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ABSTRACT

Singlecrystals of eight zippeite-group compounds have obtai ned using mild hydrothermal synthesistechniques. The structure
of each has been determined with single-crystal diffraction data collected using MoKa X-radiation and an APEX CCD-based
detector, and refined on the basis of F? for all unique data. The structure of zippeite, K3(H20)3[(UO2)4(S04)203(0OH)], is mono-
clinic, C2, a8.7524(4), b 13.9197(7), c 17.6972(8) A, B 104.178(1)°, V 2090.39(17) A3, R1 3.30%, D 4.794 g/cm?3. The structure
of sodium-zippeite, Nas(H20)12[ (UO2)g(S04)40s(OH)3], is monoclinic, P2;/n, a 17.6425(11), b 14.6272(9), ¢ 17.6922(11) A, B
104.461(1)°, V 4421.0(5) A3, R1 6.88%, D 4.517 g/cmq. The structure of magnesium-zippeite, Mg(H20)3 5[ (UO2)2(S04)O2], is
monoclinic, C2/m, a 8.6514(4), b 14.1938(7), ¢ 17.7211(9) A, B 104.131(1)°, V 2110.24(18) A3, R1 2.39%, D 4.756 g/cm®. The
structure of zinc-zippeite, Zn(H;20)35[(UO,)2(S04)02], is monaclinic, C2/m, a 8.6437(10), b 14.1664(17), ¢ 17.701(2) A, B
104.041(3)°, V 2102.7(4) A3, R1 4.57%, D, 5.032 g/cm?. The structure of cobalt-zippeite, Co(H20)35[(UO2)2(S04)Ox], is mono-
clinic, C2/m, a8.650(4), b 14.252(9), ¢ 17.742(10) A, B 104.092(19)°, V 2122(2) A3, R1 5.55%, D, 4.948 g/cm3. The structure of
(NH_)4(H20)[(UO2)2(S04)O2]2 is monaclinic, C2/m, a 8.6987(15), b 14.166(2), ¢ 17.847(3) A, B 104.117(4)°, V 2132.9(3) A3,
R1 4.31%, D, 4.442 glcm3. The structure of (NH,)2[(UO,)2(S04)0,] is orthorhombic, Cmca, a 14.2520(9), b 8.7748(5), ¢
17.1863(10) A, V 2149.3(2) A3, R1 5.11%, D, 4.353 g/cmd. The structure of Mgz(H20)11[(UO2)2(S04)03] 2 is monoclinic, P24/c,
a8.6457(4), b 17.2004(8), ¢ 18.4642(9) A, B 102.119(1)°, V 2684.6(2) A3, R1 4.73%, D 3.917 g/cm3. Each structure containsthe
zippeite-type sheet consisting of chains of edge-sharing uranyl pentagonal bipyramidsthat are cross-linked by vertex sharing with
sulfate tetrahedra, although the compositional details of the sheet are varied. The interlayer configurations are diverse, and are
related to the bonding requirements of the sheets.
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SOMMAIRE

Nous avons synthétisé par voie hydrothermal e Iégéere des monocristaux de huit composés du groupe de la zippéite. Nous en
avons établi lastructure en utilisant un diffractométre muni d’ un détecteur APEX detype CCD, avec rayonnement MoK, et nous
avons affiné les données uniques en utilisant les facteurs F2. La structure de la zippéite, Ka(H20)3[(UO2)4(S04)203(0H)], est
monoclinique, C2, a 8.7524(4), b 13.9197(7), ¢ 17.6972(8) A, B 104.178(1)°, V 2090.39(17) A3, R1 3.30%, D 4.794 g/lcm3. La
structure de la sodium-zippéite, Nag(H20)12[ (UO2)g(S04)40s(OH)5], est monoclinique, P2;/n, a 17.6425(11), b 14.6272(9), ¢
17.6922(11) A, B 104.461(1)°, V 4421.0(5) A3, R1 6.88%, D. 4.517 g/cm®. La structure de la magnésium-zippéite,
Mg(H20)35[(UO5)2(S04)O4], est monoclinique, C2/m, a 8.6514(4), b 14.1938(7), ¢ 17.7211(9) A, B 104.131(1)°, V 2110.24(18)
A3, R1 2.39%, D, 4.756 g/cm3. La structure de la zinc-zippéite, Zn(H20)35[(UO2)2(S04)0;], est monoclinique, C2/m, a
8.6437(10), b 14.1664(17), ¢ 17.701(2) A, B 104.041(3)°, V 2102.7(4) A3, R1 4.57%, D, 5.032 g/cm3. La structure de la cobalt-
zippéite, Co(H20)35[(UO2)2(S04)O;], est monoclinique, C2/m, a 8.650(4), b 14.252(9), ¢ 17.742(10) A, B 104.092(19)°, V
2122(2) A3, R1 5.55%, D 4.948 g/cm?. La structure de (NH,)4(H20)[(UO,)2(S0,)Ox], est monoclinique, C2/m, a 8.6987(15), b
14.166(2), ¢ 17.847(3) A, B 104.117(4)°, V 2132.9(3) A3, R1 4.31%, D.. 4.442 glcm?. Lastructure de (NH4)2[ (UO2)2(S04) O] est
orthorhombique, Cmea, a 14.2520(9), b 8.7748(5), ¢ 17.1863(10) A, V 2149.3(2) A3, R1 5.11%, D, 4.353 g/cmd. Lastructure de
Mgz(HZO)ll[(UOZ)g(SO4)02]2 est monoclinique, P2y/c, a 8.6457(4), b 17.2004(8), ¢ 18.4642(9) A, B 102.119(1)°, V 2684. 6(2)

8, R1 4.73%, D, 3.917 g/cm3. Chacune des structures contient un feuillet de type zippéite, fait de chaines de bipyramides a
uranyl e pentagonal es a arétes partagées, entre-liées par partage de coins avec des tétragdres de sulfate, quoiqu’ en détail, la com-
position des feuillets varie. Les agencements interfoliaires sont divers, et résultent des exigeances des feuillets en matiere de
ligisons.

(Traduit par la Rédaction)

Mots-clés: groupe de |a zippéite, sulfate d’ uranyle, uranium, cristallochimie, structure cristalline.
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INTRODUCTION

The first description of ayellow earthy uranyl sul-
fate that probably corresponds to zippeite was provided
by John (1821) in is his study of uranyl minerals from
Joachimsthal, Czech Republic, athough the name did
not appear until Haidinger (1845) applied it to the ma-
terial studied by John. Despite recognition of uranyl
sulfate minerals almost two centuries ago, the zippeite
group remains poorly characterized. Inthe 1950s, it was
still considered to be ahydrated uranyl sulfate (Novacek
1935, Traill 1952, Frondel 1958), although it is now
known that several distinct species contain mono- and
divalent cations (Frondel et al. 1976). Details of the
structures and chemistry of the zippeite-group minerals
remain unknown.

Uranyl sulfates, including those of the zippeite
group, are rather widespread, although they are not
abundant. They typically occur closeto actively oxidiz-
ing uraninite and sulfide minerals (Smith 1984). Uranyl
sulfates usually occur as admixtures of species consist-
ing of fine-grained mats and coatings, making their char-
acterization difficult (Frondel 1958). Although 15
uranyl sulfate species have been described (Mandarino
1999), the structures are known for only four of these;
the structures of schréckingerite (Mereiter 1986),
johannite (Mereiter 1982), and uranopilite (Burns 2001)
were reported for natural crystals, and that of zippeite
(Vochten et al. 1995) was reported for asynthetic crys-
tal.

We are interested in the structures, chemical com-
positions and stabilities of uranyl minerals and com-
pounds because they are significant for an understanding
of the genesis of uranium deposits (Frondel 1958), the
weathering of mine and mill tailings derived from re-
source utilization, the transport of actinides in contami-
nated soils (e.g., Buck et al. 1996, Roh et al. 2000), and
the mobility of radionuclidesin a geological repository
for nuclear waste (Wronkiewicz et al. 1992, 1996, Finn
et al. 1996, Finch et al. 1999, Chen et al. 1999, 2000,
Burns et al. 19974, 2000, Burns 1999). Uranyl sulfates
are common in uranium deposits in places such as the
U.S. southwest, the Czech Republic, and the United
Kingdom. These compounds may also be significant
products of the alteration of nuclear waste in ageologi-
cal repository, owing to the presence of sulfur as an
impurity in steel used to construct canisters.

The application of CCD-based (charge-coupled de-
vice) detectors of X-rays to mineral-structure anaysis
(Burns 1998) permits detailed examination of the struc-
tures of uranyl compounds that were previously unat-
tainable owing to the small size of the available crystals.
We have undertaken an extensive study of the structures
of zippeite-group minerals and compounds using hydro-
thermally grown synthetic crystals and CCD-based
diffractometry. In this contribution, we provide com-
plete crystal-structure datafor eight zippeite-group com-
pounds.
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Previous Stubies oF ZiprEITE-GRouP COMPOUNDS

Frondel et al. (1976) examined synthetic and natural
specimens of uranyl sulfates, redefined zippeite to be
the K-dominant member, and defined sodium-zippeite,
cobalt-zippeite, nickel-zippeite, magnesium-zippeite,
and zinc-zippeite. They also synthesized NH,-substi-
tuted zippeite, which is not known to occur naturally.
Frondel et al. (1976) did not provide any crystal-struc-
ture information for these minerals owing to the lack of
suitable single crystals. Spitsyn et al. (1982) reported the
structure of a synthetic material that contains zippeite-
typeuranyl sulfate sheetswith Zn cationsin theinterlayer,
and this may correspond to zinc-zippeite. Vochten et al.
(1995) gave a structure for synthetic zippeite.

Vochten et al. (1995) reported the structure of acrys-
tal of synthetic zippeite (grown by hydrothermal tech-
niques) with the composition K(UO5),SO,4(OH)z*H0.
In the course of refinement of the structure, uranyl and
sulfate bond-lengths were constrained, and the refine-
ment was done with rigid bond and approximate
“isotropicity constraints’. Vochten et al. (1995) indi-
cated that the uranyl sulfate sheetsin the structure con-
tain UrO,(OH)3 pentagonal bipyramids. However,
reconsideration of their structure using the bond-valence
parameters proposed by Burns et al. (1997b) leadsto a
different interpretation: each of the OH groups desig-
nated by Vochten et al. (1995) are bonded to three U®*
cations, and the bond-valence sums incident at these
sites (excluding contributions from H atoms) are 1.69
and 1.85 vu, which are too high for these sites to con-
tain OH. The bond-valence calculationsindicate that the
sheets in synthetic zippeite may not contain any OH
groups, as al of the other anions are either O, atoms
(Ur: uranyl ion) or are shared between uranyl polyhe-
dra and sulfate tetrahedra. Vochten et al. (1995) desig-
nated two anions in the interlayer as one OH and one
H,0 group, but our bond-valence calculations indicate
that each of these is H,O. Our bond-valence anaysis of
the structure proposed by Vochten et al. (1995) leads to
the formula K (UO,)2(S04)0O2+2H,0, which isnot neutral.

EXPERIMENTAL

We have synthesi zed anal ogues of zippeite, sodium-
Zippeite, magnesium-zippeite, zinc-zippeite and cobalt-
Zippeite, and report their crystal structures herein. We
have also synthesized single crystals of three zippeite-
group compounds that have not been observed in na-
ture: two compounds containing NH4 (designated
SZIPPNH,4l and SZIPPNH4lI), and one containing Mg
(designated SZIPPMg).

Synthesis of zippeite-group phases
Frondel et al. (1976) reported the synthesis of vari-

ous zippeite-group phases by precipitation from aque-
ous solution at room temperature, but this approach
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invariably resultsin crystalsthat aretoo small for single-
crystal X-ray-diffraction studies. Spitsyn et al. (1982)
synthesized a zippeite-like material containing Zn, but
they did not give the method of synthesis. Vochten et
al. (1995) synthesized zippeite by hydrothermal reac-
tion, and obtained crystalslarge enough for single-crys-
tal studies.

We have done 187 synthesis experiments to obtain
crystals of zippeite-group compounds suitable for
single-crystal X-ray-diffraction analysis. Most experi-
mentswere performed in 23 mL Teflon-lined Parr reac-
tion vessels, which were heated in Fisher |sotemp
mechanical convection ovens. Many of the hydrother-
mal experiments resulted in zippeite-group phases, but
only a few provided crystals large enough for single-
crystal study. We found that the crystal sizeis strongly
dependent on temperature and pH, aswell asthe degree
of saturation of the mother solution, and that the dura-
tion of the experiment is of secondary importance. Our
hydrothermal experiments were done at temperatures
from 100 to 220°C, and pH from 2 to 10, and experi-
ment durations|asting from 24 h to three weeks. In gen-
eral, the successful synthesis of zippeite-group crystals
large enough for X-ray study involved temperaturesin
the range of 120 to 150°C, and pH values in the range
of 2 to 5. The exception is SZIPPNH4ll, which was
grown from asolution with apH of 10. Techniquesused
for the synthesis of crystals used for structural analysis
aregivenin Table 1.

Investigations of the relations among marecottite,
magnesium-zippeite and SZIPPMg

During the course of our experiments, we obtained
the structures of two distinct zippeite-type phases con-
taining Mg. In addition, we recently described the struc-
ture of marecottite, a new Mg-rich zippeite-group
mineral with the ideal formula Mgz(H20)1g[(UO2)s
(S04)406(0OH)2]*10H,0 (Brugger et al. 2003). We
therefore undertook a series of synthesis experiments
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intended to provide insight into the relative stabilities
of these phases. For each experiment, 0.228 g UO3 was
combined with 0.492 g MgSO,4*H,0 in 4 mL of
ultrapure H,O. The pH of the resulting solutions was
adjusted to 4 using dilute hydrochloric acid, and each
was heated in 23 mL Teflon-lined Parr reaction vessels.
Four vessel s containing solutionswere heated at 150°C,
one for 15 h, one for 24 h, one for three days, and one
for seven days. The products were strongly dependent
upon duration of the experiment. The products heated
for up to aday contain considerable fine-grained mate-
ria, aswell as acicular crystals of SZIPPMg up to 200
wm long. The product heated for three days contained
only acicular crystals of SZIPPMg ranging up to 400
wm long, whereas the seven-day experiment provided
superb acicular crystals of magnesium-zippeite up to
400 pmlong. Thus, atransition from SZIPPMg to mag-
nesium-zippeite occurred with time spent heating at
150°C, under otherwise constant conditions.

Five additional vessels, with solution pH = 4, were
heated for 24 h at 60, 80, 100, 120 and 180°C. Each of
the products heated in the range 60 to 120°C wereiden-
tified as synthetic marecottite using X-ray powder dif-
fraction, although they are microcrystalline, and the
crystallinity, as distinguished on the basis of peak widths
in the powder-diffraction patterns, increases with tem-
perature. The product at 150°C is SZIPPMg, and that
obtained at 180°C is magnesium-zippeite, although no
single crystals were obtained in the latter case. Thus,
under otherwise identical conditions and heating for 24
h, atransition from marecottite to SZIPPMg to magne-
sium-zippeite occurs with increasing temperature.

Sngle-crystal X-ray diffraction

Single-crystal X-ray-diffraction data were collected
using aBruker three-circle diffractometer equipped with
either an APEX or a SMART 1K CCD detector. Unit-
cell dimensions were refined using the positions of re-
flections selected from the data. Specifics of each data

TABLE 1. CONDITIONS OF SYNTHESIS OF ZIPPEITE-GROUP CRYSTALS STUDIED BY X-RAY

DIFFRACTION
Solution* pH T(EC) t(h Size (pm)
Zippeite 4 mL 0.2 M uranyl nitrate, 0.261 g K,80, 2 150 72 150
Sodium-zippeite 4mL 0.2 M uranyl nitrate, 0.284 g Na,S0,, NaOH 4 150 168 150
SZIPPNH,I 4 mlL 0.2 M UO;, 0.264 g (NH,),SO,, H,SO, 4 150 168 100
SZIPPNH,II 4 mL H;0, 0.30 g UOs, 0.313 g gypsum crystals, NaOH 10 140 168 400
Magnesium-zippeite 4 mL H,O, 0.229 g UQ;, 0.241 g MgSQy4, H,SO, 4 150 168 100
Zinc-zippeite 4 mL H;0, 0.228 g U0y, 0.576 g ZnSO,.TH,0, HCI1 5 120 24 50
Cobalt-zippeite 4 mL H,0, 0.228 g UQO;, 0.310 g CoSO,, HC1 3 150 24 30
SZIPPMg 4 mL H,0, 0.228 g UO;, 0.492 g Mg80,.7H,0, HCI 5 150 24 120

*all solutions were heated in 23 mlL Teflon-lined Parr reaction vessels in Fisher Isotemp ovens
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collection are provided in Table 2. The intensities of
reflections were integrated and corrected for Lorentz,
polarization and background effects using the Bruker
program SAINT. Data corresponding to each crystal
were corrected for absorption empirically by modeling
the crystals as plates; reflections having a plate-glanc-
ing angle less that 3° were discarded.

Solution and refinement of the structures

Scattering curves for neutral atoms, together with
anomal ous-dispersion corrections, were taken from In-
ternational Tables for X-Ray Crystallography, Vol. IV
(Ibers & Hamilton 1974). The Bruker SHELXTL Ver-
sion 5 system of programs was used for the determina-
tion and refinement of each structure on the basis of F?
for all unique data. Solution and refinement of many of
the zippeite-group structures were found to be difficult
owing to pseudosymmetry and the presence of twinning,
which was accounted for using the method of Jameson
(1982) and Herbst-Irmer & Sheldrick (1998).

Refinement of the structure of zippeite using space
group C2/c and the atomic coordinates given by
Vochten et al. (1995) gave an R1 of 9.4%, as well as
partially occupied sites, strongly distorted polyhedra,
and aformulathat is not electroneutral. Further consid-
eration of the data showed the structure of zippeite to
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have space group C2, and that the crystal studied is
twinned.

The structures of magnesium-zippeite, zinc-zippeite
and cobalt-zippeite can be solved in space group C2/c,
and most aspects of the resulting structure models are
satisfactory. However, it isimpossible to locate one of
the H,O groups of theinterlayer Mg octahedra(M: Mg,
Zn, Co) in this space group. The correct space-group is
C2/m, the structures have a pseudo c-glide, and each
crystal studied istwinned. Thisfinding isconsistent with
the results for a synthetic Zn-dominant zippeite-like
phase provided by Spitsyn et al. (1982).

In the case of cobalt-zippeite, the poor parameter-
to-data ratio and the presence of twinning resulted in
several U-Oy; and S-O bond-lengths beyond reason-
ablevalues. Inthefinal cyclesof refinement, U-Oy, and
S-O bond-lengthswere restrained to be ~1.80 and ~1.48
A, respectively. Addition of these restraints did not in-
crease the R indices.

Information concerning the refinementsis provided
in Table 2. Atom parameters and selected interatomic
distances are given in Tables 3 through 16. Bond-va-
lence analyses for selected structures are in Tables 17
to 21. Anisotropic displacement parameters, as well as
final observed and calculated structure-factors for each
structure, are available from the Depository of Unpub-
lished Data, CISTI, Nationa Research Council, Ottawa,
Ontario K1A 0S2, Canada.

TABLE 2. CRYSTALLOGRAPHIC DATA AND REFINEMENT RESULTS FOR ZIPPEITE-GROUP COMPOUNDS

Zippeite Sodium- SZIPPNH,I SZIPPNHJI  Magnesium- Zinc-zippeite  Cobalt- SZIPPMg
zippeite zippeite Zippeite

a (A) 8.7524(4) 17.6425(11) 8.6987(15) 14.252009) 8.6514(4) 8.6437(10) 8.650(4) 8.6457(4)
b(A) 13.9197(7) 14.6272(9) 14.166(2) 8.7748(5) 14.1938(7) 14.1664(17) 14.252(9) 17.2004(8)
¢ (A) 17.6972(8) 17.6922(11)y  17.847(3) 17.1863(10) 17.72114{9) 17.701(2) 17.742(10} 18.4642(9)
B (°) 104.178(1) 104.461(1) 104.117(4) 104.131(1) 104.041(3) 104.092(19) 102.119(1)
V(AB) 2090.39(17) 4421.0(5}) 2132.9(3) 2149.3(2) 2110.24(18) 2102.7(4) 2122(2) 2684.6(2)
Space Group C2 P2i/n C2/m Cmca C2m C2m C2/m P2Je
Twinning 100,010,-10-1 none 100,010,-10-1  none 100,010,-10-1  100,010,-10-1  100,010,-10-1  none
Twin Components 3.6/96.4 49.3/50.7 49.5/50.5 33.4/66.4 45.3/54.7
F(000) 2592 5192 2456 2416 2616 2760 2736 2776
},t(mm'l) 31.80 29.569 30.574 30.336 30.99 3327 32.27 24.38
D (g/cm‘) 4.794 4,517 4442 4353 4,756 5.032 4.948 3.917
Crystal size (um) 140x100x 10 80x15x10 80xB0x5 140x40x50 100x25x10 80x15x10 30x20x4 140 x 50 x 40
Radiation MoK MoKo MoKo MoKa MoKa MokKa MoK MoKa
Frame Width () 03 0.3 0.3 0.3 0.3 03 0.3 0.3
Count Time (s) 30 40 40 10 60 40 120 30
Detector APEX APEX APEX 1K APEX APEX APEX APEX
28,x(*) 69.0 69.0 69.0 56.6 69.0 69.0 69.0 69.0
Coverage to 26, 97.9% 97.8% 96.9% 99.2% 97.0% 98.3% 96.0% 98.0%
Total reflections 19681 81004 19653 11328 19699 19830 19117 50309
Unique reflections 8400 18415 4531 1377 4502 4544 4483 11211
Data with | | >dol F} 5627 7822 2822 982 2845 1222 1260 5741
Rl (%) 330 6.88 431 5.11 2.39 4.57 558 473
wi2 (%) 5.94 17.7 9.95 12.64 4.61 7.71 7.16 11.13
M 0.81 1.024 0.875 1.14 0.78 0.68 0.62 0.89
Parameters 208 n7 79 66 91 97 95 179

Formulae of crystals: Zippeite: Ky(H>00:[(U0,)4(S04);04(0H)]; Sodium-zippeite: Nas(H,0),2[(UO2)s(SO4105(OH):1; SZIPPNH,I:
(NHL}(HO0)[{UO:2)2(80,)0,]5; SZIPPNH,IL: (NH,)3[(U0;)(804)02]; Magnesium-zippeite, Zinc-zippeite and Cobalt-zippeite: MO s[(UO)ASOI0,], M

=Mg, Zn, Co; SZIPPMg: Mg:(H:0)1[(UO2),(SO04)0:]:
Ri=2d Fi-lFlyEl ) x 100
S= [de FL.‘ - l FJ )2/(111-}1)]":, for m observations and » parameters
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ForMULAE oF ZipreITE-GROUP PHASES STUDIED

The formula of each of the crystal studied, as de-
rived from the crystal-structure analyses and bond-
valence considerations, are given in Table 2. The
formulaof zippeiteis K3(H20)3[(UO2)4(SO4).03(0OH)],
Z = 4. Frondel et al. (1976) provided the formula
K4(UOy)6 (SO4)3(OH)10°4H,0. The literature does not
contain any complete chemical datafor natural zippeite,
presumably owing to the lack of pure material. Frondel
(1958) summarized results of eight chemical analyses
of natural and synthetic zippeite, but indicated that all
had overlooked K or other cations (Frondel et al. 1976).
Frondel et al. (1976) provided a partial analysis for a
sample of zippeite from Joachimsthal; it contains 8.06
wt.% K,0 and 0.62 wt.% N&O. They also provided
results of an analysis of synthetic zippeite, which may
be compared to the values derived from our structural
formula (given in parentheses): K,0 7.89 (9.37), UO3
75.38 (75.84), SO3 11.41 (10.61), and H,0 4.92 (4.18)
wit%.

Vochten et al. (1995) provided the formulaK(UOy),
SO4(OH)3¢H,0 for synthetic zippeite on the basis of
their crystal structure, but as argued above, evaluation

TABLE 3. ATOMIC COORDINATES AND EQUIVALENT
ISOTROPIC-DISPLACEMENT PARAMETERS FOR

ZIPPEITE
x ¥y z Uteg)
U 0.9214(1} 0.2948(1)  0.0865(1) 0.620(1)
U(2) 0.5874(1} 0.3261(1)  -0.0871(1) 0.018(1)
u3) -0.0782(1) 0.3345(1)y  -0.4132(1) 0.013(1)
u4) -0.4120(1) 0.3028(1)  -0.5868(1) 0.014(1)
s 0.2494(4) 0.3009(4)  -0.2488(2) 0.020(1)
S(2) 07500(4)  0.3230(4)  -0.7401(2)  0.016(1)
K{1)y* 0.3091(15)  0.5603(11) -0.0830(20) 0.063(9)
K{A)y*  0.2957(12)  0.5583(7)  -0.1366(9) 0.035(3)
K2y 0.1985(8) 0.5689(6)  -0.3673(6) 0.04%(3)
K{2a)*  0.1852(16)  0.5686(12) -0.4274(9) 0.028(4)
K3y 0.6781(9) 0.0586(6)  ©0.1270(7) 0.029(3)
K(3Ay  0.6138(15)  0.0628(9)  0.0442(9) 0.106(5)
O(1) -0.8216(12)  0.3818(9)  -0.7007%(6) 0.022(3)
02) -0.6749(12)  0.3819(8)  -0.7981(6) 0.020(2)
0O(3) 0.3662(10)  0.3742(7)  -0.1956(5) 0.021(2)
Of4) 0.1382(9) 0.3781(7)  -0.29%0(5) 0.018(2)
Of5) -0.8684(10)  0.2635(7)  -0.7974(5) 0.021(2)
0Of6) 03205(12)  0.2453(9)  -0.2995(6) 0.023(3)
o7) 0.1742(12)  0.2406(9)  -0.2021(6)  0.021(2)
O(8) 0.8498(8) 0.3066(6)  -0.0444(4) 0.014(2)
O9) -0.6282(10)  0.2652(7)  -0.6978(5) 0.021(2)
0O(10) 0.9157(14)  0.4190(10)  0.1107(7) 0.029(3)
O(11) -0.8442(8) 0.2958(6)  -0.5441(4) 0.016(2)
0(12) 0.5819(11)  0.4533(8)  -0.0655(6) 0.023(2)
O(13) -0.3534(7) 0.3199(5)  -0.4559(4) 0.012(1)
O(14) 0.5840(14)  0.2016(10) -0.1150(7) 0.031(3)
0(15) -0.0818(13)  0.2104(9)  -0.3892(7) 0.024(3)
O(16) -0.4171¢14y  0.4253(10) -0.6171(7) 0.030(3)
o7y 0.9152(11)  0.1707(8)  0.0676(6)  0.030(3)
OH(18)  (.6447(3) 0.2730(3)  0.0469%(4) 0.021(2)
O(19) -0.4073(11)  0.1831{8)  -0.3610(6) 0.025(2)
0(20) -0.0642(10)  0.4614(7)  -0.4287%6) 0.022(2)
OW(21) -0.1515(15)  0.0604(12) -0.5940(9) 0.061(4)
OW(22) (.5217(15)  0.5611¢(14) -0.2500(8) 0.090(5)
OW(23)  (.0246(12)  0.561%10) -0.2549(6) 0.045(3)

* occupancies: K(1) = 0.39(3), K(1A) = 0.52(3), K(2) = 0.70(2),
K(2A) = 0.30(2), K(3) =0.33(1), K(3A) = 0.47(1).
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of the structure using the bond-valence approach is not
consistent with this formula. They provided a chemical
composition of synthetic zippeite: K,O 7.56, UO3 75.90,
SO;3 10.63, H,0 6.17 wt.%.

The formula for sodium-zippeite is Nas(H20)1,
[(UO2)g(S04)405(0OH)3], with Z = 4. Frondel et al.
(1976) proposed the formula Nay(UO5)e(SO4)3(OH)10°

TABLE 4. SELECTED INTERATOMIC DISTANCES

(A) FOR ZIPPEITE

U)-0017) 1.758(12)  K(1A)}-OW(23) 2.75(2)
U(1)-0(10) 1.784(13}  K(1A)-O(10y  2.79(2)
U(1)-O(8) 2.253(7) K(1A)-O(14)i  2.81(2)
U(1)-O(8)a 2.307(7) K(1A)-0(3) 2.89(1)
U(1)-OH(18)  2.370(7) K(1A)-O(12} 251(2)
U(1)-0(5)b 2.439(9) K(1A»-O(17)  287(2)
U(1)-0(7) 2.505(11)  K(lA}OW(22) 3.142)
<U(1)-Og> 1.771 K(1A)-0(5)j 3.21(2)
<U(1)-they> 2.376 <K(1A)-¢> 2.93
U2)-0(14) 1.799(14)  K(2)-0(28) 2.74(1)
U(2)-0(12) 1.815(11)  K(2)-OW(23) 2.79(1)
U2)-0(8) 2.252(7) K(2)-O(16)e 2.83(1)
U2)-OH(18)  2.416(7) K(2)-O(15)k 2.84(1)
U(2)-OH(18)c  2.426(7) K(2)-0(1%9) 3.01(1)
uU@y03) 2.462(9) K(2)-0(4) 3.02(1)
U2)-02) 2.467(11)  K(2)-OW(22) 3.07(1)
<U(2)-0y> 1.807 K(2)-0(9) 3.08(1)
D)o 2.405 <K(2)-¢> 292
U(3)-0(15) 1.781¢13)  K(2A)-O(20) 2.64(2)
U3)-020) 1.795(10) K{(2A)-O(15)  2.80(2)
U3)-0(11) 2311(7) K(2A)-0(19)k  2.80(2)
U3)-0(11)e 23177y K(2A)-O(16)e  2.82(2)
U3)-0(13) 2.350(6) K(2A)-0(19y  2.87(2)
U3)»-O(e 2.475(11)  K(Q2A)}-0Q20)e  2.92(2)
U(3)-0(4) 2.483(8) <K(2A)-¢> 2.81
<U(3)-0y> 1.788
<U(3)}-0,> 2.387 K(3)-02)1 2.94(1)

K(3)-O(10)h 2.97(1)
U4)-0(19) 1.726(11)  K(3)}-0(22)d 2.97(2)
U4)-0(16) 1.786(13)  K(3)}-O(12)d 2.98(1)
U4)-0(13) 2.259(6) K(3)}-0O(17) 2.98(1)
U4)-0(11) 2.281(7) K(3)-O(7)c 3.00(1)
Utd)-0(13)z 2.367(6) K(3)-0O(l14)c 3.01(1)
U4)-0(9) 2.427(9) K(3}0W(23ym 3.20(1)
U(4)-0(6)e 2.473(11y  K(3)-O(18) 3.28(1)
<U#)-Ou> 1.756 <K(3)-p> 3.04
<U#)-0.~ 2.361

K(3A)0018) 2.94(1)
S(1)-0(4) 1.488(10)  K(3A)-O(17) 2.97(2)
S(1)-0(3) 1.504(10) K(3A)}-0(12)d  3.01(1)
5(1)-0(6) 1.508(12) K(3A)-O(14)e  3.06(2)
S(DH-0(7) 1.521(12)  K(3A)-O(10)h  3.06(2)
<8(1)-0> 1.505 K(3A)-O(10)d 3.35(2)

K(3A)-O(14) 3.37(2)
$(2)-0(5) 1.433(10)  <K(3A)-¢> 311
S(2)-Ot1) 1.436(12)
S(2)-0t9) 1.461(10) a=-x+2,y,-z; b=x+2,
S(2)-0¢2) 1461(11) vy, ztl;c=-xt+l,y,-zd
<§(2}-0> 1.448 =-x+1%, y-44, -z, 8 = -X,

y, —z-1; £=-x+1%, y+1/2,
K({1)-O(10) 2.742) -z;g=-x-1,y,-z-1;h=
K(1)-O(14)i 2.74(2) x-%, y-¥2, 2, 1= x-14,
K(1)»0(12) 2.772) yt'h, z; j = -x-V4, y+ih, -2-
K(D)-O(17) 2.82(2) I k=x+%, yt¥h, z; 1=
K(1)}0(12)c 2.97%3) 2+1%, y-Ya, z+]; m=-
K(1)-0(17) 3.02(3) x+V4, y-1/2, -2
K(1)-0(3) 3.38(3)
K(1)}-OW(23)  3.42(3)
<K(1)-¢> 298




692

4H,0 for sodium-zippeite on the basis of results of three
chemical analyses of synthetic material and two analy-
ses of natural sodium-zippeite. The formula obtained

TABLE 5. ATOMIC COORDINATES AND EQUIVALENT
ISOTROPIC-DISPLACEMENT PARAMETERS FOR
SODIUM-ZIPPEITE

X ¥ z Uleq)
u(l) 0.3384(1)  0.2323(1)  0.8377(1)  0.010(1)
U@ 02603(1)  0.2250(1)  1.0096(1)  0.011(1)
u3) 0.5845(1)  0.2563(1)  0.8347(1)  0.010(1)
Ui4) 04991(1)  0.2649(1)  1.0090(1)  0.012(1)
U(s) 0.8257(1)  0.2186(1)  0.8326(1)  0.013(1)
U(6) 0.7569(1)  0.2168(1)  1.0078(1)  0.011(1)
W 0.9965(1)  0.2462(1)  1.0091(1)  0.011(1)
U(s) 0.0942(1)  0.2516(1)  0.8329(1)  0.011(1)
S(1) 09213(3)  02450(4)  1.1710(3)  0.008(1)
S(2) 0.6668(3)  02487(4)  0.6713(3)  0.015(1)
S(3) 0.1714(3)  02458(4)  0.6728(3)  0.013(1)
S(4) 0.4235(3)  02604(4)  1.1748(3)  0.018(1)
Na(l)  0.1795(5)  0.0228(7)  0.6734(6)  0.036(3)
Na(2)  09192(6)  0.0301(7)  1.1916(6)  0.032(2)
Na3)  06705(7)  001458)  0.6745(7)  0.043(3)
Na(d)  02360(7)  0.5004(9)  0.9907(7)  0.046(3)
Na(5)  0.5668(6)  -0.0201(8)  08133(7)  0.043(3)
o) 0.7185(7)  0.237709)  0.8768(8)  0.013(3)
o) 0.2214(7)  02414(9)  0.8779(8)  0.015(3)
0(3) 0.5954(8)  0.3747(10) 0.8692(9)  0.018(3)
o) 0.8686(8)  02377(10) 0.9643(9)  0.022(3)
o(5) 0.8847(8)  0.311710) 1.2154(9)  0.020(3)
) 0.2309(8)  0.1871(10) 0.7202(9)  0.019(3)
o) 0.2080(8)  0.314%(10) 0.6278(9)  0.018(3)
o(8) 0.1337(8)  0.303%(10) 0.7213(9)  0.018(3)
) 0.8624(8)  0.1848(10) 1.1255(9)  0.018(3)
O(10)  04729(7)  02450(9)  0.8799(8)  0.013(3)
O(1)  0.3696(8)  02623(10) 09683(8)  0.017(3)
0(12)  07085(8)  03147(10) 0.6280(9)  0.01%3)
O(13)  03322(8)  0.3496(11) 0.8121(9)  0.021(3)
O(14)  07216(8)  O.0851(10)  0.7140(9)  0.018(3)
o(5)  0.0930(8)  63690(10) 0.8667(9)  0.019(3)
O(16)  038188)  6.3255(10) 1.2160(9)  0.018(3)
O(17)  049928)  0.1524(10)  1.0407(%)  0.020(3)
O(18)  0.63588)  0.3083(10) 0.72529)  0.021(3)
O(19)  0.4795(8)  02056(10) 1.23209)  0.022(3)
O(0)  09539(8)  03039(10) L1201(9)  0.018(3)
O1)  09804(8)  0.1908(10) 1.2249(9)  0.0203)
O(2)  03661(8)  02008(10) 1.1288(%)  0.020(3)
O@3)  0.11488)  0.1929(10)  0.6148(%)  0.0193)
O@4)  07546(8)  0.0975(L1)  0.9966(9)  0.019(3)
O(25)  04589(9)  03169(11) 1.1254(10)  0.027(4)
0(26)  09956(9)  03654(10) 0.9767(9)  0.022(3)
OR7)  05049(8)  03870(9)  0.9916(9)  0.015(3)
0@8)  0.2428(8)  0341110) 1.0265(9)  0.017(3)
0(29)  0.6054(9)  02019(11) 06121{9)  0.024(4)
0(30)  026838)  0.J061(11) 099939  0.020(3)
0@31)  1.0030(9)  0.1325(11) 1.042%10)  0.0274)
0(32)  0.8352(9)  0.3363(11) 0.8148(9)  0.024(4)
0(33) 034379 0.1129(11)  0.8528(10)  0.023(4)
O(34)  0.5723(9)  0.1437(11)  0.7954(10)  0.024(4)
O(35)  0.8250(8)  0.0989(11) 0.8445(9)  0.021(4)
Q(36)  0.7528(%)  0.3328(12)  1.0271{(10)  0.030(4)
O(37)  00887(8)  0.1392(10) 0.796%(9)  €.016(3)
OH(I)  06162(7)  02071(9)  0.9681(8)  £.012(3)
OHZ)  01173(7)  02052(9)  0.9675(8)  0.010(3)
OH(3)  C69711(7)  02025(9)  0.8742(8) 0.015(3)
OW(1)  0.7841(10) 0.0122(12)  1.1888(10)  0.031(4)
OW(2)  00414(10) 0.0053(12)  06702(10)  0.027(4)
OW(3)  06972(10) -00220012) 0.8079(11)  0.036(5)
OW(4)  0.5305(10) 0.0063(12) 0.6683(10)  0.031(4)
OW(5)  L.0480(12) 0.0022(15) L.1788(13)  0.051(6)
OW(6)  0.1412(10) -0.0129(13) 0.5355(11)  0.038(5)
OW(T)  0.1204(10) 0.5020(12) 1.030%(11)  0.034(d)
OW(8)  0.5990(11)  0.0173(13) 0.9523(12)  0.042(5)
OW(9)  03089(10) 0.0227(12) 0.6512(11)  0.033(4)
OW(10) 0.888510) -0.0189(12) 1.0471¢11)  0.033(4)
OW(11) 0.7943(11)  0.0069(14)  0.6457(12)  0.041(5)
OW(12)  0.4353(11)  -0.0215(13)  0.8036(12)  0.043(5)
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from the crystal-structure analysis may be written as
weight percent oxides: Na,O 5.15, UO3; 76.11, SO3
10.65, H,0 8.09. These values are in accord with those
determined in two analyses of synthetic material, as
given by Frondel et al. (1976) [N&,O 4.96, UO3 76.79,
SO3 10.39, H,O 7.43; NayO 4.91, UO3 76.92, SO3
10.22, H,0 7.62] and in their analysis of natural mate-
rial from the Delta mine, Utah [Na;O 5.25, K,0O 0.47
UO3 75.86, SO5 10.43, H,0 7.99; Na;0O 5.09, K,0 0.42
UO; 74.1, SO3 12.5, H,O 7.89].

The formula of magnesium-zippeite, zinc-zippeite
and cobalt-zippeite is M(H20)3 5[ (UO2)2(S04)0,], Z =
8 (M: Mg, Zn, Co). Note that this differs from the for-
mulaZn(UO,)2(S04)(OH)4(H20)1 5 given by Spitsyn et
al. (1982), but only in the distribution of hydrogen.
Analysis of their structural model using the bond-va-
lence parametersfor U provided by Burnset al. (1997b)
does not support their assignment of hydrogen positions.

TABILE 6. SELECTED INTERATOMIC DISTANCES (A) FOR SODIUM-

ZIPPEITE
U)0E) 1762 UGKOB6 1742} S(4)-0(22) 1.43(2)
U(-0013)  1.77(2)  U6)-0(24)  1.75(2)  S(4)-0(25) 1.45(2)
U0 228015 UEHO(L) 2271y SE)-0(19) 1.47(2)
U010 2310 Ue-0(4 2311y S(4)-0(16) 1.50(1)
U()-02)  235(1)  UEMOH) 2411 <S{4)-0> 1.46
U(D-0(6) 2531y U(6)-0(%) 2471y
UM)-O()a  2.58(1)  UEMO(Me  2530)  Na(l)}OW(9)  241(2)
QU()-Opz 176 <U(6)0p> 174 Na(1)}OW(l)g  2.42(2)
(1) by> 241 <U(brgo> 240 Na(1)-OW(8) 2.42(2)
Na(1)-0W(2) 2.44(2)
u@-o30  176@)  um-ocny 176y Na(1)-0(13bh 2.56(2)
U(2)-0(28) 1.76(1) U(7)-0(26) 1.83(1) Na(1)-0(6) 2.63(2)
URr0E) 2271 U0@) 2200 Na(11:0(2%) 2.82(2)
UERNO(1)  22001)  U(T-QH(3)  2401)  <Na(l)-¢> 253
U@-OH@Z) 246(1) U029 24X1)
U)-0(22)  247(1)  GM-0R0)  24X1)  Na(2)}-OW(5) 23%2)
U012 255(1)  G(-OH2e 25001  Na(-OW(l)  2.3%2)
A(2)0y> 176 <U(70p> 179 Na(D-OW(2)g  2.43(2)
<UR)h> 241 <U(Tde 239 Na(2)}0(3T)g 2492
Na(2)-OW(10)  2.58(2)
UM-0034)  1782)  UEKOGB7)  176(1)  Na(2-0(21) 2.59(2)
UGHOG3) L8X1)  UBYO(LS)  18X1)  Na(2)»O(%) 2.63(2)
U(3-0 2311y UR)»02) 219(1)  <Na(2)-¢> 250
UORO) 231D UR-GE) 2381
UG-OH(;  240(1)  UEROHE)  241¢1)  Na()}OW3)  2.35(2)
UGHOa 24410 URKO(S)a 24210 NaGROW(1}  2.37(2)
UGR0018) 24510  UEROH)E  236(1)  Na(3)}OW(d) 245(2)
<UEOp> 1.8 <UQR1Op> 179 Na(3;-0W(7)d  2.48(2)
U, 238 CU(B)b> 239 Na(3}-0(32)i 2.62(2)
Na(3)-0(14) 2.69(2)
UH-0017y 17413 S(D-0(9) 1.44(1) <Na(3)-¢> 249
U-027 L82(1)  S{(1)-0(21y 1.46(1)
U@-O(11)  22%(1)  S(190(20)  146(1)  Na(d)OW(7) 2322}
U@-0(10) 2231 S(-05)  150(1)  Na(d)OW(s) 2332
U(4)-0(25)  246(2)  <S(1)-0> 1.46 Na(4)-0(28) 2.41(2)
UE)-023e  24%(1) Na(4-OW(9)  2.46(2)
U@-OL()  2.50(1)  SQ2)}0(14)  1.42(1)  Na(d)-0(36)k 2.48(2)
<U4)-0p> 178 S(2)0(20)  147(2)  Na(d)-OW(lDb  2.68(2)
g 238 SQIO(8)  LA92)  <Na(@-g> 2.45
S(-0(12)  1.53()
UGB-0(35)  L76(2)  <§(210> 148 Na(5-OW(12)  2.29(2)
U(5-032)  L7H2) Na(5)-0W(3) 2.33(2)
U501 2.24(1)  S(3)-0(6) 145(1)  Naf5)-OW(8) 2.45(2)
U5)-0(4) 2.28(1)  S(3)-0(23) L4601}  Na(5)-OW(4) 2.542)
U(S)}-0(14) 2471} S(3)-0(8) 1.48(1)  Na(5)-0(34) 2.55(2)
UGHOIK3)  250(1)  S-0(7) 15201} Na5)-0(19 2772
US)-O(16)d  2.5%1)  <S(3)-0> 1477 Na(5)-0(22)g  2.85(2)
<US)-O0u> 176 Na(S)-4> 249

<U(S)-b> 241

2= xbh, Y+, 2l b= x-Ya, oy A, 2, e = e ls, -y, 2hle; d = A, -yt 2
Vi, e=x+loy.z f=x-Loyoa g=-xt1, -y, -2+2  h = -x+4, y-2, 2+l i = -
X1, y-ba, -z 138 ] = -x s, Yy, <210 K -at L -yl 22




THE CRYSTAL CHEMISTRY OF THE ZIPPEITE GROUP

TABLE 7. ATOMIC COORDINATES AND EQUIVALENT
ISOTROPIC-DISPLACEMENT PARAMETERS FOR

SZIPPNH,I
X ¥ z Ufeq)
[gh] 0.6663(1) 0.231%(1) 0.3347¢(1y  0.011(D)
U@ 0.3339(2)  0.2681(1)  0.1654(1) 0.011(1)
s(1) [} 0.254%(7) 0 0.020(2)
S(2) 0 0.2361(5) % 0.007(1)
N(1) 0.7250(30) Y 0.5051¢13)  0.029(5)
N(2) 0.3040(30) 0 0.0118(12) 0.026(5)
NE) 0.5490(40) 0 0.1598¢16) 0.036(8)
N(4) 0.4490(30) YA 0.3265(14)  0.022(5)
o1y -0.1139(15)  0.1755(10)  0.4461(7)  0.012(3)
0(2) -0.1234(18)  0.3177(12) -0.0481(%)  0.024(4)
0(3) 0.4020(40) 0.2433(9) 0.2947(6)  0.018(3)
04} -0.0690(19)  0.1929(11)  0.0488(10) 0.021(4)
O(5) -0.0771(18)  0.2973(11)  0.53474(9) 0.015(4)
o) 0.6000(20)  02395(8)  0.2053(3)  0.008(2)
o7 0.6560(20) 0.1050(16) 0.3197(10)  0.021(5)
O(8) (.3530(20) 0.3950(15) 0.1786(9)  0.019(5)
0%} 0.3090(20) 0.1461(14)  0.1381(10) 0.021(5)
O(10) 0.6830(20) 0.3549(14)  0.3581(10) 0.021(5)
OW(1)  0.9370(20) Y 04011(8)  0.033(3)
TABLE §. SELECTED INTERATOMIC DISTANCES (A) FOR
SZIPPNH.I
U000 1.792) S2)-00).f 1.476(14) x2
C(D-O(7) 1.82(2) 8(2)-0(5).f 1.481(15) %2
L{1)-0(3) 2.24(3) <§(2)-0> 1.478
G(D-O(6) 2.241(8)
U(1)-0(3)a  2.36(3) N()-O(1)b,g 2.378(18) x2
U(H-O5)p  2.450(15) N()-O(11) 2.92(3)
Un-O()e  2.529(13) N(-O(11)k 3.00(3)
<U(1)-0p>  1.80
<U(1)-0.> 236 N(2)-O(2)h 2.92(2)
N@)-O(2)a 292(2)
U@-0%) 1792 N(2)-009),1 3.05(2) x2
U@  1.82(2)
U(2)-0(3) 2.265(11) N(3)-O(9),1 2.90(3) x2
U@-O6)  2.28(2) N(3)-O(8)a,h 2.99(3) x2
U2y»-0(6)d  2.32(2) N(3)-O(T),i 3.15(3) x2
UXOM)a  2.492(16)
U(2)-02)e  2.522(16) N()}-O(10), 2.85(3)x2
<U2)-0u> 1.80 N#H-O(7)lm 2.93(3) x2
<U2)-0.,,> 238 N(4)-0G(8).j 2.97(3) x2
S(H-O(d)e  1.464(16) x2
S(1)-0(2),e  1.495(17) x2
<5(1)-0O> 1.476

TABLE 10, SELECTED INTERATOMIC
DISTANCES (A) FOR SZIPPNH,IT

U(1)-0(5)
U(D-0(4)
W(1)-0(1)a
U(1)-0(1)
UQ-0(1)b
U-0(2)b
U(1)-0(3)
<U(1)-0p>
<U(1)-O>

1.78(1)
1.81(1)
2.28(1)
2.301(9)
2.341(8)
2.461(9)
2.48(1)
1.79
237

S(1)-0(2) 1.43(1)
S1)-02)c 1431
S(-0(3)c  1.515(9) x2
<S(1)-0> 1.472

N(D-O(3d  3.07(2) x2
N()-O()ee  3.15(3) x2

N(2)-0(5)db  2.79(3) x2
N@»-O(4),f  3.0003) x2

= -x s, -y, -2+l b= xtlh, vl 7 e = xtHa, y,
szt d=xh, v e =y, et A f - Xy, 2

TABLE 11. ATOMIC COORDINATES AND EQUIVALENT
ISOTROPIC-DISPLACEMENT PARAMETERS FOR

MAGNESIUM-ZIPPEITE
x ¥ z Uteq)
u(l) 0.6671(1) 0.2324(1) 0.3349(1)  0.009(1)
u(2) 0.3329(1) 0.2674(1) 0.1651(1)  0.010(1)
S(ly 0 0.2600(3) 5] 0.006(1)
S(2) 0 0.2552(3) Y4 0.011(1)
Mg(1) 0.6898(12) ) 03783(4)  0.027(2)
Mg(2} 0.3070(9) 0 0.1290(4)  0.019(2)
() 0.8791(15)  0.1883(10)  0.4509(7)  0.020(3)
0(2) -0.1198(13)  0.3168(%) -0.0505¢7)  0.014(3)
O3 0.3960(30)  0.2399(5) 0.2944(3)  0.007(1)
O) -0.0757(10)  G.1960(7) 0.0475(6)  0.015(2)
O(5) 0.9339(11)  0.3130(7) 0.5515(6) 0.016(2)
0(6) 0.6010(40)  0.2423(5) 0.2052(3)  0.011(H
o7 0.6558(16)  0.1083(%) 0.3186(6)  0.017(3)
0(8) 0.3420(15)  0.3936(10)  0.1813(7)  0.020(3)
(&) 0.3156(16)  0.1438(10)  0.136%(7)  0.021(4)
O(10} 0.6855(17)  0.3568(8) 0.3633(6) 0.016(3)
OW(l1) 0.7023(13) Y 0.4834(6)  0.028(2)
OW(12)  0.3460(14) 0 0.0103(8)  0.046(4)
OW(13)  0.5522(14) 0 0.1564(6)  0.034(3)
OW(14)  0.4602(]13) ] 0.3210(6)  0.031(3)
OW(15)  0.9320(12) ] 0.3873(5)  0.029%(2)
ow(le) 0.1713(12) 0 0.2384(8)  0.046{3)
OW(l7) 0.0661(12) 0 0.0749(5)  0.033(2)

TABLE 12. ATOMIC COORDINATES AND EQUIVALENT
ISOTROPIC-DISPLACEMENT PARAMETERS FOR ZINC-
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a= X+, -yt¥, z; b= -xtY, -y e, -2t e =%+l v, 2 d = -l
Y

yt, zo e =X, y, -z £= =X, y, 2t ]; g = -xtlh, y s, a1 h — x A,

Y,z L= X, Y, 75 ) = X, ey, k= X2, -yl -zl L= x, -

¥z m=

xX-Y5, y+a, 2

TABLE 9. ATOMIC COORDINATES AND EQUIVALENT
ISOTROPIC-DISPLACEMENT PARAMETERS FOR

SZIPPNH,I

z Ufeg)

x Y z Uteq)
Uy 0.2325¢01) T 0.1268(1)  0A4138(1)  0.014(1)
S(1) 4% 0.3812(5) % 0.021(1)
oLy 0.2434(9) 0.3756(9)  04352(7)y  0.037(3)
0Of2) 0.3086(9) 0.4696(10)  0.3003(6)  0.032(3)
O1)  0.1868¢hH  02814(10) 0.2993(5)  0.020(%)
Od)  0.1070(8)  0.1244(10) 0A4313(7)  0.029(2)
Of5) 0.3527(8) 0.1286(12)  0.3862(7)  0.035(3)
N(1) o] 0.1350(30)  0.2504(17)  0.091(12)
N(©2) 0 0.1650(40)  0.4030(20)  0.119{14)

ZIPPEITE
¥
U(l) 0.6667(2y  0.2320(1)
U2) 0.3332(2)  0.2682(1)
8(1} 0 0.2638(T)
S(2) 0 0.2508(5)
Zn(1) 0.6907(10) 1
Zn(2) 0.3095(10) 0
o) 0.8760(20)  0.1891(13)
Q) -0.1150(20)  0.3206(15)
003) 0.3950(20)  0.2391(10)
0(4) -0.0750(20)  0.1982(13)
o(%) 0.9320(20)  0.3155(14)
0(8) 0.6030(20)  0.2392(10)
07 0.6470(30)  0.1046(19)
O(8) 0.3400(30)  0.3930(20)
o) 0.3260(20)  0.1417(12)
oum 0.6990(20)  0.3560(14)
OW(11)  0.7130(20) v
OW(12)  0.3500(20) 0
OW(13)  0.5510(20) 0
OW(14)  0.4540(30) A
OW(15)  0.9350(30) v
OW(16)  0.1730(20) 0
OW(17) _ 0.0680(20) 0

03347(1) _ 0.017(1}
0.1650(1)  0.016(1}

0 0.032(2)

% 0.006(1}
0.3768(5)  0.033(2)
0.1207(5)  0.039(2)
0.4526(10)  0.015(4)
0.0541(12)  0.027(5)
0.2947(7)  0.020(3)
0.0488(10)  0.017(4)
0.5500¢12)  0.024(5)
0.2058(7)  0.016(3}
0.3186(13)  0.023(6)
0.1825(14)  0.027(6}
0.1387(9)  0.017(4)
0.3688(10)  0.024(5}
0.4919(11)  0.026(4)
0.0089(13)  0.035(5)
0.1546(11)  0.024(5}
0.3217(12)  0.03%6)
0.3903(10)  0.032(4}
0.2412(11)  0.045(6)
0.0762(10)  0.031(5)
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URANYL AND SULFATE POLYHEDRA

The structures of al zippeite-group phases studied
contain U®* cations that are strongly bonded to two at-
omsof O, resulting in (UOy)?* uranyl ions (Ur) with U—
O bond-lengths of ~1.8 A. Each U®* cation is also

TABLE 3. ATCMIC COORDINATES AND EQUIVALENT
ISOTROPIC-DiSPLACEMENT PARAMETERS FOR
COBALT-ZIPPEITE

x ¥ z Uteq)

un 0.6674(5) 0.2317(2) 033532y 0.01%D)
U(2) 0.3337(5)  0.2684(2)  0.1654(1)  0.0i0(1)
s(1) 0 0.2467(14) 0 0.020
3(2) 0 0.2400(12) v 0.020
Coli) 0.6940(30) Y 0.3737(10)  0.031¢5)
Co(2) 0.3080(20) 0 0.1261(10)  0.029¢4)
o1y -0.8770(50)  0.1790(303 0.4320(20)  0.02%11)
o2) S0.1150(40)  0.3120(30) -0.0490(20)  0.013{9)
03 0.3920(90)  0.2400(20) 0.2915(17) 0.032(%)
04) 0.0760(30)  0.1992(17)  0.0535(14)  0.012(7)
of5) 0.9430(30)  0.3145(16) 0.5459(14)  0.014(6)
0(6) 0.6010(50) 02414(19) 0.2035(13)  0.006(5)
o) 0.6640(50) 0.1098(12) 0.3190(30)  0.015(11)
O(8) 0.3520(70)  0.3905(13) 0.1830(30)  0.028(13)
O9) 0.3100(50)  0.1445(12)  0.1400(20)  0.016(%)
(10 0.6820(56) 0.3527(13) 0.3680(20)  0.020(10)
ow(l1)  0.7130(70) A 0.501040)  0.060(18)
Ow(12Z)  0.3340(60) Q 0.0140(30)  0.044(15)
OW(13)  0.5590(70) 0 0.1360(20)  0.032(12)
OW(14)  D.4600(40) Y 0.3230(20)  0.017(5)
OW(15)  0.9350(70) 1 0.3860(18)  0.036(8)
OW(16)  0.1610(40) 0 02350(20)  0.060(13)
OW(17) _ 0.0630(40) 0 0.0726(17)  0020(7)
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coordinated by five anions arranged at the equatorial
vertices of pentagonal bipyramids that are capped by
the Oy atoms. In the structure of zippeite, there are four
symmetrically distinct uranyl pentagonal bipyramids:
two UrOs, one UrO4(OH), and one Ur O3(OH), polyhe-
dron. In sodium-zippeite, there are eight symmetrically
distinct uranyl pentagona bipyramids: one UrOs, five
UrOy4(OH), and two UrO3(OH), polyhedra. SZIPPNH,I
and SZIPPNHll contain two and one symmetrically
distinct uranyl pentagonal bipyramids, respectively, and
in each case, their composition is UrOs. The M?*
Zippeite-group phases (M: Mg, Zn and Co) each con-
tain two uranyl pentagonal bipyramids with the compo-
sition UrOs. In SZIPPMg, there are four independent
UrOs pentagonal bipyramids. The <U—de> (d: O or
OH) bond lengths are in the range 2.32 to 2.41 A, con-
sistent with the grand mean value 2.37(9) A obtained
for numerous uranyl pentagonal bipyramidsin well-re-
fined structures (Burns et al. 1997b).

The S%* cation in all zippeite-type phases is tetrahe-
drally coordinated by four atoms of O, with <S-O>
bond-lengths ranging from 1.45 to 1.52 A.

URANYL SULFATE SHEET
The structures of all zippeite-group crystals studied

contain topologically identical sheetsof uranyl pentago-
nal bipyramids and sulfate tetrahedra (Fig. 1). However,

TABLE 14. SELECTED INTERATOMIC DISTANCES (A) FOR MAGNESIUM-ZIPPEITE, ZINC-ZIPPEITE, AND
COBALT-ZIPPEITE

M=Mg M=Zn M=Co M=Mg M=7n M=Co
UM-O(7)  1.783(13) 1.83(3) 1.761(15) S(2)-O(S)e,f 1.446(10) 2 1.49(2) x2 1.496(16)
U(1)-0(10)  1.833(12) 1.855(19) 1.813(16) S(2)-0(1)e,f 1.520(14) x2  1.474(18) x2  1.472(17) x2
U)-0(6) 2.233(6) 2.216(12) 2.27(2) <§(2)-0> 1.483 1.482 1.484
U(1)-0(3) 2.28(2) 2.285(18) 2.32(7)
U(1)-0(3)a  2.30(2) 2.288(17) 2.30(7) M{(1)-0W(11) 1.928(12) 2.00(2) 2.247)
U{1)-0(5)b  2.467(10) 2.49(2) 2.60(2) M (1)-0W(14) 1.998(15) 2.04(2) 2.01(4)
U(1)-0(1) 2.478(13) 2.486(18) 2.51(4) M (1)-0(10) 2.049(12) 2.048(19) 2.103(19)
<U(1)-Op>  1.808 1.842 1.787 M(1)-0(10)g 2.049(12) 2.048(19) 2.103(19)
<U(1)-0.,> 2352 2.353 2.40 M (1)-0W(15) 2.062(15) 2.07(2) 2.04(6)

M(1)-OW(l6)h 2.445(12) 2.37%(2) 2.40(4)

U(2)-0(8) 1.813(14) 1.80(3) 1.769(16) <M (1)-¢> 2.088 2.096 2.146
U@)-009)  1.821(14) 1.848(18) 1.822(15)
U2)-0(3) 2.256(5) 2.265(12) 2.21(3) M (2)-0(9) 2.046(14) 2.032(18) 2.073(16)
U(2)-0(6) 2.28(3) 2.276(17) 2.27(5) M (2)-0(9) 2.046(14) 2.032(18) 2.073(16)
U@2)-0fp)e  2.29(3) 2.306(17) 2.28(5) M (2)-0W(13) 2.058(14) 2.02(2) 2.11(6)
U(2)-0(d)a 24579 2.425(18) 2.35(2) M(2)-OW(7) 2.070(12) 2.05(2) 2.09(4)
U2)-0(2)d  2.487%12) 2.48(2) 251(4) M (2)-OW(12) 2.210(15) 2.09(2) 2.06(5)
<U2)-0p> 1.817 1.824 1.795 M (2)-OW(16) 2.500(13) 2.67(2) 2.52(5)
<U2)}-0,> 2354 2.35 2.32 < M (2> 2.155 2.149 2.154
S(1)-0(2),d  1.440(12) x2  1.45(2) x2 1.482(17) x2

S(1)-O(4).d
<8-0>

1.494(10) x2

1.467

1.516(19) x2
1.483

1.446(15) x2
1.464

a= xtla, -ytih mb=-xtlh, -yth, -zt c=xW, -yt 5 d=xy, ze=x1y, 5 =%y,

yth,zi=x%, -y, Z

-ztl; g =x, -ytl, z; h=x+%,
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the symmetry of the uranyl sulfate sheets, aswell astheir
compositional details, are not identical for all members
of this group. Each uranyl pentagonal bipyramid is
linked to two others by sharing equatorial edges, and to
two additional pentagonal bipyramids by sharing equa-
torial vertices only, resulting in a chain of uranyl pen-
tagonal bipyramids that is two polyhedra wide. Each
uranyl pentagonal bipyramid shares three of its equato-
rial ligands within the chain; the remaining two are
linked to SO, tetrahedra that cross-link the chains, re-
sulting in uranyl sulfate sheets. Each SO, tetrahedron
shares dl of its vertices with different uranyl pentago-
nal bipyramids; thus the only anions within the sheet
that are not bonded to at least two cations are the Oy,
atoms.

Theurany! sulfate sheetsin the structures of zippeite-
group phases have a variety of compositions (Table 2).
The distribution of OH in zippeite and sodium-zippeite
isshown in Figures 2 and 3. Each OH group is bonded
to two U* cations, and is located at a common equato-
rial vertex. In zippeite, OH groups occur at both verti-
ces of ashared edge. In sodium-zippeite, there are three
symmetrically distinct OH groups, two of which occur
along a shared edge between uranyl pentagonal
bipyramids.

695
INTERLAYER CONFIGURATIONS

The structure of zippeite contains three symmetri-
cally distinct positionally disordered K cations. The
K(1) siteis coordinated by six Oy, atoms, one O atom
that islocated at an equatorial position of auranyl pen-
tagonal bipyramid and shared with a SO, tetrahedron
(designated Oy_g), and one H,O group located in the
interlayer. The <K(1)—$> bond-length is 2.98 A. The
K(1A) site, which is located 0.92(2) A from K (1), is
coordinated by four Oy, atoms, two Oy_s atoms, and
two H,0 groups located in theinterlayer. The <K (1A)—
¢> bond-length is 2.93 A. K(2) is coordinated by four
Our aoms, two Oy_g atoms, and two H,O groups lo-
cated in the interlayer. The <K(2)—> bond-length is
2.92 A.K(2A), whichislocated 1.04(1) A from K (2), is
coordinated by six Oy, atoms and one interlayer H,O
group, with a <K (2A)—b> bond-length of 2.81 A. K(3)
is coordinated by four Oy, atoms, two Oy_s atoms, one
(OH) group that is shared between three U atoms, and
two interlayer H,O groups. The <K(3)—¢b> bond-length
is3.04A. TheK(3A) site, whichis 1.43(2) A from K(3),
is coordinated by six Oy, atoms and one OH group that
is bonded to three U atoms, with a <K(3A)—¢> bond-
length of 3.11 A.

Fic. 1. The zippeite-type uranyl sulfate sheet in the structure of magnesium-zippeite.
Uranyl pentagonal bipyramids are shown in yellow, and sulfate tetrahedra are blue.
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The structure of zippeite (Fig. 4) containsthree sym-
metrically distinct H,O groupsin theinterlayer, each of
which is bonded to at least one K cation. Direct link-
ages between adjacent urany! sulfate sheets are provided
by the K cations, and additional linkages presumably
arise through H bonds, although the positions of the H
atoms are not known.

The Na sites in sodium-zippeite are coordinated by
six or seven ligands. The Na(1), Na(2), and Na(5) sites
are each coordinated by one Oy, atom, two Oy_satoms,
and four interlayer H,O groups. The <Na(1)—b>,
<Na(2)—¢p> and <Na(3)—d> bond-lengths are 2.53, 2.50
and 2.49 A, respectively. Na(3) and Na(4) are each co-
ordinated by four interlayer H,O groups. In addition,
Na(3) is coordinated by one Oy, and one Oy_g atom.
Na(4) is coordinated by two Oy, atoms. The <Na(3)—
¢> and <Na(4)—p> bond-lengths are 2.49 and 2.45 A,
respectively.

The structure of sodium-zippeite (Fig. 5) possesses
a complex interlayer involving five Na cations and 12
H>0 groups. Of the H,O groups, eight are shared be-

TABLE 15. ATOMIC COORDINATES AND
EQUIVALENT ISOTROPIC-DISPLACEMENT
PARAMETERS FOR SZIPTMg

x ¥ z Uleg)
un 0.3788(1) 0.5738(1)  0.257%(1) 0.011(1)
U€2) 0.1205(1) 0.4062(1)  0.2373(1) 0.011(1)
ugs) -0.1358(1) 0.5746(1)  0.2292(1) 0.011(1)
U 0.6337(1) 0.4055¢(1) 0.2652¢1) 0.011(1)
Mg(l) 0.2070(5) 0.3953(2)  0.4503(2) 0.021(1)
Mg(2) 0.2791(5) 0.6082(2) 0.0461(2) 0.019(1)
5(1) 0.6218(3) 0.7404(1) 0.2421(2) 0.014(1)
S(2) 0.1207(3) 0.7403(2)  0.2393(2) 0.016(1)
O(l) 0.7585(10)  0.3084(5) 0.7116(3) 0.023(2)
0(2) 0.3755(%9) 0.4449(4)  0.2480(4) 0.014(1)
0(3) 0.6240(10)  0.5331¢4)  0.2437(4) 0.019(2)
04y 0.3277(%) 0.5966(4) 0.1589(3) 0.019(2)
[016)] 0.0749(9) 0.4163(4)  0.1369(4) 0.016(2)
O(6) 0.1634(%) 0.3857¢4)  0.3356(4) 0.017(2)
[0/¢)] -0.0430(9) 0.2869(4)  0.2113(5) 0.020(2)
O(8) 0.1253(9) 0.5347(4)  0.2490(4) 0.016(2)
Q) 0.4269(9) 0.5612¢(4)  0.3579(4) 0.017(2)
O(10) -0.0910(9) 0.6035(4)  0.3250(4) 0.016(2)
O(11) 0.5910(9) 03721{4) 0.1698(4) 0.018(2)
0(12) 0.8078(10)  0.2924(4)  0.3077(5) 0.022(2)
0(13) 0.5047(10)  0.7908(4)  0.1951(5) 0.021(2)
O(14) 0.7371(10)  0.7900¢4)  0.2925(5) 0.021(2)
O(13) 0.6773(9) 0.4262(4)  0.3644(5) 0.019(2)
O(16) 0.8759(9) 0.4462¢4)  0.2473(4) 0.015(1)
O(17) -0.1802(%) 0.5573¢4)  0.1312(4) 0.018(2)
O(18) 0.0071(9) 0.6801¢4)  0.1910(4) 0.018(2)
0(19) 0.6983(%) 0.6933(4)  0.1929(5) 0.021(2)
0(20) 0.5485(9) 0.6898(4y  0.2907(5) 0.019(2)
OW(21y  0.2289(10)  0.6217(5) -0.0653(5) 0.025(2)
OW(22)  0.2624(10)  0.3983(5) 0.3625(5) 0.025(2)
OW(23) -0.0281(12)  0.3738(6) 0.4620(6) 0.039(2)
OW(24) 02604(12) 0.2781(5) 0.4460(6) 0.035(2)
OW(25) 0.5069(12)  0.5729(6) 0.0387(6) 0.037(2)
Ow(26y 0.3551(11)  0.7212(5) 0.0589(5) 0.032(2)
OW(27) 0.0114(14)  0.2414(6) 0.0667(6) 0.050(3)
OW(28)  0.2000(10)  0.4932(5) 0.0298(5) 0.029(2)
OW(29) 04470(12)  0.4253(5) 0.4573(6) 0.036(2)
OW(30) 0.1485(11) 0.5127(5) 0.4378(6) 0.037(2)
OW(31)  0.0460(11)  0.640%5) 0.0460(5) 0.030(2)
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tween two Na cations, whereas four are bonded to only
one Na cation. In addition to the Na—¢ bonds, the
interlayer contains a substantial number of H bonds.
There arefour symmetrically distinct NH4 groupsin
the interlayer of SZIPPNH4l. In the cases of N(1) and
N(2), there are four anions located between 2.88(2) and
3.05(2) A from the N cation (Table 8). It is likely that
each of these anions accepts H bonds emanating from
the NH,4 groups. The N(3) and N(4) sites are each sur-
rounded by six anions at distances ranging from 2.85(3)

TABLE 16. SELECTED INTERATOMIC DISTANCES (A}
FOR S7ZIPPMg

U(1-09) 1.81%(8) S(1)»O(13) 1.470(8)
U(1)-0(4) 1.830(8) S(1)-0(14) 1.483(8)
U)-02) 2.225(7) S(1)-0(19) 1.473(8)
U(1)-0(8) 2.266(8) S(1-0(20) 1.485(8)
U1)-03) 2.299(8) <S(1)-0> 1.478
U()-O(1)a 2.472(8)
U(1-0(20) 2.474(8) 8(2)-0(7)d 1.475(8)
<UJ(1)-0p,> 1.824 8(2)-0(18) 1.471(8)
<U(1)-0,> 2347 S(2)-0(12)e 1.471(9)
$(2)-0(1)a 1.488(9)
U(2)-0(6) 1.810(8) <§(2)-0> 1.476
U(2)}-0(5) 1.820(8)
U(2)-0(8) 22197y Mg(1)}-0W22  2.026(10)
U2-O(16)b 2267y Mg{1)}OW24  2.073(10)
U2)-0(2) 22717 Mg(1)-0(6) 2.078(9)
U(2)-0(14) 2.470(8) Mg(1»-OW30  2.083(10)
U(2)-0(7) 2.481(8) Mg(1}-0W23  2.121(t1)
<U2)»0p> 1.815 Mg(1}-OW28  2.116(t1)
<U(2)-0,.~ 2342 <Mg(1)-¢> 2083
U(3)-0(17) 1.795(8) Mg(2)-OW21  2.025(10)
U{3)-0010) 1.799(8) Mg(2)-O(4) 2.046(9)
U(3)-0(16)b 2.233(7) Mg(2}-0W26  2.050(10)
U(3)-03) 2.265(8) Mg(2)-OW31  2.092(10)
U(3)-0(8) 2.314(8) Mg(2}-OW25  2.093(11)
U(3)-0(19)b 2.505(8) Mg(2)-OW28  2.004(9)
U(3)-0(18) 2.503(7) <Mp(2)-¢= 2.067
<U(3)-Op> 1.797
<U(3)-0.> 2.364
U(4)-0(11) 1.815(8) a=-xt], -yl -z+1; b =x-1,
U(4)-0(15) 1.826(8) y, 7 e=xtl, y-ba, -z la;
U{4)-0(3) 2.22%7) d = x, yHh, -zl e = xd 1,
U(4)-0(2) 2.291(7) v+, -zt
U(4)-0(16) 2.297(8)
U(-0(12) 2.483(8)
U(#)-0(13)x 2.496(8)
<U(4)-O> 1.820
<U{4)-0> 2.359 o

TABLE 17. BOND-VALENCE* SUMS {v)) AT ATOMIC
POSITIONS, EXCLUDING CONTRIBUTIONS FROM
HYDROGEN ATOMS, IN TIIE STRUCTURE OF
ZIPPEITL

Ul) 609 K(2A) 098 O() 175 018 130
U 569 K@) 080 O) 194 0G7 1%
u@) 589 K(3A) 054 O(9) 208 OH(18) 1.54
Ud) 625 O(l) 209 O(0) 192 O(19) 202
S(1) 551 02y 203 O(l) 181  0O@0) 187
5(2) 644  O(3) 190 O(12) 182 OWED) 0.00
K(l) 096 o4 192 0(3) 174 OW(22) 013
K(1A}) 099  O(5) 217 O(l4) 18 OW(3) 025
K) 100 Oy 130 O(5) 1.83

*Bond-valence parameters for U0 from Burns er al. (1997b) and
for $*7-0 and Na-O from Brese & O'Keeffe (1991}
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1G. 2. The uranyl sulfate sheet in the structure of zippeite,
with the location of hydroxyl groups indicated by green
circles. Legend asin Figure 1.

“im

B m
o »‘%&ﬁlﬁéwg,

1G. 3. The uranyl sulfate sheet in the structure of sodium-
zippeite, with the location of hydroxyl groups indicated by
green circles. Legend asin Figure 1.
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to 3.15(3) A (Table 8). In each case, four of the six
ligands presumably accept H bonds from the NH4
groups.

The structure of SZIPPNH4ll involves two sym-
metrically distinct NH4 groups, each of whichislocated
in the interlayer in positions surrounded by four anions
at distancesin therange 2.79(3) to 3.15(3) A. Itislikely
that each of these anions accepts a hydrogen bond from
the NH,4 groups.

TABLE 18. BOND-VALENCE* SUMS (v) AT ATOMIC
POSITIONS, EXCLUDING CONTRIBUTIONS FROM
HYDROGEN ATOMS, IN THE STRUCTURE OF
SODIUM-ZIPPEITE

U(l) 598 O() 192 O(8) 188 O35 175
UR) 601 0@ 195 0019 207  O(36) 198
U3) 581 O3) 152 0(20) 204 OGE7) 180
UH) 606  O@) 186 02D 214 OH() 140
Uis) 597  O(B) 175 0(22) 218 OH2) 134
U) 615 06 209 O0(23) 205 O3 1.27
U S8 o) 170 04 LI5 OW() 039
UB) 3581 OB 199 025 204 OWQ) 036
S(t) 616 O 218 O@26) 152 OW(3) 046
$(2) 59%  O(10) 185 0OQ7) 155 OW() 031
$(3) 596  O(l) 1.9 08 194 OW(S) 021
54) 620  O(12) 166 O(29 200 OW(6) 043
Na(l) 104 O(13) 184 O@G0) LIS OW() 040
Na(2) 110  O(4) 226 O(31) 175 OW(®) 016
Na(3) 097 05 155 0(32) 182 OW(S) 036
Na) 110 O(16) 175 0O(33) 171 OW(I10) 0.2
Na(s) 100  O(7) 182 O(34) 181 OW(I1) 031

ow(12) 027

*Bond-valence parameters for U*-O from Bums ef af. (1997b) and
for §7-0 and Na-O) from Brese & O'Keeffe (1991)

In addition to four symmetrically distinct NH,4
groups, the interlayer of SZIPPNH,4l (Fig. 6) contains
one H,0 group. Hydrogen bonds emanating from the

TABLE 19. BOND-VALENCE* ANALYSIS {vu) FOR

SZIPPNH,I
(L) U2 st S2 b

o 0.39 149 1.88
o2 0.39 1422 1.81
0(3) 0.68,0.54  0.63 1.87
o) 0.42 .54 1.96
o3 0.45 1477 192
o(6) 0.68 0.63,0.58 1.59
o 1.55 1.55
0(8) 1.55 158
o9 1.65 1.65
(10} 1.65 1.65
OW(il) 000
b 5.94 587 592 502

*Bond-valence paraneters for U -0 from Burns ef af. (71§97h):
for $*-O from Brese & O'Keeffe (1991).

TABLE 20. BOND-VALENCE*
ANALYSIS (vir) FOR SZIPPNH.II

Uy 5 b
o(l) 0.63,0.61,0.56 1.80
o 04 1697 213
0(3) 043 1342 177
0O4) 159 1.59
O(3) 168 1.6%
T 5.93 6.06

*Bond-valence parameters for U*'-O
from Bums ef af. (1997b); for 8*-0
from Brese & O'Kcefle (1991).

Fic. 4. Thestructure of zippeite projected along [100]. Legend asin Figure 1. Red circles represent O atoms of H,O groups. For
clarity, the K(1A), K(2A), and K(3A) sites, which are located close to other K sites, are omitted.




NH, groups provide direct linkage between the sheets,
and are probably accepted both by Oy_sand Oy, atoms
within the sheets. The structure of SZIPPNH,lI (Fig. 7)
containstwo distinct NH,4 groupsin theinterlayer, which
provide linkage of the sheets by donating H bonds that
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are probably accepted by both Oy_s and Oy, atoms.
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The structures of magnesium-zippeite, zinc-zippeite
and cobalt-zippeite contain two symmetrically distinct
M sites in the interlayer, each of which is coordinated
by six ligands in a distorted octahedral arrangement
(Fig. 8). The M sites are each coordinated by two Oy,
atoms, corresponding to uranyl polyhedra of both adja-

TABLE 21. BOND-VALENCE ANALYSES* FOR M** ZIPPEITES

u( U(2) S(1) 5(2) M) MQ2) T

M= Mg Zn Co Mg Zn Ce Mg Zn Co Mg Zn Co Mg Zn Co Mg Zn Ca Mg 24n Co
o) 0.43 0.42 040 1322 150 1512 1.75 1.92 1.91
o) 042 043 0.40 1.642% 160 147 206 2.03 1.87
O3) 0.6l 0.62 0.58 0.66 0.65 0.72 1.90 1.89 1.9t

0.63 0.62 0.61
) 045 0.47 0.55 1422 134 1627 1.87 1.81 2.17
O(5)  0.44 042 0.34 1.62°% 1.447% 141 2.06 1.86 1.75
O(6)  0.60 0.72 0.64 0.63 0.64 0.64 1.94 1.96 1.91
0.62 0.60 0.63
o7} 1.67 1.52 L.T5 1.67 1.52 1.75
(8} 1.58 1.62 1.72 1.5% 162 1.72
0} 1.55 147 155 0.39°2 0,412 036 1.94 1.88 1.91
O(10)  1.52 145 1.58 0382 0.39° 033wt 1.90 1.84 1.91
ow(11) 053 045 024 0.53 045 0.24
OW(12) 0.25 035 037 025 0.35 0.37
oOW(13) 037 043 032 (.37 043 032
OW(14) 044 040 042 0.44 040 0.42
oW(15) 037 037 039 0.37 .37 0.39
OW(16) 0.13 016 015 011 007 011 024 0.23 0.26
OW{17) 036 039 034 036 039 0.34
599 577 590 591 5.88 6.21 6.12 588 618 5838 588 584 223 216 1.86 187 203 184

*Bond-valence parameters for U™ -O from Burns et al. (1997b); for $**-0 from Brese & O'Keeffe (1991).

Fic. 5. The structure of sodium-zippeite projected approximately along [100]. Legend as in Figure 1. Red circles represent
O atoms of H,O groups.
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cent sheets; thus the M sites provide a direct bridge be-
tween the uranyl sulfate sheets. Each M cation is aso
coordinated by four interlayer H,O groups, and one H,0O
group is shared between adjacent Mg octahedra, result-
ing in dimers of octahedra of composition Ma(Oyr)a
(H20)7.

The structure of SZIPPMg (Fig. 9) contains two
symmetrically distinct Mg sites, each of which is octa-
hedrally coordinated by five interlayer H,O groups and
one Oy, atom. The Mgde octahedra do not share poly-
hedral elements, and are of comparable size.

COMPARISON OF THE STRUCTURES OF MARECOTTITE,
MAGNESIUM-ZIPPEITE AND SZIPPMG

Marecottite, |deally Mg3(H20)18[(U02)8(SO4)406
(OH);]*10H,0, isanew zippeite-group mineral that was
recently described by Brugger et al. (2003). Itistriclinic,
P1, with a 10.815(4), b 11.249(4), ¢ 13.851(6) A, «
66.224(7), B 72.412(7), and y 69.95(2)°. It containsthe
Zippeite-type uranyl sulfate sheet, with composition
[(UO,)s(S04)406(0OH),], whichisidentical to that found
for zippeite in the current study. The interlayer of the
structure of marecottite contains three M?* cations, as
well as 28 symmetrically distinct H,O groups. Of these,
18 coordinate the M?* cations in distorted octahedral
arrangements, and ten are held in the structure by H
bonding only. The M(H,0O)s octahedra in the structure
are isolated, and are held in place by H bonds associ-
ated with the H,O groups.
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The structure of marecottite is compared to those of
magnesium-zippeite and SZIPPMg in Figure 10. Each
contains topologically identical uranyl sulfate sheets,
although the sheets in magnesium-zippeite and
SZIPPMg do not contain any OH groups. The primary
difference among these structures is the configuration
of the interlayer and the number of H,O groups within
theinterlayer. In addition, marecottite contains more Mg
than the other two compounds. The Mgde octahedrain
magnesium-zippeite share one vertex (Oy,) with the
sheet on either side, those in SZIPPMg only share a
vertex (Oyy) with one of the two adjacent sheets, and
those in marecottite are not attached to the sheets. All
H>0 in the structure of magnesium-zippeite is bonded
to Mg, only one of the H,O groupsin SZIPPMg is not
bonded to Mg, and 10 H,O groups in the structure of
marecottite are held in place by H bonds only. Thus, the
quantity of H,O in these structures increases both by an
increase in the proportion as Mgdg octahedra, and by
inclusion of H,O groupsin voidsintheinterlayer, where
they are held in place by H bonds.

Our synthesis experiments described above provide
insight into the relative stabilities of marecottite, mag-
nesium-zippeite and SZIPPMg. Under conditions of the
hydrothermal synthesisat pH = 4 and 150°C, SZIPPMg
crystallizes, but converts to magnesium-zippeite after a
few days. Thistransition involves no significant changes
in the uranyl sulfate sheet, but does involve the loss of
four H,O groups from the interlayer, two of which are
bonded to Mg. When we heated identical solutionswith

Fic. 8. The structure of magnesium-zippeite projected along [100]. Legend as in Figure 1. Red circles represent O atoms of
H>0 groups.
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Fic. 9. The structure of SZIPPMg projected along [100]. Legend asin Figure 8.

pH = 4 for 24 h at various temperatures, we obtained
marecottite up to 120°C, SZIPPMg at 150°C, and mag-
nesium-zippeite at 180°C. Thus with increasing tem-
perature, we obtained the progressively lower hydrates.
The transition from marecottite to SZIPPMg presum-
ably involvesrecrystallization, asthe sheet composition
changes, the Mg:U ratio changes, and significant H,O
must be lost from the interlayer.

COMPARISON OF THE STRUCTURES OF SZIPPNH4l
AND MAGNESIUM-ZIPPEITE, ZINC-ZIPPEITE,
AND COBALT-ZIPPEITE

The structure of SZIPPNHJ4l is closely related to
those of magnesium-zippeite, zinc-zippeite and cobalt-
Zippeite. All four crystallize in space group C2/m, and
the structure of SZIPPNH,4 may be derived from that
of the M?* zippeite by removal of both M?* cations, re-
placement of four H,O groups by NH4 groups, and re-
moval of two of the remaining H,O groups.

GENERAL ASPECTS OF ZIPPEITE-TYPE STRUCTURES
The uranyl sulfate sheets contain three types of

ligands: Oy, atoms, those that are shared between a
uranyl pentagonal bipyramid and a sulfate tetrahedron

(Ou-9), and those that are bonded to three U®* cations
(Osy or OHay). The US*—Oy, bonds aretypically 1.8 A,
with corresponding bond-valences of ~1.62 vu (valence
units). Thus, the Oy, atoms typically form bonds with
interlayer cations, or accept H bondsin the structures of
Zippeite-group phases, as well as other uranyl com-
pounds. The uranyl sulfate sheets in the zippeite group
exhibit strongly bimodal distributions of Us*—O3, and
U%—0y_g bonds. In the urany! sulfate sheets that con-
tain no hydrogen, the U805y, bonds range from 2.21
to 2.36 A, with an average of 2.275 A. The U%—O_g
bonds are considerably longer, in the range 2.35 to 2.60
A, with an average of 2.483 A. According to the bond-
valence parameters provided for uranyl pentagonal
bipyramids by Burns et al. (1997b), bond lengths of
2.275 and 2.483 A correspond to 0.64 and 0.42 wu, re-
spectively.

Each uranyl pentagonal bipyramid in the uranyl sul-
fate sheets that contain no hydrogen involve two Oy
atoms, three Oy atoms, and two Oy_s atoms. Summing
thetypical bond-valences given above for their average
geometries results in a bond valence at the U%* site of
6.0 vu, which is consistent with itsformal valence. The
distribution of bond valences at the anion sites within
the uranyl sulfate sheet is of significance in determin-
ing the nature of the interlayer constituents. The bond
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valences incident at the Oy, O3y and Oy_s atoms will
be about 1.62, 1.92 and 1.92 vu, respectively. Consider
first the case of magnesium-zippeite, zinc-zippeite and
cobalt-zippeite. Each of the M2+ interlayer cations is
bonded to two Oy, atoms, resulting in about 0.76 vu
toward their bond-valence requirements. However, there

FiG. 10.
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are no additional sheet anions close enough to form sig-
nificant bonds to the M?* cations. Therefore, H,0 is
incorporated into the coordination polyhedron, with
~0.3 vu associated with each M2*—H,0 bond, resulting
in a bond-valence sum at the M?* cation of ~2.0 vu.
Hydrogen bonds emanate from the O atoms of the H,O

Polyhedral representations of the structures of magnesium-zippeite (a), SZIPPMg (b), and marecaottite (c).



704

groups, and deliver the 0.3 vu received from the M?*
cation to the uranyl sulfate sheet. Given that each H
bond is~0.15-0.20 vu, they canin principle be accepted
by any of the Oy, O3y and Oy_s atoms without exces-
sive incident bond-valence.

In the case of the structures containing a monova-
lent cation, there are two groups: zippeite and sodium-
Zippeite contain OH groups within the sheets, whereas
the sheets of the two synthetic NH, zippeite-group
phases do not contain any hydrogen. Consider the struc-
ture of SZIPPNH4lI, which contains only NH,4 groups
within its interlayer. There are two symmetrically dis-
tinct N sites, and four hydrogen bonds of ~0.25 vu will
emanate from each NH4 group. This s consistent with
the observation that six of the H bonds from the
interlayer NH,4 groups are probably accepted by Oy,
atoms, which can readily accept 0.25 vu. The remaining
two hydrogen bonds are probably accepted by O(3),
which is a Oy_s atom. Notably, both the U-O(3) bond
and the S(1)-O(3) bond are longer than normal, with
values of 2.48 and 1.519(9) A, respectively. This corre-
sponds to a bond-valence sum at the O(3) site of 1.77
vu, which is compatible with acceptance of a~0.25 H
bond. Thus, it is apparent that the relatively strong dis-
tortion of the SO, tetrahedron in SZIPPNH,4lI [1.43(1)
X 2, 1.519(9) A X 2] enhances the connectivity be-
tween the sheet and the interlayer of the structure.

In the case of SZIPPNHyl, in addition to the four
symmetrically distinct NH, groups in the interlayer,
thereisasingledistinct H,O group. The hydrogen bonds
associated with the N(3) and N(4) NH4 groups are prob-
ably al accepted by Oy, atoms. In the case of both N(1)
and N(2), two H bonds are probably accepted by Oy,
atoms, and two by Oy_s atoms for each NH,4 group.
Although the SO, groups arefairly regular in this struc-
ture, the Oy_s atoms that are candidates for accepting H
bonds form long U-O bonds [2.529(13) and 2.522(16)
A]. The bond-valence sums at these sites are 1.88 and
1.81 w, indicating that it is possible for them to accept
weak H bonds.

Given the distribution of bond valences at the anion
sites within the sheets of uranyl sulfate polyhedra, it
seems unlikely that a trivalent cation in octahedral co-
ordination will occur in the interlayer of zippeite and
form bonds to at least one anion within the sheet. This
is because none of the anions of the sheet are able to
accept 0.5 vu from the M2* cation.

The zippeite minerals and synthetic compounds
show a wide range of compositions. The topology of
the zippeite sheet thus is compatible with awide range
of interlayer configurations and H,O contents. In the
case of uranyl mineralsin general, it is interesting that
many sheets of polyhedra of high bond-valence occur
only in one or two structures. For example, the curite,
vandendriesscheite, wolsendorfite, fourmarierite,
bijvoetite, rutherfordine, haiweeite, and umohoite sheets
each only occur in one or two species. The zippeite sheet
may be added to the list of notable exceptions, which
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includes the a-U3Og-type sheet of uranyl pentagonal
bipyramids, the phosphuranylite sheet of uranyl pen-
tagonal and hexagonal bipyramids and phosphate tetra-
hedra, the autunite sheet of uranyl square bipyramids
and phosphate tetrahedra, and the uranophane sheet of
uranyl pentagonal bipyramids and silicate tetrahedra
(Burns 1999). Notably, the a-U30g-type sheet occursin
structures with both monovalent and divalent interlayer
cations, and with a variety of O:OH ratios within the
sheets of polyhedra, in an analogous fashion to the
Zippeite group.

MINERAL DEFINITIONS OF FRONDEL ET AL. (1976)

Frondel et al. (1976) defined zippeite on the basis of
re-examination of material from Joachimsthal that was
previously studied by Novacek (1935). They provided
an X-ray powder-diffraction pattern for the mineral, and
showed that their synthetic material had a very similar
diffraction pattern. The powder-diffraction pattern cal-
culated from our refined structureisin good agreement
with that reported by Frondel et al. (1976), showing that
the synthetic zippeite we studied is probably the same
as the natural and synthetic materials used by Frondel
et al. (1976) to define the species.

Sodium-zippeite was defined by Frondel et al.
(1976) on the basis of the chemical composition of a
specimen from the Delta mine, Utah, aswell as of their
synthetic material. They provided an X-ray powder-dif-
fraction pattern for the synthetic material only, and in-
dexed it on an orthorhombic unit-cell with dimensions
a8.82,b17.12, ¢ 7.32 A. Comparison of the calculated
pattern for sodium-zippeite with that of Frondel et al.
(1976) reveal s reasonable agreement of peak positions,
but relatively poor agreement of intensities, possibly
owing to preferred orientation. Ondrus et al. (1997a)
provided an X-ray powder pattern for sodium-zippeite
from the Jachymov (Joachimsthal) district of the Czech
Republic; peak positions and, to a lesser extent, peak
intensities are in reasonable agreement with the values
calculated from our structure. Given the good correspon-
dence between the chemica data given by Frondel et
al. (1976) for sodium-zippeite (see above), and the rea-
sonable agreement of the powder-diffraction patterns,
we conclude that the material we have synthesized and
studied may be the same as the sodium-zippeite of
Frondel et al. (1976).

Frondel et al. (1976) provided partia descriptions
of magnesium-zippeite, zinc-zippeite and nickel-
Zippeite on the basis of studies of natural and synthetic
material. Their chemical analyses indicate extensive
solid-solution between end-member compositions. X-
ray powder-diffraction data were provided for nickel-
Zippeite and magnesium-zippeite, and for synthetic
cobalt-zippeite, nickel-zippeite, zinc-zippeite and mag-
nesium-zippeite.

Frondel et al. (1976) defined magnesium-zippeite
from a fine-grained efflorescence at the Lucky Strike
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No. 2 mine in Emery County, Utah. The definition was
based upon apoor X-ray powder-diffraction pattern and
chemical dataon animpure specimen. One of usvisited
the Harvard Mineralogical Museum and unsuccessfully
searched the research collections of Frondel in an at-
tempt to locate the type specimen of magnesium-
Zippeite. On the basis of chemical and X -ray-diffraction
studies, Brugger et al. (2003) recommended that mag-
nesium-zippeite be redefined as material identical to that
synthesized in the current study. Ondrus et al. (19973,
b) examined uranyl sulfates from the Jachymov
(Joachimsthal) district, and provided an X-ray powder-
diffraction pattern for magnesium-zippeite that is in
excellent agreement with that calculated for our syn-
thetic material. Ondru$ et al. (1997a, b) also reported a
pattern for “pseudo magnesium-zippeite” that corre-
sponds to marecaottite.

The synthetic nickel-zippeite and zinc-zippeite of the
current study areisostructural with magnesium-zippeite.
As in the case of magnesium-zippeite, it seems that
samples of nickel-zippeite and zinc-zippeite studied by
Frondel et al. (1976) contain more than one mineral.

SUMMARY AND CONCLUSIONS

We have determined and refined the structures of
eight zippeite-group compounds, five of which had been
described as minerals. Each of the structures studied
contains topologically identical sheets of uranyl pen-
tagonal bipyramids and sulfate tetrahedra, although the
guantity of H in the sheets varies. Details of the
interlayer configurations and their relationships to the
uranyl sulfate sheets have been established.

We were not able to obtain suitable single crystals
of synthetic marecottite or nickel-zippeite for study, al-
though each was obtained in powder form. It is possible
that structural analogues of marecottite and SZIPPMg
containing Co, Ni and Zn exist, even though we were
unable to synthesize them. As is the case with magne-
sium-zippeite, natural specimens of nickel-zippeite and
zinc-zippeite studied by Frondel et al. (1976) may con-
tain mixtures of several zippeite-group minerals.

Examination of natural zippeite-group specimens
using modern techniquesiscertainly warranted; it seems
likely that several new zippeite-group speciesawait dis-
covery, and the extent of solid solution between end-
member compositions is unknown. The current study
provides a framework for additional studies of natural
specimens.

ACKNOWLEDGEMENTS

This research was supported by the Environmental
Management Science Program of the Office of Science,
U.S. Department of Energy, grant DE-FGO7-97ER
14820. KD and LH were supported for aportion of this
work by a National Science Foundation Research Ex-

705

periencefor Undergraduates grant (EAR98-04723). We
are grateful to Drs. F.C. Hawthorne and P. Ondrus for
their thorough reviews, and to F.F. Foit, Jr. and R.F.
Martin for editing the manuscript.

REFERENCES

BREsE, N.E. & O'KEEeFFE, M. (1991): Bond-valence parameters
for solids. Acta Crystallogr. B47, 192-197.

BRUGGER, J., BurNs, P.C. & MEISSER, N. (2003): Contribution
to the mineralogy of acid drainage of uranium minerals:
marecottite and the zippeite-group. Am. Mineral. 88, 676-
685.

Buck, E.C., BRowN, N.R. & DieTz, N.L. (1996): Contaminant
uranium phases and leaching at the Fernald site in Ohio.
Env. Sci. Technol. 30, 81-88.

Burns, P.C. (1998): CCD area detectors of X-rays applied to
the analysis of mineral structures. Can. Mineral. 36, 847-
853.

(1999): Cs boltwoodite obtained by ion exchange
from single crystals: implications for radionuclide release
in anuclear repository. J. Nucl. Mater. 265, 218-223.

(2001): A new uranyl sulfate chain in the structure
of uranopilite. Can. Mineral. 39, 1139-1146.

, Ewing, R.C. & HAwTHORNE, F.C. (1997b): The
crystal chemistry of hexavalent uranium: polyhedron
geometries, bond-valence parameters, and polymerization
of polyhedra. Can. Mineral. 35, 1551-1570.

& MILLER, M.L. (19974): Incorporation
mechanl sms of actinide elementsinto the structures of U%*
phases formed during the oxidation of spent nuclear fuel. J.
Nucl. Mater. 245, 1-9.

, OLsoN, R.A., FINCH, R.J., HANCHAR, JM. &
THIBAULT, Y. (2000): KNag(UO5)2(Si4010)2(H20)4, @ new
compound formed during vapor hydration of an actinide-
bearing borosilicate waste glass. J. Nucl. Mater. 278, 290-
300.

CHEN, FANRONG, Burns, P.C. & Ewing, R.C. (2000): Near-
field behavior of ®*Tc during the oxidative alteration of
spent nuclear fuel. J. Nucl. Mater. 278, 225-232.

& (1999): 7°Se: geochemical
and crystallo chemical retardation mechanisms. J. Nucl.
Mater. 275, 81-94.

Dowry, E. (2000): Atoms Version 5.1. Shape Software, 521
Hidden Valley Road, Kingsport, Tennessee 37663 U.S.A.

FincH, R.J., Buck, E.C., FINN, P.A. & BATES, JK. (1999)
Oxidative corrosion of spent UO, fuel in vapor and drip-
ping groundwater at 90°C. In Scientific Basis for Nuclear
Waste Management X X1 (D.J. Wronkiewicz and J.H. Lee,
eds.) Mater. Res. Soc., Symp. Proc. 556, 431-438.



706

FINN, P.A., HoH, J.C., WOLF, SF., SLATER, SA. & BATES, JK.
(1996): The release of uranium, plutonium, cesium, stron-
tium, technetium and iodine from spent fuel under unsatu-
rated conditions. Radiochim. Acta 74, 65-71.

FRONDEL, C. (1958): Systematic mineralogy of uranium and
thorium. U.S. Geol. Surv., Bull. 1064.

, 170, J., HONEA, R.M. & WEEKS, A.M. (1976): Min-
eralogy of the zippeite group. Can. Mineral. 14, 429-436.

HAIDINGER, W. (1845): Handbuch der bestimmenden
Mineralogie. Vienna, Austria

HERBST-IRMER, R. & SHELDRICK, G.M. (1998): Refinement of
twinned structureswith SHELXL97. Acta Crystallogr. B54,
443-449.

IBERS, JA. & HamiLToN, W.C., eds. (1974): International Ta-
blesfor X-ray Crystallography | V. The Kynoch Press, Bir-
mingham, U.K.

JAMESON, G.B. (1982): On structurerefinement using datafrom
atwinned crystal. Acta Crystallogr. A38, 817-820.

JoHN, J.F. (1821): Chemische untersuchung eines naturlichen
Uranvitriols. Chem. Untersuch. 5, 254; Chem. Phys. 32,
248.

MANDARINO, JA. (1999): Fleischer’ sGlossary of Mineral Spe-
cies. Mineralogical Record, Tucson, Arizona.

MEREITER, K. (1982): Die Kristallstruktur des Johannits,
Cu(UO,)2(OH)2(S04)2*8H20. Tschermaks Mineral.
Petrogr. Mitt. 30, 47-57.

(1986): Crystd structure and crystallographic prop-
erties of a schrdckingerite from Joachimsthal. Tschermaks
Mineral. Petrogr. Mitt. 35, 1-18.

NOVAEEK,VR. (1935): Study on some secondary uranium min-
erals. Ceske Spol. Nauk Vestnik Kral. 7, C12.

ONDRUS, P., VEsELOVSKY, F., HLOUSEK, J., SKALA, R., VAVRIN,
I., FRYDA, J.,, CEXA, J. & GABASOVA, A. (1997a): Second-

THE CANADIAN MINERALOGIST

ary minerals of the Jachymov (Joachimsthal) oredistrict. J.
Czech Geol. Soc. 42, 3-76.

, SKALA, R., CisaROVA, I., HLOUSEK, J.,
FRYDA J, VAVRIN ., CEXA, J. & GABASOVA A. (1997b):
New naturally occurring phases of secondary origin from
Jachymov (Joachimsthal). J. Czech Geol. Soc. 42, 77-108.

RoH, Y., LEE, SY., ELLESS, M.P. & CHo, K.S. (2000): Electro-
enhanced remediation of radionuclide-contaminated
groundwater using zero-valent iron. J. Env. Sci. Health
A35, 1043-1059.

SmiTH, D.K., JrR. (1984): Uranium mineralogy. In Uranium
Geochemistry, Mineralogy, Geology, Exploration and Re-
sources (F. Ippolito, B. DeVero & G. Capaldi, eds.). Insti-
tution of Mining and Metallurgy, London, U.K.

SPITsYN, V., Kovea, L., TABACHENKO, V., TABACHENKO, N. &
MikHAYLOV, Y. (1982): Totheinvestigation of basic uranyl
sdts and polyuranates. 1zv. Akd. Nauk SSSR, Ser. Khim.,
807-812 (in Russ.).

TRrRAILL, R.J. (1952): Synthesis and X-ray study of uranium
sulfate minerals. Am. Mineral. 37, 394-406.

VOCHTEN, R., VAN HAVERBEKE, L., VAN SPRINGEL. K., BLATON.
N. & Peeters, O.M. (1995): The structure and physico-
chemical characteristics of synthetic zippeite. Can. Min-
eral. 33, 1091-1101.

WRONKIEWICZ, D.J., BATES, J.K., GERDING, T.J., VELECKIS, E.
& TANI, B.S. (1992): Uranium release and secondary phase
formation during unsaturated testing of UO, at 90°C. J.
Nucl. Mater. 190, 107-127.

, WoLF, SF. & Buck, E.C. (1996): Ten-
year reﬁultsfrom unsaturated drip tests with UO, at 90°C:
implicationsfor the corrosion of spent nuclear fuel. J. Nucl.
Mater. 238, 78-95.

Received June 22, 2002, revised manuscript accepted April 11,
2003.



