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Bluelizardite (IMA 2013-062), Na,(UO,)(SO,),CI(H,0),, is a new uranyl sulfate mineral from the Blue Lizard mine, San
Juan County, Utah (USA). It was found in a sandstone matrix and is associated with chalcanthite, copiapite, ferrinatrite,
gypsum, kréhnkite, johannite, and several other new, unnamed Na- and Mg-containing uranyl sulfates. Bluelizardite
is a supergene mineral formed by the post-mining weathering of uraninite. The mineral is monoclinic, C2/c, with a =
21.1507(6), b = 5.3469(12), ¢ = 34.6711(9) A, p = 104.913(3)°, V = 3788.91(17) A®and Z = 8. Crystals are blades up to
0.4 mm long, flattened on {001}, elongated parallel to [010] and exhibiting the forms {100}, {001} and {111}. Bluel-
izardite is pale yellow and has a yellowish-white streak. It has good cleavage on {001} and uneven fracture. The Mohs
hardness is estimated at 2. The calculated density based on the empirical formula is 3.116 g/cm?®. Bluelizardite exhibits
bright yellow-green fluorescence under both long- and short-wave UV radiation. The mineral is optically biaxial (), with
o=1.515(1), p=1.540(1) and y = 1.545(1) (measured with white light). The measured 2V is 48(2)° and the calculated
2V is 47.6°. The mineral does not exhibit any dispersion or pleochroism. The optical orientation is X = b, Y = a, Z= c*.
The empirical formula of bluelizardite is Na, ,,(U, ,,0,)(SO,), 1,Cl, 5.0, ,5(H,0), (based on 21 anions pfu). The Raman
spectrum is dominated by the symmetric stretching vibrations of the uranyl (UO,?*) group and sulfate tetrahedra and by
the O-H stretching and bending vibrations of the H,0 molecules. The eight strongest powder X-ray diffraction lines are
[d,,. AQ1 )(hkI) ]: 17.08(52)(002), 10.31(60)(200), 5.16(100)(mult.), 4.569(22)(402,~114), 4.238(23)(-115, 310, 008),
3.484(27)(-602,-604,-2-0-10), 3.353(28)(mult.), 3.186(36)(mult.). The crystal structure of bluelizardite (R, = 0.016
for 4268 reflections with 1 , > 3cl) is topologically unique among known structures of uranyl minerals and inorganic
compounds. It is based upon clusters of uranyl pentagonal bipyramids and sulfate tetrahedra. Two uranyl pentagonal
bipyramids are linked through the two vertices of SO, groups. The remaining three vertices of each UO, bipyramid are
occupied by SO, groups, linked monodentately. The eight independent Na* cations are linked through the Na—O bonds
along with hydrogen bonds (involving H...O and H...Cl bonds) into a 3D framework.
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1. Introduction

Uranyl sulfate minerals are important alteration products
resulting from hydration—oxidation weathering of primary
uranium minerals, mainly uraninite. They are not uncom-
mon because uraninite is often associated with sulfides
such as pyrite, marcasite and chalcopyrite (Finch and
Murakami 1999; Krivovichev and PIaSil 2013). During
hydration—oxidation weathering processes, acid solutions
are derived from the decomposition of sulfides under
oxidizing conditions. As acid mine drainage (AMD), such
solutions can transport the uranyl ion in aqua-complexes
over long distances (Fernandes et al. 1995; Johnson 2003;
Johnson and Hallberg 2005). Uranyl sulfate minerals
form from such solutions under certain conditions (pH—
Eh change, oversaturation, hydrolysis etc.) and in suitable

environments, e.g. in old mining adits with moderate
relative humidity.

Bluelizardite is a new uranyl sulfate mineral found
at the Blue Lizard mine, San Juan County, Utah, USA.
The mineral is particularly interesting for its chemical
composition, as it is a uranyl sulfate hydrate containing
sodium and chlorine, and its crystal structure, which is
unique among uranyl minerals. The new mineral and the
name were approved by the Commission on New Miner-
als, Names and Classification of the International Miner-
alogical Association (IMA 2013-062). The new mineral
was named after the type locality, the Blue Lizard mine.
One holotype and three cotype specimens of bluelizardite
were deposited in the collections of the Natural History
Museum of Los Angeles County under the catalogue
numbers 64060, 64061, 64062 and 64063.
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2. Occurrence

Bluelizardite was found underground in the Blue Lizard
mine, Red Canyon, White Canyon district, San Juan
County, Utah, USA (37°33'26"N 110°17'44"W) by one of
the authors (JM). The detailed description of the locality
and its geological setting was provided by Kasatkin et al.
(2013) and PIa&Sil et al. (2013a). The Blue Lizard mine is
the type locality for the recently described new minerals
manganoblddite, cobaltoblédite (Kasatkin et al. 2013),
belakovskiite (Kampf et al. 2013) and meisserite (Plasil
et al. 2013a). The mineral association described here is
of supergene origin, related to post-mining processes (the
mine was closed in 1978), which include supergene oxi-
dation of primary ores (uraninite, pyrite and chalcopyrite
disseminated in lenses of organic matter) in the humid
underground environment, which led to the formation of
a variety of secondary minerals, mainly sulfates, occur-
ring as efflorescent crusts on the surfaces of mine walls.

Minerals found in direct spatial association with blueliz-
ardite include chalcanthite, copiapite, ferrinatrite, gypsum,
johannite, kréhnkite and several new, unnamed Na- and
Mg-containing uranyl sulfates. Primary minerals in the
general assemblage include barite, bornite, calcite, chal-
copyrite, covellite, feldspar, pyrite, quartz and uraninite.
Supergene, post-mining minerals in the general assemblage
include atacamite, belakovskiite, blddite, cobaltoblodite
and manganoblddite, brochantite, chalcanthite, copiapite,
cyanotrichite, d’ansite-(Mn), ferrinatrite, gypsum, halo-
trichite, johannite, meisserite, metavoltine, natrozippeite,
pseudojohannite, romerite, rhomboclase, sideronatrite and
tamarugite.

3. Physical and optical properties

Bluelizardite forms as long bladed crystals (Fig. 1) in
hedgehog-like aggregates in association with other uranyl
sulfate minerals. Blades are up to 0.4 mm long, flattened
on {001} and elongated parallel to [010], and exhibit the
forms {100}, {001} and {111} (Fig. 2). Bluelizardite is
pale yellow and has a yellowish-white streak. Crystals
are transparent with a vitreous luster. They are brittle,
with good cleavage on {001}, and they have uneven
fracture. The Mohs hardness is estimated at 2. There is
insufficient material for the direct determination of den-
sity. A density of 3.116 g/cm® was calculated based on
the unit-cell dimensions from single-crystal X-ray data
and on the empirical formula from electron microprobe
results. Bluelizardite shows bright yellow-green fluores-
cence under both long- and short-wave UV radiation. The
mineral is optically biaxial negative, with a = 1.515(1),
B = 1.540(1), vy = 1.545(1) (measured in white light).
The measured 2V using a spindle-stage is 48(2)° and

Fig. 1 Aggregate of bluelizardite crystals. Blue Lizard mine, USA.
Width of the photograph 3.5 mm (photo J. Marty).

the calculated 2V is 47.6°. No dispersion or pleochroism
was observed. The optical orientation is X = b, Y = a,
Z = ¢*. The Gladstone-Dale compatibility, 1 — (K /K),
is excellent (0.033) for the empirical formula and the
single-crystal cell.

4. Chemical composition

The chemical composition of bluelizardite was deter-
mined using a Jeol Superprobe 733 scanning electron
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Fig. 2 Crystal drawing of bluelizardite (clinographic projection in
nonstandard orientation: [010] vertical).
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Tab. 1 Results of chemical analysis (in wt. %) of bluelizardite

Mean (n = 5) Range SD Standard
Na,O 24.15 23.40-24.55 0.47 Albite
SO, 35.84 34.70-37.45 0.99 Cu,Vs,
uo, 32.89 30.45-35.14 1.76 uo,
Cl 3.76 3.46-4.01 0.22 Cs,ReCl,
H,0 4.05*
OH =ClI 0.85
total 99.94

* calculated from the structure
SD — standard deviation

microscope (SEM) equipped with an INCA energy-
dispersive X-ray spectrometer (Fersman Mineralogical
Museum, Moscow). An operating voltage of 20 kV was
used with a beam current of 2 nA and a 1 um beam
diameter. The EDS mode on the SEM was chosen for
the analysis instead of the WDS mode on the electron
microprobe (EMP) because bluelizardite is very unstable
under the higher current of the EMP beam, clearly due to
its high content of easily volatilized components (Na, ClI
and H,0). The content of molecular H,0 was not deter-
mined directly, because of the paucity of pure material for

thermal analysis. Instead, the H,O content was calculated
by stoichiometry as indicated by the crystal-structure
determination.

The empirical formula of bluelizardite, calculated as
the mean of 5 representative spot analyses (Tab. 1), is

Na, (U, ,0,)(SO,), ,,.Cl; .0, 46(H,0), (based on 21 anions
pfu). The simplified formula, Na (UO )(SO,),CI(H,0),,
requires Na,O 24.46, UO, 32.31, SO3 36.07, C1 4.00, H,0
4.06, O = C1-0.90, total 100.00 wt. %.

5. Raman spectroscopy

A Raman spectrum (Fig. 3) was collected using a DXR
dispersive Raman spectrometer (Thermo Scientific)
mounted on a confocal Olympus microscope (100x
objective). The Raman signal was excited by a 532 nm
diode-pumped solid-state laser and detected by a CCD
detector. The experimental parameters were: 5 s exposure
time, 32 exposures, 400 lines/mm grating, 50 mm slit
spectrograph aperture, and 3.0 mW laser power level.
The instrument was calibrated by a software-controlled
calibration procedure using multiple neon emission lines

Fig. 3 Raman spectrum of bluelizardite.
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(wavelength calibration), multiple polystyrene Raman
bands (laser frequency calibration) and standardized
white-light sources (intensity calibration).

Many well-documented and rigorously-assigned Ra-
man or infrared spectra of uranyl-sulfate minerals have
been published. The general features of the vibration
spectra of uranyl-sulfate minerals were reviewed by
Cejka (1999). Recently, the Raman spectrum of meisser-
ite, which is structurally very similar to bluelizardite, was
published (PIasil et al. 2013a). We based the assignment
and interpretation of the bluelizardite Raman spectrum on
the similarities with the meisserite spectrum and also
on the well-resolved Raman spectrum of natural zippeite
(P1&Sil et al. 2010).

The dominant features in the Raman spectrum of
bluelizardite are U-O symmetric and S—O symmetric
stretching vibrations, with expected highest intensities
in the Raman (Cejka 1999; Plasil et al. 2010). The O-H
vibrations, which are generally weak in un-polarized
Raman spectra, are easily observable in the bluelizardite
spectrum (Fig. 3).

The U-O stretching region is dominated by a sharp
band at ~860 cm™', which is attributable to the v, sym-
metric stretching U-O vibration of the (UO,)* ion.
Closer inspection and band-component analysis of the
spectrum show that the band is composed of two over-
lapping vibrations at 854 and 848 cm-'. It is interesting
that, in the bluelizardite spectrum, the v, antisymmetric
stretching U—O vibration is observable, while it is not in
the meisserite spectrum (PI&Sil et al. 2013a). In general,
v, UO,? is not active in Raman for C__ point symmetry;
however, for bluelizardite, the symmetry of the uranyl ion
is lowered by the symmetry of the U and corresponding
O sites (factor-group symmetry) and forbidden modes
become active. The low-intensity bands at 918 and 912
cm' were assigned to the v, antisymmetric stretching
U-O vibrations. The inferred U-O uranyl bond-lengths,
using the equations of Bartlett and Cooney (1989), are
1.76 A (v,) and 1.77 A (v,). These values perfectly match
the U-O bond-lengths obtained in our refinement of the
crystal structure (see below). The Raman bands at 260,
252, 237 and 208 cm' were assigned to the v, (5) O-U-O
bending vibrations. The number of observed bands is in
agreement with there being two U atoms in the primitive
unit-cell (the unit-cell of bluelizardite is C-centered).

The group of Raman bands with the second-highest
intensity corresponds to the S—O symmetric stretching
vibrations (v,) of SO, tetrahedra, located at around ~1060
cm'. The large number of bands that can be assigned to
the symmetric stretching modes (those at 1061, 1050,
1012, 1003, 998, 986, 951 and 941 cm™) is caused by
the presence of 8 independent SO, groups in the primitive
cell. The bands at higher energy, 1216, 1189, 1156, 1143
and 1090 cm™, were assigned to the (v,) antisymmetric

stretching vibrations of the SO, tetrahedra. The bending
modes of the SO, groups are responsible for the Raman
bands at 651, 641, 620 and 619 cm' (triply degenerate v,
bending mode) and at 607, 592 cm™! (doubly degenerate
v, bending mode).

The highest-energy bands (~3600 to 3200 cm™) in the
Raman spectrum are dominated by the O—H stretching
vibrations of the H,O molecules. Band-component analy-
sis indicated bands at 3606, 3576, 3475, 3422, 3343 and
3219 cm'. Using the correlation of Libowitzky (1999),
it is possible to infer the approximate O...O (donor—ac-
ceptor) distances and also H...O (hydrogen—acceptor)
distances for the corresponding hydrogen-bonds, based
on the wavenumbers of the O—H stretching frequencies.
The inferred distances from the observed frequencies for
bluelizardite vary between 2.7 and 3.1 A (O...0). The in-
ferred H-A distances match the range 1.8 to 2.4 A; these
numbers correspond with the bond-lengths obtained for
the H-bonds from the structure refinement (see below),
although the low end of the range is somewhat lower than
the value from X-rays (~1.9 A).

The bands at the lowest frequencies are attributable to
lattice modes. The Na—O stretching and Na—Cl stretching
vibrations could not be assigned to Raman bands because
of overlap with other fundamental vibrations.

6. X-ray crystallography and structure
determination

6.1. Powder diffraction

Powder X-ray diffraction data for bluelizardite were
obtained using a Rigaku R-Axis Rapid Il curved imag-
ing plate microdiffractometer utilizing monochromatized
MoK radiation (Gandolfi method). Observed powder
d,,, values and intensities were derived by profile fit-
ting using JADE 2010 software. Data (in A) are given
in Tab. 2. Unit-cell parameters refined from the powder
data using JADE 2010 with whole-pattern fitting are:
a = 21.1822(6), b = 5.3544(1), ¢ = 34.730(3) A, B =
104.879(7)° and V = 3806.9(3) A3

6.2. Single-crystal X-ray diffraction and
structure solution

Assingle crystal of bluelizardite, with dimensions 0.12 x
0.03 x 0.02 mm, was examined using an Oxford Diffrac-
tion Gemini single-crystal diffractometer with an Atlas
CCD detector using monochromatized MoK radiation,
with a fibre-optic Mo-Enhance collimator. The unit-cell
dimensions were refined from 13395 reflections by least-
squares with the CrysalisPro package (Agilent Technolo-
gies 2012). According to the single-crystal data, blueliz-
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Tab. 2 Powder diffraction data for bluelizardite

. d. d,. I, hkl I d. dy.  Il. Nkl I O, d,, I, hkl
52 17.08  16.7828 100 002 28696 6 518 19237 3 2018
60 1031 102360 92 200 18 2859 ( 28549 14 3110 7 1924 { 19217 2 719
10 839 83914 13 004 28435 8 514 19138 3 7115

9 756 75023 10 204 27970 9 0012 18781 3 6211
6 se | 55943 18 006 27755 3 6010 & 1gn | 18747 6 B25
55445 12 206 27176 4 515 18648 4 0018
51801 58 110 27072 4 1111 18585 7 0213
o s1g | B1704 19 T11 26813 5 3111 18248 3 627
51180 9 400 20 2674 ( 26772 3 020 18150 2 3118
50701 35 111 26687 12 021 18110 2 1114
50429 3 112 26438 8 022 8 1809 { 18063 2 1117
49739 9 404 26344 3 713 18050 2 1113
48615 5 112 26325 3 802 17920 2 1118
2o asge | 45784 8 402 26212 5 712 17734 4 4211
45418 18 114 18 2619 | 26255 10 714 L7713 2 917
43772 6 406 25925 6 806 3 17es | L7695 2 7117
42852 3 114 25696 3 221 17655 3 5114
42364 7 115 25500 6 800 17636 3 1119
23 4238 { 42124 10 310 25217 5 3112 17605 3 6014
41957 4 008 25164 3 711 17338 6 8018
410010 3 311 18 409 | 25008 3 B012 17284 5 135
39780 5 115 24936 3 5111 17193 6 1118
22 3942 { 39409 8 312 24867 10 025 8 1716 | L7136 2 miu
39303 14 116 24680 3 517 17094 2 135
38537 7 315 24558 6 712 17083 6 12010
37512 4 408 23796 3 719 17063 5 1119
36550 6 316 23490 4 518 { 16593 2 337
36387 3 117 23468 6 421 10 1656 ( 16550 5 1202
9 388 {asm5 12 208 10239 ) yars 4 027 16517 3 4213
35250 13 602 23253 6 425 16285 3 535
27 3484 | 34887 12 604 23049 7 7110 4 1e1g | L6261 3 531
34636 15 2010 2233 3 715 16219 2 2217
34120 18 600 5 2233 { 22318 2 1114 16164 3 1029
33697 15 406 22269 3 7111 { 15645 3 1023
28 3353 { 33379 4 315 22194 3 227 15533 2 535
11 1556
3321 5 512 21766 4 3112 15465 2 3311
33160 8 606 21481 4 915 15444 2 1116
33093 6 513 15 2135 | 21439 3 4016 15255 3 13110
32525 4 510 21204 3 806 15184 3 6213
32101 14 4010 21073 5 625 15134 2 3122
31938 5 515 2003 3 910 171818 4 118 2 731
3 3186 ( 3.1876 11 602 20816 5 621 15078 2 5311
3.1757 5 511 2.0765 2 717 1.5057 2 2219
31615 18 118 13 s0ss | 20654 2 229 { 14745 2 0219
31348 6 316 20601 4 1008 10 1473 { 14649 2 734
30099 8 516 20560 2 4210 14520 2 1229
13 3079 { 30779 10 512 20433 3 919 6 1a | 14251 2 6215
30419 8 319 20323 5 427 14220 2 11110
29899 6 517 20124 13 0211 14004 2 13116
29419 8 317 19982 4 718 13941 2 3313
29375 3 119 242000 4 19910 4 721 T30 0 a0 3 1029
20 2916 { 29043 9 1110 19896 5 10010 13810 2 5120
29001 12 408 19722 8 1002
28937 5 2012 19334 3 6012

* Calculated lines with intensities less than 3 are not included unless they correspond to observed lines
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Tab. 3 Crystallographic data and refinement details for bluelizardite

Crystal data

Formula

Crystal system

Space group

Unit-cell parameters: a, b, ¢ [A]
Bl

Unit-cell volume [A3]

z

Calculated density [g/cm?]
Crystal size [mm?]

Data collection

Diffractometer

Temperature [K]

Radiation, wavelength [A]

0 range for data collection [°]
Limiting Miller indices

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

Unique reflections

Unique observed reflections, criterion
Absorption coefficient [mm™], type

T IT

min" " max

Data completeness to 0, (%), R, ,

Structure refinement by Jana2006

Na (U0,)(S0,),CI(H,0),
monoclinic

C2/c

21.1507(6), 5.3469(12), 34.6711(9)
104.913(3)

3788.91(17)

8

3.108

0.12 x 0.03 x 0.02

Oxford Diffraction Gemini with Atlas detector
320

MoK , 0.71073 (50 kV, 30 mA)
3.50-29.40
h=25—-26,k=7—7,1=46 — 43
, 0.5, 130

24440

4715

4268, [1 > 30(D)]

9.41; multi-scan

0.514/1

99.47, 0.025

Full-matrix least-squares on F?

try operators deduced from the
flipped electron-density (Palati-
nus and van der Lee 2008). All
atoms except hydrogen were
refined using harmonic atomic-
displacement parameters. Hy-
drogen atoms, which were lo-
cated in the difference-Fourier
maps, were treated using soft
constraints on bond lengths,
0.90 A, with a constraint weight
of (0.02), resulting in donor—
hydrogen lengths of 0.87(3) A,
and their isotropic-displacement
parameters were set to 1.2xU_
of the donor O atoms. The re-
finement converged smoothly
with final indices of agreement
R, = 0.0163 and wR, = 0.0383
for 4715 observed reflections
with GOF = 1.17 (Tab. 2). The
atom coordinates and the dis-
placement parameters are given
in Tab. 4 and selected inter-
atomic distances in Tabs 5 and
6. Bond-valences are presented

Number of refined parameters, restraints, constraints 312, 6, 4
Data/restraints/parameters 4268/6/312

R,, WR, (obs) 0.0163, 0.0383
R, WR, (all) 0.0205, 0.0398
GOF obs/all 1.17,1.15
Weighting scheme, weights

Largest diffraction peak and hole (e-/A3) 0.70, —0.86

in Tab. 7.

6.3. Description of the
crystal structure

6, W =1/(c2(1)+0.00041%)

The asymmetric unit of the

ardite is monoclinic with a = 21.1507(6), b = 5.3469(12),
c=34.6711(9) A, p = 104.913(3)°, V = 3788.91(17) As
and Z = 8. Of the 24,440 measured reflections, 4715
were independent and 4268 were classified as observed
based on the criterion [1 > 35(l)]. Data were corrected
for Lorentz effect, polarization factor and background.
An empirical (multi-scan) correction for absorption was
applied to the dataset using the ABSPACK3 algorithm
implemented in the RED routine of the CrysAlis software
(Agilent Technologies 2012), leading to R, of 0.0250.
Other details of the data collection are given in Tab. 3.
The crystal structure of bluelizardite was solved by the
charge-flipping algorithm (Oszlanyi and Siit6 2004, 2008;
Palatinus 2013) implemented in the Superflip program
(Palatinus and Chapuis 2007) and subsequently refined
using the software Jana2006 (Petficek et al. 2006) with
the full-matrix least-squares refinement based on F2. The
reflection conditions and statistics clearly indicated the
monoclinic space group C2/c. This space group was also
suggested by the Superflip program, based on the symme-

bluelizardite structure contains
one U site, four S sites, eight Na
sites, twenty O sites (including two positions occupied
by O atoms of H,O molecules) one ClI site and four H
sites (Tab. 4). The U atom is strongly bonded to two O
atoms (O, ), forming a nearly linear uranyl ion, UO,*. It
is further coordinated by five O atoms (O, ») arranged as
equatorial vertices of a pentagonal uranyl bipyramid with
O, at the two vertical apices. The U-O,, and U=0i0na
bond-lengths (Tab. 5) closely match the typical values for
[7]-coordinated U atoms provided by Burns et al. (1997).
Uranyl pentagonal bipyramids form clusters in which two
uranyl bipyramids are bridged by sharing vertices of two
sulfate tetrahedra, and three additional SO, groups are
linked monodentately to each bipyramid, resulting in di-
mers of composition [(UO,),(SO,),]"* (Fig. 4). The Na¢,
polyhedra are located between the uranyl sulfate clusters
and link them into sheets stacked perpendicular to [010];
adjacent sheets (a short periodicity with the b = 5.35 A)
link through a dense network of Na—O and Na—ClI bonds
into a three-dimensional framework (Fig. 4). Additional
linkage is provided through hydrogen bonds from H,O
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Tab. 5 Selected interatomic distances (A) and angles (°) in bluelizardite

U-017 1.7590(17) S1-01 1.4542(17) S3-09 1.467(2)
U-018 1.765(2) S1-02 1.490(2) $3-010 1.446(2)
U-02 2.416(2) S1-03 1.4592(19) S3-011 1.462(2)
U-04" 2.4958(16) S1-04 1.4872(6) S3-012 1.5164(18)
U-08x 2.345(2) <S1-0> 1.473 <S2-0> 1.473
U-012 2.3732(17)
U-016 2.3371(18) $2-05 1.450(2) S4-013 1.455(2)
<U-0,,> 1.762 S2-06 1.470(2) S4-014 1.467(2)
<U-0,.> 2.393 S2-07 1.463(2) S4-015 1.461(2)
S2-08 1.4834(19) S4-016 1.5055(19)
<S2-0> 1.467 <S4-0> 1.472
Nal-013 2.344(2) Na2-Ol' 2.576(2) Na3-03 2.333(2)
Nal-O13#  2.344(2) Na2-O1V 2.576(2) Na3-05 2.373(3)
Nal-O14 2.313(2) Na2-02 2.507(2) Na3-06 2.478(2)
Nal-O14i 2.313(2) Na2-02¥ 2.507(2) Na3-06vi 2.964(2)
<Nal-O> 2.329 Na2-04 2.815(2) Na3-07" 2.455(3)
Nal-CIi 2.9811(9) Na2-04" 2.815(2) Na3-09 2.306(3)
Nal-CI' 2.9811(9) Na2-018' 2.520(2) Na3-Owl19vi  2.327(2)
Na2-018v  2.520(2) <Na3-0> 2.462
<Na2-0> 2.605
Na4-O1! 2.768(3) Na5-010 2.316(3) Na6-06* 2.427(2)
Na4-03 2.505(3) Na5-014 2.443(2) Na6-09i 2.485(2)
Na4-04 2.607(2) Na5-015"  2.479(3) Na6-015 2.439(2)
Na4-Q5vii 2.225(3) Na5-Ow20*  2.484(2) Na6-Owl19  2.329(3)
Na4-07 2.455(2) <Na5-0> 2.431 Na6-Ow20%  2.345(3)
Na4-O7* 2.397(3) Na5-Cl 2.6883(12) <Na6-0> 2.405
<Na4-0> 2.493 Na5-Cl 2.7420(12) Na6-Cli 2.8676(12)
<Na5-CI> 2.715
Na7-010! 2.569(2) Na8-O1' 2.680(2)
Na7-011 2.435(3) Na8-03 2.427(3)
Na7-012] 2.940(2) Na8-06 2.523(2)
Na7-013 2.418(3) Nag—09' 2.475(2)
Na7-014 2.460(3) Na8-O11 2.381(3)
Na7-016' 2.732(2) Nag-012 2.509(2)
Na7-017 2.526(2) <Na8-0> 2.499
<Na7-0> 2.583
Na7-Cli 2.9309(13)
01-02 2.417(3) 05-08 2.401(3) 011-017 2.959(3)
01-03 2.428(3) 06-07 2.388(3) 012-016 2.838(3)
01-04 2.443(2) 06-08 2.398(3) 012-018 2.851(2)
01-018" 2.961(2) 06-09i 2.970(3) 013-014 2.405(3)
02-03 2.376(3) 07-08 2.388(3) 013-015 2.411(3)
02-04 2.383(3) 08-0164i  2.864(2) 013-016 2.420(3)
02-04Y 2.752(3) 08-0174i 2.746(3) 013-017 2.990(3)
02-012 2.911(3) 08-Ow197i  2.858(3) 014-015 2.403(3)
02-017 2.834(3) 09-010 2.399(3) 014-016 2.375(3)
03-04 2.373(2) 09-011 2.418(3) 015-016 2.405(3)
04-08" 2.806(3) 09-012 2.375(3) 015-0w19v  2.862(3)
04-018Y 2.851(3) 010-011 2.417(3) 016-017 2.883(2)
05-06 2.396(3) 010-012 2.386(3) 016-018 2.990(3)
05-07 2.396(3) 011-012 2.427(3) 017-018! 2.794(3)

Symmetry codes: (i) X, y-1, z; (i) -x+1, -y+2, -z+1; (iii) -x+1, -y+1, -z+1; (iv) -x+1, y-1, -z+3/2; (v) -x+1,
y, -z+3/2; (Vi) X, y+1, z; (vii) X-1/2, y+1/2, z; (viii) -x+1/2, y-1/2, -z+3/2; (iX) -x+1/2, y+1/2, -z+3/2; (X)
-x+1/2, -y+312, -z+1; (xi) x+1/2, y+1/2, z; (xii) x+1/2, y-1/2, z; (xiii) -x+1/2, -y+5/2, -z+1; (xiv) x-1/2,

y-1/2, z.

molecules to O atoms (08, 015)
and Cl atoms (Tab. 6, Fig. 5).

7. Discussion

7.1. Structure topology
and related
structures

The bluelizardite structure con-
tains [(UO,),(SO,),]* uranyl
sulfate clusters (Fig. 6a); in con-
trast, the structure of meisserite
(P1asil et al. 2013a), another Na-
uranyl sulfate from the same lo-
cality, is based on uranyl sulfate
chains (Fig. 6b). In the blue-
lizardite structure, the bridging
sulfate tetrahedra between two
uranyl pentagonal bipyramids
are oriented down and down,
or up and up (Fig. 6a) with re-
spect to the plane of the sheets,
whereas in meisserite, the SO,
groups that link the chains are
oriented up and down (Fig. 6b).
The similar infinite chain as in
meisserite occurs in the struc-
ture of synthetic Na, Tl [(UO,)
(MoO,),1,(H,0), (Krivovichev
and Burns 2003). While the
bluelizardite structure is char-
acterized by two-membered
clusters, the meisserite structure
is characterized by chains, and
the structure of belakovskiite
(Kampf et al. 2013) is based on
clusters of composition [(UO,)
(80,),1¢ (Fig. 6c). The two-
membered clusters topologi-
cally similar to these found in
bluelizardite were observed in
the structures of the synthetic
compounds: Na [(UO,)(MoO,),]
(Krivovichev and Burns 2001)
and Na,TI,[(UO,)(M00O,),]
(Krivovichev and Burns 2003).
Uranyl sulfate clusters of the
same stoichiometry as in blue-
lizardite occur in synthetic
compounds (Burns and Hayden
2002; Hayden and Burns 2002a,
b). However, these compounds
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Fig. 4 Crystal structure of bluelizardite
viewed along [010]. [(UO,),(SO,),1"*
clusters (U-polyhedra are blue, SO,
groups yellow) are linked into a 3D
framework through Na—O (Na atoms are
pink) and Na—ClI bonds (Cl atoms are
green). Atoms labelled Ow19 and Ow20
are H,O molecules, H atoms are shown
in black color, O-H...O bonds are blue
dashed, O-H...Cl bonds are two-colored
dashed lines.

are topological isomers, as they contain a bidentately
linked SO, group (Figs 6d—f). A very similar cluster
to that in bluelizardite occurs in the structure of the
high-temperature synthetic compound K,[(UO,)(SO,),]
(Mikhailov et al. 1977). This structure, however, contains
two bidentately linked SO, groups (Fig. 69).

7.2. Notes on origin

Bluelizardite is a uranyl sulfate mineral found in a
sandstone matrix together with a diverse suite of other
sulfate minerals of supergene origin. They formed from
low-temperature, SO,-bearing, acidic aqueous solutions,
which can be linked to acid-mine drainage (AMD) wa-
ters originating from the dissolution of hypogene sulfide
minerals (Fernandes et al. 1995; Johnson 2003; Johnson
and Hallberg 2005). The occurrences of such mineral-rich
alteration assemblages, including uranyl sulfates related
in origin to AMD processes, are widespread (Ondru$ et

Tab. 6 Hydrogen-bond geometry for the structure of bluelizardite

al. 1997, 2003; Brugger et al. 2003, 2006; PI&Sil et al.
2011a, b, 2012, 2013a, b). At the Blue Lizard mine, the
mineral assemblage is inferred to have formed at very
low pH. Although we did not sample the mine waters at
the site or measure their pH, we can draw some conclu-
sions concerning the pH based on the known thermody-
namic properties of selected minerals in the association
(e.g., Majzlan 2010 and references therein; Grevel and
Majzlan 2011) and from the bond-valence approach
(Schindler et al. 2006; Hawthorne and Schindler 2008;
Schindler and Hawthorne 2008; Hawthorne 2012). Miner-
als that are very characteristic of this weathering associa-
tion, including rémerite, rhomboclase and copiapite, are
predicted to form under very low pH and at moderately
oxidizing conditions (Majzlan 2010). It is also significant
that the assemblage includes minerals that are stable at
ambient temperature (~15-20 °C) and very low rela-
tive humidity, such as rhomboclase, as well as phases
that are characteristic of higher relative humidity, such

Bond D-H H-A DA D-H---A
Owl19-H1---08" 0.87 (3) 2.25 (3) 2.858 (3) 126.8 (19)
Ow20-H2:-CI 0.87 (3) 252 (3) 3.335 (3) 155 (2)
Ow20-H3---Cl¥i 0.87 (2) 2.80 (3) 3.314 (3) 120 (3)
Owl19-H4---015' 0.87 (3) 1.99 (3) 2.862 (3) 177 (2)

Symmetry codes: (i) X, y-1, z; (xi) x+1/2, y+1/2, z; (xiii) -x+1/2, -y+5/2, -z+1.
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-

Fig. 5 Hydrogen-bonding scheme in the
bluelizardite structure. The bond-valence
sums associated with anions without the
contribution of H-bonds are black-la-
belled and printed in italics. The bond-
-valence associated with the particular
H...O or H...Cl bond is shown in colour.

minerals were identified, including ferrinatrite (0.25 vu),
sideronatrite (0.24 vu), metavoltine (0.22 vu), “blddites”
(0.30 vu), krohnkite (0.28 vu) and
d’ansite-(Mn) (0.53 vu). In all
observed cases, bluelizardite was
inferred to be younger than all
minerals except d’ansite-(Mn),
which was clearly the last of these
phases to form. The new Na-bear-
ing uranyl sulfates are spatially
isolated from other uranyl sulfates
(natrozippeite, johannite and pseu-
dojohannite), as well as from other
minerals, either those characterized
by low CDA (e.g. rhomboclase)
or those with high CDA values

Fig. 6 Structural units of selected uranyl—
sulfates. a — The [(UO,),(SO,)?]"* cluster in
the structure of bluelizardite. b — The infini-
te [(UO,)(SO,),]* chain in the structure of
meisserite (PI&Sil et al. 2013). ¢ — The iso-
lated [(UO,)(SO,),1¢ cluster in the structure
of belakovskiite (IMA 2013-075; Kampf et
al. 2013). d — Isolated cluster in synthetic
Na,(U0,)(S0,),(H,0), (Hayden and Burns
20023, b). e — Isolated cluster in synthetic
Na, [(UO,)(SO,),1(SO,),(H,0), (Burns and
Hayden 2002). f — Isolated cluster in synthe-
tic KNa,[(UO,)(SO,),1(H,0). g — The cluster
in synthetic K,[(UO,)(SO,),] (Mikhailov et
al. 1977).

(9)

'y = ~@ ov20 @_Na5
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015 (1.89
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£
Low20 g Jo22
L] \ l
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(e.g. halotrichite). Interestingly, the minerals containing
structural units with low CDA values (copiapite, romerite,
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Tab. 8 Overview of the chemical composition of studied weathering
association and the CDA values (in valence units, vu) of the structure
units

Mineral Composition CDA [vu]
brochantite Cu(SO,)(OH), 0.12
natrozippeite Na,[(UO,),(SO,),0,(OH),](H,0),, 0.14
atacamite Cu,CI(OH), 0.15
copiapite Fe*Fe* ,(SO,),(OH),(H,0),, 0.16
johannite Cu[(UO,),(SO,),(OH),1(H,0), 0.17
rhomboclase (H,0)Fe*(S0,),(H,0), 0.18
pseudojohannite Cu,(OH),[(UO,),0,(SO,),I(H,0),, 0.20
rémerite Fe*Fe**(SO,),(H,0),, 0.22
metavoltine K,Na, Fe* Fe**(S0,),,0,(H,0),, 0.22
sideronatrite Na,Fe*(S0,),(OH)(H,0), 0.24
ferrinatrite Na,Fe(SO,),(H,0), 0.25
kréhnkite Na,Cu(S0,),(H,0), 0.28
meisserite Na,(U0,)(S0,),(SO,0H)(H,0) 0.29
blodite Na,Mg(S0O,),(H,0), 0.30
belakovskiite Na,(U0,)(S0,),(SO,0H)(H,0), 0.36
bluelizardite Na, (U0,)(S0,),CI(H,0), 0.37
tamarugite NaAl(S0,),(H,0), 0.50
halotrichite Fe**Al,(SO,),(H,0),, 0.50
chalcanthite Cu(S0,)(H,0), 0.50
d’ansite-(Mn) Na, Mn*(S0,),,Cl, 0.53

rhomboclase, pseudojohannite and natrozippeite) have a
high molar proportion of H,O. These phases probably
formed directly from oversaturated solutions by precipi-
tation and hydrolysis. Minerals with higher CDA values
grew under more alkaline conditions, have a lower molar
proportion of H,O and probably crystallized from solu-
tions by evaporation.
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