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Abstract: A sample of uranyl carbonate mineral andersonite, NayCa[(UO;)(COs3)3]-5—6H,0,
originating from the Cane Springs Canyon, San Juan Co., UT, USA was studied using single-crystal
and powder X-ray diffraction at various temperatures. Andersonite is trigonal, R—3m, a = 17.8448(4),
c =23.6688(6) A, V = 6527.3(3) A3, Z = 18, Ry = 0.018. Low-temperature SCXRD determined the
positions of H atoms and disordered H,O molecules, arranged within the zeolite-like channels.
The results of high-temperature PXRD experiments revealed that the structure of andersonite is stable
up to 100 °C; afterwards, it loses crystallinity due to release of H,O molecules. Taking into account
the well-defined presence of HyO molecules forming channels’ walls that to the total of five molecules
p-f.u., we suggest that the formula of andersonite is NayCa[(UO,)(CO3)3]-(5+x)HpO, where x < 1.
The thermal behavior of andersonite is essentially anisotropic with the lowest values of the main
thermal expansion coefficients in the direction perpendicular to the channels (plane (001)), while the
maximal expansion is observed along the c axis—in the direction of channels. The thermal expansion
around 80 °C within the (001) plane becomes negative due to the total release of “zeolitic” H,O
molecules. The information-based structural complexity parameters of andersonite were calculated
after the removal of all the disordered atoms, leaving only the predominantly occupied sites, and show
that the crystal structure of the mineral should be described as complex, possessing 4.535 bits/atom
and 961.477 bits/cell, which is comparative to the values for another very common natural uranyl
carbonate, liebigite.

Keywords: andersonite; uranium; carbonate; crystal structure; minerals; X-ray diffraction;
structural complexity

1. Introduction

Uranyl carbonates are important phases in the geo-ecology of uranium deposits and nuclear
facilities, including radioactive waste disposal sites. Uranyl carbonate minerals readily form
during alteration of primary uranium minerals (e.g., pitchblende or uraninite) under the influence
of water enriched with CO,, which may be derived from the dissolution of carbonate rocks
or from the atmosphere [1-6]. Uranyl carbonates may play an important role in the transport
of uranium in ground waters. Teterin et al. [7] and Burakov et al. [8] described an active
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uranyl-carbonate mineralization among the secondary formations that formed after the accident
at the 4th reactor of the Chernobyl nuclear power plant. Currently, there are almost 40
known uranyl carbonate mineral species. From the perspective of crystallography, this group
of compounds is of considerable interest mainly due to the recent discoveries of the structurally
highly complex minerals ewingite, MggCag(UO2)24(CO3)3004(OH)12-138(H20) [9] and paddlewheelite,
MgCas5Cuy(U0O7)4(CO3)12-33(H,0) [10]. However, members of this family are often challenging for
research due to low crystallinity; crystal structures of about half of the uranyl carbonate minerals
are still undetermined. Among the most common and well-studied uranyl carbonate minerals,
such as rutherfordine, (UO,)(CO3) [11], liebigite, Cap(UO,)(CO3)3-11H,O [12], and andersonite,
Na,Ca[(UO,)(CO3)3]-5—6H,0, the latter attracts interest due to its zeolite-like framework structure
with channels of ~5 A in diameter that are occupied by H,O molecules.

Andersonite, NayCa(UO;)(CO3)3-6H,0, was first reported by Axelrod et al. [13] from
specimens collected at the Hillside Mine, AZ, USA, where it is associated with other uranyl
carbonates (schrockingerite, bayleite, and swartzite). Andersonite occurs as clusters of pseudo-cubic
(rthombohedral) crystals or spheroidal globules, which exhibit a strong yellowish-green fluorescence.
It may also appear coating walls of mines or shafts [14]. The crystal structure of andersonite was
first fully determined using its synthetic analog [15] and then refined twice [16,17], including the
first attempt made on a natural sample [18]. However, the first less successful attempt to refine the
structure of synthetic andersonite, based on poor quality data that resulted in the loss of one of the
H,O sites, was made by Coda [19]. In addition to X-ray experiments, papers describe the optical, IR,
and Raman spectroscopy characteristics of andersonite [20-23] together with thermal analyses results
and thermodynamic properties [24-27].

We have studied a sample of natural andersonite using single-crystal X-ray diffraction (XRD)
at a low temperature to determine the positions of H atoms and disordered H,O molecules.
High-temperature powder XRD was then used to evaluate the stability of the structure and thermal
expansion characteristics of the framework.

2. Materials and Methods

2.1. Occurence

The sample of andersonite studied in this work was taken from the collection of radioactive
minerals of the Department of Civil and Environmental Engineering and Earth Sciences at the
University of Notre Dame, where it is stored under the catalog number 1272. The sample originates
from the Cane Springs Canyon, San Juan Co., UT, USA.

2.2. Chemical Composition

A small fragment of an andersonite single crystal (Figure 1c) verified on the diffractometer was
crushed, pelletized, and carbon coated. The chemical composition of the sample was determined
using a Hitachi S5-3400N scanning electron microscope equipped with a AzTec Energy X-Max 20
spectrometer (Oxford Instruments, Abingdon, UK), with an acquisition time of 30 s per point in
energy-dispersive mode (acceleration voltage 20 kV, beam current 2 nA). The following analytical
standards were used: albite (NaK), wollastonite (CaK), and U3Og (UK). Analytical calculations for
andersonite: Atomic ratio from structural data Na 2.00, Ca 1.00, U 1.00; found by EDX: Na 1.95, Ca 0.97,
U 1.08. Traces of Si up to 1 at % were found by EDX and are attributed to the microinclusions of quartz,
which were detected during PXRD measurements. The number of HyO molecules per formula unit of
Na,Ca[(UO,)(CO3)3-(H0)s5.3 was calculated from the structural data.
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(b)

Figure 1. The crystal structure of andersonite (a), view approximately along [110], and the arrangement
of the figure of thermal expansion coefficients at 50 °C (b) relative to the projection of the structure.
SEM image of the andersonite crystal (c). Legend: U, Ca, and Na polyhedra are shown in yellow, lilac,
and blue colors, respectively; C, O, and H atoms are shown as grey, red, and white spheres, respectively;
the dashed black line designates a building unit (see text for details).

2.3. Single-Crystal X-ray Diffraction Study

A single crystal of andersonite was selected under an optical microscope, encased in oil-based
cryoprotectant, and mounted on a cryoloop. Diffraction data were collected at 100 K using a
Rigaku Oxford Diffraction Xcalibur diffractometer (Oxford, UK) operated with monochromated
MoK radiation (A[MoK,] = 0.71073 A) at 50 kV and 40 mA and equipped with an Eos CCD area
detector. Data were collected with frame widths of 1.0° in w and ¢, and an exposure of 5 s per
each frame. Data were integrated and corrected for background, Lorentz, and polarization effects.
An analytical absorption correction using a multifaceted crystal model based on expressions derived
by Clark and Reid [28] was applied in the CrysAlisPro program [29]. The unit cell parameters of
andersonite, see Table 1, were determined and refined by least-squares techniques on the basis of
11,925 reflections with 20 in the range from 4.34° to 55.00°. The structure was solved by direct
methods and refined to R; = 0.018 (wRy = 0.038) for 1697 reflections with I > 20(I) using the
SHELX programs [30] incorporated in the OLEX2 program package [31]. The final model included
coordinates, see Table 2, and anisotropic displacement parameters for all atoms except H. The H atoms
of HyO molecules were located in difference Fourier maps and were included in the refinement
with Uj,(H) set to 1.5U(O) and O-H blond length restraints (0.9 A) for the disordered and
low-occupancy sites. Supplementary crystallographic data have been deposited in the Inorganic
Crystal Structure Database (CSD 1877782) and can be obtained from Fachinformationszentrum
Karlsruhe via https:/ /www.ccdc.cam.ac.uk/structures/.
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Table 1. Crystallographic data and refinement parameters for andersonite,
Nazca[(UOQ)(CC)g)g~5.3(H20).
Crystal System Trigonal
Space group R—-3m
a(A) 17.8448(4)
c(A) 23.6688(6)
V (A%) 6527.3(3)
Formula Mass 631.25
Size (mm?) 0.38 x 0.27 x 0.25
p (mm1) 11.691
V4 18
26 range, ° 4.34-55.00
Dealc (g/cm?) 2.891
Total number of reflections 11,925
Unique number of reflections 1836
Unique I > 20(1) 1697
Rint 0.0342
Ry 0.0218

Final R indexes [I > 20(I)]
Final R indexes [all data]
s

Pmins Pmins e/A3
CSD

Ry = 0.0182, wR, = 0.0382
Ry = 0.0215, wR, = 0.0390
1.121
—0.958, 0.945
1877782

Note: Ry = X1 1Fo| — IFc |l 1 /S1Fyl; wRy = {Z[w(Fo? — Fe2)21/S[w(Fo2)2 1} /2; w = 1/[02(Fo2) + (aP)? + bP], where
P = (Fo? + 2F2)/3; s = {Z[w(Fo? — F2)]/(n — p)}1/? where 1 is the number of reflections and p is the number of

refined parameters.

Table 2. Atomic coordinates, isotropic displacement parameters (A2), site occupancy factors (s.0.f.),

and bond-valence sums (BVS, in valence units (v.u.)) for andersonite.

Atom X y Ueq s.o.f. BVS *
18] 0.55663(2) 0.44337(2) 0.67846(2) 0.00420(7) 1 6.18
Nal 0.51663(6) 0.48337(6) 0.82964(7) 0.0070(4) 1 1.13
Na2 0.54058(7) 0.45942(7) 0.44251(8) 0.0131(4) 1 0.93
Ca 0.45594(3) 0.54406(3) 0.94394(4) 0.00413(18) 1 2.21
C1 0.59021(15) 0.40979(15) 0.56575(19) 0.0071(9) 1 3.98
C2 0.6832(2) 0.5986(2) 0.73519(13) 0.0049(6) 1 3.99
01 0.59553(11) 0.40447(11) 0.51354(13) 0.0088(4) 1 1.63
02 0.52559(15) 0.35307(15) 0.59583(9) 0.0088(4) 1 2.14
O3 0.60320(14) 0.55322(15) 0.75196(9) 0.0079(5) 1 1.97
04 0.69945(15) 0.57427(15) 0.68723(9) 0.0072(5) 1 2.04
05 0.59310(14) 0.58736(14) 0.90360(9) 0.0049(4) 1 1.92
06 0.60695(11) 0.39305(11) 0.71534(13) 0.0103(7) 1 1.67
o7 0.50574(11) 0.49426(11) 0.64221(14) 0.0109(7) 1 1.80
Owl 0.43997(11) 0.56003(11) 0.83858(14) 0.0049(4) 0.928(5) 0.40
Hw1 0.459(3) 0.6150(13) 0.8367(17) 0.015(11) 0.928(5) -
Ow?2 0.58955(11) 0.41045(11) 0.86128(14) 0.0098(7) 1 0.19
Hw2A 0.598(2) 0.402(2) 0.8967(12) 0.026(18) 1 -
Hw2B 0.564(4) 0.357(3) 0.845(3) 0.04(3) 0.5 -
Ow3 0.5924(2) 0.5924(2) 0.500000 0.0116(7) 1 0.28
Hw3 0.611(3) 0.6376(19) 0.4778(14) 0.017(11) 1 -
Ow4 0.4728(2) 0.3219(2) 0.39299(12) 0.0166(8) 0.881(6) 0.16
Hw4 0.4155(14) 0.296(4) 0.396(3) 0.06(2) 0.881(6) -
Ow4A 0.5289(17) 0.3323(14) 0.3882(9) 0.0166(8) 0.119(6) 0.13
Hw4A 0.497(3) 0.334(7) 0.3590(11) 0.05(3) 0.5605 -
Hw4B 0.488(2) 0.2806(12) 0.399(2) 0.082 0.5605 -
Owb 0.666667 0.333333 0.4217(6) 0.089(8) 0.76(3) -
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Table 2. Cont.

Atom x y z Ueq s.o.f. BVS *
Hy5 0.6946(4) 0.3054(4) 0.434(3) 0.134 0.507(19) -
Ow5A 0.666667 0.333333 0.354(4) 0.089(8) 0.072(5) -
Hw5C 0.638000 0.362000 0.360701 0.134 0.048(4) -
Ow5B 0.7265(14) 0.2735(14) 0.4583(17) 0.0049(4) 0.072(5) -
Hw5A 0.737499 0.262500 0.490549 0.007 0.072(5) -
Hw5B 0.697500 0.302500 0.465120 0.007 0.072(5) -

* bond valence sums were calculated using the following parameters: U [32], Na [33], Ca [34] and C [34].

2.4. High-Temperature Powder X-ray Diffraction Study

Crystalline andersonite was ground in an agate mortar for in situ examination using a Rigaku
Ultima IV powder X-ray diffractometer (PXRD, CoKa radiation; 40 kV /30 mA; Bragg—Brentano
geometry; PSD D-Tex Ultra detector). A Rigaku SHT-1500 chamber was employed for experiments
in air in the range from +25 to +800 °C; a Pt strip (20 x 12 x 2 mm?®) was used as a heating element
and sample holder. The temperature steps varied from 5 to 25 °C depending on the temperature
range. The heating rate was 2 °C/min. The collection time at each temperature step was about
30 min. The absence of reversibility of the observed phase transformations was verified by collecting
PXRD data on cooling. Phase identification was carried out using the ICDD PDEF-2 Database (release
2016). The unit cell parameters were refined by the Pawley method using the TOPAS 4.2 software [35].
The background was modeled using a Chebyshev polynomial of the 12th order. The peak profiles were
described using the fundamental parameters approach. The zero-shift parameter was refined at every
step, and it was usually increased by 0.01-0.02° 20 because of the sample holder expansion on heating.

The main coefficients of the thermal-expansion tensor were determined using a second-order
approximation of temperature dependencies for the unit cell parameters by means of the TEV
program [36]. The same software was also employed to determine the orientation of the principal axes
of the thermal expansion tensor and for visualization purposes.

3. Results

3.1. Structure Description of Andersonite

Andersonite crystallizes in the trigonal R—3m space group and contains one crystallographically
nonequivalent U atom with two short Us*=02" bonds forming an approximately linear UO,?* uranyl
ion (Ur), with <U-Oy;,> = 1.788 A. The Ur cation is coordinated by six oxygen atoms <Ur-Ogy> = 2.436 A
that belong to carbonate groups that are arranged in the equatorial plane of the UOg hexagonal
bipyramid, see Figure 2a. The Ca?* atom is coordinated by seven O atoms, six of which belong to
the carbonate groups and one which is the HyO1 molecule, see Figure 2b, with an average distance
of 2.38 A. Nal* cations possess a slightly distorted octahedral coordination consisting of two H,O
molecules at the apical vertices and four O atoms of the carbonate groups within the equatorial plane,
as shown in Figure 2c. Na2* cations have a more distorted coordination geometry due to splitting of
the H,Ow4 water molecule into two crystallographically nonequivalent Ow4 and Ow4A sites with
total site occupancy factors (s.o.f). equal to 1.0, see Table 3 and Figure 2d. Most likely, the assignment
of two individual sites only became possible after cooling down the sample and thus reducing the
thermal displacements of the atoms. It should be noted that the bond length parameters for the
structure of andersonite described herein are in good agreement with those studied previously [15,16].
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Figure 2. Coordination of U®* (a), Ca?* (b), Nal* (c), and Na2* (d) cations in the crystal structure of

andersonite, and their arrangement into cylindrical “well-like” units (e). Legend as in Figure 1.

Table 3. Selected bond lengths (A) in the crystal structure of natural andersonite (this work) compared

to those in the structures of synthetic analogs [15,16].

Bond This Work Coda et al. [15] Mereiter [16]
U-06 1.784(3) 1.776(14) 1.775(5)
U-07 1.792(3) 1.808(14) 1.780(5)
<U-Oy,> 1.788 1.80 1.778
U-02 x2 2.416(2) 2.414(14) 2.413(3)
U-03 x2 2.435(2) 2.440(17) 2.433(4)
U-04 X2 2.458(2) 2.461(18) 2.460(4)
<U-Oeq> 2.436 2.44 2.435
Ca-02 x2 2.304(2) 2.311(17) 2.324(5)
Ca-0O4 x2 2.396(2) 2.384(15) 2.404(4)
Ca-05 X2 2.368(2) 2.364(16) 2.370(4)
Ca-Owy1 2.542(3) 2.557(18) 2.555(6)
<Ca-O> 2.383 2.38 2.393
Nal-03 x2 2.323(3) 2.300(17) 2.336(4)
Nal-05 x2 2.416(3) 2.464(16) 2.437(4)
Nal-Ow1 2.379(4) 2.429(13) 2.398(5)
Nal-Ow2 2.375(4) 2.402(13) 2.378(5)
<Nal-O> 2.372 2.39 2.387
Na2-01 2.390(4) 2.427(19) 2.419(6)
Na2-07 2.464(4) 2.47(2) 2.498(6)
Na2-Ow3 x2 2.479(3) 2.531(16) 2.487(5)
Na2-Ow4 x2 2.427(3) 2.42(3) 2.434(7)
Na2-Ow4A X2 2.52(2)
<Na2-O> 2.463 2.47 2.460
C1-01 1.247(5) 1.30(6) 1.245(7)
C1-02 X2 1.301(3) 1.27(4) 1.289(6)
C2-03 1.302(4) 1.31(3) 1.300(6)
C2-04 1.299(4) 1.30(3) 1.295(6)
C2-05 1.255(4) 1.26(3) 1.243(7)
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The basic structural units in andersonite are the well-known [37,38] uranyl tricarbonate clusters,
UTC, see Figure 2a. Coda et al. [15] defined the structure of andersonite as a framework, consisting
of oval, buckyball-like cages, which are formed by six UTC, six Na, and six Ca polyhedra.
We suggest an alternative structure description. All four types of coordination polyhedra are
stacked as rings successively around the threefold axis sharing edges and vertices in the sequence
Na2-Ca-UTC-Nal-UTC-Ca-Na2, thus forming “well-like” units, see Figure 2e, with channels 4.95
A in diameter along the ¢ axis at (1/3, 2/3, z). These cylinders are connected along [001] mostly
by a system of H-bonds, and within the (001) plane by face-sharing pairs of Ca-Nal and Na2-Na2
polyhedra with the neighbor “well”, forming a second type of narrow channel ~2.8 A in diameter at
(1/3,1/3, 2), with walls formed by H,Ow3 and H,Ow4 molecules. At the center of the large channel,
on the threefold axis, there is an additional position of a “zeolitic” H,Ow5 molecule that is split into
two nonequivalent sites (Ow5 and Ow5A) separated by ~1.6 A. In addition to the Ow5A site, there
is another peak with a positive electron density of 2.5 e/A3 that is clearly seen on the difference
Fourier map, see Figure 3, which was assigned to the Ow5B site. The refinement of occupancies of all
“zeolitic” H,O molecules indicated that the formula of the studied crystal of natural andersonite is
Nazca[(UOZ)(COg)g'5.3(H20).

L.78 ,\|
. L1 efA?
0.76 A I

Figure 3. Arrangement of the positive electron-density peaks (green) within the “zeolite” channel (a),
and the geometry details of the residue difference Fourier 3D map (b). The structure of andersonite
along the c axis with the maxima of the difference Fourier map shown in green (c), and the final
structural model with assigned positions of H;O molecules (d). Legend as in Figure 1.

3.2. High-Temperature Behavior of Andersonite

PXRD patterns of andersonite as a function of temperature are shown in Figure 4. The powder
pattern of andersonite remains almost unchanged up to 100 °C, where the crystallinity of the U-bearing
phase is lost. The only diffraction peaks remaining are attributed to the Pt sample holder and a small
amount of quartz contained in the natural sample. Around 340 °C, crystallization of Nas(UO,)(CO3)3
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(card no. 01-070-8052 [39]; PDF-2, 2016) begins from the melt, which persists up to 400 °C, after which,
the material is amorphous up to almost 550 °C. At 575 °C, diffraction maxima attributed to Ca(UQOj)
(card no. 01-075-1945 [40]; PDF-2, 2016) are well-defined, and above 600 °C peaks of Na,U,O7 (card
no. 01-072-2295 [41]; PDF-2, 2016) appear. Both of the phases exist up to 775 °C, and starting from
700 °C, they transform to sodium uranate (NaUOj3, card no. 01-084-1865 [42]; PDF-2, 2016), which is
the only distinguishable phase at 800 °C (the low-intensity peak of quartz is overlapped at the highest
temperatures). It is worth noting that these results are in agreement with previous thermal analysis
studies [20] concerning the stage of andersonite decomposition and with synthetic experiments [40-43]
with regard to the uranate phases’ formation and their subsequent transition.
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Figure 4. Powder X-ray diffraction patterns and the unit cell parameters of andersonite as a function of
temperature (25-800 °C) in air (ESDs of the unit cell parameters are within the limits of the symbols).

Plots of the unit-cell parameters of andersonite as a function of temperature, see Figure 4, show a
major change in the temperature-dependent character after 95 °C, which corresponds to the beginning
of the phase transition process. However, the last diffraction relicts of andersonite are detected to a
temperature of 105 °C. Equations describing the temperature dependence of the unit-cell parameters
of andersonite within the range of 25-85 °C are: a = 17.912 + 3.29x10™* x T — 2.08 x 107% x T?;
c=23.748+20.04 x 1074 x T — 579 x 1076 x T%; V =6598.4+0.8 x T —3.1 x 1072 x T2,

4. Discussion

The low-temperature investigation of the andersonite crystal structure allowed us to characterize
the splitting of the Ow4 position, which most likely correlates with the distribution and occupancy of
the “zeolitic” water molecules (Ow?5 sites) that are arranged within the large channels of the structure.
The quantity of these interchannel molecules may vary, although not significantly considering the 6¢
multiplicity of the Ow5 site. Recently [18], it was suggested that the amount of H,O in the structure
of andersonite may vary in the range of 5.3-5.6. Taking into account the well-defined presence of
H,;Ow1-4 molecules within the structure that give the value of five molecules p.f.u., we suggest the
formula of andersonite is Nay,Ca[(UO,)(CO3)3]-(5+x)H,O, where x < 1.

According to the theory of thermal behavior [44-46], the maximal thermal expansion should be
along the direction of the weakest bonding. With respect to the framework structure of andersonite,
this direction corresponds to the c axis, owing to the H-bonding stacking of the cylindrical “wells”,
see Figure 1a, which leaves quite evident gaps in the structural architecture of the mineral. The thermal
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behavior of andersonite is essentially anisotropic with the lowest values of the main thermal expansion
coefficients (TEC), see Table 4, in the direction perpendicular to the channels, whereas maximal
expansion is observed in the direction of the channels, see Figure 4. The weak expansion of the
structure in the direction perpendicular to the channels is easily explained by the strong bonding of the
coordination polyhedra via sharing edges and even faces. Moreover, thermal expansion around 80 °C
within the (001) plane becomes negative. The thermal behavior of the structure may be described as
follows. Slight variations of the unit cell parameters (especially a) over the low-temperature range
may be attributed to the displacement and merging of the Ow4 and Ow4A sites. Contraction of the
structure within the (001) plane above 80 °C most likely relates to the release of “zeolitic” HyOw5(A,B)
molecules. Further release of HyOw1-4 molecules results in rapid and irreversible destruction of
the framework. Similar behavior has recently been observed for weddellite (CaC,04-(2+x)H,0O) [47],
which also has a framework structure with large channels occupied by “zeolitic” H,O molecules.

Table 4. The main coefficients of the thermal expansion aj; (i = 1-3) of the structures of andersonite.

Temp., °C o111 [.%))] n33
25 12.6 12.6 72.1
50 6.7 6.7 59.8
75 0.9 0.9 47.6
95 -3.7 -3.7 37.9

a—coefficient of thermal expansion [a11, a2y, az3—eigenvalues (main values); x 1076, °C1].

The information-based complexity parameters [48,49] for andersonite have been calculated
using the ToposPro package [50]. It should be taken into account that to process complexity
measures all the disordered atoms were removed, leaving only predominantly occupied sites.
Complexity calculations show that the crystal structure of andersonite should be described as complex,
possessing 4.535 bits/atom and 961.477 bits/cell, which is comparable to the values for another
very common natural uranyl carbonate liebigite, Cay(UO;)(CO3)3-11(H,0O) [12] (5.311 bits/atom
and 828.523 bits/cell). However, the unit cell volume of andersonite is 1.5 times bigger and the
high complexity parameters for liebigite are governed by double the amount of HyO molecules.
For comparison, the crystal structures of rutherfordine, (UO;)(COs3) [11], should be considered as
very simple (2.236 bits/atom and 15.651 bits/cell), while another uranyl carbonate mineral, ewingite,
MggCag(UO7)24(CO3)3004(OH)12-138(H,O) [9], is the most complex mineral known (12,684.86 bits/cell
without H-atoms correction).

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/8/12/586/
sl.
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