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A new occurrence of three rare supergene uranyl molybdates, calcurmolite, iriginite and umohoite was recently discovered 
at the Majerská valley U–Mo prospect near Čučma, Spišsko-gemerské rudohorie Mts., Slovakia. Calcurmolite is the 
most common uranyl molybdate at the studied locality, followed by relatively common iriginite and rare umohoite. In 
this paper, we present their detailed mineralogical study, including paragenetic observations, X-ray powder diffraction, 
chemical composition, and a Raman spectroscopic study. The quantitative chemical (WDS) data indicate a significant 
presence of Fe (around 0.35 apfu) in both iriginite and umohoite, whereas Na and K are typical minor elements ob-
served in calcurmolite. The studied assemblage of supergene uranyl molybdates was formed by in-situ weathering of 
uraninite–molybdenite aggregates under the relatively acidic conditions, caused by breakdown of abundant pyrite and 
absence of carbonates.
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standing the processes leading to in-situ or post-mining 
weathering of natural uranium minerals, mobility of ura-
nium, as well as alteration of spent nuclear waste (Buck 
et al. 1997; Burns 1999; Finch and Murakami 1999).

Calcurmolite is a rare calcium uranyl molybdate, 
which is known only from a small number of localities, 
especially U–Mo deposits in Armenia (Rudnitskaya 1959; 
Sidorenko et al. 2005; Frost et al. 2008) and Kazachstan 
(Fedorov 1963; Skvortsova et al. 1969; Sidorenko et al. 
2005). It was also described from the uranium deposits 
in Yunnan province in China (Chen et al. 1986, 1990), 
Rabejac U deposit in France (Deliens 1992; Dal Bo 
2018) and Paulding uranium prospect in Michigan, USA 
(Robinson and Carlson 2013). Calcurmolite was long 
considered as monoclinic phase (e.g., Sidorenko et al. 
2005; Dal Bo et al. 2018), but a recent single-crystal 
precession electron-diffraction tomography study of cal-
curmolite from Rabejac (Steciuk et al. 2020) confirmed 
its triclinic symmetry. Iriginite and umohoite are the most 
common minerals among natural uranyl molybdates, de-
scribed from several U–Mo or U deposits in Kazakhstan 
(Skvortsova et al. 1961; Sidorenko et al. 2003), Russia 
(Epshtein 1959; Chernikov et al. 1997), Germany (Grö-

1.	Introduction

Natural uranyl molybdates represent a small group of 
relatively rare supergene minerals that form under the 
oxidizing, mostly acidic conditions at various genetic 
types of U–Mo deposits (Finch and Murakami 1999; 
Krivovichev and Plášil 2013; Kuporev et al. 2024). Only 
nine uranyl molybdates are known in nature, including 
umohoite (Brophy and Kerr 1953), calcurmolite (Rud-
nitskaya 1959), moluranite and iriginite (Epshtein 1959), 
mourite (Kopchenova et al. 1962), sedovite (Skvortsova 
and Sidorenko 1965), tengchongite (Chen et al. 1986), 
deloryite (Sarp and Chiappero 1992) and baumoite (El-
liot et al. 2019), of which umohoite and iriginite are the 
most common ones (Krivovichev and Plášil 2013). On the 
other hand, a large group of synthetic molybdates of ura-
nyl containing various cations such as Ag, K, Na, Cs, Rb, 
Li, Ca or Tl was described (e.g., Krivovichev and Burns 
2000a, b, 2001a, b, 2002a, b, c, d, 2003a, b; Obbade et 
al. 2003; Nazarchuk et al. 2005a, b; Alekseev et al. 2007; 
Kuporev et al. 2024; Nazarchuk et al. 2025). Detailed 
knowledge of chemical composition, crystal-chemistry, 
and stability of uranyl molybdates is essential for under-
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bner and Kolitsch 2007), France (Dal Bo et al. 2018), 
Czech Republic (Pauliš et al. 2019), DR Kongo (Deliens 
1975; Piret and Deliens 1976, 1977) or USA (e.g., Bro-
phy and Kerr 1953; Coleman and Appleman 1957; Ham-
ilton and Kerr 1959; Stephenson 1964). Crystal structures 
of both iriginite and umohoite were most recently revised 
by Krivovichev and Burns (2000a, b).

A new occurrence of three uranyl molybdates, calcur-
molite, iriginite and umohoite was recently discovered at 
the Majerská valley U–Mo prospect near Čučma, Slova-
kia. Here we report results of their detailed mineralogi-
cal study, including paragenetic observations, chemical 
composition and Raman spectroscopy.

2.	Localization and geological setting

The occurrence of hydrothermal U–Mo mineralization 
with supergene uranyl molybdates is situated in the Ma-
jerská valley, around 3.5 km NE of the Čučma village, 6.3 
km NNE of the Rožňava town in the Spišsko-gemerské 
rudohorie Mts., Rožňava Co., Košice Region, Slovakia. 
The studied samples with uranyl molybdates were col-
lected by M. Števko in May 2020 in the exploration 
trench Ča–13. GPS coordinates of the studied site (ex-
ploration trench Ča–13) are 48.714240° N, 20.567221° 
E, 608 m a.s.l. 

The two principal types of hydrothermal uranium 
mineralization were distinguished at the Majerská valley 
area: 1) quartz–fluorapatite veins with REE phosphates, 
uraninite and only minor sulfides or 2) quartz veins 
with only minor fluorapatite and U–Mo mineralization 

represented by abundant uraninite, molybdenite and nu-
merous other sulfides, sulfosalts and tellurides (Ferenc 
et al. 2019, 2021). Hydrothermal U–Mo mineralization 
at the Majerská valley occurrence is represented by 
three short, lenticular quartz veins hosted in the acidic 
metapyroclastic rocks of the Early Paleozoic (Silurian) 
Bystrý Potok Formation (Fig. 1), belonging to the Gel-
nica Group and the Gemeric tectonic unit. The veins are 
up to 0.3 m thick, they are arranged in accordance with 
the metamorphic foliation of the surrounding rocks, have 
a direction of 65–67° to the NE and dip of about 36° to 
the SE (Šváb et al. 1966, Donát 1998). All tree veins 
were exposed by the exploration trench Ča–13 (Fig. 2), 
which was excavated in 1960s during the exploration for 
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Fig. 1 Regional geological setting of the Majerská dolina U–Mo occurrence (modified after Bajaník et al. 1984).

Fig. 2 Remains of the exploration trench Ča–13 at the Majerská valley 
U–Mo occurrence. Situation in May 2020.
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uranium ores (Šváb et al. 1966) and later re-excavated in 
1990s (Donát 1998).  

Mineralogy of the hydrothermal quartz veins with 
U–Mo mineralization in the Majerská valley area was 
recently studied in detail by Ferenc et al. (2019, 2021). 
Quartz is the principal gangue mineral accompanied by 
only accessory fluorapatite, zircon, schorl-dravite, rutile, 
Fe–Ti and U–Ti oxides, muscovite, chlorite, and titanite. 
The most abundant ore minerals are molybdenite and ura-
ninite, accompanied by a diverse assemblage of sulfides 
(pyrite, minor galena), sulfoarsenides (cobaltite, gersdorf-
fite, ullmannite), sulfosalts (bismuthinite, minerals of the 
kobellite–tintinaite series, cosalite, jamesonite), sulfotel-
lurides (tetradymite, joséite-A, joséite-B), ikunolite and 
native bismuth. Ore minerals are distributed in quartz 
very irregularly in the form of fine-grained bands and 
nests. Supergene minerals are represented by bassetite, 
saléeite, autunite, torbernite, zeunerite, phosphuranylite, 
wulfenite, and other poorly identified Pb–Bi–Sb–Mo 
oxides. Ferenc et al. (2019) also reported the presence 
of uranyl molybdate, iriginite at the Majerská valley 
occurrence. Števko (2022) later briefly described the 
assemblage of three uranyl molybdates (calcurmolite, 
iriginite, and umohoite) from this locality. The chemical 
in-situ electron-microprobe U–Pb dating of uraninite 
from the Majerská valley U–Mo occurrence yielded an 
average age around 265 Ma and thus confirmed the direct 
connection of the hydrothermal U–Mo mineralization 
with the intrusions of post-collisional Gemeric S-type 
granites (Ferenc et al. 2019).

3.	Analytical methods

A detailed study of morphology and paragenetic rela-
tions of uranyl molybdates was carried out on uncoated 
samples in low-vacuum mode on a Hitachi S3700-N 
scanning electron microscope (Department of Paleontol-
ogy, National Museum, Prague, Czech Republic).

Quantitative chemical analyses of uranyl molybdates 
were performed using a Cameca SX100 electron micro-
probe (Department of Mineralogy and Petrology, National 
Museum, Prague, Czech Republic) operating in WDS 
mode (accelerating voltage 15 kV, probe current 4 nA, 
3–20 μm beam width). The following standards and 
X-ray lines were used: albite (NaKα), apatite (CaKα, 
PKα), baryte (BaLα), celestine (SKα, SrLβ), chalcopyrite 
(CuKα), clinoclase (AsLα), Co (CoKα), Cr2O3 (CrKα), 
diopside (MgKα), halite (ClKα), hematite (FeKα), LiF 
(FKα), Ni (NiKα), rhodonite (MnKα), sanidine (AlKα, 
SiKα, KKα), TiO2 (TiKα), UO2 (UMα), vanadinite (VKα), 
wulfenite (PbMα, MoLα), YVO4 (YLα) and ZnO (ZnKα). 
Contents of the above-listed elements, which are not 
included in the table, were analysed quantitatively, but 

their concentrations were consistently below the detec-
tion limit (ca. 0.03–0.05 wt. % for individual elements). 
Raw intensities were converted to the concentrations of 
elements using the automatic “PAP” matrix-correction 
algorithm (Pouchou and Pichoir 1985).

Powder X-ray diffraction data of calcurmolite and 
iriginite were recorded at room temperature using a 
Bruker D8 Advance diffractometer (Department of 
Mineralogy and Petrology, National Museum, Prague, 
Czech Republic) equipped with a solid-state LynxEye 
detector and secondary monochromator producing CuKα 
radiation operating at 40 kV and 40 mA (Bragg-Brentano 
geometry, 4–70° 2θ, step 0.01° and counting time of 10 s 
per step). Positions and intensities of reflections were 
found and refined using the PearsonVII profile-shape 
function with the ZDS program package (Ondruš 1993), 
and the unit-cell parameters were refined by the least-
squares algorithm implemented by Burnham (1962). 
The experimental powder patterns were indexed in line 
with the calculated values of intensities obtained from 
the crystal structure of calcurmolite (Steciuk et al. 2020) 
and iriginite (Krivovichev and Burns 2002b), based on 
PowderCell2.3 program (Kraus and Nolze 1996).

The Raman spectra of uranyl molybdates were col-
lected in the range 4000–60 cm–1 using a DXR dispersive 
Raman Spectrometer (Thermo Scientific) mounted on a 
confocal Olympus microscope (Department of Mineral-
ogy and Petrology, National Museum, Prague, Czech 
Republic). The Raman signal was excited by an unpo-
larised red 633 nm He–Ne gas laser and detected by a 
CCD detector. The experimental parameters were: 100 × 
objective, 10 s exposure time, 300 exposures, 50 μm pin-
hole (calcurmolite and umohoite) or 50 μm slit (iriginite) 
spectrograph apertures and 8 mW (calcurmolite), 5 mW 
(iriginite), or 1 mW (umohoite) laser power levels. The 
spectra were repeatedly acquired from different grains to 
obtain a representative spectrum with the best signal-to-
noise ratio. The eventual thermal damage of the measured 
point was excluded by visual inspection of the excited 
surface after measurement, by observation of possible 
decay of spectral features at the start of excitation and 
by checking for thermal downshift of Raman lines. The 
instrument was set up by a software-controlled calibration 
procedure using multiple neon emission lines (wave-
length calibration), multiple polystyrene Raman bands 
(laser-frequency calibration) and standardized white-light 
sources (intensity calibration). Spectral manipulations 
were performed using the Omnic 9 software (Thermo 
Scientific). Tentative assignments of experimental spectra 
are based on papers of Čejka (1999), Nakamoto (2009) 
for H2O, OH and UO2

2+ vibrations and Lunk et al. (2010), 
Moura et al. (2018), Vargas-Consuelos et al. (2023) for 
vibrations of the Mo octahedra. An empirical relation 
between energy of vibration and the corresponding bond 
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length (Libowitzky 1999) was used for the calculation 
of the O–H∙∙∙O hydrogen-bond length. Another empirical 
relation given by Bartlett and Cooney (1989) was used 
for calculations of U–O bond lengths from wavenumbers 
of ν3 and ν1 UO2

2+ stretching vibrations. 

4.	Results

4.1.	Calcurmolite

Calcurmolite is the most common uranyl molybdate at the 
studied locality. It forms bright yellow, radial to spherical 
aggregates up to 3 mm or microcrystalline coatings (Figs. 
3a–d), which consist of individual, thin acicular crystals 
up to up to 500 μm long. Calcurmolite, as well as iriginite 
and umohoite, are most often found in small cavities or 
fractures in quartz, always in close proximity to weathered 
molybdenite-uraninite-pyrite aggregates. It is important 

to note that uranyl molybdates are present only if pyrite 
is strongly weathered or totally replaced by Fe oxides. 
Calcium, necessary for the formation of calcurmolite, 
was most probably liberated from accessory fluorapatite, 
as carbonates are absent. This idea is also supported by 
relatively abundant presence of phosphorus-dominant 
members of the autunite group (e.g., autunite, bassetite, 
saléeite, or torbernite) in the distant areas of quartz veins 
at the studied locality. Based on detailed paragenetic ob-
servations, calcurmolite is clearly older than associated 
iriginite (Fig. 3d). Its relationship with rare umohoite is 
more complex. In most of the cases, umohoite seems to 
be slightly younger than calcurmolite (Fig. 3c), but in 
one case, calcurmolite aggregates were also growing on 
umohoite. No supergene minerals other than Fe oxides 
(mixture of nanocrystalline ferrihydrite and goethite) were 
observed in direct association with uranyl molybdates.

The experimental powder X-ray diffraction pattern of 
calcurmolite (Tab. 1) shows a lot of similarities with data 

20 µm

a

UmoUmo

CauCau

IrgIrg
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c d

Fig. 3 Calcurmolite appearance: a – Radial aggregates of bright yellow calcurmolite consisting of individual acicular crystals. Field of view is 
3 mm, photo L. Hrdlovič; b – Compact radial aggregates of calcurmolite. Field of view is 4 mm, photo L. Hrdlovič; c – Bright yellow spherical 
aggregates of calcurmolite partly overgrown by younger bright orange umohoite. Field of view is 3 mm, photo L. Hrdlovič; d – Radial groups 
of calcurmolite (Cau) overgrown by younger tabular crystals of iriginite (Irg). Minor umohoite (Umo) is also associated. BSE photo L. Váchová.



Uranyl molybdates from Čučma, Slovakia

143

published for calcurmolite from Kazakhstan and Armenia 
(Sidorenko et al. 2005) and agrees very well with a few 
diffraction maxima given for the sample from Rabejac by 
Steciuk et al. (2020). However, the data published by De-
liens (1992) already shows more significant differences, 
but the comparison is complicated by the usual poorly 
crystalline nature of the samples. The refined unit-cell 
parameters of studied calcurmolite (triclinic space group 
P1, a 20.10(5), b 11.004(16), c 14.330(8) Å, α 84.81,  
β 112.74, γ 133.21(8)o and V 2057(11) Å3) are comparable 
with data published by Steciuk et al. (2020) for sample 
from Rabejac deposit, Lodève basin, France obtained at 
100K: a 19.6875, b 11.26, c 14.195 Å, α 84.4, β 112.5,  
γ 133.95o and V 2025 Å3.

The chemical composition of the studied calcur-
molite (Tab. 2) is generally close to the ideal formula 
Ca[(UO2)3(MoO4)2(OH)4](H2O)~5.0 recently proposed by 
Steciuk et al. (2020) based on crystal-chemical study of 
calcurmolite from Rabejac in France. In addition to the 
dominant presence of Ca (0.69–0.75 apfu), U (3 apfu) and 
Mo (1.99–2.13 apfu), the elevated contents of Na (up to 
0.17 apfu), K (up to 0.21 apfu) and S (up to 0.09 apfu) 
as well as minor amounts of P (up to 0.01 apfu) and Cl 
(up to 0.04 apfu) were detected in the studied sample. 
Similar contents of Na were also reported in calcurmolite 
from Armenia and Kazakhstan (Skvortsova et al. 1969; 
Sidorenko et al. 2005) and elevated amounts of Na, K, S 
and P were observed in calcurmolite samples from France 
(Dal Bo et al. 2018; Steciuk et al. 2020). The average  
(n = 11) empirical formula of calcurmolite form the 
Majerská valley occurrence cal-
culated on the basis of U = 3 
apfu is (Ca0.72K0.15Na0.03)Σ0.90 
( U O 2) 3( M o O 4) 2 . 0 7( S O 4) 0 . 0 6 
(PO4)0.01(OH)3.31Cl0.03·5H2O.

The full-range Raman spec-
trum of the studied calcurmolite 
is given in Fig. 4a; it is close 
to the spectrum of calcurmolite 
from the Gornoe U deposit, 
Transbaikal region, Russia (Fig. 
4b) (R070028 of the RRUFF 
database, Lafuente et al. 2015) 
and is similar to published spec-
trum of calcurmolite from Sokh-
Karasu area, Armenia (Frost et 
al. 2008). Bands of the very 
low intensity, located at 3477, 
3245 and 2905 cm–1 (Fig. 4a), 
are connected with the ν OH 
stretching vibrations of hydro-
gen-bonded water molecules 
and hydroxyl groups, calculated 
O–H∙∙∙O hydrogen-bond lengths 

Tab. 1 Powder X-ray diffraction data of calcurmolite from the Majerská 
valley occurrence.

dobs. Iobs. dcalc. h k l
9.136 2.6 9.095 2 –1 0
7.744 100.0 7.746 0 1 0
6.385 1.9 6.382 0 0 2
5.976 2.8 5.971 0 1 1
5.713 1.8 5.704 0 –1 2
4.408 0.9 4.398 0 1 2
4.259 2.1 4.255 0 0 3

4.010 4.7
4.006 0 –2 1
3.991 –5 2 1

3.874 12.9 3.873 0 2 0
3.557 3.9 3.550 –5 2 3
3.471 1.8 3.464 –5 1 3
3.344 4.2 3.340 2 –3 0
3.323 2.8 3.325 0 –2 3
3.262 4.6 3.263 0 –1 4
3.243 5.5 3.239 5 –2 1
3.190 13.8 3.191 0 0 4
2.851 2.3 2.852 0 –2 4
2.714 1.1 2.713 0 1 4
2.672 1.2 2.669 0 –3 1
2.583 0.7 2.582 0 3 0
2.552 0.6 2.553 0 0 5
2.4085 0.7 2.4121 0 3 1
2.2006 0.8 2.1990 0 2 4
1.9962 1.0 1.9954 –10 4 2
1.9891 0.6 1.9904 0 3 3
1.9749 0.5 1.9747 2 –2 6

1.9642 1.4
1.9649 0 –4 3
1.9621 –10 4 4

1.5954 1.3 1.5955 0 0 8

Tab. 2 Quantitative chemical analyses of calcurmolite from the Majerská valley occurrence (in wt. %) 
and the calculated empirical formulae (apfu).

mean 1 2 3 4 5 6 7 8 9 10 11
Na2O 0.07 0.18 0.00 0.00 0.00 0.00 0.00 0.00 0.24 0.00 0.00 0.37
K2O 0.52 0.45 0.49 0.39 0.52 0.50 0.46 0.53 0.51 0.49 0.74 0.63
CaO 2.99 3.13 3.37 2.95 3.06 2.90 2.88 3.02 2.98 2.79 2.92 2.92
P2O5 0.03 0.00 0.02 0.00 0.07 0.02 0.00 0.08 0.05 0.02 0.00 0.06
MoO3 22.10 22.88 24.68 22.10 21.13 22.85 21.89 22.68 21.81 20.61 21.98 20.45
SO3 0.37 0.39 0.34 0.20 0.46 0.34 0.40 0.41 0.26 0.46 0.27 0.51
UO3 63.53 64.12 68.98 64.36 62.87 63.86 62.07 66.33 63.51 58.59 62.84 61.28
Cl 0.07 0.06 0.06 0.06 0.07 0.07 0.11 0.09 0.06 0.00 0.08 0.09
H2O* 8.88 8.95 9.57 9.01 8.85 8.79 8.58 9.23 8.97 8.14 8.80 8.74
O=Cl –0.02 –0.01 –0.01 –0.01 –0.02 –0.02 –0.02 –0.02 –0.01 0.00 –0.02 –0.02
total 98.53 100.14 107.50 99.05 97.01 99.32 96.37 102.35 98.38 91.10 97.61 95.03
Na 0.031 0.078 0.000 0.000 0.000 0.000 0.000 0.000 0.105 0.000 0.000 0.167
K 0.149 0.128 0.129 0.110 0.151 0.143 0.135 0.146 0.146 0.152 0.215 0.187
Ca 0.721 0.747 0.748 0.701 0.745 0.695 0.710 0.697 0.718 0.729 0.711 0.729
P 0.006 0.000 0.004 0.000 0.013 0.004 0.000 0.015 0.010 0.004 0.000 0.012
Mo 2.074 2.127 2.133 2.047 2.004 2.133 2.102 2.038 2.047 2.097 2.085 1.989
S 0.062 0.065 0.053 0.033 0.078 0.057 0.069 0.066 0.044 0.084 0.046 0.089
U 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
Cl 0.026 0.023 0.021 0.023 0.027 0.027 0.043 0.033 0.023 0.000 0.031 0.036
OH 3.308 3.292 3.221 3.330 3.409 3.114 3.169 3.253 3.453 3.235 3.343 3.584
H2O 5 5 5 5 5 5 5 5 5 5 5 5
H2O* – content calculated on the basis of charge balance and 5 H2O molecules in the crystal structure.
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(2.85, 2.72 and 2.64 Å) are comparable with data derived 
from the crystal structure study (Steciuk et al. 2020). A 
very weak band at 1629 cm–1 (Fig. 4a) is attributed to the 
ν2 bending vibrations of water molecules. Medium strong 
and strong bands in the area 1000–750 cm–1 are assigned 
to overlapped stretching vibrations of uranyl groups and 

Mo octahedra. Most likely medium strong bands at 924 
and 907 cm–1 are related to antisymmetric stretching vi-
bration ν3 UO2

2+, with corresponding U–O lengths 1.77 
and 1.78 Å, a band at 866 cm–1 is connected to symmetric 
stretching vibration of Mo-O bonds in Mo octahedra 
and very strong band at 792 cm–1 with shoulder at 822 
cm–1 to symmetric stretching vibration ν3 UO2

2+, with 
corresponding U–O lengths 1.82 and 1.79 Å. Medium-
intensity bands at 698 and 642 cm–1 may be attributed to 
antisymmetric stretching vibrations of Mo-O bonds in 
Mo octahedra. A possible coincidence with the libration 
modes of water molecules, which are usually located in 
this area (Čejka 1999), cannot be excluded. Bands at 
492, 372 cm–1 with shoulder 346 cm–1 are assigned to the 
bending vibrations Mo-O bonds in Mo octahedra. A weak 
band at 269 cm–1 is related to the ν2 UO2

2+ bending vibra-
tion. Bands at 176, 123 and 84 cm–1 may be attributed to 
the rotational and translational modes as well the lattice 
vibrational modes.

4.2.	 Iriginite

It is the second most common uranyl molybdate at the 
Majerská valley U–Mo occurrence. It occurs as canary 
to light yellow microcrystalline aggregates and coatings 
(Fig. 5a), consist of well developed, tabular to columnar 
crystals up to 12 μm in size (Fig. 5b). Paragenetically, 
iriginite is the youngest uranyl molybdate at the studied 
locality.

The experimental powder X-ray pattern of iriginite 
from the Majerská valley (Tab. 3) agree very well with 
data calculated from the crystal structure of iriginite 
(Krivovichev and Burns 2000b). The refined unit-cell pa-
rameters (orthorhombic space group Pbcm, a 6.6871(7), 
b 12.7750(14), c 11.5212(12) Å and V 984.22(13) Å3) 
correspond to data published for synthetic iriginite by 

5 µm

a b

Fig. 4 Raman spectrum of calcurmolite from the Majerská valley: a – in 
the full range; in detail, intensity in the range of the H2O/OH vibrations 
increased for clarity; b – in the range 1000–60 cm–1 with comparison 
with calcurmolite from the locality Gornoe U deposit, Transbaikal 
region, Russia (R070028 of the RRUFF database, Lafuente et al. 2015).
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Krivovichev and Burns (2000b): a 6.705(1), b 12.731(2), 
c 11.524(2) Å and V 983.6(2) Å3.

Quantitative WDS chemical analyses of iriginite from 
the Majerská valley occurrence and the corresponding 
empirical formulae are shown in Tab. 4. There is only a 

limited amount of compositional data of natural iriginite 
available in the literature; older works (e.g., Soboleva and 
Pudovkina 1957; Epshtein 1959; Stephenson 1964) re-
ported the presence of minor amounts of Ca or Fe, except 
for U and Mo. Recently, Pauliš et al. (2019) observed 

Tab. 3 Powder X-ray diffraction data of iriginite from the Majerská valley occurrence

dobs. Iobs. dcalc. h k l dobs. Iobs. dcalc. h k l dobs. Iobs. dcalc. h k l
6.6903 2.1 6.6871 1 0 0 2.564 1.8 2.564 2 3 1 1.763 2.4 1.763 3 0 4
6.3859 100.0 6.3875 0 2 0 2.337 1.5 2.337 1 5 1 1.742 1.6 1.742 3 4 2
5.7626 3.5 5.7606 0 0 2 2.309 1.5 2.309 2 4 0 1.740 0.3 1.740 1 7 1
5.5892 1.1 5.5864 0 2 1 2.157 2.8 2.157 3 1 1 1.733 0.5 1.733 2 3 5
5.2704 10.0 5.2687 1 1 1 2.148 3.6 2.148 1 1 5 1.715 0.3 1.715 2 6 2
4.3653 3.3 4.3645 1 0 2 2.143 2.0 2.144 2 4 2 1.699 2.1 1.699 3 2 4
4.2789 6.2 4.2779 0 2 2 2.126 1.8 2.129 0 6 0 1.665 1.3 1.665 2 0 6
3.6033 3.8 3.6036 1 2 2 2.096 0.6 2.094 0 6 1 1.658 0.7 1.658 1 5 5
3.4296 4.7 3.4291 1 3 1 2.079 3.9 2.079 3 0 2 1.646 0.8 1.646 0 4 6
3.3446 14.5 3.3435 2 0 0 2.065 1.0 2.065 2 2 4 1.641 3.1 1.641 4 1 1
3.2229 42.5 3.2226 1 1 3 2.028 3.5 2.027 1 5 3 1.611 1.1 1.611 2 2 6
3.1953 16.7 3.1938 0 4 0 1.999 1.4 1.999 2 5 1 1.600 1.6 1.600 1 7 3
3.1144 14.7 3.1142 2 1 1 1.977 3.4 1.977 3 2 2 1.542 2.3 1.543 3 4 4
3.0792 2.1 3.0777 0 4 1 1.947 0.7 1.946 3 3 1 1.523 0.5 1.524 2 6 4
2.9627 8.1 2.9623 2 2 0 1.939 1.1 1.939 1 3 5 1.488 0.6 1.487 3 6 2
2.8918 2.9 2.8917 2 0 2 1.920 2.9 1.920 0 0 6 1.476 0.8 1.477 2 4 6
2.7940 1.3 2.7932 0 4 2 1.906 1.0 1.906 3 1 3 1.467 1.2 1.467 2 1 7
2.6454 1.4 2.6453 1 0 4 1.877 1.3 1.877 2 1 5 1.430 0.3 1.429 3 6 3
2.6335 3.1 2.6344 2 2 2 1.839 3.7 1.839 0 2 6 1.426 0.6 1.426 0 6 6
2.6238 6.7 2.6233 1 3 3 1.796 1.2 1.796 2 6 0

Tab. 4 Quantitative chemical analyses of iriginite from the Majerská valley occurrence (in wt. %) and the calculated empirical formulae (apfu).

mean 1 2 3 4 5 6 7 8 9 10 11
K2O 0.10 0.13 0.16 0.14 0.13 0.08 0.10 0.05 0.09 0.07 0.08 0.11
CaO 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.07 0.00
FeO 2.85 2.74 2.78 2.38 2.47 2.98 2.77 3.92 2.82 2.78 2.71 2.96
SiO2 0.07 0.25 0.27 0.28 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
As2O5 0.02 0.00 0.00 0.00 0.00 0.00 0.26 0.00 0.00 0.00 0.00 0.00
P2O5 0.08 0.00 0.14 0.07 0.12 0.03 0.12 0.07 0.13 0.14 0.03 0.02
MoO3 43.10 43.46 44.93 42.92 42.08 43.54 43.81 42.12 43.73 39.95 43.50 44.08
SO3 0.63 0.53 0.67 0.86 0.44 0.73 0.62 0.75 0.61 0.55 0.51 0.66
UO3 46.44 46.12 47.29 46.19 46.24 47.36 47.61 44.79 47.86 44.28 45.81 47.25
Cl 0.10 0.11 0.10 0.08 0.13 0.11 0.07 0.11 0.09 0.11 0.09 0.09
H2O* 8.77 8.71 8.94 8.73 8.74 8.95 9.00 8.46 9.04 8.37 8.66 8.93
O=Cl –0.02 –0.02 –0.02 –0.02 –0.03 –0.02 –0.02 –0.02 –0.02 –0.02 –0.02 –0.02
total 102.15 102.03 105.25 101.63 100.32 103.75 104.34 100.25 104.35 96.22 101.44 104.08
K 0.014 0.017 0.021 0.018 0.017 0.010 0.013 0.007 0.011 0.010 0.011 0.014
Ca 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.008 0.000
Fe 0.244 0.237 0.234 0.205 0.213 0.251 0.232 0.348 0.235 0.250 0.236 0.249
Si 0.007 0.026 0.027 0.029 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
As 0.001 0.000 0.000 0.000 0.000 0.000 0.014 0.000 0.000 0.000 0.000 0.000
P 0.007 0.000 0.012 0.006 0.010 0.003 0.010 0.006 0.011 0.013 0.003 0.002
Mo 1.844 1.873 1.888 1.846 1.808 1.827 1.829 1.869 1.816 1.793 1.887 1.854
S 0.048 0.041 0.051 0.067 0.034 0.055 0.047 0.060 0.046 0.044 0.040 0.050
U 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Cl 0.017 0.019 0.017 0.014 0.023 0.019 0.012 0.020 0.015 0.020 0.016 0.015
O* 6.701 6.760 6.777 6.613 6.585 6.668 6.636 6.879 6.618 6.560 6.858 6.758
H2O 3 3 3 3 3 3 3 3 3 3 3 3
H2O* – content calculated on the basis of 3 H2O molecules in the crystal structure; O* – calculated on the basis of charge balance
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elevated Fe concentrations (up to 0.14 apfu) and minor 
Cu in iriginite from Vrchoslav, Czech Republic. Stud-
ied iriginite shows elevated contents of Fe (up to 0.35 
apfu) and S (up to 0.07 apfu) as well as minor amounts 

of Si (up to 0.03 apfu), K and Cl (both up to 0.02 apfu) 
or Ca, P and As (up to 0.01 apfu). The average (n = 11) 
empirical formula of iriginite form the Majerská valley 
occurrence, calculated on the basis of basis of U = 1 apfu 
is (Fe0.24K0.01)Σ0.25(UO2)Mo1.84O6.70Cl0.02(SO4)0.05(PO4)0.01 
(SiO4)0.01·3H2O.

The full-range Raman spectrum of the iriginite from 
the Majerská valley occurrence is given in Fig. 6a; it 
agrees very well with the spectrum of iriginite from the 
Hervey´s Range deposit, Australia (Fig. 6b) (R060269 
of the RRUFF database, Lafuente et al. 2015) and is 
similar to published spectra of iriginite from Hervey´s 
Range deposit, Australia (Frost et al. 2004) or Vrchoslav, 
Czech Republic (Pauliš et al. 2019). Weak bands at 3501, 
2935, 2876, and 2730 cm–1 (Fig. 6a) are assigned to the 
O–H stretching vibration of hydrogen bonded water 
molecules. Calculated O–H∙∙∙O hydrogen-bond lengths 
(2.90, 2.65, 2.63 and 2.60 Å) are comparable with data 
from the structural study of iriginite (Krivovichev and 
Burns 2000b). A band of the very low intensity, located 
at 1611 cm–1 is attributed to the ν2 bending vibrations of 
water molecules. Very weak and broad bands at 1734, 
1452 and 1307 cm–1 (Fig. 6a) may be associated with 
overtones and combination modes. Very strong bands at 
951 and 822 cm–1 (Fig. 6b) are assigned to the ν3 UO2

2+ 
antisymmetric and ν1 UO2

2+ symmetric stretching vibra-
tions, respectively, corresponding U–O bond lengths in 
uranyl (1.75 and 1.79 Å) are comparable with data de-
rived from the X-ray studies for iriginite (1.77–1.79 Å, 
Krivovichev and Burns 2000b). Strong band at 888 cm–1 
is probably related to the symmetric stretching vibration 
of Mo–O bonds in Mo octahedra. A band at 670 cm–1 with 
a shoulder at 689 cm–1 is attributed to the antisymmetric 
stretching vibrations of Mo–O bonds in Mo octahedra, a 
possible coincidence with the libration modes of water 
molecules (Čejka 1999) cannot be excluded. A series of 
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Fig. 6 Raman spectrum of iriginite from the Majerská valley: a – in 
the full range; in detail, intensity in the range of the H2O vibrations 
increased for clarity; b – in the range 1200–60 cm–1 with comparison 
with iriginite from the Hervey´s Range deposit, Australia (R060269 of 
the RRUFF database, Lafuente et al. 2015).

10 µm

a b

Fig. 7 Appearance of umohoite associated with calcurmolite: a – Red-orange microcrystalline coatings and aggregates of umohoite closely associ-
ated with bright yellow acicular calcurmolite. Field of view is 5 mm, photo L. Hrdlovič; b – Detail on group of poorly developed and curved platy 
crystals of umohoite with one elongated acicular crystal of calcurmolite resting on umohoite. BSE photo L. Váchová.
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bands at 487, 459, 420, 368 and 
308 cm–1 are assigned to bend-
ing vibrations Mo–O bonds in 
Mo octahedra. Bands at 247 and 
202 cm–1 are related to the ν2 
UO2

2+ doubly degenerate bend-
ing vibrations. Bands at 170 and 
87 cm–1 may be attributed to 
the rotational and translational 
modes and the lattice vibra-
tional modes.

4.3.	Umohoite

Umohoite is a rare mineral at 
the studied locality. It forms 
red-orange to bright orange 
microcrystalline aggregates and 
coatings (Fig. 7a) consisting of 
poorly developed, curved platy 
crystals up to 5 μm in size (Fig. 
7b). Umohoite is mostly slightly 
younger than calcurmolite and 
older than iriginite.

Powder X-ray data of umo-
hoite were not obtained due to 
the very small amount of pure 
material available. Quantita-
tive WDS chemical analyses of 
umohoite from the Majerská valley occurrence and the 
corresponding empirical formulae are shown in Tab. 5. 
Published compositional data of umohoite from various 
worldwide occurrences (e.g., Brophy and Kerr 1953; 
Skvortsova et al. 1961; Deliens 1975; Piret and Deliens 
1976, 1977; Belova et al. 1985; Sidorenko et al. 2003; 
Dal Bo et al. 2018) indicate the frequent presence of 
numerous other elements in addition to U and Mo, es-
pecially Na, Ca, Fe, Ni, Cu, P, As or Si. This is caused 
by the versatile topology of umohoite crystal structure 
and the presence of two symmetrically distinct inter-
layers, which allows accommodation of other cations 
(Krivovichev and Burns 2000a). Umohoite from the 
Majerská valley occurrence contains significant amounts 
of Fe (up to 0.36 apfu), K (up to 0.16 apfu) and Ca (up 
to 0.19 apfu) as well as minor concentrations of Mg (up 
to 0.04 apfu), S (up to 0.03 apfu), and locally also Al, P, 
and Cl (all up to 0.01 apfu). The average (n = 6) empiri-
cal formula of studied umohoite calculated on the basis 
of U = 1 apfu is (Fe0.29Ca0.14K0.08Mg0.02Al0.01)Σ0.54(UO2)
(MoO4)1.00(SO4)0.02·2H2O. 

The full-range Raman spectrum of the studied umo-
hoite is provided in Fig. 8a; it is only partly similar to 
the spectrum of green umohoite from the Kyzylsai de-
posit, Kazakhstan, with relatively low quality (Fig. 8b) 

(R061135 of the RRUFF database, Lafuente et al. 2015). 
A weak and broad band at 3487 cm–1 (Fig. 8a) is attribut-
ed to the ν O-H stretching vibration of hydrogen-bonded 
water molecules. The calculated O–H∙∙∙O hydrogen-bond 
length (2.85 Å) is comparable with data determined dur-
ing the crystal structure study of umohoite (Krivovichev 
and Burns 2000a). A weak band at 1632 cm–1 (Fig. 8a) is 
assigned to the ν2 bending vibrations of water molecules. 
Medium strong band at 969 cm–1 is probably related to 
the ν3 UO2

2+ antisymmetric stretching vibration and very 
strong bands at 844 and 795 cm–1 to the ν1 UO2

2+ sym-
metric stretching vibrations; corresponding U–O bond 
lengths in uranyl (1.74, 1.77 and 1.82 Å) are comparable 
with data derived from the X-ray studies for umohoite 
(1.77–1.80 Å, Krivovichev and Burns 2000a). Strong 
bands at 899 and 709 cm–1 are probably connected to 
symmetric and antisymmetric stretching vibrations of the 
Mo–O bonds in Mo octahedra. In the case of the band at 
709 cm–1 is not possible to exclude a coincidence with the 
libration modes of water. Bands at 475 and 377 cm–1 are 
attributed to the bending vibrations Mo–O bonds in Mo 
octahedra. Bands at 291 and 246 cm–1 are related to the 
ν2 UO2

2+ bending vibration. Bands below 200 cm–1 (148, 
106 and 73 cm–1) may be assigned to rotational and trans-
lational modes as well as the lattice vibrational modes.

Tab. 5 Quantitative chemical analyses of umohoite from the Majerská valley occurrence (in wt. %) and 
the calculated empirical formulae (apfu).

mean 1 2 3 4 5 6
K2O 0.77 0.55 0.61 0.61 0.46 0.86 1.52
CaO 1.62 1.84 1.73 1.63 2.15 1.13 1.25
FeO 4.21 4.07 4.18 3.91 4.58 5.24 3.27
MgO 0.17 0.18 0.11 0.19 0.15 0.31 0.08
Al2O3 0.09 0.00 0.00 0.13 0.14 0.13 0.13
SiO2 0.06 0.00 0.00 0.00 0.00 0.00 0.34
P2O5 0.04 0.03 0.01 0.02 0.01 0.05 0.11
MoO3 29.48 29.52 29.83 29.29 29.28 29.80 29.15
SO3 0.30 0.29 0.33 0.45 0.17 0.30 0.25
UO3 58.44 59.65 58.65 58.71 56.54 58.53 58.54
Cl 0.03 0.07 0.00 0.00 0.06 0.00 0.07
H2O* 7.36 7.51 7.39 7.40 7.12 7.37 7.37
O=Cl –0.01 –0.02 0.00 0.00 –0.01 0.00 –0.02
total 102.55 103.70 102.84 102.34 100.65 103.72 102.07
K 0.080 0.056 0.063 0.063 0.049 0.089 0.158
Ca 0.142 0.157 0.150 0.142 0.194 0.098 0.109
Fe 0.287 0.272 0.284 0.265 0.322 0.356 0.222
Mg 0.021 0.021 0.013 0.023 0.019 0.038 0.010
Al 0.008 0.000 0.000 0.012 0.014 0.012 0.012
Si 0.005 0.000 0.000 0.000 0.000 0.000 0.028
P 0.003 0.002 0.001 0.001 0.001 0.003 0.008
Mo 1.002 0.983 1.011 0.991 1.029 1.012 0.990
SO 0.018 0.017 0.020 0.027 0.011 0.018 0.015
U 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Cl 0.005 0.009 0.000 0.000 0.009 0.000 0.010
H2O 2 2 2 2 2 2 2
H2O* – content calculated on the basis of 2 H2O molecules in the crystal structure.
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5.	Conclusions

A new occurrence of three rare uranyl molybdates, cal-
curmolite, iriginite and umohoite was recently discovered 
at the Majerská valley U–Mo prospect near Čučma, Slo-
vakia. Detailed paragenetic, compositional and Raman 
spectroscopic features of all three minerals are discussed 
in this paper. The studied assemblage of uranyl molyb-
dates represents in-situ weathering products of supergene 
alteration of uraninite–molybdenite aggregates under the 
acidic conditions, which were induced by the weather-
ing of abundant pyrite. Calcium, which is an essential 
element in calcurmolite, was most probably provided by 
the breakdown of accessory fluorapatite. Other supergene 
uranyl minerals, such as phosphorus-dominant members 
of the autunite group (autunite, bassetite, saléeite, and 
torbernite) were formed in the distant areas of the quartz 
vein, where conditions/pH of supergene solutions were 
slightly less acidic to neutral.  
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