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The crystal structures and mechanical properties of the uranyl 
carbonate minerals roubaultite, fontanite, sharpite, widenmannite, 
grimselite and čejkaite† 

Francisco Colmenero,a* Jakub Plášil,b Jiří Sejkorac  

The research involving the crystal structures and properties of uranyl carbonate minerals is essential in actinide 

environmental chemistry due to the fundamental role played by these minerals in the migration of actinides from uranium 

deposits and nuclear waste repositories and in the investigation of accidental site contaminations. In this work, the crystal 

structure, hydrogen bonding network, X-ray diffraction pattern and mechanical properties of six important uranyl carbonate 

minerals, roubaultite (Cu2[(UO2)3(CO3)2O2(OH)2] · 4 H2O), fontanite (Ca[(UO2)3(CO3)2O2] · 6 H2O), sharpite 

(Ca[(UO2)3(CO3)4] · 3 H2O), widenmannite (Pb2[(UO2)(CO3)2(OH)2]), grimselite (K3Na[(UO2)(CO3)3] · H2O) and 

čejkaite (Na4[(UO2)(CO3)3]), are investigated using first principles solid-state methods based in Density Functional Theory. 

The determination of the positions of the hydrogen atoms in the unit cells of fontanite, sharpite and grimselite minerals, 

defining the hydrogen bonding network in their crystal structures, has not been feasible so far due to the low quality of their 

experimental X-ray diffraction patterns. The full crystal structures of these minerals are obtained here and their hydrogen 

bonding networks are studied in detail. Furthermore, the experimental structures of roubaultite, widenmannite and čejkaite, 

obtained by refinement from X-ray diffraction data, are confirmed. In the six cases, the computed unit-cell parameters and 

the associated geometrical variables are in excellent agreement with the available experimental information. Furthermore, 

the X-ray diffraction patterns computed from the optimized structures are in satisfactory agreement with their experimental 

counterparts. The knowledge of the full crystal structures, being extraordinarily relevant for many scientific fields, is also 

extremely interesting because it opens the possibility of determining their physico-chemical properties using the first 

principles methodology. The measurement of these properties under safe conditions is very expensive and complicated due 

to the radiotoxicity of these minerals. In this paper, a large set of relevant mechanical properties of these minerals are 

determined including their bulk, shear and Young moduli, the Poisson's ratio, ductility, hardness and anisotropy indices and 

bulk modulus pressure derivatives. These properties have not been measured so far and, therefore, are predicted here. Four 

of these minerals, roubaultite, fontanite, sharpite and widemmannite, are highly anisotropic and exhibit negative 

mechanical phenomena under the effect of small external pressures. 

1 Introduction 

The study of the crystal structures and physico-chemical 

properties of uranyl carbonate minerals1-19 is extremely 

important in actinide environmental chemistry.1-2,12-14,20-29 The 

knowledge of their precipitation/dissolution processes is 

fundamental to describe the mobility of actinides in the 

environment.1-7,12-16,18.22-29 Carbonate and bicarbonate ions, 

present in significant concentrations in many natural 

groundwaters, are extraordinarily strong complexing agents for 

actinides and, therefore, the carbonate complexes of uranium1-

2,4,7,12-14,30-46 play an important role in the migration from 

nuclear waste repositories1,5,8,12-16,19,47-52 or in the accidental site 

contaminations.53-61 Aqueous uranyl carbonate complexes are 

the most prominent uranium species in circumneutral to 

alkaline natural waters in which carbonate or bicarbonate ions 

are present or contain significant amounts of dissolved carbon 

dioxide.2,5,7 Uranyl carbonate minerals precipitate from these 

solutions where evaporation is significant or the partial 

pressure of carbon dioxide is substantial.5,14,62 The finding of 

natural uranyl carbonate minerals advise of the possible 

existence of large concentrations of uranium in surface or 

underground waters and, therefore, their study and precise 

characterization by X-ray diffraction methods or spectroscopic 
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techniques is very important. However, the current state of the 

knowledge about the crystal structures, vibrational spectra, 

physico-chemical properties and thermodynamic stability of 

uranyl carbonate minerals is quite limited. Their study is also 

essential for understanding the paragenetic sequence of 

minerals arising from the oxidative dissolution processes 

occurring in uranium deposits5,14,18,62-64 and from corrosion of 

spent nuclear fuel in deep geological disposal repositories for 

nuclear waste. 1,5,8,12-16,19,47-52 Furthermore, the knowledge of 

the crystal structures of uranyl-containing minerals is crucial to 

evaluate the possible incorporation of fission products and 

transuranic elements into their structures.65-71 

Twenty-nine natural uranyl carbonate minerals7,10,17-18 have 

been described so far. However, due to the lack of material 

suitable for crystallographic study and the difficulties 

encountered in the corresponding X-ray diffraction studies, the 

full crystal structures of these minerals have been published 

only for a relatively small subset of them. Difficulties result in 

many cases from the relatively poor quality of the crystal 

samples, the presence of twinning, the severe overlap of some 

reflections and other X-ray diffraction artifacts. Due to these 

difficulties, the structures which have been published so far 

have frequently a quality lower than usual for uranyl minerals, 

which is manifested by the large bond-length errors 

encountered. Despite the difficulties, a large amount of effort72-

93 has been devoted by several reputed French and German 

mineralogists72-77 and the research groups from Notre Dame, 

USA,9-11,78-80 and Prague, Czech Republic,17-18,81-91 to the 

determination of the crystal structures of these minerals. In 

most cases, only the crystal structures excluding the positions 

of the hydrogen atoms present in their unit cells have been 

reported. A simple illustration is provided in this work. For the 

six mineral species considered in this paper, the full crystal 

structures of only three of them are known, roubaultite,73 

widenmannite85 and čejkaite,90 and the later one does not 

contain hydrogen in its crystal structure. For fontanite,78 

sharpite83 and grimselite,86 the positions of the hydrogen atoms 

are unknown. The problem may be lifted using first principles 

solid-state methods which have been successfully applied for 

the determination of the full crystal structures of many 

important uranyl-containing minerals, such as schoepite,94 

metaschoepite,95 becquerelite,96 kasolite,97 uranophane-β,98 

vandenbrandeite,99 uranosphaerite,100 bayleyite101 and 

uranopilite.102 The first principles determination of the crystal 

structures of materials is being increasingly important in an 

enormous range of physical problems such as the development 

of photovoltaic, thermoelectric and magnetic devices.103-105 

The partial knowledge of the crystal structures of many 

important uranyl minerals, or even its complete ignorance, is a 

significant drawback because the positions of the hydrogen 

atoms specify the hydrogen bonding network in these 

structures. Hydrogen bonding is, for the majority of these 

minerals, one of the most important bonding type maintaining 

linked the structures and is an essential factor determining their 

relative stabilities. A further important consequence is the 

impossibility of using these partial structures as a starting point 

for accurate first principles solid-state computations.94-102,106-126 

Information provided by these computational treatments has 

been shown to be extremely rich in recent years, providing fresh 

new methods for spectroscopic assignment and interpretation 

of the results of experimental studies.94,97-102,113-117,121-122,126 The 

achievement of this information is impossible from the use of 

experimental techniques and the theoretical methodology has 

allowed the safe and accurate prediction of highly relevant 

material properties of these minerals, such as their mechanical 

properties and thermodynamic functions,94-102,107-108,110,113,116-

125 from first principles, that is, in the complete absence of 

experimental information. The experimental determination of 

these properties could be exceedingly tricky, due to the 

radiotoxicity of these minerals, and extremely expensive. Two 

of the most important features allowing the use of the first 

principles methodology are the increased availability of highly 

efficient supercomputer installations and the implementation 

of new, improved theoretical techniques in sophisticated solid-

state codes.127-132 Furthermore, the seminal generation of an 

accurate scalar-relativistic norm-conserving pseudopotential 

for uranium atom113-114 reduced the computational expense of 

the calculations enormously, increased the range of compounds 

amenable to theoretical study and increased the precision of 

the results obtained from the first principles calculations. 

The most technically challenging computational study 

performed up to date has been the recent theoretical study of 

the uranyl carbonate mineral bayleyite, containing eighteen 

water molecules per formula unit.101 Despite the extreme 

complexity of the unit cell of this mineral, the results obtained 

for its crystal structure, hydrogen bonding network geometry 

and infrared spectra were extraordinarily satisfactory. The good 

quality of the results and those obtained previously for the 

rutherfordine mineral,114,118,124 strongly stimulated the present 

study involving the determination of the crystal structures and 

properties of an extended set of uranyl carbonate minerals. In 

this work, the crystal structures and mechanical properties of 

six important uranyl carbonate minerals are investigated using 

first principles methods. A highly visual approach is used in 

order to make comprehensive the intricate crystal structures 

and mechanical properties of these minerals, which otherwise 

can only be understood by experts. Furthermore, the structure-

function relationships between the computed crystal structures 

and mechanical properties are studied. It will be shown that 

four of these minerals, roubaultite, fontanite, sharpite and 

widenmannite, have very high mechanical anisotropies and 

display negative mechanical phenomena under the effect of 

small external pressures. The materials exhibiting these 

phenomena have an immense range of interesting potential 

applications resulting specifically from their mechanical 

behavior.133-141 

This paper is organized as follows. In Section 2, the first 

principles solid-state methodology employed in this work is 

described. The computed crystal structures and mechanical 

properties are reported in Section 3. For the six uranyl 

carbonate minerals studied, the calculated structures are 

carefully compared with the experimental structures and the 

hydrogen bonding network derived from the computed 

positions of the atoms in the corresponding unit cells is 
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described. The X-ray diffraction patterns derived from the 

computed and experimental crystal structures are also 

contrasted. Finally, the computed stiffness tensors and 

mechanical properties are reported. The conclusions of this 

work are presented in the last Section 4. 

2 Theoretical solid-state methods 

The crystal structures and mechanical properties of the six 

uranyl carbonate minerals considered, roubaultite, fontanite, 

sharpite, widenmannite, grimselite and čejkaite, were 

determined by using the CASTEP (Cambridge Serial Total Energy 

Program) code ,127 interfaced with the Materials Studio program 

suite.142 Periodic Density Functional Theory based on plane 

wave basis sets and pseudopotentials to describe the internal 

atomic electrons143 was utilized. The specific pseudopotentials 

employed in the calculations were norm-conserving 

pseudopotentials144 from CASTEP package for all the atoms 

involved in the unit cells of the minerals studied except for 

uranium, for which a scalar-relativistic norm-conserving 

pseudopotential constructed from first principles113-114 was 

utilized. The overall quality of this pseudopotential has been 

verified extensively for the computation of the crystal 

structures, vibrational spectra and properties of uranium-

containing materials.94-102,113-126 The material data and 

calculation parameters employed in the calculations are 

provided in Table S.1 of the ESI.† The computed full crystal 

structures are also given in the ESI† as files with CIF 

(Crystallographic Information File) format. The computations 

were performed using the Perdew-Burke-Ernzerhof (PBE) 

energy-density functional145 complemented with Grimme's 

empirical dispersion correction146 for all the hydrogen-

containing minerals and the PBEsol functional147 for čejkaite. 

The superiority of PBEsol functional147 with respect to the 

PBE145 one for materials in which hydrogen bonding is not 

present has been documented in several previous works,114,117-

118,124,148-149 the study of the uranyl carbonate mineral 

rutherfordine114,118,124 and uranium trioxide117 being particularly 

relevant for the present study. The Hubbard correction,150 

improving the description of the strong Coulomb repulsion 

between electrons occupying 𝑓 orbitals in materials containing 

uranium with IV oxidation state,151-153 was not used because its 

impact in the computed crystal structures was exceedingly 

small. Trial calculations of the vibrational spectra of these 

minerals with this correction also led to results which were 

almost identical to those obtained without Hubbard correction, 

in line with many previous studies in materials in which uranium 

exists with VI oxidation state.94-102,106-126 

The unit-cell parameters and the positions of the atoms in the 

unit cell of the uranyl carbonate minerals under consideration 

were fully optimized using the Broyden–Fletcher–Goldfarb–

Shanno (BFGS) technique.154 All the crystal structure 

optimizations were carried out with stringent convergence 

thresholds in the variation of the total energy, maximum atomic 

force, maximum atomic displacement and maximum stress of 

0.5 × 10−5 eV/atom, 0.01 eV/Å, 0.5 × 10−3 Å and 0.02 GPa, 

respectively. The experimental crystal structures of 

roubaultite,73 widenmannite85 and čejkaite90 were directly 

employed as the initial input for the geometrical optimization. 

Since for fontanite,78 sharpite83 and grimselite86 the structures 

were only partially known, several different trial sets of 

hydrogen atoms at approximate positions in the corresponding 

unit cells were introduced before optimization. All the 

structures resulting from the different sets of initial positions of 

the hydrogen atoms were then fully optimized using the BFGS 

method. Several possible structures were obtained in some 

cases, but all of them except one were rejected using energy 

criteria. The positiveness of the energy second-derivative 

matrix (Hessian) matrix was verified for all the final structures. 

The X-ray diffraction patterns of the minerals studied were 

obtained155 from the experimental (in some cases 

incomplete78,83,86) and computed crystal structures using the 

software REFLEX included in Materials Studio program suite.142 

The matrix elements of the stiffness or elasticity tensor156 were 

determined using the technique of finite deformations157. This 

technique appears to be more effective for this purpose than 

density functional perturbation theory and the energy-based 

methods.157 It has been extensively utilized for the computation 

of the elastic response of many solid materials.93,96-102,116,118,121-

122,124-125,158-162 The tridimensional representations of the 

mechanical properties as a function of the direction of the 

applied strain for the six uranyl carbonate minerals studied in 

this work were obtained using the ElAM code.163 

The crystal structures of the minerals studied were fully 

optimized under the effect of seventeen different external 

isotropic pressures with values in the range −1.0 to 9.0 GPa. The 

pressure-volume data was fitted to a 4th order Birch-Murnaghan 

equation of state (4-BM-EOS).164 From the values of the fit 

parameters, the derivatives of the bulk modulus with respect to 

pressure were determined. The fits of the pressure-volume data 

to the selected equation of state were carried out employing 

Angel's EOSFIT 5.2 software.165-166 The structure optimizations 

under pressure were also performed using the BFGS method.154  

3. Results and discussion 

3.1 Unit-cell parameters 

The computed unit-cell parameters associated with the crystal 

structures of the uranyl carbonate minerals investigated in this 

paper are given in Table 1. The results are in excellent 

agreement with the unit-cell parameters obtained from 

experimental measurements for all the materials considered. As 

can be seen in Table 1, the experimental unit-cell volumes for 

roubaultite,73 fontanite,78 sharpite,83 widenmannite,85 

grimselite86 and čejkaite90 are only 2.0, 0.2, 2.6, 2.6, 1.6 and 

1.3%, respectively. The computed unit cell volumes obtained 

using the uncorrected PBE functional for the first five minerals 

are 4.4, 1.9, 5.4, 4.6 and 5.5%, respectively. Therefore, the 

results are improved significantly when dispersion corrections 

are included as a result of the better description of the 

hydrogen bonding network present in the crystal structures of 

these minerals. For čejkaite, the results obtained with the 

PBEsol functional are excellent, in line with results obtained for 

other anhydrous uranyl-containing materials as 

rutherfordine114,118,124 and 𝛾-uranium trioxide.117   
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Table 1. Unit-cell parameters of the selected uranyl carbonates. The theoretical and experimental results correspond to the  zero and room 
temperatures, respectively. 

Parameter 𝜶 (Å) 𝒃 (Å) 𝒄 (Å ) 𝜶 (𝐝𝐞𝐠) 𝜷 (𝐝𝐞𝐠) 𝜸(𝐝𝐞𝐠) Vol. (Å𝟑) Dens. (𝐠𝐫/𝐜𝐦𝟑) 

Roubaultite 

PBE 6.9914 7.9146 7.9801 91.22 91.83 95.04 439.505 4.516 
PBE+disp 6.9481 7.8252 7.9303 90.93 91.73 94.46 429.595 4.620 

Exp.73 6.924(3) 7.767(3) 7.850(3) 90.89(4) 92.16(4) 93.48(4) 421.018 4.714 
Exp.72 6.87 7.73 10.87 134.12 86.29 93.10 - - 

Fontanite 

PBE 6.9959 17.5655 15.3469 90.0 89.25 90.0 1885.743 3.911 
PBE+disp 6.9675 17.3943 15.2523 90.0 89.36 90.0 1848.382 3.990 

Exp.78 6.968(3) 17.276(7) 15.377(6) 90.0 90.064(6) 90.0 1851.069 3.984 

Sharpite 

PBE 5.0020 15.9008 22.4137 90.0 90.0 90.0 1782.692 4.204 
PBE+disp 4.9836 15.7296 22.1367 90.0 90.0 90.0 1735.300 4.319 

Exp.83 4.9032(4) 15.6489(11) 22.0414(11) 90.0 90.0 90.0 1691.230 4.407 

Widenmannite 

PBE 4.9687 9.6332 9.1466 90.0 90.0 90.0 437.794 6.361 
PBE+disp 4.9598 9.5494 9.0651 90.0 90.0 90.0 429.351 6.486 

Exp.85 4.9770(7) 9.3869(13) 8.9597(12) 90.0 90.0 90.0 418.585 6.653 
Exp.76 4.95 9.36 8.99 90.0 90.0 90.0 416.52 6.69 
Exp.93 5.002(2) 9.381(2) 8.971(3) 90.0 90.0 90.0 420.953 6.615 
Exp.84 5.007(4) 9.378(6) 8.964(4) 90.0 90.0 90.0 420.910 6.616 
Exp.84 5.001(3) 9.381(2) 8.960(2) 90.0 90.0 90.0 420.353 6.625 

Grimselite 

PBE 9.5700 9.5700 8.3822 90.06 90.07 121.73 652.985 3.094 
PBE+disp 9.3839 9.3839 8.4130 90.07 90.07 121.93 628.738 3.213 

Exp.86 9.2507(1) 9.2507(1) 8.1788(1) 90.0 90.0 120.0 606.135 3.333 
Exp.79 9.302(2) 9.302(2) 8.260(3) 90.0 90.0 120.0 618.961 3.264 

Exp.77,92 9.29 9.29 8.26 90.0 90.0 120.0 617.36 3.27 

Čejkaite 

PBEsol 9.3203 16.1291 6.4978 90.0 91.25 90.0 976.588 3.686 
Exp.90 9.2919(8) 16.0991(11) 6.4436(3) 90.0 91.404(5) 90.0 963.627 3.736 

 

3.2 Structure and hydrogen bonding 

3.2.1 Roubaultite, 𝐂𝐮𝟐[(𝐔𝐎𝟐)𝟑(𝐂𝐎𝟑)𝟐𝐎𝟐(𝐎𝐇)𝟐] · 𝟒 𝐇𝟐𝐎 

3.2.1.1 Crystal Structure 

Roubaultite was described for the first time in 1970 by Cesbron 

et al.72 from a natural sample collected from Shinkolobwe mine 

(Shaba province, Democratic Republic of the Congo, DRC). It 

was named in honor of Marcel Roubault, a French geologist and 

professor of the National School of Geology in Nancy, France, 

and a pioneer in uranium research in France. It has been also 

encountered in the Mussonoi and Kamoto mines, from Shaba 

province, DRC, and in the Komsomol ore field, eastern Siberia, 

Russia. It is frequently found in the oxidation zone of copper-

bearing uranium deposits, formed by alteration of uraninite. 

This mineral was initially described72 as a copper uranate with 

formula unit Cu2(UO2)3(OH)10 • 5 H2O. Its true composition, 

Cu2[(UO2)3(CO3)2O2(OH)2] · 4 H2O, and its crystal structure 

were reported in 1985 by Ginderow and Cesbron73 from a 

natural sample from Shinkolobwe mine. 

The computed crystal structure of roubaultite is shown in Fig. 1. 

The structure of roubaultite is extraordinarily interesting 

because, as in the case of fontanite mineral (see below), the 

uranium atoms display the hexagonal and pentagonal 

bipyramidal coordination types within the same structure.73 The 

coordination environment of uranium in the pentagonal 

bipyramids is formed by the two uranyl (apical) oxygen ions and 

four oxygen and one hydroxyl ions in the equatorial plane 

(UO2[O4(OH)]). For the hexagonal bipyramids, all the ligands 

are oxygen ions (UO2[O6]). The copper and carbon atoms show 

octahedral and planar triangular coordination, respectively. In 

the copper octahedra, the two apical oxygen atoms belong to 

water molecules and two of the equatorial oxygens copper 

atom are from hydroxyl ions. Thus, the coordination polyhedra 

of copper in roubaultite may be expressed as 

CuO2(OH)2(H2O)2. The copper octahedra are very distorted, 

the apical distances (about 2.5 Å) being much larger than the 

equatorial distances (about 2.0 Å). A similar coordination 

polyhedron is present in the copper atoms of vandenbrandeite 

mineral.99 The basic building units in the structure of roubaultite 

are shown in Fig. 1.C. 

The crystal structure or roubaultite is formed of two types of 

parallel chains expanding along [100] crystallographic direction. 

The first type of chain contains alternating hexagonal 

bipyramids and dimers formed from two pentagonal 
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bipyramids, as shown in Fig. 1.B. The second type of chain is 

composed of edge-sharing copper octahedra. The chains are 

linked laterally by sharing an equatorial vertex (hydroxyl ion) of 

the uranium pentagonal bipyramid dimers with an equatorial 

vertex of the copper octahedra and by means of carbonate 

triangles, which share an edge with a uranium hexagonal 

bipyramid and an equatorial vertex of a copper octahedra. The 

chains form copper uranyl carbonate layers stacked 

perpendicularly to (011) plane. The structure of the layers in 

roubaultite has not been found in any other uranyl mineral, and 

form the basis for the roubaultite anion-sheet topology.11 The 

hydrogen bonding connecting the hydroxyl ions and water 

molecules coordinating the copper atom in a given layer and the 

uranyl apical oxygen atoms of an adjacent layer is the unique 

bonding mechanism keeping together the layers in roubaultite. 

 

 
Fig. 1.The computed crystal structure of roubaultite: (A) View of a 2  × 
2 × 1 supercell from [100]. The 𝑏 and 𝑐 axes are rotated 90° to show the 
copper uranyl carbonate layers horizontally; (B) View of an isolated 
copper uranyl carbonate layer; (C) The basic building units in the 
structure of roubaultite: the uranyl hexagonal bipyramid, the uranyl 
pentagonal bipyramid dimer, the copper distorted octahedron and the 
carbonate triangle. Color code: U - Dark blue; Cu - Clear blue; C - Gray; 
O - Red; H - White. 

 
There are two symmetry non-equivalent uranium atoms in 

roubaultite (referred to as U1 and U2). The U1 atoms display 

hexagonal bipyramidal coordination and the U2 atoms show 

pentagonal bipyramidal coordination.73 All the copper and 

carbon atoms are symmetry equivalent (simply referred to as 

Cu and C in this paper, respectively). The calculated crystal 

structure of roubaultite was carefully benchmarked against the 

experimental structure.73 The interatomic distances and angles 

derived from the computed atomic positions are given in Tables 

S.2 and S.3 of the ESI.† The computed average apical and 

equatorial U-O distances are 1.84 and 2.45 Å for the U1 atoms 

and 1.81 and 2.35 Å for U2. These values are in excellent 

agreement with the experimental values of 1.82(1) and 2.44(1) 

Å for U1 and 1.80(1) and 2.35(1) Å for U2. These values may also 

be compared with the average values obtained by Burns et al.9 

from an extensive series of well-refined crystal structures in 

which uranium display hexagonal bipyramidal (1.78(3) and 

2.37(9) Å) and pentagonal bipyramidal (1.79(4) and 2.37(4) Å) 

coordination. The calculated average C-O and Cu-O distances 

are 1.29 and 2.23 Å, which can be compared to their 

experimental counterparts73 of 1.29(2) and 2.15(2) Å, 

respectively. 

 

 
Fig. 2. Hydrogen bond structure in the computed crystal structure of 

roubaultite. Color code: U - Dark blue; Cu - Clear blue; C - Gray; O - Red; 

H - White. 

 

3.2.1.2 Hydrogen bonding 

There are two non-equivalent water molecules in the unit-cell 

of roubaultite, denoted as W9 and W10. They form part of the 

coordination structure of the copper atom and are located at 

the apical positions of the copper octahedra. The computed 

hydrogen bond structure is shown in Fig. 2. As can be seen in 

Tables S.2 and S.3 (and Fig.2), there are six non-equivalent 

hydrogen bonds. In the first hydrogen bond, O8-H1···O3, the 

donor oxygen atom, O8, is from a hydroxyl ion and the acceptor 

oxygen atom, O3, is an apical oxygen atom from a uranyl 

pentagonal bipyramid of an adjacent layer. The second and 

third ones, O9W-H3···O2’ and O9W-H2···O1, link the oxygen 

atom of the W9 water molecule with an apical oxygen atom 

from a pentagonal bipyramid of the same layer (O2’) and an 

apical oxygen atom of a pentagonal bipyramid of and adjacent 

layer (O1), respectively. In the rest of hydrogen bonds, O10W-

H4···O9W, O10W-H4···O2 and O10W-H5···O1, the donor oxygen 

atoms belong to the water molecule W10 and the acceptor ones 
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are from the other water molecule, W9, and from the uranyl 

hexagonal (O1) and pentagonal (O2) bipyramids of an adjacent 

layer. Thus, four of the hydrogen bonds act as the glue linking 

two adjacent copper uranyl carbonate layers, one reinforces the 

link between the copper octahedra and uranyl bipyramids of 

the same layer, and one strengthens the hydrogen bond 

structure itself. 

 

 

Fig. 3. X-ray diffraction patterns of the uranyl carbonate minerals 

roubaultite, fontanite and sharpite using 𝐂𝐮𝐊𝛂 radiation (λ = 1.540598 

Å). For each mineral, the upper pattern is derived from the computed 

crystal structure and the lower one is generated from the experimental 

crystal structures.73,78,83

3.2.1.3 X-ray diffraction pattern 

From the energy-optimized and experimental73 crystal 

structures, the X-ray diffraction patterns of roubaultite were 

calculated using CuKα  radiation (λ = 1.540598 Å) utilizing the 

program REFLEX belonging to the Materials Studio program 

suite.142 The resulting patterns are compared in Fig. 3.A. The 

computed and experimental patterns are highly consistent. The 

consistency of the theoretical and experimental patterns can be 

evaluated in a more detailed form from Table S.4 of the ESI,† 

giving the precise values of the positions of the main reflections 

in both patterns. As can be seen, the differences are very small, 

the largest deviation being ∆(2𝜃) ~ 0.5° for the [2 -2 1] 

reflection. 

3.2.2 Fontanite, 𝐂𝐚[(𝐔𝐎𝟐)𝟑(𝐂𝐎𝟑)𝟐𝐎𝟐] · 𝟔 𝐇𝟐𝐎 

3.2.2.1 Crystal Structure 

Fontanite is a hydrated calcium uranyl carbonate mineral, which 

was first described in 1992 by Deliens and Piret74 from a natural 

mineral found in Rabejac, Hèrault, France. They provided a 

formula unit for fontanite of Ca(UO2)3(CO3)4 · 3 H2O. The 

composition and definitive crystal structure were later reported 

by Hughes and Burns78 in 2003, who analyzed the holotype for 

fontanite from Rabejac, France, and gave the true composition 

Ca(UO2)3(CO3)2O2 · 6 H2O. The name of the mineral was 

coined after Francois Fontan, a mineralogist from the University 

of Paul-Sabatier, Toulouse, France. However, these authors 

were not able to determine the complete crystal structure of 

this mineral, including the positions of the hydrogen atoms.77 

The full crystal structure is reported in this work. 

The computed crystal structure of fontanite is shown in Fig. 4. 

As for roubaultite, the hexagonal and pentagonal bipyramidal 

coordination types around the uranium atoms are 

simultaneously displayed in the same structure.74,78 In 

fontanite, the coordination environment of uranium in the 

pentagonal/hexagonal bipyramids is formed by the two uranyl 

(apical) oxygen atoms and five/six oxygen atoms in the 

equatorial plane. The calcium atom is coordinated with six 

oxygen atoms from six different water molecules and two 

uranyl (apical) oxygens, one belonging to a uranyl pentagonal 

bipyramid and the other to a uranyl hexagonal bipyramid. Thus, 

the coordination number of calcium in fontanite is eight and its 

coordination environment can be described as CaO2(H2O)6. 

The carbon atom and three oxygen atoms form carbonate 

groups which, as usual, are arranged in a planar triangular 

structure. 

In the structure of fontanite, the uranyl bipyramids are arranged 

in chains expanding along [100]. These chains are formed by 

alternate hexagonal bipyramids and dimers formed with two 

pentagonal bipyramids as shown in Fig. 4.D. The chains are 

relatively similar to those found for roubaultite in Section 

3.2.2.1, but the linkage of the chains in the structure is different. 

The chains are linked laterally by sharing carbonate triangles; 

two opposite equatorial edges of each hexagonal bipyramid are 

shared with carbonate groups, one on either side of the chain. 

The remaining oxygen atom at the other vertex of the carbonate 

triangles is shared with a uranyl pentagonal bipyramid of an 
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adjacent chain. The uranyl chains linked with the carbonate 

triangles form uranyl carbonate sheets or layers, as shown in 

Figs. 4.C and 4.D. The adjacent uranyl chains are not linked in a 

planar way. The view of the uranyl chains seen from [100] (Fig. 

4.C) shows that the chains are tilted one respect to the other 

and arranged in a zig-zag form. The uranyl carbonate layers in 

fontanite have a structure that belongs to the phosphuranylite 

anion topology.78,11 Fontanite mineral is the only uranyl 

carbonate mineral whose structure is based on this anion 

topology.78 The calcium atoms, located in the interlayer space 

between two adjacent uranyl carbonate sheets, are bonded to 

one uranyl ion from each of the two adjacent sheets and 

provide the main bonding mechanism between them. The 

calcium atom is coordinated with six additional water 

molecules, which are linked through hydrogen bonds to the 

upper and lower uranyl carbonate layers giving an additional 

bonding mechanism between the layers. The hydrogen bond 

network structure in fontanite is described in this paper for the 

first time because it has not been revealed by X-ray or neutron 

diffraction data up to date. 

There are three symmetry non-equivalent uranium atoms in 

fontanite, referred to as U1, U2 and U3. The uranium atoms 

denoted as U1 display hexagonal bipyramidal coordination and 

the atoms U2 and U3 show pentagonal bipyramidal 

coordination. The calcium atoms in fontanite belong to a single 

symmetry equivalence class. Finally, there are two symmetry 

non-equivalent carbon atoms (C1 and C2). The interatomic 

distances and angles derived from the calculated positions of 

the atoms in the unit cell of fontanite are given in Tables S.5 and 

S.6 of the ESI,† together with the corresponding experimental 

values for the non-hydrogen atoms. The experimental average 

apical U-O distances for the U1, U2 and U3 atoms are 1.80(3), 

1.73(3) and 1.75(3) Å and the calculated ones are 1.817, 1.826 

and 1.826 Å, respectively. The experimental and calculated 

average Ca-O distances are in good agreement (2.51(4) and 

2.498 Å). Finally, the experimental average C1-O and C2-O 

distances, 1.29(4) and 1.29(4) Å, are extremely close to the 

computed values which are equal and have a value of 1.289 Å. 

3.2.2.2 Hydrogen bonding 

There are six non-equivalent water molecules in fontanite. 

These water molecules are denoted as W4, W15, W16, W17, 

W18 and W19. All these water molecules participate directly in 

the coordination environment of the calcium atom and are 

placed in the interlayer space between the uranyl carbonate 

layers. The computed hydrogen bond structure is shown in Fig. 

5. As can be observed in Table S.7 of the ESI,† there are eleven 

non-equivalent hydrogen bonds in fontanite. Table S.7 contains 

the calculated hydrogen bond parameters. The two hydrogen 

bonds O4W-H2···O4W and O16W-H6···O19W link two different 

interlayer molecules, and, therefore, serve as support for the 

hydrogen bond network. The remaining nine hydrogen bonds 

link the apical uranyl oxygen atoms with the interlayer water 

molecules, which, in turn, are linked to the interstitial calcium 

atoms. Thus, while the direct bonds of the calcium atoms with 

the uranyl oxygens have the primary function of keeping 

together the layers of fontanite, the hydrogen bonding network 

act as a reinforcement of the layered structure. 

 

 

Fig. 4. The computed crystal structure of fontanite. The views provided 
in the figure are from a 4  × 1 × 2 supercell: (A) View from [100]; (B) 
View from [001]; (C) View of an isolated uranyl carbonate sheet from 
[100]; (D) View of an isolated uranyl carbonate sheet from [010]. Color 
code: U - Blue; Ca - Yellow; C- Gray; O - Red; H - White. 

 

3.2.2.3 X-ray diffraction pattern 

The X-ray diffraction patterns of fontanite derived from the 

energy-optimized and experimental78 structures (CuKα  

radiation) are compared in Fig. 3.B. A high degree of consistency 
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is observed. The positions of the most intense reflections in the 

theoretical and experimental patterns are given in Table S.8 of 

the ESI.† The differences are satisfactorily small, the largest 

deviation being ∆(2𝜃) ~ 0.4° for the [-1 1 5] reflection. 

 

 
Fig. 5. Hydrogen bond structure in the computed crystal structure of 
fontanite. Color code: U - Blue; Ca - Yellow; C- Gray; O - Red; H - White. 

 

3.2.3 Sharpite, 𝐂𝐚[(𝐔𝐎𝟐)𝟑(𝐂𝐎𝟑)𝟒] · 𝟑 𝐇𝟐𝐎 

3.2.3.1 Crystal Structure 

Sharpite, Ca[(UO2)3(CO3)4] · 3 H2O, is, as fontanite, a 

hydrated calcium uranyl carbonate mineral. However, its water 

content is smaller than that of fontanite since it has three water 

molecules per formula unit only. Sharpite was encountered for 

the first time 1938 by Mélon167 in Shinkolobwe mine (Shaba 

province, DRC) and described it as a hydrated rutherfordine 

mineral,  UO2 · CO3· · 4/3·H2O. This author named the mineral 

as sharpite after major R. R. Sharp, which discovered the 

uranium deposit of Shinkolobwe in 1915. Sharpite was then 

reported from several localities worldwide. The chemical 

composition of sharpite remained unknown until 1984, when a 

more complete compositional and spectroscopic study was 

carried out by Čejka et al.82 The crystal structure of this mineral 

was recently established by Plášil83 (2018). However, the 

determination of the full crystal structure, including the 

positions of the hydrogen atoms, was not feasible and is 

reported here. 

The computed crystal structure of sharpite is displayed in Fig. 6. 

There are two uranium (U1 and U2), two carbon (C1 and C2), 

and one calcium (Ca) symmetrically non-equivalent atoms in its 

unit cell. Uranium atom (U1 and U2) in sharpite shows uranyl 

hexagonal bipyramidal coordination and the carbon atoms (C1 

and C2) are arranged in planar carbonate triangles. The unit-cell 

site associated with the C2-type atoms appears to be partially 

occupied,83 but the corresponding occupation is high (larger 

than 75%). The calcium atom is coordinated by eight ligands, 

four of them being oxygen atoms belonging to water molecules 

and the remaining ones being uranyl bipyramid equatorial 

oxygen atoms. The shape of the calcium atom coordination 

polyhedron in sharpite is quite unusual and is shown in Fig. 6.E. 

 

 
Fig. 6. The computed crystal structure of sharpite. The views provided 
in the figure are from a 4  × 1 × 2 supercell: (A) View from [100]; (B) 
View of an isolated zig-zag layer from [100]; (B) View of an isolated zig-
zag layer from [010]; (D) View of an edge of the zig-zag layer; (E) Calcium 
atom coordination polyhedra. Color code: U - Blue; Ca - Yellow; C - Gray; 
O - Red; H - White. 

 
In sharpite,83 each U2 uranyl hexagonal bipyramid shares two 

opposite equatorial edges with two U1 bipyramids forming U1–

U2–U1 trimers as shown in Fig. 6.D. The trimers form bands by 

sharing three equatorial upper vertices with the upper trimer 

and three equatorial lower vertices with the lower one. The 

spaces between the trimers are occupied by carbon atoms 

forming carbonate triangles. These triangles occupy only half of 

the space and leave triangular empty spaces. The structure of 

these uranyl carbonate bands is related to the structure of the 

uranyl carbonate sheets in rutherfordine mineral.114 However, 

the triangles of a given sheet of rutherfordine are all oriented in 

the same way. For sharpite, as can be seen in Fig. 6.D, the two 

triangles at the left-hand side point to the right, and the two 

triangles at the right-hand side point to the left. A given band is 

terminated at both sides by calcium polyhedral, which link the 

band with other two bands forming a zig-zag layer, as shown in 

Figs. 6.B and 6.C. The calcium polyhedra, therefore, form part 



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 9  

Please do not adjust margins 

Please do not adjust margins 

of the layers within sharpite structure, in contrast to its role in 

many other uranyl minerals in which calcium participates as a 

pure interlayer cation.98 Therefore, while sharpite displays an 

exciting and unusual crystal structure, also has some common 

features with the structure of rutherfordine.83,114  

The computed bond distances and angles between the atoms in 

the unit cell of sharpite are compared with the experimental 

values in Tables S.9 and S.10 of the ESI.† The experimental 

average apical U-O distances for the U1 and U2 atoms are 

1.760(17) and 1.769(19) Å and the calculated ones are 1.794 

and 1.825 Å, respectively. Similarly, the experimental average 

distances from uranium to the equatorial oxygen atoms are 

2.468(18) and 2.445(11) Å for the U1 and U2 atoms and the 

corresponding calculated distances are 2.565 and 2.472 Å, 

respectively. The experimental and calculated average Ca-O 

distances are 2.489(10) and 2.543 Å, respectively. Finally, the 

experimental average C1-O and C2-O distances, 1.285(13) and 

1.409(16) Å, are satisfactorily reproduced theoretically, the 

computed values being 1.290 and 1.352 Å, respectively. 

3.2.3.2 Hydrogen bonding 

The computed hydrogen bonding network in sharpite is shown 

in Fig. 7. The computed hydrogen bond parameters are given in 

Tables S.9 and S.10. Two adjacent zig-zag layers in sharpite are 

held together by means of a network of hydrogen bonds linking 

the oxygen atoms in the water molecules coordinating the 

calcium atoms of a given layer (W7 and W8) with the apical 

oxygen atoms of the uranyl hexagonal bipyramids (O5 and O3) 

of the other. There are two nonequivalent hydrogen bonds in 

sharpite, O7W-H7···O5 and O8W-H8···O3. The two hydrogen 

bonds arising from each water oxygen atom (for example, O7W-

H7···O5 and O7W-H7’···O5’) are symmetry equivalent. 

 

 

Fig. 7. Hydrogen bonding in the computed crystal structure of sharpite. Color 

code: U - Blue; Ca - Yellow; C- Gray; O - Red; H - White.

3.2.3.3 X-ray diffraction pattern 

For sharpite, the X-ray diffraction patterns derived from the 

computed and experimental83 structures (CuKα  radiation) are 

given in Fig. 3.C. The positions of the most intense reflections in 

the theoretical and experimental patterns are given in Table 

S.11 of the ESI.† The differences are rather low, the largest 

deviation being ∆(2𝜃) ~ 0.6° for the [2 0 0] reflection. 

3.2.4 Widenmannite, 𝐏𝐛𝟐[(𝐔𝐎𝟐)(𝐂𝐎𝟑)𝟐(𝐎𝐇)𝟐] 

3.2.4.1 Crystal Structure 

Widenmannite, Pb2[(UO2)(CO3)2(OH)2, was described for the 

first time by Walenta and Wimmenauer75 in 1961 from one 

specimen originating in Michael Mine in Weiler, near Lahr, in 

the Black Forest, Germany. It was named after Johann Friedrich 

Wilhelm Widenmann, a German mining official who first 

reported on the occurrence of a uranium mica in the Black 

Forest in 1793. It was also found in 1995 during a study of 

supergene uranium mineralization in the St. Just district of West 

Penwith, Cornwall, England by Elton and Hooper,93 where it 

occurs in a localized patch of a Pb-U-Cu mineralization zone. 

Widenmannite was identified utilizing X-ray diffraction and 

energy dispersive X-ray analysis. Compositional and infrared 

spectroscopic studies were also performed.93 However, the 

formula given for widenmannite, Pb2[(UO2)(CO3)2] was not 

entirely correct. Widenmannite was later also found in several 

localities from the Czech Republic,84-85 Finland168 and USA.169 

The crystal structure of widenmannite has been refined only in 

one occasion,85 using precession electron-diffraction and 

synchrotron powder-diffraction methods due to the fact that 

widenmannite forms fine-grained poorly crystalline aggregates 

that yield X‑ray powder diffraction patterns of insufficient 

quality for full structure refinement. The nature of 

widenmannite afforded by the work by Plášil et al.85 was 

radically different to that from all previous studies. This works 

established that widenmannite lead uranyl carbonate mineral is 

not a tricarbonate as was previously believed.85 Since the 

structure has been determined so far only in this single study, 

the optimization of the crystal structure using first principles 

solid-state methods provides an excellent opportunity for 

confirming its structure. The optimization was performed for an 

idealized structure because the true one was shown to contain 

a partially occupied site for uranium atom. The description of 

the complete structure, including the small occupation of this 

site, leads to an extremely complicated supercell structure 

whose optimization was not carried out. Even so, it was 

observed that the first principles geometrical optimization 

involving the idealized structure leads to unit-cell parameters, 

structural properties and X-ray diffraction patterns in 

satisfactory agreement with experiment, thus confirming the 

crystal structure reported by Plášil et al.85 

The computed crystal structure of widenmannite is shown in 

Fig. 8. There is only one symmetry independent uranium atom 

displaying hexagonal bipyramidal coordination in the idealized 

crystal structure of widenmannite. The unit cell also comprises 

two non-equivalent carbon atoms (C1 and C2), which are 

surrounded by three oxygen atoms forming planar triangular 
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carbonate units. Finally, the unit cell contains a single non-

equivalent lead atom. Setting the cutoff for the Pb-O bond 

length to 3.5 Å, the lead atom displays a coordination number 

of eleven. The form of the resulting coordination polyhedron, 

shown in Fig. 8.D, is determined to a large extent by the 

presence of lone electron pair in Pb2+ cation, which causes the 

existence of a large plane face in the polyhedron. The set of lead 

atom ligands includes eight oxygen atoms and three hydroxyl 

ions, PbO8(OH)3. 

 

 
Fig. 8. Computed crystal structure of widenmannite. (A) View of a 2 × 2 × 2 
supercell from [100]; (B) View of a 2 × 2 × 2 supercell from [010]; (C) View of 
a 2 × 2 × 2 supercell from [001]; (D) Lead coordination polyhedron; (E) Uranyl 
carbonate chain in widenmannite. Color code: U - Blue; Pb - Green; C - Gray; 
O - Red; H - White. 

 

The crystal structure of widenmannite consists of corner-

sharing uranyl hexagonal bipyramids, forming infinite chains 

expanding along [100], as shown in Fig. 8.E. From this figure, it 

is an easy matter to visualize these chains within the crystal 

structure, for example, in Fig. 8.B. The left triangular space 

between the two adjacent bipyramids is filled with a carbon 

atom which forms a C1 carbonate triangle. In addition, carbon 

atoms are bonded to two equatorial oxygen atoms of an edge 

of the bipyramid and to an oxygen atom of the lead 

coordination polyhedra forming a C2 carbonate triangle. The 

combination of the chains with the carbonate triangles results 

in the formation of the widenmannite uranyl carbonate chains, 

displayed in Fig. 8.E, which are not present in the structure of 

any other known uranyl carbonate mineral. The framework 

structure of widenmannite is formed from the uranyl carbonate 

chains which are connected via the lead coordination 

polyhedra. In turn, the lead polyhedra are interconnected 

forming ribbons parallel to [010]. These ribbons are linked by 

sharing one vertex of each lead polyhedra forming a layer 

parallel to (001) plane, as shown in Fig. 8.C.  

The interatomic distances and angles obtained from the 

computed structure are compared with the experimental ones 

in Tables S.12 and S.13 of the ESI.† The experimental and 

computed average apical U-O distances are 1.80(2) and 1.784 

Å. Likewise, the experimental and computed average equatorial 

U-O distances, 2.46(3) and 2.472 Å , are also in good agreement. 

The agreement between the experimental and calculated 

average Pb-O distances, 2.93(4) and 2.942 Å, is excellent. 

Finally, the experimental average C1-O and C2-O distances, 

1.29(4) and 1.31(4) Å, agree satisfactorily with the computed 

values, 1.292 and 1.294 Å, respectively. 

3.2.4.2 Hydrogen bonding 

There are two non-equivalent hydrogen bonds in the crystal 

structure of widenmannite. They are O6-H1···O2 and O6-

H1’···O4 and are clearly shown in Fig. 9. In both hydrogen bonds, 

the donor oxygen atom is the hydroxyl oxygen O6 belonging to 

the coordination polyhedra of Pb atom and the acceptor 

oxygens (O2 and O4) are equatorial oxygens from the uranyl 

hexagonal bipyramids. Therefore, the hydrogen bonds in 

widenmannite have the primary function of reinforcing the link 

between the uranyl carbonate chains and lead ribbons. The 

computed hydrogen bond parameters are given in Tables S.12 

and S.13. The hydrogen bond O6-H1’···O4 should be quite weak 

due to the large value of the H1’···O4 distance and the small 

hydrogen bond angle. 

 

 
Fig. 9. Hydrogen bonding in the computed crystal structure of widenmannite. 
In the image, many Pb-O bonds have been deleted to show the hydrogen 
bond network in a better way. Color code: U - Blue; Pb - Green; C - Gray; O - 
Red; H - White. 

 

3.2.4.3 X-ray diffraction pattern 

The positions of the most intense reflections in the theoretical 

and experimental X-ray diffraction patterns of widenmannite 

(CuKα  radiation) are given in Table S.14 of the ESI.† The 

differences between these positions are quite small, the largest 

deviation being ∆(2𝜃) ~ 0.7° for the [0 4 0] reflection.  
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3.2.5 Grimselite, 𝐊𝟑𝐍𝐚[(𝐔𝐎𝟐)(𝐂𝐎𝟑)𝟑] · 𝐇𝟐𝐎 

3.2.5.1 Crystal Structure 

A synthetic material with composition K3Na[(UO2)(CO3)3]  

was described by Mazzi and Rinaldi92 in 1962. However, the 

corresponding natural material, the mineral grimselite, was 

found eleven years later by Walenta.77 The natural mineral was 

found in the Aar massif, Grimsel area, Bern, Switzerland. Thus, 

the name of the mineral refers to the locality in which it was 

encountered for the first time. It contains one water molecule 

per formula unit, K3Na[(UO2)(CO3)3] · H2O and, therefore, it 

was believed that it was slightly different to the material 

synthetized by Mazi and Rinaldi,92 even although the same 

hexagonal space symmetry, 𝑃6̅2𝑐, and lattice parameters were 

proposed. Grimselite was subsequently described from 

Krunkelbachtal, Germany170 and Jáchymov, Czech Republic.171 

The synthetic analogue of grimselite was obtained again by Li 

and Burns79 in 2001 and, in this case, the presence of water in 

its unit cell was reported. The crystal structure of the synthetic 

analogue of grimselite was studied by Li and Burns79 which 

reported also hexagonal space symmetry (𝑃6̅2𝑐). The structure 

of the rubidium synthetic analogue of grimselite was 

subsequently determined by Kubatko and Burns172 in 2004. 

Thermodynamic and solubility data for grimselite have been 

published.3b,15-16 Although the crystal structures reported up to 

date for grimselite are consistent,79,86 the determination of the 

positions of the hydrogen atoms in the unit cell of grimselite has 

not been possible so far and are obtained in this work using 

theoretical methods. It must be noted that, according to the 

present calculations, although the space symmetry of the unit 

cell of grimselite without the hydrogen atoms is hexagonal, the 

space symmetry becomes triclinic (𝑃1) when the hydrogen 

atoms are included. 

The computed crystal structure of grimselite is shown in Fig. 10. 

It contains a single symmetrically unique uranium atom 

displaying uranyl hexagonal bipyramidal coordination. It also 

contains one symmetrically unique carbon atom and two 

symmetrically distinct monovalent atoms, potassium and 

sodium. Carbon shows the usual planar triangular coordination. 

Sodium is coordinated by eight oxygen atoms located at the 

vertices of a hexagonal bipyramid (Fig. 10.E). The potassium 

atom is coordinated by eight oxygen atoms and one water 

molecule (Fig. 10.F). There is only one water molecule per 

formula unit, which will be denoted as W5. The position of the 

water oxygen atom is partially filled with an occupation of 50%. 

The crystal structure of grimselite contains uranyl tricarbonate 

groups (Fig. 10.D) sharing one edge of each carbonate triangle 

with a different sodium hexagonal bipyramid (Fig. 10.B). The 

tricarbonate groups and the sodium polyhedra form 

heteropolyhedral layers parallel to plane (001), as shown in Fig. 

10.B. The layers are held together by sharing the apical vertices 

of the uranium and sodium bipyramids of two adjacent layers 

(Fig. 10.C). The voids in the heteropolyhedral layers contain 

potassium coordination polyhedral, which include the water 

molecules and strengthen the connection between the layers. 

The bond distances derived from the calculated crystal 

structure of grimselite are compared with the experimental86 

ones in Table S.15 of the ESI.† The experimental and computed 

average apical U-O distances are 1.785(8) and 1.823 Å, 

respectively. Similarly, the experimental and computed average 

equatorial U-O distances are 2.418(8) and 2.434 Å. The 

agreement between the experimental and calculated average 

Na-O distances, 2.615(8) and 2.631 Å, and K-O distances, 

2.826(9) and 2.817 Å, is satisfactory. Lastly, the experimental 

average C-O distance, 1.298(2) Å, is in good agreement with the 

computed value of 1.297 Å. 

 

 
Fig. 10. Computed crystal structure of grimselite: (A) View of a 3 × 3 × 3 
supercell from [001]; (B) Structural layer formed by uranyl tricarbonate layers 
linked by sodium hexagonal bipyramids; (C) View of a 2 × 2 × 2 supercell from 
[010] showing the connection between the sodium uranyl tricarbonate layers; 
(D) Uranyl tricarbonate group; (E) Sodium hexagonal bipyramid coordination 
polyhedron; (F) Potassium coordination polyhedron. Color code: U - Blue; K - 
Violet; Na - Pink; C -Gray; O - Red; H - White. 

 

3.2.4.2 Hydrogen bonding 

The hydrogen bonds in grimselite crystal structure are shown in 

Fig. 11. There is only one water molecule per formula unit in 

grimselite and only two non-equivalent hydrogen bonds. The 

computed hydrogen bond parameters are given in Table S.16 of 

the ESI.† These hydrogen bonds link the potassium coordination 

polyhedra with the carbonate triangles and, therefore, serve to 

reinforce the linkage between two successive heteropolyhedral 

sheets. 

3.2.5.3 X-ray diffraction pattern 

The positions of the most intense reflections in the theoretical 

and experimental X-ray diffraction patterns of widenmannite 

(CuKα  radiation) are given in Table S.15 of the ESI.† The most 

significant deviation between the computed and experimental 

positions is ∆(2𝜃) ~ 0.5° for the [3 1 2] reflection.  
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Fig. 11. Hydrogen bonding in the computed crystal structure of grimselite. 
Color code: U - Blue; K - Violet; Na - Pink; C - Gray; O - Red; H - White. 

 

3.2.6 Čejkaite, 𝐍𝐚𝟒[(𝐔𝐎𝟐)(𝐂𝐎𝟑)𝟑] 

3.2.6.1 Crystal Structure 

Čejkaite mineral was described for the first time as a new 

mineral by Ondruš et al.88 in 2003, although its synthetic 

trigonal analogue was already studied in 2001.80,87 The first 

mineral sample of čejkaite was found in Jáchymov, Western 

Bohemia, Czech Republic. Its name was chosen in honor of Jiří 

Čejka, for his outstanding contributions to the knowledge of 

uranium minerals and their spectroscopy. Čejkaite has been 

encountered at several localities worldwide as Rožná, Western 

Moravia, Czech Republic173 and in Mina Euréka, Pyrenees, 

Spain.174-175 Čejkaite was also found in sediments at the Hanford 

site, where it resulted from uranium soil contamination.58-59 It 

was also encountered as a weathering product on the surface 

of the Chernobyl lava.53 

The definitive monoclinic space symmetry and crystal structure 

of čejkaite was established in 2013 by Plášil et al.90 from single-

crystal X-ray diffraction data collected from a natural twinned 

microcrystal. In the previous studies,80,87-88 a triclinic unit cell 

had been reported. Catalano and Brown176 in 2004 provided 

information about the bond lengths in the uranium 

coordination polyhedron in čejkaite from the analysis of its 

EXAFS spectrum, and Čejka et al.89 in 2010 reported the Raman 

spectrum for čejkaite.  

There is one symmetrically independent uranium atom (U), 

three non-equivalent carbon atoms (C1, C2 and C3) and four 

sodium atoms (Na1, Na2, Na3 and Na4) in the unit cell of 

čejkaite.90 The uranium atom display uranyl hexagonal 

bipyramidal coordination. Three equatorial edges of the uranyl 

bipyramid are shared with three planar carbonate triangles 

(associated with C1, C2 and C3), as shown in Figs. 12.A and 12.C. 

Thus, as grimselite, čejkaite is an uranyl tricarbonate mineral. 

The equatorial plane of the uranyl tricarbonate groups are 

perpendicular to [001]. The sodium atoms are coordinated by 

six oxygen atoms forming highly distorted octahedra. The 

sodium polyhedra of Na2, Na3 and Na4 share one of its edges 

with the equatorial edges of uranium bipyramids which are not 

shared with the carbonate triangles, forming trigonal sodium 

uranyl tricarbonate units, as shown in Fig. 12.C. The sodium 

octahedra also share one of its vertices with Na1 polyhedra (see 

Fig. 12.A). The sodium octahedra associated with Na1 atoms 

share two opposite faces with two other Na1 octahedra leading 

to the formation of chains (or columns) arranged in the 

direction perpendicular to the plane of sodium uranyl 

tricarbonate units ([001]). These columns are shown in Figs. 

12.B and 12.D. From the sodium uranyl tricarbonate units and 

Na1 octahedra, complicated sodium uranyl-carbonate sheets, 

parallel to (001) plane, are formed in čejkaite as shown in Fig. 

12.E.  

 

 
Fig. 12. Calculated crystal structure of čejkaite . (A) View of the unit cell from 
[001]; (B) View of the unit cell from [100]; (C) A sodium uranyl tricarbonate 
group; (D) A Na1 column; (E) A sodium uranyl tricarbonate layer. Color code: 
U - Blue; Na - Pink; C - Gray; O - Red.  
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Table 2. Computed elastic constants of selected uranyl carbonate minerals. All the values are given in GPa. 

𝒊𝒋 
𝑪𝒊𝒋 

Roubaultite Fontanite Sharpite Widenmannite Grimselite Čejkaite Rutherfordine124 Bayleyite101 

11 125.33 92.00 197.71 123.46 66.50 106.37 272.60 32.08 
22 49.34 39.98 55.34 63.67 60.72 112.18 22.69 49.05 
33 59.10 1.43 48.82 63.31 55.36 47.01 178.07 46.91 
44 30.52 6.57 18.17 4.08 18.95 14.05 6.08 11.59 
55 16.38 20.20 0.54 10.99 19.28 16.58 66.90 11.35 
66 18.08 1.82 28.33 1.26 29.80 53.73 9.87 9.66 
12 30.08 6.04 -11.29 26.23 21.56 53.09 -7.61 20.95 
13 22.26 -5.27 -9.60 19.92 19.52 9.70 77.03 21.12 
14 2.25 0.0 0.0 0.0 0.68 0.0 0.0 0.0 
15 12.82 -2.82 0.0 0.0 0.05 -4.29 0.0 -2.43 
16 6.59 0.0 0.0 0.0 1.15 0.0 0.0 0.0 
23 27.68 14.32 25.95 16.10 18.83 9.35 -6.12 29.21 
24 6.04 0.0 0.0 0.0 0.83 0.0 0.0 0.0 
25 11.26 -0.72 0.0 0.0 -0.02 -2.24 0.0 -1.07 
26 2.84 0.0 0.0 0.0 -2.39 0.0 0.0 0.0 
34 13.69 0.0 0.0 0.0 1.52 0.0 0.0 0.0 
35 7.20 -7.14 0.0 0.0 -0.33 -4.41 0.0 -0.65 
36 5.97 0.0 0.0 0.0 -0.70 0.0 0.0 0.0 
45 10.09 0.0 0.0 0.0 -0.54 0.0 0.0 0.0 
46 5.39 -1.60 0.0 0.0 0.00 -1.45 0.0 -1.80 
56 14.33 0.0 0.0 0.0 0.01 0.0 0.0 0.0 

 

Table S.18 of the ESI† provides the most important computed 

interatomic distances between the atoms in the unit cell of 

čejkaite. The comparison of the experimental and computed 

average apical U-O distances, 1.86 and 1.840 Å, is quite 

satisfactory. The computed experimental and computed 

average equatorial U-O distances are 2.42 and 2.385 Å, 

respectively. The agreement between the experimental and 

computed Na-O distances for Na1, Na2, Na3 and Na4 is very 

good. The experimental values are 2.48, 2.39, 2.47 and 2.48 Å, 

and the calculated ones are 2.485, 2.448, 2.485 and 2.468 Å, 

respectively. The more significant difference is found for the 

Na2 octahedra, 0.06 Å, but for the Na1, Na3 and Na4 octahedra 

the differences are lower than 0.02 Å. Finally, the differences in 

the average C-O distances for the C1, C2 and C3 carbon atoms 

are smaller than 0.02 Å. 

3.2.6.2 X-ray diffraction pattern 

The positions of the most important reflections in the 

theoretical and experimental X-ray diffraction patterns of 

čejkaite (obtained using CuKα  radiation) are provided in Table 

S.19 of the ESI.† The larger difference between the computed 

and experimental positions is ∆(2𝜃) ~ 0.5° for the [0 0 4] 

reflection. 

3.3 Mechanical properties 

3.3.1 Elasticity tensors and mechanical stability 

The elasticity tensors of the six uranyl carbonates considered 

were computed at the corresponding energy-optimized crystal 

structures described in Section. 3.2. The elements of the matrix 

representations of the elasticity tensors, also known as elastic 

constants, are given in Table 2. In this table, the elastic 

constants of the rutherfordine and bayleyite uranyl carbonate 

minerals, determined in previous works,124,101 have been also 

included. In Table 2, the indices of the matrix elements of the 

elasticity tensor are expressed employing Voigt convention in 

which a pair of Cartesian indices are contracted into a single 

integer (𝐶𝑖𝑗  ;1 ≤ 𝑖, 𝑗 ≤ 6: xx→1, yy→2, zz→3, yz→4, xz→5, xy→6). 

The space-group symmetry of a given crystalline material 

determines the number of non-vanishing elements in its 

elasticity matrix, which are not related by symmetry.156,177 Since 

sharpite, widenmannite and rutherfordine have orthorhombic 

symmetry, their elasticity matrices have only nine non-

vanishing and symmetry-independent elements. For fontanite, 

čejkaite and bayleyite, with monoclinic symmetry, the elasticity 

matrix has thirteen non-vanishing elements. Finally, for 

roubaultite and grimselite, all the matrix elements are non-

vanishing (triclinic symmetry). 

In order to investigate the mechanical stability of the crystal 

structures of the uranyl carbonate minerals studied, the 

satisfaction of the generic Born mechanical stability condition 

was studied. The necessary and sufficient generic Born 

condition177-178 for mechanical stability of a given structure is 

that its elasticity matrix, 𝐶, must be positive definite, i.e., all its 

eigenvalues must be positive. All the elasticity matrices given in 

Table 2 were diagonalized numerically. All the eigenvalues of 

the elasticity matrices for the six minerals were seen to be 

positive and, therefore, they are mechanically stable.  
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Table 3. Computed mechanical properties of selected uranyl carbonate minerals. The values of the bulk, shear and Young moduli (𝐵, 𝐺 and 𝐸) are 
given in in GPa). 

Property Roubaultite Fontanite Sharpite Widenmannite Grimselite Čejkaite Rutherfordine124 Bayleyite101 

𝑩 Bulk modulus 43.75 18.18 32.04 39.53 33.26 39.34 17.90 27.52 

𝑮 Shear modulus 23.24 13.61 15.82 9.98 21.08 25.99 14.12 9.86 

𝑬 Young  modulus 59.24 32.67 40.76 27.62 55.20 63.89 33.53 26.43 

𝝂 Poisson's ratio 0.42 0.20 0.29 0.38 0.24 0.23 0.19 0.34 
𝑫 Ductility index 1.88 1.33 2.02 3.96 1.58 1.51 1.27 2.79 
𝑯 Hardness index 3.01 3.56 1.40 1.46 3.98 5.28 4.13 0.70 

𝑨𝑼 Universal anisotropy 19.63 2.57 54.64 14.13 0.18 2.08 13.28 0.32 

Table 4. Computed bulk modulus and pressure derivatives derived from the 4-BM EOS. The values of the bulk modulus computed from the elastic 
constants are given in the last row of the table for comparison 

Property Roubaultite Fontanite Sharpite Widenmannite Grimselite Čejkaite Rutherfordine124 Bayleyite101 

EOS 

𝑩 (𝑮𝑷𝒂) 42.67 ± 3.54 22.93 ± 1.12 26.80 ± 0.64 39.46 ± 0.82 32.22 ± 0.50 37.19 ± 0.55 19.03 ± 0.37 33.05 ± 0.81 
𝑩’ 1.39 ± 2.30 2.28 ± 0.89 5.86 ± 0.77 6.00 ± 0.89 2.08 ± 0.36 4.79 ± 0.49 15.34 ± 0.72 0.27 ± 0.77 

𝑩’’(𝑮𝑷𝒂−𝟏) 0.21 ± 0.38 -0.13 ± 0.20 -0.51  ±0.45 0.08 ± 0.44 0.21 ± 0.06 -0.01 ± 0.18 -7.44 ± 1.32 0.01 ± 0.07 

𝝌𝟐 0.088 0.017 0.004 0.002 0.002 0.002 0.003 0.003 

Elastic constants 

𝑩 (𝑮𝑷𝒂) 43.75 ± 1.45 18.18 ± 8.94 32.04 ± 4.85 39.53 ± 0.60 33.26 ± 2.15 39.34 ± 2.68 17.90 ± 0.40 27.52 ± 0.67 

 

3.3.2 Mechanical properties 

The mechanical properties of polycrystalline aggregates of the 

uranyl carbonate minerals studied were determined in terms of 

the computed elastic constants employing the Voigt,179 Reuss180 

and Hill181 schemes. For roubaultite and fontanite, the Voigt 

approximation gave the best comparison between the 

computed bulk modulus and the single-crystal bulk modulus 

extracted from the 4-BM EOS (see Section 3.3.3). For sharpite, 

widenmannite and čejkaite, the Hill approach worked better 

and, finally, for grimselite, the Reuss approach gave the best 

results. The computed mechanical properties using these 

approximations are reported in Table 3. The mechanical 

properties obtained for rutherfordine and bayleyite in previous 

papers124,101 are also included in Table 3. For these two 

minerals, the Reuss approach was found to be the best 

approach.124,101 

From the data given in Table 3, it follows that roubaultite, 

sharpite, widenmannite and bayleyite are ductile minerals 

because the computed ductility index is larger than 1.75.182-183
  

On the contrary side, fontanite, grimselite, čejkaite and 

rutherfordine are brittle (𝐷 < 1.75). According to the results, 

roubaultite, fontanite, grimselite, čejkaite and rutherfordine are 

minerals of intermediate hardness,184 čejkaite being the harder 

one (𝐻 = 5.3). Sharpite, widenmannite and bayleyite are weak, 

with values of the Vickers hardness smaller than 1.5. 

Roubaultite, sharpite, widenmannite and rutherfordine are very 

anisotropic minerals since the corresponding universal 

anisotropy indices185 are extraordinarily large, the case of 

sharpite being the most extreme one, because 𝐴𝑈= 54.6. 

Fontanite and čejkaite have also quite large mechanical 

anisotropies, but the corresponding indices are much smaller 

(2.6 and 2.0, respectively). Grimselite and bayleyite have very 

small universal anisotropy indices, 0.2 and 0.4, respectively.  

The large mechanical anisotropy of roubaultite, sharpite and 

rutherfordine124 is a direct consequence of their layered crystal 

structures. The bonding strength along the direction 

perpendicular to the structural layers, which are held together 

by hydrogen bonding in roubaultite and sharpite and van der 

Waals forces in rutherfordine,114,118,124 is much smaller than 

along the directions parallel to the plane of the layers and, 

therefore, these minerals are highly anisotropic. The case of 

fontanite, also displaying a layered crystal structure, is quite 

different because the uranyl carbonate sheets are directly 

bonded through covalent bonds between the interlayer calcium 

atoms and the uranyl apical oxygen atoms within the sheets. 

The same occurs in čejkaite, the bonding strength between the 

sodium uranyl-carbonate sheets being dominated by the 

presence of covalent bonds. The anisotropy of widenmannite is 

also substantial, although it has a framework crystal structure. 

However, again, the bonding strength along the 𝑦 and 𝑧 

directions in widenmannite is much smaller than along 𝑥 

direction and, as a consequence, the value of the matrix 

element of the elasticity matrix, 𝐶11, is more than two times 

those of 𝐶22 and 𝐶33 (see Table 2) For grimselite and 

bayleyite,101 the bonding character along the three spatial 

directions (dominated by covalent and hydrogen bonding types 

in grimselite and bayleyite,101 respectively) is analogous and, 

therefore, the diagonal elements of the elasticity matrix along 

the three directions, 𝐶𝑖𝑖  (𝑖 = 1,2,3), have very similar values.  
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3.3.2 Equations of state 

The crystal structures of the six uranyl carbonate minerals were 

optimized under the effect of seventeen different external 

hydrostatic pressures with values between -1.0 and 9.0 GPa. 

The obtained unit cell volumes and the corresponding pressures 

were then fitted to a 4-BM EOS164-166 

𝑃 = 3 𝐵 𝑓𝐸  (1 + 2𝑓𝐸)
5
2 [1 +

3

2
(𝐵′ − 4)𝑓𝐸  

+
3

2
{𝐵 𝐵′′ + (𝐵′ − 4)(𝐵′ − 3)

35

9
} 𝑓𝐸

2]           (1) 

where: 

𝑓𝐸 =
1

2
[(

𝑉0

𝑉
)

2
3

− 1]                                   (2) 

In Eq. (1) the fitting parameters (𝐵, 𝐵′ and 𝐵′′) are the bulk 
modulus and its first and second derivatives with respect to 
pressure. The values obtained for these parameters are 
collected in Table 4. In all the cases, the bulk moduli obtained 
from the 4-BM EOS and from the calculated elastic constants 
are in satisfactory agreement. 

3.3.3 Negative mechanical phenomena 

Due to the strong correlation between the values of the 

universal anisotropy index and the difference of the values of 

the minimum and maximum Poisson's ratios when all possible 

directions of the applied strain are considered,186,163 

roubaultite, sharpite, widenmannite and rutherfordine, are firm 

candidates to show negative values of the Poisson’s ratio, i.e., 

to display the negative Poisson's ratio (NPR) phenomenon.133-

134 Fontanite and čejkaite are also good candidates since  

𝐴𝑈~ 2. Furthermore, it has been observed158-162 that the 

presence of negative Poisson's ratios is frequently accompanied 

by the important negative linear compressibility (NLC) 

phenomenon.135-136 Therefore, the dependence of the 

mechanical properties of these minerals on the orientation of 

the applied strain was studied explicitly to analyze the possible 

presence of negative mechanical phenomena. 

No mechanical anomalies were found for grimselite, čejkaite 

and bayleyite. The mechanical behavior of bayleyite was already 

studied in a previous work.101 The dependence of the 

compressibility (the inverse of the bulk modulus), Young and 

shear modulus and Poisson's ratio of grimselite and čejkaite on 

the orientation of the applied strain is shown in the lower part 

of Fig. 13. Two-dimensional projections of the tridimensional 

representations of the elastic properties provided in Fig. 13 are 

given in Figs. S.1 to S.8 of the ESI.† As expected from the very 

low mechanical anisotropy of grimselite, the directional 

dependence observed in Fig. 13 is very low. For čejkaite, the 

mechanical properties are only slightly more dependent on the 

orientation than in grimselite, as was anticipated by the larger 

universal anisotropy index, but no mechanical anomalies are 

observed. 

As can be observed in Fig. 13, sharpite and widenmannite, 

display the NPR phenomenon. The minimum values of the 

Poisson's ratios as well as the corresponding directions of the 

applied strain are given in Table 5. The absolute value of the 

minimum Poisson's ratio in sharpite is extremely large, 1.72, in 

line with the large value of the computed value of the universal 

anisotropy index. The NPR effect in widenmannite is much less 

significant, the value of the minimum Poisson's ratio being 

𝜈𝑚𝑖𝑛 = −0.21. However, for sharpite and widenmannite, 

negative values of the compressibility are not observed. The 

mechanical behavior of rutherfordine mineral was shown to be 

very similar in a previous work.124 The minimum Poisson's ratio 

in rutherfordine was close to that of widenmannite −0.27. 

For roubaultite and fontanite, a highly anomalous mechanical 

behavior was found. Roubaultite displays the NPR 

phenomenon, the value of the minimum Poisson's ratio being, 

as in the case of sharpite, very significant (𝜈𝑚𝑖𝑛 = −1.73). 

Fontanite does not display negative Poisson's ratios. However, 

as shown in Fig. 14, both minerals exhibit negative values of the 

compressibility for a wide range of orientations of the applied 

strain. The directions of minimum compressibility for 

roubaultite and fontanite are (0.71, -0.28, 0.64) and (0.00, 0.00, 

1.00), respectively. 

Table 5. Minimum values of the Poisson's ratios in roubaultite, sharpite, 
widenmannite and rutherfordine. The directions for the associated 
longitudinal and transverse directions are also given 

𝝂𝒎𝒊𝒏 𝑼𝒎𝒊𝒏
𝑳  𝑼𝒎𝒊𝒏

𝑻  

Roubaultite 

-1.73 (0.17, 0.70, 0.69) (0.73, 0.38, -0.57) 

Sharpite 

-1.72 (0.28, 0.90, -0.34) (-0.67, 0.44, 0.60) 

Widenmannite 

-0.21 (0.48, 0.27, 0.83) (0.59, 0.60, -0.54) 

Rutherfordine124 

-0.27 (1.00, 0.00, 0.00) (0.00, 1.00, 0.00). 
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Fig. 13. Elastic properties of sharpite, widenmannite, grimselite and čejkaite as a function of the orientation of the applied strain: (A) Compressibility; (B) Young 

modulus; (C) Maximum shear modulus; (D) Maximum Poisson's ratio. For sharpite and widenmannite, displaying the NPR phenomenon, the surface of 

minimum Poisson's ratio is also shown (red surface). The maximum values of the compressibility, Young modulus, shear modulus and Poisson's ratio are: (A) 

Sharpite: 15.25 TPa−1, 194.91 GPa, 41.79 GPa and 2.43; (B) Widenmannite: 11.75 TPa−1, 109.67 GPa, 32.72 GPa and 1.06; (C) Grimselite: 12.12 TPa−1, 65.96 

GPa, 30.14 GPa and 0.35; (D) Čejkaite: 20.76 TPa−1, 128.26 GPa, 53.78 GPa and 0.52. 

 

 
Fig. 14. The compressibility of roubaultite and fontanite as a function of the 
orientation of the applied strain. The positive and negative values of the 
compressibility are plotted in green and red, respectively. The maximal values 
of the compressibility for roubaultite and fontanite are 45.88 and 62.60 
TPa−1, respectively.

3.3.3.1 The anisotropic NLC effect in roubaultite 

The unit cell of roubaultite was optimized under the effect of 

nine different anisotropic external pressures applied along the 

minimum compressibility direction. The computed unit-cell 

volumes, unit cell parameters and compressibilities are given in 

Tables S.20 and S.21 of the ESI.† The computed unit cell 

volumes and compressibilities are plotted as a function of the 

applied pressure in Fig. 15. As may be observed, the unit cell 

volumes increase for anisotropic pressures in the range from 

−0.023 to −0.014 GPa and, therefore, the volumetric 

compressibility, 𝑘𝑉 = −1/𝑉 · (𝜕𝑉/𝜕𝑃)𝑃 is negative in this 

pressure range. Thus, roubaultite displays the anisotropic NLC 

(ANLC) phenomenon.160-162 The compressibility is minimum at P 

= −0.017 GPa, 𝑘𝑉=−33.96 TPa−1.  
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Fig. 15. Unit cell volumes and compressibilities (𝑘𝑉 = −1/𝑉 · (𝜕𝑉/𝜕𝑃)𝑃) of 
roubaultite under the effect of different external pressures applied along the 

direction of minimum compressibility. 

3.3.3.2 The anisotropic NLC effect in fontanite 

The crystal structure of fontanite mineral was optimized under 

the effect of ten different anisotropic external pressures applied 

along the minimum compressibility direction, which in this case 

coincides with the [001] crystallographic direction. An increased 

plane wave kinetic energy cutoff of 1000 eV was employed in 

the calculations. The computed unit-cell volumes, unit cell 

parameters and compressibilities as a function of the applied 

external pressure are given in Tables S.22 and S.23 of the ESI,† 

and are plotted in Fig. 16. The unit-cell volume and parameters 

of fontanite show a large variation for an applied pressure near 

zero pressure (P ~ 0.001 GPa). The unit-cell volume increases 

by about 0.8% (~ 15.5 Å𝟑) at this pressure. While the variations 

that are shown in Fig. 16 may seem to correspond to a structural 

phase transition, a plot of the crystal structures at the pressures 

P =  −0.015 GPa and P = 0.019 GPa, given in Fig. S.9 of the ESI,† 

demonstrates that no topological changes in the bond structure 

of fontanite are produced by the application of small 

anisotropic pressures directed along the direction of minimum 

compressibility, although significant variations of the 

dimensions of the unit cell are observed. 

 

 
Fig. 16. Unit cell volumes, lattice parameters and compressibilities (𝑘𝑉 = −1/𝑉 · (𝜕𝑉/𝜕𝑃)𝑃) of fontanite under the effect of different external pressures 

applied along the direction of minimum compressibility.  
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3.3.3.3 The isotropic NLC effect in sharpite 

The study of the dependence of the mechanical properties of a 

given material on the orientation of the applied strain does not 

allow to recognize the presence of mechanical anomalies when 

the material is submitted to isotropic (or hydrostatic) pressures 

(uniform in all directions). Therefore, the optimized crystal 

structures obtained for the determination of the equations of 

state of the uranyl carbonate minerals studied in this paper (see 

Section 3.3.2), corresponding to these materials under the 

effect of a large number of isotropic pressures, were examined. 

The analysis showed that, with the exception of sharpite, all the 

uranyl carbonate minerals display a normal mechanical 

behavior under isotropic pressure, i.e., all the unit cell 

parameters decrease invariably under isotropic compression. 

However, for sharpite, as shown in Fig. 17, the 𝑎 lattice 

parameter increases from P = 0.023 GPa and P = 0.299 GPa. 

Therefore, sharpite exhibits the isotropic NLC (INLC) effect135-

136,158-162 in this pressure range. The computed unit cell volumes, 

parameters and compressibilities are given in Tables S.24 and 

S.25 of the ESI.† The compressibility along 𝑎 direction (𝑘𝑎 =

−1/𝑎 · (𝜕𝑎/𝜕𝑃)𝑃), is minimum at 0.185 GPa, 𝑘𝑎 = −22.32 

TPa−1. 

 
Fig. 17. Unit cell volumes, 𝒂 lattice parameters and compressibilities (𝒌𝒂 =
−𝟏/𝒂 · (𝝏𝒂/𝝏𝑷)𝑷) of sharpite under the effect of different external isotropic 
pressures.

4 Conclusions 

In this paper, the full crystal structures of the uranyl carbonate 

minerals fontanite, sharpite and grimselite, are determined for 

the first time using first principles solid-state methods based in 

Density Functional theory. This work is essential since the 

determination of the positions of the hydrogen atoms in their 

unit cells has not been possible so far due to the poor quality of 

their X-ray diffraction patterns. The energy-optimized crystal 

structures of the roubaultite, widenmannite and čejkaite 

minerals are also determined. The computed unit cell 

parameters and interatomic distances and angles are in good 

agreement with the available experimental information for the 

six minerals. Furthermore, the X-ray diffraction patterns are 

also consistent with the experimental patterns. The hydrogen 

bonding network present in the unit cells of the fontanite, 

sharpite and grimselite minerals are described in detail. 

The availability of the energy-optimized crystal structures of 

these important uranyl carbonate minerals allowed for the 

determination of the elastic tensors and equations of state of 

these minerals using the first principles methodology. From 

them, an extended set of mechanical properties of these 

minerals were computed. This set includes the bulk, Young and 

shear moduli, the Poisson's ratio, ductility, hardness and 

anisotropy indices and the first two derivatives of the bulk 

modulus with respect to pressure. Four of these minerals, 

roubaultite, fontanite, sharpite and widenmannite, are shown 

to have very large mechanical anisotropies and to exhibit 

anomalous negative mechanical phenomena under the effect of 

small external hydrostatic or anisotropic pressures. The 

knowledge of the full crystal structures of these minerals should 

allow for the determination of the vibrational spectra and 

additional physico-chemical properties of these minerals by 

using theoretical methods, providing new information relevant 

for their identification and for improving our understanding 

about the paragenetic sequence of uranium minerals arising 

from the oxidative dissolution processes occurring in uranium 

ore deposits and from corrosion of spent nuclear fuel in nuclear 

waste repositories.  
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