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abstract

Aiolosite, ideally Na4Bi(SO4)3Cl, or better Na2(Na2Bi)(SO4)3Cl, is a new sulfate mineral isotypic 
to apatite. It was found in an active medium-temperature intracrater fumarole at La Fossa crater, Vul-
cano Island, Aeolian archipelago, Sicily, Italy. It occurs as acicular to slender prismatic crystals up 
to 0.5 mm long in an altered pyroclastic breccia, together with alunite, anhydrite, demicheleite-(Br), 
demicheleite-(Cl), bismuthinite, and panichiite. The symmetry is hexagonal (class 6/m), space group 
P63/m, with a = 9.626(3), c = 6.880(3) Å, V = 552.1(3) Å3, Z = 2. The habit is prismatic, terminated 
by the pinacoid or, more rarely, by a bipyramid. Aiolosite is colorless to white, with white streak; the 
luster vitreous. It is non-fluorescent. The calculated density is 3.589 g/cm3. The mineral is nonpleo-
chroic, uniaxial (+), nω = 1.59(1), nε = 1.60(1), mean nobs = 1.593 (589 nm), ncalc = 1.620. The chemi-
cal analysis gave Na2O 20.65, K2O 0.96, Bi2O3 32.49, SO3 41.27, Cl 4.02, Br 0.75, (H2O 0.57 from 
structure refinement), –O = (Cl + Br) 0.98 wt%, total 99.73, corresponding to the empirical formula 
calculated on the basis of 13 anions: Na2(Na1.95K0.12Bi3+

0.83)Σ2.90S3.06O12.08[Cl0.67Br0.06(H2O)0.19]Σ0.92. The 
crystal structure has been refined to a final R index of 0.048. One of the two independent Ca sites of 
apatite is exclusively occupied by Na, and the other one by statistically distributed Na and Bi. The 
SO4

2– anion replaces the PO4
3– anion of apatite; the chloride anion is located in the partially occupied 

(s.o.f. = 0.81) position at x = 0, y = 0, z = 0. Whenever the chloride position is vacant, the position 
at x = 0, y = 0, z = 1/4 is occupied by water (s.o.f. = 0.19). The strongest 6 lines in the X-ray powder 
diffraction pattern [dobs (Å) (I) hkl] are: 2.853 (100) (121), 2.775 (85) (112), 3.432 (45) (002), 1.965 
(35) (222), 2.306 (25) (310), 4.787 (20) (110). Both the mineral and the mineral name have been ap-
proved by the IMA CNMNC (No. 2008-015).

Keywords: Aiolosite, apatite structure, new mineral species, bismuth, sulfates, crystal structure, 
Vulcano Island, Aeolian Islands, Italy

introDuction

The new mineral aiolosite, Na2(Na2Bi)(SO4)3Cl, was dis-
covered when investigating the fumaroles at La Fossa crater, 
Vulcano, Aeolian Islands, where a considerable number of new 
species have been observed in recent years [see for instance 
Garavelli et al. (1997, 2005), Campostrini et al. (2008), Demartin 
et al. (2008a, 2008b, 2008c, 2009a, 2009b, 2009c) and refer-
ences therein]. Here, a description of the new species, as well 
as its properties and crystal structure, which is related to that of 
apatite, are reported.

The name of the mineral is from Aiolos (Αίολοσ, Latinized 
to Aeolus), the god ruler of the winds in Greek mythology. The 
Aeolian Islands (Isole Eolie in Italian) took their name from 
him. Both the mineral and the mineral name have been approved 
by the Commission on New Minerals, Nomenclature and Clas-
sification of the IMA (no. 2008-015). The holotype is deposited 
(no. 2008-3) in the Reference Collection of Dipartimento di 
Chimica Strutturale e Stereochimica Inorganica of Università 
degli Studi di Milano.

occurrence anD physical properties

Aiolosite occurs in a medium-temperature (250 °C) intracrat-
er fumarole, as acicular to slender prismatic translucent crystals, 
up to 0.5 mm long, on altered pyroclastic breccia, together with 
alunite, anhydrite, bismuthinite, demicheleite-(Br), demicheleite-
(Cl), and panichiite (Demartin et al. 2008c, 2009a, 2009c). The 
crystal habit is prismatic, terminated by the pinacoid or, more 
rarely, by a bipyramid (see Figs. 1a and 1b). The c:a ratio cal-
culated from the unit-cell parameters is 0.7147. The mineral is 
colorless to white, the streak is white, and the luster is vitreous. 
We did not observe any fluorescence, either under SW or LW 
ultraviolet radiations. Tenacity is brittle. Cleavage and fracture 
were not observed. The calculated density is 3.589 g/cm3 (from 
the empirical formula reported below and the unit-cell data). The 
mineral is nonpleochroic, uniaxial (+), nω = 1.59(1), nε = 1.60(1), 
mean nobs = 1.593 (589 nm) by immersion methods in bromoform 
and monochloronaphtalene, ncalc = 1.620 (Gladstone-Dale); 1 – 
(KP/KC) = –0.070, fair (Mandarino 1981).

chemical Data

Chemical analyses were carried out by means of a JEOL 
JSM 5500 LV scanning electron microscope, equipped with 
an IXRF EDS 2000 electron microprobe (EDS mode, 20 kV, * E-mail: francesco.demartin@unimi.it
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10–11A, 2 µm beam diameter). The mean analytical results are re-
ported in Table 1; the empirical formula Na2(Na1.95K0.12Bi3+

0.83)Σ2.90 

S3.06O12.08 [Cl0.67Br0.06(H2O)0.19]Σ0.92 was calculated on the basis 
of a total of 13 anions, and considering the distribution of the 
cations in two different sites, similarly to all apatite-like com-
pounds; the formula obtained from the structure refinement is: 
Na2(Na2.13Bi3+

0.87)Σ3.00(SO4)3[Cl0.81(H2O)0.19]Σ1.00. Both these formu-
lae satisfy the charge balance (the total charge of the cations is 
25.3 vs. 25.3 e– for the anions and 25.1 vs. 25.2 e–, respectively). 
The end-member formula can be written as Na2(Na2Bi)(SO4)3Cl, 
which requires: Na2O 19.85, Bi2O3 37.30, SO3 38.46, Cl 5.68, 
–O = Cl –1.28, total 100.00 wt%.

X-ray Data anD refinement of the structure

X-ray powder diffraction data were obtained using a Gandolfi 
camera 114.6 mm in diameter, with CuKα radiation (Table 2). A 
least-squares fit of these data provided the following hexagonal unit-
cell parameters: a = 9.602(1), c = 6.863(1) Å, V = 548.0(1) Å3.

Single-crystal diffraction data were collected from a crystal 
fragment (0.10 × 0.02 × 0.02 mm) with MoKα radiation (λ = 
0.71073 Å), using a BRUKER Apex II diffractometer equipped 
with a 2K CCD detector. A one-minute frame-time and 0.3° 
frame width were used. A total of 6239 reflections, correspond-
ing to a complete scanning of the reciprocal lattice up to 2θmax = 
61.5°, were measured; of these, 596 were unique. The unit-cell 

dimensions obtained from the single crystal were refined by 
least-squares from 1222 reflections with I > 5σ(I); their values 
are given in Table 3, together with other details concerning the 
data collection and refinement. The diffraction data were re-
duced using the Bruker program SAINT, and were corrected for 
Lorentz, polarization, and background effects. No violations of 
the systematic absences of the space group P63/m were observed. 
An absorption correction was applied (maximum and minimum 
transmission factors 0.746 and 0.345, respectively) using the 
SADABS program (Sheldrick 2000). The structure was solved 
by direct methods and refined using the SHELXL97 program 
(Sheldrick 1997) implemented in the WinGX suite (Farrugia 
1999). The occupation parameters for the two metal sites as well 
as those of the halide ion and of the water molecule were refined; 
in view of steric requirements (see below), the sum of the halide 
and water occupancy was constrained to unity. Such parameters 
show the M1 site to be exclusively occupied by Na, whereas 
the M2 site contains Na and Bi statistically distributed. These 
results are in close agreement with the chemical analysis (see 
Table 1). Selected interatomic distances and angles for aiolosite 
are reported in Table 4. The final coordinates and displacement 
parameters of the atoms are reported in Table 5. The final R is 
0.048 for 441 observed reflections [I > 2σ(I)]. Projections of the 
crystal structure are provided in Figures 2a and 2b.

fiGure 1. (a–b) Scanning electron microscope (SEM) images 
(BSE) of aiolosite.

Table 1. Chemical composition of aiolosite
Constituent wt% Range Std. dev. Probe standard
Na2O 20.65 18.73–23.26 0.1 Omphacite
K2O 0.96 0.22–1.93 0.2 K-feldspar
Bi2O3 32.49 30.52–35.74 0.1 Synthetic Bi2Se3

SO3 41.27 37.84–44.03 0.1 Synthetic CaSO4

Cl 4.02 3.20–4.68 0.1 Scapolite
Br 0.75 0.35–1.63 0.2 Synthetic TlBr
H2O* 0.57   
–O=Cl –0.98   
 Total 99.73   
* From structure refinement.

Table 2.  X-ray powder-diffraction data for aiolosite
I/Io† hkl dobs (Å) dcalc (Å)*
20 110 4.787 4.801
5 111 3.923 3.934
45 002 3.432 3.431
100 121, 311, 231 2.853 2.858
85 112, 030 2.775 2.791
20 132, 322 2.312 2.317
25 310, 140 2.306 2.306
15 311, 141, 431 2.189 2.186
5 040, 440 2.081 2.079
10 113, 123 2.068 2.065
35 222, 242 1.965 1.967
5 250, 530, 520 1.909 1.908
15 123, 233 1.851 1.849
15 231, 531 1.836 1.838
5 442, 042 1.779 1.778
20 004 1.716 1.715
3 322, 532 1.667 1.667
3 133, 343 1.624 1.624
10 142, 452 1.604 1.604
5 260, 640 1.572 1.571
5 331, 361 1.559 1.558
5 052, 552 1.496 1.496
15 611, 151 1.459 1.459
5 242, 462 1.429 1.428
1 314, 434 1.377 1.376
* Calculated from the unit cell: a = 9.602(1) c = 6.863(1) Å, obtained from least-
squares refinement from the above data using the program UNITCELL (Holland 
and Redfern 1997).
† Determined densitometrically from a Gandolfi camera film.

a

b
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results anD Discussion

The structure analysis shows aiolosite to be isotypic to apatite 
(with P63/m symmetry), where the cations are distributed over 
two independent sites M1 and M2 (Wyckoff notations 4f and 6h, 
respectively). This structural type is particularly widespread both 
in nature and in synthetic compounds. All these substances derive 
from the ideal apatite-(CaF) formula Ca5(PO4)3F by replacing 
the Ca2+ ion with other cations such as Pb2+, Na+, REE3+, Sr2+; 
the P atom in the phosphate group is usually replaced by other 
small tetrahedrally coordinated atoms such as As, V, S, or Si; 
and F is replaced by Cl, OH, or both. In some cases, such as 
hedyphane Ca2Pb3(AsO4)3Cl or phosphohedyphane, the P63/m 
symmetry is maintained (Rouse et al. 1984; Kampf et al. 2006), 
whereas in others the symmetry is lowered due to partial order-
ing of the different cations. For instance, ordering in the M2 
sites leads to different subgroups of P63/m, such as P63 in fluo-
rcaphite (Ca,Sr,Na,Ce)5(PO4)3F (Khomyakov et al. 1996, 1997; 
Rastsvetaeva and Khomyakov 1996), or P3 in deloneite-(Ce) 
Na(Ca,Sr)3Ce(PO4)3(F,OH) (Rastsvetaeva and Khomyakov 1996; 
Khomyakov et al. 1997).

The alternation of different kinds of atoms in the M2 sites, 
which transforms the sixfold symmetry axis into a 6 axis or a 
threefold axis, is favored by a marked difference between the 
atoms in question (e.g., in the ionic radii): for instance, if one 
atom is appreciably “bigger” than another, a model having two 
“big” atoms close to each other is energetically less favored than 
an “ordered” structure showing an alternating distribution. On 
the other hand, the entropy relative to an entirely “disordered” 
distribution (which would maintain the P63/m symmetry of the 
apatite structure) is higher. On these grounds, considering the 
relationships between entropy and free energy, as for most cases 
of order-disorder, temperature also becomes very important in 
determining the distribution in the M2 sites and, consequently, the 
symmetry and the structural type. In some cases, the symmetry 

lowering is even more marked, as for instance for the low-temper-
ature modification of caracolite Na2(NaPb2)(SO4)3Cl (Schneider 
1969) that displays monoclinic P21/m symmetry, whereas the 
high-temperature modification shows P63/m symmetry.

For aiolosite, the P63/m symmetry is maintained, in agreement 
with the above criteria, due to the close similarity in the ionic radii 
of Na+ and Bi3+ (Shannon 1976). The reason why Bi exclusively 
prefers the M2 site instead of M1 can be mainly ascribed to a 
Coulombic effect, in view of the higher charge of Bi3+ relative 
to Na+, since the average <M2-O> distance (2.516 Å) is shorter 
than <M1-O> (2.617 Å). A similar effect also occurs for Ca in 
cesanite Na2(NaCa2)(SO4)3OH, which was described to show 
P63/m symmetry by Tazzoli (1983) and instead P6 symmetry 
by Piotrowski et al. (2002). For hedyphane, where the formal 
charges of Ca2+ and Pb2+ are instead the same, the exclusive 
presence of Pb in the M2 site is probably due to the presence of 
a stereoactive lone pair of electrons characteristic of the Pb2+ ion 
in many compounds (Moore et al. 1982).

The average of the S-O bond lengths in the sulfate group 
(1.459 Å) is identical with the corresponding average found in 
synthetic cesanite by Piotrowski et al. (2002). A similar compari-
son with high caracolite, another sulfate with the apatite structure, 
might be interesting, but it is not currently useful due to the low 
accuracy of the presently available data (Schneider 1969).

On looking at the atomic displacement parameters (ADPs), a 
notably high value of U33 is observed for O2 (Table 5). However 

Table 3.  Single-crystal data and refinement parameters for aiolosite
Crystal system hexagonal 
Space group P63/m (no.176)
a (Å) 9.626(2)
c (Å) 6.880(3)
V (Å3) 552.1(3)
Z 2
Radiation MoKα
µ (cm–1) 14.90
Dcalc (g/cm3) 3.589
Measured reflections 6239
Independent reflections 596
Observed reflections [ I > 2σ(I)] 441
Parameters refined 44
Final R and wR2* 0.0480 
 0.1095
S 1.080
* w = 1/[σ2(Fo

2) + (0.0487k)2 + 4.100k], where k = (Fo
2 + 2Fc

2)/3.

Table 4.  Selected interatomic distances (Å) and angles (°)
M1-O1 ×3 2.469(5)  S-O1 1.460(6)
M1-O2 ×3 2.568(6)  S-O2 1.458(7)
M1-O3 ×3  2.815(8) S-O3 ×2 1.460(5)
<M1-O> 2.617 <S-O> 1.459
M2-O1 2.814(7) O1-S-O2 112.0(4)
M2-O2 2.351(7) O1-S-O3 ×2 111.9(3)
M2-O3 ×2 2.440(6) O2-S-O3 ×2 107.1(4)
M2-O3 ×2 2.562(7) O3-S-O3 106.5(6)
M2-OW 2.444(1) <O-S-O> 109.4
<M2-O> 2.516

fiGure 2. (a) A projection of the crystal structure of aiolosite along 
[001]. (b) A perspective view of the crystal structure of aiolosite. Here the 
positions of chloride ions and of water molecules are clearly shown.

a

b
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such a particular value is not unique because the corresponding 
root mean-square displacements, R, for O2 and O3 are similar 
and are about twice as large as those of O1 [Rmax/Rmin = 5.23 and 
5.84 vs. 2.63, respectively]. The difference between the value of 
U33 for O2 and that for O3 arises because the largest mean-square 
displacement of the former is aligned along the z axis. The behavior 
with respect to O1 is however physically significant and a similar 
situation was observed for cesanite by Tazzoli (1983). An exhaustive 
explanation of such a phenomenon can be only achieved by complex 
lattice-dynamical calculations (Gramaccioli 2002); however, for 
disordered compounds those are much beyond the usual practice.

The chloride anion is located in the partially occupied 
Wyckoff position 2b at x = 0, y = 0, z = 0, (s.o.f. = 0.81 from 
structure refinement, in agreement with charge balance). The 
shortest contacts of this anion with its surroundings are two 
symmetry-equivalent Cl···M2 distances, 2.989(1) Å long. Due to 
steric requirements (the 2a and 2b positions are too close to each 
other to be occupied at the same time), and to the reluctance of such 
structures to form “true” vacancies, whenever the halide position is 
vacant, the Wyckoff position 2a at x = 0, y = 0, z = 1/4 is occupied 
(s.o.f. = 0.19) by water (not by OH– ions, due to charge-balance 
requirements). The occupation of different sites by the “larger” 
chloride ions and water is in agreement with the results observed for 
the other minerals isotypic to apatite, the chloride ion always being 
at the 2b position and the OH– or the F– anions at 2a.
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Table 5. Atomic coordinates and displacement parameters (Ueq/Ui,j) for aiolosite
Atom Wyckoff notation Site occupancy x y z Ueq

M1 4f Na 1.00 1/3 2/3 0.0067(6) 0.0206(8)
M2 6h Na 0.712(8) Bi 0.288(8) 0.2534(1) 0.9990(1) 1/4 0.0331(4)
S 6h  0.4029(2) 0.3742(2) 1/4 0.0201(5)
O1 6h  0.3320(8) 0.4775(8) 1/4 0.036(1)
O2 6h  0.5776(8) 0.4664(9) 1/4 0.058(2)
O3 12i  0.3543(9) 0.2695(7) 0.0800(9) 0.064(2)
OW 2a 0.19(2) 0 0 1/4 0.08(3)
Cl 2b 0.81(2) 0 0 0 0.087(4)

Atom U11 U22 U33 U23 U13 U12

M1 0.0213(11) 0.0213(11) 0.0193(18) 0 0 0.0107(5)
M2 0.0339(6) 0.0225(5) 0.0425(7) 0 0 0.0137(4)
S 0.0195(9) 0.0187(9) 0.0219(9) 0 0 0.0095(7)
O1 0.048(4) 0.044(4) 0.032(3) 0 0 0.036(3)
O2 0.022(3) 0.032(4) 0.114(8) 0 0 0.010(3)
O3 0.105(5) 0.061(4) 0.053(4) –0.033(3) –0.046(4) 0.060(4)
Cl 0.050(3) 0.050(3) 0.162(11) 0 0 0.025(1)


