
1699

The Canadian Mineralogist
Vol. 42, pp. 1699-1718 (2004)

DIVALENT TRANSITION METALS AND MAGNESIUM IN STRUCTURES
THAT CONTAIN THE AUTUNITE-TYPE SHEET

ANDREW J. LOCOCK§

Mineralogy, Department of Natural History, Royal Ontario Museum, 100 Queen’s Park, Toronto, Ontario M5S 2C6, Canada

PETER C. BURNS

Department of Civil Engineering and Geological Sciences,
University of Notre Dame, 156 Fitzpatrick Hall, Notre Dame, Indiana 46556, U.S.A.

THEODORE M. FLYNN

Department of Geology, University of Illinois, Urbana–Champaign, Illinois 61801, U.S.A.

ABSTRACT

Compounds that contain the autunite-type sheet and divalent cations (Mg, Mn, Fe, Co, Ni) in their interlayers have been
synthesized by diffusion in gels or by hydrothermal methods, and their crystal structure determined. Data on single-crystal X-ray-
diffraction intensities were collected at room temperature using MoK� radiation and a CCD-based area detector. The autunite-
type sheet has the composition [(UO2)(XO4)]–, X = P or As, and involves the sharing of equatorial vertices of uranyl square
bipyramids with phosphate or arsenate tetrahedra. The interlayer region contains H2O groups and cations in octahedral coordina-
tion. The sheets are linked by hydrogen bonding and through bonds from the interlayer cations to oxygen atoms of the sheets. The
structural roles of the interlayer cations in determining the symmetries and hydration states observed are discussed. Three differ-
ent hydration states are observed, and these have characteristic symmetries and basal d-values: dodecahydrates are triclinic
(pseudomonoclinic), basal spacing ~11 Å; decahydrates are monoclinic (pseudo-orthorhombic and commonly twinned), basal
spacings ~10 Å, and octahydrates are triclinic, basal spacings of ~8.7 Å. Each hydration state corresponds to a different structure-
type; the H2O of hydration of these compounds does not vary in the same fashion as the H2O content of zeolites, but rather is
required to maintain the integrity of the hydrogen-bonding network. Changes in hydration state, whether through dehydration or
rehydration, give rise to separate structures. Crystallographic data: Mn[(UO2)(AsO4)]2(H2O)12: triclinic P

–
1, a 7.1359(11), b

7.1439(11), c 11.3616(17) Å, � 81.592(3)°, � 81.639(3)°, � 88.918(3)°, R1 = 3.3%; Co[(UO2)(AsO4)]2(H2O)12 (i.e., synthetic
“kirchheimerite”): triclinic P

–
1, a 7.1552(5), b 7.1586(5), c 11.2912(8) Å, � 81.487(2)°, � 81.410(2)°, � 88.891(2)°, R1 = 5.1%;

Mg[(UO2)(AsO4)]2(H2O)12 (i.e., synthetic nováčekite I): triclinic P
–
1, a 7.1594(5), b 7.1610(5), c 11.3146(7) Å, � 81.391(2)°, �

81.177(1)°, � 88.884(1)°, R1 = 4.3%; Ni[(UO2)(AsO4)]2(H2O)12: triclinic P
–
1, a 7.1523(3), b 7.1583(3), c 11.2564(5) Å, �

81.549(1)°, � 81.356(1)°, � 88.916(1)°, R1 = 2.7%; Ni[(UO2)(PO4)]2(H2O)12: triclinic P
–
1, a 6.9962(15), b 7.0012(15), c 11.171(2)

Å, � 81.591(4)°, � 82.189(4)°, � 88.721(4)°, R1 = 3.2%; Mn[(UO2)(PO4)]2(H2O)10: monoclinic I2/m, a 6.9656(4), b 20.3768(13),
c 6.9775(4) Å, � 91.019(1)°, R1 = 2.7%; Co[(UO2)(PO4)]2(H2O)10: monoclinic P21/n, a 6.9490(5), b 19.9348(16), c 6.9620(5) Å,
� 90.440(2)°, R1 = 5.1%; Ni[(UO2)(PO4)]2(H2O)10: monoclinic P21/n, a 6.9506(4), b 19.8215(11), c 6.9711(4) Å, � 90.418(1)°,
R1 = 3.1%; Mg[(UO2)(AsO4)]2(H2O)10 (i.e., synthetic nováčekite II): monoclinic P21/n, a 7.1328(11), b 20.085(3), c 7.1569(11)
Å, � 90.585(3)°, R1 = 8.5%; Mn[(UO2)(AsO4)]2(H2O)8: triclinic P

–
1, a 7.2244(5), b 9.9170(8), c 13.337(1) Å, � 75.012(2)°, �

84.136(2)°, � 81.995(2)°, R1 = 2.8%; Fe[(UO2)(AsO4)]2(H2O)8 (i.e., synthetic metakahlerite): triclinic P
–
1, a 7.2072(3), b

9.8242(4), c 13.2708(6) Å, � 75.370(1)°, � 84.024(1)°, � 81.839(1)°, R1 = 2.9%; Co[(UO2)(AsO4)]2(H2O)8 (i.e., synthetic
metakirchheimerite): triclinic P

–
1, a 7.1955(3), b 9.7715(4), c 13.2319(6) Å, � 75.525(1)°, � 84.052(1)°, � 81.661(1)°, R1 = 2.5%.

Keywords: autunite, bassetite, kahlerite, kirchheimerite, lehnerite, metakahlerite, metakirchheimerite, metalodèvite,
metanováčekite, metasaléeite, nováčekite I, nováčekite II, saléeite, uranyl phosphate, uranyl arsenate, crystal structure, gel
synthesis, hydrothermal synthesis.
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SOMMAIRE

Nous avons synthétisé des composés contenant le feuillet de type autunite et des cations bivalents (Mg, Mn, Fe, Co, Ni) en
position interfoliaire, par diffusion dans des gels ou bien par voie hydrothermale, et nous en avons déterminé la structure cristalline.
Nous avons prélevé les données d’intensités en diffraction X sur monocristaux à température ambiante en utilisant un rayonnement
MoK� et un détecteur à aire de type CCD. Le feuillet de type autunite possède une composition [(UO2)(XO4)]–, X = P ou As; il
y a partage des coins équatoriaux des bipyramides carrées à uranyle avec les tétraèedres de phosphate ou d’arsenate. La région
interfoliaire contient des groupes H2O et des cations en coordinence octaédrique. Ces feuillets sont liés par liaisons hydrogène et
par liaisons entre les cations interfoliaires et les atomes d’oxygène des feuillets. Nous évaluons les rôles structuraux dans la
détermination des symétries et des degrés d’hydratation. Il y a trois degrés d’hydratation; chacun possède une symétrie et une
valeur de l’espacement interfoliaire caractéristiques. Les dodécahydrates sont tricliniques (pseudomonocliniques), espacement
interfoliaire ~11 Å; les décahydrates sont monocliniques (pseudo-orthorhombiques et généralement maclés), espacement
interfolaire ~10 Å, et les octahydrates sont tricliniques, espacement interfolaire d’environ 8.7 Å. Chaque degré d’hydratation
correspond à un type de structure différent; le nombre de groupes de H2O ne varie pas de la même manière que dans un zéolite,
mais est nécessaire pour conserver l’intégrité du réseau de liaisons hydrogène de ces composés. Un changement du degré
d’hydratation, soit par déshydratation ou par réhydratation, donne lieu à des transformations structurales. Données
cristallographiques: Mn[(UO2)(AsO4)]2(H2O)12: triclinique P

–
1, a 7.1359(11), b 7.1439(11), c 11.3616(17) Å, � 81.592(3)°, �

81.639(3)°, � 88.918(3)°, R1 = 3.3%; Co[(UO2)(AsO4)]2(H2O)12 (i.e., “kirchheimerite” synthétique): triclinique P
–
1, a 7.1552(5),

b 7.1586(5), c 11.2912(8) Å, � 81.487(2)°, � 81.410(2)°, � 88.891(2)°, R1 = 5.1%; Mg[(UO2)(AsO4)]2(H2O)12 (i.e., nováčekite
I synthétique): triclinique P

–
1, a 7.1594(5), b 7.1610(5), c 11.3146(7) Å, � 81.391(2)°, � 81.177(1)°, � 88.884(1)°, R1 = 4.3%;

Ni[(UO2)(AsO4)]2(H2O)12: triclinique P
–
1, a 7.1523(3), b 7.1583(3), c 11.2564(5) Å, � 81.549(1)°, � 81.356(1)°, � 88.916(1)°,

R1 = 2.7%; Ni[(UO2)(PO4)]2(H2O)12: triclinique P
–
1, a 6.9962(15), b 7.0012(15), c 11.171(2) Å, � 81.591(4)°, � 82.189(4)°, �

88.721(4)°, R1 = 3.2%; Mn[(UO2)(PO4)]2(H2O)10: monoclinique I2/m, a 6.9656(4), b 20.3768(13), c 6.9775(4) Å, � 91.019(1)°,
R1 = 2.7%; Co[(UO2)(PO4)]2(H2O)10: monoclinique P21/n, a 6.9490(5), b 19.9348(16), c 6.9620(5) Å, � 90.440(2)°, R1 = 5.1%;
Ni[(UO2)(PO4)]2(H2O)10: monoclinique P21/n, a 6.9506(4), b 19.8215(11), c 6.9711(4) Å, � 90.418(1)°, R1 = 3.1%;
Mg[(UO2)(AsO4)]2(H2O)10 (i.e., nováčekite II synthétique): monoclinique P21/n, a 7.1328(11), b 20.085(3), c 7.1569(11) Å, �
90.585(3)°, R1 = 8.5%; Mn[(UO2)(AsO4)]2(H2O)8: triclinique P

–
1, a 7.2244(5), b 9.9170(8), c 13.337(1) Å, � 75.012(2)°, �

84.136(2)°, � 81.995(2)°, R1 = 2.8%; Fe[(UO2)(AsO4)]2(H2O)8 (i.e., métakahlerite synthétique): triclinique P
–
1, a 7.2072(3), b

9.8242(4), c 13.2708(6) Å, � 75.370(1)°, � 84.024(1)°, � 81.839(1)°, R1 = 2.9%; Co[(UO2)(AsO4)]2(H2O)8 (i.e.,
métakirchheimerite synthétique): triclinique P

–
1, a 7.1955(3), b 9.7715(4), c 13.2319(6) Å, � 75.525(1)°, � 84.052(1)°, �

81.661(1)°, R1 = 2.5%.

Mots-clés: autunite, bassetite, kahlerite, kirchheimerite, lehnerite, métakahlerite, métakirchheimerite, métalodèvite,
métanováčekite, métasaléeite, nováčekite I, nováčekite II, saléeite, phosphate uranylé, arsenate uranylé, structure cristalline,
synthèse par gel, synthèse hydrothermale.

exception of the copper-bearing species (torbernite,
zeunerite, metatorbernite and metazeunerite), these min-
erals are relatively rare. The copper-bearing species also
differ in the details of their structures because of a pro-
nounced Jahn–Teller effect (Eby & Hawthorne 1993),
and have been discussed previously (Locock & Burns
2003b). The results reported herein pertain to com-
pounds that contain divalent interlayer cations: Mg and
the first-row transition metals Mn, Fe, Co and Ni.

PREVIOUS WORK

The minerals that contain the autunite-type sheet and
divalent transition metals or magnesium and relevant
synthetic compounds for which X-ray-diffraction pat-
terns are available in the 2001 Release of the Powder
Diffraction File (PDF) of the International Centre for
Diffraction Data are listed in Table 1. All of these have
nominal stoichiometry M[(UO2)(XO4)]2(H2O)n, where
M = Mn2+, Fe2+, Co2+, Mg2+, Ni2+, or Zn2+, X = P or As,
and 4 ≤ n ≤ 12. Both the uranyl phosphates and the ura-
nyl arsenates may be divided into three classes, on the
basis of their basal d-values: d ≈ 8.5 Å (n ≈ 8, range of
7 ≤ n ≤ 10), d ≈ 10 Å (n ≈ 10, range of 4 ≤ n ≤ 10), and

INTRODUCTION

Compounds that contain the autunite-type sheet
comprise one of the two major structural divisions of
uranyl phosphate and uranyl arsenate minerals (the
phosphuranylite group being the other), and together
consist of approximately forty mineral species (Smith
1984, Finch & Murakami 1999, Burns 1999). The cor-
rugated autunite-type sheet has the composition
[(UO2)(XO4)]–, X = P or As, and involves the sharing of
equatorial vertices of uranyl square bipyramids with
phosphate or arsenate tetrahedra; it was first described
by Beintema (1938). The structure of autunite sensu
stricto, Ca[(UO2)(PO4)]2(H2O)11, recently has been de-
termined (Locock & Burns 2003a). The interlayer re-
gion contains cations and H2O groups, and the sheets
are linked by hydrogen bonding and through bonds from
the interlayer cations to oxygen atoms of the sheets.

Amongst compounds that contain the autunite-type
sheet, the members containing first-row divalent transi-
tion metals and structurally related magnesium-domi-
nant members compose the largest category, with at
least fourteen mineral species described (e.g., Gaines et
al. 1997, Mandarino & Back 2004). However, with the
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d ~ 11 Å (n ≈ 12, range of 9.5 ≤ n ≤ 12). The apparent
states of hydration of the compounds in Table 1 (the
chemical formulas are from the PDF entries) are only in
approximate agreement with this tripartite classification.
Despite a considerable history of investigation: bassetite
(Hallimond 1915), kahlerite (Meixner 1953), lehnerite
(Mücke 1988), metakahlerite and metakirchheimerite
(Walenta 1958, Nabar & Iyer 1977, Vochten 1984,
Vochten & Goeminne 1984, Vochten et al. 1986),
metalodèvite (Agrinier et al. 1972, Nabar & Iyer 1977),
metanováčekite (Donnay & Donnay 1955), metasaléeite
(Mrose 1950), nová čekite (Frondel 1951, Stern &
Annell 1954, Huang 1956, Elton et al. 1994), saléeite
(Thoreau & Vaes 1932, Frondel 1951, Piret & Deliens
1980, Miller & Taylor 1986, Suzuki et al. 1998), and
UM1997–41 (Nabar & Iyer 1977, Vochten 1984,
Ondruš et al. 1997), there is no consensus in the litera-
ture with regard to the compositions and physical prop-
erties of these compounds, probably because of their
ease of dehydration and rehydration under differing
conditions of temperature and humidity. In addition to
problems of hydration state, the pseudosymmetry com-
mon in this group of compounds, coupled with the pre-
ferred orientation induced by their platy morphologies,

have almost certainly complicated accurate determina-
tion of their crystal symmetries by powder X-ray dif-
fraction. In most cases, previous investigators have
interpreted the compounds to be tetragonal (despite their
biaxial optical properties), by analogy with other mem-
bers of the autunite and meta-autunite groups (e.g.,
Pozas-Tormo et al. 1986). It is notable that the majority
of the X-ray-diffraction patterns presented for these
compounds are of questionable quality, as assessed by
the International Centre for Diffraction Data (Table 1).

Mineral nomenclature

The Commission on New Minerals and Mineral
Names of the International Mineralogical Association
has not reached decisions with regard to the nomencla-
ture of these minerals (www.geo.vu.nl/~ima–cnmmn/),
with the exception of the acceptance of metalodèvite,
which was originally reported to have the chemical for-
mula Zn[(UO2)(AsO4)]2(H2O)8–12 (Agrinier et al. 1972),
and lehnerite, Mn[(UO2)(PO4)]2(H2O)8 (Mücke 1988).

In a series of papers on the secondary uranium min-
erals of the Black Forest, Walenta (1958, 1964, 1965b,
1977), and Walenta & Wimmenauer (1961) established
that there are three natural autunite-type hydrates of
magnesium uranyl arsenate: the dodecahydrate,
nová čekite I; the decahydrate, nováčekite II, and the
octahydrate, metanová čekite. The uranyl arsenate
octahydrates of Fe and Co, respectively metakahlerite
and metakirchheimerite, were also found in the Black
Forest as minerals, but their corresponding dodeca-
hydrates kahlerite and “kirchheimerite” were only found
as synthetic products (Walenta 1964). Note that on the
basis of the similarity of their optical properties, the
kahlerite of Meixner (1953) is equivalent to the
metakahlerite of Walenta (1965a). However, both
kahlerite and metakahlerite were found in an assemblage
of supergene alteration phases in a context of uranium
mineralization in Scotland by Braithwaite & Knight
(1990).

Miller & Taylor (1986) determined, on the basis of
material from the Ranger I mine, Northern Territory,
Australia, that saléeite is monoclinic (in agreement with
Piret & Deliens 1980), with formula Mg[(UO2)(PO4)]2
(H2O)10, and presented a refinement in the standard
space-group P21/c, with a 6.951(3), b 19.947(8), c
9.864(4) Å, � 135.17(2)°, R1 = 5.3%. The setting of this
unit cell can be changed by the matrix [100/010/101] to
the alternative space-group P21/n, with a 6.951(3), b
19.947(8), c 6.977(4) Å, � 90.55(2)°, to emphasize its
pseudo-orthorhombic nature. The matrix [100/101/01̄0]
may be used to transform the original cell to a non-stan-
dard pseudotetragonal setting: a 6.951(3), b 6.977(4), c
19.947(8) Å, � 90.55(2)° (see also Piret & Deliens
1980). The pseudosymmetry of saléeite helps to explain
previous assignments of tetragonal symmetry to this
mineral (Mrose 1950, Frondel 1951, 1958, Walenta
1965a, Vochten & Van Springel 1996).

NOTE:PDF # = Powder Diffraction File entry number, data from Release 2001;
Q = quality assessed by the International Centre for Diffraction Data (IODD), ?
indicates questionable quality; CS = crystal system (A: triclinic, M: monoclinic,
T: tetragonal); d = basal d-spacing; UM = unnamed mineral species. The term
"kirchheimerite" has not been approved as the name of a mineral species by the
International Mineralogical Association's Commission on New Minerals and
Mineral Names.



1702 THE CANADIAN MINERALOGIST

Although not widely accepted as a separate mineral
species, metasaléeite was proposed for the lower hydrate
of saléeite by Mrose (1950), who described material
from the Democratic Republic of Congo with the chemi-
cal formula Mg[(UO2)(PO4)]2(H2O)8. Powder-diffrac-
tion data for metasaléeite from Brazil were given by
Cassedanne et al. (1986), PDF 41–1389, and meta-
saléeite has been found in central Portugal (Pinto et al.
2001).

In this report, we concentrate on the crystal struc-
tures of compounds with the autunite-type sheet and
interlayers that contain divalent transition metals (Mn,
Fe, Co, Ni) or Mg, and how the symmetries of these
compounds vary with their hydration states and the na-
ture of the interlayer cations. Despite the existence of
metalodèvite, data for zinc compounds are not presented
here, because of the repeated failure to grow crystals of
sufficient quality and stability for room-temperature
crystallographic investigations. Of the thirty possible
compounds (five cations * three hydration states * two
occupants of the tetrahedra), structures are presented for
twelve. For simplicity, the compounds investigated are
subsequently referred to by italicized abbreviations
rather than mineral names or chemical formulas:
MnUAs12 = Mn[(UO2)(AsO4)]2(H2O)12; CoUAs12 =
Co[(UO2)(AsO4)]2(H2O)12 (i.e., “kirchheimerite”);
MgUAs12 = Mg[(UO2)(AsO4)]2(H2O)12 (i.e., synthetic
nováčekite I); NiUAs12 = Ni[(UO2)(AsO4)]2(H2O)12;
NiUP12 = Ni[(UO2)(PO4)]2(H2O)12; MnUP10 =
Mn[(UO2)(PO4)]2(H2O)10; CoUP10 = Co[(UO2)(PO4)]2
(H2O)10; NiUP10 = Ni[(UO2)(PO4)]2(H2O)10; MgUAs10
= Mg[(UO2)(AsO4)]2(H2O)10 (i.e., synthetic nováčekite
II); MnUAs8 = Mn[(UO2)(AsO4)]2(H2O)8; FeUAs8 =
Fe[(UO2)(AsO4)]2(H2O)8 (i.e., synthetic metakahlerite);
CoUAs8 = Co[(UO2)(AsO4)]2(H2O)8 (i.e., synthetic
metakirchheimerite).

EXPERIMENT

Crystal synthesis

Crystals of eight of the compounds (Table 2) were
grown over weeks to months by slow diffusion of phos-
phoric acid or hydrogen arsenate, and uranyl nitrate into

cation-bearing silica gels contained in U-shaped tubes.
Although most gel syntheses were undertaken at room
temperature, CoUAs12 was grown under refrigerated
conditions (~5°C), following the approach of Berman
(1957). The gels were formed by the hydrolysis of a
mixture of tetramethoxysilane (TMOS) and aqueous
solutions of metal nitrates or metal chlorides (Table 2),
with the exception of NiUP10, which was synthesized
with 1:1 water:methanol solutions in order to access the
intermediate hydration state (via the lowered dielectric
constant of the fluid mixture). The gel-growth method
was modified after Arend & Connelly (1982), Manghi
& Polla (1983), Zolensky (1983), Perrino & LeMaster
(1984), Robert & LeFaucheux (1988), and Henisch
(1988).

Crystals of MnUAs8, FeUAs8 and CoUAs8 were
obtained by conventional mild hydrothermal syntheses
(Table 3), in which the reactants were weighed directly
into 23 mL Teflon-lined Parr acid-digestion vessels; the
unstirred mixtures were heated in Fisher Isotemp ov-
ens. The products were washed with ultrapure water
upon removal from the vessels.

The crystal of MgUAs10 from which the structure
was determined was formed by the dehydration under
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ambient conditions of a gel-grown crystal of MgUAs12.
Surprisingly, despite the strain induced by dehydration,
this crystal proved of sufficient quality to collect a hemi-
sphere of diffraction data, before the heat load gener-
ated by the absorption of the primary X-ray beam caused
further dehydration; diffraction data collected subse-
quently could no longer be indexed, nor could the
sample be described as a single crystal.

Single-crystal X-ray diffraction

For each of the twelve compounds, a suitable crystal
was mounted on a Bruker PLATFORM three-circle X-
ray diffractometer operated at 50 keV and 40 mA and
equipped with a 4K APEX CCD detector with a crys-
tal-to-detector distance of 4.7 cm. The crystals were ei-
ther fixed to a glass fiber with two-part epoxy, or
encapsulated in a glass capillary 0.3–0.5 mm in diam-
eter (Charles Supper Co.) with Millepore-filtered
ultrapure water (18 M� resistance) and immobilized
with high-vacuum silicone grease (Dow Corning). Data
were collected at room temperature using graphite-
monochromatized MoK� X-radiation and frame widths
of 0.3° in �. Details of the data acquisition and refine-
ment parameters are provided in Table 4. The intensity
data were reduced and corrected for Lorentz, polariza-
tion, and background effects using the program SAINT
(Bruker 1998), corrections for absorption were made
with the programs XPREP and SADABS, and the unit-
cell dimensions were refined using least-squares tech-
niques. Comparison of the intensities of equivalent
reflections measured at different times during data ac-
quisition showed no significant decay for any of the
compounds.

Scattering curves for neutral atoms, together with
anomalous dispersion corrections, were taken from In-
ternational Tables for X-ray Crystallography, Vol. C
(Wilson 1992). The SHELXTL Version 5 series of pro-
grams was used for the solution and refinement of the
crystal structures (Sheldrick 1998).

Structure solution and refinement

The lack of systematic absences of reflections for
MnUAs12, CoUAs12, MgUAs12, NiUAs12, and
NiUP12 are consistent with space groups P1 and P1̄.
These structures were solved by Patterson or direct
methods, and were refined on the basis of F2 for all
unique data in space group P1̄. Structure models, in-
cluding anisotropic displacement-parameters for all
non-H atoms (MnUAs12, NiUAs12, NiUP12), or for
non-O atoms (CoUAs12, MgUAs12), converged. The
agreement indices (R1), calculated for the observed
unique reflections (|Fo| ≥ 4�F) of these refinements,
range from 2.7 to 5.1%. For the structures of NiUAs12
and NiUP12, possible positions of H atoms were located
in difference-Fourier maps, calculated following refine-
ment of the models. Their positions were refined with

the restraint that O–H bond-lengths be ~0.96(2) Å and
with fixed isotropic displacement-parameters. These
refinements provided crystal-chemically reasonable H-
bonding networks. In the other three dodecahydrates,
the location of each H atom was not determined.

The unit cells of the five triclinic dodecahydrates
exhibit severe pseudosymmetry; their cells can be trans-
formed to pseudomonoclinic C-centered cells with the
matrix [ 

–
1
–
10/1

–
10/001]. For MnUAs12, this procedure

yields the cell: a 10.192, b 10.002, c 11.362 Å, � 90.04°,
� 101.79°, � 89.94°. Solutions and refinements were at-
tempted in space groups C2, Cm and C2/m, but in these
space groups, the interlayer contents were disordered.
For all five structures, the triclinic model was checked
with the ADDSYM algorithm in the program PLATON
(Le Page 1987, Spek 2003); no higher symmetry was
found.

Systematic absences of reflections for MnUP10 are
consistent with space groups I2, Im and I2/m (alterna-
tive settings of C2, Cm and C2/m, respectively). The
unit cell of MnUP10 can be transformed between these
settings by the matrix [

–
1
–
10/0

–
10/001]. Intensity data for

CoUP10, NiUP10 and MgUAs10 are consistent with
space group P21/n (alternative setting of P21/c). The
cells of these three compounds can be transformed be-
tween these settings by the matrix [100/0

–
10/

–
10

–
1]. The

crystal structures of all four compounds were solved by
direct methods (in I2/m or P21/n) and were refined on
the basis of F2 for all unique data in the settings with �
close to 90°, in order to facilitate models that involve
twinning by pseudomerohedry. Structure models includ-
ing anisotropic displacement-parameters for all non-H
atoms (CoUP10, NiUP10, MgUAs10), or for non-O at-
oms (MnUP10), converged. The agreement indices
(R1), calculated for the observed unique reflections (|Fo|
≥ 4�F) of these refinements, range from 2.7 to 8.5%.
Because these compounds are pseudo-orthorhombic
(Table 4), with � angles close to 90°, the twin law [100/
0
–
10/00

–
1] was applied, and the structures were refined

according to published methods (Jameson 1982, Herbst-
Irmer & Sheldrick 1998). The twin scale-factors refined
to 2.6(4)% for MnUP10, 0.36(3)% for NiUP10, and
0.9(1)% for MgUAs10, consistent with highly asym-
metrical distributions of the twin components. The twin
scale-factor for CoUP10 refined to zero, and the twin
law was omitted from this refinement. The location of
each H atom in these structures was not determined. The
structure model for MgUAs10 is not of desirable qual-
ity: Rint is 16.4% and the agreement index R1 is 8.5%. It
is likely that strain was imparted to the crystal because
of its formation by dehydration from MgUAs12 (and
possibly because of the ongoing heat-load from the pri-
mary X-ray beam), and that this has affected its quality
(mosaic spread).

The lack of systematic absences of reflections for
MnUAs8, FeUAs8, and CoUAs8 are consistent with
space groups P1 and P

–
1. These structures were solved

by Patterson methods, and were refined on the basis of
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F2 for all unique data in space group P
–
1. Structure mod-

els including anisotropic displacement-parameters for
all atoms converged. The agreement indices (R1), cal-
culated for the observed unique reflections (|Fo| ≥ 4�F)
of these refinements, range from 2.5 to 2.9%. The loca-
tion of each H atom in these structures was not deter-
mined. The unit cells of the octahydrates can be
transformed by the matrix [100/0½

–
½/03/2½] to yield A-

centered triclinic cells whose dimensions (but not
angles) are reminiscent of the tetragonal meta-autunite
group compounds (Locock et al. 2004). For CoUAs8,
this procedure yields: a 7.196, b 7.175, c 17.524 Å, �
84.67°, � 80.77°, � 89.92°.

The positional parameters and equivalent isotropic
displacement-parameters of atoms are given in Tables 5
to 16: MnUAs12, CoUAs12, MgUAs12, NiUAs12,
NiUP12, MnUP10, CoUP10, NiUP10, MgUAs10,
MnUAs8, FeUAs8, and CoUAs8, respectively. Selected
interatomic distances of MnUAs12, CoUAs12, and

MgUAs12 are given in Table 17, those of NiUAs12 and
NiUP12 are in Table 18, those of MnUP10, CoUP10,
NiUP10 and MgUAs10 are in Table 19, and selected
interatomic distances for MnUAs8, FeUAs8 and
CoUAs8 are given in Table 20. Anisotropic displace-
ment-parameters, and observed and calculated structure-
factors for these compounds, are available from the
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Depository of Unpublished Data, CISTI, National Re-
search Council, Ottawa, Ontario K1A 0S2, Canada.

Bond-valence sums at the non-H cation sites for the
twelve compounds are listed in Table 21, and were cal-
culated using the parameters of Burns et al. (1997) for
sixfold-coordinated U6+, Brown & Altermatt (1985) for
P5+, As5+, Mn2+, Fe2+, Co2+, Mg2+, and Ni2+. The bond-
valence sums are in good agreement with expected for-
mal oxidation states for all of the compounds.

DESCRIPTION OF THE STRUCTURES

All twelve of the compounds investigated contain the
well-known corrugated autunite-type sheet as originally
described by Beintema (1938), formed by the sharing
of vertices between uranyl square bipyramids and ei-
ther phosphate or arsenate tetrahedra (Fig. 1), with com-
position [(UO2)(PO4)]– or [(UO2)(AsO4)]–.

The five triclinic dodecahydrates, MnUAs12,
CoUAs12, MgUAs12, NiUAs12, and NiUP12, are
isostructural. Their interlayers contain a divalent metal
cation in distorted octahedral coordination by H2O
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groups of three unique O positions (Fig. 2), with bond
lengths in the range 2.04–2.20 Å (Tables 17, 18). Three
additional symmetrically independent H2O groups are
held in these structures only by hydrogen bonds (Fig. 3).
Hydrogen positions were located only in NiUAs12 and
NiUP12, but the proposed hydrogen-bond networks are
presumed to be applicable to all five structures. Hydro-
gen bonds link the interstitial H2O groups with the H2O
group at the apex of the octahedron into approximately
square-planar sets. Hydrogen bonds extend from these
sets to the anions at the equatorial vertices of uranyl
square bipyramids, which also are shared with tetrahe-
dra, and to the H2O groups at the equatorial positions of
the octahedra (Fig. 3).

Unlike the primitive structures of the other deca-
hydrates presented herein, MnUP10 is body-centered.
In its interlayer, Mn is in nearly regular octahedral co-
ordination with two symmetrically unique H2O groups
with equivalent bond-lengths of 2.20 Å (Table 19, Fig.
4). There is one symmetrically independent H2O group,
O(7), held in the structure only by hydrogen bonding
(Table 10). Although H positions were not determined
in this structure, a network of hydrogen bonds is pro-
posed on the basis of O...O interatomic distances in the
range 2.7–3.2 Å, in accord with the usual donor to ac-
ceptor (D...A) separations found for hydrogen bonds
(Jeffrey 1997), and is illustrated in Figure 5. Hydrogen
bonds from the interstitial H2O group, O(7), link two
Mn(H2O)6 octahedra through the O(5) and O(6) posi-
tions, and two further hydrogen bonds extend to accep-
tors within the uranyl phosphate sheet (an apical O atom

of the uranyl ion, and an equatorial O atom that is shared
with phosphate). Hydrogen bonds also extend from the
O(5) position to the O atoms of the phosphate tetrahe-
dra that are shared with the uranyl square bipyramids

FIG. 1. The autunite-type sheet in NiUAs12, projected per-
pendicular to (001). The uranyl polyhedra are yellow, and
the arsenate tetrahedra are green and stippled.

FIG. 2. The structure of NiUAs12, projected along [100].
Uranyl polyhedra are yellow, arsenate tetrahedra are green
and stippled, nickel-based octahedra are gray, and H2O
groups are shown as red spheres.

FIG. 3. Hydrogen bonding in the structure of NiUAs12, pro-
jected along [100]. Hydrogen atoms are shown as gray
spheres, O–H bonds as thick short rods, and H...O bonds as
thin long rods.
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(Fig. 5). The separation distance between equivalent
O(7) positions is 4.1 Å, and so these atoms are not con-
nected to each other by hydrogen bonds.

The structures of the decahydrates CoUP10, NiUP10
and MgUAs10 were refined in space group P21/n, and

FIG. 5. Hydrogen bonding in the structure of MnUP10.
Donor–acceptor (O...O) interatomic distances are shown as
rods.

FIG. 4. The structure of MnUP10, projected along [100].
Uranyl polyhedra are yellow, phosphate tetrahedra are
green and stippled, manganese-based octahedra are gray,
and H2O groups are shown as red spheres.
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differ from the structure of MnUP10 mainly in the ar-
rangement of their interlayer contents. The divalent cat-
ions are in distorted octahedral coordination; there are
three symmetrically independent H2O groups, with bond
lengths ranging from 2.04 to 2.19 Å (Table 19, Fig. 6).
There are two symmetrically independent H2O groups
held in the structure only by hydrogen bonding. Al-
though H positions were not determined in these struc-
tures, a network of hydrogen bonds is proposed on the
basis of O...O interatomic distances in the range 2.7–
3.2 Å, and is illustrated in Figure 7. Hydrogen bonds
from the interstitial H2O groups bridge the interlayer
octahedra, extend to acceptors (anions of tetrahedra) in
the sheet, and connect the two interstitial H2O groups
together (separation distance 2.9 Å). Hydrogen bonds
also extend from the H2O groups coordinating the metal
cations to acceptors in the sheet (the apical O atoms of
the uranyl ion, and the equatorial O atoms that are shared
with tetrahedra).

The octahydrates MnUAs8, FeUAs8 and CoUAs8 are
all isostructural. Whereas in the dodecahydrates and
decahydrates the divalent cations are in octahedral co-
ordination with H2O groups and are linked to the sheets
only by hydrogen bonds, in the octahydrates, the diva-
lent cation octahedra are connected directly to the sheet
by the O(10) atom of the U(1) uranyl ion (Fig. 8). The
remaining five vertices of the octahedra are symmetri-
cally unique H2O groups. The octahedra are distorted,
with the bond to O(10) being about 0.1–0.2 Å longer
than the bonds to the other five ligands (Table 20). Simi-
larly, the U(1)–O(10) bond in these structures is longer
than the other three uranyl ion bonds by 0.04–0.05 Å.
There are three symmetrically independent H2O groups
held in the structure only by hydrogen bonding. Al-
though H positions were not determined in these struc-
tures, a network of hydrogen bonds is proposed on the
basis of O...O interatomic distances in the range 2.7–
3.2 Å. Hydrogen bonds link the interstitial H2O groups
with the H2O group at the apex of the octahedron into
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FIG. 7. Hydrogen bonding in the structure of NiUP10. Do-
nor–acceptor (O...O) interatomic distances are shown as
rods.

FIG. 8. The structure of CoUAs8, projected
along [100]. The uranyl arsenate sheets are
parallel to (011). Uranyl polyhedra are yellow,
arsenate tetrahedra are green and stippled, co-
balt-based octahedra are gray, and H2O groups
are shown as red spheres. Donor–acceptor
(O...O) distances (<3.0 Å) corresponding to
probable hydrogen bonds are shown as rods.

FIG. 6. The structure of NiUP10, projected along [100].
Uranyl polyhedra are yellow, phosphate tetrahedra are
green and stippled, nickel-based octahedra are gray, and
H2O groups are shown as red spheres. The orientations of
the interlayer octahedra and H2O groups differ from the
structure of MnUP10 presented in Figure 4.
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approximately square-planar sets. Hydrogen bonds ex-
tend from these sets to the anions at the equatorial ver-
tices of uranyl square bipyramids that are also shared
with tetrahedra, to the H2O groups at the equatorial po-
sitions of the octahedra, and connect these square sets
together (Fig. 8).

As expected, the mean bond-lengths of the octahe-
dra in the interlayers of all of the compounds (Tables 17
to 20) show a nearly linear correlation with the effec-
tive ionic radii of their divalent elements as tabulated
by Shannon (1976).

DISCUSSION

Polymorphism in the decahydrates

In the structures of the decahydrates, two different
polymorphs were refined: the I2/m polymorph
(MnUP10), and the P21/n polymorph (CoUP10,
NiUP10, MgUAs10, and saléeite: Miller & Taylor
1986). These structures are not polytypic modifications,
i.e., compounds built up by stacking layers of identical
structure and composition, where the modifications dif-
fer only in the stacking sequence (Guinier 1984). Rather,
the differing arrangements of the H2O groups in the
interlayers (both the H2O groups coordinating the diva-
lent cation and those held only by hydrogen bonds) are
responsible for the difference in structure. The uranyl
phosphate (or uranyl arsenate) sheets in the two poly-
morphs are geometrically indistinguishable and, in gen-
eral, are stacked in an identical fashion.

A single large difference-Fourier peak is present in
the refinements of both CoUP10 and NiUP10 (Tables
11, 12). It is probable that these peaks arise from the
Ďurovič effect, in which difference-Fourier residues
corresponding to “virtual atoms” are caused by the pres-
ence of stacking faults in an otherwise ordered matrix
(Nespolo & Ferraris 2001). This effect is observed com-
monly in the difference-Fourier maps of order–disorder
structures composed of two polytypes, such as are found
in certain micas and complex titanosilicates (Ferraris et
al. 2001, Krivovichev et al. 2003). The peaks in
CoUP10 and NiUP10 are unlikely to result from sys-
tematic errors in the absorption correction, as they are
located at rather suspicious distances: ~1.53 Å from U,
and ~2.3 Å from P, the reverse of the regular bond-dis-
tances. The average P–O distance in tetrahedra is 1.53(1)
Å, and the normal U–Oeq distance in uranyl square
bipyramids is 2.29(1) Å (Tables 18, 19). It is doubtful
that the similarities of these distances are accidental. In
the decahydrates studied herein, it is likely that the
stacking faults arise from the occurrence of alternative
orientations of the uranyl phosphate sheet during crys-
tal growth. Interestingly, the refinement of the structure
of saléeite does not show large difference-Fourier peaks
(Miller & Taylor 1986). The largest difference-Fourier
peaks in the low-precision structure of MgUAs10 are all
within 1 Å of the U position, and are attributed to the
poor quality of the diffraction data and possibly to sys-
tematic errors in the absorption correction.

Why is MnUP10 a different polymorph than the
other decahydrates? An explanation simply involving
cation size is more suitable than one based on crystal-
field theory, as all of the divalent cations involved are
approximately in octahedral coordination, and neither
Mn2+ nor Mg2+ have any net crystal-field stabilization
energy (Jaffe 1988, Burns 1993). The effective ionic
radius of [6]Mn2+ is 0.830 Å, 20% larger than that of
[6]Ni2+, 0.690 Å (Shannon 1976). The larger size of Mn
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appears to entail a different arrangement of H2O groups
and a different network of hydrogen-bonds, thus pro-
ducing a different structure. This effect is not observed
in the dodecahydrates or octahydrates, in which the
manganese uranyl arsenate compounds are isostructural
with the Fe, Co, Mg and Ni compounds. Whether this
disparity of behavior with respect to polymorphism in
the decahydrates is a result of the greater adaptability of
the triclinic dodecahydrate or octahydrate structures, or
influenced by the substitution of As for P, is not clear,
as manganese uranyl phosphate structures with these
hydration states (8, 12) were not refined.

States of hydration in autunite-type compounds
of divalent transition metals and Mg

The results presented are consistent with the pres-
ence of three separate hydration states in compounds
with the autunite-type sheet that have either Mn, Fe, Co,
Ni or Mg in the interlayer. The dodecahydrates are tri-
clinic (pseudomonoclinic) and have basal spacings of
~11 Å, the decahydrates are monoclinic (pseudo-ortho-
rhombic) and have basal spacings of ~10 Å, and the
octahydrates are triclinic with basal spacings of ~8.7 Å
(Table 22). We emphasize that each hydration state cor-
responds to a different structure-type; the H2O content
in these compounds does not vary as in zeolites, but
rather is required to maintain the integrity of the hydro-
gen-bonding network. Changes in hydration state,
whether through dehydration or rehydration, give rise
to separate structures. In this connection, the ferroan
saléeite studied by Vochten & Van Springel (1996) is
considered, on the basis of powder X-ray-diffraction
data (Tables 1, 22), to be isostructural with the material
investigated by Miller & Taylor (1986). The low appar-
ent H2O content of the ferroan saléeite is interpreted to
be a result of dehydration induced by the conditions of
the electron-microprobe analysis, and not to represent
the actual H2O content of the material.

The literature is not in agreement on the symmetry
of the uranyl phosphate octahydrates (Table 1). On the
basis of Guinier and Debye–Scherrer film data, lehnerite
is monoclinic, pseudo-orthorhombic, space group
P21/n (Mücke 1988, Vochten 1990). From diffracto-
meter data, bassetite also is monoclinic, pseudo-orthor-
hombic, space group P21/m (Vochten et al. 1984,
Vochten 1986). Oxidation of the ferrous iron in bassetite
gives rise to the mixed ferric–ferrous species vochtenite:
(Fe2+,Mg) Fe3+[UO2/PO4]4(OH)(H2O)12–13 (De Grave &
Vochten 1988, Zwann et al. 1989). From Weissenberg
and precession data, Vochten et al. (1981) derived tri-
clinic cells for Co[(UO2)(PO4)]2(H2O)7 and its Ni
equivalent, but the volumes and densities reported for
these two chemical analogues differ by 15%, rather than
the expected ~0.4% (Table 4). From the basal d-values
of these compounds (Table 1), it is likely that the Co

compound was the octahydrate, and the Ni compound,
the decahydrate (equivalent to NiUP10).

On the basis of the common isotypy of uranyl phos-
phates and uranyl arsenates (e.g., NiUP12 and
NiUAs12), it is probable that the uranyl phosphate
octahydrates lehnerite, bassetite, metasaléeite and their
Co equivalent, as well as the uranyl arsenate octahy-
drates metanováčekite and UM1997–41, are isostruc-
tural with MnUAs8, FeUAs8 and CoUAs8 (Tables 1,
22). Correspondingly, we can predict that metalodèvite
also is isostructural with these octahydrate compounds
because of its similar basal spacing (Table 1) and the
close size of Zn and Co (effective ionic radii of 0.740
and 0.745 Å, respectively: Shannon 1976). In the same
fashion, kahlerite is probably isostructural with the
dodecahydrates presented herein (Table 22).
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