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ABSTRACT

The crystal structure of juabite, CaCu10(Te4+O3)4(AsO4)4(OH)2(H2O)4, triclinic, a 8.9903(7), b 10.1197(8), c 8.9959(7) Å, a
102.654(1), b 92.432(1), g 70.432(1)°, V 752.0(2) Å3, space group P1̄, Z = 1, has been solved by direct methods and refined by
least-squares techniques on the basis of F2 for 3358 unique reflections collected for a microcrystal using graphite-monochromated
MoKa X-radiation and a CCD area detector. The agreement index (R1) was 7.3%, calculated for 2288 unique observed [F ≥ 4sF]
reflections, and the goodness-of-fit (S) was 1.03. The structure determination has shown that the formula originally proposed for
juabite is incorrect with regards to the oxidation state of Te, as well as the absence of Ca. The structure contains five unique Cu2+

positions that are each in square pyramidal coordination. The two symmetrically distinct Te4+ cations are in the usual one-sided
coordination owing to the presence of a lone pair of electrons on the cation; there are three short Te4+–O bonds with lengths
~1.9 Å in each polyhedron, as well as two or three longer bonds. The structure contains two unique As5+ cations that are
tetrahedrally coordinated by O2– anions, and one Ca position that is octahedrally coordinated by O2– anions. Juabite possesses a
layered heteropolyhedral framework structure; layers parallel to (010) are weakly bonded in the [010] direction, resulting in a
perfect {010} cleavage. Each layer contains all of the cation polyhedra of the structure, and involves two symmetrically identical
sheets that contain four of the Cuf5 square pyramids [f: O2–, (OH)–, H2O], both Te4+fn polyhedra, and both AsO4 tetrahedra. The
sheets are parallel to (010), and chains of edge-sharing CaO6 octahedra and Cuf5 square pyramids extending parallel to [001] are
sandwiched between adjacent symmetrically identical sheets, such that all anions contained within the chains are also linked to
the sheets on either side, resulting in the heteropolyhedral layers.
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SOMMAIRE

Nous avons résolu la structure cristalline de la juabite, CaCu10(Te4+O3)4(AsO4)4(OH)2(H2O)4, triclinique, a 8.9903(7), b
10.1197(8), c 8.9959(7) Å, a 102.654(1), b 92.432(1), g 70.432(1)°, V 752.0(2) Å3, groupe spatial P1̄, Z = 1, par méthodes
directes, et nous avons l’avons affiné par moindres carrés en utilisant les valeurs F2 pour 3358 réflexions uniques prélevées sur
un microcristal avec rayonnement MoKa, monochromatisation au graphite, et un détecteur à aire de type CCD. Le résidu (R1)
atteint est de 7.3%, calculé pour 2288 réflexions uniques observées [F ≥ 4sF], et le facteur de concordance (S) est de 1.03.
L’ébauche de la structure montre que la formule proposée antérieurement pour la juabite n’est pas correcte par rapport à la
valence du Te et à l’absence de Ca. La structure contient cinq positions distinctes occupées par le Cu2+, dans chaque cas situé dans
une pyramide carrée. Les deux cations distincts de Te4+ font preuve d’une coordinence asymmétrique à cause de la présence
d’une paire d’électrons isolés. Il y a trois liaisons Te4+–O courtes (~1.9 Å) dans chaque polyèdre, de même que deux ou trois
liaisons plus longues. La structure contient deux cations As5+ distincts en coordinence tétraédrique avec des anions O2–, et une
position occupée par le Ca en coordinence octaédrique avec des anions O2–. La juabite possède une trame hétéropolyédrique en
couches parallèles à (010). Celles-ci sont faiblement liées dans la direction [010], expliquant ainsi le clivage {010} parfait.
Chaque couche contient tous les polyèdres de la structure, et implique deux feuillets symétriquement identiques contenant quatre
des pyramides carrées Cuf5 [f: O2–, (OH)–, H2O], les deux polyèdres Te4+fn, et les deux tétraèdres AsO4. Les feuillets sont
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INTRODUCTION

Juabite was described by Roberts et al. (1997) from
the Centennial Eureka mine, Juab County, Utah. Only a
few microcrystals have been found on a single speci-
men taken from the mine dumps. Details about the
specimen and associated minerals are given by Roberts
et al. (1997), who provided the formula Cu5(Te6+O4)2
(As5+O4)2•3H2O for juabite, on the basis of a chemical
analysis done using an electron microprobe. The oxida-
tion state of the Te was assumed to be 6+ because only
tellurate minerals had previously been found at the lo-
cality.

A structure determination would have provided use-
ful constraints on the composition of juabite, but at the
time the mineral was first described, it was impossible
to obtain useful X-ray counting statistics because the
available crystals are too small (Roberts et al. 1997).
However, the recent introduction of CCD-based detec-
tors of X-rays has made it possible to successfully de-
termine the structure of crystals that are as much as an
order of magnitude smaller in all dimensions than was
possible with a conventional scintillation detector
mounted on a serial diffractometer (Burns 1998). We
have used a CCD-based detector mounted on a three-
circle diffractometer to collect data for one of the crys-
tals that was originally studied by Roberts et al. (1997),
and have determined the details of the structure. The
results are presented herein. This study has resulted in
revision of the chemical formula for juabite.

EXPERIMENTAL

X-ray diffraction

Roberts et al. (1997) obtained precession photo-
graphs of two small crystals of juabite, and reported that
attempts to collect data for a structure determination
using a conventional single-crystal diffractometer were
unsuccessful owing to the small size of the crystals. We
collected data for each of those crystals using a CCD-
based detector system, and report the results for the best
refinement (the refinement obtained for the other crys-
tal was similar although slightly inferior). The crystal
for which results are reported has dimensions 0.04 3
0.04 3 0.004 mm. The crystal was mounted on a Bruker
PLATFORM goniometer equipped with a 1K SMART
CCD (charge-coupled device) detector with a crystal-
to-detector distance of 5 cm. Burns (1998) discussed the

application of CCD detectors to the analysis of mineral
structures.

The data were collected using monochromatic
MoKa X-radiation and framewidths of 0.3° in v, with
160 s used to acquire each frame, resulting in a scan-
rate of 0.11° per minute. The slow scan-speed and long
count-time per frame were essential to obtain appropri-
ate counting statistics, owing to the small size of the
crystal. A complete sphere of three-dimensional data
was collected, and the data were analyzed to locate
peaks for the determination of the unit-cell dimensions
(Table 1). These were refined with 3207 reflections us-
ing least-squares techniques. Data were collected for 3°
≤ 2u ≤ 56.6° in approximately 103 hours; the intensities
of equivalent reflections collected at various times
throughout the data collection showed no significant
decay. The three-dimensional data were reduced using
the Bruker program SAINT. A semi-empirical absorp-
tion-correction based upon the intensities of equivalent
reflections was applied using the program SADABS (G.
Sheldrick, unpublished), and the data were corrected for
Lorentz, polarization, and background effects. A total
of 7615 intensities was measured; there were 3358
unique reflections (RINT = 5.9% after absorption correc-
tion) with 2288 classed as observed (Fo ≥ 4sF).

Chemical analysis

The determination of the crystal structure reported
herein indicated that juabite contains additional cations
that were not reported in the original description of
Roberts et al. (1997) (see below). Therefore, a single
crystal of juabite, from the same specimen as the crystal
used for the collection of the X-ray-diffraction data, was

parallèles à (010), et les chaînes d’octaèdres CaO6 à arêtes partagées et les pyramides carrées Cuf5 alignées parallèles à [001]
sont interposées entre feuillets adjacents symétriquement identiques; tous les anions faisant partie des chaînes sont également
rattachées aux feuillets de chaque côté, et définissent ainsi les couches hétéropolyédriques.

(Traduit par la Rédaction)

Mots-clés: juabite, structure cristalline, oxysel de cuivre, tellurite, arsenate.
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mounted, polished, and coated with carbon. Chemical
analysis was done in wavelength-dispersion (WD) mode
on a JEOL 733 electron microprobe using Tracor North-
ern 5500 and 5600 automation. Data reduction was done
with a conventional PAP routine. The operating voltage
was 15 kV, and the beam current was 20 mA. A beam
10 mm in diameter was employed. Data for all elements
in the sample were collected for 25 s or 0.50% preci-
sion, whichever was attained first. The elements Pb, Se
and K were sought in WD scans, but were not detected.
Standards used for the electron-microprobe analysis
were: synthetic FeTe2O5(OH) (TeLa), cuprite (CuKa),
mimetite (AsLa), synthetic CaTa4O11 (CaKa), and syn-
thetic mackayite (FeKa). The proportion of H2O was
calculated by stoichiometry from the results of the crys-
tal-structure analysis. The results of the analysis are:
TeO2 29.99, As2O5 23.17, CuO 38.51, CaO 2.52, FeO
0.26 and H2O 4.39, total 98.84 wt.%. The empirical for-
mula based on 34 atoms of oxygen is: (Ca0.92Fe0.07)S0.99
Cu9.94(Te4+

0.96O3)4(As1.04O4)4(OH)2(H2O)4, or, ideally,
CaCu10(Te4+O3)4(AsO4)4(OH)2(H2O)4.

STRUCTURE SOLUTION AND REFINEMENT

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 5.1 system of programs was used for the determi-
nation and refinement of the crystal structure.

Assigning phases to a set of normalized structure-
factors gave a mean value |E2 – 1 | of 0.93, suggesting

the space group P1̄, which was verified by the success-
ful solution of the structure by direct methods. Refine-
ment of the structure was done on the basis of F2 for all
3358 unique reflections. Refinement of the positional
parameters of all atoms, and allowing for isotropic
atomic-displacement, gave a model with an agreement
index (R1) of 11.4%. Conversion of the Te, As, Cu and
Ca displacement parameters to an anisotropic form, to-
gether with the inclusion of a weighting scheme of the
structure factors, provided a final model with an R1 of
7.3%, calculated for the 2288 observed reflections (Fo
≥ 4sF), and a goodness-of-fit (S) of 1.03. A model with
anisotropic-displacement parameters for the O atoms
was tried, but the parameters were found to be unstable.
In the final cycle of refinement, the average parameter
shift/esd was 0.000, and the maximum peaks in the fi-
nal difference-Fourier maps were 4.23 and –3.18 e/Å3,
respectively.

The structure refinement converged to a final R1 that
is higher than is typical for oxysalts of similar composi-
tion. Also, the anisotropic-displacement parameters for
the cations display features that are indicative of imper-
fections in the data. Only two crystals of juabite were
available for study, and each is very small. Improve-
ments over the current structural model are only likely
to be realized if additional, superior crystals are located.
The study provides the full structural connectivity of
juabite, as well as a corrected formula. The structure
determination has also demonstrated that juabite is a
tellurite, as opposed to a tellurate as indicated by Roberts
et al. (1997), and revealed an additional atom in the
structure that was shown to be Ca by results of our
chemical analysis. Thus, although the structure refine-
ment exhibits imperfections owing to the nature of the
material available for study, considerable insight into
both the structure and chemical composition of juabite
has resulted from the structure determination.

The final atomic parameters are given in Table 2,
anisotropic-displacement parameters are in Table 3, se-
lected interatomic-distances and angles are given in
Table 4, and a bond-valence analysis is presented in
Table 5. Calculated and observed structure-factors are
available from the Depository of Unpublished Data,
CISTI, National Research Council, Ottawa, Ontario
K1A 0S2, Canada.
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DESCRIPTION OF THE STRUCTURE

Cation coordination

The structure contains two symmetrically distinct Te
positions; both the polyhedron geometries (Fig. 1) and
the bond-valence sums (Table 5) are consistent with
each site containing Te4+. The Te4+ cation contains a
lone pair of electrons, resulting in a distinctly one-sided
coordination. Both the Te(1) and Te(2) polyhedra are
coordinated only by O2– anions, and involve three short
Te–O bonds with lengths of ~1.9 Å; in each polyhedron,
the three tightly bonded anions occur on one side of the
cation. Both Te polyhedra also include weak bonds to
anions on the same side of the cation as the electron
lone-pair; the Te(1) cation is weakly bonded to three
anions, whereas the Te(2) cation is only weakly bonded
to two anions. Similar coordination geometries about
Te4+ have been observed in several structures (e.g.,
Grice 1989, Fischer et al. 1975, Galy et al. 1975).

The structure contains five symmetrically distinct Cu
positions, and consideration of the polyhedron geom-
etries (Table 4) and bond-valence sums (Table 5) indi-
cates that the Cu is present as Cu2+. Each Cu2+ cation is
coordinated by five anions arranged at the corners of a
square pyramid, such that each polyhedron contains four
Cu–f [f: O2–, (OH)–, H2O] bond lengths of ~1.95 Å
that form the base of the square pyramid, and one apical
ligand at ~2.3 Å. It is well known that Cu2+ occurs in a
variety of coordination polyhedra in minerals, and that
geometries transitional between common coordination
polyhedra also are observed (Burns & Hawthorne 1996).
However, in the case of juabite, each Cu2+ polyhedron
may unambiguously be classified as a square pyramid,
owing to the absence of a second apical ligand that
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would indicate either a (4+2)-distorted or (4+1+1)-dis-
torted octahedral coordination. Eby & Hawthorne
(1993) noted that the square bipyramid is the most com-
mon five-coordinated Cu2+ polyhedron, although trian-
gular bipyramids also occur in several structures.

The Cuf5 polyhedra contain a variety of ligands. The
Cu(4) cation is coordinated by O2– anions only, the
Cu(2) cation is bonded to four O2– anions arranged at
the base of the square pyramid as well as a (OH)– group
at the apex, the Cu(3) cation is coordinated by three O2–

anions and two (OH)– groups, with one (OH)– group at
the apex of the square pyramid, and both the Cu(1) and
Cu(5) cations are coordinated by four O2– anions and a
H2O group, with the H2O group located at the apex of
the square pyramid in each case.

The two symmetrically distinct As positions are each
coordinated by four O atoms in a tetrahedral arrange-
ment. The <As(1)–O> and <As(2)–O> bond-lengths are
both 1.68 Å, which is in good agreement with the value
of 1.69 Å expected from the sums of effective ion radii
for [4]As5+ and [3]O2– (Shannon 1976).

The structure contains a single Ca site that is octahe-
drally coordinated by O2– anions, with a <Ca–O> bond-
length of 2.35 Å. The mean bond-length is in good
agreement with the expected value of 2.36 Å from the
sum of effective ionic radii for [6]Ca and [3]O2– (Shan-
non 1976). However, site-occupancy refinement for the
Ca site provided an occupancy factor of 1.20(2), indi-
cating partial incorporation of a heavier cation at the site.
The chemical composition of a crystal from the same
specimen indicates that it contains 0.26 wt% FeO; it is
possible that minor amounts of Fe2+ also occur at the
Ca site.

Formula for juabite

The structure determination has shown the formula
provided by Roberts et al. (1997) to be incorrect in the
assumption that juabite contains Te6+, and also in the
omission of essential Ca. The formula derived from the
structure determination, and confirmed by results of a
new chemical analysis of juabite using an electron mi-

croprobe, is CaCu10(Te4+O3)4(AsO4)4(OH)2(H2O)4,
Z= 1.

Structure connectivity

Projection of the structure along [001] demonstrates
that juabite possesses a heteropolyhedral framework
structure (Fig. 2). However, the structure has a distinct
layering parallel to (010), and adjacent layers are weakly
bonded in the [010] direction, resulting in a perfect
{010} cleavage (Roberts et al. 1997). An isolated (010)
layer of the structure is shown in Figure 3a; these layers
are linked into the framework structure via apical an-
ions of the Cuf5 square pyramids and by long Te4+–O
bonds (Fig. 2).

Each individual layer is composed of all of the cation
polyhedra that are contained in the structure (Fig. 3), and
involves two symmetrically equivalent heteropolyhedral
sheets that are parallel to (010) (Fig. 3b), as well as
chains of edge-sharing polyhedra that are parallel to
[001] (Fig. 3c). Consider first the sheets of polyhedra
(Fig. 3b). Each contains the Cu(1)f5, Cu(2)f5, Cu(4)f5,
and Cu(5)f5 square pyramids, both TeOn polyhedra, and
both AsO4 tetrahedra. The Cu(4)f5 and Cu(5)f5 square
pyramids share basal edges to form a dimer with com-
position Cu2f8, with the apical ligands of adjacent pyra-
mids pointing in opposite directions. The Cu2f8 dimers
share four corners with Cuf5 square pyramids; two are
Cu(1)f5, and two are Cu(2)f5. Each of the Cu(1)f5 and
Cu(2)f5 square pyramids share trans corners with two
symmetrically distinct Cu2f8 dimers, resulting in an
open sheet of Cuf5 square pyramids, with the Cu–f
apical bonds of the pyramids directed approximately
perpendicular to the sheets. The AsO4 tetrahedra are
located within the sheet of Cuf5 square pyramids, and
share three corners with Cuf5 polyhedra, with the fourth
tetrahedrally coordinated ligand directed roughly
perpendicular to the sheet. The result is a sheet that con-
tains large openings; these are the locations of the
Te4+On polyhedra, which are arranged such that the lone
pairs of electrons are directed into the openings
(Fig. 3b).

FIG. 1. The coordination polyhedra about Te4+ in the structure of juabite. Short (< 2.0 Å) and long (> 2.5 Å) bonds are shown
by solid and broken lines, respectively.
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The chains of polyhedra that are sandwiched be-
tween the heteropolyhedral layers are shown in
Figure 3c. Each chain contains CaO6 and Cu(3)f5 poly-
hedra. The Cu(3)f5 square pyramids share basal OH(8)–
OH(8) edges to form dimers of composition Cu2f8. The
CaO6 octahedra are linked to the dimers of Cu(3)f5
square pyramids by edge-sharing, such that the shared
edge is a basal-apical edge of the square pyramid.

The linkage between the sheets and chains of poly-
hedra is assured by apical ligands of Cuf5 square pyra-
mids and AsO4 tetrahedra, as well as Te4+–O bonds (Fig.
3a). Note that every anion contained within the
heteropolyhedral chain is shared with the sheets on ei-
ther side.

Hydrogen bonding

The H2O(15) and H2O(16) groups each donate two
H bonds, and it is possible to identify the likely accep-

tors on the basis of anion–anion separations. The H
bonds donated by the H2O(15) group are most likely
accepted by O(13) and H2O(16), located 2.69 and 2.71
Å away, respectively, with a O(13)–H2O(15)–H2O(16)
angle of 92°. The H2O(16) group donates H bonds that
are accepted by O(12) and H2O(15), with separations of
2.72 and 2.71 Å, respectively, and a O(12)–H2O(16)–
H2O(15) angle of 84°. Thus, each H2O group is in an
approximately tetrahedral coordination, as is common
for H2O groups in mineral structures (Hawthorne 1992),
with a bond to a Cu2+ cation, the donation of two H
bonds, and the acceptance of one H bond.

The OH(8) anion also has the potential to donate a H
bond, but inspection of the structure failed to reveal a
suitable acceptor anion. All anions that are less than 3
Å from the donor anion are contained within the same
polyhedron as the donor, and it is unlikely that a H bond
will occur along the edge of a Cuf5 square pyramid.

FIG. 2. The structure of juabite projected along [001]. The Cuf5 square pyramids are
shaded with a herring-bone pattern, the AsO4 tetrahedra are shaded with crosses, the
CaO6 octahedra are shaded with broken parallel lines, the Te4+ cations are shown as
circles shaded with parallel lines, and O atoms are shown as open circles.
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Relation to other species

The Cuf5 square pyramid is the second most com-
mon coordination geometry about Cu2+ in minerals;
only (4+2)-distorted octahedra are more common. How-
ever, most minerals that contain Cuf5 square pyramids
also contain Cuf6 octahedra; only ziesite, blossite,
kinoite, and juabite contain Cu2+ that is only present in
square pyramidal coordination. The structures of ziesite
(Mercurio-Lavaud & Frit 1973) and blossite (Calvo &
Faggiani 1975) are similar, with edge-sharing Cu2f8
dimers that share corners to form chains that are cross-
linked by divanadate groups. The structure of kinoite
(Laughon 1971) contains chains of edge-sharing Cuf5
square pyramids that are linked to trimers of SiO4 tetra-
hedra and Caf6 octahedra that share edges to form
dimers.
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