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Abstract: The crystal structure of a novel natural uranyl sulfate, Ca(UO2)6(SO4)2O2(OH)6·12H2O
(CaUS), has been determined using data collected under ambient conditions at the Swiss–Norwegian
beamline BM01 of the European Synchrotron Research Facility (ESRF). The compound is monoclinic,
P21/c, a = 11.931(2), b = 14.246(6), c = 20.873(4) Å, β = 102.768(15), V = 3460.1(18) Å3, and R1 = 0.172
for 3805 unique observed reflections. The crystal structure contains six symmetrically independent
U6+ atoms forming (UO7) pentagonal bipyramids that share O . . . O edges to form hexamers oriented
parallel to the (010) plane and extended along [1–20]. The hexamers are linked via (SO4) groups
to form [(UO2)6(SO4)2O2(OH)6(H2O)4]2− chains running along the c-axis. The adjacent chains are
arranged into sheets parallel to (010). The Ca2+ ions are coordinated by seven O atoms, and are
located in between the sheets, providing their linkage into a three-dimensional structure. The crystal
structure of CaUS is closely related to that of uranopilite, (UO2)6(SO4)O2(OH)6·14H2O, which is also
based upon uranyl sulfate chains consisting of hexameric units formed by the polymerization of
six (UO7) pentagonal bipyramids. However, in uranopilite, each (SO4) tetrahedron shares its four O
atoms with (UO7) bipyramids, whereas in CaUS, each sulfate group is linked to three uranyl ions
only, and has one O atom (O16) linked to the Ca2+ cation. The chains are also different in the U:S ratio,
which is equal to 6:1 for uranopilite and 3:1 for CaUS. The information-based structural complexity
parameters for CaUS were calculated taking into account H atoms show that the crystal structure of
this phase should be described as very complex, possessing 6.304 bits/atom and 1991.995 bits/cell.
The high structural complexity of CaUS can be explained by the high topological complexity of the
uranyl sulfate chain based upon uranyl hydroxo/oxo hexamers and the high hydration character of
the phase.
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1. Introduction

It would not be an exaggeration to say that, within the last few years, uranium mineralogy and
crystal chemistry has witnessed a true renaissance due to the discoveries of exceptional suites of
new uranium minerals in Jáchymov, Czech Republic [1–6] and San Juan County, Utah, USA [7–19].
The diversity of new natural uranyl sulfates is of particular interest [1–5,7–15,17,18,20,21], since most
of them do not have direct synthetic analogues, and are therefore new to the synthetic inorganic
chemistry as well. Most of the new uranium sulfates are the products of secondary low-temperature
hydrothermal processes, which are often associated with the crystallization of very complex mineral
species such as ewingite, Mg8Ca8(UO2)24(CO3)30O4(OH)12(H2O)138, which is the most structurally
complex mineral known today [6]. The structural architectures of novel natural uranyl sulfates show
many similarities to synthetic uranyl sulfates, chromates, molybdates, and selenates, as reviewed
by Krivovichev and Burns [22] and Krivovichev [23]. In most of them, uranyl ions are interlinked
via tetrahedral TO4 groups (T = S, Cr, Se, Mo) into finite clusters, chains, or layers, in which the
interaction between adjacent uranyl groups is mediated by the hexavalent T6+ cations. For this
group of minerals and synthetic compounds, the U:T ratio is usually smaller than one, with the
ratio of 1:2 = 0.5 probably being the most common. However, there exists a group of uranyl
sulfate mineral structures with an U:S ratio larger than one (e.g., 2:1 for the minerals of the zippeite
group [1,5,17,24–28]) or equal to one (e.g., in adolfpateraite, K(UO2)(SO4)(OH)(H2O) [2], and johannite,
Cu(UO2)2(SO4)2(OH)2·8H2O [29]). In these structures, uranyl ions are linked via common O2−

or (OH)− anions, thus creating uranyl oxo/hydroxo substructures consisting of polymerized UOn

coordination polyhedra (n = 5 or 6). For instance, in the crystal structures of zippeite-group minerals,
(UO7) pentagonal bipyramids share edges to form infinite chains linked into [(UO2)2(SO4)φ2] sheets
(φ = O2−, (OH)−) via (SO4) tetrahedra [25]. The highest U:S ratios known so far are 8:1, which has
been reported for jáchymovite, (UO2)8(SO4)(OH)14·13H2O [30], and 6:1, which has been reported for
both uranopilite, (UO2)6(SO4)O2(OH)6·14H2O, and metauranopilite, (UO2)6(SO4)(OH)10·5H2O (?) [31].
Burns reported that the crystal structure of uranopilite is based upon chains consisting of hexamers
of edge-sharing (UO7) pentagonal bipyramids linked by (SO4) tetrahedra (the crystal structures of
jáchymovite and metauranopilite are still unknown) [32].

Herein, we report on the synchrotron radiation study of Ca(UO2)6(SO4)2O2(OH)6·12H2O (CaUS),
which is a new natural phase with a chemical composition and crystal structure that has no analogues
among the known minerals and synthetic compounds. From the viewpoint of chemistry, CaUS is
closely related to rabejacite, Ca(UO2)2(SO4)O2·4H2O, which is the secondary uranyl sulfate of the
zippeite group [28,32].

2. Materials and Methods

2.1. Occurrence

The new oxyhydrated calcium uranyl sulfate mineral phase (“CaUS”) was collected in
December 1985 by one of us (NM) in underground prospection and mining workings of La Creusaz
U-deposit near Les Marécottes, Valais, Switzerland. In 1986, CaUS was analyzed using powder X-ray
diffraction (XRD), which indicated that it has no analogues among natural and synthetic phases [33].

Since the end of the underground workings in 1981, outcropping veins and stockpiled high-grade
U-ore (average of three analyses: U 0.8 wt.%, S 0.5 wt.%, Bi 0.1 wt.%, Pb 870 ppm, Cu 680 ppm,
Zn 300 ppm, and As 200 ppm) have been exposed to acid mine drainage water and atmospheric oxygen
in the abandoned galleries. The oxidation of the sulfides (mainly pyrite and chalcopyrite) under the
presence of strong bacterial activity resulted in the production of acidic (pH = 3.1), sulfate-rich waters.
These waters reacted with uraninite, clinochlore, illite, calcite, and siderite and, after in situ natural
evaporation, formed a rich assemblage of secondary uranyl sulfates minerals, including (by decreasing
abundance): schröckingerite, uranopilite, marécottite, magnesiozippeite, johannite, pseudojohannite,
rabejacite, zippeite, natrozippeite, coconinoite, jáchymovite, and the CaUS phase described here.
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More than 30 other U-bearing minerals have been described in the La Creusaz mine, and this deposit is
the type locality of three of them: marécottite, Mg3(UO2)8(SO4)4O6(OH)2·28H2O [26], pseudojohannite,
Cu3(OH)2[(UO2)4(SO4)2]·12H2O [34], and françoisite-(Ce), (Ce,Nd,Ca)(UO2)3(PO4)2O(OH)·6H2O [35].

The CaUS phase appears as lemon yellow, hemispheric efflorescent aggregates on an ore matrix
that are up to four mm, and consists of tiny platy prismatic crystals with typical monoclinic forms
up to 0.1 mm (Figure 1). The mineral is not fluorescent. Other supergene mineral species directly
associated with CaUS on the same sample are: uranopilite, rabejacite, magnesiozippeite, and gypsum.

Minerals 2018, 8, x FOR PEER REVIEW  3 of 12 

 

described in the La Creusaz mine, and this deposit is the type locality of three of them: marécottite, 

Mg3(UO2)8(SO4)4O6(OH)2·28H2O [26], pseudojohannite, Cu3(OH)2[(UO2)4(SO4)2]·12H2O [34], and 

françoisite-(Ce), (Ce,Nd,Ca)(UO2)3(PO4)2O(OH)·6H2O [35]. 

The CaUS phase appears as lemon yellow, hemispheric efflorescent aggregates on an ore matrix 

that are up to four mm, and consists of tiny platy prismatic crystals with typical monoclinic forms up 

to 0.1 mm (Figure 1). The mineral is not fluorescent. Other supergene mineral species directly associated 

with CaUS on the same sample are: uranopilite, rabejacite, magnesiozippeite, and gypsum. 

 

Figure 1. SEM–BSE (scanning-electron microsopic back-scattered electron) image of 

Ca(UO2)6(SO4)2O2(OH)6·12H2O (CaUS) mineral phase. Note the typical monoclinic shapes of the 

crystals. 

Despite intense field investigations conducted from 1988 to 2015, to date, only one specimen of 

the mineral is known, which was collected only four years after the end of the mining works, and 

deposited in Musée Cantonal de Géologie of Lausanne (Switzerland) under research collection 

number: XRD-NM-0005. The data on this mineral presently known do not allow its full description 

as a new mineral species, until more material is found. 

2.2. Chemical Composition 

Semi-quantitative chemical analyses were carried out by means of scanning electron 

microscope CamScan MV2300 coupled with an energy-dispersive spectrometer Inca x-sight Oxford 

Instruments (Institut des sciences de la Terre, Faculté des géosciences et de l’environnement, 

University of Lausanne, Lausanne, Switzerland). Five analyses of 100-s each were conducted using a 

large focused beam scanned over a surface of about 100 µm2, an accelerating voltage of 20 kV, a 

sample current of 40 µA, and a vacuum of 1.5 10−5 Pa. The following X-ray lines and analytical 

standards were used: U Mα-UO2, Ca Kα-CaSO4, and S Kα-CaSO4. Despite various analytical 

problems due to intense dehydratation under electron beam, only Ca, U, S, Ca, and O were detected 

with the average ratio Ca:U:S~1:5.6:2.2. 

2.3. Synchrotron Single-Crystal X-Ray Diffraction Study 

Synchrotron diffraction experiment was performed under ambient conditions at the  

Swiss–Norwegian beamline BM01 of the European Synchrotron Research Facility (ESRF) with an 

imaging plate area detector (Mar345; 2300  2300 pixels) that had a crystal-to-detector distance of 160 

mm. A yellow needle-like crystal of CaUS was mounted on a tapered glass fiber and centered using 

a high-magnification CCD (charge-coupled device) camera. Diffraction data were measured using 

monochromatized radiation (λ = 0.80000 Å) in an oscillation mode by rotating the crystal in  by 2° 

two minutes per frame; 100 frames were measured. The intensities were integrated and merged with 

the program CrysAlis. Lorentz and polarization corrections were applied; absorption effects were 

corrected using SADABS (Rint = 0.144). The structure was solved using the SHELXS program [36]. 

Figure 1. SEM–BSE (scanning-electron microsopic back-scattered electron) image of
Ca(UO2)6(SO4)2O2(OH)6·12H2O (CaUS) mineral phase. Note the typical monoclinic shapes of
the crystals.

Despite intense field investigations conducted from 1988 to 2015, to date, only one specimen
of the mineral is known, which was collected only four years after the end of the mining works,
and deposited in Musée Cantonal de Géologie of Lausanne (Switzerland) under research collection
number: XRD-NM-0005. The data on this mineral presently known do not allow its full description as
a new mineral species, until more material is found.

2.2. Chemical Composition

Semi-quantitative chemical analyses were carried out by means of scanning electron microscope
CamScan MV2300 coupled with an energy-dispersive spectrometer Inca x-sight Oxford Instruments
(Institut des sciences de la Terre, Faculté des géosciences et de l’environnement, University of Lausanne,
Lausanne, Switzerland). Five analyses of 100-s each were conducted using a large focused beam
scanned over a surface of about 100 µm2, an accelerating voltage of 20 kV, a sample current of 40 µA,
and a vacuum of 1.5 10−5 Pa. The following X-ray lines and analytical standards were used: U Mα-UO2,
Ca Kα-CaSO4, and S Kα-CaSO4. Despite various analytical problems due to intense dehydratation
under electron beam, only Ca, U, S, Ca, and O were detected with the average ratio Ca:U:S~1:5.6:2.2.

2.3. Synchrotron Single-Crystal X-Ray Diffraction Study

Synchrotron diffraction experiment was performed under ambient conditions at the
Swiss–Norwegian beamline BM01 of the European Synchrotron Research Facility (ESRF) with an
imaging plate area detector (Mar345; 2300 × 2300 pixels) that had a crystal-to-detector distance of
160 mm. A yellow needle-like crystal of CaUS was mounted on a tapered glass fiber and centered
using a high-magnification CCD (charge-coupled device) camera. Diffraction data were measured
using monochromatized radiation (λ = 0.80000 Å) in an oscillation mode by rotating the crystal in
ϕ by 2◦ two minutes per frame; 100 frames were measured. The intensities were integrated and
merged with the program CrysAlis. Lorentz and polarization corrections were applied; absorption
effects were corrected using SADABS (Rint = 0.144). The structure was solved using the SHELXS
program [36]. The agreement factor for the final model was R1 = 0.173 for 3805 unique observed
reflections with |Fo| ≥ 4σF. The crystallographic information and refinement parameters are given
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in Table 1. The poor quality of the diffraction data (the highest resolution = 1.09 Å) did not allow the
refinement of positions of oxygen atoms in an anisotropic approximation. In addition, soft restraints
were imposed upon the uranyl U–O and some S–O distances in order to keep the bond lengths of the
uranyl ions within the crystal chemically realistic values. No positions of H atoms could be determined.
Atom coordinates, isotropic parameters, and bond-valence sums (calculated using bond-valence
parameters for the U–O bonds taken from Burns et al. [37] and for other bonds from Gagné and
Hawthorne [38]) are given in Table 2. Table 3 provides the anisotropic displacement parameters for the
U, Ca, and S atoms. Selected bond lengths are given in Table 4. Supplementary crystallographic data
have been deposited in the Inorganic Crystal Structure Database (CSD 1873912), and can be obtained
from Fachinformationszentrum Karlsruhe via https://www.ccdc.cam.ac.uk/structures/.

Table 1. Crystal data and structure refinement for Ca(UO2)6(SO4)2O2(OH)6·12H2O (CaUS).

Crystal System Monoclinic

Space group P21/c
a, Å 11.931(2)
b, Å 14.246(6)
c, Å 20.873(4)
β, ◦ 102.768(15)

V, Å3 3460.1(18)
Z 4

ρcalc, g/cm3 4.170
µ, mm−1 16.244

Crystal dimensions, µm 2 × 3 × 12
λ, Å 0.800000

2Θ range, deg. 4.92–43.22
Index ranges −12 ≤ h ≤ 12, −14 ≤ k ≤ 14, −21 ≤ l ≤ 21

Reflections collected 12545
Independent reflections 3805 [Rint = 0.144]

Data/restraints/parameters 3805/12/243
GOF 1.049

Final R indexes [I ≥ 2σ(I)] R1 = 0.173, wR2 = 0.380, Rfree = 0.192
Final R indexes [all data] R1 = 0.179, wR2 = 0.386, Rfree = 0.201

Table 2. Atomic coordinates, isotropic displacement parameters (Å2), and bond valence sums (BVS, in
valence units (v.u.)) for CaUS.

Atom x y z Ueq BVS

U1 0.7442(2) 0.3460(2) 0.74651(13) 0.0448(9) 6.36
U2 1.0278(2) 0.2113(2) 0.59440(14) 0.0471(9) 6.29
U3 0.4738(2) 0.2605(2) 0.79912(14) 0.0472(9) 6.23
U4 0.0512(2) 0.3457(2) 0.91572(13) 0.0447(9) 6.28
U5 0.7282(2) 0.3397(2) 0.92816(13) 0.0450(9) 6.26
U6 0.2940(2) 0.2244(2) 1.03222(14) 0.0476(9) 6.02
S1 1.0408(16) 0.3614(15) 0.7353(8) 0.045(5) 5.85
S2 0.7350(15) 0.2058(14) 0.6043(9) 0.043(5) 6.09
Ca 0.8799(16) 0.0915(14) 0.8342(9) 0.068(5) 1.77
O1 0.694(4) 0.458(2) 0.723(2) 0.043(12) 1.82
O2 0.806(4) 0.239(2) 0.774(2) 0.032(10) 2.08
O3 0.978(6) 0.323(3) 0.573(4) 0.09(2) 1.85
O4 1.081(5) 0.105(3) 0.627(3) 0.067(16) 1.85
O5 0.397(4) 0.364(3) 0.781(3) 0.054(14) 1.85
O6 0.540(4) 0.152(2) 0.819(2) 0.043(12) 1.82
O7 0.086(4) 0.462(2) 0.935(2) 0.042(12) 1.85
O8 0.003(5) 0.235(2) 0.889(3) 0.065(16) 2.02
O9 0.698(6) 0.455(2) 0.943(3) 0.080(19) 1.85

O10 0.768(5) 0.225(2) 0.918(3) 0.070(17) 1.89
O11 0.226(4) 0.118(2) 1.001(2) 0.053(13) 1.71
O12 0.372(4) 0.323(3) 1.064(3) 0.053(14) 1.82
O13 1.088(5) 0.360(4) 0.806(3) 0.060(15) 2.02
O14 1.033(4) 0.268(3) 0.704(2) 0.045(12) 1.97
O15 0.920(4) 0.401(4) 0.721(3) 0.052(13) 1.85

https://www.ccdc.cam.ac.uk/structures/
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Table 2. Cont.

Atom x y z Ueq BVS

O16 0.893(5) −0.073(4) 0.798(3) 0.071(17) 1.71
O17 0.845(4) 0.163(3) 0.623(2) 0.028(10) 2.14
O18 0.739(4) 0.296(3) 0.639(2) 0.042(12) 2.07
O19 0.709(4) 0.224(3) 0.533(2) 0.042(12) 1.91
O20 0.654(5) 0.140(4) 0.626(4) 0.09(2) 1.43

OH21 −0.140(3) 0.401(3) 0.8570(19) 0.023(9) 1.19
OH22 0.558(3) 0.277(3) 0.705(2) 0.026(10) 0.98
OH23 0.247(4) 0.304(3) 0.920(2) 0.037(11) 0.88
OH24 1.204(5) 0.285(4) 0.622(3) 0.050(13) 1.14
O25 0.639(4) 0.351(3) 0.819(2) 0.042(12) 1.98

OH26 0.915(4) 0.130(3) 0.494(2) 0.040(11) 1.27
O27 1.126(6) 0.205(5) 0.513(3) 0.079(19) 2.20

OH28 0.531(5) 0.300(4) 0.910(3) 0.062(15) 1.10
OW29 0.460(4) 0.171(3) 0.995(3) 0.049(13) 0.49
OW30 0.311(8) 0.193(6) 0.842(5) 0.11(3) 0.42
OW31 0.341(5) 0.179(4) 0.712(3) 0.058(15) 0.48
OW32 0.424(4) 0.377(3) 0.620(3) 0.048(13) 0.36
OW33 0.730(6) 0.025(4) 0.884(3) 0.074(18) 0.27
OW34 0.724(5) 0.046(4) 0.745(3) 0.068(16) 0.29
OW35 1.035(8) 0.096(7) 0.780(5) 0.13(3) 0.32
OW36 1.014(8) 0.024(6) 0.932(5) 0.12(3) 0.24
OW37 0.396(5) 0.461(4) 0.938(3) 0.064(16) -
OW38 0.448(6) 0.034(5) 0.674(4) 0.09(2) -
OW39 0.724(6) 0.420(5) 0.511(4) 0.09(2) -
OW40 0.577(4) 0.510(3) 0.581(2) 0.046(12) -

Table 3. Anisotropic displacement atom parameters for CaUS (Å2).

Atom U 11 U 22 U 33 U 23 U 13 U 12

U1 0.0358(17) 0.076(2) 0.0297(16) −0.0003(13) 0.0238(14) 0.0023(13)
U2 0.0338(17) 0.081(2) 0.0326(17) −0.0028(13) 0.0199(14) −0.0001(14)
U3 0.0351(17) 0.081(2) 0.0312(16) −0.0053(14) 0.0190(14) −0.0001(14)
U4 0.0339(17) 0.078(2) 0.0269(16) −0.0010(13) 0.0168(13) 0.0020(13)
U5 0.0355(17) 0.077(2) 0.0281(16) −0.0003(13) 0.0198(13) −0.0009(13)
U6 0.0350(18) 0.079(2) 0.0356(17) 0.0000(13) 0.0211(14) 0.0025(14)
S1 0.026(11) 0.067(15) 0.036(8) −0.006(8) 0.014(8) −0.005(10)
S2 0.026(10) 0.068(13) 0.037(11) −0.010(9) 0.013(9) −0.003(8)
Ca 0.061(12) 0.082(14) 0.065(12) −0.007(10) 0.025(10) −0.027(10)

Table 4. Selected bond lengths (Å) in the crystal structure of CaUS.

Bond Bond Length Bond Bond Length Bond Bond Length

U1–O2 1.73(2) U3–O5 1.73(3) U5–O10 1.72(3)
U1–O1 1.74(3) U3–O6 1.74(3) U5–O9 1.73(3)

U1–O25 2.18(5) U3–O25 2.31(5) U5–O25 2.29(5)
U1–O18 2.34(5) U3–OH28 2.33(6) U5–OH28 2.37(6)

U1–OH22 2.41(4) U3–OH22 2.41(4) U5–OH26 2.39(5)
U1–O15 2.41(5) U3–OW31 2.42(6) U5–O19 2.42(5)

U1–OH21 2.54(4) U3–OW30 2.49(9) U5–OH21 2.54(4)

U2–O3 1.73(3) U4–O7 1.73(3) U6–O12 1.74(3)
U2–O4 1.73(3) U4–O8 1.73(3) U6–O11 1.77(3)

U2–O27 2.26(7) U4–O27 2.16(7) U6–O27 2.20(7)
U2–OH24 2.30(5) U4–OH23 2.39(5) U6–OH24 2.37(5)
U2–O14 2.41(5) U4–O13 2.43(6) U6–OW29 2.40(5)
U2–O17 2.48(4) U4–OH21 2.47(4) U6–OH23 2.55(5)

U2–OH26 2.51(5) U4–OH26 2.57(5) U6–OW32 2.56(5)

Ca–OW35 2.37(10) S1–O13 1.46(6) S2–O17 1.42(5)
Ca–OW34 2.41(6) S1–O14 1.48(5) S2–O18 1.47(5)
Ca–OW33 2.44(7) S1–O16 1.48(6) S2–O19 1.49(5)
Ca–O16 2.49(6) S1–O15 1.51(6) S2–O20 1.49(2)

Ca–OW36 2.49(10) <S1–O> 1.483 <S2–O> 1.468
Ca–O2 2.51(3)
Ca–O8 2.62(4)

<Ca–O> 2.476
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3. Results

The crystal structure of CaUS (Figure 2) contains six symmetrically independent U sites,
each forming two short (1.72–1.77 Å) U=O bonds, which results in the formation of linear uranyl
cations, (UO2)2+. In equatorial planes, each uranyl ion is coordinated by five O atoms that belong
either to sulfate groups, hydroxyl ions, or H2O molecules. The (UO7) pentagonal bipyramids share
O . . . O edges to form hexamers that are oriented parallel to the (010) plane and extended along [1–20]
(Figure 3). The hexamers are linked via (SO4) groups to form [(UO2)6(SO4)2O2(OH)6(H2O)4]2− chains
running along the c-axis. The adjacent chains are arranged into sheets parallel to (010) (Figure 3).
The Ca2+ ions are coordinated by seven O atoms, and are located in between the sheets, providing
their linkage into a three-dimensional structure (Figure 4). The average <S–O> bond length in sulfate
tetrahedra is equal to 1.483 and 1.468 Å for S1 and S2, respectively, which is in good agreement with
the grand average value of 1.473 Å calculated for sulfates by Hawthorne et al. [39].

The crystal structure of CaUS contains three different types of H2O groups. The H2O29–H2O32
groups (corresponding to the OW29–OW32) are bonded to U6+ cations, and therefore are the parts
of the basic structural unit, i.e., the uranyl sulfate chains. The H2O33–H2O36 groups are bonded to
Ca2+ cations, and are located in between the chains, whereas the H2O37–H2O40 groups are held in the
structure by the system of hydrogen bonds. Since the positions of the H atoms are unknown, no attempt
was made to outline the possible hydrogen bonding system, since each potential donor/acceptor O
atom has too many adjacent O atoms at the distances appropriate for the formation of a hydrogen bond.

The results of the bond valence analysis are given in Table 2. The bond valence sums (BVSs) for U
atoms are in the range of 6.02–6.36 v.u., which is acceptable, taking into account that the U=O bond
lengths within the uranyl ions were constrained. The BVSs for the S1, S2, and Ca sites are 5.85 v.u.,
6.09 v.u., and 1.77 v.u., respectively. The BVSs for the O atoms assigned to hydroxyl ions range from
0.88 v.u. to 1.27 v.u., those for the H2O molecules vary from 0.00 (for the groups not bonded to U
or Ca) to 0.49 v.u. The BVSs for the O atoms are in the range of 1.82–2.20 v.u., except for the O20 site,
for which the BVS is equal to 1.43 v.u. However, the O20 atom is bonded to the S6+ cation only, and has
two adjacent H2O groups and one OH group at distances ranging from 2.74 Å to 2.97 Å. Therefore, it is
most probable that this atom is involved in three moderate hydrogen bonds, which saturate its bond
valence requirements.

According to the crystal structure refinement, the crystal chemical formula of CaUS can be written
as Ca[(UO2)6(SO4)2O2(OH)6(H2O)4]·(H2O)8 (with the chemical formula of the uranyl sulfate chain
given in square brackets).
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4. Discussion

The crystal structure of CaUS is closely related to that of uranopilite,
(UO2)6(SO4)O2(OH)6·14H2O [32], which is also based upon uranyl sulfate chains consisting
of hexameric units formed by the polymerization of six (UO7) pentagonal bipyramids (Figure 5b).
However, in uranopilite, each (SO4) tetrahedron shares its four O atoms with (UO7) bipyramids
(as also observed in zippeite-group minerals [1,5,17,24–28]), whereas, in CaUS, each sulfate group is
linked to three uranyl ions only, and has one O atom (O16) linked to the Ca2+ cation. The chains are
also different in the U:S ratio, which is equal to 6:1 for uranopilite and 3:1 for CaUS.
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The information-based complexity parameters [40,41] for CaUS are given in Table 5.
Calculations have been performed in several steps. At first, the structural complexity of the uranyl
sulfate chain has been analyzed, taking into account its real rod symmetry group (RG, Figure 6a).
Secondly, the topological complexity of the chain (according to the maximal RG) has been calculated
(Figure 6b). Then, complexity parameters for the uranyl sulfate substructure (i.e., two chains per
unit cell) and for the whole structure have been calculated using ToposPro package [42], and are given
in Table 5 for comparison. It should be taken into account that to process the complexity measures,
the positions of all of the H atoms have been assigned manually in calculated positions considering
the distribution of the H-bonding system. Complexity calculations show that the crystal structure
of CaUS should be described as very complex, possessing 6.304 bits/atom and 1991.995 bits/cell.
For comparison, the crystal structure of uranopilite should be considered as complex (6.304 bits/atom
and 995.997 bits/cell), while the most frequent values of structural complexity of the natural uranyl
sulfates (including H-atoms) are between 500–600 bits/cell [43]. The high structural complexity of
CaUS can be explained by the high topological complexity of the uranyl sulfate chain based upon
uranyl hydroxo/oxo hexamers and the high hydration character of the phase. Both features are typical
for low-temperature mineral phases that form in the oxidation zones of mineral deposits [37,44–46].
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Figure 6. Real (a) and maximal (b) rod symmetry groups of the uranyl sulfate chains observed in CaUS.
Rod group is an affine subperiodic three-dimensional group type with one-dimensional translation that
are classified analogously to the space groups. Subindex “a” in a rod group symbol indicates the (−cba)
setting with the translation along the a direction. The symmetry operations for (a) are: 1/2 + x, y, −z;
and for (b) are: 1/2 − x, −y, z; 1/2 + x, y, −z; and −x, −y, −z.
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Table 5. Information-based topological and structural complexity parameters for CaUS.

υ
(atoms)

IG
(bits/atom)

IG, total
(bits/cell)

Contribution to
IG, total (%)

Topological complexity of the US chain 108 4.755 513.528 25.78
Structural complexity of the US chain 108 5.755 621.528 31.20

Structural complexity of the US
substructure (two chains per cell) 216 5.755 1243.056 62.40

Total structural complexity for CaUS 316 6.304 1991.995 100
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14. Kampf, A.R.; Plášil, J.; Kasatkin, A.V.; Marty, J.; Čejka, J. Klaprothite, péligotite and ottohahnite, three new
minerals with bidentate UO7-SO4 linkages from the Blue Lizard mine, San Juan County, Utah, USA.
Mineral. Mag. 2017, 81, 753–779. [CrossRef]

15. Kampf, A.R.; Plášil, J.; Kasatkin, A.V.; Marty, J.; Čejka, J.; Lapčák, L. Shumwayite, [(UO2)(SO4)(H2O)2]2·H2O,
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