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REFINEMENT OF THE CRYSTAL STRUCTURE OF SWEDENBORGITE
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ABSTRACT

Swedenborgite, (Nay g Cao0s [oo7) Bes Sb O, is hexagonal, unit-cell parameters a 5.4317(2), ¢ 8.8571(4) A, V 226.31(2)
A3, space group P6ymc, Z = 2. The crystal structure was refined to an R index of 1.2% based on 290 unique observed reflections
[|Fo| > 50|F]] collected with a single-crystal diffractometer and MoKa X-radiation. There is one Sh site occupied by Sb®* and
coordinated by an octahedron of O atoms, with a<Sb—O> distance of 1.97 A. There are two Be sites that are each occupied by Be
and coordinated by a tetrahedron of O atoms, with a grand <Be-O> distance of 1.64 A. There is one Na site, coordinated by
twelve O atoms and occupied primarily by Na. The structure consists of layers of corner-sharing (BeOy,) tetrahedra and (SbOg)
octahedrathat link together to form a dense framework. The resulting arrangement consists of (SbOg) octahedra aternating with
[Be4O43] clustersthat are fragments of the bromellite (BeO) structure. Small amounts of Caareincorporated into the structure via
the substitution Ca + [] — 2Na.

Keywords: swedenborgite, crystal structure, electron-microprobe analysis, beryllium mineral.
SOMMAIRE

Laswédenborgite, (Nag.g9 Can 04 1o.07) Bes Sb O, est hexagonale, et ses parameétresréticulaires sont a 5.4317(2), ¢ 8.8571(4)
A, v 226.31(2) A3, groupe spatial P6zmc, Z = 2. Nous en avons affiné |la structure jusqu’ a un résidu R de 1.2% en utilisant 290
réflexions uniques observées [|F,| > 5a|F|] mesurées sur cristal unique avec rayonnement MoKa. Il y aun site Sh, qu’ occupe le
Sb®*, coordonné par un octaédre o atomes d’ oxygéne, avec une longueur moyenne de liaison <Sb-O> de 1.97 A. La structure
possede deux sites Be, qu’ occupent |e Be en coordinence tétraédrique avec I’ oxygene; lalongueur delaliaison <Be-O> (moyenne
globale) est 1.64 A. Elle posséde un site Na, en coordinence avec douze atomes d’ oxygeéne et surtout peuplé d’ atomes de Na. La
structure contient des couches of tétraedres (BeO,) partageant des coins et des octaedres (SbOg), liés ensemble pour former une
trame dense. L’ agencement qui en résulte contient une alternance d' octaedres (SbOg) et d’ agroupements [Be4O13], quel’ ont peut
considérer desfragmentsde lastructure delabromellite (BeO). Defaibles quantités de Casont incorporées danslastructure selon
la substitution Ca + [] — 2Na.

Mots-clés: swédenborgite, structure cristalline, analyse ala microsonde électronique, minéral de béryllium.

INTRODUCTION

Swedenborgite, asodium beryllium antimonite, was
first described by Aminoff (1924). It istransparent, col-
orless to pale yellow, with a hardness of approximately
8 and abasal cleavage. The mineral has been found only
at thetypelocality, Langban, Sweden, whereit isacon-
stituent of skarns, associated with calcite, manga-
nophyllite, bromellite, hematite and richterite. It forms
very pale transparent, honey-yellow hexagonal prisms
in massive calcite. Swedenborgite was first considered
to be an Al-bearing antimonite, but was subsequently
reported to contain Bein tetrahedral coordination, with
the vertices of the BeO,4 group being linked to a [6]-
coordinated Sb®*. Pauling et al. (1935) solved the crys-
tal structure of swedenborgite, and Povarennykh et al.
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(1982) reported its infrared-absorption spectrum. The
current study was done to provide more accurate struc-
tural parameters for swedenborgite.

EXPERIMENTAL

The specimen of swedenborgite used in this work
was obtained from the Royal Ontario Museum. The
crystal used for structure work was ground to a spher-
oid with dimensions 0.17 X 0.17 X 0.19 mm.

X-ray diffraction
The unit-cell dimensions were determined using a

Siemens P4 automated four-circle diffractometer with
a graphite monochromator and a MoK« X-ray source.
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Twenty-five reflections between 25 and 35°26 were
centered, and a constrained hexagonal cell was deter-
mined from the setting angles and refined using the
method of least-squares (Table 1). Single-crystal inten-
sity datawere measured from 4 to 60°20 over the range
to 77 12, with a 26 scan range of 1.1° and scan-speeds
from 2.5 to 29.3°/min. A total of 2478 intensities was
measured over eight octants. Psi-scan data were mea-
sured for 20 reflections out to 60°26 at increments of
5°, and corrected for absorption; we modeled the crys-
tal as atriaxial ellipsoid, which reduced R(azimuthal)
from 1.2t0 0.8%. Intensitieswere corrected for Lorentz,
polarization and background effects, and then reduced
to structure factors; of the 292 unique reflections, 290
were classed as observed (|Fo| > 50|F]).

Chemical analysis

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 conditionsin wavelength-
dispersion mode: excitation voltage: 15 kV, specimen
current: 20 nA, beam size: 5 pm, peak count-time: 20's,
background count-time: 10 s. The following standards
and crystals were used for Ko X-ray lines for the ele-
ments sought: Al: andalusite, TAP; Si: diopside, PET/
TAP; Na: albite, TAP, Ca: diopside, PET; Sb: Sb,0s3,
PET. No other elements were detected in energy-dis-
persion mode. Four points were analyzed, and the mean
chemical composition and unit formula are given in
Table 2; the proportion of BeO was calculated assum-
ing four Be apfu (atoms per formula unit) for seven
anions pfu. The sum of the oxides is somewhat high;
this may be connected with the calculation of the BeO
content (~35 wt.% of the composition) from stoichio-
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(1935). The atom displacements were allowed to refine
anisotropically; an extinction correction was also re-
fined, and the final R index converged to a value of
1.2%. Therefined coordinates and anisotropic-displace-
ment factors are listed in Table 3, and selected inter-
atomic distances are given in Table 4. Observed and
calculated structure-factors may be obtained from the
Depository of Unpublished Data, CISTI, National Re-
search Council of Canada, Ottawa, Ontario K1A 0S2,
Canada.

DESCRIPTION OF THE STRUCTURE

Beryllium minerals with infinite frameworks of
(To4) tetrahedra form seven main groups, based on the
type of linkage (Hawthorne & Huminicki 2001). These
are: (1) structures with (Begs)—(Begy) linkages, (2)
structures with (Begs)—(Ben) linkages, (3) structures
Wwith (Bepa)—(Bewa) | (Ligpa)—(Si¢a4) linkages, (4) struc-

TABLE 1. DATA-COLLECTION INFORMATION FOR SWEDENBORGITE

Space group P6,mc Radiation MoKa/graphite
a(A) 5.4317(2) Total no. of / 2478
c 8.8571(4) No. of |F| 292
V (A 226.31(2) No. of |F,| > 50 290
z 2 R(merge) % 1.8
u (mm™) 6.17 R(obs) % 1.2
wR(obs) % 1.2

R=2(|F|-IF[) 1 Z|Fo
WR = [EW(|F,|=| |/ ZF2]", w = 1/0%(F)

TABLE 2. CHEMICAL COMPOSITION (wt.%) AND
UNIT FORMULA (apfu)* FOR SWEDENBORGITE

metric considerations. Na,O 9.66 Na 0.89
Ca0 0.68 Ca 0.04
STRUCTURE REFINEMENT Sb,05 57.32 z 0.93
BeO ** 35.15
All calculations were done with the SHELXTL z 102,87 sb*  1.01
PC™ Plus (Version 4.2) system of programs; R indices 5 .
are of the form listed in Table 1, and are given as per- hd
centages. The refinement converged to an R index of * calculated based on 7 anions pfu:
2.1% using the atom coordinates of Pauling er al. ** calculated on the basis of stoichiometry.
TABLE 3. ATOMS COORDINATES AND DISPLACEMENT PARAMETERS FOR SWEDENBORGITE
X y Z Ueq Uy Uy, Uss Uy Uy (
Sb 113 2/3 0 0.0033(1)  0.0033(1) 0.0033(1) 0.0032(1) 0 0 0.0017(1)
Na 173 2/3 0.6245(3) 0.0154(6) 0.0154(2) 0.0154(6) 0.0152(10) 0 0 0.0077(4)
Be(1) 0 0 0.0629(9) 0.0038(12) 0.0035(14) 0.0035(14) 0.0044(21) 0 0 0.0017(7)
Be(2) 0.1664(4) 0.8336(4) 0.3126(4) 0.0053(9) 0.0047(10) 0.0047(10) 0.0059(13) -0.0009(7) 0.0009(7) 0.0019(20)
o(1) 0 0 0.3728(5) 0.0045(7) 0.0056(9) 0.0056(9) 0.0056(9) 0 0 0.0028(5)
0(2) 0.4961(3) 0.5039(3) 0.3706(2) 0.0057(5) 0.0046(5) 0.0046(5) 0.0080(7)  0.0023(5) -0.0023(5) 0.0020(6)
O(3) 0.1616(2) 0.8384(2) 0.1269(2) 0.0058(6) 0.0077(7) 0.0077(7) 0.0049(8)  0.0002(4) -0.0002(4) 0.0060(8)
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TABLE 4. SELECTED INTERATOMIC DISTANCES (A) AND ANGLES (°) FOR

SWEDENBORGITE
Sb-0(2)e,g.i X3  1.972(2) O(1)-Be(1)-0(3) x3  110.4(3)
Sb-0(3),c,d X3 1.968(1) 0O(3)-Be(1)-0(3)" x3  108.5(3)
<Sb-0> 1.97
Na-0(2),c,d X3 2.721(3) O(1)-Be(1)-0(2) x2 111.4(2)
Na-O(2)f h,j X3  2.707(3) O(1)-Be(1)-0(3) 107.3(2)
Na-O(3)m,n,0,p,qr x6 2.716(1) 0O(2)-Be(1)-0(2) 108.5(2)
<Na-0> 2.715 0(2)-Be(1)-0(3) x2 109.1(2)
Be(1)-O(1)b 1.684(9) 0(2)-Sh-0(2) X3  89.6(1)
Be-O(3)c,k,! X3 1.622(3) 0(2)-Sh-0(3) x6  89.9(1)
<Be(1)-0> 1.638 0(3)-Sb-0(3) X3 90.6(1)
Be(2)-0(1)a 1.654(2)
Be(2)-0(2)c,d X2  1.635(3)
Be-0(3) 1.645(4)
<Be(2)-0> 1.642

Symmetry operators: a = x, y+1, z; b=x,y, z=%; c=x,-2y,z; d=-2x+1,
y+1,z, e =—x+1, =y, z-%; f=—x+1, -y, z+Vs; g=—x+1, 2y+2, 2=V h=—x+1,
2y+2, z+Ye, 1= 2x+1, =y, 2= j=2x+1, -y, z+Ve k=X, Y, 2, |==2X, Y, Z;

m = —x+1, —y+1, z+¥%; n=—x, -y, z+V%; 0=—x, 2y+1, z+¥s; p=—x+1, 2y+1,
z+Ye;, q = 2x, —y+1, z+%; 1=2x, -y, z+%%.

TABLE 5. BOND-VALENCE TABLE (vu) FOR SWEDENBORGITE

Sb Na Be(1) Be(2) z

o(1) 0.48 0.48°~ 1.88

0(2)  0.92°I 0.08%1 0.50212- 2,09
0.09%!

0@3)  0.93%1 0.09%12.  0.52°1 0.49 212

b2 5.55 1.05 2.04 1.97

* Bond valences calculated using the curves of Brown & Altermatt
(1985).

tures with (Bega)—(Si¢a) linkages, (5) structures with
(Bega)—(Sips)—(Sies)—(Alps) linkages, (6) structures
with (Begs)—(Sies)—(Si¢4) linkages, and (7) structures
with (Begs)—(Po4) linkages. The structure of sweden-
borgite belongsto thefirst group, asitsframework struc-
ture consists of (Begs)—(Begs) linkages. The strongly
bonded (Begs)—(Beps) linkages form the main frame-
work, together with (Sbee) octahedra.

Cation polyhedra

There is one Sb site surrounded by six anionsin an
octahedral arrangement and at an average distance of
1.97 A. This stereochemistry istypical for Sb®*, and the
electroneutrality principle requires that Sb occur in the
pentavalent state. The sum of the bond valences at the
Sb siteisrather high (5.55 vu), but thisis not an unusual
feature of heavy high-valence cations. There aretwo Be
sites, Be(1) and Be(2), both of which are occupied solely
by Be and are surrounded by four anionsin tetrahedral
arrangements, with an average bond-distance of 1.64 A
(Table 4). There is one Na atom surrounded by twelve
anions at an average distance of 2.72 A.
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The oxygen atoms surrounding Sb are O(2), O(3) and
their symmetry equivalents. Thus, each oxygen atom
that is bonded to Sb will receive a bond valence of 5/6
yu from the Sb atom, and will need an additional bond-
valenceof 1 1/6 vu to satisfy the valence-sumrule (Table
5). The oxygen atoms that are bonded to Sb°* obtain an
additional 1 vu from two Be atoms (~0.5 vu each) and
~0.08 vu from each of two [12]-coordinated Na atoms.

Bond topology

The structure of swedenborgite may be described
conveniently in terms of layers of polyhedra. The A
layer (Fig. 1a) consists of alternating (SbOg) octahedra
and (BeQ,) tetrahedra placed at the vertices of a 6° net
and linked by sharing corners. Thus each polyhedron
shares three corners with adjacent polyhedra, leaving
one tetrahedron and three octahedron vertices that are
not linked within this layer. The B layer (Fig. 1b) con-
sists of (BeO,) tetrahedra and vacancies placed at the
vertices of a 3° net. There are two types of rows of tet-
rahedrain thislayer: (1) continuous rows of corner-shar-
ing tetrahedra, and (2) rows in which tetrahedra and
vacancies aternate; these rows alternate within the B
layer. The vacancies in the B layer correspond with the
(ShOg) octahedron of the A layer (Fig. 1b). The A and B
layers alternate in the ¢ direction (Fig. 2). Sequential A
layers (and B layers) are rotated 180° (compare the A
and A' layersin Fig. 2). The resulting structure (Fig. 3)
has large icosahedral interstices that contain Na atoms.

The structure can a so be described as[BesO;13] clus-
ters and (SbOg) octahedra placed at the vertices of a 6°
net, and linked by sharing polyhedron vertices. Signifi-
cant in this description is the fact that the [Be4Os3]
cluster (Fig. 4) is a fragment of the bromellite (BeO)
structure (Wells 1984). Bromellite has the wurtzite
structure and consists of identical layers of corner-shar-
ing (BeO,) tetrahedra that occupy the vertices of a 3°
net. If we remove three Be and one O atoms per unit
cell for such alayer, we obtain the pattern of (BeO,) in
theA layer of swedenborgite. If weremove one Be atom
per unit cell from aBeO layer, we obtain the B layer of
swedenborgite. Addition of Sb> and Na to the inter-
stices of these layers results in the swedenborgite struc-
ture: BegOg—Be,—O + Sb°* + Na— NaBe, Sb® 0.

CHemicAL CoMPOSITION OF SWEDENBORGITE

A genera formulafor swedenborgite can be written
asA T, O B Og, where A = Na, Caand [, T = Be, and
B = Sb%. The cation sum at the Na site in the crystal
examined here is 0.93 apfu (Table 2), indicating a va-
cancy content of 0.07 pfu. This suggests that Caisin-
corporated into the swedenborgite structure via the
substitution Ca+ [] — 2Na.
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a——»

(b)

(ShOe) groups

shaded green circles.

(BeQg) groups are shaded with green hatching,
Na are shown by the dot:

are shaded with red broken lines,

A layer, acorner-sharing array of (ShOg) and { Be(1)O,} tetrahedra, and (b) the B layer,
adense corner-sharing array of { Be(2)O,} tetrahedra, and linking (SbOg) octahedrain

Fic. 1. TheA and B layersin swedenborgite, projected down [001], consisting of (a) the
the underlying A-layer;
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swedenborgite; legend asin Figure 1.

Fic. 4. Oblique view of the [BesOy3] cluster in
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Fic. 3. The structure of swedenborgite projected down [001]; legend asin Figure 1.
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