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ABSTRACT
The previously published crystal structure study suggested that haiweeite is
orthorhombic, Cmem, with a=7.125(1), b=17.937(2), c = 18.342(2) A and V = 2344.3(7)
A%, and an ideal chemical formula Ca[(U0,),2S15012(0OH)2]-3H,0, with Z = 4. Using single-
crystal X-ray diffraction and electron microprobe analysis we re-examined haiweeite from the
Teofilo Otoni, Minas Gerais, Brazil. Our diffraction experiment provided weak reflections
responsible for doubling of the b cell parameter (for the current space-group settings), leading
finally to the choice of a different space group. Haiweeite is thus orthorhombic, the space
group Phcn, with the unit cell parameters a= 18.3000(5), b= 14.2331(3), c = 17.9192(5) A,
V =4667.3(2) A’, and an ideal formula Ca[(UO,),(Si030H)y(Si30¢)]-6H,0 (6.25 H,0
inferred from the thermal analysis; 7.50 H,O from the structure model), with Z= 8. The
structure refinement yielded Ryps = 0.0512 for 2498 observed reflections [l4bs > 30(1)] and Ry
=(.1286 for all 6117 unique reflections. Structure solution confirmed by refinement provided

a structure model with full occupancies for U, Si and Ca atoms, contrasting to previous

average structure model. Although the general topology of our structure resembles that
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reported previously, all Si and O sites in our structure are fully occupied, in contrast to the

previous structure determination.

Keywords. haiweeite, uranyl silicate, sheets of polyhedra, crystal structure, X-ray diffraction

Running title: The revision of haiweeite

INTRODUCTION

Haiweeite was firstly found in 1959 at Coso Mountains, California, near the Haiwee
Reservoir and described as a new mineral species by McBurney and Murdoch (1959). They
ascribed a chemical formula Ca(UO,),Sic0;5-5H,0, Z =2, to it. Based on Weissenberg
photographs they inferred haiweeite to be probably monoclinic, with the space group P2/c,
and unit-cell parameters a=15.4, b=7.05, c=7.10 A and p = 107.52°. Since that find,
haiweeite has been found on many localities in the world. Namely, exceptional specimens of
haiweeite originate from Brazil pegmatite localities, such as Minas Gerais or Sdo Paulo. First
structure determination was done by Rastsvetaeva et al. (1997) using X-ray single-crystal
diffraction data on a twinned microcrystal. The reported crystal structure involved a new type
of sheet of uranyl pentagonal bipyramids and silicate tetrahedra. However, their model could
not be fully refined resulted in R-factor of 11.8% (using the space group P2,2,2,) and unit
cell dimensions a= 14.263(3), b=17.988(3), c = 18.395(3) A. Later, Burns (2001) reported a
full structure determination for a haiweeite crystal from Teofilo Otoni, Minas Gerais, Brazil.
The crystal structure was refined to R; = 4.2% for 1181 unique observed reflections [|F,| <
46(F)], for orthorhombic Cmcm space group, with a=7.125(1), b=17.937(2), c= 18.342(2)
A and V =2344.3(7) A’ with Z= 4, and resulted in structure formula
Ca[(U0,),:Si5012(0OH),](H20);. Despite of the lower R-factor and at the first glance

reasonable structure solution, the crystal structure contains few peculiar features similar to
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those reported by Jackson and Burns (2001) for weeksite, which has been later revisited by
Fejfarova et al. (2012). Crystal structure of haiweeite provided by Burns (2001) contains few
Si and O sites, which are populated by 50% and 25%, respectively, indicating that the model
is actually just a representation of an average structure. Also the coordination of the Ca atom
yielded a strongly distorted octahedron, which is less usual in the oxysalts containing Ca®".
Our study presents a novel determination of the haiweeite structure from single-crystal X-ray
diffraction data. The refinement of the crystal structure of haiweeite was performed for the

orthorhombic space group Pbcn.

EXPERIMENTAL METHODS

The haiweeite sample used in this study originates from the Teofilo Ottoni, Minas Gerais, Brazil. Its
chemical composition (Table 1) was analyzed using a Cameca SX100 electron microprobe at Masaryk
University, Brno, with an operating voltage of 15 kV, 10 nA current, and 8§ um beam diameter. The following
X-ray lines, crystals, and standards were selected to minimize line overlap: Ka lines: Si (TAP, titanite), Ca
(PET, titanite), K (PET, sanidine); and M lines: U (LPET, U metal). Peak counting times were 10—-20 s for
major elements and 40—60 s for minor or trace elements. Counting time on background was half of peak
counting times. The measured intensities were converted to element concentrations using the “X-PHI”
correction routine (Merlet 1994). Thermal analysis (TGA) of haiweeite was performed on Stanton—Redcroft
Thermobalance 750 using a sample of the weight 3.937 mg, heating rate 10 °C/min and a dynamic air
atmosphere (10 ml/min).

The long prismatic haiweeite crystal, of the yellow color, having dimensions 0.352 x 0.049 x 0.023
mm®, was selected and examined using an Oxford Diffraction Gemini single-crystal diffractometer equipped
with the Atlas CCD detector and a monochromated MoKao radiation from the sealed X-ray tube, collimated with
fibre-optics Mo-Enhance collimator. Pre-experiments provided similar unit-cell parameters matching those
reported by Burns (2001), however by careful inspection of the frames, the weak additional reflections were
found, therefore an extended exposure (2x100 sec per °) was set during the full data collection. These reflections
were found to be responsible for a doubling of the a parameter (the total of 4462 observed measured reflections

with average I/6(l) = 1.15). The refined unit cell parameters are: a= 14.2331(3), b=17.9192(5), c = 18.3000(5)
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A, with V =4667.3(2) A*. Along with the reflections responsible for doubling of the unit cell volume, additional
weak reflections were found on the frames. Analysis showed, that these weak reflections might adhere to the
split crystals. The twinning matrices describing four twin domains were introduced into the later refinement,
however, they were not followed by the better R-factor and did not affect the difference Fourier maxima /see
below/. Finally, diffuse scattering effects (as streaking of some reflections) appeared at the diffraction frames.
They might be connected with some short-range ordering of e.g. Ca atoms. An empirical absorption correction
applied during the data reduction using the program CrysAlis (multi-scan in ABSPACK3, CrysAlis RED,
Agilent Technologies 2010) led to the internal R-factor 0.0749 for orthorhombic mmm Laue symmetry.
Structure was solved using the charge-flipping algorithm of the Superflip program (Palatinus and Chapuis
2007). Based on reflections conditions P cell was chosen leading to the orthorhombic unit cell Pbna, which was
further transformed to the standard setting of the space group Pbcn. For the structure refinement software
JANA2006 (Petiicek et al. 2006) was utilized. Details of the data collection and the structure refinement are
listed in Table 2. The refinement of the structure proved that in the chosen space group, different from that
proposed by Burns (2001), all problematic disorders on SiOy tetrahedra disappear. During the structure
refinements U, Si and Ca sites were assumed to be fully occupied, as indicated by the chemical analysis and
later confirmed by the refinement. Occupation factor of the O25 was set to 25% (50% of its refined occupancy)
due to the fact that the separation distance to the symmetrically equivalent position is low (~2.4 A). Final
refinement provided very prolate ADP ellipsoids for atoms 020, 021, 024 and O26; they were treated as split
into the two positions (020 and 020°, 021 and 021°, 024 and 024’°, 025 and 025°, 026 and 026°). Except
026 and 026’ atoms, each pair has 50% occupancy and was refined with isotropic displacement parameters.
The refinement, based on F>, converged with the final Ry,s = 0.0512, WRy,s = 0.1221 and GOF (obs) = 1.84 for
2498 observed [ls>30(1)]. Final atomic coordinates and displacement parameters are given in Table 3 and
selected bond distances in Table 4. The final difference Fourier analysis provided quite high values of 9.70 eA™
/with the two highest peaks located very close, 0.21 A, to both U1 and U2 atoms however, with a very small
charge — the highest has 0.270/. We found, that introducing the twins (belonging to the split crystals) into the
refinement, lead neither to a better fit to the data, nor to the vanishing of spurious Fourier peaks. Moreover, we
suppose, that these maxima are connected with Fourier synthesis artifacts, because they are present in F .
(checking Fourier) maps at the same position as in the difference Fourier maps. When modeling the calculated

structure from the data to high diffraction vectors, the highest maxima disappear then.
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112 RESULTS

113 WDSstudy and thermal analysis

114 The accepted chemical formula of haiweeite in the current IMA mineral list is

115  Ca(U0,),Sis012(OH),-3H,0, based on the structure given by Burns (2001). However, current
116  structure refinement indicated that the studied crystal contains more H,O than previously

117  reported (see below). The chemical composition of the studied haiweeite crystal (Table 1) can
118  be expressed by the empirical formula (Ca; ¢1K0.02)1.03[(UO2)2.00S14.90012(OH),]-6.28H,0 (see
119  the thermal analysis), or simplified as Ca(UQO;)»(Si5012)(OH),-6H,0. The major difference
120 between the two simplified formulas lies in the H,O content.

121 Haiweeite dehydrates and dehydroxylates in four partly overlapping steps: 1) release
122 of 2.81 H,O (4.75 wt% up to 88 °C); 2) 1.05 H,O (1.78 w% to 133 °C); 3) 1.20 H,O (2.03
123 wt% 38 °C), 4) 2.22 H,O = 1.22 H,0O + 2 OH (3.76 wt% to 614 °C). They are followed by
124 release of some oxygen (0.51 wt% which corresponds to ~0.19 O;) from formation of

125  calcium diuranate (up to 900 °C). The total weight loss from the TG is 12.83 wt%, which
126  corresponds to the sum of 7.28 H,O (including ~2 OH groups) and ~0.19 O,. Endproducts of
127  the thermal decomposition are CaU,0O7 and amorphous SiO,. The difference between

128  expected theoretical content of water molecules and hydroxyl groups (theoretical molecular
129  weight of haiweeite containing 3 H,O + 2 OH is 1000.633) and that experimentally observed
130 (molecular weight of haiweeite studied is 1065.207) prove that studied haiweeite contains
131  more H,O than was accepted before, i.e. approximately 7.28 H,O.

132

133 Crystal structure

134 The basic features of the haiweeite structure determined from this study are quite

135 similar to those reported by Burns (2001). There are two symmetrically distinct U®" sites,

136  coordinated by two strongly bonded O atoms to form UO,*" and additionally by five O atoms
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arranged at the equatorial vertices of pentagonal bipyramid. The (UO,)Os pentagonal
bipyramids share equatorial edges to form chains parallel to [010], which in turn share edges
with SiOy tetrahedra (staggered along the chain length). Adjacent chains of uranyl polyhedra
and silicate tetrahedra are cross linked forming sheets parallel to (001) by sharing corners
with the Si3 and Si4 tetrahedra (Fig. 1). The Sil, Si2, Si3 and Si5 tetrahedra share vertices,
forming four-membered rings, with linkage between the rings provided by the vertex sharing
with the Si4 tetrahedron (Fig. 1). Two of the tetrahedra contain protonated oxygen atoms O6
(Si3) and O10 (Si5) as is indicated by the bond-valence analysis (Table 5).

In the structure of haiweeite, there is one unique Ca atom, [8]—coordinated as a
distorted square antiprism by O atoms and H>O (when considering unsplit O sites). Ca—
polyhedra share edges forming dimers of the composition Cay(Ouyr2)2(H20);2 in the interlayer
(Fig. 2). The adjacent urany] silicate sheets are linked through the dimers of Ca-polyhedra,
where O7 (Ur) is coordinated to both the sheet and Ca atom. In the structure there are twelve
O positions (including five split-sites) adhering to the molecular H,O (Table 5), three of them
(1+1 split site) are not coordinated to any cation and holds in the structure only by hydrogen
bonds as indicated by the bond-valence analysis (Table 5). The O...O separation distances
found in the structure (Table 4) are quite characteristic for hydrous species bonded by
hydrogen bonds. The H-atoms belonging to OH groups, which were not determined by the
current refinement, are located at the apical oxygen atoms O6 and O10 (Table 5), which are
oriented towards the interlayer (Fig. 2).

Experimental structural formula of haiweeite obtained from the refinement and bond-

valence analysis (Table 5) is *\Ca(U0,)2(Si0O30H)(Si306)(H20)75, Z = 8.

DiscussiON

Crystal structure of haiweeite is built upon sheets of uranyl pentagonal bipyramids and
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silicate tetrahedra, which are topologically different from uranophane group of minerals
(Burns 2001, 2005), due to a different way of linkage between uranyl bipyramids and
tetrahedral units. The structural sheets found in haiweeite are topologically identical to those
found in weeksite (Burns 2005; Fejfarova et al. 2012), but in latter, sheets are connected to
form a framework due to the sharing of oxygen atoms at the vertices of silicate tetrahedra.

Despite of general similarities between current structure determination and structure
provided by Burns (2001), there are some significant differences. As was mentioned in the
introduction, previous structure determination identified few atomic sites /Si(3), Si(4) and
0(6), O(8), O(9), OH(10), HO(11), H,O(12), H,O(13); labeling is after Burns 2001/, which
are 50% or 25% occupied. Burns (2001) noticed, that there was no evidence for twinning in
the structure, and he commented the model to be representation of an average structure. By
the current study we found the b cell parameter to be doubled, with the weak reflections
responsible for that. Burns (2001) noted that the crystal was checked for doubling the
corresponding unit cell parameter (parameter a in that case) using an APEX detector. Though
careful inspection no significant reflections were observed that would require the doubling of
the one parameter. The crystal used by Burns (2001) for the structure determination was
considerably smaller (about six times in crystal volume) than the one used in the current
study. We consider that this may be the reason why the weak reflections were not observed
by the previous study.

Our choice of the unit cell is similar to that of Rastsvetaeva et al. (1997), however,
based on reflection conditions the different orthorhombic space group was chosen. The
refinement of the current structure model provided full site-occupancies for all atomic sites,
which were described by Burns (2001) as disordered with lowered occupancies, except these
belonging to molecular H,0. The current solution provided coordination of Ca*" in the

interlayer as distorted [8]—fold coordination polyhedra, forming dimers, compared to the
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187  previous model, possessing strongly distorted octahedron. This is reflected in different

188 number of water molecules coordinated to Ca*". In the case of the current study, we inferred
189  6.28 H20 from thermal analysis and 7.50 H,O corresponding to the O sites belonging to

190  hydrous species in the structure model. Due to the fact, that refinement of occupational

191  factors for O atoms in presence of heavy-scattering U atoms (and only poor absorption

192 correction) may provide misleading results, the site occupancies for O atoms of the H,O

193 groups were not refined. The question of possible variability in H,O content remains open as
194  well as the related issue concerning the stability of such structures. It is also possible, that
195  haiweeite structure can posses [6]—coordinated Ca, with 3H,O in the interlayer and with same
196  composition of the sheets as in case of current study. Let’s try to elucidate these questions
197  using simple considerations resulting from the bond-valence approach (according to

198  Schindler and Hawthorne 2008).

199 Structural sheets in haiweeite of the composition [(U02)2$i5012(OH)2]27 found by

200  Burns (2001) and confirmed by current study, are characterized by CDA (charge deficiency
201  per anion) value of 0.13 vu. The Lewis basicity characteristic for the sheet of such

202  composition was calculated to be in the range 0.13—0.24 vu; this value is similar to the

203  uranophane group of minerals (0.15-0.25 vu) and to kasolite (0.19—0.25 vu) (Schindler and
204  Hawthorne 2008). Corresponding Lewis acidity of the interstitial complex in haiweeite, while
205  calculating [8]-Ca and seven H,O, is 0.16 vu, thus within the range of Lewis basicity of the
206  structure sheets. In that case all transformer (H,O) groups are considered to be fully occupied,
207  in the reality value of the Lewis acidity will be higher. The bond-valence distribution factor
208 D, which is the ratio between the number of anions in the structural unit and the number of
209  bonds emanating from interstitial cations plus OH groups of the structural unit, determines
210  the number and the type of H,O groups in the interstitial species (Schindler and Hawthorne

211 2008). Consequently, this parameter can be used as a measure of degree of polymerization of
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212 the structural units, because less polymerized sheets (lower density of bond-valence

213 acceptors) contain fewer H,O in interlayer and vice versa (Schindler and Hawthorne 2008).
214  Note that e.g., number of OH at the structural unit and number of bonds from interstitial are
215  not mutually independent values. The factor D was used by Schindler and Hawthorne (2008)
216  to predict total number of H,O and also number of transformer H,O groups in the interlayer.
217  Calculated values of D, total number of predicted H,O, number of predicted transformer H,O
218  and number of observed H,O for haiweeite and other uranyl silicates are given in Table 6. We
219  can read out from the table that with increasing D, as the measure of the polymerization of the
220  sheets, the H,O content (either calculated or observed) in the interlayer also increases. The
221 Ca*' cation in solids usually has the coordination number of [6], [7] or [8]. Burns (2001)

222 reported that Ca®” in haiweeite has a distorted octahedral coordination. In such case,

223 according to BV calculations, there should be in total nine H,O (including at least five

224  transformer H,O) to transfer bond-valence from interstitial to acceptors in the structure

225  sheets. Burns (2001) gave sum of three H,O based on the refinement. In case that all of these
226  three (H,O) will be transformer groups, resulting in six bonds from H atoms to the acceptors,
227  still at least two transformer (H>O) groups will be needed in order to mediate bond-valence
228  from cations to anions. These H,O groups are missing in the model of Burns (2001).

229  Conversely, calculations based on the current structure determination, which provided Ca’’ in
230  adistorted [8]—fold coordination, suggest that six H,O should be present, three transformer
231  groups and three non- or inverse-transformer H,O. Current structure model involves seven O
232 sites, where two shared oxygen atoms (O18) belong to non-transformer H,'*'0, five

233 remaining sites to transformer and non-transformer H,O. The decrease of H,O content, and
234 thus some restricted variability in it, may be possible for haiweeite, but if so, it should be

235  connected to some change in the composition of the sheets, especially in the OH content.

236
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FIGURE 2. Crystal structure of haiweeite in the view along [010]. Adjacent sheets of uranyl
pentagonal bipyramids and silicate chains (labeled) are linked through the sharing of dimers
of Ca—polyhedra (purple) in interlayer. Labeled are atoms belonging to OH groups (06, O10)
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TABLE 1. Results of electron microprobe analyses (in wt%) of haiweeite

This work McBurney and Murdoch (1959)°

Constituent Mean Range St.dev.  Det. lim.

K0 0.11 0.04-0.22 0.05 0.05 —
CaO 5.72 5.59-5.87 0.09 0.01 54
SiO, 30.34 29.78-30.89 0.37 0.05 33.1
Uo; 58.01 57.34-59.55 0.76 0.30 52.8
H,O* 13.19 8.7
Total 107.38"  93.61-95.74 100.0
K 0.023 -
Ca 1.005 1.0
> M site 1.028 1.0
Si** 4.974 6.0
uo; 1.998 2.0
H,O+OH 7.212 5.2

7123

Mean — Mean of 6 representative analyses; coefficients of the empirical formula were calculated on the basis of (Si+U+K+Ca) =8 O

apfu

Range — Range of 6 representative analyses

St.dev. — Standard deviation of the 6 analyses (in wt%)
Det. lim. — detection limit (in wt%)

H,O — Water content (in wt%) derived from the content of 7.28 H20 (H,O+OH) inferred from the thermal analysis of haiweeite

# — High total affected by the uneven surface of the polished section, partial loss of molecular water under the vacuum and a beam-

damage during analysis

$ — Empirical formula calculated on the basis of 9 apfu reported in the primary reference
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TABLE 2. Summary of data collection conditions and refinement parameters for

haiweeite

Crystal data

Structural formula
Space group

a (A)

b (A)

c (A)

V (A%

z

Calculated density (g/cm?®)
u (mm™), correction type
Tmin/Tmax

Crystal size (mm)

Data collection

Radiation, wavelength (A)

6 range for data collection (°)

h, k, I ranges

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

Unique reflections

Unique observed reflections [lops>306(1)]
Data completeness t0 Omax (%), Rint

Structure refinement by JANA2006
Refinement method

No. parameters, constraints, restraints
Weighting details

R1, WR; (obs)

R1, WR> (aII)

GOF on onbslon an”

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

Ca(UOQ)z(Si5012)(OH)2'7.5H20
Pbcn
18.3000(5)
14.2331(3)
17.9192(5)
4667.3(2)

8
3.08
14.42, multi-scan
0.6799/1.0000
0.352x0.049x0.023

MoKa, 0.71073
2.857 — 29.356
-25<h<23, -18<k<19, -23<I<24,
o, 1.0, 100
71814
6117
2498
99.75, 0.0749

Full-matrix least-squares on F?
189, 5,0
o, w = 1/(a%(l) + 0.0016/%)
0.0512, 0.1221
0.1286, 0.1505
1.84/1.42

9.70, -3.56
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TABLE 3. Atomic coordinates, site occupancies and atomic dlsplacement parameters (in Az) for haiweeite.

Atom X y z Ued/ Uiso™ u't u* u* u® u® u>
U1 0.24799(2)  0.12566(5)  0.034427(19)  0.01044(12)  0.0202(2)  0.00590(19)  0.00521(19)  0.00036(17)  -0.00001(18)  -0.0003(4)
U2 0.25411(2)  0.37558(6) 0.13863(2)  0.00964(12)  0.0174(2)  0.00550(19) 0.0060(2)  0.00020(17)  0.00013(17)  -0.0006(4)
Ca 0.01502(16) 0.8775(2) 0.13941(17) 0.0328(9) 0.0235(14) 0.0358(16) 0.0391(16)  -0.0045(15) 0.0043(12) -0.0085(18)
Si1 0.24794(18) 0.3757(4)  -0.03695(15) 0.0120(9) 0.0249(18) 0.0058(13) 0.0053(13) 0.0023(13) -0.0043(14) -0.001(3)
Si2 0.25733(19) 0.1249(4) 0.20948(16) 0.0155(9) 0.034(2) 0.0060(13) 0.0061(13)  -0.0011(17) -0.0019(13) 0.000(2)
Si3 0.1518(2) 0.1765(2) 0.3346(2) 0.0188(11) 0.023(2) 0.0167(19) 0.016(2)  -0.0042(15) -0.0017(16)  0.0033(16)
Si4 0.2257(2) 0.3761(3) 0.33566(16) 0.0162(9) 0.0308(18) 0.0096(15) 0.0083(16) -0.001(2) 0.0002(12) -0.0013(18)
Si5 0.6434(2) 0.0704(2) 0.1641(2) 0.0168(11) 0.024(2) 0.0146(18) 0.0116(19) 0.0015(15) 0.0011(15)  0.0015(16)
01 0.3209(5) 0.3724(8) -0.0906(5) 0.026(2)
02 0.1575(5) 0.3700(7) 0.1472(5) 0.024(2)
03 0.1874(5) 0.1228(7) 0.2640(5) 0.025(2)
04 0.2445(4) 0.2879(7) 0.0201(6) 0.015(3)
05 0.2532(4) 0.0383(8) 0.1541(6) 0.013(3)
06 0.0648(5) 0.1658(7) 0.3307(5) 0.033(2)
o7 0.3521(4) 0.3793(7) 0.1275(4) 0.0206(19)
08 0.3295(5) 0.1240(7) 0.2613(4) 0.0233(19)
09 0.2745(5) 0.3783(7) 0.2613(5) 0.025(2)
010 0.5547(5) 0.0806(7) 0.1601(5) 0.034(3)
011 0.2494(4)  -0.0369(7) 0.0179(6) 0.016(3)
012 0.2604(5) 0.2135(8) 0.1534(6) 0.020(3)
013 0.1708(6) 0.2849(6) 0.3323(5) 0.029(2)
014 0.2717(5) 0.3746(7) 0.4112(5) 0.026(2)
015 0.1772(5) 0.3762(8) -0.0930(5) 0.025(2)
016 0.0480(7) 1.0429(8) 0.1545(7) 0.062(4)
017 0.1672(5) 0.4632(6) 0.3355(5) 0.029(2)
018 -0.0796(7) 0.9273(9) 0.2290(7) 0.066(4)
019 -0.0940(8) 0.7925(7) 0.1114(6) 0.053(3)
020" 0.0474(18) 0.812(2) 0.0137(18) 0.090(7)
020 0.0374(17) 0.874(2) 0.0080(17) 0.090(7)
021* 0.0531(13)  0.7134(16) 0.1513(13) 0.051(5)
021* 0.0463(13)  0.7258(16) 0.1929(13) 0.051(5)
022 0.1504(5) 0.1248(7) 0.0458(4) 0.0226(19)
023 0.3452(5) 0.1270(7) 0.0257(4) 0.0226(19)
024* 0.075(2) 1.022(2) -0.0745(17) 0.086(7)
024* 0.054(2) 1.016(2) -0.0446(17) 0.086(7)
025* 0.470(2) 0.002(3) 0.056(2) 0.147(11)
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0257 0.486(2) -0.110(3) 0.160(2) 0.147(11)
026" 0.458(4) -0.206(4) 0.051(3) 0.064(11)
026 0.451(4) -0.181(4) 0.018(3) 0.064(11)

Occ. — site occupancy; # atomic site is 50% occupied; Ueq is defined as a third of the trace of the orthogonalized U’ tensor
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TABLE 4. Selected interatomic distances (in A) for the structure of haiweeite.

U1 U2 Ca
U1-022 1.796(9) U2-02 1.776(9) Ca-O7" 2.442(8)
U1-023 1.786(9) U2-07 1.805(7) Ca-016 2.445(12)
U1-04 2.324(10) U2-04 2.470(11) Ca-018 2.465(13)
U1-05 2.481(11) U2-05 2.336(11) Ca-018" 2.731(13)
U1-011 2.333(10) U2-09 2.230(9) Ca-O19 2.386(11)
U1-012 2.482(11) U2-011 2.497(11) Ca-020 2.49(4)
U1-014’ 2.237(9) U2-012 2.325(11) Ca-020’ 2.39(4)
<U1-0y> 1.791 <U2-Oy> 1.791 Ca-021 2.45(3)
<U1-Og¢> 237 <U2-Ogy> 2.37 Ca-021’ 2.43(3)
Ca-024" 2.48(2)
Ca—024" 2.60(3)
<Ca-0> 2.48
Si Si2 Si3
Si1-01 1.647(10) Si2-03 1.610(10) Si3-01 1.591(10)
Si1-04 1.615(11) Si2-05 1.584(12) Si3-03 1.615(10)
Si1-011" 1.586(11) Si2—08 1.615(9) Si3-06 1.601(10)
Si1-015 1.638(10) Si2-012 1.614(12) Si3-013 1.582(9)
<Si1-0> 1.62 <Si2-0> 1.61 <Si2-0> 1.60
Si4 Si5
Si4-09 1.605(10) Si5-08" 1.617(9)
Si4-013 1.643(10) Si5-010  1.631(10)
Si4-014 1.594(10) Si5-015""  1.607(10)
Si4-017 1.638(10) Si5-017* 1.587(9)
<Si1-0> 1.62  <Si5-0> 1.61 |
01-03 2.611(13) 07-020" 2.88(4) 018-024" 2.87(4)
01-04 2.709(14) 07-020" 2.95(4) 019-024™ 2.75(3)
01-06' 2.581(13) 07-021" 2.97(3) 019-026"" 2.93(6)
01-011" 2.665(14) 08-010" 2.618(13) 020-020’ 0.91(4)
01-013' 2.635(14) 08-012 2.638(13) 020-021 2.82(4)
01-015  2.631(13) 08-015" 2.614(11) 020-026"" 2.54(6)
01-024" 2.87(3) 08-017" 2.648(13) 020-026™" 2.65(6)
02-05' 2.902(14) 08-021" 2.97(2) 020-024 2.65(4)
02-09 2.963(13) 09-013 2.643(13) 020-024" 2.78(5)
02-012  2.919(14) 09-014 2.687(13) 020-024 2.24(4)
02-025" 2.65(4) 09-017 2.662(13) 020'-024" 2.37(5)
02-026' 2.93(6) 09-018%  2.765(16) 020'-026"" 2.99(6)
03-05 2.603(14) 010-015"1  2.617(13) 021-021" 0.79(3)
03-06 2615(13) 010-017"  2.653(13) 021'-021"" 2.65(3)
03-08 2.601(13) 010-021" 2.73(3) 022-024* 2.94(4)
03-012 2.716(14) 010-021" 2.83(3) 022-024™ 2.86(4)
03-013 2.629(13) 010-025 2.67(4) 023-025 2.95(4)
04-011" 2.496(14) 011-015"  2.699(14) 024-024" 0.65(5)
04-012 2.629(15) 011-022 2.970(13) 024'-024" 2.59(5)
04-015 2.684(14) 011-023 2.921(13) 025-025" 2.29(5)
04-022 2.925(13) 013-014 2.653(13) 025-025’ 2.48(6)
04-023 2.941(13) 013-017 2.539(12) 025-026 2.97(7)
05-08 2.670(13) 014-017  2.662(13) 025-026’ 2.71(7)
05-011 2.666(15) 014-019%  2.751(14) 025-026 2.40(7)
05-012 2.497(16) 014-022"  2.799(12) 025-026’ 2.78(7)
05-022 2.970(13) 014-023"  2.964(12) 026-026' 0.70(8)
06-013 2.575(13) 015-017%  2.627(14)
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06-016" 2.720(15) 0O15-019  2.862(15)
07-09 2.787(12) 016-018"  2.720(18)
07-011" 2.955(12) 016-022""  2.946(15)
07-012 2.933(14) 016-024" 2.83(4)
07-016" 3.000(15) 016-024"" 2.83(4)
07-018" 2.940(15) 018-019 2.862(16)

Symmetry codes: (i) -x+1/2, -y+1/2, z-1/2; (i) -x+1/2, y+1/2, z; (iii) —x, y, —z+1/2;

(iv) =x, =y+2, =z; (v) =x+1/2, =y+1/2, z+1/2; (vi) =x+1/2, y=1/2, z; (vii) -x+1, y, —z+1/2;
(viii) x+1/2, —y+1/2, =z; (ix) x+1/2, y=-1/2, —=z+1/2; (x) =%, y—-1, —z+1/2; (xi) X, —=y+1, z=1/2;
(xii) =x, =y+1, =z; (xiii) x, y+1, z; (xiv) x=1/2, —y+1/2, —=z; (xv) X, y—-1, z; (xvi) -x+1, -y, -z
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TABLE 5 Bond-valence analysis for haiweeite.

U1 U2 Ca Si1 Si2 Si3 Si4 Si5 >BV  Assignment

o1 0.94 1.09 1.93 o]
02 1.70 1.70 O
03 1.04 1.02 2.06 0]
04 0.59 045 1.02 2.06 O
05 0.44 0.58 1.11 2.13 0]
06 1.06 1.06 OH
o7 1.61 0.28 1.89 O
08 1.02 1.02 | 2.04 0]
09 0.71 1.05 1.76 0]
010 0.98 | 0.98 OH
o1 0.58 042 1.11 2.11 0]
012 0.44 0.59 1.03 2.06 O
013 112 0.95 2.07 0]
014 0.70 1.08 1.78 0]
015 0.96 1.05 | 2.01 0]
016 0.27 0.27 H,O
017 096 1.11 | 2.07 0]
018 0.39 0.39 H,O
019 0.32 0.32 H,O
020 0.24x0.5 0.24 H.O
020 0.32x0.5 0.32 H,O
021 0.27x0.5 0.27 H.O
o271 0.29]x0.5 0.29 H2O
022 1.63 1.63 O
023 1.67 1.67 0]
024 0.25]%0.5 0.25 H.O
024’ 0.18]x0.5 0.18 H.O
025 0.00 H.O
025 0.00 H2O
026 0.00 H.O
026’ 0.00 H,O
>BV | 6.05 6.06 2.04 403 420 429 4.04 4.16

7123

Notes: Values are expressed in valence units (vu). Occupancy of the split O atoms implemented into calculations. Ca—O, bond strengths from
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Brown and Altermatt (1985); Si—O bond strengths from Brese and O'Keeffe (1991); U®—O bond strengths (r, = 2.051, b = 0.519) from Burns et
al. (1997).
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TABLE 6 Values of the bond-valence distribution factor D and the number of predicted and observed H,O for uranyl silicate minerals

based on the bond-valence approach.

Predicted Observed
Mineral (reference) Formula D Total H,O Trans H,O Other H,O Total H,O
Soddyite (Demartin et al. 1992) [(UO,),Si04](H;0), 0 -4 2
Kasolite (Fejfarova et al. 2011) [(UO,)(Si04)***'Pb](H,0) 0.75 1 -1 1
Boltwoodite (Burns 1998) IK[(UO,)Si030H](H,0) 0.75 1 -1 1
Natroboltwoodite (Burns 1998) BINa[(UO,)SiO30H](H,0) 0.86 2 0 2 1
Weeksite (Fejfarova et al. 2012) VIKBIK[(UO,),Si5013](H20)s 1.13 3 1 2 4
Uranophane (Ginderéw 1988) ICa[(UO,)SiOz0H],(H,0)s 1.33 4 2 2 5
Cuprosklodowskite (Rosenzweig and Ryan 1975) BlCu®*[(UO,)Si030H],(H-0)s 1.50 5 2 3 6
Sklodowskite (Ryan and Rosenzweig 1977) BIMg[(UO,)(SiO30H)(H,0)s 1.50 5 2 3 6
Oursinite (Kubatko and Burns 2006) ) Coy gMgo.2)[(UO,)(SiOs0H)(H,0)s  1.50 5 2 3 6
Haiweeite (struct., this study) FlCa[(U0,),Sis012(OH),](H20), 1.80 6 3 3 6.28/7.50*
Haiweeite (calc., this study) YIca[(U0,),Sis012(OH),](H20), 2.00 8 4 4 -
Haiweeite (Burns 2001) PlCa[(U0,),Sis012(0OH),)(H20)s 2.25 9 5 4 3

*Thermal analysis/structure refinement
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