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Unusual AI-Si ordering in calcic scapolite, Me79.6, with increasing temperature
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ABSTRACT

A scapolite sample, Me796' from Slyudyanka, Siberia, Russia, has been studied using in situ syn-
chrotron powder X-ray diffraction (XRD) and Rietveld structure refinements on heating from 26 to
900°C and on cooling to about 300 °C. The structure was modeled and refined in space group 141m.
An accurate room-temperature structure was also obtained by using synchrotron high-resolution
powder X-ray diffraction (HRPXRD) data and Rietveld structure refinement. From HRPXRD, the cell
parameters are a = 12.16711(2), C = 7.575466(5) A, and V= 1121.461(3) A3; <Tl-O> and <T2-0> are
1.643(1) and 1.672(1), respectively, so the Tl (Alo2sSio7s) and T2 (Alo46Sios4)sites are partially ordered
at room temperature. On heating, the <T-O> distances indicate that the T 1 and T2 sites become more
Si- and Al-rich, respectively, and therefore, ordering increases unusually with increasing temperature.
This increase in Al-Si ordering occurs from 892 to 900°C. At 900 °C, the Tl site becomes fully or-
dered with only Si atoms, while the T2 site contains AloslSio49and therefore, is fully disordered. On
cooling, the sample does not fully revert back to the original partially ordered state. At 300°C, all the
cell parameters are smaller because of the increased Al-Si ordering that is quenched in.
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INTRODUCTION

The scapolite series is a common group of rock-form-
ing framework alumino silicate minerals with formulae
(Na,Ca,KM(Al,Si)3AhSi6024](Cl,C03,S04) that occur in a wide
variety of metamorphic and altered igneous rocks (Deer et al.
1992). Scapolites may also be storage sites for volatiles in the
lower crust and upper mantle (Lovering and White 1969), and
may be an indicator of the activities of the volatile components
(Jiang et al. 1994; Kullerud and Erambert 1999; Moecher and
Essene 1990, 1991).

Scapolite forms solid solutions between the end-members
marialite, Na4(A13SiP24)Cl = Me., meionite, Ca4(A16Si6024)C03
= MelOO,and Ca4(A16Si6024)S04 (= silvialite = MelOO)(Deer et
al. 1992; Teertstra et al. 1999). The meionite percentage [%Me
= 100 Ca/(N a + Ca + K) = 25 Ca, as the M site is filled] may be
used as a chemical index to indicate the compositions of scapolite
(Shaw 1960). The scapolite composition varies by replacement
of (Na4'Cl)Si2 for (NaCa3'C03)A12 from Meo-Me7S (series-L),
whereas the meionite-rich end from MeWMelOO (series-2) is
governed by the replacement of (NaCa3'C03)Si for (Ca4'C03)
Al (Hassan and Buseck 1988). The cage clusters (Na4'Cl)3+ and
(NaCa3'C03)s+ are ordered, whereas the clusters (NaCa3'C03)s+
and (C~'C03)6+ are disordered (Hassan and Buseck 1988). The
(Na4'Cl)3+and (NaCa3 'C03)s+ clusters change from the ordered to
the disordered state on heating (Antao and Hassan 2002); in par-
ticular, the Na-Ca atoms disorder with increasing temperature.

Seto et al. (2004) suggested that Me-rich scapolite is formed
at high Twith space group 141m and, on rapid cooling, may not
change to space group P421n and remained metastable at room
T, thereby implying that an 1-P transition exists for scapolite.
High- T studies may reveal such a transition, if present.
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Detailed in situ high-T structural data are not available for
scapolite-group minerals. In addition to the importance of high- T
structural characterization of the scapolite series, such data are
important for determining the stability of scapolite, Al-Si order-
ing, Na-Ca ordering, and for understanding the antiphase domain
boundaries (APBs) that are commonly observed, particularly, in
intermediate scapolite.

High- Tstudies also have petrologic implications for thermo-
dynamic and phase equilibria involving scapolite. For example,
Moecher and Essene (1990) stated that Al-Si disorder in meionite
has the greatest effect on derived phase relations. They also
mentioned that available experimental data on meionite stability,
XRD refinements, and nuclear magnetic resonance spectra for
calcic scapolite do not uniquely constrain the Al-Si ordering state
of synthetic meionite. However, the data are most consistent with
a high degree ofAl-Si disorder and inconsistent with long-range
Al-Si order. Similar assumptions regarding Al-Si ordering were
made by Goldsmith and Newton (1977) and Baker and Newton
(1994). These assumptions need to be tested experimentally.

As a starting point for the high-T structural characteriza-
tion of the scapolite series, a sample with composition Me796
was chosen for this study because differential thermal analysis
(DTA), thermogravimetry (TG), and differential scauning calo-
rimetry (DSC) results for Me796 showed no changes to 900°C
(Antao and Hassan 2002). These thermal analyses indicate that
scapolite is stable until 1150 °C with loss of volatiles (C02 and
NaCl) that occur around 1171 and 1232 °C. Therefore, Me796
should be stable within the T range of the present study to 900
°C. However, this sample has minor inclusions of clusters from
series-l scapolite that are ordered in a homogeneous framework
and may also contain antiphase domain boundaries (APBs) that
arise from ordering of clusters (Hassan and Buseck 1988), or
from Al-Si ordering (Seto et al. 2004).
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In this present study, we examined the structural evolution
of Me796 on heating from 26 to 900°C and on cooling to about
300 "C (where the sample was lost). The Al and Si atoms are
partially disordered in Me796' so on heating, further disordering
of atoms is generally expected. However, we observed the un-
usual behavior in which the Tl site becomes fully ordered with
increasing T, and therefore, ordering increases unusually with
increasing T (for the Tl site). This increasing AI-Si ordering
occurs between 892 to 900°C. On cooling, the sample does not
fully revert back to the original partially disordered form within
the time of the experiment.

PREVIOUS WORK

The framework of scapolite, M4(T12024)A, Z = 2, consists
of AI04 and Si04 tetrahedra, which form two types of four-
membered rings. A Type-l ring consists of Tl tetrahedra that
point in the same direction, whereas Type-2 ring consists ofT2
tetrahedra that point alternately up and down (Fig. 1). In space
group 141m, the Tl site has a multiplicity of 8 and that ofT2 is
16. Five-membered rings occur along columns parallel to the c
axis (Fig. 2). Continuous oval-shaped channels contain mainly
Na ' and Ca2+cations with minor K+(=M site), and the large cages
contain Cl, cot and SO~- anions (=A site). Each A anion is
coordinated by four M cations (Fig. 2). The resulting anion-cation
cage clusters are centered at (0,0,0) and (Yo, Yo, Yo).

Several studies have been carried out on the scapolite series
to examine trends in structural parameters (e.g., Sherriff et al.
2000, 1998; Sokolova et al. 1996,2000; Teertstra et al. 1999;
Teertstra and Sherriff 1996), and they divided the series into three
subseries. Using TEM, the three subseries were confirmed, but
the boundaries were modified by Seto et al. (2004). However,
this division of the series into three is debatable, and will be ad-
dressed elsewhere. For the present purpose, we maintained the
division of the series into two that meet at Me75 with series-l

FIGURE 1. Structure of 141m scapolite projected along the c axis and
showing the T, M, and A sites, as well as the four-membered rings and
oval-shaped channels.
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from Mea to Me75and series-2 from Me75to MelOO(e.g., Evans
et al. 1969; Hassan and Buseck 1988).

The a and V cell parameters of scapolite increase linearly
during heating, whereas c remains essentially unchanged (Baker
1994; Graziani and Lucchesi 1982; Levien and Pap ike 1976).
However, a decrease in the c parameter with increasing Twas
reported for marialite-rich scapolite (Kabalov et al. 1999). Al-
though the unit-cell parameters were reversible on heating up
to 800°C (Baker 1994), permanent irreversible changes were
observed on heating to 900 °C and cooling to room T (Levien
and Papike 1976). The thermal expansion of scapolite is also a
function of composition. The a and V increase approximately
linearly with increasing %Me (Lin and Burley 1973), or with
a trend inversely proportional to %Me (Graziani and Lucchesi
1982). However, Baker (1994) showed that this variation is
nonlinear, especially for the Me-rich compositions. The cell pa-
rameters vary with framework composition and AI-Si order, but
the influence of the interframework ions is only minor (Teertstra
and Sherriff 1996).

EXPERIMENTAL METHODS

The scapolite sample, Me796, is from a skarn deposit from Slyudyanka, Siberia,
Russia. The crystals are white, bladed, and brittle (Evans et al. 1969). Crystals of
scapolite were handpicked uuder a binocular microscope and finely grouud in
an agate mortar and pestle for the XRD experiments performed at the Advanced
Photon Source, Argonne National Laboratory.

An accurate room- T structure was first obtained by using Rietveld structure
refinement based on synchrotron high-resolution powder X-ray diffraction
(HRPXRD) data from beam-line ll-BM. The sample was loaded into a kapton
capillary and rotated during the experiment at a rate of 90 rotations/so The data
were collected to a maximum 28 of about 50° with a step size of 0.0005° and a
step time of 0.5 s/step. Beamline optics consists of a platinum-coated collimating
mirror, a dual Si (Ill) monochromator, and a platinum-coated vertically focusing
mirror. The HRPXRD traces were collected with twelve silicon crystal analyz-
ers, which increase detector efficiency as well as reduce the angular range to be
scanned, and therefore, allow rapid data acquisition. A silicon and alumina NIST
standard (ratio of l/3Si:2/3Al,03) was used to calibrate the detector response and

FIGURE 2. A part of 141m scapolite structure showing a cage
containing the interstitial M cations and an A anion, and also a few
five-membered rings.
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zero offset, and to determine the wavelength used in the experiment [Ie ~0.60824(2)
A]. Data were merged by interpolating measured counts onto a regularly spaced
grid and by applying corrections for small differences in wavelength (-1 eV). The
HRPXRD trace is displayed in Figure 3.

The high- T synchrotron powder XRD experiments were performed at beam-
line I-BM. The sample was loaded into a quartz capillary (diameter ~ 1 mm) and
held in place by stuffing quartz wool at both ends of the open capillary. The capil-
lary was oscillated during the experiment over a 8 range of 2°. The in situ high-T
XRD data were collected using synchrotron radiation [Ie ~ 0.62260(5) A] at room
pressure and from about 26 to 900°C. Elevated T were obtained using a heater
and controlled using a thermocouple element placed inside the capillary and very
close to the sample. The experimental error in T is about ±O.5 °C. Data were col-
lected at a heating rate of about 7°C/min. Data were also collected on air-cooling
at a rapid rate of about 28°C/min. The data were collected in regular intervals
to a maximum 28 of about 30°. An image plate (IP) detector (Mar345) mounted
perpendicular to the beam path was used to collect full-circle Debye-Scherrer rings
with an exposure time of 15 s. An external LaB, standard was used to determine the
sample-to-detector distance, wavelength, and tilt of the !P. The diffraction patterns
recorded by the !P were integrated using the Fit2d program to produce conventional
1-28 XRD traces (Hammersley et al. 1996). Examples of diffraction traces obtained
at room and high T from the IP are displayed in Figure 4.

STRUCTURE REFINEMENTS

The chemical composition of Me796 is (Ca31SNaonKo04)
(Si684Als16024)Clool(C03)o67(S04)o24 (Evans et al. 1969). Ini-
tial structural parameters were taken from the Me722 silvialite
structure of Teertstra et al. (1999). The XRD traces were mod-
eled using the Rietveld method, as implemented in the GSAS
program (Larson and Von Dreele 2000) and using the EXPGUI
interface (Toby 2001). The structure refinement was carried out
in the sequence of refining scale, background, cell, zero shift,
profile, atomic positions, and displacement parameters. Finally,
all variables were refined simultaneously. The HRPXRD data
set at room T was refined first using anisotropic displacement
parameters. We assumed that the M site is fully occupied by Na
and Ca atoms and their occupancy factors were refined. We also
assumed that the A site is fully occupied by only C and S atoms
and their occupancy factors were refined. The occupancy factors
for the 0 atoms belonging to the anion groups, 05S and 06C,
were constrained to the occupancies of the C and S atoms and
their isotropic displacement parameters were constrained to be
equal to each other. This HRPXRD structural model was then

28

FIGURE 3. HRPXRD trace for scapolite, Me796' at 25°C, together
with the calculated (continuous line) and observed (crosses) profiles. The
difference curve (100< - leme) is shown at the bottom. The short vertical lines
indicate allowed reflection positions. Note that the intensity beyond 20
and 30° is multiplied by 5 and 20, respectively, to improve clarity.
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FIGURE 4. Comparison of the XRD traces for scapolite, Me796' at (a)
892°C, (b) 900°C, (c) 290°C on cooling, and (d) 26°C before heating,
together with the calculated (continuous line) and observed (crosses)
profiles. The difference curve (100< - look) is shown at the bottom. The
short vertical lines indicate allowed reflection positions.
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used for the image plate (IP) XRD data set at room T, which
refined quite well and gave results similar to the HRPXRD
structural parameters. The refined structural parameters were
then used as input for the next higher- Tstructure. For all IP data,
the occupancy factor for each site was held invariant and all the
atoms were refined isotropically.

TABLE 1. Cell and Rietveld refinement statistics for scapolite at a few
selected T

7.575466(5)
Heating
7.5758(2)
7.5757(2)
7.5761(2)
7.5771(2)
7.5780(2)
7.5792(1)
7.5806(1)
7.5823(1)
7.5841(1)
7.5861(2)
Cooling

894 12.2769(3) 7.5860(2) 1143.39(5) 0.0530
851 12.2707(3) 7.5853(2) 1142.11(5) 0.0551
793 12.2622(3) 7.5841(2) 1140.37(5) 0.0549
731 12.2532(3) 7.5829(2) 1138.49(5) 0.0541
665 12.2439(3) 7.5817(3) 1136.60(6) 0.0529
602 12.2354(3) 7.5805(3) 1134.82(6) 0.0505
540 12.2260(3) 7.5787(3) 1132.84(6) 0.0488
476 12.2172(3) 7.5772(3) 1130.97(6) 0.0470
413 12.2084(3) 7.5756(3) 1129.11(6) 0.0459
349 12.2008(3) 7.5746(3) 1127.55(6) 0.0441
290 12.1909(3) 7.5719(2) 1125.31(5) 0.0411
* RF2 = R-structurefactor basedon observed and calculated structure amplitudes
= [I(F~- F;)2/I(F~)2]'12.

25 (HRPXRD) 12.16711(2) 1121.461(3) 0.0787

26
101
196
296
396
494
594
694
793
900

12.1667(2)
12.1736(2)
12.1834(2)
12.1950(2)
12.2067(2)
12.2192(2)
12.2322(2)
12.2475(2)
12.2618(2)
12.2778(3)

0.0238
0.0246
0.0250
0.0269
0.0275
0.0294
0.0311
0.0325
0.0355
0.0479

1121.44(3)
1122.69(3)
1124.55(3)
1126.84(3)
1129.16(3)
1131.64(3)
1134.27(3)
1137.35(3)
1140.27(3)
1143.56(4)
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The cell parameters and refinement statistics are given in Ta-
ble 1.The positional coordinates and displacement parameters are
given in Table 2. Table 3 contains the anisotropic displacement
parameters obtained from the HRPXRD data. Bond distances and
angles are given in Table 4. All tables contain data for only a few
selected T, but all the data are displayed graphically.

RESULTS AND DISCUSSION

The room- T structures obtained from the two different data
sets are similar to each other, but obviously that obtained by
HRPXRD is more accurate than the IP XRD data. However, the
close similarity between the two structures at room T gives us
confidence that detailed structural changes can be obtained at
high T using our present IP XRD data.

The following cell parameters were obtained from the room- T
HRPXRD data: a = 12.16711(2), C = 7.575466(5) A, and V=
1121.461(3) N.The average <Tl-O> and <T2-0> distances are
1.643(1) and 1.672(1), respectively. These distances indicate that
the site occupancies are (Alo2sSio7s) for Tl and (Alo46Sios4)for
T2, based on Si-O andAl-O distances of 1.6100(2) and 1.7435(2)

TABLE 3. Anisotropic displacement parameters (xlOO A2) from
HRPXRDdata

Atom V" Vn V33 V,2 V13 Vn

Tl 1.19(6) 1.29(7) 1.65(6) 0.21(5) 0 0
T2 1.75(5) 1.50(5) 1.42(4) -0.20(4) 0.00(4) -0.15(4)
M 1.72(6) 2.35(6) 4.07(8) 0.57(4) 0 0
A 0.56(23) 0.56(23) 0.87(28) 0 0 0
01 1.91(15) 1.35(15) 2.15(16) 0.06(14) 0 0
02 1.35(16) 1.85(16) 2.83(15) 0.49(11) 0 0
03 3.99(12) 1.74(12) 2.19(12) 0.59(11) 0.64(10) 0.12(9)
04 2.39(12) 2.02(11) 3.60(13) 0.28(10) 0.76(9) 0.42(9)

TABLE 2. Atomic positions and isotropic displacement parameters (x 100 A2) on heating at a few selected T
T (0C) 25 (HRPXRD) 26 101 196 296 396 494 594 694 793 900

Tl x 0.1604(1) 0.1621(3) 0.1621(3) 0.1622(3) 0.1623(3) 0.1623(3) 0.1624(3) 0.1626(3) 0.1628(3) 0.1629(3) 0.1608(4)
Y 0.0920(1) 0.0913(2) 0.0911(2) 0.0906(2) 0.0903(2) 0.0897(2) 0.0893(2) 0.0890(2) 0.0886(2) 0.0882(2) 0.0875(3)
V 1.38* 1.6(1) 1.7(1) 1.9(1) 2.0(1) 2.1(1) 2.3(1) 2.3(1) 2.4(1) 2.5(1) 2.7(2)

T2 x 0.1603(1) 0.1592(2) 0.1593(2) 0.1593(2) 0.1594(2) 0.1593(2) 0.1594(2) 0.1594(2) 0.1592(2) 0.1591(2) 0.1580(3)
Y 0.4131(1) 0.4132(2) 0.4134(2) 0.4136(2) 0.4139(2) 0.4142(2) 0.4146(2) 0.4151(2) 0.4156(2) 0.4161(2) 0.4171(2)
z 0.2068(1) 0.2070(3) 0.2071(3) 0.2070(3) 0.2070(3) 0.2071(3) 0.2070(3) 0.2069(3) 0.2067(3) 0.2065(3) 0.2055(3)
V 1.55* 1.24(7) 1.32(7) 1.42(7) 1.50(7) 1.62(7) 1.74(7) 1.91(8) 2.01(8) 2.12(8) 2.7(1)

M x 0.3582(1) 0.3580(2) 0.3579(2) 0.3579(2) 0.3579(2) 0.3578(2) 0.3578(2) 0.3578(2) 0.3578(2) 0.3580(2) 0.3556(3)
Y 0.2830(1) 0.2843(2) 0.2844(2) 0.2845(2) 0.2847(2) 0.2849(2) 0.2851(2) 0.2850(2) 0.2852(2) 0.2852(2) 0.2858(3)
V 2.71* 2.95(9) 3.3(1) 3.6(1) 4.0(1) 4.3(1) 4.8(1) 5.1(1) 5.6(1) 6.0(1) 6.1(2)

A V 0.67* 1.3(4) 1.6(4) 2.0(5) 2.3(5) 2.4(5) 2.7(5) 3.5(5) 3.5(5) 4.0(5) 5.2(8)
01 x 0.0411(2) 0.0405(4) 0.0406(4) 0.0406(4) 0.0408(4) 0.0408(4) 0.0411(4) 0.0412(4) 0.0413(4) 0.0414(5) 0.0436(6)

Y 0.1505(2) 0.1492(4) 0.1488(4) 0.1486(4) 0.1481(4) 0.1479(4) 0.1474(4) 0.1470(4) 0.1462(4) 0.1456(4) 0.1478(5)
V 1.80* 1.5(2) 1.6(2) 1.9(2) 2.2(2) 2.4(2) 2.8(2) 3.3(2) 3.6(2) 4.0(3) 3.5(3)

02 x 0.1857(2) 0.1855(4) 0.1856(4) 0.1856(4) 0.1856(4) 0.18570(41) 0.1857(4) 0.1857(4) 0.1859(5) 0.1859(5) 0.1896(5)
Y 0.3743(2) 0.3749(3) 0.3755(3) 0.3764(3) 0.3772(3) 0.37799(28) 0.3788(3) 0.3796(3) 0.3806(3) 0.3814(3) 0.3804(4)
V 2.01* 2.1(2) 2.4(2) 2.6(2) 3.0(2) 3.2(2) 3.7(2) 4.0(2) 4.2(2) 4.5(2) 3.9(3)

03 x 0.4502(1) 0.4507(3) 0.4508(4) 0.4506(3) 0.4506(3) 0.45053(34) 0.4505(3) 0.4501(4) 0.4500(4) 0.4497(4) 0.4492(5)
Y 0.1496(1) 0.1507(3) 0.1504(3) 0.1503(3) 0.1501(3) 0.14988(28) 0.1497(3) 0.1497(3) 0.1494(3) 0.1492(3) 0.1482(4)
z 0.2068(2) 0.2078(4) 0.2083(4) 0.2089(4) 0.2095(4) 0.2102(4) 0.2108(4) 0.2117(5) 0.2128(5) 0.2139(5) 0.2186(6)
V 2.64* 2.9(2) 3.1(2) 3.5(2) 3.8(2) 4.1(2) 4.6(2) 4.9(2) 5.3(2) 5.6(2) 5.1(2)

04 x 0.2664(1) 0.2660(2) 0.2661(2) 0.2662(2) 0.2663(2) 0.26645(23) 0.2665(2) 0.2663(3) 0.2664(3) 0.2662(3) 0.2658(3)
Y 0.3665(1) 0.3670(2) 0.3674(2) 0.3681(2) 0.3686(2) 0.36926(20) 0.3699(2) 0.3707(2) 0.3714(2) 0.3721(2) 0.3731(3)
z 0.6735(2) 0.6717(5) 0.6713(5) 0.6711(5) 0.6706(5) 0.6703(5) 0.6702(5) 0.6702(5) 0.6698(5) 0.6697(5) 0.6619(7)
V 2.67* 2.7(2) 2.7(2) 2.9(2) 3.0(2) 3.2(2) 3.4(2) 3.7(2) 3.9(2) 4.1(2) 5.3(2)

055 x 0.3930(26) 0.3836(55) 0.3791(53) 0.3761(51) 0.3730(49) 0.3705(48) 0.3703(48) 0.3712(50) 0.3687(50) 0.3700(53) 0.4143(56)
Y 0.4893(42) 0.5736(61) 0.5738(59) 0.5769(57) 0.5782(56) 0.5809(56) 0.5784(56) 0.5779(59) 0.5775(59) 0.5785(64) 0.5020(80)
z 0.1276(45) 0.1047(73) 0.1065(74) 0.1082(74) 0.1081(75) 0.1078(76) 0.1103(80) 0.1092(83) 0.1102(87) 0.1081(92) 0.2041(99)
V 10.80(27) 9.2(5) 9.5(5) 9.9(5) 10.3(5) 10.9(5) 11.8(6) 12.2(6) 12.7(6) 13.7(6) 18.2(11)

06C x 0.6010(5) 0.6006(7) 0.6003(7) 0.5998(7) 0.5996(7) 0.5991(7) 0.5992(7) 0.5986(7) 0.5982(8) 0.5976(8) 0.6026(12)
Y 0.5142(8) 0.5113(17) 0.5113(17) 0.5109(17) 0.5100(16) 0.5100(17) 0.5092(17) 0.5089(17) 0.5083(18) 0.5076(19) 0.4982(26)

Notes: Tl, 01, 02, 06C, and M are at (x,y,O); A is at (V2,v2,0).Site occupancies from HRPXRDdata are as follows: 5i was placed in Tl and T2 sites and occupancies
determined from T-Odistances; the M site contains 0.794(5)Caand 0.206(5)Na;and A site contains 0.834(7)C and 0.146(7)5,whereas 055 was 0.073(4)and 06C
was 0.625(5).01 to 04 sites were fully occupied. A short distance, 055-06C = 0.97(4)A, arisesfrom disorder of the anion groups.
* For HRPXRDdata, Veg are given, except for V(055) = V(06C) that was refined isotropically.
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TABLE 4. Selected interatomic distances (A) and angles (0) on heating at a few selected T
T(°C) 25 (HRPXRD) 26 101 196 296 396 494 594 694 793 900

Tl-0l 1.618(2) 1.639(5) 1.638(5) 1.641(5) 1.641(5) 1.644(5) 1.644(5) 1.646(5) 1.647(5) 1.647(5) 1.618(7)
Tl-0l' 1.623(2) 1.611(4) 1.610(4) 1.607(4) 1.608(4) 1.603(4) 1.603(4) 1.604(5) 1.604(5) 1.603(5) 1.618(6)
Tl-04 x2 1.666(2) 1.648(4) 1.645(4) 1.642(4) 1.637(4) 1.635(4) 1.634(4) 1.633(4) 1.628(4) 1.628(4) 1.599(5)

<Tl-0> 1.643(1) 1.637(2) 1.635(2) 1.633(2) 1.631(2) 1.629(2) 1.629(2) 1.629(2) 1.627(2) 1.627(2) 1.609(3)

T2-02 1.665(1) 1.667(2) 1.666(2) 1.664(2) 1.662(2) 1.662(2) 1.660(2) 1.659(2) 1.658(2) 1.656(2) 1.669(3)
T2-03 1.669(2) 1.658(4) 1.657(4) 1.658(4) 1.657(4) 1.655(4) 1.653(4) 1.653(4) 1.650(4) 1.651(4) 1.649(5)
T2-03' 1.679(1) 1.677(3) 1.677(3) 1.675(3) 1.675(3) 1.674(3) 1.676(3) 1.674(3) 1.673(4) 1.669(4) 1.645(5)
T2-04 1.677(2) 1.687(3) 1.688(3) 1.690(3) 1.693(3) 1.695(3) 1.695(3) 1.695(3) 1.701 (3) 1.701 (3) 1.749(4)

<T2-0> 1.672(1) 1.672(2) 1.672(2) 1.672(2) 1.672(2) 1.672(2) 1.671(2) 1.670(2) 1.670(2) 1.669(2) 1.678(2)

M-02 2.375(2) 2.371 (5) 2.373(5) 2.379(5) 2.384(5) 2.389(5) 2.394(5) 2.402(5) 2.408(5) 2.417(5) 2.345(6)

M-03x2 2.518(2) 2.529(4) 2.536(4) 2.541 (4) 2.548(4) 2.556(4) 2.564(4) 2.568(4) 2.577(4) 2.585(4) 2.631(5)
M-04x2 2.898(2) 2.907(4) 2.910(4) 2.914(4) 2.920(4) 2.923(4) 2.927(4) 2.932(4) 2.939(4) 2.945(4) 2.990(5)
M-04'x2 2.708(2) 2.712(3) 2.716(3) 2.725(3) 2.731 (3) 2.740(3) 2.749(3) 2.756(3) 2.765(3) 2.774(3) 2.745(4)

<M-0>[7] 2.660(1) 2.667(1) 2.671(1) 2.677(1) 2.683(1) 2.690(1) 2.696(1) 2.702(1) 2.710(1) 2.718(1) 2.725(2)

M-06C 2.517(10) 2.538(20) 2.539(20) 2.545(20) 2.557(19) 2.558(20) 2.568(20) 2.576(21) 2.587(21) 2.598(23) 2.702(31)
M-06C' 2.366(8) 2.333(19) 2.335(19) 2.336(18) 2.331(18) 2.336(18) 2.329(19) 2.333(19) 2.331 (20) 2.331(21) 2.223(25)
<M-0>[9] 2.612(2) 2.615(3) 2.619(3) 2.624(3) 2.630(3) 2.636(3) 2.641(3) 2.647(3) 2.654(3) 2.662(4) 2.667(5)

M-A 3.154(1) 3.143(2) 3.143(2) 3.145(2) 3.146(2) 3.148(2) 3.149(2) 3.153(2) 3.155(3) 3.157(3) 3.172(4)
5-055 x8 1.63(3) 1.85(5) 1.90(5) 1.96(5) 1.99(5) 2.04(5) 2.03(5) 2.02(5) 2.05(5) 2.03(5) 1.87(10)
C-06C x4 1.241(7) 1.232(8) 1.229(8) 1.223(8) 1.221(8) 1.216(8) 1.218(8) 1.211(9) 1.207(9) 1.200(9) 1.260(14)

Tl-0l-Tl 158.1(2) 160.2(4) 160.4(4) 160.4(4) 160.7(4) 160.7(4) 160.9(4) 161.3(4) 162.0(4) 162.3(4) 158.4(6)

T2-02-T2 140.5(1) 140.4(3) 140.7(3) 141.0(3) 141.3(3) 141.6(3) 141.9(3) 141.9(3) 142.0(3) 142.2(3) 138.2(3)
T2-03-T2 146.5(1) 145.8(3) 146.2(3) 146.3(3) 146.6(3) 146.8(3) 147.1(3) 147.1(3) 147.4(3) 147.6(3) 148.5(4)

Tl-04-T2 137.4(1) 137.4(2) 137.6(2) 137.8(2) 137.9(2) 138.1(2) 138.3(2) 138.5(2) 138.7(2) 138.9(2) 140.8(3)

<T-O-T> 145.6(1) 145.9(1) 146.2(1) 146.4(1) 146.6(1) 146.8(1) 147.0(1) 147.2(1) 147.5(1) 147.8(2) 146.5(2)

A, respectively, as was observed in sodalite, Nag(A16Si6024)C12
(our unpublished data). Therefore, the Tl and T2 sites are par-
tially ordered at room T. The anion groups are disordered. Our
structure is similar to the Mem structure (Teertstra et al. 1999),
and the Me93structure for the sample from Monte Somma, Italy
(e.g., Lin and Burley 1973; Ulbrich 1973). Our refined site oc-
cupancy factors are similar to those obtained from the chemical
analysis. In particular, the refined occupancy factor for the Ca site
is 0.794(5) and gives rise to Me794compared to Me796obtained
from chemical analysis.

The variations of cell parameters for Me796with T are shown
in Figure 5. At room T, our cell parameters match quite closely
with the data from HRPXRD. On heating to 900°C, all cell
parameters increase smoothly but nonlinearly. On cooling from
900 to 290 °C, the cell parameters revert on a different path, es-
pecially the c cell parameter (Fig. 5b). When the cell parameters
are plotted as dido ratio, it can be seen that the a axis expands
much more than the c axis (Fig. 6). These results contrast with
previous studies where linear increases were reported for a and
V, but c was nearly constant (Baker 1994; Graziani and Lucchesi
1982; Levien and Papike 1976). A decrease in c with Twas
reported by Kabalov et al. (1999).

The variations of selected bond distances and bridging angles
with T are given (Figs. 7 and 8). The average <Tl-O> and
<T2-0> distances show a slight decrease with T mainly because
of thermal motion; however, between 892 and 900°C, these dis-
tances change considerably. At 892 DC,the <T 1-0> and <T2-0>
distances are 1.624(2) and 1.670(8) A, respectively, whereas at
900°C, the <Tl-O> and <T2-0> distances are 1.609(3) and
1.678(2) A, respectively. Therefore, the changes from 892 and
900°C are -0.92 and +0.46% for the <Tl-O> and <T2-0>
distances, respectively. The Tl and T2 are on eightfold and
sixteenfold sites, respectively. These changes can be compared

to -1.74 and 0.37% between 26 and 900°C for the correspond-
ing Tl and T2 sites (Fig. 7a). From 892 and 900°C, the T2 site
becomes more Al rich (T2 from Alo4sSioss to AloslSio49), while
the Tl site becomes more Si rich (Tl from Alo1Sio9to AlooSi1o;
i.e., full ordering ofTl occurs at 900°C). Therefore, in scapolite
Me796'Al-Si ordering increases with Tto the maximum extent al-
lowed for the Tl site at 900°C. This is quite an unusual behavior
as we generally expect atoms to disorder with increasing T. On
cooling, the Al-Si ordering does not revert back to the original
disordered form. All the bridging angles change slightly with T
and sharp changes (increases/decreases) are observed near 900
°C (Figs. 7b and 7c). Small amounts ofAl-Si order and changes
in cell parameters (before and after heating) were also reported
for an intermediate scapolite by Levien and Pap ike (1976).

The present study shows significant Al-Si ordering at all T.
Consequently, the assumptions regarding Al-Si disorder and its
implications for thermodynamic and phase equilibria involving
scapolite may not be valid. For example, Moecher and Essene
(1990) stated that their data are most consistent with a high
degree ofAl-Si disorder and inconsistent with long-range Al-Si
order. Similar assumptions were made by Goldsmith and Newton
(1977) and Baker and Newton (1994).

The <M-O> distances increase significantly with T and are
responsible for the expansion of the scapolite structure (Fig. 8a).
The expansion of the <M -0> distances gives rise to rotations of
the TO4tetrahedra, which are indicated by changes in the bridging
T-O-T angles. Except for Tl-04- T2 angle, the other T-O-Tangles
are nearly unchanged until about 900°C (Fig. 7c). Therefore, the
expansion of the <M -0> distances is mainly responsible for the
expansion of the scapolite structure, in contrast to T04 rotation
proposed by Levien and Pap ike (1976). However, as a result of
<M-O> expansion, T04 tetrahedral rotations do occur and are
discussed further below. The variation of the M-A distance is
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shown in Figure 8b.
The variations of the S-05S and C-06C distances with Tare

shown (Fig. 8c). These rigid anion groups are not expected to
vary with T, but their positional disorder and the small amount
of electron density, especially for the 05S atom, indicate that
they may not be modeled properly.

The displacement parameters vary smoothly with T (Figs. 9a
and 9b). The T sites have the smallest displacement parameters
followed by increasing values for framework 0 atoms, Mcations,
A site, then 05S/06C. Large displacement parameters occur for
the anion groups because they are disordered. As the M cations
are also bonded to the anion groups, they may also be affected
by the disorder of the anion groups, and possible cluster ordering
complicates the matter further.

In Figure 10, the oval channels are displayed at room T. The
long and short diameters are 9.393 and 3.106 A, respectively, at
room T (from HRPXRD data) and 9.360 and 3.327 A, respec-
tively, at 900°C. Therefore, with increasing T,the oval charmels
open up as the short diameter increases (Fig. 11), as indicated
by Levien and Pap ike (1976). However, the main reason for the
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FIGURE 10. Double-headed arrows indicate opening of the oval-
shaped channels that arise from rotation of the T04 tetrahedra "out" as
indicated by the arrows in the four-membered rings. These openings and
rotations are caused by expansion of the <M-O> and M-A distances and
gives rise to a more-open framework structure.
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expansion of the scapolite structure arises from the expansion
of the <M-O> and M-A distances that causes the T04 tetrahe-
dra to rotate "out" and gives rise to opening of the oval-shaped
channels, resulting in a more open framework structure (Figs.
10 and 11).

Seto et al. (2004) suggested that Me-rich scapolite may have
anI-Ptransition, which was not observed in this study. Clustering
occurs in series-l scapolite, and they are disordered on heating at
about 300°C (Antao and Hassan 2002; Hassan and Buseck 1988),
while Al-Si ordering changes at about 900°C (this study).

Scapolite Me796 contains partially ordered Al-Si atoms in
the Tl and T2 sites at room T. With increasing T, all the cell
parameters increase smoothly but nonlinearly. On cooling, all
the cell parameters change because of the nnusual change of
increasing Al-Si ordering that is quenched in. On heating to
900°C, the Tl site becomes fully ordered. The change in Al-Si
ordering that is quenched in gives rise to smaller values for all
the cell parameters on cooling. Increasing T causes the <M -0>
and <M-A> distances to increase and forces the T04 tetrahedra
to rotate "out" and create a more open structure by expansion of
the short diameters of the oval-shaped channels.
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