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INTRODUCTION

Subsequent to the pioneering work of Bauer (1962) on Al-
B diadochy in the synthetic compound Ca2SiB2O7, Tarney
(1973) obtained boron melilite by heating datolite and con-
cluded that Si is probably ordered on the T1 site on the basis of
the theoretical powder X-ray diffraction (XRD) pattern. Fur-
ther investigation by means of infrared spectroscopy (Kimata
1978) gave additional evidence that Si is ordered on the T1
site. Boron melilite (okayamalite) was found in nature as milky
white aggregates in skarn samples at the Fuka Mine, Okayama
district, Japan (Matsubara et al. 1998). Okayamalite was re-
cently found in a skarn rock from the Arendal district, Sørlandet,
Norway (Olmi et al. 2000). The sample from Arendal occurs
as a fine intergrowth of crystalline okayamalite and amorphous
silica on the scale of ~100 Å (Olmi et al. 2000). To date, no
crystal structure refinement has been reported for okayamalite
or its synthetic analog. In this paper, we report the structure
obtained for the sample from Arendal.

EXPERIMENTAL METHODS

Several grains were separated by hand picking and were
finely ground in an agate mortar. Due to the scarcity of mate-
rial, the sample was prepared as a thin layer on a single-crystal
Si sample-holder by allowing the powder to settle gently in
acetone. Step-scan powder XRD data were recorded with an
automated Philips diffractometer equipped with diffracted-beam
Soller slits, 1° divergence slits, 0.1 mm receiving slits, and a
graphite-diffracted beam monochromator. The long-fine focus
Co X-ray tube was operated at 40 kV, 20 mA. The spectrum
was recorded in the 2θ range 10–140°, with a 0.02° step and 9
s counting time. Si powder (NBS 640a) was used as external
standard to check the accuracy of the refined 2θ zero shift.

RIETVELD STRUCTURE REFINEMENT

The structure was refined with the program GSAS (Larsen
and Von Dreele 1994). The peak shape was modeled with a
pseudo-Voigt function; the FWHM was refined as a function
of 2θ, taking into account both Gaussian and Lorentian broad-
ening. The intensity cut-off for the calculation of the profile-
step intensity was 0.1% of the peak maximum.

The refinement was carried out in the space group P4
–

21m.
Starting atomic coordinates were those of the synthetic com-
pound Ba2MgSi2O7 (Shimizu et al. 1995), with initial values
for isotropic temperature factors (Uiso) arbitrarily chosen as 0.04
Å2 for Ca, 0.02 Å2 for Si and B, 0.025 Å2 for O. The atom sites
were designated fully occupied. Si was assigned to the T1 site
and B to the T2 site. The background was modeled as a 12-
term polynomial function. Cell parameters, scale factor, and
the background polynomial functions were free variables dur-
ing refinement. Parameters were added to the refinement in
the following order: 2θ zero-shift, peak-shape, peak-asymme-
try, sample-displacement, atomic coordinates, and isotropic
temperature factors. During the refinement of the atomic coor-
dinates, a soft constraint was applied to the <B-O> distance
(1.48 Å) with the constraint weight being progressively low-
ered until the coordinates were allowed to vary without con-
straints. We assumed final convergence to be reached when the
parameter shifts were <1% of their respective e.s.d. values. Re-
finement of preferred orientation according to the March model
(Dollase 1986) did not improve the fit. In fact, the refined co-
efficient was always very close to 1.0, indicating there was no
preferential orientation; thus it was neglected in the subsequent
refinements. Trials performed using different models with B
disordered over the T1 and T2 sites yielded unsatisfactory re-
sults in terms of profile fitting (Table 1). In particular, by con-
straining the Si/B distribution to be disordered, the refinement
diverged with negative isotropic temperature factors. Moreover,
further trials were done starting from differently disordered Si-
B distributions and refining tetrahedral occupancies without
constraints. The resulting distributions, however, were always
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found to be fully ordered. In Table 1, the relevant data of the
final refinement are reported together with the R values ob-
tained for the other two models with the same structural pa-
rameters but different tetrahedral occupancies.

The observed, calculated, and difference powder XRD pat-
terns are shown in Figure 1. Detailed examination of the ob-
served pattern shows the absence of diffraction peaks belonging
to any crystalline phase other than okayamalite. As noted by
Olmi et al. (2000), a broad feature can be observed approxi-
mately centered at 2θ ≈ 25.9° (d ≈ 4.0 Å), which is due to
amorphous silica minutely intergrown with okayamalite.
Atomic coordinates are listed in Table 2 along with isotropic
displacement parameters (Uiso), whereas interatomic distances
are listed in Table 3.

CRYSTAL CHEMICAL REMARKS

The structure of okayamalite is topologically identical to
that of the other melilite-type compounds (Shimizu et al. 1995,
and references therein). Only minor variations, related to the
chemical composition, affect bond distances and angles in
okayamalite (Table 3). The structure consists of layers of cor-
ner-sharing [T1O4] and [T22O7] groups, resulting in an arrange-
ment of tetrahedra with large pentagonal interstices where
projected along the c axis. Stacking of adjacent layers results
in channels that are occupied by Ca cations. The latter are co-
ordinated by eight oxygen atoms at the vertices of a distorted
square antiprism.

As expected, Si was found to occupy the larger T1 tetrahe-
dron, whereas B fills the T2 tetrahedron to form B2O7 groups.
The <T1-O> distance (1.657 Å), although rather long for a pure
Si-O bond (Liebau 1985), is close to that observed (1.67 Å) by
Bartram (1969) in synthetic Y2SiBe2O7, the only melilite-type
compound with T1 completely filled by Si. Those unusually
long T1-O distances can be related to charge balance consider-
ation: due to the entry of a tetravalent cation in T1, the O3
oxygen is here the most overbonded anion in the structure (2.13
u.v. on the basis of the empirical method of Brown and Altermatt
1985). Thus, a decrease of the T1-O3 bond distance would fur-
ther enhance the O3 overbonding. The <T2-O> bond length of
1.498 Å can be compared with those found in other borosili-
cates containing B2O7 groups: 1.483 and 1.490 Å in taramellite
(Mazzi and Rossi 1980), 1.474 Å in danburite (Phillips et al.
1974), and 1.487 and 1.495 Å in hellandite (Oberti et al. 1999).

On the whole, okayamalite shows the smallest mean size of
the tetrahedral layer among the melilite-type structures. As
pointed out by Seifert et al. (1987), geometrical restrictions
exist in terms of the size of the tetrahedral cations with respect
to the size of the interlayer X cations (Ca, Sr, Ba, Y, etc.). The
greater the size of tetrahedra with respect to X-polyhedra, the
bigger the structural strain and the consequent deformation of
the sheet of tetrahedra. Therefore, due to the small size of T1
and T2 tetrahedra, crystal-chemical behavior of okayamalite
approaches that of melilite-type structures where cations larger
than Ca (Sr or Ba) occupy the interlayer interstices. This inter-
pretation is made evident by plotting some structural param-
eters against the T/X ratio, with T/X= [(<T1-O>+2<T2-O>)/
3<X-O>]. In Figure 2, the T1-O3-T2 angles are plotted against
T/X for several melilite-type compounds. Okayamalite shows
a rather high value for the T1-O3-T2 angle (120.73°): as the
relative size of the tetrahedral layer increases, the bending be-
tween pairs of tetrahedra increases to reduce the structural misfit
with the layer made up by X cations. A particularly low value,
in fact, is observed in the structure of Ca2ZnGe2O7 (Armbruster
et al. 1990) where the structural misfit is maximum due to the
large size of Ge that enters T2. As the T/X ratio increases, the
T2 tetrahedron becomes more irregular, as made evident from
the values of angular distortion σ 2

T2 (Fig. 3). The T2 tetrahe-
dron, in fact, shares three edges with three XO8 polyhedra; as
is expected on the basis of Pauling’s rules, the shared edges are
shorter than the unshared ones. As the size of the T2 cation
increases, a preferential lengthening of the unshared edges oc-
curs and consequently the tetrahedral distortion becomes
greater. On the contrary, any substitution of larger cations (e.g.,

TABLE 1. Relevant data of the refinement

okayamalite
space group P4

–
21m

a 7.1248(2) Å
c 4.8177(2) Å
V 244.56(1) Å3

(a) (b) (c)
Rwp 11.41% 35.78% 20.62%
Rp 8.58% 24.70% 15.58%
RF

2 5.87% 35.04% 15.93%
RF 3.69% 21.04% 8.98%
Note: R indexes are reported for the following configurations respec-
tively: (a) [Si]T1 + 2[B]T2; (b) [B]T1 + 2[B0.5Si0.5]T2;  (c) [B0.5Si0.5]T1 + 2[B0.75Si0.25]T2.

TABLE 2. Fractional atomic coordinates and isotropic displacement
parameters, with their e.s.d. values (in parentheses)

Site Position x/a y/b z/c Uiso (Å2)
X(Ca) 4(e) 0.3384(2) 1⁄2 – x 0.5080(4) 0.020(1)
T1(Si) 2(a) 0 0 0 0.019(1)
T2(B) 4(e) 0.1408(4) 1⁄2 – x 0.9470(9) 0.013(2)
O1 2(c) 1⁄2 0 0.1460(2) 0.013(2)
O2 4(e) 0.1424(5) 1⁄2 – x 0.2517(7) 0.013(1)
O3 8(f) 0.0782(4) 0.1777(4) 0.8105(7) 0.013(1)

TABLE 3. Interatomic distances (Å), angles (°), and distortion in-
dexes (λ and σ2) with their e.s.d. values in parentheses

X-O1 2.386(5)
X-O2 2.329(5)
X-O2   ×2 2.460(4)
X-O3  ×2 2.361(4)
X-O3  ×2 2.566(4)

T1-O3 ×4 1.657(1)
λT1 1.0021
σ2

T1  8.03

T2-O1 1.488(1)
T2-O2 1.468(1)
T2-O3 ×2 1.518(1)
λT2 1.0067
σ2

T2 25.68

T1-O3-T2 120.73(2)
T2-O1-T2 144.95(2)
Note: The mean quadratic elongation (λ) and the angle variance (σ2)
were computed according to Robinson et al. (1971).
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