
American Mineralogist, Volume 88, pages 430–435, 2003

0003-004X/03/0203–430$05.00      430

INTRODUCTION

Calcioaravaipaite is one of six recently described lead-fluo-
ride minerals from the Grand Reef mine in the Aravaipa min-
ing district of Graham County, Arizona (Kampf et al. 1989;
Kampf and Foord 1995, 1996). The mineral was named for its
apparent close relationship to aravaipaite. In the original de-
scription of calcioaravaipaite, Kampf and Foord (1996) pro-
vided the ideal formula PbCa2Al(F,OH)9, which is comparable
to that reported by Kampf et al. (1989) for aravaipaite,
Pb3Al(F,OH)9. Kampf (2001) determined the crystal structure
of aravaipaite and provided the revised ideal formula
Pb3AlF9·H2O and the symmetry and unit cell: P21/n, a =
25.048(4), b = 5.8459(8), c = 5.6805(7) Å, ! = 94.013(3) . The
original X-ray diffraction study of calcioaravaipaite (Kampf
and Foord 1996) yielded an A-centered monoclinic cell with a
= 23.906, b = 7.516, c = 7.699 Å, ! = 92.25 , which for com-
parison with aravaipaite was also reported as the alternate primi-
tive triclinic cell: a = 5.380, b = 23.906, c = 5.380 Å, " = 91.62,
! = 91.38, # = 88.38 (transformation matrix 0 –1/2 – 1/2 | 1 0
0 | 0 –1/2 1/2).

We derived a promising structural model by using diffrac-
tion data collected with reference to the above mentioned A-
centered cell and refined it to an acceptable R-value (12.4%).
However some oddities in the structural results were observed:
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ABSTRACT

The crystal structure of calcioaravaipaite, PbCa2Al(F,OH)9, was initially solved by direct meth-
ods in the monoclinic space group A2/m (R = 12.4%). Further study demonstrated the OD nature of
the structure, and showed that the crystal was twinned. The structure was solved in the triclinic
space group C1–, a = 7.722(3), b = 7.516(3), c = 12.206(4) Å, " = 98.86(1), ! = 96.91(1), # = 90.00(1) ,
V = 694.8(3) Å3, Z = 4, yielding R = 5.1% for 1420 reflections with Fo > 4$(Fo).

Calcioaravaipaite belongs to a family of order-disorder (OD) structures formed by equivalent
layers of symmetry C2/m. Two maximum-degree-of-order (MDO) polytypes are possible. MDO1
results from a regular alternation of stacking operators 21/2 and 2–1/2 and yields a monoclinic structure with
C2/c, a = 7.72, b = 7.52, c = 24.12 Å, ! = 96.99 . MDO2 results from the sequence 21/2 / 21/2 / 21/2 /… and
yields a triclinic structure with a = 7.72, b = 7.52, c = 12.21 Å, " = 98.86, ! = 96.91, # = 90.00 .

The structure of calcioaravaipaite is comprised of two kinds of alternating polyhedral slabs par-
allel to (001). Slab 1 consists of a fluorite-like double layer of edge-sharing (CaF8) distorted cubes
and slab 2 is a composite of face- and edge-sharing (PbF12) polyhedra and outlying (AlF6) octahedra,
the latter sharing faces and edges with the (PbF12) polyhedra, but no elements with one another.
Aravaipaite and calcioaravaipaite share a common fluorite-type layer; however, in aravaipaite the
presence of Pb2+ rather than Ca2+ in this layer results in slabs of strikingly different polyhedral con-
figuration.

a part of the structural arrangement appeared perfectly ordered,
whereas another part corresponded to the superposition of two
structures with partially occupied sites. This suggested that we
carefully consider the peculiarities of the diffraction pattern.
In particular we observed that besides the absences due to the
A-centering (reflections present only for k + l = 2n) additional
non-space-group absences occurred for the reflections with k
= 2n, which are present only for 2h + k + l = 4n. These ab-
sences suggested that order-disorder was present in the min-
eral. A second peculiarity has to be considered: whereas the
reflections with even k values present diffraction symmetry
2/m, this is not true for reflections with odd k values; the par-
tial enhancement of symmetry is another indicator of the OD
character of calcioaravaipaite (Merlino 1997).

For a full understanding of the subsequent steps it seems
proper to introduce first the order-disorder (OD) description of
calcioaravaipaite, and then to discuss the solution and refine-
ment of the structure. For an appraisal of the OD theory and its
relevance in the structural characterization of minerals, the
reader is referred to Ďurovič (1997, and references therein) and
Merlino (1997).

OD DESCRIPTION OF CALCIOARAVAIPAITE

For a better understanding of the OD features of
calcioaravaipaite, reference will be made in this section to a
monoclinic cell with a = 7.72, b = 7.52, c = 23.96 Å, ! = 92.21 ,
obtained from the cell of the original X-ray diffraction study
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(Kampf and Foord 1996) by interchanging the a and c vectors,
thus passing from an A-centered to a C-centered cell. We sum-
marize here our observations from the X-ray diffraction pat-
terns, with special attention to the systematic absences: (1) for
all reflections, it holds that those with h + k = 2n + 1 are absent.
This is of course due to the C-centered cell; (2) for the reflec-
tions with k = 2n, further systematic absences occur for h + k +
2l  4n. The extinction rule (2) becomes a normal space-group
extinction rule for the set of reflections with k = 2K (and hence
h = 2H). These reflections define a reciprocal lattice with vec-
tors A*, B*, C* (A* = 2a*, B* = 2b*, C* = c*; A = 3.86, B =
3.76, C = 23.96 Å, ! = 92.21 ). For these reflections (the so-
called “family reflections” in the OD terminology) the extinc-
tion rule (2) becomes: HKL reflections are absent for H + K + L

 2n, which corresponds to an I-centered lattice.
For a proper development of the OD approach it is more

convenient to transform the I-centered “family cell” into an A-
centered cell through the transformation matrix [–1 0 0 | 0 –1 0
| 1 0 1], which gives A = 3.86, B = 3.76, C = 24.12 Å, ! =
96.99 , space group symmetry A12/m1. The centrosymmetric
character has been observed by looking at the intensity distri-
bution of the family reflections.

For a complete description of any OD family, the metrics
and symmetry of the OD layer (%-operations; the structural fea-
tures of the OD layers will be addressed below, in conjunction
with the description of the structure of calcioaravaipaite) as
well as the operations which convert a layer into the adjacent
one ($-operations) must be defined. These operations are called
partial operations (POs) in the OD terminology, since they are
not necessarily valid for the whole structure.

The preliminary structural results clearly pointed to OD lay-
ers characterized by basic vectors a, b (translational vectors of
the layer: a = 2A = 7.72 Å, b = 2B = 7.52 Å) and c0 (not a
translation vector: c0 = C/2, 12.06 Å; ! = 96.99 ).

As regards the %- and $-symmetries of the OD layers it is
useful to recall that they must be compatible with each other
and be in keeping with the space group symmetry of the family
structure. The OD theory indicates the correct procedures to be
applied (Dornberger-Schiff and Fichtner 1972), which in the
present case lead to the symbol:

where the first and the second row indicate the %- and $-
POs, respectively, and the brackets indicate the direction of
missing periodicity.

According to the above symbol, layers with symmetry
C2/m can be stacked along c according to either of the two
operators 21/2 and 2–1/2 (twofold rotation coupled with a transla-

tion of +b/4 or –b/4, respectively). Pairs of layers related by
either of the two operations are geometrically equivalent.

It can be shown that, for whatever sequence of operators
21/2 and 2–1/2, the family reflections (h and k even) are identical
in position, intensity, and sharpness. The other reflections (h
and k odd) depend on the stacking sequence. In cases of com-
pletely disordered sequences, continuous streaks along c* are
observed.

Among all possible ordered stacking sequences (each of
them actually corresponding to a definite polytype of
calcioaravaipaite), there are two in which not only couples, but
also triples (quadruples, …, n-ples) of adjacent layers are geo-
metrically equivalent. These are the so-called MDO (maximum
degree of order) structures. In this case we have two MDO
polytypes: (1) MDO1 results from a regular alternation of 21/2

and 2–1/2 as stacking operators. In this case a monoclinic struc-
ture is obtained with a = 7.72, b = 7.52, c = 24.12 Å, ! = 96.99 ,

FIGURE 1. (a) The reciprocal lattice of calcioaravaipaite, as seen
along b*M, featuring both family reflections (h-even, large black and
unshaded circles) and superstructure reflections (h-odd, smaller
symbols). The positions of the latter depend on the sequence of layers.
In the figure the reflections corresponding to MDO1 (the monoclinic
polytype), MDO2, and MDO2' (the triclinic polytype in both twinned
orientations) are given. (b) The (0kl) reciprocal lattice plane. !
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and space group C2/c; (2) MDO2
results from the sequence 21/2 / 21/2

/ 21/2 / …, i.e. a single operator con-
stantly active. In this case a triclinic
structure is obtained with a = 7.72
Å, b = 7.52, c = 12.21 Å, " = 98.86,
! = 96.91, # = 90.00 , and space
group C–1 (the sequence 2–1/2 / 2–1/2 /
2–1/2 / … gives rise to a structure in
twin relationship).

A comprehensive picture of the
diffraction features of the two
MDO polytypes of calcioara-
vaipaite is presented in Figure 1.

CELL DETERMINATION AND
CRYSTAL STRUCTURE SOLU-

TION

Single-crystal X-ray diffracto-
meter studies were conducted on a thin tabular crystal frag-
ment of calcioaravaipaite from the type specimen (LACMNH
39338). The fragment was carefully chosen in an attempt to
avoid the ubiquitous twinning exhibited by the mineral and
showed no evidence of twinning under either optical or dif-
fraction film study. Initial diffractometer study showed the cell
to be monoclinic and consistent with that reported by Kampf
and Foord (1996).

Structure data collection was performed with a Bruker
PLATFORM 3-circle goniometer equipped with a 1K SMART
CCD detector. A sphere of three-dimensional data were col-
lected. Fifty duplicate frames acquired at the end of the data
collection indicated that no significant decay had taken place.
The cell parameters refined from the peak positions obtained
from the structure data collection were: a0 = 23.965(8) Å, b0 =
7.516(3), c0 = 7.722(3), !0 = 92.208(6) . The extraction of the
reflections from the data collection frames was made using this
unit cell. The measured intensities were corrected for Lorentz
and polarization effects using the program SAINT and an em-
pirical absorption correction was applied using the program
SADABS.

SHELXL97 software (Sheldrick 1997) was used for the
determination and refinement of the structure. Direct methods
were applied and a partially correct structural model was ob-
tained (R = 12.4%). After recognition of the OD nature of
calcioaravaipaite, it was clear that the intensity measurements
were made on a twinned triclinic crystal. To facilitate the analy-
sis of the structure using the OD approach, a new C-centered
triclinic cell was chosen. This cell is provided in Table 1 along
with the corresponding primitive triclinic cell and the original
A-centered monoclinic cell of Kampf and Foord (1996). Also
reported in Table 1 are other descriptive data which require
revision in light of the new cell.

The selection of reflections to be used for the refinement
was made in the following way. First, the original indices were
transformed according to: h = –l0 , k = –k0, l = h0/2 + k0/4 + l0/4.
The reflections with k0 (and h0) = 2n, which correspond to the
“family reflections” according to the OD theory, were placed
into one batch. The other reflections, namely those with k0 (and
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h0) = 2n + 1, were placed in a second batch. Note that half of
the latter were not considered, since they belong to the other
twin individual and, after the transformation of the indices, had
a fractional l index. The two batches were empirically adjusted
to the same scale: all the reflections in the first batch (to which
both twin individuals did contribute) were multiplied by 0.57,
this factor representing the fraction of the first twin individual.

The refinement was completed in space group C1– with aniso-
tropic displacement parameters for all atoms and converged to
R1 (conventional R factor) = 5.11% for 1420 reflections with
Fo > 4$(Fo). A final difference Fourier map did not indicate
any likely H atom sites and the displacement parameters for
the F sites did not conclusively show that any were occupied
by O. For comparison, a refinement was also conducted using
the reflections corresponding to the second twin individual. In
this latter case, the family reflections were multiplied by 0.43,
and the final reliability indices were just a little bit worse (R =
5.4%) than in the former case.

Table 2 gives the details of the data collection and structure
refinement, Table 3 the final fractional coordinates and equiva-
lent isotropic displacement parameters, Table 4 the anisotropic
displacement parameters, Table 51 the observed and calculated
structure factors, Table 6 interatomic distances, and Table 7
the bond valences. The structure of calcioaravaipaite along [110]
is shown in Figure 2 with atomic positions labeled.

DISCUSSION OF THE STRUCTURE

Anion site occupancies
From EPMA and TGA data Kampf and Foord (1996) de-

rived the empirical formula Pb1.02Ca2.05Al1.04[F7.97(OH)0.76O0.27]
based on 9 anions. This suggests that one of the nine F sites in
the structure may be occupied by the O atom of an OH group,
resulting in the ideal formula PbCa2AlF8(OH). As mentioned

1For a copy of Table 5, order Document AM-03-024 from the
Business Office, Mineralogical Society of America, 1130 Sev-
enteenth Street NW, Suite 330, Washington, DC 20036, U.S.A.
Please remit $5.00 in advance for the microfiche.
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FIGURE 2. The structure of calcioaravaipaite viewed along [110].
Stippled octahedra are AlF6, small shaded circles are Pb, small unshaded
circles are Ca, large unshaded circles are F.
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above, the structure refinement provided no conclusive evi-
dence for assigning O to any F site. Of the nine (F,OH) sites in
calcioaravaipaite, labeled generically “F” in our refinement,
seven are linked to four cations in roughly tetrahedral arrange-
ments, and consequently are unlikely to accommodate any sig-
nificant amount of OH. The other two sites (F4 and F9) are
linked to three cations only, making them more likely to be
occupied at least in part by OH. Also favoring F4 and F9 as the
repositories for OH is the fact that these are the only sites ex-
hibiting significant bond valence oversaturation (1.029 and
1.057 v.u., respectively).

The possible hydrogen-bond receptors in the vicinity of F4
are F4, F9, F3, and F5 at 2.75, 2.83, 2.97, and 2.98 Å, respec-
tively. Despite the greater distances, F3 and F5 seem favored
as the receptors because of their significant bond
undersaturation (0.846 and 0.841 v.u., respectively). The pos-
sible hydrogen-bond receptors in the vicinity of F9 are F8, F6,
F2, F4, F2, F6, and F1 at 2.70, 2.79, 2.79, 2.82, 2.91, 2.91, and
3.00 Å, respectively. Since F1, F2, and F6 are bond undersatu-
rated (0.980, 0.965, 0.977 v.u.), they are seen to be more likely
receptors.

In summary, it is likely that OH groups in calcioaravaipaite
are split between the F4 and F9 sites and that each of these
sites participates in hydrogen-bonding to two or more other F
atom sites. Furthermore, it is likely that hydrogen-bonding
serves to mitigate bond valence imbalance. A better chemical
formula for calcioaravaipaite could be PbCa2AlF7(F,OH)2; how-
ever, because of the lack of certainty in assigning OH groups
to specific sites and in knowing how much OH might be ac-
commodated in any site, we recommend that the ideal formula
for calcioaravaipaite continue to be written PbCa2Al(F,OH)9.

Coordination of the cations
Aluminum and calcium in the struc-

ture of calcioaravaipaite have quite regu-
lar surroundings. Al3+ is linked to six
anions in regular octahedral coordina-
tions (distances in the range 1.80–1.84
Å and angles in the range 85.8–93.9 ).
Each of the two Ca2+ atoms is linked to
eight anions defining polyhedra that are
slightly twisted cubes, i.e., intermediate
between a cube and a square antiprism
(distances in the range 2.29–2.49 Å).

Lead is linked to 12 anions in an ir-
regularly shaped polyhedron that can
roughly be described as a bicapped pen-
tagonal prism (Fig. 3). Due to the pres-
ence of a stereoactive electron lone-pair,
the cation is markedly off-center within
the polyhedron. The five shortest cation-
anion distances, ranging from 2.31 to
2.70 Å, are all on the same side of the
polyhedron. The seven longer bonds on
the opposite side range in length from 2.94 to 3.40 Å. Twelve-
coordinated Pb2+ is rather uncommon, and to date has been
observed in the structures of only 12 lead minerals. In most of
these minerals, the 12-coordinated Pb polyhedra are fairly regu-

FIGURE 3. Pb coordination in aravaipaite with Pb-F bond distances
shown.

FIGURE 4. Polyhedral representations of the structures of
aravaipaite (along [011]) and calcioaravaipaite (along b). The unit cells
are outlined. In the case of calcioaravaipaite, the c0 (non-translational)
vector of the OD layer is also given.

lar (e.g., icosahedra or augmented prisms; Vacchiano 2000).
Calcioaravaipaite represents the first known case of lead coor-
dinated by 12 fluorine atoms. In all other reported cases of 12-
coordinated Pb2+, the coordinating anions are O atoms.

Polyhedral description of the structure
A polyhedral representation of the calcioaravaipaite struc-

ture as seen along b is provided in Figure 4. In terms of poly-
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hedral linkages and general topology, the crystal structure of
calcioaravaipaite can be viewed as being formed from the regu-
lar alternation of two kinds of polyhedral slabs parallel to (001):
slab 1 consisting of a double layer of edge-sharing CaF8 dis-
torted cubes and slab 2 formed by a composite of face- and
edge-sharing PbF12 polyhedra and outlying AlF6 octahedra, the
latter sharing faces and edges with the PbF12 polyhedra, but no
elements with one another. At the boundaries between the slabs,
AlF6 and CaF8 polyhedra share F-F edges (2.475 and 2.484 Å,
the shortest among all F-F contacts).

The OD layer has the same translation vectors a, b as the
structure; its third basic vector c0 is shown in Figure 4 [c0 (= c
+ b/4) is not a translation vector.] Therefore, the OD layer com-
prises both slabs described above, extending from the bisec-
tion of one double CaF8 layer to the bisection of the next.

Comparison to the structure of aravaipaite
Figure 4 shows that the structures of aravaipaite and

calcioaravaipaite both consist of slabs, parallel to (100) in
aravaipaite and (001) in calcioaravaipaite. In each structure,
similar layers of F atoms, at a = 1/4 in aravaipaite and c = 1/2
in calcioaravaipaite, are flanked above and below by cations,
Pb2+ in aravaipaite and Ca2+ in calcioaravaipaite, forming fluo-
rite-type layers. As noted by Kampf (2001), these fluorite-type
layers appear to serve as templates for the organization of the
other structural elements. The Pb2+ cation, being much larger
than the Ca2+ atom, provides a metrically larger template, lead-
ing to striking differences between the polyhedral configura-
tions displayed by the two structures.

The “fluorite-layer” Pb atoms in aravaipaite are 11-coordi-
nated, with 7 generally long bonds to F atoms not in the fluo-
rite-type layer (indicating that the lone-pair electrons point away
from the fluorite-type layer). These PbF11 polyhedra present an
irregular and more spread out (relative to calcioaravaipaite)
“surface” of F atoms for bonding to the Al atom and other Pb
atoms in the structure. The linkage between the AlF6 octahedra
and PbF6(H2O)2 polyhedra is relatively open. Incidentally, the
PbF11 polyhedra in aravaipaite represent the first known case
of 11-coordinated Pb2+ in minerals (Vacchiano 2000).

By contrast, the regular CaF8 polyhedra (slightly twisted

cubes) of the fluorite-type layer in calcioaravaipaite yield nearly
planar arrays of F atoms for bonding to Al and Pb atoms in the
adjoining slabs. The twisting of the CaF8 cubes appears to be a
further accommodation, allowing each AlF6 octahedron to in-
clude three F atoms (F1, F2, and F6) from this layer with very
little deviation from ideal octahedral geometry. One ultimate
result is that all of the F atoms in the structure of cal-
cioaravaipaite are in well-defined layers parallel to (001).
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