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ABSTRACT

Single crystals of eight zippeite-group compounds have obtained using mild hydrothermal synthesis techniques. The structure
of each has been determined with single-crystal diffraction data collected using MoK� X-radiation and an APEX CCD-based
detector, and refined on the basis of F2 for all unique data. The structure of zippeite, K3(H2O)3[(UO2)4(SO4)2O3(OH)], is mono-
clinic, C2, a 8.7524(4), b 13.9197(7), c 17.6972(8) Å, � 104.178(1)°, V 2090.39(17) Å3, R1 3.30%, Dc 4.794 g/cm3. The structure
of sodium-zippeite, Na5(H2O)12[(UO2)8(SO4)4O5(OH)3], is monoclinic, P21/n, a 17.6425(11), b 14.6272(9), c 17.6922(11) Å, �
104.461(1)°, V 4421.0(5) Å3, R1 6.88%, Dc 4.517 g/cm3. The structure of magnesium-zippeite, Mg(H2O)3.5[(UO2)2(SO4)O2], is
monoclinic, C2/m, a 8.6514(4), b 14.1938(7), c 17.7211(9) Å, � 104.131(1)°, V 2110.24(18) Å3, R1 2.39%, Dc 4.756 g/cm3. The
structure of zinc-zippeite, Zn(H2O)3.5[(UO2)2(SO4)O2], is monoclinic, C2/m, a 8.6437(10), b 14.1664(17), c 17.701(2) Å, �
104.041(3)°, V 2102.7(4) Å3, R1 4.57%, Dc 5.032 g/cm3. The structure of cobalt-zippeite, Co(H2O)3.5[(UO2)2(SO4)O2], is mono-
clinic, C2/m, a 8.650(4), b 14.252(9), c 17.742(10) Å, � 104.092(19)°, V 2122(2) Å3, R1 5.55%, Dc 4.948 g/cm3. The structure of
(NH4)4(H2O)[(UO2)2(SO4)O2]2 is monoclinic, C2/m, a 8.6987(15), b 14.166(2), c 17.847(3) Å, � 104.117(4)°, V 2132.9(3) Å3,
R1 4.31%, Dc 4.442 g/cm3. The structure of (NH4)2[(UO2)2(SO4)O2] is orthorhombic, Cmca, a 14.2520(9), b 8.7748(5), c
17.1863(10) Å, V 2149.3(2) Å3, R1 5.11%, Dc 4.353 g/cm3. The structure of Mg2(H2O)11[(UO2)2(SO4)O2]2 is monoclinic, P21/c,
a 8.6457(4), b 17.2004(8), c 18.4642(9) Å, � 102.119(1)°, V 2684.6(2) Å3, R1 4.73%, Dc 3.917 g/cm3. Each structure contains the
zippeite-type sheet consisting of chains of edge-sharing uranyl pentagonal bipyramids that 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 hydrothermale légère des monocristaux de huit composés du groupe de la zippéite. Nous en
avons établi la structure en utilisant un diffractomètre muni d’un détecteur APEX de type CCD, avec rayonnement MoK�, et nous
avons affiné les données uniques en utilisant les facteurs F2. La structure de la zippéite, K3(H2O)3[(UO2)4(SO4)2O3(OH)], est
monoclinique, C2, a 8.7524(4), b 13.9197(7), c 17.6972(8) Å, � 104.178(1)°, V 2090.39(17) Å3, R1 3.30%, Dc 4.794 g/cm3. La
structure de la sodium-zippéite, Na5(H2O)12[(UO2)8(SO4)4O5(OH)3], est monoclinique, P21/n, a 17.6425(11), b 14.6272(9), c
17.6922(11) Å, � 104.461(1)°, V 4421.0(5) Å3, R1 6.88%, Dc 4.517 g/cm3. La structure de la magnésium-zippéite,
Mg(H2O)3.5[(UO2)2(SO4)O2], est monoclinique, C2/m, a 8.6514(4), b 14.1938(7), c 17.7211(9) Å, � 104.131(1)°, V 2110.24(18)
Å3, R1 2.39%, Dc 4.756 g/cm3. La structure de la zinc-zippéite, Zn(H2O)3.5[(UO2)2(SO4)O2], est monoclinique, C2/m, a
8.6437(10), b 14.1664(17), c 17.701(2) Å, � 104.041(3)°, V 2102.7(4) Å3, R1 4.57%, Dc 5.032 g/cm3. La structure de la cobalt-
zippéite, Co(H2O)3.5[(UO2)2(SO4)O2], est monoclinique, C2/m, a 8.650(4), b 14.252(9), c 17.742(10) Å, � 104.092(19)°, V
2122(2) Å3, R1 5.55%, Dc 4.948 g/cm3. La structure de (NH4)4(H2O)[(UO2)2(SO4)O2]2 est monoclinique, C2/m, a 8.6987(15), b
14.166(2), c 17.847(3) Å, � 104.117(4)°, V 2132.9(3) Å3, R1 4.31%, Dc 4.442 g/cm3. La structure de (NH4)2[(UO2)2(SO4)O2] est
orthorhombique, Cmca, a 14.2520(9), b 8.7748(5), c 17.1863(10) Å, V 2149.3(2) Å3, R1 5.11%, Dc 4.353 g/cm3. La structure de
Mg2(H2O)11[(UO2)2(SO4)O2]2 est monoclinique, P21/c, a 8.6457(4), b 17.2004(8), c 18.4642(9) Å, � 102.119(1)°, V 2684.6(2)
Å3, R1 4.73%, Dc 3.917 g/cm3. Chacune des structures contient un feuillet de type zippéite, fait de chaînes de bipyramides à
uranyle pentagonales à arêtes partagées, entre-liées par partage de coins avec des tétraèdres de sulfate, quoiqu’en détail, la com-
position des feuillets varie. Les agencements interfoliaires sont divers, et résultent des exigeances des feuillets en matière de
liaisons.

(Traduit par la Rédaction)

Mots-clés: groupe de la zippéite, sulfate d’uranyle, uranium, cristallochimie, structure cristalline.
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PREVIOUS STUDIES OF ZIPPEITE-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 NH4-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-
type uranyl sulfate sheets with Zn cations in the interlayer,
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 a crys-
tal of synthetic zippeite (grown by hydrothermal tech-
niques) with the composition K(UO2)2SO4(OH)3•H2O.
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 sheets in the structure con-
tain UrO2(OH)3 pentagonal bipyramids. However,
reconsideration of their structure using the bond-valence
parameters proposed by Burns et al. (1997b) leads to a
different interpretation: each of the OH groups desig-
nated by Vochten et al. (1995) are bonded to three U6+

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 calculations indicate that the
sheets in synthetic zippeite may not contain any OH
groups, as all of the other anions are either OUr 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
H2O group, but our bond-valence calculations indicate
that each of these is H2O. Our bond-valence analysis of
the structure proposed by Vochten et al. (1995) leads to
the formula K(UO2)2(SO4)O2•2H2O, which is not neutral.

EXPERIMENTAL

We have synthesized analogues 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
SZIPPNH4I and SZIPPNH4II), 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

INTRODUCTION

The first description of a yellow 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, although 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. In the 1950s, it was
still considered to be a hydrated uranyl sulfate (Nováček
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 close to 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 schröckingerite (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 a synthetic 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 radionuclides in 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. 1997a, 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 a geologi-
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 analysis
(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 data for eight zippeite-group com-
pounds.
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invariably results in crystals that are too 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 crystals large 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-
ments were performed in 23 mL Teflon-lined Parr reac-
tion vessels, which were heated in Fisher Isotemp
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 size is strongly
dependent on temperature and pH, as well as the 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 lasting from 24 h to three weeks. In gen-
eral, the successful synthesis of zippeite-group crystals
large enough for X-ray study involved temperatures in
the range of 120 to 150°C, and pH values in the range
of 2 to 5. The exception is SZIPPNH4II, which was
grown from a solution with a pH of 10. Techniques used
for the synthesis of crystals used for structural analysis
are given in 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 Mg3(H2O)18[(UO2)8
(SO4)4O6(OH)2]•10H2O (Brugger et al. 2003). We
therefore undertook a series of synthesis experiments

intended to provide insight into the relative stabilities
of these phases. For each experiment, 0.228 g UO3 was
combined with 0.492 g MgSO4•H2O in 4 mL of
ultrapure H2O. 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 vessels containing solutions were 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 a day contain considerable fine-grained mate-
rial, as well as acicular crystals of SZIPPMg up to 200
�m long. The product heated for three days contained
only acicular crystals of SZIPPMg ranging up to 400
�m long, whereas the seven-day experiment provided
superb acicular crystals of magnesium-zippeite up to
400 �m long. Thus, a transition 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 were iden-
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, a transition from marecottite to SZIPPMg to magne-
sium-zippeite occurs with increasing temperature.

Single-crystal X-ray diffraction

Single-crystal X-ray-diffraction data were collected
using a Bruker 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
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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
anomalous-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 F2

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 a formula that is not electroneutral. Further consid-
eration of the data showed the structure of zippeite to

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 is impossible to locate one of
the H2O groups of the interlayer M�6 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 is twinned. This finding is consistent 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–OUr and S–O bond-lengths beyond reason-
able values. In the final cycles of refinement, U–OUr and
S–O bond-lengths were restrained to be ~1.80 and ~1.48
Å, respectively. Addition of these restraints did not in-
crease the R indices.

Information concerning the refinements is 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, National Research Council, Ottawa,
Ontario K1A 0S2, Canada.
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FORMULAE OF ZIPPEITE-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
formula of zippeite is K3(H2O)3[(UO2)4(SO4)2O3(OH)],
Z = 4. Frondel et al. (1976) provided the formula
K4(UO2)6 (SO4)3(OH)10•4H2O. The literature does not
contain any complete chemical data for 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.% K2O and 0.62 wt.% Na2O. 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): K2O 7.89 (9.37), UO3
75.38 (75.84), SO3 11.41 (10.61), and H2O 4.92 (4.18)
wt%.

Vochten et al. (1995) provided the formula K(UO2)2
SO4(OH)3•H2O for synthetic zippeite on the basis of
their crystal structure, but as argued above, evaluation

of the structure using the bond-valence approach is not
consistent with this formula. They provided a chemical
composition of synthetic zippeite: K2O 7.56, UO3 75.90,
SO3 10.63, H2O 6.17 wt.%.

The formula for sodium-zippeite is Na5(H2O)12
[(UO2)8(SO4)4O5(OH)3], with Z = 4. Frondel et al.
(1976) proposed the formula Na4(UO2)6(SO4)3(OH)10•
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4H2O 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

from the crystal-structure analysis may be written as
weight percent oxides: Na2O 5.15, UO3 76.11, SO3
10.65, H2O 8.09. These values are in accord with those
determined in two analyses of synthetic material, as
given by Frondel et al. (1976) [Na2O 4.96, UO3 76.79,
SO3 10.39, H2O 7.43; Na2O 4.91, UO3 76.92, SO3
10.22, H2O 7.62] and in their analysis of natural mate-
rial from the Delta mine, Utah [Na2O 5.25, K2O 0.47
UO3 75.86, SO3 10.43, H2O 7.99; Na2O 5.09, K2O 0.42
UO3 74.1, SO3 12.5, H2O 7.89].

The formula of magnesium-zippeite, zinc-zippeite
and cobalt-zippeite is M(H2O)3.5[(UO2)2(SO4)O2], Z =
8 (M: Mg, Zn, Co). Note that this differs from the for-
mula Zn(UO2)2(SO4)(OH)4(H2O)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 parameters for U provided by Burns et al. (1997b)
does not support their assignment of hydrogen positions.
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URANYL AND SULFATE POLYHEDRA

The structures of all zippeite-group phases studied
contain U6+ cations that are strongly bonded to two at-
oms of O, resulting in (UO2)2+ uranyl ions (Ur) with U–
O bond-lengths of ~1.8 Å. Each U6+ cation is also

coordinated by five anions arranged at the equatorial
vertices of pentagonal bipyramids that are capped by
the OUr atoms. In the structure of zippeite, there are four
symmetrically distinct uranyl pentagonal bipyramids:
two UrO5, one UrO4(OH), and one UrO3(OH)2 polyhe-
dron. In sodium-zippeite, there are eight symmetrically
distinct uranyl pentagonal bipyramids: one UrO5, five
UrO4(OH), and two UrO3(OH)2 polyhedra. SZIPPNH4I
and SZIPPNH4II contain two and one symmetrically
distinct uranyl pentagonal bipyramids, respectively, and
in each case, their composition is UrO5. The M2+

zippeite-group phases (M: Mg, Zn and Co) each con-
tain two uranyl pentagonal bipyramids with the compo-
sition UrO5. In SZIPPMg, there are four independent
UrO5 pentagonal bipyramids. The <U–�eq> (�: O or
OH) bond lengths are in the range 2.32 to 2.41 Å, con-
sistent with the grand mean value 2.37(9) Å obtained
for numerous uranyl pentagonal bipyramids in well-re-
fined structures (Burns et al. 1997b).

The S6+ 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 Å.

URANYL SULFATE SHEET

The structures of all zippeite-group crystals studied
contain topologically identical sheets of uranyl pentago-
nal bipyramids and sulfate tetrahedra (Fig. 1). However,
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the symmetry of the uranyl sulfate sheets, as well as their
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 SO4 tetrahedra that cross-link the chains, re-
sulting in uranyl sulfate sheets. Each SO4 tetrahedron
shares all 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 OUr
atoms.

The uranyl sulfate sheets in the structures of zippeite-
group phases have a variety of compositions (Table 2).
The distribution of OH in zippeite and sodium-zippeite
is shown in Figures 2 and 3. Each OH group is bonded
to two U6+ cations, and is located at a common equato-
rial vertex. In zippeite, OH groups occur at both verti-
ces of a shared edge. In sodium-zippeite, there are three
symmetrically distinct OH groups, two of which occur
along a shared edge between uranyl pentagonal
bipyramids.

INTERLAYER CONFIGURATIONS

The structure of zippeite contains three symmetri-
cally distinct positionally disordered K cations. The
K(1) site is coordinated by six OUr atoms, one O atom
that is located at an equatorial position of a uranyl pen-
tagonal bipyramid and shared with a SO4 tetrahedron
(designated OU–S), and one H2O group located in the
interlayer. The <K(1)–�> bond-length is 2.98 Å. The
K(1A) site, which is located 0.92(2) Å from K(1), is
coordinated by four OUr atoms, two OU–S atoms, and
two H2O groups located in the interlayer. The <K(1A)–
�> bond-length is 2.93 Å. K(2) is coordinated by four
OUr atoms, two OU–S atoms, and two H2O groups lo-
cated in the interlayer. The <K(2)–�> bond-length is
2.92 Å. K(2A), which is located 1.04(1) Å from K(2), is
coordinated by six OUr atoms and one interlayer H2O
group, with a <K(2A)–�> bond-length of 2.81 Å. K(3)
is coordinated by four OUr atoms, two OU–S atoms, one
(OH) group that is shared between three U atoms, and
two interlayer H2O groups. The <K(3)–�> bond-length
is 3.04 Å. The K(3A) site, which is 1.43(2) Å from K(3),
is coordinated by six OUr atoms and one OH group that
is bonded to three U atoms, with a <K(3A)–�> bond-
length of 3.11 Å.

FIG. 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) contains three sym-
metrically distinct H2O groups in the interlayer, each of
which is bonded to at least one K cation. Direct link-
ages between adjacent uranyl 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 OUr atom, two OU–S atoms,
and four interlayer H2O groups. The <Na(1)–�>,
<Na(2)–�> and <Na(3)–�> bond-lengths are 2.53, 2.50
and 2.49 Å, respectively. Na(3) and Na(4) are each co-
ordinated by four interlayer H2O groups. In addition,
Na(3) is coordinated by one OUr and one OU–S atom.
Na(4) is coordinated by two OUr atoms. The <Na(3)–
�> and <Na(4)–�> bond-lengths are 2.49 and 2.45 Å,
respectively.

The structure of sodium-zippeite (Fig. 5) possesses
a complex interlayer involving five Na cations and 12
H2O groups. Of the H2O groups, eight are shared be-

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 are four symmetrically distinct NH4 groups in
the interlayer of SZIPPNH4I. In the cases of N(1) and
N(2), there are four anions located between 2.88(2) and
3.05(2) Å from the N cation (Table 8). It is likely that
each of these anions accepts H bonds emanating from
the NH4 groups. The N(3) and N(4) sites are each sur-
rounded by six anions at distances ranging from 2.85(3)
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FIG. 2. The uranyl sulfate sheet in the structure of zippeite,
with the location of hydroxyl groups indicated by green
circles. Legend as in Figure 1.

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

The structure of SZIPPNH4II involves two sym-
metrically distinct NH4 groups, each of which is located
in the interlayer in positions surrounded by four anions
at distances in the range 2.79(3) to 3.15(3) Å. It is likely
that each of these anions accepts a hydrogen bond from
the NH4 groups.

In addition to four symmetrically distinct NH4
groups, the interlayer of SZIPPNH4I (Fig. 6) contains
one H2O group. Hydrogen bonds emanating from the

FIG. 4. The structure of zippeite projected along [100]. Legend as in Figure 1. Red circles represent O atoms of H2O groups. For
clarity, the K(1A), K(2A), and K(3A) sites, which are located close to other K sites, are omitted.
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NH4 groups provide direct linkage between the sheets,
and are probably accepted both by OU–S and OUr atoms
within the sheets. The structure of SZIPPNH4II (Fig. 7)
contains two distinct NH4 groups in the interlayer, which
provide linkage of the sheets by donating H bonds that
are probably accepted by both OU–S and OUr atoms.

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 OUr
atoms, corresponding to uranyl polyhedra of both adja-

FIG. 5. The structure of sodium-zippeite projected approximately along [100]. Legend as in Figure 1. Red circles represent
O atoms of H2O groups.
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FIG. 6. The structure of SZIPPNH4I projected along [100]. N cations are shown as blue circles; orange circles represent O atoms
of H2O groups.

FIG. 7. The structure of SZIPPNH4II projected along [010]. N cations are shown as blue circles.
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cent sheets; thus the M sites provide a direct bridge be-
tween the uranyl sulfate sheets. Each M cation is also
coordinated by four interlayer H2O groups, and one H2O
group is shared between adjacent M�6 octahedra, result-
ing in dimers of octahedra of composition M2(OUr)4
(H2O)7.

The structure of SZIPPMg (Fig. 9) contains two
symmetrically distinct Mg sites, each of which is octa-
hedrally coordinated by five interlayer H2O groups and
one OUr atom. The Mg�6 octahedra do not share poly-
hedral elements, and are of comparable size.

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

Marecottite, ideally Mg3(H2O)18[(UO2)8(SO4)4O6
(OH)2]•10H2O, is a new zippeite-group mineral that was
recently described by Brugger et al. (2003). It is triclinic,
P1̄, with a 10.815(4), b 11.249(4), c 13.851(6) Å, �
66.224(7), � 72.412(7), and � 69.95(2)°. It contains the
zippeite-type uranyl sulfate sheet, with composition
[(UO2)8(SO4)4O6(OH)2], which is identical to that found
for zippeite in the current study. The interlayer of the
structure of marecottite contains three M2+ cations, as
well as 28 symmetrically distinct H2O groups. Of these,
18 coordinate the M2+ cations in distorted octahedral
arrangements, and ten are held in the structure by H
bonding only. The M(H2O)6 octahedra in the structure
are isolated, and are held in place by H bonds associ-
ated with the H2O groups.

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 H2O groups within
the interlayer. In addition, marecottite contains more Mg
than the other two compounds. The Mg�6 octahedra in
magnesium-zippeite share one vertex (OUr) with the
sheet on either side, those in SZIPPMg only share a
vertex (OUr) with one of the two adjacent sheets, and
those in marecottite are not attached to the sheets. All
H2O in the structure of magnesium-zippeite is bonded
to Mg, only one of the H2O groups in SZIPPMg is not
bonded to Mg, and 10 H2O groups in the structure of
marecottite are held in place by H bonds only. Thus, the
quantity of H2O in these structures increases both by an
increase in the proportion as Mg�6 octahedra, and by
inclusion of H2O groups in voids in the interlayer, 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 synthesis at pH = 4 and 150°C, SZIPPMg
crystallizes, but converts to magnesium-zippeite after a
few days. This transition involves no significant changes
in the uranyl sulfate sheet, but does involve the loss of
four H2O groups from the interlayer, two of which are
bonded to Mg. When we heated identical solutions with

FIG. 8. The structure of magnesium-zippeite projected along [100]. Legend as in Figure 1. Red circles represent O atoms of
H2O groups.



702 THE CANADIAN MINERALOGIST

FIG. 9. The structure of SZIPPMg projected along [100]. Legend as in 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 involves recrystallization, as the sheet composition
changes, the Mg:U ratio changes, and significant H2O
must be lost from the interlayer.

COMPARISON OF THE STRUCTURES OF SZIPPNH4I
AND MAGNESIUM-ZIPPEITE, ZINC-ZIPPEITE,

AND COBALT-ZIPPEITE

The structure of SZIPPNH4I 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 SZIPPNH4I may be derived from that
of the M2+ zippeite by removal of both M2+ cations, re-
placement of four H2O groups by NH4 groups, and re-
moval of two of the remaining H2O groups.

GENERAL ASPECTS OF ZIPPEITE-TYPE STRUCTURES

The uranyl sulfate sheets contain three types of
ligands: OUr atoms, those that are shared between a
uranyl pentagonal bipyramid and a sulfate tetrahedron

(OU–S), and those that are bonded to three U6+ cations
(O3U or OH3U). The U6+–OUr bonds are typically 1.8 Å,
with corresponding bond-valences of ~1.62 vu (valence
units). Thus, the OUr atoms typically form bonds with
interlayer cations, or accept H bonds in 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 U6+–O3U and
U6+–OU–S bonds. In the uranyl sulfate sheets that con-
tain no hydrogen, the U6+–O3U bonds range from 2.21
to 2.36 Å, with an average of 2.275 Å. The U6+–OU–S
bonds are considerably longer, in the range 2.35 to 2.60
Å, with an average of 2.483 Å. According to the bond-
valence parameters provided for uranyl pentagonal
bipyramids by Burns et al. (1997b), bond lengths of
2.275 and 2.483 Å correspond to 0.64 and 0.42 vu, re-
spectively.

Each uranyl pentagonal bipyramid in the uranyl sul-
fate sheets that contain no hydrogen involve two OUr
atoms, three O3U atoms, and two OU–S atoms. Summing
the typical bond-valences given above for their average
geometries results in a bond valence at the U6+ site of
6.0 vu, which is consistent with its formal 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 OUr, O3U and OU–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 OUr atoms, resulting in about 0.76 vu
toward their bond-valence requirements. However, there

are no additional sheet anions close enough to form sig-
nificant bonds to the M2+ cations. Therefore, H2O is
incorporated into the coordination polyhedron, with
~0.3 vu associated with each M2+–H2O bond, resulting
in a bond-valence sum at the M2+ cation of ~2.0 vu.
Hydrogen bonds emanate from the O atoms of the H2O

FIG. 10. Polyhedral representations of the structures of magnesium-zippeite (a), SZIPPMg (b), and marecottite (c).
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groups, and deliver the 0.3 vu received from the M2+

cation to the uranyl sulfate sheet. Given that each H
bond is ~0.15–0.20 vu, they can in principle be accepted
by any of the OUr, O3U and OU–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 NH4 zippeite-group
phases do not contain any hydrogen. Consider the struc-
ture of SZIPPNH4II, which contains only NH4 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 is consistent with
the observation that six of the H bonds from the
interlayer NH4 groups are probably accepted by OUr

atoms, which can readily accept 0.25 vu. The remaining
two hydrogen bonds are probably accepted by O(3),
which is a OU–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) Å, 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 SO4 tetrahedron in SZIPPNH4II [1.43(1)
� 2, 1.519(9) Å � 2] enhances the connectivity be-
tween the sheet and the interlayer of the structure.

In the case of SZIPPNH4I, in addition to the four
symmetrically distinct NH4 groups in the interlayer,
there is a single distinct H2O group. The hydrogen bonds
associated with the N(3) and N(4) NH4 groups are prob-
ably all accepted by OUr atoms. In the case of both N(1)
and N(2), two H bonds are probably accepted by OUr
atoms, and two by OU–S atoms for each NH4 group.
Although the SO4 groups are fairly regular in this struc-
ture, the OU–S atoms that are candidates for accepting H
bonds form long U–O bonds [2.529(13) and 2.522(16)
Å]. The bond-valence sums at these sites are 1.88 and
1.81 vu, 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 a wide range
of interlayer configurations and H2O contents. In the
case of uranyl minerals in 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, wölsendorfite, 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

includes the �-U3O8-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 �-U3O8-type sheet occurs in
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 Nová ček (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 structure is in 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, as well 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
a 8.82, b 17.12, c 7.32 Å. Comparison of the calculated
pattern for sodium-zippeite with that of Frondel et al.
(1976) reveals reasonable agreement of peak positions,
but relatively poor agreement of intensities, possibly
owing to preferred orientation. Ondruš et al. (1997a)
provided an X-ray powder pattern for sodium-zippeite
from the Jáchymov (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 chemical 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 partial 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 a poor X-ray powder-diffraction pattern and
chemical data on an impure specimen. One of us visited
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. Ondruš et al. (1997a,
b) examined uranyl sulfates from the Jáchymov
(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. Ondruš et al. (1997a, b) also reported a
pattern for “pseudo magnesium-zippeite” that corre-
sponds to marecottite.

The synthetic nickel-zippeite and zinc-zippeite of the
current study are isostructural 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
quantity 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 techniques is certainly warranted; it seems
likely that several new zippeite-group species await 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.
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