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REFINEMENT OF THE CRYSTAL STRUCTURE OF ARSENIOPLEITE:
CONFIRMATION OF ITS STATUS AS A VALID SPECIES

KIMBERLY T. TAIT AND FRANK C. HAWTHORNE§

Department of Geological Sciences, University of Manitoba, Winnipeg, Manitoba R3T 2N2, Canada

ABSTRACT

Arseniopleite, ideally (Ca,Na) (Na,Pb2+) Mn2+ (Mn2+,Mg,Fe2+)2 As3 O12, is monoclinic, a 6.8113(6), b 13.0358(11), c
11.3245(10) Å, � 100.25(3)°, V 989.5(1) Å3, I2/a, Z = 2, has been refined to an R index of 2.3% for 1280 observed (| Fo | ≥ 4�F)
reflections measured with a Bruker P4 diffractometer equipped with a CCD detector and MoK� X-radiation. The crystal used for
the collection of the X-ray intensity data was subsequently analyzed with an electron microprobe. In arseniopleite, the M(1) site
is octahedrally coordinated and is occupied completely by Mn2+ with an observed <M(1)–O> distance of 2.218 Å. The M(2) site
is also octahedrally coordinated and is occupied by Mn2+, Mg and Fe3+ with a <M(2)–O> distance of 2.129 Å. The X(1) site is
disordered off its ideal special position, locally decreasing its coordination number from [8] to [7]; X(1) is occupied by dominant
Ca and less Na, with a <X(1)–O> distance of 2.584 Å. The X(2) site is [8]-coordinated with a <X(2)–O> distance of 2.732 Å, and
is occupied predominantly by Na, with minor Pb2+ and Ba. The resulting unit formula is (Ca0.68 Na0.32) (Na0.93 Pb2+

0.06 Ba0.01)
Mn2+ (Mn2+

1.21 Mg0.52 Fe3+
0.27) (As2.98 P0.02) O12. Hence arseniopleite is confirmed as a valid mineral species distinct from

caryinite. Arseniopleite has Mn2+ dominant at M(1), and caryinite has Ca dominant at M(1). The end-member compositions for
these species are as follows: arseniopleite: Ca Na Mn2+ Mn2+

2 As3 O12; caryinite: Ca Na Ca Mn2+
2 As3 O12.
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SOMMAIRE

L’arséniopléite, dont la formule idéale est (Ca,Na) (Na,Pb2+) Mn2+ (Mn2+,Mg,Fe2+)2 As3 O12, est monoclinique, a 6.8113(6),
b 13.0358(11), c 11.3245(10) Å, � 100.25(3)°, V 989.5(1) Å3, I2/a, Z = 2; nous l’avons affiné jusqu’à un résidu R de 2.3% pour
1280 réflexions observées (| Fo | ≥ 4�F) mesurées avec un diffractomètre Bruker P4 muni d’un détecteur de type CCD
(rayonnement MoK�). Le cristal utilisé pour le prélèvement des intensités des rayons X a par la suite été analysé avec une
microsonde électronique. Dans l’arséniopléite, le site M(1) possède une coordinence octaédrique; il est occupé complètement par
le Mn2+, avec une distance <M(1)–O> de 2.218 Å. Le site M(2) possède aussi une coordinence octaédrique et contient Mn2+, Mg
et Fe3+, la distance <M(2)–O> étant 2.129 Å. Le site X(1) est déplacé de sa position spéciale idéale, ce qui localement diminue la
coordinence de [8] à [7]; X(1) contient surtout le Ca et, à un degré moindre, Na, avec une distance <X(1)–O> de 2.584 Å. Le site
X(2) possède une coordinence [8], et la distance <X(2)–O> est 2.732 Å. Le site contient surtout Na, avec des quantités mineures
de Pb2+ et Ba. La formule empirique est (Ca0.68 Na0.32) (Na0.93 Pb2+

0.06 Ba0.01) Mn2+ (Mn2+
1.21 Mg0.52 Fe3+

0.27) (As2.98 P0.02) O12.
L’arséniopléite est donc confirmée comme espèce minérale valide, distincte de la caryinite. Dans l’arséniopléite, le Mn2+

prédomine au site M(1), tandis que dans la caryinite, c’est le Ca qui est dominant. La composition idéale de ces espèces est comme
suit: arséniopléite: Ca Na Mn2+ Mn2+

2 As3 O12; caryinite: Ca Na Ca Mn2+
2 As3 O12.

(Traduit par la Rédaction)

Mots-clés: arséniopléite, structure cristalline, arsenate, alluaudite, caryinite, Örebro, Suède.
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INTRODUCTION

Arseniopleite is an arsenate member of the alluaudite-
group minerals. It was originally described by Igelström
(1888) from the Sjö mine, near Grythyttan, Örebro,
Sweden. Moore (1968) showed that arseniopleite and
caryinite are structurally related, and proposed that

arseniopleite is a “water-rich” variety of caryinite.
Keller & Hess (1988) showed that the arsenates
o’danielite and johillerite are isostructural with
alluaudite (Moore 1971), and there has been much work
on synthetic alluaudite-like arsenates (Keller et al. 1981,
Winand et al. 1990, Khorari et al. 1995, 1997a, b, c,
1998, Stock et al. 2001). Dunn & Peacor (1987) re-
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diffractometer equipped with a CCD detector and MoK�
X-radiation. Intensity data were collected and processed
according to the procedure described by Cooper &
Hawthorne (2001). The data were corrected for Lorentz,
polarization and background effects, averaged and re-
duced to structure factors. A total of 5115 reflections
was measured out to 60.10° 2� using 60 s per frame,
with index ranges 1̄6̄ ≤ h ≤ 17, 1̄7̄ ≤ k ≤ 18, 9̄ ≤ l ≤ 9. Of
the 1453 unique reflections, 1282 reflections were con-
sidered as observed [| Fo | ≥ 4�F]. Miscellaneous infor-
mation related to data collection and crystal-structure
refinement is listed in Table 1.

The crystal used for X-ray diffraction was mounted
in a Perspex disc, ground, polished, carbon-coated and
analyzed with a Cameca SX–50 electron microprobe
operating under the following conditions in wavelength-
dispersion mode: excitation voltage: 15 kV, specimen
current 20 nA, beam size: 15 �m, peak count-time: 20 s,
background count-time: 10 s. The following standards
and crystals were used for K� X-ray lines for the ele-
ments sought: Na: marićite, TAP; Mg: forsterite, TAP;
Si: diopside, PET; P: marićite, PET; Ca: apatite, PET;
Mn: spessartine, LiF; Fe: marićite, LiF; Zn: gahnite,
LiF; As: mimetite, TAP; Ba: barite, LiF; Pb: mimetite,
PET. Cl, F, Sr, K and Al were sought, but were not de-
tected. Ten points were analyzed, and the mean chemi-
cal composition is given in Table 2. The unit formula
was calculated on the basis of 12 anions: (Ca0.68 Na0.25
Mn0.01) (Na0.93 Pb0.06 Ba0.01) Mn (Mn1.22 Mg0.53 Fe0.27)2
(As3.01 Si0.02 P0.02) O12.

CRYSTAL-STRUCTURE REFINEMENT

Cell orientation

A significant issue in the refinement of arseniopleite
(and work on all the alluaudite-structure minerals sensu
lato) is the choice of cell orientation. Boström (1957)
determined the space group of caryinite as P21/c, but

examined caryinite (Lundström 1874, Sjögren 1895)
from Långban, Sweden, and arseniopleite from Långban
and from the Sjö mine, Sweden, and confirmed the ob-
servation of Moore (1968) that both caryinite and
arseniopleite are isostructural, and showed that both are
isostructural with alluaudite (Strunz 1960, Fisher 1962).
They also showed that the analytical data of Igelström
(1888) and the conclusion of Moore (1968) that
arseniopleite contains “water” are not correct; the ana-
lytical work of Dunn & Peacor (1987) shows both
caryinite and arseniopleite to be anhydrous. Dunn &
Peacor (1987) re-analyzed both arseniopleite and
caryinite; they stated that “If the cation assignments
follow the scheme proposed by Moore (1968) for
alluaudite, then (their formula for arseniopleite) might
define arseniopleite as a species with Mn dominant in
the M(1) site instead of Ca/Mn which apparently occu-
pies that site in caryinite”. However, they stressed that
until such a site-occupancy is confirmed, the species
status of arseniopleite remains uncertain. Ercit (1993)
refined the crystal structure of caryinite from Långban,
Sweden; he showed that the M(1) site is occupied by Ca
and Mn2+ with Ca dominant, and supported the proposal
of Dunn & Peacor (1987) that arseniopleite is isostruc-
tural with caryinite (and alluaudite) with Mn2+ domi-
nant at M(1). However, the status of arseniopleite is still
considered somewhat uncertain (Nysten et al. 1999). As
part of a general study of the alluaudite-group minerals
(sensu lato), we have refined the crystal structure of
arseniopleite in order to derive detailed site-populations
and to resolve the issue of its species status.

EXPERIMENTAL

The specimen of arseniopleite used in this work is the
original sample of Igelström (1888) and was obtained
from Mr. William W. Pinch of Rochester, New York.

A crystal measuring 80 � 80 � 120 �m was at-
tached to a glass fiber and mounted on a Bruker P4
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adopt the C2/c orientation in alluaudite, and then
wyllieite and bobfergusonite would become P21/c
(Moore & Ito 1973, Moore & Molin-Case 1974,
Fransolet 1995) and P21/n, respectively, the latter with
its a and c axes reversed relative to those of Ercit et al.
(1986a, b). Ercit (1993) has subsequently refined the
crystal structure of caryinite in the space group I2/a.
Either situation is acceptable from a structural perspec-
tive. We have chosen to adopt the orientation of Ercit et
al. (1986b), in which alluaudite-group structures have
the space group I2/a, the smaller � angle and the sim-
pler orientation of the cleavage.

All calculations were done with the SHELXTL PC
(Plus) system of programs; R indices are of the form
given in Table 1 and are expressed as percentages. The
crystal-structure refinement was initiated with the atom
coordinates of caryinite (Ercit 1993). The sum of the
medium-sized divalent and trivalent cations in the unit
formula is 2.98 apfu (atoms per formula unit), and the
sum of the large monovalent and divalent cations is 1.96
apfu. These sums are in accord with (Mn + Mg + Fe)
ordered at the M(1) and M(2) sites, and (Na + Ca + Ba
+ Pb) ordered at the X(1) and X(2) sites. Accordingly,
the M(1) and M(2) sites were considered as fully occu-
pied by Mn and Mg, and the X(1) and X(2) sites were
considered as fully occupied by Ca and Na at the start
of the refinement. Full-matrix least-squares refinement
of all positional, anisotropic-displacement and site-oc-
cupancy variables converged to an R1 index of 2.3%.
The small amounts of Pb and Ba (Table 2) were assigned
to the X(2) site on the basis of ionic radius, and the re-
finement proceeded with no change in R1 index. At this
stage, some of the anisotropic-displacement parameters
at the X(1) and X(2) sites were anomalously large. This
feature was noted for X(1) but not X(2) in caryinite by
Ercit (1993), and he introduced a model involving dis-
placement of the X(1) site off its special position, caus-
ing a change in coordination number at this site. Using
a displaced model for X(1) produces results similar to
those of Ercit (1993), but when a displaced model was
used for the X(2) site, it refined back onto the special
position. Thus our final model is the same as that of Ercit
(1993) for caryinite. Refined coordinates and anisotro-
pic-displacement factors are listed in Table 3, selected
interatomic distances are given in Table 4, and site-scat-
tering values and assigned site-populations are given in
Table 5. Observed and calculated structure-factors may
be obtained from the Depository of Unpublished Data,
CISTI, National Research Council of Canada, Ottawa,
Ontario K1A 0S2, Canada.

DESCRIPTION OF THE STRUCTURE

Arseniopleite is isostructural with alluaudite (Moore
1971) and caryinite (Ercit 1993); the general features of
the structure are shown in Figure 1. There are two M
sites, each coordinated by six O-atoms in an octahedral
arrangement, with <M–O> distances of 2.218 and 2.129

with only a few weak reflections violating C-centering.
Fisher (1958) gave C2/c as the space group of alluaudite,
Moore (1971) solved the crystal structure of alluaudite
in C2/c, and this cell orientation has been used since by
Moore & Ito (1978) and Dunn & Peacor (1987). Con-
versely, Strunz (1960) and Fisher (1962) used a cell
orientation that is in accord with the (equivalent) space
group I2/a, citing the smaller � angle (~99° in I2/a ver-
sus ~114° in C2/c) as the reason for this choice of cell.
Another important factor in this issue of orientation is
the principal cleavage in these structures. If the I2/a
orientation is used, the principal cleavage is {001},
whereas if the C2/c orientation is used, the principal
cleavage is {1̄01} (Fisher 1956). Ercit et al. (1986b)
considered this issue when describing bobfergusonite
(see in particular their Fig.1). They showed that adopt-
ing the I-centered orientation for the alluaudite struc-
ture is conformable with the space group P21/c for the
wyllieite structure, and P21/n for the bobfergusonite
structure (Ercit et al. 1986a, b). Alternatively, one could
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Å, respectively. The refined site-scattering values at the
M(1) and M(2) sites are 24.8(1) and 44.0(2) epfu (elec-
trons per formula unit), respectively, and the total site-
scattering, 68.8 epfu, is in close agreement with the
effective scattering of (Mn + Mg + Fe) in the unit for-
mula (Table 2): 68.0 epfu. The refined site-scattering at
M(1) is in accord with complete occupancy of this site
by Mn2+, and the site-population was assigned as such
(Table 5). The remaining Mn, together with the Mg and
Fe in the unit formula, were assigned to the M(2) site,
and the resulting calculated site-scattering value of 43.5
epfu is in close agreement with the refined site-scatter-
ing value of 44.0(2) epfu at M(2). We may calculate the
expected mean bond-lengths from the assigned site-
populations using the hard-sphere model and the ionic
radii of Shannon (1976). For the M(1) site, <M(1)–
O>(calc) is equal to 1.38 + 0.83 = 2.21 Å, in very close
agreement with the observed value of 2.218 Å (Table
4). For the M(2) site , <M(2)–O> is equal to 1.373 +
0.776 (with Fe3+) or 0.795 (with Fe2+) = 2.149 (Fe3+) or
2.168 (Fe2+); the observed value is 2.128 Å (Table 4).
The resulting differences are 0.020 (Fe3+) and 0.039
(Fe2+) Å, respectively; these values favor the assignment
of Fe to the trivalent state, although the difference of
0.02 Å for this assignment is still significantly larger
than that observed at the M(1) site (Table 5). However,
if similar calculations are done for caryinite (Ercit 1993),
the corresponding differences in the observed and cal-
culated <M–O> distances are 0.009 and 0.020 Å, respec-
tively, for the M(1) and M(2) sites. As these values are
exactly the same as are observed in arseniopleite (and
caryinite has insignificant Fe and hence no valence-as-
signment problem), this agreement suggests that the
assigned site-populations of Table 5 are valid. The sums
of the incident bond-valence at the M(1) and M(2) sites
are in accord with this assignment. The aggregate for-
mal charges at the M(1) and M(2) sites are 2.0+ and

2.14+, respectively, and the analogous bond-valence
sums are 1.86 and 2.22 vu (Table 6).

There are two X sites, each surrounded by eight at-
oms of oxygen, and each having a wide dispersion of
X–O distances. The X(1) site is actually displaced off
the 4b position, and only one of the two adjacent X(1)
sites is occupied in any local configuration. The X(1)
cation is displaced toward one O(2) atom and away from
the symmetrically equivalent O(2) atom (as is also the
case in caryinite, Ercit 1993), and the X(1) site is actu-
ally [7]-coordinated (Table 4). Similar anisotropy is
shown for the X(1) site in nickenichite (Auernhammer
et al. 1993) and the synthetic alluaudite-like phosphates
Na Mn Fe2 (PO4)3 and (Na0.5Li0.5) Mn Fe2 (PO4)3
(Hatert et al. 2000), although these authors chose not to
split the X(1) site in their refinements. Note that all of
these structures also show exaggerated anisotropic dis-
placements for the X(2) site, although they are not al-
ways as large as that for the X(1) site, and we were
unable to satisfactorily refine the structure of arsenio-
pleite with a split model for the X(2) site. Summing the
constituent ionic radii gives 1.376 + 1.079 = 2.46 Å,
compared with the observed value of 2.51 Å (Table 4).
By analogy with caryinite and alluaudite, all Ca is as-
signed to the X(1) site, and the refined site-scattering
value of 17.5 epfu indicates that the balance of the site
population is made up by Na. The remaining Na, Pb and
Ba is thus assigned to the X(2) site, and the resulting
calculated site-scattering value of 15.7 epfu is in exact
agreement with the refined site-scattering value, 15.8(2)
epfu (Table 5). Summing the constituent ionic radii at
X(2) gives 1.380 + 1.189 = 2.57 Å, compared with the
observed value of 2.73 Å (Table 4). The differences
between the observed and calculated <X–O> distances
are large, but similar differences also occur in caryinite
(Ercit 1993) and seem to be characteristic of this struc-
ture type. The sums of the incident bond-valences at the
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X(1) and X(2) sites are in accord with the assigned site-
populations. The aggregate formal charges at X(1) and
X(2) are 1.68+ and 1.07+, respectively, and the analo-
gous bond-valences sums are 1.52 and 1.00 vu (Table 6).

End-member composition and the status
of arseniopleite

As noted above, there has been some question in the
literature as to the validity of arseniopleite, and its sta-
tus as a distinct species has been questioned (Nysten et
al. 1999). Hawthorne (2002) has emphasized the im-
portance of considering end-member compositions
when dealing with questions of species status, particu-
larly where the minerals in question involve complicated
schemes of solid solution and site ordering. Inspection
of Table 5 shows that Ca is dominant at X(1), Na is
dominant at X(2), and Mn2+ is dominant at both M(1)

and M(2), and hence the end-member formula can be
written as shown in Table 7. A similar procedure for
caryinite, using the site-occupancies of Ercit (1993),
gives the end-member formula in Table 7. As suggested
by Dunn & Peacor (1987) and Ercit (1993), arseniopleite
is distinct from caryinite by the presence of dominant
Mn2+ rather than Ca (as in caryinite) at the M(1) site.
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