.453 3.491 3.707
T site 3.717 3.596 3.758 3.792
Uo,* 8.003 8.000 8.000 8.000 8.000
OH 1.073 1.083 1.281 0.865
H,0 27.999 28.00 28.00 28.00 28.00

calculation on the basis of 8 U apfu

H,0* — obtained based on the presence of 28 H,O in ideal formula and
OH content inferred from the charge balance

Ideal — calculated for the ideal formula given by Brugger et al. (2003)

Another unusual mineral phase — “Cu? -rabejacite” —
forms crystal aggregates composed of tabular crystals of
greenish yellow to light green color that reach up to
0.5 mm (Fig. 12¢). It has strong glassy luster and a
perfect cleavage. This phase was found only on two

The lower calculated O* content (inferred from the charge-
balance) is caused by the decrease in the occupancy of the
cationic sites (Fig. 9). In case of the studied fragment, Cu?*
prevails at the cationic sites over Ca?* and, remarkably,
also Y**. This suggests a possible existence of a new Cu?*-
dominant member of the zippeite group, different from
pseudojohannite. The presence of Y**, occupying probably
the PICa site, is not surprising, since the Y**-dominant mem-
ber of the zippeite group, sejkoraite-(Y), was described by
Plasil et al. (2011a) from the same samples as used in the
current study.

The so-called “Fe-rabejacite” (Fig. 12a), usually oc-
curs along with rabejacite and differs from the yellowish
rabejacite by its more orange or brownish-orange tint.
The powder XRD pattern of this phase is very similar to
that of rabejacite. According to qualitative EDS analyses,
the main constituents are U, S, O, Fe > Ca. Finally, the
SEM (Fig. 10d) and BSE (Fig. 10e) images revealed that
the surface of the rabejacite crystals is covered by a thin
alteration crust, probably partially amorphous phase. Back-
scattered electron image clearly shows that the surface area
is depleted in heavy elements compared to the center of the
crystals. This suggests release of UO,*" from the surface
layer and replacement by Fe (most probably as Fe*").

The single-crystal XRD study of rabejacite is com-
plicated, since it forms mostly powder aggregates which
do not contain any suitable crystals. During the current
work, several crystals of rabejacite and so-called Cu-ra-
bejacite were found and used for the single-crystal X-ray
diffraction study. The preliminary results, already cited
above, suggested that rabejacite is triclinic and belongs
to the space group PT, with a = 8.7434(11), b = 8.309(3),
c = 8.8693(10) A, a = 77.86(2)°, p = 104.635(11)°,
v =82.935(18)°, and V' = 598.8(3) A’. However synchro-
tron powder diffraction experiments suggested an addi-
tional periodicity caused by very weak diffractions (d
at 15.69 A) doubling the b parameter. No such reflections
were observed for single crystals; however, the data are
weak and noisy, affected also by a large contribution of
the diffusion scattering. The powder data can be fitted by
even larger unit cell, with dimensions of a = 8.749(6), b =
16.60(1), ¢ = 8.874(6) A, a. = 77.81(5)°, B = 104.68(5)°,
y=82.97(5)°, V= 1198(1) A%.

Tab. 22 Refined unit-cell parameters of Cu-marécottite (for the triclinic space
group PT)

specimens and thus the amount of material available

Cu-marécottite, Cervena vein Marécottite, La Creusaz, Switzerland

is limited. It closely associates with sejkoraite-(Y), this paper Brugger et al. (2003)
zippeite and cuprosklodowskite. The chemical com-  a[A] 10.797(3) 10.815(4)
position of the Cu?*-rabejacite is provided in Tab. 28. b [A] 11.709(3) 11.249(4)

The empirical formula of rabejacite expressed as the € [A] 13.621(6) 13.851(6)
mean of 4 individual analyses (based on 4 U apfu)is: ¢ [’] 66.37(2) 66.224(7)
[(CuO,SSFe0.04Mg0.04)?:0.63(CaO.38Y0.17K0,09Ba0A05)20A69]21A32 5 [[:::ll Z;zig;; Z;;‘;iﬁzi)
(U02)4[(SO4)1A54(SIO4)0A12(V04)0,12]Zl.7803,41 8HZO Vv [AJ] 1457(1) 14221(9)
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(a)

(b)

(d)

Fig. 12 Rare uranyl-sulfates. a — Rabejacite (yellow), “Fe-rabejacite” (brownish) and uranopilite (sulphuric yellow) on the strongly weathered
surface of an ore-bearing specimen. Width of image 30 mm. b — Rabejacite in crystals (center of the picture) in association with lighter yellow,
vermiculite-like aggregates of the same mineral. Width of image 3.2 mm. ¢ — Crystals of Cu?-bearing rabejacite (green) in association with
sejkoraite-(Y) (orange). Width of image 2.5 mm. d — Sejkoraite-(Y) on gypsum. Width of image 2 mm.

Sejkoraite-(Y), Y,[(UO,),0,0H(S0,),/(OH),(H,0),,,
is a new mineral phase of the zippeite-group, described
from the Cervena vein and approved by the CNMNC
of the International Mineralogical Association (Plasil
et al. 2011a). It is the first zippeite-group mineral that
contains trivalent cations. It is triclinic, space group PT,
with a = 14.0743(6), b = 17.4174(7), ¢ = 17.7062(8)
A, a = 75.933(4), B = 128.001(5), y = 74.419(4)°,
and V = 2777.00(19) A3, Z =2, D_, = 4.04 g.cm™
(Pl1asil et al. 2011a). The ideal chemical composition
of sejkoraite-(Y) can be expressed by the formula:
Y,(OH),[(UO,),0,0H(SO,),](H,0),,. Nearly whole
suite of REE was detected by electron microprobe. The
full analysis is given in the original description (Plasil
et al. 2011a). However, here we present the chondrite
(McDonough and Sun 1995) normalized REE pattern
(Fig. 2), which was not included in the above-mentioned
paper. The normalization shows strong enrichment of
medium to heavy REE with a maximum around Dy.

Sejkoraite-(Y) was found only very rarely at the studied
site. Still, it forms conspicuous crystalline aggregates up
to 1 mm across composed of well-developed yellow-or-
ange to orange crystals, with a strong vitreous luster (Fig.
12d). Sejkoraite-(Y) was found in the direct association
with rabejacite, Cu?*-rabejacite as well as zippeite, pseu-
dojohannite, uranopilite, cuprosklodowskite and gypsum.

Zippeite, K,[(UO,),0,(S0O,),(OH),](H,0), occurrences
(the K*-dominant member of the group) are limited to
a few localities worldwide; more common are the Na-
(natrozippeite) or M?*-containing (magnesiozippeite)
members of the group. At the underground-site studied,
Mg was mostly lacking but Ca with K were prominently
supplied probably from the dissolved minerals in the
nearby basalt dyke. This is likely the reason, why zippeite
is relatively abundant at the studied locality. It forms
usually orange crystals (Fig. 13a) or aggregates, up to 2
mm in size. The individual crystals are euhedral, rarely
reaching up to 250 um across (Fig. 14a). The size and
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quality of the crystals enabled a

Tab. 23 Chemical composition of pseudojohannite from the Cervena vein (in wt. %)

complete crystallographic study

Mean 1 2 3 4 5
(Plasil et al. 2011b). According g0 0.03 0.00 0.11 bl 0.04 bl
to single-crystal X-ray diffrac-  cuo 13.39 12.85 13.91 14.39 13.35 12.42
tion, zippeite is monoclinic, the  sio, 0.11 0.00 0.41 0.00 0.14 bdl
space group C2/m, with unit- SO, 8.41 8.36 8.42 8.51 8.72 8.02
cell parameters a = 8.7802(6), UO, 66.16 69.00 66.69 64.57 64.33 66.19
b = 13.9903(12), ¢ = 8.8630(6)  H,0* 13.59
A, B=104.524(7)° with the unit-  Total 101.68 90.22 89.54 87.48 86.58 86.63
cell volume V = 1053.92(12) Mg 0.013 0.000 0.048 - 0.019 -
A3 and the ideal structure for- CU 2.910 2.679 3.000 3.206 2.986 2.698
mula K[(U0) 0,OH),(S0)] £ T T T —
(H,0), (z =2). According to slo4 1.816 1'732 1.802 1.884 1.938 1;31
Plasil et al. (2011b), chemi- . ’ ) ' : : :
cal composition of this zip- =T site 1.848 1.732 1.822 1.884 1.980 1.731
. U0, 4.000 4.000 4.000 4.000 4.000 4.000
peite can be expressed by an 2.09 1.89 2.02 2.64 1.97 1.93
empirical formula (mean of 4 H,0 12.00

point analyses, calculated on
the basis of K + Na + Ca + Fe
+ Co + S + Si + U = 8 apfu):
(Kl.73Fe0.04Cao.ozNao.ozcoo.m)zl.82
[(U02)4.1602(OH)1.91 {(804)1.90
(Si04)0.13}z2.03](H20)4’ provid-
ing a rare agreement between the results of the crystal
structure refinement and the electron microprobe analysis.
There was also identified a probably later precipitating
microcrystalline (powdery) zippeite, in places covering
the crystalline aggregates of the above-described zippeite
(Fig. 13b). Aggregates are composed of minute crystals
of the characteristic lenticular shape (Fig. 14b). Pow-
der—diffraction data are similar to the older zippeite. The
refined unit-cell parameters are given in Tab. 29.

structure

5. Discussion

Coefficients of the empirical formula were calculated on the basis of 4 U apfu
H,0* — content of H,0 in wt. % calculated based on ideal content of 12 H,O in the crystal structure
plus OH content from the charge-balance; the value corresponds with the ideal content of 2 OH- in the

OH?® — derived from the charge-balance

there are several important features that make the studied
mineralization interesting.

5.1. The chemical formula of uraninite and
its CHIME age

The chemical composition of the studied uraninite was
calculated considering all the U content analyzed as be-
ing U*" (measured as UO,). Since it is to be expected that
not all the U is tetravalent, but certain portion should be

Tab. 24 Chemical composition of the Cu-rich pseudojohannite-like phase from the vein Cervend

(in wt. %)
Studled weathering associa- Nemn . > 3 1 5 3
tion represents a very typical G o 0.04 0.00 0.09 0.00 0.06 0.00 0.08
assemblage resulting from the . 15.78 17.65 16.72 15.35 14.56 14.67 15.73
acid-mine drainage (AMD) g 0.04 0.03 0.02 0.12 0.02 0.05 0.00
processes at the uranium de- g0, 0.43 0.35 0.48 0.60 0.46 0.19 0.50
posits dominated by sulfate go, 9.62 9.72 9.36 9.59 9.81 9.73 9.46
minerals. Similar alteration O, 67.13 69.49 66.73 66.28 67.66 68.86 65.74
associations were described  Total 93.03 97.24 93.40 91.93 92.56 91.49 91.54
from e.g. La Creusaz, Swit- Mg 0.017 0.000 0.048 0.000 0.019 0.000 0.000
zerland (Meisser et al. 2002; Cu 3.381 3.653 3.603 3.300 3.094 3.316 3.341
Brugger et al. 2003) or Roznd, Fe 0.009 0.007 0.005 0.028 0.004 0.011 0.000
Czech Republic (Veselovsky M 3.407 3.660 3.656 3.328 3.117 3.327 3.341
and Ondrug 2002). Besides the SO, 0.122 0.095 0.136 0.176 0.129 0.053 0.146
activity of SO, higher than at SO, 1.816 1.999 2.004 2.068 2.072 2.081 2.061
other known accumulations of T Site 1.938 2.094 2.140 2.244 2.201 2.134 2.207
the supergene uranyl minerals U0, 4.000 4.000 4.000 4.000 4.000 4.000 4.000

OHS 2.23 2.94 2.74 1.84 1.59 1.96 2.25

in Jachymov (e.g., Ondrus et
al. 2003d; Sejkora et al. 2013),

Coefficients of the empirical formula were calculated on the basis of 4 U apfu
OH?® — derived from the charge-balance (assuming 4 O atoms in the structure unit)

243



Jakub PIasil, Jiti Sejkora, Radek Skoda, Pavel Skdcha

©)

(b)

Fig. 13a — Crystal aggregates of zippeite with cuproklodowskite (whitish green). Width of image 3.2 mm. b — Powder aggregates of zippeite, partly
limonitized, with elongated crystals of gypsum on a weathered gangue. Width of image 3.2 mm.

present as U, due to the oxidizing weathering of ura-
ninite (Finch and Ewing 1992), and no direct analysis
for U*/U¢* ratio in analyzed sample is available (as e.g.
from X-ray photoelectron spectroscopy), the empirical
formula given has only estimentative value. Besides U,
the most common elements in the structure of uraninite
are Ca?* and REE*" (Janeczek and Ewing 1992). The Ca?*
contents in uraninites from various localities vary greatly,
from 0.X to first X.0 wt.%, usually (see e.g., Pearcy et
al. 1994; Ondrus et al. 2003a; Deditius et al. 2007a,
b; Skacha et al. 2009; Sharpe and Fayek 2011), rarely
exceeding 10 wt.% CaO (R. Skoda, pers. comm., 2014;
unpublished data of the authors). Janeczek and Ewing
(1992) stated, based on the similarity of ionic radii of
elements commonly found in uraninite, that Ca?* (1.12 A)
substitutes for U* (1.0 A), along with Th*" (1.05 A), Zr**
(0.84 A), Y** (1.019 A) and REE* (0.98-1.16 A). Recent-
ly, two exotic minerals were described rom the northern
Caucasus: elbrusite-(Zr) and vorlanite (Galuskina et al.
2010; Galuskin et al. 2011). The former is an U-bearing

(a)

garnet, where U (as well as Ca) is bounded into highly
metamict domains of the crystals. The latter is cubic
(Fm3m) CaU®0O,, where U®" and Ca*" occupy the same
site (50/50). Since these cations have distinct ionic radii
(BIUS* = 0.86 A, BiCa?* = 1.12 A), vorlanite possesses a
highly disordered structure.

The real nature and fate (not only) of Ca?" in the
structure of uraninite remains unknown and its clarifica-
tion would require precise TEM/HRTEM studies, which,
however, would be difficult, for instance due to radiation
damage of the crystal lattice. The uraninite from Jachy-
mov, in general, underwent several hydrothermal events
(Ondrus et al. 1997, 2003a, d), also connected with re-
mobilization of elements and, in particular, the radiogenic
Pb. Such explanation is also partially supported by the
CHIME dating results yielding the age of 154-160 Ma
(Tab. 1), which is in accord with the results of Legierski
(1973), who provided following model ages on uraninite
from Jachymov: 75, 140, 165, 202, 247 and 285 Ma. Ac-
cording to Forster and Haack (1995), uraninite ages for

(b)

Fig. 14 Scanning electron microscopy (SEM) images of zippeite from Cervena vein. a — Multiple generations of zippeite crystals. BSE image
(Hitachi S-3700N). b — Fine crystalline aggregates (powdery) of zippeite. BSE image (Hitachi S-3700N).
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Tab. 26 Refined unit-cell parameters of pseudojohannite (for the triclinic space group PT)

the Variscan orogen, ~190 Ma
correlates with Jurassic subsid-

Locality Cervena vein, Jachymov Cervena vein, Jachymov

Reference single-crystal XRD, this paper powder XRD, this paper ence and ~120 Ma may reflect
a[A] 8.6918(7) 8.685(2) the opening of the North Atlan-
b [A] 8.8812(9) 8.881(2) tic Ocean. Late Cretaceous and
c[A] 10.022(1) 10.028(3) Tertiary event may be an effect
o [°] 72.093(9) 72.09(2) of the Alpine orogeny in the
BI°] 70.520(8) 70.51(2) foreland.

v I°] 76.068(8) 76.00(2)

v [AY] 685.8(1) 685.5(3)

Locality White Canyon, Utah, USA Jachymov, holotype specimen 5.2. The abundance of Y
Reference single-crystal, Plasil et al. (2012a)  synchrotron powder data, Plasil et al. (2012a) and REE

a[A] 8.6744(4) 8.68239(3) )

b [A] 8.8692(4) 8.87811(3) The relative abundance of su-
¢ [A] 10.0090(5) 10.02136(4) pergene minerals containing
o [°] 72.105(4) 72.1257(3) Y and REE within the studied
B [°] 70.544(4) 70.5266(3) association reflects the specific
v[°] 76.035(4) 76.0207(2) conditions of the vein. It is al-
VA% 682.61(5) 684.740(5) ready known that Y and REE

U-deposit Aue-Niederschlema (Saxony), located in the
tectonic zone Gera—Jachymov were 190 + 4 and 120 +
6 Ma for younger remobilization stages. Further loss of
radiogenic Pb was indicated by ages of 80 = 8 Ma and
0—40 Ma. Forster and Haack (1995) concluded that these
reflected a crustal reactivation rather than a magmatic
activity. The age of 270 Ma corresponds to the collapse of

Tab. 27 Chemical composition of rabejacite (in wt. %)

are more abundant in the vein
cluster Rovnost, dominated by the Geister vein. From
the outcrops and also underground workings located
on this vein are known xenotime-(Y), agardite-(Y) and
churchite-(Y) (Ondrus et al. 1997, 2003a; Frost et al.
2010; unpublished data of the current authors) as well as
the samples of uranyl-carbonate mineral kamotoite-(Y)
(Ondrus et al. 1997). Unfortunately, the latter cannot be
localized within a particular vein. The main source of Y
and REE in the currently studied weathering association
is most likely uraninite. The WDS analyses proved that

Mean ! 2 3 4 unaltered uraninite shows elevated contents of Y and
Ba0 018 0.19 038 0.16 0.00 REE and also depletion in these elements with increas-
FeO 0.08 0.00 0.06 0.18 0.06 . . e . .
a0 o, 401 151 375 3.9 ing alteration (leached zones) or coffinitization (Fig. 1a,
ZnO 0.08 0.15 0.18 0.00 0.00 Tab. l)’ . .
Cuo 0.50 0.92 0.94 0.00 013 Although the chondrite-normalized REE patterns of
PO, 0.09 017 0.00 0.00 0.16 sejk(?ralte—(Y) and uran1n1t§ (Fig. 2) show commdeptly
sio, 019 012 0.62 0.00 0.02 maxima around Dy, they differ. The structure of sejko-
503 9.49 10.01 8.89 9.08 9.97 raite-(Y) will more StI'OIlgly prefer the MREE-HREE
uo, 69.64 69.92 67.30 75.18 66.16 over LREE (based on their corresponding ionic radii)
H,0,... 8.77 8.81 8.48 9.47 8.33 compared to uraninite.
Total 92.83 94.30 90.36 97.84 88.82
Ba 0.020 0.020 0.043 0.016 0.000 L
Fe 0.017 0000 0014 0038 0015 5.3. The dominating role of Cu**
Ca 1.121 1.171 1.065 1.018 1.229 . X .
7 0.017 0.030 0.037 0.000 0.000 In all groups of supergene minerals present at Cervena
Cu 0.104 0.189 0.200 0.000 0.008 vein, the Cu?" is the dominating constituent. It occurs in
SA site 1279 1.410 1359 1062 1272 cuprosklodowskite (uranyl silicates), pseudojohannite and
Si0, 0.054 0.032 0175 0.000 0.007 johannite (uranyl sulfates), in zeunerite and CuUOVO
S0, 1.953 2.046 1.887 1.726 2152 phase (uranyl arsenates/vanadates), and in brochantite/
ST site 2007 2078 2062 1.726 2159 antlerite (uranium-free sulfates). The high activity of Cu
U0, 4.000 4.000 4.000 4.000 4.000 in the mineral system is also well documented by the fact
H,0,.. 8.00 8.00 8.00 8.00 8.00 that Cu enters minerals, which are nominally Cu-free
(o} 3.19 3.24 3.12 3.34 3.05 (marécottite, rabejacite, tyuyamunite, and compreigna-

Coefficients of the empirical formula were calculated on the basis of
4 U apfu
O® — derived from the charge-balance

cite). The character of the primary mineral association is
responsible for such abundance of Cu?*, because uraninite
is intimately associated with chalcopyrite, tennantite and
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chalcocite in the carbonate-free

Tab. 28 Chemical composition of the Cu?*-rabejacite (in wt. %).

quartz gangue. We may divide

; . Mean 1 2 3 4 5

the alteration into two stages K,0 025 0.20 032 028 0.16 031
with regard to the release of pu0 0.48 0.60 0.37 0.34 0.53 0.57
Cu* into the system. First step  Feo 0.17 023 0.13 0.23 0.13 0.13
was weathering of primary Cu a0 1.37 1.30 1.39 1.49 1.48 1.18
minerals in the vicinity of ura-  MgO 0.09 0.07 0.08 0.07 0.17 0.07
ninite, which undergoes oxi- CuO 2.78 2.50 3.64 3.14 2.84 1.80
dation—hydration weathering Y0, 1.09 0.73 1.09 1.28 1.08 1.28
in the moist air readily. The SiO2 0.43 0.40 0.27 0.27 0.47 0.77
volume changes in the mineral ~ V.0s 0.65 0.67 0.26 0.38 0.94 1.00
matrix (cracking etc.) contain- SO 14.23 7.53 8.33 9.01 8.47 3.90
ing hydrating uraninite are con-  U0; 72.60 71.61 74.77 74.92 77.38 64.34
siderable (Finch and Ewing 1O 9.15 9.02 9.42 9.44 9.75 8.10
1992) and thus may start up the 12! 96.91 94.85 100.07 100.82 103.39 85.44
. ) . K 0.085 0.067 0.103 0.089 0.050 0.118

alteration of other primary min-

. Ba 0.050 0.062 0.037 0.034 0.051 0.067
erals. During the first stage were . 0.038 0.051 0.028 0.049 0.027 0.033
generated concentrated aqueous ., 0.384 0.370 0.379 0.406 0.391 0373
solutions containing dissolved 0.036 0.029 0.030 0.028 0.063 0.029
UO,, 8O, and Cu* and from ¢, 0.547 0.502 0.700 0.603 0.527 0.403
these solutions minerals such vy 0.169 0.155 0.174 0.146 0.168 0.202
as pseudojohannite or johannite A site 1.309 1.236 1.451 1.255 1277 1.225
might have formed. The second  sio, 0.116 0.106 0.069 0.062 0.116 0.226
stage involved weathering of vO, 0.115 0.118 0.043 0.064 0.152 0.196
massive tennantite, chalcopyrite SO, 1.537 1.502 1.591 1.719 1.563 1310
and chalcocite that were not in T site 1.768 1.726 1.703 1.845 1.831 1.732
direct Vicinity of uraninite and UO,” 4.000 4.000 4.000 4.000 4.000 4.000
marcasite and the weathering HOy.. 8.00 8.00 8.00 8.00 8.00 8.00
0 3.41 3.39 3.69 3.45 331 321

became slower. Probably during

this stage other minerals like
brochantite precipitated.

5.4. Searching for the source of V°*

There was no apparent primary vanadium-containing
mineral found in the studied association. However, in a
single polished section dominated by primary minerals
— uraninite and sulfides (chalcopyrite, chalcocite) — we
noted an interesting mineral phase. Based on EDS it con-
tained major Fe, Si, Al and minor V and Cu. It formed
aggregates in quartz, up to 300 pm across, commonly as-
sociated with at the contacts more or less coffinitized ura-
ninite. From the BSE and SE images it was obvious that
the surface of those parts is uneven and the aggregates
are very porous (and probably also chemically inhomo-
geneous). The EMPA confirmed
(Tab. 30) that these aggregates

Coefficients of the empirical formula were calculated on the basis of 4 U apfu
O°® — derived from the charge-balance

5.5. The bond-valence approach to
stereochemistry of uranyl-oxysalts:
From the chemical composition to their
occurrence

The stability of hydrated uranyl-oxysalts is driven pri-
marily by the weak bonding interactions between the
strongly constituted structural units (behaving as Lewis
base) and weakly bonded interlayer complexes (Lewis
acid). In order to form stable crystal structures, their
structure units and interlayer complexes had to exhibit
corresponding values of Lewis basicity/acidity, satisfying
the valence matching principle (Brown 2002; Schindler
and Hawthorne 2008; Hawthorne 2012). Assuming

Tab. 29 Refined unit-cell parameters for zippeite from Cervena vein (for the monoclinic space group C2/m)

zippeite I, Cervend vein
single-crystal XRD, Plasil et al. (2011b)

belong to roscoelite, ideally  Locality  zippeite II, Cervend vein
KV, Al, Mg)zAlsi3OIO(OH)2, Reference powder XRD, this paper
reported from Jachymov by a[A] 8.844(1)
Srein and Langrova (1999). bI[A] 14.115(2)

This phase may have repre- CI[A] 8.856(1)
sented the source for vanadium B[] 104.785(8)

in the studied mineral system.  /[A’] 1068.93)

8.7802(6)
13.9903(12)
8.8630(6)
104.524(7)
1053.92(12)
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Tab. 30 Chemical composition of roscoelite from Cervend vein
(in wt. %)

Mean 1 2 3
Na,O 0.05 bdl bdl 0.14
K,0 6.51 6.61 6.43 6.45
CaO 0.31 0.31 0.32 0.29
MgO 1.68 1.45 1.79 1.80
CuO 1.24 1.38 1.15 1.18
ALO, 13.12 13.68 12.81 13.17
Fe,O, 7.80 6.97 7.57 8.87
Sio, 45.43 44.62 45.44 43.23
V,0, 13.49 13.71 13.56 13.20
SO, 0.11 0.21 0.10 bdl
H,O_. 0.52 1.06 0.12 0.37
Total 90.23 89.68 89.29 91.74
Na 0.007 - - 0.018
K 0.548 0.567 0.542 0.536
Ca 0.022 0.022 0.022 0.020
Mg 0.165 0.145 0.176 0.174
Cu 0.062 0.070 0.057 0.058
AP* 1.021 1.059 0.997 1.007
Fe¥ 0.348 0.317 0.338 0.390
Si+ 3.000 3.000 3.000 3.000
%A 0.589 0.609 0.591 0.556
So* 0.005 0.011 0.005 -
OH 0.114 0.237 0.027 0.080

calc.
Coefficients of the empirical formula were calculated on the basis
of 3 Si apfu

OH_, — derived from the charge-balance

simple crystal-chemical considerations, Schindler and
Hawthorne (2008) showed that some properties of the
structure units (Lewis basicity, charge-deficiency per
anion, respectively) reflect the conditions when such
structure unit formed from the solution. These authors
developed so-called bond-valence approach to describe
the relations between the chemical composition of the

Tab. 31 Overview of the chemical composition of studied weathering association and the CDA values

of their structure units

e.g., uranyl-oxysalts (Schindler et al. 2000; Schindler
and Hawthorne 2001a—c, 2004, 2008), and their stability.
In the following paragraph we would focus on currently
studied association and point out some conclusions based
on the above-mentioned approach. We use the termi-
nology that will not be reviewed here, as it is beyond
the scope of the current paper. For explanations of the
terms used, we advise the reader to check the papers by
Schindler and Hawthorne (2001a, 2008), Hawthorne and
Schindler (2008), Brown (2009) and Hawthorne (2012).
Schindler et al. (2000) introduced a variable called
“average basicity of the structural unit”, re-named later to
the “charge-deficiency per anion” (CDA). It is defined as
the average bond-valence per O atom contributed by the
interstitial species and adjacent structural units. It is an
extremely important variable as it correlates strongly with
the average O-coordination number of the structural unit,
and hence plays a crucial role in the predictive power of
the bond-valence approach. The charge-deficiency per an-
ion values represent the average bond-valence per O atom
required by the structural unit to satisfy the principle of
correspondence of Lewis acidity—basicity, the mean-field
equivalent of the “valence-matching principle” of the
bond-valence theory (Brown 2009; Hawthorne 2012). It
was demonstrated in the papers mentioned above that the
CDA value depends on the pH of the solution, from which
such a structure (or structural units or fragments) forms.
Conversely, when considering the formation of some
mineral association and its evolution, it is very useful to
look at its composition from the point of view of the bond-
valence approach. Similar method has been recently ap-
plied by Plasil et al. (2014) to evaluate SO,-rich alteration
association from the Blue Lizard mine in Utah (U.S.A.).
The overview of the CDA values, characteristic of the
structure units of studied supergene association, is given
in Tab. 31. The minerals may be
grouped into clusters, defined
by the similar values of CDA,

matching well the mineral as-

Mineral Composition CDA [vu] (calc.)

Uranopilite [(Uoz)s(SO4)OZ(OH)5(H20)6](Hzo)x 0.12 sociations observed. As noticed
Zippeite K,[(U0,),0,(S0,),(OH),](H,0), 0.12 above, the CDA value generally
Marécottite Mg,[(UO,),0,(OH)(SO,),1,(H,0),, 0.16 increases with the increasing pH
Pseudojohannite Cu,(OH),[(U0,),0,(S0,),1(H,0),, 0.20 of the system. The absence of
Sejkoraite-(Y) Y,(OH),[(UO,),0,0H(S0,),1(1,0),, 0.23 carbonates leads to the forma-
Rabejacite* Ca,[(UO,),0,(S0,),I(H,0), 0.20 tion of locally very acid solu-
Johannite Cu[(UO,),(S0,),(OH),](H,0), 0.17 tions rich in SO,* (through the
Soddyite [(UO,),(Si0)(H,0),] 0.08 decomposition of pyrite and
Cuprosklodowskite Cu[(UO,)Si0,0H],(H,0), 0.20 chalcopyrite) and ASO43’ (from
Schoepite [(UO,),0,(0H],,](H,0),, 0.08 tennantite). They contain also
Compreignacite K;[UO,);0,(0H),],(H,0), 015 dissolved cations from the de-
Tyuyan.lunite Ca[(UO,),(VO,),I(H,0), 0.17 composed minerals, namely
ii:lrz:i? EEE(S%O)Z()(?)(:)SOM(HZO)G g'ig Cu, Fe or UG*. The evolution
Brochantite Cu(SO:) (OH): P of the solutions and subsequent

[vu] — valence units; * preliminary estimation of the current authors

processes involving formation

248



Supergene minerals from the Cervena vein, Jéchymov

of supergene minerals are probably variable. However,
we may assume that the successive evolution of the pH
depends on the incoming supply from the source and also
the kinetics of the reactions in the solution involving the
mineral formation.

By the lowest value of CDA are characterized sod-
dyite, [(UO,),(Si0,)(H,0),], found also within the
studied association, and schoepite, [(UO,),0,(OH] ]
(H,0),,. Based on Schindler and Hawthorne (2001c),
we know that such minerals usually form from the
solution of the lowest pH within the particular system
and when the activity of all cations in the solution is
low (!). Such conditions are characteristic, for instance,
of the very initial stages of uraninite alteration. Indeed,
schoepite is usually described as the first phase to
form from oxidation—hydration weathering (Schindler
and Hawthorne 2004). Soddyite was found only in
one specimen, isolated from other phases. Schoepite
was not detected within the association; however,
closely related minerals, such as the cation-deficient
compreignacite and compreignacite were identified.
Those minerals are characterized by high CDA values.
Uranopilite (CDA ~0.12 vu) usually occurs somewhat
isolated or with other sulfates that have higher CDA
(like the association of rabejacite + (Ca/Cu)-rabejacite
+ cuprosklodowskite). Similarly, zippeite (CDA ~0.12
vU) is more or less isolated from other uranyl-sulfates
in the studied specimens. The very typical assemblage
is represented by pseudojohannite, compreignacite
(also containing Cu?*) and cuprosklodowskite. Another
copper uranyl-sulfate, johannite, occurs somewhat
isolated from the above-mentioned phases (even if on
the same sample), which is supported by the lower
value of CDA, suggesting that the mineral formed
from more acid solutions. Sejkoraite-(Y) occurs usu-
ally in association with rabejacite or Cu/Y—-rabejacite
(CDA ~0.20-0.23). The Cu-marécottite was found
together with cuprosklodowskite (CDA 0.16 and 0.20
vu); however, they never form intergrowths and oc-
cur isolated in the given specimen. Zeunerite, as well
as tyuyamunite-like phases were found isolated from
other minerals. The different conditions of origin may
also be supported by the value of CDA (~0.17 vu) dis-
tinct from other phases. Brochantite (CDA ~0.12 vu)
is present in most samples, while antlerite (CDA ~0.10
vu) was identified only in a few. Brochantite is a very
common mineral. It occurs usually somewhat isolated
from the other phases; however, remarkable minerals,
found in a closer association, are compreignacite, Cu?*-
bearing compreignacite (0.15 vu) or cuprosklodowskite
(0.20 vu).

While discussing the mineral stabilities, we have
to consider an increasing number of thermodynamic/
solubility data for uranyl minerals and especially for

uranyl-oxide hydroxy-hydrates (i.e., Jang et al. 2006;
Kubatko et al. 2006; Gorman-Lewis et al. 2007; Gor-
man-Lewis et al. 2008a, b; Shvareva et al. 2012). Most
recent review of the thermodynamic data for metascho-
epite (Kubatko et al. 2006) showed that metaschoepite,
and also schoepite as precursor, are thermodynamically
unstable at any conditions. If there is a significant
amount of Si** dissolved in the solution, uranyl sili-
cates form and replace metaschoepite/schoepite (Sh-
vareva et al. 2012). The products of similar processes
were documented from nature (e.g., Thoreau and Vaes
1932). Soddyite might form under low pH conditions,
high Si*" activity and low activity of low-valence
cations in the solution (Shvareva et al. 2012). When
activity of mono- or divalent cations increases (along
with low activity of Si*", P>* and As®"), formation of
uranyl-oxide hydroxy-hydrate is favored (Shvareva et
al. 2012). In the paragenetic sequence, uranyl-oxide
hydroxy-hydrate minerals containing monovalent
cations will occur under lower pH and lower activity
of M?* (Schindler and Hawthorne 2004). The CDA
value of the structural units in uranyl-oxide hydroxy-
hydrate minerals varies over a relatively narrow range
(0.08-0.29 vu), which reflects the small range of pH
(5 to 8) over which almost all of these minerals have
their maximum stability (Schindler and Hawthorne
2004) as supported by the dissolution experiments
(Gorman-Lewis et al. 2008a, b). With respect to our
observations, we may conclude that due to the high
activity of Cu?*, S° and Si*" in the solution, the early
alteration phases are of limited importance. If present,
they are represented by compreignacite-like phases
or very rarely occurring uranyl-silicate soddyite. The
high activity of Cu?" and Si*" favors the formation
of cuprosklodowskite instead of typical uranophane
abundant when Ca?" is available. As the early alteration
products we may present uranyl-sulfate minerals ura-
nopilite (high molar proportion of UO, and H,O in the
structure formula) and also zippeite. As stated above,
the existence of new Cu?-containing uranyl-oxide
hydroxy-hydrate mineral is highly possible. Within the
family of the uranyl-oxide hydroxy-hydrate minerals
exists vandenbrandeite, Cu(UO,)(OH), (Schoep 1932),
containing electro-neutral sheets of the vandenbran-
deite anion-topology (Rosenzweig and Ryan 1977;
Burns 2005). However, the composition of this phase
does not fit the studied association. The CDA value
of 0.47 vu suggests that the mineral should be stable
under much more alkaline conditions, similar as e.g.
other exotic uranyl-oxide hydroxy-hydrate mineral
uranosphaerite, Bi(UO,)O0,0H (Hughes et al. 2003). It
seems that in the paragenetic sequence this gap can be
replaced by Cu-dominant compreignacite, which may
represent a new mineral species.
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6. Conclusions

The studied mineral association represents a typical
example of U-rich acid-mine drainage mineral assem-
blage of recent origin. The very typical features of the
supergene geochemistry originated from the chemical
composition of both the primary ores and the surround-
ing rocks: the high activity of Cu?* (from dissolved
chalcopyrite), the abundance of Y and REE (from ura-
ninite) and the presence of V*"' (from a dissolved Fe—V—
Si—O phase, probably similar to montroseite). The
several alteration associations were identified within
the studied assemblage. They do not differ in terms of
their temporal evolution (as it is well known from the
group of Pb?"-containing uranyl-oxide hydroxy-hydrate
minerals), but they are distinct in terms of the pH under
which they formed and also the activity of cations in
the solution. Both features vary on the microscale, as
it is characteristic of such a mineralization. There are
minerals stable at low pH and absence of any metal in
the solution, e.g., uranopilite, and those stable at higher
pH and higher activity of metal cations, e.g., brochan-
tite. The studied minerals do not represent an in-situ
stable mineral association of the supergene zone, but
rather that of the initial weathering-stages of primary
uranium minerals forming under the acid conditions.
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