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ABSTRACT

Shinkolobweite, Pb; 333[U°TO(OH)(UO,)s04 ¢7(OH)s 33](H,0)s, is a new lead uranyl oxide-hydroxide hydrate mineral
containing hexavalent and pentavalent uranium from the Shinkolobwe mine, Democratic Republic of Congo. Crystals of shin-
kolobweite are dark reddish-brown prisms up to 0.5 mm in length, occurring on a matrix of massive uraninite associated with
fourmarierite, rutherfordine, soddyite, and sklodowskite. Crystals are translucent with subadamantine luster and light bronze-
yellow streak, are flattened on {010}, are elongated on [001], and exhibit the forms {100}, {010}, {101}, and {101}. The
mineral is non-fluorescent under both longwave and shortwave ultraviolet illumination. It has a Mohs hardness of ~2 and
exhibits brittle tenacity with perfect cleavage on {010}, imperfect cleavage on {100}, and even fracture. The calculated den-
sity is 5.853 g/cm® based on the empirical formula. Electron probe microanalysis provided the empirical formula Pb; 590
U4 976U 166027H16633 based on 27 O apfu and U T:U°" determined by X-ray photoelectron spectroscopy.
Shinkolobweite is orthorhombic, superspace group Pnnm(060)000, a = 14.4808(4), b = 7.0681(8), ¢ = 11.94233) A, V =
1222.32(15) A®, modulation wave vector [0 1/3 0], and Z = 2. The structure was refined from 8959 reflections to a final
R; = 0.0736 for all reflections. Uranyl oxide-hydroxide sheets in shinkolobweite adopt the B-U3Og topology and possess
(34 1) commensurately modulated ordering that results from the long-range ordering of U™ and U®" in the sheet, as well as
the position and occupancy of interlayer Pb>" cations. Observations of a topological transition between a-U3Og and B-U;Og
type sheets in shinkolobweite supplements our understanding of U>* mineral oxidation and stability.

Keywords: shinkolobweite, crystal structure, new mineral, pentavalent uranium, modulation, uraninite.
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INTRODUCTION

Uranium in Earth’s crust is primarily present in the
U** and U®* oxidation states; the former occurs abun-
dantly in the oxide mineral uraninite, UO,, and consti-
tutes much of the crustal uranium inventory. Janeczek
& Ewing (1992) noted that uraninite is inherently oxi-
dized beyond its ideal stoichiometry, UO,.,, and it is
well-known that further oxidation produces the stable
and soluble hexavalent uranyl ion (UT0,)*", found
in more than 250 minerals (Lussier et al. 2016). The
rare pentavalent oxidation state is also accessible by
the one-electron oxidation of U**, but at standard con-
ditions, U™ is unstable to disproportionation, forming
U*" and U®". Significant synthetic efforts to stabilize
U>* have been made (Arnold et al. 2009, Graves &
Kiplinger 2009) and bioremediation strategies designed
to reduce U®*-bearing solutions are known to depend
on the intermediate U>" valence state (Suzuki et al.
2002, Renshaw et al. 2005). When adsorbed to the sur-
face of mica (Ilton ez al. 2005), U™ is stable for only
short periods (~20 h), and in most geochemical sys-
tems, it is considered metastable with respect to the
significantly more stable U®" and U*" valence states.
The metastability of U>" observed in laboratory exper-
iments is reflected in its mineralogy as well: all known
uranium minerals containing essential U>" are found
as mixed-valence U species (U°" and U®"), and, with
the description of shinkolobweite, there are now five
minerals known to contain essential U™, all possess-
ing sheet-like structures. These include wyartite
(Burns & Finch 1999), dehydrated wyartite “wyar-
tite-1I” (Hawthorne ez al. 2006), richetite (Plasil
2017), and nollmotzite (P1asil et al. 2018a). In addi-
tion, the mixed-valence uranium mineral, ianthinite,
may contain U™, resulting from the oxidation of U**
in its structure (Table 1).

Ianthinite and wyartite are susceptible to oxidation
under typical storage conditions and do so at seemingly
different rates on exposure to air and, allegedly, on
exposure to light, suggesting an underlying complexity
to the crystal chemistry and stability of mixed-valence
U minerals (Burns et al. 1997b). Over time, both miner-
als develop micrometer-sized oxidized domains that are
difficult to characterize, but on a crystal-structure basis,
the oxidation products are found to closely resemble
schoepite or metaschoepite (ianthinite) and urancalcar-
ite (wyartite). The understanding of the oxidation and
stability of minerals containing U>" remains underde-
veloped; however, that U°* has persisted in these min-
erals on a geological time scale, possibly more than
100,000 years, reinforces the concept that crystalliza-
tion is the most effective method for long-term stabili-
zation of this rarely encountered oxidation state.
Herein, U" is investigated in the crystal structure of
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the new mineral shinkolobweite, documenting the first
known case of modulated ordering that arises due to
differences in the oxidation state of uranium.

The name shinkolobweite is for its type locality,
the Shinkolobwe mine, Democratic Republic of
Congo. Although it has been sealed for over 40 years,
specimens recovered from the Shinkolobwe mine
remain a prolific source for knowledge of uranium
mineralogy and continue to serve as a natural analogue
for the advancement of nuclear science. Interestingly,
the name “chinkolobwite” was first penned by Schoep
(1923) in his description of the (then) newly discov-
ered U-Si phase that was later defined as sklodowskite
(Schoep 1926). The name shinkolobweite and its sta-
tus as a new mineral were approved by the Commission
on New Minerals, Nomenclature and Classification of
the International Mineralogical Association (IMA2016-
095). The holotype specimen is deposited in the collec-
tions of the Canadian Museum of Nature with the cata-
logue number CMNMC 86897. Several crystals from
the holotype specimen are also deposited in the Natural
History Museum of Los Angeles County under cata-
logue number 65618.

OCCURRENCE AND ASSOCIATED MINERALS

Shinkolobweite occurs on a specimen of massive
uraninite from the Shinkolobwe mine, Democratic
Republic of Congo, housed at the Canadian Museum
of Nature in Ottawa, Canada. The specimen was part
of the personal collection of the late collector William
W. Pinch, who in turn may have obtained the specimen
from Belgian geologist and mineralogist Gilbert
Gauthier. The specimen was originally labeled as
“richetite & sayrite, Shinkolobwe, Zaire” and consists
of massive uraninite that is richly mineralized with
other secondary U minerals, including fourmarierite,
rutherfordine, soddyite, and sklodowskite. Neither
richetite nor sayrite were identified on the sample;
nevertheless, additional specimens of shinkolobweite
from the type locality have been confirmed from pri-
vate collections, and it is suspected that other misiden-
tified or incorrectly labeled specimens may exist.

Uranium deposition at the Shinkolobwe mine is
known to have followed the emplacement of Cu and
Co ores, and U-bearing heterogenite from the region
has been dated to 623 = 23 Ma (Deliens 1974) and
between ~650 Ma and 850 Ma (Decree et al. 2014).
Though a radiometric age range was not determined
for crystals of shinkolobweite in this study, the new
mineral may be among the secondary minerals that
first crystallized in the assemblage and is likely to be
no younger than ~100,000 years, based on U-series
activity dating of paragenetically related minerals
(Finch et al. 1996). Shinkolobweite was likely formed
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TABLE 1. STRUCTURAL AND COMPOSITIONAL DETAILS FOR SHINKOLOBWEITE AND RELATED

MINERALS
Mineral Formula Me®:u Topology Ref.
Mixed valence
Shinkolobweite Pb, _333[UVO(OH)(U02)504_67(OH)5_33](H20)5 1:4.5 B/O('U(;Og 1
richetite (F92+,Mg)o.5Pb4.5[(UV(U02)17018(OH)14](H20)~19.5 1:3.6 a-U3Og 2,3
wyartite Ca[UY(UO,)»(CO3)04(0OH)](H-0)7 1:3 -U30g 4
Wyartlte-ll Ca[UV(U02)2(003)04(OH)](H20)3 1:3 B'U308 5
nollmotzite Mg[UV(U02)204F3](H20)4 1:3 ﬁ'U30g 6
ianthinite [UV5(UO,)406(0OH)4(H20)4](H20)s5 0 B-UsOg 7
Us* only
fourmarierite Pb[(UO2),03(0OH)4](H20)4 1:4 fourmarierite 8,9
compreignacite Ko[(UO2)302(0OH)3]2(H20)7 1:3 a-U3Og 10
masuyite Pb[(UO5)303(0OH),](H20)3 1:3 a-U3Og 11
protasite Ba(U02)303(OH)23H20 1:3 d‘UsOs 12
sayrite Pb,[(UO2)s06(OH)2](H20) 4 1:25 sayrite 13
rameauite K5Ca(UO,)e06(OH)4-6H,0 1:2 B-Us0g 14
spriggite Pb3[(UO5)e0g(OH)2](H20)3 1:2 B-Uz0g 15

(a) Me = cation (Ca, Fe, Mg, K, Ba, Pb).

(1) This work, (2) Burns (1998a), (3) Plasil (2017), (4) Burns & Finch (1999), (5) Hawthorne et al. (2006), (6) Plasil
et al. (2018a), (7) Burns et al. (1997b), (8) Piret (1984), (9) Li & Burns (2000), (10) Burns (1998b), (11) Burns &
Hanchar (1999), (12) Pagoaga et al. (1987), (13) Piret et al. (1983), (14) Plasil et al. (2016), (15) Brugger et al. (2004).

during the initial alteration stages of uraninite when
the system exhausted available O,, leading to an
incomplete oxidation of uraninite, or partial reduction
of U®", these favoring the persistence of appreciable
concentrations of U in solution. In agreement with
inferences given by Burns et al. (1997b) made in rela-
tion to the formation of ianthinite, coatings of the ura-
nyl carbonate rutherfordine, which is found in close
association with shinkolobweite, may suggest that bac-
terial respiration or decomposition produced locally
reducing conditions that favored formation of U™,
Additionally, a recent re-examination of richetite
reveals that it contains U™, so it may be posited that
the redox coupling of U with Fe*™ « Fe’" may have
produced the reducing conditions necessary for its
crystallization (Plasil 2017). The presence of Fe-
bearing minerals in association with shinkolobweite
was not observed in this study, although direct contact
with the surface of uraninite, where the activity of Ut
and radiogenic Pb were highest, appears to have been
essential for the formation of the shinkolobweite.

PrysicAaL AND OPTICAL PROPERTIES

Shinkolobweite occurs as deep reddish-brown pris-
matic and bladed crystals measuring up to 0.5 mm in
length (Figs. 1, 2). Crystals are flattened on {010},
elongated on [001], and exhibit the forms {100},
{010}, {101}, and {101}. Shinkolobweite crystals are
translucent with a subadamantine luster and a light

bronze-yellow streak and are non-fluorescent under
both longwave and shortwave ultraviolet illumina-
tion. The mineral slowly dissolves in dilute HCI, ini-
tially turning yellowish orange, possibly due to the
oxidation of U". The Mohs hardness is estimated to
be about 2 based on scratch tests. Crystals of shinko-
lobweite have a brittle tenacity with perfect cleavage
on {100} and imperfect cleavage on {010} and
exhibit an even fracture. The density could not be
measured because it exceeds that of known heavy

F1G. 1. Dark reddish-brown prisms of shinkolobweite (Shk.),
orange fourmarierite (Frm.), and pale rutherfordine
(Rth.) atop massive uraninite (not visible). Horizontal
field of view is 1.0 mm.
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{100} cleavage

ACMAL 10.0kV 11.9mm x1.50k SE(L)

F1G. 2. Secondary electron image of an aggregate of shinko-
lobweite showing complex termination. Use of general
Miller index notation for some faces is due to the fact
that interfacial angles were not precisely determined for
this sample.

liquids. The calculated density is 5.853 g/cm® based
on the empirical formula and 5.850 g/cm® for the
ideal formula.

Optically, shinkolobweite is biaxial (+), with o0 =
1.865(5), p = 1.875(5), and y = 1.890(5) (measured
in white light). The measured 2V is 77(1)°, based on
extinction data collected using a spindle stage and ana-
lyzed by EXCALIBRW (Gunter et al. 2004), and the
calculated 2V is 79°. Dispersion is extreme, r >>> v.
The mineral is pleochroic with X = orange yellow,
Y = yellow brown, and Z = dark olive green; X < Y
<< Z. The optical orientationis X =¢,Y =a,Z = b.
The Gladstone-Dale compatibility (Mandarino 2007), 1
— (Ky/Ke), is —0.009 (superior) for the ideal for-
mula, and —0.003 (superior) for the empirical for-
mula using &(UO3) = 0.134, as given by Larsen
(1921).

INFRARED SPECTROSCOPY

The attenuated total reflectance (ATR) Fourier
transform infrared (FTIR) spectrum was obtained
using a liquid N, cooled SENSIR Technologies Illumi-
natIR mounted to an Olympus BX51 microscope. An
ATR objective was pressed into crystals of shinkolob-
weite and its spectrum, shown in Figure 3, was mea-
sured from 4000 to 650 cm™'. The following spectral
assignments are based primarily upon those summa-
rized by Cejka (1999) for uranyl oxide hydrates. The
broad and moderately intense band centered near 3050
cm ™' with a shoulder at 3570 cm ™' is assigned to the
v O-H stretching vibrations of hydrogen-bonded
water molecules and hydroxide groups. Approximate
O—H---O hydrogen bond lengths calculated from the
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observed stretching frequencies lie within the range
~3.0 to 2.6 A using the empirical correlation derived
by Libowitzky (1999). Several broad, weak intensity
bands found between 2280 and 1980 cm™' may cor-
respond to combination bands (i.e., vibrations excited
simultaneously). The broad band observed at 1597
cm ! is assigned to the v,(3) bending vibration of H,
O groups. A weak shoulder at 1423 ¢cm™' can be
assigned to either 8 U-OH bending or a combination
band.

The antisymmetric stretch v; (UO,)*" occurs at
957 cm !, This band is composed of a broadened tail
at higher wavenumbers that is formed from several
overlapping 6 UOH (in-plane) bending modes with fit-
ted centers at 1123, 1070, and 1020 cm™' (Fig. 3
inset). Several weak bands were fitted to the region
from 850 to 650 cm ™!, including one centered at
841 cm ' and assigned to the v, (UO,)*" symmetric
stretch. A coincidence between v, (UOZ)2+ and v3
(UO,)*" stretching modes complicates assignment in
this region, along with overlap of modes related to the
long modulated axial U>"-O bonds. Belai et al.
(2008) report the IR spectrum of a synthetic mixed-
valence U°" and U®" compound that is chemically
and structurally closely related to shinkolobweite and
assign a band centered at 790 cm™" in its spectrum to
the stretching v; U’ +nyl mode. Several similar bands
occur in this region in the spectrum of shinkolobweite;
the fitted bands at 770, 710, and 670 cm™' are
assigned as either v; U>™—0, v U-OH (out-of-plane
bending), or H,O libration modes. The bond lengths
for the uranyl cations calculated using the empirical
relation given by Bartlett & Cooney (1989) are 1.77 A
(vi)and 1.75 A (v3).
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F1G. 3. The infrared (ATR) spectrum of shinkolobweite from
4000 to 650 cm ™.
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RAMAN SPECTROSCOPY

The Raman spectrum of shinkolobweite was mea-
sured using a Bruker Instruments Sentinel-785 laser
head mounted on a Nikon Optiphot-2 microscope
with Peltier-cooled integrated 785 nm diode laser,
operated at 200 mW, with 100 pm spot size and ~5 cm™"'
resolution. The spectrometer was calibrated using
software-controlled procedures (Opus software) from neon
emission lines (wavelength calibration), and Tylenol®
Raman bands (frequency calibration). A background
correction was applied using the Opus software.

The Raman spectrum of shinkolobweite, collected
from 1900 to 100 cm™', is shown in Figure 4. The v,
(UO,)*" symmetric stretching vibration is present as a
strong band at 823 cm™'. Bartlett & Cooney (1989)
provide an empirical relationship to derive the approx-
imate U-O,; bond lengths from the band positions
assigned to the (UO,)*" stretching vibrations, which
gives 1.79 A, in accordance with U-O,; bond lengths
given by others (Burns er al. 1997a, Lussier et al.
2016) for the uranyl cation in pentagonal bipyramidal
coordination and agreeing well with the average Ul-
O, bond length of 1.78 A from the structural data. The
apical U(2)-0,; (U**°"-0) bond lengths from the
structural data are variable due to modulation and
range between ~1.79 and ~2.10 A. A set of strong
bands shouldering v, (UO,)*" at 779 and 751 and a
separate strong band at 685 cm™' may be connected to
vy U*-0 modes. The empirically calculated U-0,,
bond lengths for these bands are 1.83 A (779), 1.86 A
(751), and 1.95 A (685). We cannot, however, rule out
coincidences of these three bands with out-of-plane v
U-OH bending vibrations or H,O libration modes.
The bands occurring at 562, 433, and 350 cm ! are
assigned as v (U-Oygq,q) stretches and the doubly
degenerate v,(8) (UO,)*" bending mode is found at
258 cm~'. Remaining bands below 200 cm™' are
assigned to lattice vibration modes.

X-RAY PHOTOELECTRON SPECTROSCOPY

X-ray photoelectron spectroscopy (XPS) was used
to determine the valence proportions of U in shinko-
lobweite by measuring U4f photoemission spectra
with a PHI VersaProbe II X-Ray Photoelectron Spec-
trometer. Several crystals (~500 X 100 X 50 pm)
were selected and mounted onto carbon tape, cleaved
on {100} to reveal a fresh surface, and immediately
transferred to the vacuum chamber of the XPS. Spectra
were collected at high resolution with monochromatic
AlKo radiation using a pass energy of 93.9 eV and a
100 pm spot size. Surface charge neutralization was
performed automatically, and spectra were collected
for U4f'and Cls photoelectrons. No measurable beam-

1003
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v U-OH &
H,O libration
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FiG. 4. The Raman spectrum of shinkolobweite taken with a

532 nm laser collected from 1900 to 100 cm ™.

induced reduction of U™ was observed for freshly
cleaved crystals of fourmarierite measured alongside
shinkolobweite.

The measured binding energies were referenced by
fixing the position of adventitious Cls to 285.0 eV. A
Shirley background (Shirley 1972) and asymmetric
peak shape profile were used to model fitted bands
under the envelopes of U4f electrons (376-407 eV)
and their corresponding satellite peaks (400—420 eV).
Satellite peak positions are best used to determine the
oxidation state of uranium, as shown by Ilton et al.
(2007) and Schindler et al. (2009). The satellite peak
these authors attribute to the presence of U>" occurs
near ~400 eV, approximately ~8 eV upfield from the
U4fs,, peak that occurs near 382 eV. This satellite
peak is readily evident in the spectrum of shinkolob-
weite and confirms the presence of mixed-valence
states of uranium (Fig. 5). Peak fittings give an aver-
age U>T:U®T ratio of ~24% based on area ratios.

CHEMICAL DATA

Chemical analyses (n = 5) were performed using a
Cameca SX50 electron microprobe operated at 15 kV,
30 nA, with a 1 pm beam diameter (Table 2). Matrix
effects were accounted for using the PAP correction
routine (Pouchou & Pichoir 1985). Due to the limited
amount of material available, the H,O content was not
measured and is instead calculated by stoichiometry
(27 O apfu) with OH adjusted to achieve charge bal-
ance. No other elements were present above detection
limits. The empirical formula, calculated on the basis
of UO, 5/UO; = 0.24 set by the XPS fitting, with 27
O apfi is Pb1429U6+4.88U5+1.17027H16A63
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FiG. 5. X-ray photoelectron spectrum of the U4/ electron
region for shinkolobweite.

The ideal formula, based on the structural and
spectroscopic considerations presented above, is
Pb; 333[U7 O(OH)(UO,)504 67(OH)s 33](H,0)s,  which
requires, ideally, UO; 66.43, UO,5 12.92 (RUO; 79.72),
PbO 13.82, H,O 6.83, for a total 100.00 wt.%. Table 2
shows the final formula calculations based on 27 anions.
For comparison, formula calculations are given for two
relevant ratios of [US*/U%"]: (1) 0.20, which corresponds
to the ideal structural formula, and (2) 0.24, which corre-
sponds to the ratio derived from XPS analyses. We note
the differences between these results to be of little
significance.

PowpER X-RAY DIFFRACTION

Powder X-ray diffraction data were recorded
using a Rigaku R-Axis Rapid II curved imaging
plate microdiffractometer with monochromatized
MoKua radiation. A Gandolfi-like motion on the ¢
and ® axes was used to randomize the sample orien-
tation. Observed d values and intensities were
derived by profile fitting using JADE 2010 software
(Materials Data, Inc.). The data are provided in the
Supplementary material'. The space group Pnnm
was chosen to index the powder diffraction data by
fitting to the average structure obtained from single-

! Supplementary Data are available from the Depository of
Unpublished Data on the MAC website (http://mineralogical
association.ca/), document “Shinkolobweite, CM61, 23-
00003”.
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crystal X-ray data. This led to a slightly larger
indexed cell and the omission of several weak satel-
lite peaks. Unit-cell parameters refined from the
powder data using whole pattern fitting in JADE
2010 are as follows: @ = 14.551(6) A, b = 7.083(3)
A, c =11.988(5) A, ¥ = 1235.6(9) A°.

SINGLE-CRYSTAL X-RAY DIFFRACTION

Data were collected from a small crystal fragment
(25 X 30 X 160 um) mounted to a glass fiber using a
Rigaku SuperNova diffractometer equipped with an
Atlas S2 CCD detector and microfocus source utilizing
monochromated MoKo radiation (A = 0.71073 A) at
room temperature. Corrections for background, Lorentz,
and polarization effects were applied using the CrysAlis
package (Rigaku Oxford Diffraction Ltd, Oxfordshire,
UK). An absorption correction was made using empiri-
cal scaling in the Jana2020 program. Initial attempts to
solve the average structure were made in the orthorhom-
bic space group /mmm with a tripled ¢ parameter using
data obtained from a MoKo X-ray microfocus source
and an Apex II CCD-based detector mounted to a
Bruker Apex II Quazar three-circle diffractometer, but
this route led to a poor refinement (R; = 0.15) and

TABLE 2. ELECTRON MICROPROBE DATA AND apfu
CALCULATIONS FOR SHINKOLOBWEITE

usH/us+ 0.20 0.24
wt.% OX. +(®
UO; 67.47 65.30
U,0s 13.07 15.18
YUO; 80.91(26) 0.30
PbO 13.48(45) 0.42
@ H,0h 2.68 2.67
@ HOow 4.24 4.22
*H,0 6.92 6.89
z 100.94  100.85  0.72
apful® *
U 6.016 6.042 0.023
u(t)
ust 4.016 4.042
)
ust 1 1.166
us+ 1 0.834
Pb(1) b(1) Pb(1)
Pb 1.284 1.290 0.042
(OH) 6.333
H.0 5.000
Pbsrer 1.284(2)

(a) calculated by stoichiometry: (h, OH) and (w, H>0);
(b) indicates observed range of 5 EMP analyses; (c) nor-
malized on 27 anions. Analytical standards: UOyyn; PbS.
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TABLE 3. DATA COLLECTION AND STRUCTURE REFINEMENT DETAILS FOR SHINKOLOBWEITE

Diffractometer

X-ray radiation/power
Temperature
Structural Formula
Superspace group
Unit-cell dimensions

Modulation wave vector (q4)

v

V4

Density (for above formula)
Absorption coefficient

F(000)

Crystal size

0 range

Index ranges (up to 1% order satellites)
Reflections independent/observed
Reflections with /ops > 3o (/)
Completeness to 0,,,.x = 28.18°
Refinement method

Parameters refined (restraints/constraints)
GoF(obs/all)

R factors for all reflections (8959)
RobSv WRobs

R, WRay

R factors for main reflections (2981)
RObS! WRobs

Rai, WRay

R factors for satellites (5978)

RObS! WRobs

Rai, WRay

Twin fraction

Largest diff. peak/hole

Rigaku SuperNova w/Atlas S2 CCD
MoKa (A = 0.71073 A)/50 kV, 60 mA
298(2) K

Pb1.284Us027.392

Pnnm(0b0)000

a =14.4808(4) A

b =7.0681(8) A

¢ =11.9423(3) A

1/3b

1222.32(15) A®

2

5.801 g/lcm®

48.521 mm~"

1759

25 X 30 X 160 um

2.38 t0 28.18°
—19<h<19,-9<k<9, -15</<15, -1 <m<1
8959/6963; Ry, = 0.0502

3936

98%

Full-matrix least-squares on F?

313 (0/0)

2.67/2.46

0.0736, 0.1685
0.0930, 0.1773

0.0570, 0.1447
0.0665, 0.1507

0.0985, 0.1956
0.1304, 0.2071
0.46(3)/0.54(3)
+16.32/-9.84 e A=

reflections responsible for tripling the c-axis were found
to result from commensurate modulation. A 1D g-vector
(g = 1/3b*) was derived from the data obtained on the
Rigaku SuperNova, and an initial model in the (3 + 1)-
dimensional superspace group Pnnm(060)000 was
produced using the charge-flipping method Superflip
(Palatinus & Chapuis 2007) and subsequently refined
within Jana2020, the successor of the Jana2006 program
(Petricek et al. 2014). Displacive (positional) modula-
tion was applied to all atoms, modulation involving
anisotropic displacement parameters were used for the
U and Pb atoms, and occupancy modulation was applied
to all atoms except O5, 06, 07, 08, and 09. Twinning
by inversion was refined using the matrix [1 0 0/0 1
0/0 0 1; 0.46(3) : 0.54(3)]. Other details regarding
the data collection and refinement results are given in
Table 3, average atomic coordinates and anisotropic
displacement parameters are in Table 4, selected
interatomic distances are in Table 5, and a bond-

valence analysis is in Table 6. Bond-valence analysis
was performed with the DIST calculation in the
Jana2020 program, using the parameters of Gagné
& Hawthorne (2015) for U0, U°™-0, and
Pb>T—0. Hydrogen atoms could not be located;
therefore, no discussion regarding hydrogen bond-
ing is presented.

THE AVERAGE CRYSTAL STRUCTURE

The basic structural elements of shinkolobweite
consist of sheets of edge- and vertex-sharing uranyl
polyhedra, adopting the configuration observed in
minerals with either o- or B-U;Og sheets (Table 1).
These sheets are separated by an interlayer consisting
of Pb>" cations and H,O groups. The complete aver-
age structure is illustrated in Figure 6, and the individ-
ual structural components are illustrated in Figure 7,
with details discussed below.
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TABLE 4. ATOMIC COORDINATES AND DISPLACEMENT PARAMETERS (A%) FOR THE AVERAGE STRUCTURE OF SHINKOLOBWEITE

lJZB

~0.00055(8)

U13
~0.00001(10)

U12
~0.00081(11)

LJSS
0.0114(2)
0.0069(2)

0.157(8)

U22
0.0088(2)
0.0560(4)
0.084(3)

U11
0.0247(2)
0.0274(3)
0.054(3)

Ueq/uiso
0.01496(12)
0.0301(2)
0.098(3)
0.066(5)
0.015(4)
0.057(3)

SOF

Atoms
]

0.50060(3) 0.18919(3)
0

0.01315(8)
0.1658(5)

0.74059(2)

0
~0.027(4)

0.0086(3)
~0.011(2)

0.26695(4)
0.0003(2)
0.5102(6)

0.5

U2

0.035(4)

0.1288(4)
0.1691(9)

0.321(2)

Pb1
02

0.1722(17)

0.0902(19)

0

0.49(2)

o2'

0.0360(14)

0.5171(7)
-0.1821(9)

0.1863(9)

0.3996(9)
0.6203(5)
0.2788(5)
0.2567(4)
0.6966(7)
0.8588(5)
0.1357(8)

0

03
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0.0341(16)

0.2223(6)

04

0.0306(15)

0.1446(5)
0.1500(5)

0

05

0.0331(16)
0.030(2)

06

0.5153(10)
0.4848(7)

~0.0111(14)

0

o7

0.0333(16)
0.051(3)

0.1541(6)

0

08

09

0.172(14)

010

TABLE 5. SELECTED INTERATOMIC DISTANCES (A)
IN THE COMMENSURATE STRUCTURE OF
SHINKOLOBWEITE

Distance Average Minimum Maximum
U1-04 1.82(5) 1.79(5) 1.85(5)
U1-05' 2.46(2) 2.44(2) 2.51(2)
U1-06' 2.34(2) 2.27(2) 2.43(2)
u1-07 2.35(2) 2.31(2) 2.38(2)
U1-08 1.77(5) 1.77(5) 1.79(5)
U1-05" 2.35(2) 2.26(2) 2.45(2)
U1-06" 2.31(2) 2.21(2) 2.41(2)
U2-03 1.92(8) 1.81(8) 2.01(8)
U2-05 2.21(2) 2.05(2) 2.36(2)
U2-05" 2.21(2) 2.05(2) 2.36(2)
U2-06 2.20(2) 2.13(2) 2.26(2)
U2-06" 2.20(2) 2.13(2) 2.26(2)
U2-09 1.94(7) 1.83(7) 2.11(7)
*U2-07" 3.46(4) 2.85(4) 3.80(4)
*U2-07" 3.68(4) 3.03(4) 4.07(4)
Pb1-02" 2.60(4) 2.58(4) 2.61(4)
Pb1-04Yi 2.74(4) 2.56(4) 2.83(4)
Pb1-08" 3.06(4) 2.87(5) 3.29(4)
Pb1-09 2.78(5) 2.54(6) 2.92(6)
Pb1-04Vi 2.69(4) 2.56(4) 2.78(4)
Pb1-08'" 3.28(4) 2.96(4) 3.66(4)
Pb1-09 2.81(6) 2.47(6) 3.08(6)
Pb1-Pb1V 3.21(2) 2.85(3) 3.58(3)
Pb1-Pb1 2.38(2) 2.25(2) 2.49(2)
Pb1-Pb1V 3.87(2) 3.77(2) 3.96(2)
Pb1-Pb1™ 4.74(2) 4.37(2) 5.12(2)

Symmetry transformations used to generate equivalent
atoms: (i) x + 1/2, -y + 1/2, =z + 1/2; (i) x + 1, y, z;

(i) x+1,y+1,z (v)xy, —z (v)x — 1,y — 1,; (vi) x
—1,y, z; (vii)x — 1/2, —y + 1/2, —z + 1/2; (viii) x + 1/2,
-y —1/2, =z +1/2; (ix) X,y + 1, z.

* The bond between U2-07 is only formed periodically.

o-U3O0g and B-U3Og sheets

The cation-anion arrangement observed in the ura-
nyl sheets of shinkolobweite is illustrated in Figure 7a
[where apical uranyl (-y/) oxygen anions are omitted
for clarity]. From this configuration, either a-U;Og or
-U30g sheets may form (see minerals listed in Table
1). In the structure of shinkolobweite, the distribution
of U-O bond lengths indicates 3-U;O0g to be the domi-
nant sheet topology. However, localized regions of the
a-U;Og sheet topology also appear to occur, a feature
discussed in greater detail below.

In both a- and B-sheets, infinite, parallel chains of
edge-sharing pentagonal bipyramids are linked by com-
mon vertices, resulting in the formation of elongated
hexagonal voids. In each void, an additional uranium
cation occurs in either pentagonal (in a-sheets; Fig. 7b)
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TABLE 6. AVERAGE, MINIMUM, AND MAXIMUM BOND-VALENCE SUMS FOR ATOMS IN THE
COMMENSURATELY MODULATED STRUCTURE OF SHINKOLOBWEITE

Atom Average Minimum Maximum Valence/type
U1 6.00(8) 5.91(8) 6.09(8) Uias

u2 5.51(4) 5.40(5) 5.59(5) us+e+

Pb1 1.27(1) 1.03(1) 1.43(1) Pb2*

02 0.09(1) 0.06(1) 0.15(1) H>O group

o2 0.07(1) 0.06(1) 0.09(1) H,O group

03 1.43(6) 1.13(9) 1.78(9) O/OH,-U2

04 1.76(3) 1.70(4) 1.84(4) 0,~U1

05 1.73(1) 1.51(1) 2.04(1) O/OH

06 1.97(1) 1.89(1) 2.07(1) 0

07 1.12(1) 0.99(1) 1.19(1) OH

08 1.82(4) 1.81(4) 1.85(4) 0,~U1

09 1.65(5) 1.36(7) 1.85(7) O/OH,~U2

010 - - - non-bonding H,O group

or square (in B-sheets; Fig. 7¢) bipyramidal coordina-
tion. Thus, two crystallographically distinct cation posi-
tions occur in the shinkolobweite uranyl sheet: chain-
forming and hexagonal-void-occupying polyhedra coor-
dinate the U(1) and U(2) sites, respectively.

Interlayer

In the interlayer (Fig. 7d), a single symmetrically
unique cation position, Ph(1), is arranged at the vertices
of a rectangle. A [7]-coordinated, irregular polyhedron
occurs around the Ph(1) site. The interlayer also contains
several disordered [O(2), O(10)] and partially occupied
[O(2°)] anion positions; these sites constitute H,O
groups that periodically form bonds with Pb>* as well
as hydrogen bonds with O atoms of adjacent sheets.

CATION SITE OCCUPANCIES

The assignment of cations to the three cation sites,
U(1), U(2), and Pb(1), in shinkolobweite is generally
straightforward, as U°™°* and Pb*" can only be
accommodated by the U(1,2) and Pbh(1) sites,
respectively, consistent with their observed geome-
tries (Fig. 8). However, the distribution of U>"/U®"
between U(1,2) as well as the partial occupancy of
Pb>" at Ph(1) requires more detailed consideration.

U(1) and U(2) sites

The calculated sum of U in shinkolobweite ranges
from 6.016 to 6.042 apfit (Table 2), which is in accord
with the sum of U(1)- and U(2)-positions in the crystal
structure (i.e., 6 pfi) and with both of these sites being
fully occupied by U. Results from refinement of the
crystal structure (Table 4) show no evidence supporting

fractional site occupancies for either position. For the
U(1) site, the incident bond-valence sum is 6.00(8) vu
(Table 5), suggesting that all U is present as U™, For
the U(2) site, the incident bond-valence sum is 5.51(4),
suggesting an approximately equivalent distribution of
U™ and US". Such a distribution would yield
[Y@UH/YADUST] = [1/5] = 0.2, which is in good
agreement with the value of 0.24 determined by XPS
analysis. The assignment of U™ to this site is consistent
with its location in other phases containing uranium of
mixed valence: i.e., wyartite (Burns & Finch 1999),
dehydrated wyartite (‘wyartite-II’; Hawthorne et al.
20006), richetite (Burns 1998a, Plasil 2017), nollmotzite
(Plasil et al. 2018a), and ianthinite (Burns ez al. 1997b).

Pb(1) site

In the shinkolobweite structure, the interlayer
Pb(1) site is the only one capable of accommodating
Pb>" cations. Results from SREF indicate incomplete
occupancy at this site (Table 4). Good agreement is
observed between the abundance of Pb at Ph(1) deter-
mined by SREF and by EMP, ie., 1.284(8) and
1.29(4) apfis, respectively (Table 2), in accord with all
Pb occurring at Ph(1). The local bonding configuration
about the Ph(1) site is illustrated in Figure 8c. Each
Pb(1) site is [7]-coordinated, with five of the Pb—-O
bond lengths being short, at 2.62 A [O(2)], 2.67 &
2.75 A [0(4)], and 2.78 & 2.81 A [O(9)], and two
being long, at 3.04 [O(8)] and 3.24 A [O(8)]. This dis-
tribution of bond lengths is consistent with Pb>" cat-
jons having a stereochemically active lone pair of 65
electrons, likely extending into the [Ph(1)4] rectangle,
approximately along the direction indicated by the
blue arrow in Figure 8c.
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F1G. 6. The average shinkolobweite structure viewed along [010].

Similarities between interlayer cations in
shinkolobweite and compreignacite

The crystal structures of compreignacite [K5[(UO,);
0,(OH)3],(H,0); (Burns 1998b)] and shinkolobweite
are based on sheets of uranyl polyhedra with identical
anion topologies (a- and B-U3Og sheets, respectively). In
both structures, interlayer cation sites define approxi-
mate rectangles of similar dimension, 3.1 X 2.1 and
3.1 X 2.2 A, respectively. Crystal-structure refine-
ments show these interlayer cation sites to be only

partially occupied by the respective cations, with
K(1) = (K,O;_,), x = 0.49 in compreignacite and
Pb(1) = (Pb,4_,), x = 1.284(8) in shinkolobweite.
However, in compreignacite, where K(1) = [, (H,0) is
observed to occupy an additional site, O(10), located
very close (~0.9 A) to K(1). This results in the rectangu-
lar cluster of the interlayer having the average composi-
tion Ko 5(H20)o.5-

The structural similarities suggest a possibly analo-
gous situation in the structure of shinkolobweite, where
the occupancy of the Ph(1) site may, in reality, be [Pb,
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F1G. 7. Sheet components of the shinkolobweite structure projected along (001): (a—c) U;Og layer, (d) interlayer. (a) A graphi-
cal representation of the sheet-anion topology of U;Og sheets in shinkolobweite. Here, red and yellow nodes indicate
anion and cation positions, respectively, while edges linking the anions occurring in U(1) polyhedra [U(2) polyhedra are
not depicted]. (b) and (c) Polyhedral representations of o- and B-U;Og sheets. Anion positions with (OH) and mixed
[(OH),0O,_,] occupancy are highlighted in green and brown, respectively (note: the dashed green circle indicates the posi-
tion of an anion on the opposing side of the sheet and anions with complete O* occupancy are not highlighted). In (d),
the configuration of the Pb-(H,O) interlayer is shown, emphasizing the occurrence of {Pb(1),} rectangular clusters; the
position of the fractionally occupied O(2)’ position is also indicated. The unit cell is outlined in blue.
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0(9)

FiG. 8. Coordination polyhedra at the (a) U(1), (b) U(2), and (c) Ph(1) sites. (b) Relative position of the O(7a,b) sites: dis-
tances of the average structure are shown. In (c) the {Pb(1)4}cluster is shown, and the blue arrow indicates the probable
orientation of the stereochemically active long electron emanating from Pb>" at Ph(1).

®,4_,], where @ indicates a generalized anion site occu-
pancy [O°~, (OH)™, and O of H,O groups]. However,
as indicated above, the assignment of all Pb** to the
Pb(1) site accommodates the totality of observed scatter-
ing at this site. This is in accord with Pb being the only
occupant of the Ph(1) site and with remaining positions
being vacant, i.e., Ph(1) = (Pb,l,_,). Further, no prox-
imal (H,O) positions, analogous to O(10) in com-
preignacite, are observed in shinkolobweite.

ANION SITE OccUPANCIES IN THE U3Og SHEETS

An investigation of incident bond-valence sums
(Table 6) suggests variability in anion occupancy in
the U;0g sheets of the structural unit. Assuming an
average O—H bond strength of ~0.8 vu (Hawthorne
1992), expected bond-valence sums at anion positions
are 2.0, 1.2, and 0.4 vu, for full site occupancy by
0?7, (OH) ~, and (H,0), respectively. Seven crystallo-
graphically unique anion positions occur in the

shinkolobweite U;Og sheet. At positions O(4), O(6),
and O(8), incident sums are here considered as reason-
ably close to 2.0 vu (>1.75 vu), in accord with com-
plete 0>~ occupancy. For positions, O(3), O(5), and
0(9), incident sums are between 1.2 and 2.0 vu, in
accord with a mixed occupancy, i.e., (OH),O,_,. For
the position O(7), the incident sum is 1.12 vu, in
accord with dominant (OH) occupancy. The location
of these anion sites in the U3Og sheets in shinkolob-
weite is shown in Figures 7b and c, with green and
brown circles highlighting sites occupied by [(OH),
0O;,_,] and (OH)", respectively (note: anion positions
occupied solely by O®~ are not highlighted). For anion
sites of composition [(OH),0;_.], the value of x could
theoretically be calculated through linear combination
of ideal valence sums, i.e., 1.2x + 2.0(1 — x) = P
(where X, corresponds to the incident bond-valence
sum at the i site). However, this approach is not pur-
sued here, as accounting for strain in the modulated
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F1G. 9. Bond length variation as a function of structure modulation (#-value) for uranium positions in shinkolobweite: (a) U(1)
and (b) U(2). Anion positions correspond to those illustrated in Figure 8. Shaded regions indicate mean values for bond
lengths observed in other structures based on o-U;Og and -U3Og sheets (taken from Lussier ez al. 2017): pink shading —
bond lengths for -eq and -y/ bonds; orange shading — U(2)-®(7) distances. Averaged structures are given in Supplementary

Table S2.

structure, which would affect both the ideal lengths
and strengths of bonds, is not possible.

The disordered O(2)’ position

A highly disordered and low occupancy O atom of
an H,O group is located very near the O(3) and O(2)
anions. The former is the -y/ anion position of the U(2)
site, whereas the latter is OH, and bonded to the
PEpp2t. The O(2) site is located only 1.5 and ~1.8
A from the O(2) [X2] and O(3) [X2] sites, respec-
tively, which clearly precludes simultaneous occupan-
cies. Structure refinement shows that both O(2) and
0(3) sites are fully occupied by O*~, and it is therefore
suggested the O(2)’ site may represent highly disor-
dered electron density associated with unresolved H
atoms surrounding O(2) and O(3).

ErrecT oF Mopuration: U3;Og SHEETS
Uranium coordination polyhedra in shinkolobweite

Figure 9 shows the observed variation in U-O bond
distances as a function of structure modulation in both
U(1) and U(2) polyhedra. Figures 8a and b show a
magnified region of the U(1) and U(2) coordination
environments, respectively. In the U;Og sheets, displa-
cive modulation amplitudes are largest for the U(2)
site and its coordinated O atoms; along a, U(2) and its
equatorial anions O(5) and O(6) and the apical anion
0(9) show the largest displacements of all atoms in
the structure as a function of the internal modulation
parameter, ¢, which is also reflected in their respective
bond distances (in A) to one another [—0.5 < O(5)4, <
~0.4; —0.1 < 0(6)4, < 0.5; —0.66 < O(9)y4, < 0.46].
Likewise, the atoms at the O(9), O(3), U(2), and O(7)
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sites have large displacements along the b axis as a
function of 7.

Ranges of observed bond lengths in analogous
structures (i.e., also based on o- and B-type sheets:
Supplementary Table S2) are also indicated in Figure
9. In pink: averages (denoted by < >) for both
<U-®,,> and <U-®.,>; in orange: averages for spe-
cific bond lengths for (those topologically equivalent
to) U-O(7a) and U-O(7b). Comparing the bond
lengths in shinkolobweite to the observed ranges in
analogous structures allows for an improved under-
standing of variation in U(1,2) site coordination states
through structure modulation.

U(1) coordination. Figure 9a shows that, through-
out superspace, the U(1) position consistently occurs
in pentagonal bipyramidal coordination. A total of
seven cation—anion distances are observed to fall
within a range consistent with bonding. Specifically,
two distances [U(1)-O(4) and U(1)-O(8)] show
lengths consistent with those expected for -y/ bonds
(i.e., 1.7 to 1.8 A), and five distances [U(1)—-O(7) 2X
U(1)-0(5), and 2X U(1)-0O(6)] show lengths consis-
tent with those expected for -eq bonds (i.e., 2.25 to
2.75 A). The U(1) pentagonal bipyramid is slightly
distorted for all values of #, with <U(1)-®,,> and
<U(1)-®.,> for shinkolobweite (thick blue lines:
Fig. 9) being consistently larger and smaller than aver-
age values, respectively.

U(2) coordination. For the U(2) polyhedron, bond
length variation with modulation (Fig. 9b) shows a
more complicated situation than in U(1) polyhedra.
In shinkolobweite, two [U(2)-O(3) and U(2)-0(9)]
and four [2 X U(2)-0(3), 2 X U(2)-0(6)] distances
are consistent with -y/ and -eq bonds, respectively.
Conversely, the U(2)-O(7a,b) distances remain sig-
nificantly above expected mean values.

In shinkolobweite, U(2)-O(7a,b) distances range
continuously between ~2.8 and 3.7 A, values that
are generally in accord with the minima and max-
ima observed for o~ and B-U3Og sheets of other
phases. As U(2)-0O(7) distances approach ~2.8 A, it
can be concluded that U(2) occurs in pentagonal
bipyramid coordination and that the sheet has o-Uj;
Og topology. Conversely, as U(2)-O(7) distances
approach ~3.6 A, it can be concluded that U(2)
occurs in square bipyramid coordination and that the
sheet has B-U3Og topology. At intermediate values,
U(2)-O(7) distances may correspond to an averaging
of bonding and non-bonding distances, suggesting the
possible occurrence of both sheet topologies.

o;- and o,,-U30g sheets. From the schematic depic-
tion of the proximal U(2) sheet environment in Figure
10, it is possible to see how bonds may develop
between YU and anions at either O(7a) or O(7b) sites,
as the U(2) site modulates within the hexagonal void.

THE CANADIAN JOURNAL OF MINERALOGY AND PETROLOGY

These maximal modulated positions are schematically
illustrated in Figure 10a. The occurrence of U at U(2),;
or U(2),, results in the formation of Y@*!' U(2)-0(7a)
and YP*2U-0(7b) bonds, respectively. Although
both situations result in sheets with the a-U;Og topol-
ogy, they are effectively rotated 180° (about an axis
perpendicular to the sheet) with respect to each other.
In shinkolobweite, both U(2)-O(7a) and U(2)-®(7b)
distances approach similar minimal values of 2.9 (¢ ~
0.6) to 3.0 A (¢ ~ 0.25; Fig. 9b), suggesting that the
occurrence of both o- and o,-U3Og sheet orienta-
tions is possible.

oy - and B-sheet distribution. Figure 9 may be
divided into six (labeled I through VI) distinct regions
based on the combination of occurring sheet types.
Table 7 shows the general, qualitative abundances of
each sheet using the following criteria:

(1) Where U(2)-O(7) approaches a minimum value
(~2.9 A);
a-U30g sheet high abundance; B-U3Og sheet
topology low abundance.
This situation occurs in Regions III (o, topology)
and V (o, topology).
(2) Where 2.7 < UQ2)-O(7) < 3.6 A;
o- and B-U;Og sheet topologies of intermediate
abundances. This situation occurs in Regions II
(0, topology) and VI (o topology). Region IV
is the only one in which both the U(2)-O(7a)
and U(2)-O(7b) are between the minimal and
maximal values, indicating the simultaneous
occurrence of sheet with o, and o orientations.
Where U(2)-O(7) > 3.6 A,
0-U3zOg sheet low abundance; B-U;Og sheet
topology high abundance. This situation occurs
in Region I.

3

~

EFFECT OF MODULATION: INTERLAYER

Modulation at the Pb(1) site

Interlayer Pb?" cations exhibit both positional
and occupational modulation (Fig. 11). In the aver-
age structure, the cluster has the appearance of a
nearly perfect rectangle (Figs. 7, 12a). However,
with respect to modulation along the ¢ axis, Ph(1)
exhibits the largest displacement of all atoms in the
structure, —0.5 < Pb(1)ge < ~0.3 (in A), which
results in significant changes in the Pb(1)-Pb(1) dis-
tances within individual clusters (Fig. 11). The sche-
matic illustrations in Figure 12 show the nature of
{Pb(1)}4 rectangle distortion with modulation. The
changes in Pb(1)-Pb(1) distances are such that the
geometric configuration of the cluster becomes a
trapezoid, constrained by the occurrence of a mirror
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(b)
a,-sheet
(c)
a,-sheet
o(7)
(d)
B-sheet

c

FiG. 10. Aspects of U;Og sheet topology in shinkolobweite. (a) Chains of edge-sharing pentagonal bipyramids connect by
common vertices to form voids in the shape of elongated hexagons. Three possible positions within the hexagonal void
that may accommodate U are given by X: U(2),;, U(2)42, and U(2)g. The occurrence of U at either of these sites results in
the formation of sheets labeled as: (b) al, (¢) o2, and (d) B. For reference, uranium coordination polyhedra are also
shown: (e) U(1) and (f) U(2). Selected distances from the averaged structure are shown.

plane perpendicular to (001). Particularly notewor-
thy is the large difference observed in the Ph(1)*—
Pb(1)? distance, the shortest being 2.1 A (at t ~ 0.2)
and the longest being 3.6 A (at £ =~ 0.8).

TABLE 7. DISTRIBUTION OF U3;0g SHEET
TOPOLOGIES IN SHINKOLOBWEITE

Region Rel. Ab.
(Fig. 9) a; a2 B

Ordering of Pb”ions in {Pb,[,_,} clusters

In other sheet-type, Pb-bearing uranyl-oxide
hydroxide-hydrate phases, such as gauthierite ({KPb
(H,0)5}[(UO,),05(0OH),]; Olds et al. 2016), krou-
paite ({KPbo s(H20)10} [(UO3)s04(OH);0]; Plasil
et al. 2020), and fourmarierite ({Pb(H,0)4}[(UO,)4
03(OH)4]; Li & Burns 2000), the shortest distances
between Pb atoms in the interlayer are 3.82, 3.95,
and 4.15 A, respectively. On this basis, it may be
considered that in shinkolobweite, Pb(1)-Pb(1) dis-
tances of ~4 A are required for adjacent positions to
be occupied by Pb>" ions within a single {Pb,[1;_,}
cluster.

With structure modulation, the configuration of
each cluster in shinkolobweite departs from that of
an ideal rectangle. Figure 11b shows the variation
in individual Ph(1)-Pb(1) distances over the entire
range of modulations, 0 < ¢ < 1. Figure 12 shows a
schematic representation of the average cluster con-
figuration with individual positions differently
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Pb(1)soF

Pb(1)! - Pb(1)3
Pb(1)2 - Pb(1)*

Pb(1)' - Pb(1)J (A)

Pb(1)! - Pb(1)2
Pb(1)3— Pb(1)*

Pb(1) - O (A)

0.0 0.2 0.4 0.6 0.8 1.0
t-VALUE

FiG. 11. The effect of modulation at the Ph(1) site. Shown as a function of the modulation parameter, #: (a) the refined site-occu-
pancy of the Ph(1) site (note: the gray line indicates the average observed value of 0.32); (b) variation in distances between
Pb(1) sites in a rectangular tetramer; (c) variation in Pb(1)-O(7) distances. In (b) dashed gray lines show mean values, and
line-colors correspond to the schematic illustration in Figure 9; the orange highlighted regions correspond to those where
{Pb,[,} clusters are likely to occur. The coordination geometry about Ph(1) is illustrated in Figures 6 and 10.
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Pb(1)2

(b)

FiG. 12. Graphical representation of {Pb(1),} clusters in the interlayer of shinkolobweite. In (@) the average geometric con-
figuration is illustrated. Individual Pb(1)-Pb(1) distances are colored as in Figure 8, and the length of each line corre-
sponds to the average values. In (b) the four possible configurations of {Pb,[J; .} cluster, where x = 0, 1, 2 are
illustrated. Only clusters in which Pb-Pb adjacencies along outward edges do not occur (i.e., on green, red, and blue

lines) are considered here.

labeled. As the only Ph(1)—Ph(1)" distance to
exceed ~4 A corresponds to the diagonal distances
(yellow lines in Fig. 11b), Pb(1)'-Pb(1)* [=
Pb(1)>~Pb(1)*], the possible compositions of iso-
lated clusters are restricted to those illustrated sche-
matically in Figure 12b: (1) {{d4}; (2) {Pb,[J5}, where
a single Pb cation may occupy any position; and (3)
{Pb,[J,}, where two Pb cations occupy diagonally
opposed positions. Clusters of types (1) and (2) may

occur over the entire range of ¢ values; however, the
occurrence of clusters of type (3) is restricted to the
regions shaded in orange in Figure 11b.

The mean refined site-occupancy value of Pb(1)
over the averaged structure is 0.32(2) (Table 4),
which arithmetically necessitates the occurrence of a
mixture of these clusters in shinkolobweite. Over the
averaged structure, the fraction of each cluster is con-
strained by
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Pb, 0,

=0.8)

0.5 (t

N — — =

0.2)

SOF pyy = 015 (t

Pb,,]

(=N

FiG. 13. Ternary diagram illustrating Pb,[],_, cluster distribution in shinkolobweite. Constrained compositions, as calculated from chem-
ical and site-scattering data, fall along the range indicated by blue shading; the mean composition is shown as the dashed red line.

[?—Jf{m} + |}1:|f{PbD3} + B}f{m’zmz}

= Pb(1)srer—sor = 0.32 (1a)

Sioay +fipomsy + fipromy = 1 (1b)
where the coefficients of Equation la correspond to
the occupied fractions [x/4] of each cluster type. Lack-
ing a third equation, the system can only be partially
constrained, with all possible solutions occurring along
the vector

(f[m] > J{posys fipbariay)
= (0,0.72, 0.28) + fjog (1, =2, 1) 2

to which the following limiting conditions can be
applied: 0 < fioay, freooay < 1, and 0 < fpposyy <
0.64, as fipvori2)) = 2[Ph(1)srersor = 0.64] would
exceed the total site scattering. Repeating this process
for the range of Pb(1)srer.sor Values observed
through modulation (Fig. 11a) results in a series of
vectors parallel to that given in Equation 2. Figure 13
shows the total range (blue shading) of possible com-
positions in the fjma—f{pboi3y—fpb2ri2y) ternary. Here,

for any observed value of Pb(1)srer.sor the distribu-
tion of clusters {Pb,[];_,} is constrained to the corre-
sponding vertical line. The mean composition, given by
Equation 2 for Pb(1)sger.sor = 0.32, is shown by the
dashed red line in Figure 13.

Although the occurrence of {{J4} clusters is arith-
metically possible, these may initially be considered as
unlikely, owing to the large void space that would
result in the structure. As shown in Figure 13, for
regions of the structure in which Pbh(1)srer.sor >
0.25, the absence of a cluster of composition {14} is a
necessity. However, for regions of the structure where
Pb(1)sper.sor < 0.25, clusters of composition {[;}
must occur.

RELATIONSHIP TO OTHER SPECIES

Shinkolobweite is most closely related to other U-
OH minerals that crystallize with the 3-UsOg topol-
ogy, including spriggite (Brugger et al. 2004) and
rameauite (Plasil et al. 2016, 2021), as well as the
mixed-valence U minerals ianthinite, wyartite, dehy-
drated wyartite, and nollmotzite. Shinkolobweite is the
fifth mineral recognized to contain essential U>" after
wyartite, dehydrated wyartite, richetite, and nollmotzite,
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and it is now the third uranyl mineral known to exhibit
modulated ordering, after swamboite-Nd (Plasil et al
2018b) and baumoite (Elliott ef al. 2019). Shinkolob-
weite is structurally most closely related to the synthetic
mixed-valence U™®" phase prepared by Belai et al.
(2008), [U**(H,0)5(U0,),0,(OH)](H,0)s. The syn-
thetic phase possesses a similar-sized cell (7.176 X
11.400 X 15.310) with a similar space-group symmetry
(Immm) relative to shinkolobweite. The synthetic phase
also contains sheets based on the B-UsOg topology,
although its interlayer is devoid of cations and its sheets
are electroneutral. Belai et al. (2008) note that the syn-
thetic phase is only stable for a few months under
ambient conditions, as it slowly oxidizes over time.
This may suggest that structural modulation, specifically
the arrangement and occupancy of interlayer Pb*", is
essential for the long-term stability of U’' in
shinkolobweite.

The PXRD pattern of shinkolobweite closely resem-
bles that of protasite (Pagoaga ef al. 1987), masuyite
(Burns & Hanchar 1999), and richetite (Plasil 2017).
These three minerals contain uranyl oxide hydrate
sheets based on the a-UsOg topology, which feature
edge-sharing uranyl pentagonal bipyramids (Fig. 7).
Though distinct from the B-U3Og type sheet found in
shinkolobweite, the inclusion or omission of a single
U-O,, bond differentiates the two topologies, and thus
they differ in the subtle details of the positioning of a
single oxygen atom. The bond length corresponding to
this transition measures >3.4 A in the average crystal
structure of shinkolobweite [U(2)-O(7)] and does not
represent a chemical bond; however, through modula-
tion, it periodically approaches ~2.85 A (Figs. 6, 7). In
the crystal structure of synthetic a-UzOg, the corre-
sponding bond length measures 2.71 A (Loopstra
1964). Therefore, it may be interpreted that the modula-
tion at the U(2) site represents the transition between
multiple local configurational states for different
valences of U: (1) octahedral U™ with two long (>2.0
A) apically bonded O/OH; (2) octahedral U®" with
short (~1.79 A) apical oxide 0O’ atoms; and (3) inter-
mediate pentagonal bipyramidal or octahedral configu-
ration with variably protonated, apical O atoms and
mixed U>" and U®" valence that periodically produces
an o-U;Og type topology (Fig. 7). Although it is cur-
rently unclear what structure fully oxidized shinkolob-
weite might adopt, it hypothetically may rearrange into
an o-U;Og-type topology and chemically would closely
resemble fourmarierite, Pb(UO,)405(0OH),-4H,0, albeit
requiring additional rearrangements to adopt its structure.
This is noteworthy because the U mixed-valence min-
eral, ianthinite, is reported to transform to schoepite or
metaschoepite on oxidation, the latter two minerals
having crystal structures that are also built upon the
fourmarierite-anion topology (Schoep & Stradiot 1947).

1017

IpEAL FORMULA DERIVATION

An idealized formula, Pb; 335[U°TO(OH)][(UO,)s
0,(OH);](H,0)s, can be invoked by assuming stoi-
chiometric structural unit occupancy with 50:50 occu-
pancy of US":U" at the U(2) site and using the
average bond valence of sheet O atoms to set the O/OH
ratio; however, it is highly deficient in positive charge
(net charge = —2.33). The correct ideal formula is sig-
nificantly more complex. It is inferred that the large var-
iability in bond lengths and bond valences of the apical
O atoms of the U(2) site [O(3) and O(9)] reflects a mix-
ture of U®*~0,; and U**~O/OH bonds (Fig. 9b). It is
also possible that a higher-than-measured U>* content,
or, as is commonly observed in other UOH minerals,
partial protonation of other bridging O*~ atoms within
the sheet may alternatively account for the charge defi-
ciency. The U(2) site exhibits variable bond-valence
sums at different regions of superspace: the minimum,
maximum, and average bond valences are 5.40, 5.59,
and 5.51 vu, respectively, which were calculated using
the U>™—O parameters given by Gagné & Hawthorne
(2015) (Table 6).

The equatorially bonded oxygen atoms O(5) and
O(6) surrounding the U(2) site may also be protonated.
While the O(6) atom exhibits consistent oxide charac-
ter (O*7) throughout superspace, the O(5) site exhibits
larger valence fluctuations, between 2.04 vu and 1.51
vu, averaging 1.73 vu, and signifying partial proton-
ation of this site (~1:4 OH:0). The wide bond-valence
ranges brought on by structural modulation thus
requires numerous assumptions about how charge may
be balanced within a wide field of compositional
space. This problem can be approached from a simpli-
fied perspective to explore specific charge balance
requirements at the U(2) site by holding the proton-
ation state of sheet atoms O(5) and O(6) constant. This
provides several advantages, including derivation of a
formula that is stoichiometric and charge balanced for
all possible compositions at the U(2) site.

To summarize, derivation of an ideal, charge-
balanced formula for shinkolobweite is complicated
by: (1) the occurrence of uranium cations of mixed-
valence; (2) the change in coordination about the
U(2) position as a function of structure modulation;
(3) the ability of anion positions within the U;Og
sheet layers to accommodate mixed occupancies of
0?7, (OH)", and (H,0); (4) the highly variable
nature of observed bond lengths within the structure,
complicating the use of bond-valence arguments to
confirm site occupancies; and (5) the fractionally-
occupied O(2)’ position in the interlayer, whose
occupancy (and thus charge contribution) remains
enigmatic.

Downloaded from http://pubs.geoscienceworld.org/cjmp/article-pdf/61/5/999/5986439/i2817-1713-61-5-999.pdf
bv lniversitv of Arizona user



1018
The situation may be simplified by initially apply-

ing the following substitution mechanism to accom-
modate the incorporation of U™ into the structure:

UR)Us+ 0B 02— o U 5+ 06) (OH)”

Further, from bond-valence sums, the O(7) and
O(9) positions may be considered fully occupied by
(OH)™ and O*~, respectively, for the purposes of for-
mula derivation.

From the initial crystal-structure formula (key sites
being given in bold),

Pby333[U(2)0(3)0(9)], [U(1)04)0(8)],
0(5),0(6),0(7), - 5SH,0
two theoretical endmembers (EM) may be defined:
[EM1]: Pb 333 Y@ [USFO(OH)], Y®[Uc*0,],

[0,(OH),_,]04(OH), - SH,0

U(2) [U6+O]2 U(1) [U6+02}4
[0,(OH),_,]04(OH), - 5H,0

[EM2]: Pb; 333

For both endmembers, charge-balancing necessi-
tates that x = 0.66.

Combining [EM1] and [EM2] results in the general
formula
Pb1,333 [U(2)U5+O(OH)]A [U(2)U6+O] . [U<1)U6+02]4

[00.66(OH)5 3] 04(OH), - SH,0

where A4 indicates the proportion of U°" in the
structure.

In the crystal described here, where 4 ~ 1 (Table
2), the formula becomes

Pb]_333 |:U(2)U5+O(OH):| |:U<2)U6+02} [U(])U6+02]4
[00.66(OH); 5,]04(OH), - 5H,0
which reduces to

Pb; 333 [U*O(OH) (U 0,) 504,66 (OH)5 34] (H20)5

which we propose here to be accepted as the ideal
shinkolobweite formula.

THE CANADIAN JOURNAL OF MINERALOGY AND PETROLOGY

Several issues still remain with these assumptions.
The average bond valence of the sheet oxygen atoms
O(5), 0(6), and O(7) suggests a composition with
significantly less overall OH content, i.e., ~O,OHj3.
This suggests that a complex transition of protonation
states occurs for O(3), O(9), and O(5) for different
proportions of U™ and indicates that regions of the
structure populated by U®" must contain significant
(OH) substitution. Our inability to fully resolve these
discrepancies lies beyond the resolution of the modu-
lated data; however, given the significant uncertain-
ties in the protonation state of the apical O atoms at
the U(2) site, the ideal formula is best represented as
Pb; 333[U°TO(OH)(U**0,)504 67(0H)s 33](H,0)s.

CONCLUSIONS

Commensurate modulation in the structure of shin-
kolobweite manifests itself primarily in the long-range
ordering of U™ and U®" at the U(2) site and the local,
surrounding O atoms, as well as the occupancy and posi-
tions of interlayer Pb atoms. The new mineral is obser-
vationally stable to oxidation in air after many years
under typical storage conditions, in contrast to other
mixed-valence uranyl minerals and the closely related
synthetic phase  [U"(H,0)2(U0,),04(OH)](H,0)s.
Still, more material should be examined and thermody-
namic experiments must be conducted to make a defini-
tive statement on the stability of shinkolobweite.

The B-U;0g sheet topology found in shinkolob-
weite is crystal-chemically versatile and, excepting
richetite, which crystallizes with the closely related
0-U3Og topology, is the crystal-structure type adopted
by all known mixed-valence uranyl minerals. Its abil-
ity to stabilize U™ on time scales relevant to geologic
disposal of used nuclear fuel, i.e., potentially >
100,000 years, may have significant implications for
the disposal of nuclear waste. The reducing conditions
favored in proposed repositories for nuclear waste
could promote the formation and stabilization of U™
phases with the B-U;Og topology, affecting the mobil-
ity of radionuclides and the development of long-term
geochemical transport models.
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