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ABSTRACT

The structural behavior of danalite, ideally Feg[BesSigO24]S,. at atmospheric pressurc and from 33 to 1035°C on heating, was
determined by using in siru synchrotron X-ray powder-diffraction data (A = 0.92249 A) and Rietveld refinement. The sample was
heated at a rate of about 9.5°C/min., and X-ray traces were collected at about 18°C intervals. The unit-cell parameter for danalite
increases linearly to 1035°C. The percent change in volume between 33 and 1035°C is 1.6(1)%. Other structural parameters show
an abrupt change at about 926°C. Between 33 and 926°C, the Be—-O and Si—O distances are nearly constant. Between 926 and
1035°C, the Be-O bond length decreases, whereas the Si—O bond distance increases, but the changes are small. From 33 to
926°C, the Be—O-Si angle increases by 1.12(3)°, and the total increase up to 1035°C is 1.21(3)°. Simultaneously, between 33 and
926°C, both the angles of rotation of the BeOy (¢g.) and SiO; (@s;) tetrahedra decrease by about 0.71°, respectively. From 926 to
1035°C. both @pe and @g; increase by about 0.23°. The Fe—S bond length increases by 0.023(1) A from 33 to 926°C, and by
0.007(1) A from 926 to 1035°C. The Fe-O bond distance increases by 0.024(1) A from 33 to 926°C, and decreases by 0.001(1)
A from 926 to 1035°C. Large displacement-parameters occur for the Fe and S atoms, and as the Fe=S bond expands with tempera-
ture, the Fe atoms move toward the plane of the six-membered rings in the framework, which causes the tetrahedra to rotate

“slightly and results in the expansion of the structure. The abrupt change in structural parameters probably occurs because of the
oxidation of Fe?* (and minor Mn>*) cations beyond 771°C, and the loss of S»(g) beyond 1029°C.

Keywords: danalite, high-temperature structure, synchrotron radiation, Rietveld refinements.
SOMMAIRE

Nous avons étudié le comportement structural de la danalite, de composition idéale Feg[BesSi0241S,, a pression
atmosphérique lors d’un chauffage de 33 4 1035°C, en utilisant des données de diffraction X sur poudres générées in situ avec
rayonnement synchrotron (A = 0.92249 A) et traitées par affinement de Rietveld. L’échantillon a été chauffé a un taux d’environ
9.5°C/min., et les tracés des spectres ont €té prélevés a des intervalles de 18°C environ. Le parameétre réticulaire de la danalite
augmente de fagon linéaire jusqu’a 1035°C. Le taux de changement de son volume entre 33 et 1035°C est 1.6(1)%. Les autres
parametres structuraux font preuve d’un changement abrupt a environ 926°C. Entre 33 et 926°C, les distances Be-O et Si-O
demeurent presque constantes. Entre 926 et 1035°C, la longueur de la liaison Be—O diminue, tandis que celle de la liaison Si-O
augmente, mais les changements sont faibles. Entre 33 et 926°C, I’angle Be—~O-Si augmente de 1.12(3)°, et I"augmentation totale
jusqu’a 1035°C est 1.21(3)°. En méme temps, entre 33 et 926°C, les angles de rotation des tétracdres BeOy (¢pe) et SiOy (¢s3)
diminuent d’environ 0.71°, respectivement. Entre 926 et 1035°C, g, et @si augmentent d’environ (.23°. La liaison Fe-S augmente
en Ionoueul de 0.023(1) A entre 33 et 926°C. et de 0. 007(1) A entre 926 ct 1035°C. La liaison Fe—O augmente en longueur de
0.024(1) A entre 33 et 926°C, et diminue de 0.001(1) A entre 926 et 1035°C. Les coefficients de déplacement des atomes Fe et
S sont importants, et la laison Fe-S sallonge avec la température, les atomes de Fe se rapprochant progressivement du plan des
anneaux a six membres dans la trame. ce qui causc une légére rotation des tétraédres, et meéne & une expansion de la structure. Le
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changement abrupt des parametres structuraux a probablement lieu a cause de 1’oxydation des cations Fe?* (et, en quantité
moindre, Mn>*) au dela de 771°C, et 1a perte de S,(g) au dela de 1029°C.

(Traduit par la Rédaction)

Mots-clés: danalite, structure a température €levée, rayonnement synchrotron, affinement de Rietveld.

INTRODUCTION

Danalite belongs to the helvite group of minerals,
(Mn,Fe,Zn)g[BegSigO24]S,, and is the Fe-rich member.
Barth (1926) and Gottfried (1927) determined the space
group of helvite, and Pauling (1930) determined its
structure. The structure of helvite was subsequently re-
fined by Holloway et al. (1972). Dunn (1976) chemi-
cally analyzed helvite-group minerals, including
danalite, from numerous localities. Danalite was the
only end-member of the helvite group that could not be
synthesized by Mel’nikov et al. (1968). The room-tem-
perature structure of danalite (space group P43n), ide-
ally Feg[BegSig024]S,, was refined by Hassan & Grundy
(1985).

The structure of danalite has not been previously
studied at high temperature. The present study was car-
ried out to determine the structural behavior of danalite
to 1035°C using in situ synchrotron X-ray powder-dif-

FiG. 1.

Projection of the structure of danalite down [001]
showing the lower half of the unit cell. The Be and Si tetra-
hedra alternate in the rings, and the angles of rotation of
these tetrahedra are indicated by ¢g. and ¢g;, which also
serve to identity the 7Oy tetrahedra. The S atom is shown
as large circles, and the Fe* cations as smaller circles.

fraction data and Rietveld refinement of the structure.
The thermal expansion of danalite is also discussed in
terms of the observed structural changes and the geo-
metrical model of Hassan & Grundy (1984). The results
for danalite are compared to those for sodalite (Hassan
et al. 2004).

BACKGROUND INFORMATION

The helvite-group minerals are isotypic with so-
dalite, Nag[AlgSigO24]Cly. The framework structure is
characterized by four-membered rings in the faces of
the unit cell, and these rings are linked to form six-mem-
bered rings about the corners of the unit cell (Fig. 1).
The Si and Be atoms alternate in these rings, as they are
ordered. The sodalite or B-cage (using zeolite nomen-
clature) in danalite encloses [Fe4*S]®* clusters. The S
atoms are at the corners and center of the unit cell, and
the Fe atoms are on the threefold axes adjacent to the
six-membered rings. The S atom is tetrahedrally coor-
dinated by four Fe atoms, whereas the Fe atom is in
fourfold coordination, surrounded by one S atom and
three framework O atoms. The [Fe;*S]1* clusters in
danalite are highly charged (i.e., 6+ valence units), so
they have smaller sizes compared to the [NayeCl]** clus-
ters in sodalite and tugtupite (Hassan & Grundy 1985,
1991). In addition, danalite contains Be?* instead of the
larger A3 cations in sodalite (“1Be: r=0.27 A; Al
=0.39 /o\; Shannon 1976), so the danalite framework is
in a highly collapsed state compared to that of sodalite.

EXPERIMENTAL METHODS

The sample of danalite used in this study is from the
Mt. Francisco granitic pegmatite, Ribawa area, West-
ern Australia (ROM # M37261), and is the same as that
studied by Hassan & Grundy (1985). A chemical analy-
sis of the sample gave the following chemical formula:
(Mny oFe; sZng 6)[Bes. 15158014152 ) (Hassan & Grundy
1985). The crystals of danalite were hand-picked and
crushed to a powder using an agate mortar and pestle.
High-temperature synchrotron X-ray powder-ditfraction
experiments were performed at beam-line X7B of the
National Synchrotron Light Source at Brookhaven Na-
tional Laboratory. The sample was loaded in a quartz
capillary (0.5 mm in diameter, open to air at one end)
and was oscillated during the experiment over an angle
of 20°. The high-temperature X-ray-diffraction data
were collected by using in situ synchrotron radiation (A
=0.92249 /O\) at room pressure and from 33 to 1035°C.
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Elevated temperatures were obtained using a horseshoe-
shaped heater and controlled using a thermocouple ele-
ment near the capillary. Data were collected at a rate of
about 9.5°C/min. The X-ray-diffraction data were col-
lected at regular intervals of about 18°C. The data were
collected to a maximum 26 of about 50° [(sin0/\) < 0.46
A7'l. An imaging plate (IP) detector (Mar345, 2300 X
2300 pixels) mounted perpendicular to the beam path
was used to collect full Debye—Scherrer rings with an
exposure time of 20 s. Prior to running the sample, a
separate experiment using a LaB,, standard was used to
determine the sample-to-detector distance, tilt angle,
wavelength, and tilting angle of the IP. The diffraction
patterns recorded on the IP were integrated using the
Fit2d program (Hammersley 1996).

RIETVELD REFINEMENTS OF THE STRUCTURE

Of the numerous powder-diffraction patterns col-
lected, twenty-one datasets where chosen at regular in-
tervals for treatment with the Rietveld method, GSAS,
and EXPGUI programs (Larson & Von Dreele 2000,
Toby 2001). For the room-temperature structure, the
starting atomic coordinates, cell parameters,_isotropic
displacement parameters, and space group, P43n, were
those of Hassan & Grundy (1985). The refined coordi-
nates of the atoms were then used as input for the next
higher-temperature structure. Initially, the idealized
chemical formula for danalite was used to constrain the
site occupancies in the refinement. The refinement of
the site-occupancy factors (sof) for the Fe and S atoms
indicate this formula to be appropriate. The refined sof
for the interstitial cations in terms of Fe and S atoms
[Fe = 0.983(6) and S = 0.918(9) at 33°C] indicate that
the Fe site contains Mn?* cations, and the sof for S is
underestimated, when compared with the results of the
chemical analysis. For the same sample, Hassan &
Grundy (1985) found that the sof in terms of Fe is
1.06(1), and they set the sof for S to be 1.0 in their struc-
ture refinement. It should be noted that the sof for the
Fe site is within 30, so this may indicate that the Fe site
is fully occupied. In this study, we are interested in
changes in the site-occupancy factors of both Fe and S
as a function of temperature, so both sof were introduced
as variables and refined.

In the initial stage, the background was fitted by
using the Chebyschev analytical function with 24 coet-
ficients. and the profiles were fitted using the pseudo-
Voigt function and an asymmetry correction term (GV,
GW, and asym). The zero-shift was set to zero at all
temperatures. A full-matrix least-squares refinement
varying a scale factor, a cell parameter, atom coordi-
nates, and isotropic displacement parameters converged
quickly. Isotropic displacement parameters were used
for all the atoms in danalite. Using decreasing weights,
soft constraints were used for the 7-O distances, as we
do not expect them to vary with temperature. Because
of these constraints, their contribution to x> was about
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0.0636 (that is, about 6%) at different temperatures. Fi-
nally, the background (24 terms), profile parameters
(three terms), a scale factor, and structural parameters
(12 variables) were also allowed to vary, and the refine-
ment proceeded to convergence. The number of vari-
ables was 40 at the end of the refinement, and the
number of observed reflections was 51. The number of
observations (data points) was about 2115. The struc-
tures refined well at all temperatures. Synchrotron pow-
der X-ray-diffraction patterns are shown in Figure 2, as
examples. The cell parameters and the Rietveld struc-
ture refinement statistics at various temperatures are
listed in Table 1. The coordinates and isotropic displace-
ment parameters of the atoms are given in Table 2, and
selected bond-distances and angles are listed in Table 3.

RESULTS AND DiscussION
Cell parameter

The a cell parameter increases linearly with tempera-
ture without abrupt changes or discontinuities to 1035°C
(Fig. 3). The unit-cell parameter for danalite at 33°C
obtained in this study [Table 1; a = 8.23264(5) Alis
slightly different from that obtained at 20°C by Hassan
& Grundy (1985: ¢ = 8.2317(9) A. The a parameter
expansion is given by the least-squares fit: ¢ = 8.2307 +

TABLE 1. DANALITE: RIETVELD REFINEMENT* AND
UNIT-CELL PARAMETER AT VARIOUS TEMPERATURES

TCC) a(d) R, R, Exp.R, R’ ¥
SC208 8.2317(9)

33 823264(5) 00146 00209 00218 00322 09318
124 8.23606(3) 0.0144 00208 00218 00343  0.9270
142 823652(5) 0.0141 00205 00219  0.0338  0.9000
197 823996(5) 00141 00203 00220 00344  0.8679
252 8.24186(6) 0.0144 00206 00220 00357  0.8894
306 824408(6) 00139 00199  0.0221  0.0345 08270
343 824642(6) 00139 00199 00222 00361 0819
397 824837(6) 0.0142 00203  0.0223 00380  0.8399
452 825116(6) 00140 00201 00224  0.0385  0.8202
507 825392(6) 0.0132 00190 00224  0.0350  0.7309
543 8.25445(6) 0.0135 00192 00225 00369  0.7416
598 825766(6) 0.0131 00188 00226 00354  0.7076
652 826009(6) 0.0134 00191 00227 00373  0.7232
707 826256(6) 00130 00188 00228  0.0364  0.6924
744 8.26341(6) 0.0130 00188 00229 00371  0.6876
798 826655(6) 00128 00185 00230 00372 06587
853 8.26863(6) 0.0132 00187 00230 00382  0.6685
907 827146(6)  0.0129 00185 00231 00388  0.6499
944 827338(6) 0.0131 00188 00232 00382  0.6704
999 827569(7) 00137 00195 00233 00415 07213
1035 827725(7) 00143 00201 00234 00413 07585

* R, = pattern R factor = {Z[(I, — 1)|] / Z1,; R,, = weighted pattern R factor =
{Z{wl, - 1)’} / DiwF,]}"?, where I, = observed intensity, I, = calculated intensity,
andw=1/1,; R and R, arethe fitted values obtained without background subtraction;
Exp R,, =expected valuc of R, = R,. R;>=R-structure factor based on observed and
calculated structure-amplitudes = {Z|(#,” - F,'%)|1/ ZF,' =R,/ R ], where
R, [(N-PY (Zwi }H]'?, where N is the number of observations (data points = 1945)
and P is the number of variables |a scale factor, background (24), profile (3), and
structural parameters (12); total = 40]; N, = number of observed reflections = 51.
$SC20 refers to single-crystal data at 20°C from Hassan & Grundy (1985) inall tables.
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FiG. 2. Synchrotron X-ray powder-diffraction pattern for danalite at 33 and 1035°C, to-

gether with the calculated and difference plot from Rietveld refinement. The similarity
between the patterns indicates no change in space group.

4.4906 X 107°T. The coefticient of linear thermal ex-
pansion, o, = (da/dT)(1/a), calculated from the above
equation, varies between 5.455 X 107°°C~" at 33°C and
5.425 X 107° °C~! at 1035°C. In sodalite, o, varies be-
tween 1.134 X 1077 °C ' at 28°C and 2.134 X 107 °C!
at 982°C (Hassan et al. 2004). The volume expansion
in danalite is given by the least-squares fit: V =557.5692
+9.1807 X 1073T. The coefficient of volume thermal
expansion, ay = (dV/dT)(1/V) varies between 1.645 X
107 °C' at 33°C and 1.619 X 107 °C' at 1035°C. In
sodalite, oy varies between 3.375 X 1073 °C! at 28°C
and 6.374 X 107 °C! at 982°C (Hassan et al. 2004).
The percent volume change between 33 and 1035°C is
1.6(1)% in danalite compared to 4.8(2)% in sodalite
between 28 and 982°C. The volume change in danalite
is much smaller than in sodalite because of the highly
charged [Fe,*S1%* clusters in danalite compared to

[NaseCl1)** in sodalite. Unlike sodalite, the clusters in
danalite bond strongly to the framework O atoms, which
resist thermal expansion. In addition, the smaller Be
atoms in danalite take the place of the larger Al atoms
in sodalite. Consequently, danalite is in a more highly
collapsed state (e.g., ¢si = 32.11° at 33°C) compared to
sodalite (gs; = 23.6° at 28°C).

STRUCTURE OF DANALITE

The general structural features of danalite have been
described and the structure obtained at 33°C (Fig. 1) is
similar to that obtained by Hassan & Grundy (1985). At
33°C, the Be—O and Si-O distances are 1.6359(2) and
1.6293(3) A, respectively, compared to 1.636(4) and
1.629(4) A obtained at 20°C by Hassan & Grundy
(1985). The Be and Si atoms are fully ordered, so they
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TABLE 2. POSITIONAL AND ISOTROPIC DISPLACEMENT PARAMETERS (U = 100 A?)
AT VARIOUS TEMPERATURES FOR DANALITE

Atom¥/T°C  SC20 33 124 142 197 252 306 343 397 452 507

Be U 0.65(21)  1.38(25)  1.57(25)  1.50(25)  1.52(25)  1.64(26)  1.67(25)  1.75(25) 1.70(26)  2.03(27)  1.86(25)

Si U 032(3)  1.88(8)  2.09(9)  2.10(8)  2.19(9)  226(9)  2.30(9)  2.38(9)  2.44(9)  2.56(9)  2.55(9)

O x 013954 0.13936(3) 0.13933(3) 0.13948(3) 0.13947(3) 0.13935(3) 0.13939(3) 0.13947(3) 0.13936(3) 0.13946(3) 0.13971(3)
¥ 0.1401(5)  0.13998(3) 0.13995(3) 0.14012(3) 0.14011(3) 0.13998(3) 0.14002(3) 0.14010(3) 0.13999(3) 0.14009(3) 0.14035(3)
z 0.4126(3) 0.41256(4) 0.41274(4) 0.41282(4) 0.41300(4) 0.41306(4) 0.41320(4) 0.41335(4) 0.41342(4) 0.41361(4) 0.41385(4)
U 066(7)  L71(8)  2.05(8)  2.05(8)  2.18(8)  228(8)  236(8)  2.51(8)  2.58(8)  2.68(8)  2.70(8)

Fe x  0.1693(1) 0.16976(6) 0.16992(6) 0.16989(6) 0.16997(6) 0.17003(6) 0.17006(6) 0.17012(6) 0.17017(7) 0.17024(7) 0.17022(6)
U 069Q) 0603)  086(3) 0.893) 1.083) 121(3)  1353) 141(3)  1.583)  1713)  1.89(3)
sof 1.06(1)  0983(6) 0981(6) 0.9796) 0.980(6) 0.981(6) 0.983(5) 0.9796) 0.981(6) 0.981(6) 0.985(5)

S U LOXT  1.83(14)  2.05(15)  2.19(15)  2.41(15) 2.60(15) 2.73(15) 2.87(16) 3.10(16) 3.31(16)  3.60(16)
sof 1.0 0.918(9)  0920(9) 0.922(9) 0926(9) 0.928(9) 0930(9) 0.929(9) 09339 0.9379)  0.947(9)

Atom¥/T°C 543 598 652 707 744 798 853 907 944 967 1035

Be U 1.84(25)  1.86(25)  2.09(26) 22126y 231(26) 2.25(26) 23126) 2.36(26) 24727y  2.59(29)  2.69(30)

Si U 256(9) 2.629)  2.69(9) 26909  2799) 2879  283(9)  290(9)  2.99%9)  2.8510) 2.73(10)

o x 0.13965(3) 0.13970(3) 0.13951(3) 0.13954(3) 0.13970(3) 0.13971(3) 0.13960(3) 0.13964(3) 0.13955(3) 0.13894(3) 0.13858(3)
y  0.14028(3) 0.14034(3) 0.14015(3) 0.14017(2) 0.14033(2) 0.14035(2) 0.14023(2) 0.14028(2) 0.14018(2) 0.13954(3) 0.13916(3)
z 0.41385(4) 0.41405(4) 0.41412(4) 0.41426(4) 0.41436(4) 0.41454(3) 0.41461(3) 0.41478(3) 0.41485(3) 0.41475(4) 0.41470(4)
U 2758)  2878)  296(8)  3.018)  3.098)  325(8) 3258  3.36(8)  3.40(9) 3239  3.08(9)

Fe «x 0.17023(6) 0.17022¢6) 0.17031(7) 0.17032(7) 0.17033(7) 0.17039%(7) 0.17044(7) 0.17044(7) 0.17050(7) 0.17076(7) 0.17093(7)
U 1.88(3) 2.09(3) 2.15(3) 2.33(3) 2.38(3) 2.53(3) 2.58(3) 2.74(3) 2.82(3) 3.05(4) 3.21(4)
sof 0985(3) 0.985(5) 0.9855) 0.988(5) 0.986(5) 0.984(5) 0987(5) 0.986(5) 0986(6) 1.011(6)  1.029(6)

S U 351(16) 3.82(16) 3.84(17)  4.06(17) 406(17) 4.18(17) 422(17) 444(17) 466(18) 422(19)  4.01(19)
sof  0.942(9)  0.947(9)  0.944(9)  0.951(9)  0.951(9) 0.949(9) 0.950(9) 0.952(9) 0.957(10) 0.943(10) 0.934(10)

¢ Siisat (%, %, 0), Beisat (4, 0, ), Fe is at (x, x, x), and S is at (0, 0, 0).

8.28
alternate over the available site in the framework of tet- E a =8.2307 + 4.4906 x 10T
rahedra. E R?=0.9994
The four identical Be—O bonds have similar lengths 827 1

to the four identical Si—O bonds (Table 3). The varia- E

tion of the 7-O distances shown (Fig. 4a) reveals an E

abrupt change at 926°C (this temperature is chosen mid- . 8-26 ‘E

way between 907 and 944°C), so the data are best de- °$ F

scribed as two groups. For convenience, in all S 3

calculations, the value at 944°C was used for the value 825 ¢

at 926°C, as there is no value at 926°C. Between 33 and E

926°C, the Be-O and Si—O distances are almost con- E

stant. Between 926 and 1035°C, the Be-O bond length 824 ¢

decreases, whereas the Si—O bond length increases, but F

the changes are small. In sodalite, between 28 and b

982°C, the Si—O and Al-O distances are constant 8.23 b e

(Hassan er al. 2004). 0 200 400 600 800 1000

The variation of the angles in the 7O, tetrahedron is T (°C)
shown in Figure 5. The smaller O-T-O angles vary
opposite to the larger O*~T-O% angles (Figs. 5a, b).  Fic.3. The a unit-cell parameter increases linearly with tem-

Atoms O and O* are framework oxygen atoms related
by symmetry. From 33 to 926°C, the Be-O-Si angle
increases from 126.11(2) to 127.22(2)° by 1.12(3)°, and
from 926 to 1035°C, this angle increases to 127.32(2)°,
for a total change ot 1.21(3)° (Fig. 5¢). In sodalite, from
28 to 982°C, the Al-O-Si bridging angle increases by

perature. The least-squares fit to the data is given as an in-
sert. Error bars are smaller than the symbols. Single-crystal
data at 20°C from Hassan & Grundy (1985) are included in
all graphs for comparison. They are shown in “opposite”
symbols to the present data. Here, the data point is shown
as an open square instead of a solid square. and is similarly
illustrated in the other graphs.
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TABLE 3. BOND DISTANCES (A) AND ANGLES (°) IN DANALITE AT VARIOUS TEMPERATURES

T(C) SC20 33 124 142 197 252 306 343 397 452 507
Be- O 4% 1.634(4) 1.6359(2) 1.6358(2) 1.6359(2) 1.6359(2) 1.6359(2) 1.6359(2) 1.6359(2) 1.6359(2) 1.6360(2) 1.6360(2)
0-Be-0O 4x 108.1(2) 108.06(1) 108.09(1) 108.04(1) 108.06(1) 108.11(1) 108.10(1) 108.08(1) 108.13(1) 108.11(1) 108.04(1)
2x 112.2(2) 11233(2) 112.27Q2) 112.38(2) 112.34(2) 11224(2) 11224(2) 112.28(2) 112.18(2) 11223(2) 112.38(2)
Si-0 4x 1.629(4) 1.6293(3) 1.6294(3) 1.6293(3) 1.6293(3) 1.6294(3) 1.6293(3) 1.6293(3) 1.6293(3) 1.6293(3) 1.6293(3)
0-Si-0 4x 107.92) 108.00(1) 108.03(1) 107.97(1) 107.99(1) 108.04(1) 108.04(1) 108.02(1) 108.07(1) 108.05(1) 107.97(1)
2x 112.6(2) 11246(2) 112.40(2) 11251(2) 112.47(1) 11237(2) 112.37(2) 112.412)  11231(2) 112.36(2) 112.51(1)
Be-0-Si 126.5(2) 126.11(2) 12620(2) 12622(2) 12631(2) 12636(2) 126.42(2) 12648(2) 126.54(2) 12661(2) 126.69(2)
$®p, 3196 31.99 3194  31.89 3184  31.84  31.80 31.74 31.74 31.66 31.54
@5, 3207 3211 3206 3200 3196 3196 3191 31.85 31.85 3178 31.66
Fe-0 3x 2.033(3) 2.0294(5) 2.0308(5) 2.0314(5) 2.0333(5) 2.0340(5) 2.0355(5) 2.0367(5)  2.0377(5) 2.0393(5) 2.0415(5)
Fe-S 2.4132(4) 2.4207(9) 2.4239(9) 2.4236(9) 2.4258(9) 2.4273(9) 2.4283(9) 2.4299(9) 2.4311(9) 2.4330(9) 2.4335(9)
TC) 543 598 652 707 744 798 853 907 944 967 1035
Be-0O 4% 1.6360(2) 1.6360(2) 1.6360(2) 1.6360(2) 1.6360(2) 1.6360(2) 1.6360(2) 1.6360(2) 1.6360(2) 1.6360(2) 1.6360(2)
O-Be—-0O 4x 108.06(1) 108.06(1) 108.13(1) 108.13(1) 108.09(1) 108.10(1) 108.14(1) 108.14(1) 108.18(1) 108.40(1) 108.53(1)
2 112.33(2) 112.34(2) 112.18(2) 112.18(2) 112.28(2) 11226(2) 112.17(2) 112.17(2)  112.092) 111.63(2) 111.36(2)
Si-0 4x 1.6293(3) 1.6293(3) 1.6293(3) 1.6293(3) 1.6293(3) 1.6293(3) 1.6293(3) 1.6293(3) 1.6294(3) 1.6296(3) 1.6297(3)
0-Si-0  4x 108.00(1) 108.00(1) 108.07(1) 108.07(1) 108.02(1) 108.03(1) 108.08(1) 108.08(1) 108.12(1) 108.34(1) 108.48(1)
2x 112.46(2) 11247(1) 112.31(1) 112.31(1) 112.41(1) 11239(1) 11230(1) 112.30¢1)  11222(1) 111.75(1) 111.48(2)
Be-O-Si 126.71(2) 126.79(2) 126.86(2) 126.93(2) 126.95(2) 127.04(2) 127.092) 127.173(17) 127.22(2) 127.28(2) 127.32(2)
Qe 3155 3148 3150 3145 3140 3134 3134 3128 3128 3142 31.51
0, 31.67 3160 3162 3157 3151 3145 3145 31.39 31.39 31.53 31.61
Fe-O 3x 2.0418(5) 2.0441(5) 2.0451(5) 2.0467(5) 2.0474(5) 2.0492(5) 2.0503(5) 2.0523(5) 2.0532(5) 2.0526(5) 2.0523(5)
Fe-S 24338(9) 2.4347(9) 2.4366(G) 2.4376(9) 2.4379(9) 2.4397(9) 2.4409(10) 2.4419(10) 2.4432(10) 2.4476(10) 2.4506(11)

+ No errors are given for the ¢ angles because they were computed from geometry.

5.06(2)° (Hassan et al. 2004). The abrupt change in the
structural parameters at 926°C may be explained by
oxidation of Fe?* cations and incorporation of O atoms
into the structure. Danalite undergoes an oxidation of
the Fe?* (and minor Mn>*) cations to the trivalent state
beyond 771°C, which is accompanied by a weight gain
from the incorporated O atoms, and begins to lose S»(g)
beyond 1029°C, and this is accompanied by a weight
loss of S»(g). Danalite melts at 1274°C, and undergoes
another oxidation event of Mn** to Mn** cations beyond
1298°C (Antao & Hassan 2002).

CAGE CLUSTERS

The B-cages enclose [Fes*S1°* clusters that expand
with temperature. The orientation of these clusters is
fixed by Fe-O bonds to the framework oxygen atoms.
The Fe-S bond length increases by 0.023(1) A from 33
to 926°C, and by 0.007(1) A from 926 to 1035°C
(Fig. 4c). The Fe—O bond distance increases by 0.024(1)
A from 33 to 926°C, and decreases by 0.0009(7) A from
926 to 1035°C (Fig. 4b). This slight decrease in the Fe—
O bond may occur because of oxidation of the Fe’* (and
minor Mn>*) cations to the Fe?* (and Mn?*) state and
the incorporation of O atoms in the structure (Antao &

Hassan 2002). In sodalite, from 28 to 982°C, the
[Nay*CI]** clusters expand with increases of the Na—Cl
bond length by 0.182(4) A, and corresponding increases
of the short Na—O bond lengths by 0.093(2) A, and de-
creases in the longer Na—O* distances by 0.108(1) A
(Hassan et al. 2004).

IsoTropPiC DISPLACEMENT PARAMETERS

The variation of the isotropic displacement param-
eters, U, for the atoms in danalite is displayed in Figure
6a. At 33°C, the U values for the atoms are observed in
the following order: U(Fe) < U(Be) < U(O) < U(S) <
U(S1). The U for the framework atoms increase only
slightly with temperature, whereas the U for Fe atoms,
and S atoms in particular, increase considerably with
temperature. The U for the S, O, Be and Si atoms de-
crease beyond 926°C, whereas that for the Fe atoms
increases. In sodalite, the U values for the interstitial
atoms (Na and CI) increase much more with tempera-
ture, compared to the interstitial atoms (Fe and S) in
danalite. This is because of the stronger bonds in the
[Fe4*S1°* clusters in danalite compared to the [Nay*Cl1)**
clusters in sodalite; also, the Fe atom is heavier than the
Na atom.
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Site-Occupancy FacTors FOR FE AND S ATOMS

The values for the site-occupancy factors for Fe are
within 30 of 1.0, indicating that this site may be fully
occupied, especially if the errors are underestimated
(Table 2). A similar reasoning may be used to indicate
that the S site may also be fully occupied. Therefore,
the sof values for these sites may be set as fully occu-
pied and not retined. In fact, a few structures at differ-
ent temperatures were refined with fully occupied sites,
and the trends we observed for bond lengths and angles
were still present. However, we are interested in the sof
values for the Fe and S sites to check for any systematic
trends that may shed some light on the oxidation pro-
cess that occurs in danalite as it is heated.

w

U (x 100 A%
[ %]
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/
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F1G. 6. (a) Variation of the isotropic displacement parameters,
U, with temperature. The U values for S increase signifi-
cantly with temperature. (b) Variation of the sof values tor
the Fe and S atoms with temperature. The sof values dis-
play an abrupt change at 926°C.
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Figure 6b displays the variation of the site-occu-
pancy factor for the Fe atom. The sof for Fe remains
nearly constant until 926°C, and increases slightly be-
yond that temperature. The sof values are usually corre-
lated with displacement parameters, so these trends may
not be realistic. The increase in the sof of the S site prob-
ably indicates the incorporation of O atoms in the struc-
ture as the Fe?* (and minor Mn?*) atoms are oxidized.
This increase may also indicate positional disorder of
the S and incorporated O atoms. Positional disorder may
also occur on the Fe site if it contains Fe’* and Fe™*
cations, and may not reflect a true increase in the sof for
the Fe site. The sof for Fe was nearly constant until
926°C, and we do not expect a sudden increase at higher
temperatures. The oxidation of Fe?* in danalite is ac-
companied by a weight gain of 4.0% between 771 and
1029°C (Antao & Hassan 2002). Decrease in the sof for
the S site above 926°C probably occurs because of the
loss of Sy(g). However, the loss of S>(g) in danalite was
observed between 1029 and 1298°C (5.7% weight loss;
Antao & Hassan 2002).

The results from this study and that of the thermal
analyses agree with each other only in general terms
because the temperatures at which significant events
occur do differ. This difference in temperature may arise
because of different experimental techniques using dif-
ferent rates of heating, sample sizes, and sample envi-
ronments. In the thermal-analysis study, the loss of Sx(g)
in danalite was observed between 1029 and 1298°C, and
in the present study, the decrease in the sof for the S site
occurs between 926 and 1035°C, where the Fe—O bond
length shows a small decrease. Oxidation of Fe** in
danalite is accompanied by a weight gain of 4.0% be-
tween 771 and 1029°C because of incorporation of O
atoms into the structure. In the present study, we ob-
serve an increase in the sof of S from 33 to 926°C. The
concurrent effect of thermal expansion and resulting
effect of larger thermal-displacement parameters of the
atoms may mask the true sof value for the Fe and S at-
oms. Nevertheless, the results from the two studies are
consistent in general terms.

THE MECHANISM OF THERMAL
ExpANSION IN DANALITE

When the geometrical model for the thermal expan-
sion of sodalite (Hassan & Grundy 1984) is combined
with the thermal analyses of danalite (Antao & Hassan
2002) and the present results, there results a complete
description of the thermal behavior of danalite. In the
thermal expansion of danalite, the Fe—S bond expands,
which is also indicated by large displacement-param-
eters for the Fe and S atoms, and this expansion forces
the Fe atom toward the plane of the six-membered ring,
which causes the framework tetrahedra to rotate. The
BeOy and SiOy tetrahedra rotate by angles @g. and gg;,
respectively (Fig. 1). These rotational angles are calcu-
lated at different temperatures using equation 8 of
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Hassan & Grundy (1984), and their variations with tem-
perature are shown (Fig. 7a). Between 33 and 926°C,
¢re and ¢s; decrease by about 0.71°. From 926 to
1035°C, ¢p. and o@g; increase by about 0.23°. In addi-
tion, the framework 704 tetrahedra, especially bond
angles, change slightly with temperature.

In sodalite, between 28 and 982°C, the angle of ro-
tation of the AlO4 tetrahedron, @4, changes from 22.1
to 16.9° by 5.2°, whereas the angle of rotation of the
SiO4 tetrahedron, @s;, changes from 23.6 to 18.0° by
5.6°. Therefore, with the larger rotations in sodalite, a
higher percentage of expansion is observed in sodalite
compared to that in danalite, despite the fact that danalite
is in a more collapsed state than sodalite.
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FiG. 7. (a) Variation of the angle of rotation, ¢g. and gg;, of

the BeOy4 and SiOy, tetrahedra, respectively, with tempera-
ture (Fig. 1). (b) Variation of the atom coordinate of Fe,
xpe, With a. All values display an abrupt change at 926°C.
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As the Fe—S bonds expand, the Fe atoms move along
<111> toward the plane of the six-membered rings. The
change of the Fe coordinate, xp., with the a cell param-
eter for danalite is given (Fig. 7b). With increasing value
of the a parameter, xp. increases smoothly to 926°C,
then it increases sharply to 1035°C. If the Fe atom
reaches (Y, Y, ), then it is midway between two S
atoms and approximately in the plane of the six-mem-
bered ring. The S would then be eight-fold coordinated
by eight Fe atoms, and the Fe atom eight-fold coordi-
nated by two S and six framework O atoms, causing the
rate of expansion to decrease. In danalite, melting oc-
curs before the Fe atom reaches (Y4, %, %). The maxi-
mum value for xg. [= 0.17093(7)] occurs at the
maximum temperature of 1035°C. A comparison of the
coordination of the Fe atom and its location with respect
to a six-membered ring is shown in Figure 8 for the
structures at 33 and 1035°C.

Fic. 8.

Comparison of the Fe coordination in danalite at (a)
33°C and (b) 1035°C. The displacement parameters are
shown to scale at the 50% probability level. A six-
membered ring also is shown. The O* atoms do not form
typical Fe~O* bonds, as they are too long.
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In this study, synchrotron X-ray powder-diffraction
data are combined with thermal data (DTA/TG) to ob-
tain a complete description of the thermal behavior of
danalite. The framework in danalite is in a highly col-
lapsed state compared to that in sodalite. In danalite,
thermal expansion occurs mainly by expansion of the
[FeqoS]16* clusters, which causes the framework tetrahe-
dra to rotate slightly. The small change in the angles of
rotation of the tetrahedra is reflected by a slight increase
in the Be—O-Si bridging angle. In contrast, sodalite con-
tains [Nay*CI]** clusters, and the framework tetrahedra
rotate by much larger angles, and the change in the Al-
O-Si bridging angle is also larger.
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