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ABSTRACT

Scapolite Mes; ¢ (marialite) from Monmouth Township, Ontario, was studied using in sifu synchrotron powder X-ray diftrac-
tion (XRD) and Rietveld structure refinement of data obtained by heating and cooling from 26 to 902°C. The structure was
refined in space group P4,/n. Aroom-temperature structure, obtained with synchrotron high-resolution powder X-ray-diffraction
(HRPXRD) data, has unit-cell parameters a 12.06503(1), ¢ 7.58360(1) A, and V 1103.906(2) A3. Moreover, the average bond-
distances <T1-0>, <T2-0> and <T3-O> are equal to 1.606(2), 1.726(2) and 1.612(2) A, respectively, and correspond to
occupancies T1 = [AlgSiq], 72 = [Alpg7Sig.13], and T3 = [Algg2Sipeg]- At 902°C, <T1-0O>, <T2-0> and <73-0> are equal to
1.591(5), 1.683(8) and 1.686(7) A, respectively, and correspond to T1 = [AlgSii], 72 = [Alg ssSigas], and T3 = [Alg 57Sip43]- At
902°C, the T1 site remains fully occupied by Si atoms, whereas the disorder at the 72 and T3 sites is close to being complete.
Several structural parameters show a break at 200°C, which corresponds to disorder of the Na and Ca (= M) atoms. On cooling,
the structure does not go back to the initial structural state; some 72-73 and Na—Ca disorder are quenched in. The type-b reflec-
tions that give rise to antiphase-domain boundaries (APBs) are present at all temperatures; they arise from Cl-COjs order, instead
of Al-Si order. At 902°C, except for the anions, there is no difference between the structure of Mes; ¢ in space group P4y/n and
that of Meg in space group /4/m.

Keywords: scapolite group, marialite, high-temperature crystal structure, Al-Si and Na—Ca disorder, APBs, synchrotron X-ray
diffraction.

SOMMAIRE

Nous avons étudi€ la composition Mes; 9 (marialite) du groupe de la scapolite provenant du canton de Monmouth, en Ontario,
au moyen de diffraction X in situ sur poudre avec rayonnement synchrotron, et d’affinements de la structure par la méthode de
Rietveld & partir de données prélevées en chauffant et en refroidissant 1’échantillon entre 26° et 902°C. Nous avons affiné la
structure dans le groupe spatial P4,/n. La structure 4 température ambiante, obtenue par diffraction X 4 haute résolution avec
rayonnement synchrotron (HRPXRD), a donné les parameétres réticulaires a 12.06503(1), ¢ 7.58360(1) A, et V1103.906(2) A3.
Les longueurs moyennes des liaisons <71-0>, <T2-0> et <T3-0> sont égales & 1.606(2), 1.726(2) et 1.612(2) A, respective-
ment, et correspondent aux distributions 71 = [AlgSiq], 72 = [Alg g7Si0.13], et T3 = [Alp 02Sip9s]- A 902°C, les distances <71-0O>,
<T2-0> et <T3-0O> sont égales & 1.591(5), 1.683(8) et 1.686(7) A, respectivement, et correspondent & T1 = [AlpSiy], 72 =
[Alp s5Sigas], et T3 =[Alg 57510 43]- A 902°C, le site 71 demeure entierement rempli d’atomes Si, tandis que le désordre aux sites 72
et T3 est presque complet. Plusieurs parametres structuraux montrent une discontinuité & 200°C, ce qui correspond 4 I’inception
de désordre impliquant les atomes Na et Ca (= M). En refroidissant, les atomes ne retournent pas & leurs distributions initiales;
une partie du désordre impliquant 72-73 et Na—Ca demeure. Les réflections de type b qui menent au développement de parois
de domaines anti-phasés (APB) sont présents a toutes températures; elles seraient dues 4 une mise en ordre de Cl et COj3 plutét
que de Al et Si. A 902°C, sauf pour les anions, il n’y a aucune différence entre la structure de Mes; o dans le groupe spatial P4,/n
et celle de Megq dans le groupe spatial [4/m.

(Traduit par la Rédaction)

Mots-clés: groupe de la scapolite, marialite, structure cristalline & température élevée, désordre Al-Si et Na—Ca, APB, diffraction
X avec rayonnement synchrotron.
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INTRODUCTION

Scapolite, a group of framework aluminosilicate
minerals, (Na,Ca,K)4[(Al,S1)3A13Si6024](CLCO3,S0y),
occurs in a variety of rocks. It forms solid solutions
among the end-members marialite, Nay[Al3SigOo4]
Cl (Meg), meionite, Ca4[AIGSiGOQ4]CO3 (Mejgo),
and Cay[AlgSig024]SOy (silvialite) (Deer er al. 1992,
Teertstra et al. 1999). The percentage of meionite
[Me% = 100 Ca/(Na + Ca + K)] is used to indicate the
composition of scapolite (Shaw 1960). The composition
varies by replacement of [Nay*Cl]Si, for [NaCa3*CQOs]
Al, from Meg to Mess (series 1), whereas from Me-s
to Mejgo (series 2), it is governed by the replacement
of [NaCa3*COs]Si for [CasCO;]AlL; SO4 may replace
COj; (Evans et al. 1969, Hassan & Buseck 1988). Based
on results of electron microscopy, the cage clusters,
[NagCl]?* and [NaCas*COs]**, are ordered in series 1,
whereas [NaCa3*CO5]>* and [CayeCO5]%" are disordered
in series 2 (Hassan & Buseck 1988).

Several studies (e.g., Sokolova et al. 1996, 2000,
Teertstra & Sherriff 1996, Sherriff er al. 1998, 2000,
Seto et al. 2004), indicate a division of the scapolite
series into three subseries. We maintain the division of
the series into two that meet compositionally at Me7s
(e.g., Evans et al. 1969, Hassan & Buseck 1988, Deer
et al. 1992). Moreover, across the Mey-Me; g series,
there are breaks in unit cell and several other structural
parameters at Me;s (our unpublished data).

Composition Mes, ¢ was chosen for this study
because differential thermal analysis (DTA), thermo-
gravimetry (TG), and differential scanning calorimetry
(DSC) indicate disordering of the Na—Ca (= M) atoms
from 200° to 400°C with a peak temperature at about
300°C (Antao & Hassan 2002). These scans indicate
that scapolite Mes, g is stable within the 7 range of this
study; loss of volatiles (CO,, Cl) occurs at 1199°C, and
melting occurs at 1319°C.

The type-b reflections (4 + k + [ = odd), in particular
the (021) reflection, are absent in space group I4/m,
but are present in space group P4,/n and give rise to
antiphase domain boundaries (APBs). The APBs are
observed in electron microscopy by imaging using
type-b reflections. With Al-Si disorder, the type-b
reflections and APBs should be lost, if they are related.
The type-b reflections and APBs should be present if
Cl and CO; remain ordered at all temperatures, but
the M cations can be disordered without effect on the
space group or APBs. We test these possibilities in the
present study.

In this study, we provide evidence that the APBs in
scapolite arise from C1-COs order, and not from Al-Si
order. Disorder of Al and Si occurs at the 72-73 sites
near 900°C, but no disorder occurs at the 71 site. The
type-b reflections (and APBs) are present on heating
to 902°C, the CI-CO; anions remain ordered, and
no change in space group occurs. The present results
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on Mesy g are compared to those of Megg (Antao &
Hassan 2008a).

BACKGROUND INFORMATION

The structure of intermediate scapolite, My[77,04]
A, Z =2, space group P4,/n, consists of AlOQ, and SiOy
tetrahedra that form two types of four-membered rings.
The type-1 ring consists of 71 tetrahedra that point in
the same direction, whereas the type-2 ring consists of
72 and 773 tetrahedra that point alternately up and down
(Fig. 1). Five-membered rings occur along columns
parallel to the ¢ axis (Fig. 2). Continuous oval channels
contain mainly Na* and Ca*" (with minor K*) cations
(the M site), and the cages contain CI~, CO32~, and
SO,% anions (the A site). Each A anion is coordinated
by four M cations (Fig. 2). On the basis of electron
microscopy results (Hassan & Buseck 1988), the cage
clusters, [Nay*Cl]** and [NaCazeCO5]**, are ordered
at the corners [P1 = (0, 0, 0)] and center [P2 = (%, 14,
15)] of the unit cell. The observed order in the cluster
is supported by energy calculations on the structure
(Chamberlain er al. 1985). Scapolite Mesz 9 contains
APBs that arise from order of clusters, particularly,
order of Cl and CO; anions (Phakey & Ghose 1972,
Hassan & Buseck 1988); the occupancies of the P1
and P2 sites by these anions are switched at the domain
boundaries. Because of cluster order and evidence from
electron diffraction, the space group of intermediate
scapolite is lower than P4,/n or I4/m (see Phakey &
Ghose 1972). Others have suggested that the observed
APBs arise from Al-Si order, but no experimental

Fic. 1. Structure of P4,/n scapolite projected along the ¢ axis
and showing the 7, M, and A sites, as well as the four-mem-
bered rings and oval channels. A unit cell is indicated.
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evidence was given (Oterdoom & Wenk 1983, Seto
et al. 2004).

The M—A (e.g., Na—Cl) distance in scapolite is
anomalously large [3.032(1) A, compared to that in
sodalite [2.730(1) A; Hassan & Grundy 1984, Hassan
et al. 2004], but no explanation is available for this
observation (Levien & Papike 1976). A disorder of the
M cations should produce Na—Cl distances closer to
those observed in sodalite.

EXPERIMENTAL

Scapolite Mes; ¢ is white and occurs in a coarsely
crystalline sample of calcareous gneiss from Monmouth
Township, Ontario, labeled ON7 (Evans et al. 1969).
Sample ON7 is well characterized (e.g., Evans et al.
1969, Hassan & Buseck 1988, Teertstra & Sherriff
1996, Antao & Hassan 2002). Crystals of this sample
of marialite were hand-picked under a microscope,
and finely ground in an agate mortar and pestle for the
X-ray-diffraction experiments that were performed at
the Advanced Photon Source (APS), Argonne National
Laboratory.

The experimental procedures used in this study,
including those at beamline 11-BM, were recently
described for scapolite Mesg ¢ (meionite) and are not
repeated here (Antao & Hassan 2008a); in addition,
the 11-BM set-up is also described elsewhere (Antao
& Hassan 2008Db, ¢, Antao et al. 2008). A room-temper-
ature structure was obtained by Rietveld refinement
based on synchrotron high-resolution powder X-ray-
diffraction (HRPXRD) data from beamline 11-BM. The
high-temperature synchrotron powder X-ray-diffraction

Fic. 2. Part of P4,/n scapolite structure showing a cage con-
taining M cations and an A anion. A few five-membered
rings are shown.

1579

(XRD) experiments were performed at beamline 1-BM
and are based on image plate (IP) data. Typical diffrac-
tion traces are displayed (Figs. 3, 4).

RIETVELD STRUCTURE REFINEMENT

The chemical formula for scapolite Mesy g is
(Caj 29Naz 36Ko0.28)[Sis.08A15.920241Clo.61(CO3)0.30
(8O4)0.02 (Evans et al. 1969). The space group P4,/n
and initial structural parameters were taken from Levien
& Papike (1976). The structure was modeled using the
Rietveld method (Rietveld 1969), as implemented in
the GSAS program (Larson & Von Dreele 2000), and
using the EXPGUI interface (Toby 2001). The structure
refinement was carried out in the following sequence:
refinement of a scale factor, background, cell, zero shift,
profile, atom positions, and displacement parameters.
Finally, all variables were refined simultaneously.

The HRPXRD data at room temperature was refined
using anisotropic displacement parameters. We assume
that the M site is fully occupied by Na and Ca atoms,
and their site-occupancy factors (sof) were refined.
We also assume that the A site is fully occupied by
Cl and C atoms, and their sof were refined. The sof
for the O7C atom belonging to the CO; group was
constrained to equal the C sof. The O7C atom was
refined isotropically.

The HRPXRD structural model (and sof for the M
and A sites) was then used for refinement of the IP data
at room temperature, and the results were then used as
input for the next higher-temperature structure. For the
IP data, the sof for each site was considered invariant
and fixed to the sof obtained from the HRPXRD data.
All atoms were refined using isotropic displacement
parameters.

Cell parameters and refinement statistics are given
in Table 1. 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. These tables contain information for only a
few selected temperatures, but all results are displayed
graphically.

RESULTS AND DISCUSSION
Room-temperature Structure

The room-temperature structural parameters for
Mess g from the two datasets are similar to each other,
but those obtained by HRPXRD provide better param-
eters than the IP data because of the superior experi-
mental set-up (sharp peaks, high resolution, and larger
26 range). The number of observed reflections was
1590 from HRPXRD compared to 320 from IP data.
The close similarity between the two structures at room
temperature gives us confidence that detailed structural
parameters can be obtained at high temperature using
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our present IP data. Our room-temperature structure is
similar to that of Mess ; (Levien & Papike 1976).

The Mes, g cell parameters obtained from HRPXRD
data are a 12.06503(1), ¢ 7.58360(1) A, and V
1103.906(2) A3. The average values of <T1-0>, <T2-0>
and <T3-0>, 1.606(2), 1.726(2) and 1.612(2) A, respec-
tively, correspond to occupancies of 71 = [AlpSiy], 72
= [Alg.87Sip,13], and T3 = [Alp02Sip.og] based on Si-O =
1.6100(2) A and AI-O = 1.7435(2) A, as observed in
sodalite, Nag[AlgSic024]Cl, (Antao & Hassan 2008c).
The T'1 site contains only Si atoms, whereas the 72 and
T3 sites are almost fully ordered at room temperature.
Our refined sof values for the M and A sites are similar
to those obtained from the chemical analysis. The sof
for Ca is 0.305(4) (and Na = 1 — 0.305) and gives rise
to Mesg s compared to Mes, g obtained by chemical
analysis (Evans et al. 1969). The sof for Cl is 0.759(6)
(and C =1 -0.759).

Unit-cell parameters

The variation of the cell parameters with temperature
is shown (Fig. 5). The room-temperature cell parameters
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match closely in the two datasets. On heating to 902°C,
the a parameter and volume increase smoothly and
nonlinearly, whereas the ¢ parameter decreases steeply
to about 200°C, indicating a negative thermal-expansion
behavior. The ratio c¢/a decreases with increasing
temperature. On cooling from 902° to 36°C, the a, c/a,
and V parameters reverse on a slightly different path
(Fig. 5). The trends on heating and cooling for the ¢
parameter are different, and there is a break between
192 and 251°C (Fig. 5b). Scapolite Meg ¢ was found
to show similar features for the a, ¢/a, and V param-
eters, but its ¢ parameter was found to increase with
temperature, and on cooling it was found to decrease
significantly (Antao & Hassan 2008a). Where the cell
parameters are plotted as the d/dj ratio, one can see that
the a axis expands much more than the ¢ axis (Fig. 6).
There appears to be a break in the a and V parameters
at about 516°C (Figs. 5, 6). These results contrast with
previous studies, where linear increases were reported
for a and V, whereas ¢ was found to be nearly constant
(Levien & Papike 1976, Graziani & Lucchesi 1982,
Baker 1994). However, a decrease in ¢ was reported
for marialite (Kabalov er al. 1999).
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HRPXRD trace for scapolite Mesz 9 at room temperature, together with the calculated (continuous line) and observed

(crosses) profiles. The difference curve (1,5 — I.4.) is shown at the bottom. The short vertical lines indicate allowed reflec-
tion positions. Note that the intensities beyond 20 and 30° are scaled differently. The (021) reflection is pointed out and also

shown as an insert.
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<T-0> distances and T-O-T angles

We report variations of the bond distances with
temperature in Figure 7. The average <71-O> distance
decreases slightly to 902°C because of thermal motion
(Fig. 7a). The <72-0> and <73-0O> distances show
opposite effects, and changes occur at about 200 and
889°C on heating, and between 251 and 312°C on
cooling (Fig. 7b). The average for both <72,73-O> is
nearly constant to 889°C (Fig. 7a). Apart from minor
variations below about 100°C, which probably arise
from structural strain because of order of two different
sizes of anions (Cl versus CQOs), the <72-0O> and
<T3-0O> distances are nearly constant up to 889°C;
thereafter, <72-0O> decreases, whereas <73-0O>
increases, and they are nearly equal at 902°C within
expenmental error [<72-0> = 1.683(8) A and <13-0>
=1.686(7) A]. Therefore, at 902°C, the T2-T3 sites are
fully disordered on the basis of <7-0O> distance and
deduced T-site occupancy. The <7-O> distances do not
revert to the initial values on cooling; some quenching
of the high-T disordered state occurs. In scapolite
Meyg6, Al-Si disorder occurs at about 900°C, and no
change occurs at 200°C (Antao & Hassan 2008a).

The T2 site in scapolite Meyg ¢ becomes more Al-rich
from 892 to 900°C (it changes from [Alg4sSioss] to
[Alps1Sig.49]), whereas the T1 site becomes more Si
rich (it changes from [Alp 11Sig go] to [AlpSiq], such that
full order of the T'1 site occurs at 900°C). This is an
unusual behavior for the T'1 site, as atoms are expected
to disorder with increasing temperature. In scapolite
Mesa 9, the T' site contains Si atoms at all temperatures.
Small amounts of Al-Si disorder and changes in cell
parameters (before and after heating) were reported for
scapolite Mess ; (Levien & Papike 1976).

Changes occur in the 7-O-T bridging angles near
900°C (Fig. 8). The trends on cooling are different, with
only the average <7-O-T> angle reverting back to the
initial value at room temperature (Fig. 8a). On heating,
changes at about 200°C are minor for the 72-03-73
and 72-04-T73 angles (Fig. 8c), whereas they are more
significant for the 71-O5-72 and 71-06-T3 angles
(Fig. 8b). On cooling, changes occur between 251° and
312°C (Fig. 8b).

<M-0> and <M-A> distances, and Na—Ca disorder

The <M-O> distances increase with temperature
(Fig. 9a). The <M—O>[7] variation is more uniform than
<M-0>[9], which includes two distances to O7C atoms
belonging to the positionally disordered CO5 group. The
<M-O> distance varies continuously and smoothly on
cooling to room temperature.

The M-A distance is one of the most accurately
determined because the A site is fixed and the M posi-
tion is well defined. On heating, the M-A distance
remains constant, then increases at 200°C (arrow in
Fig. 9b), decreases with temperature, and increases
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significantly near 900°C. On cooling, the M-A distance
is almost constant to 251°C, and then increases to room
temperature. The M—-A distance contains the effects of
M cation disorder (the A site contains Cl and C atoms).
For Mesg¢, with no cluster order, the M—A distance
increases smoothly to 900°C (Antao & Hassan 2008a).
For Mes, 9, the break in the M-A distance at 200°C
indicates M cation disorder. This feature was observed
from 200 to 400°C with a peak 7' at about 300°C in
thermal analyses (Antao & Hassan 2002). The break at
200°C that arises from Na—Ca disorder was observed
in several structural parameters, including the ¢ axis
(Fig. 5b), C-O7C distance (Fig. 9c) and, particularly,
the z coordinate of the M site (Fig. 9d). The whole
structure re-adjusts at 200°C. On cooling, the z coordi-
nate changes between 251° and 312°C, where changes
are also observed along the ¢ axis. The disorder of the
Na-—Ca cations may be considered as a transition at
200°C, possibly of second order.

At room temperature, the M-A distance is 3.032(1)
A, which is quite large for a Na—C1 bond (and way
too large for a Ca—Cl bond), compared to 2.730(1)
A in sodalite (Hassan & Grundy 1984). Disorder of
the M cations causes the M-A distance to become
shorter in an attempt to form a more realistic distance.
At 700°C, the M-A distance is about 3 A (Fig. 9b),
whereas it is 2.832(3) A at about the same temperature
in sodalite (Hassan ez al. 2004). The scapolite structure

TABLE 1. UNIT-CELL AND RIETVELD REFINEMENT STATISTICS
FOR SCAPQOLITE Me,, , (MARIALITE) AT SELECTED TEMPERATURES

T°C a(A) ¢ (A) V(A ‘RS2

HRPXRD data

25 12.06503(1) 7.58360(1) 1103.906(2) 0.0636
Heating (IP data)

26 12.0652(2) 7.5827(2) 1103.79(4) 0.0337
105 12.0749(2) 7.5814(2) 1105.39(4) 0.0336
204 12.0882(2) 7.5808(2) 1107.74(4) 0.0327
305 12.1025(2) 7.5804(2) 1110.30(4) 0.0345
405 12.1172(2) 7.5800(2) 1112.94(4) 0.0365
505 12.1335(2) 7.5801(2) 1115.96(4) 0.0404
603 12.1610(2) 7.5800(2) 1118.17(4) 0.0428
702 12.1673(3) 7.5799(2) 1122.16(4) 0.0447
801 12.1844(2) 7.5799(2) 1125.30(4) 0.0439
902 12.1974(3) 7.5795(2) 1127.65(6) 0.0655

Cooling (IP data)

870 12.1921(4) 7.5796(3) 1126.68(7) 0.0771
814 12.1823(4) 7.5798(3) 1124.91(7) 0.0795
751 12.1724(4) 7.5802(3) 1123.15(7) 0.0784
690 12.1626(4) 7.5806(3) 1121.39(6) 0.0815
625 12.1514(4) 7.5802(3) 1119.27(6) 0.0795
561 12.1412(4) 7.5797(3) 1117.30(6) 0.0734
499 12.1316(4) 7.5794(3) 1115.49(6) 0.0707
437 12.1219(4) 7.5791(3) 1113.67(6) 0.0740
373 12.1127(4) 7.5789(3) 1111.95(8) 0.0706
312 12.1038(4) 7.5787(3) 1110.30(6) 0.0635
251 12.0952(4) 7.5787(3) 1108.72(6) 0.0611
192 12.0856(4) 7.5773(3) 1106.76(6) 0.0575
133 12.0770(4) 7.5768(3) 1105.11(7) 0.0569

36 12.0645(4) 7.5765(3) 1102.77(6) 0.0540

" R = Rstructure-factor based on observed and caiculated structure-amplitudes
=B~ F2F TEFAT™
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FiG. 4. Comparison of the XRD traces for scapolite Meszg at (a) 902°C, (b) 36°C
on cooling, and (c) 26°C before heating, together with the calculated (continuous
line) and observed (crosses) profiles. The difference curve (I 55 — I q) is shown at
the bottom. The short vertical lines indicate allowed reflection positions. The (021)
reflection is observed at all temperatures (arrow).
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TABLE 2. ATOM POSITIONS AND ISOTROPIC DISPLACEMENT PARAMETERS AT SELECTED 7 FOR SCAPOLITE Me,, , (MARIALITE)

T°C 25 (HRPXRD)

26 105 204 305 405 505 603 702 801 902

A

o1

02

03

04

05

06

o7C

SN X NS X NS X NN XNW XNSXCTNSXCTNS XNSXNYXGN< X

0.5905(3) 0.5898(3) 0.5889(3) 0.5883
0.6608(3) 0.6612(2) 0.6613(2) 0.6615

(3) 0.5881
(
0.2609(13) 0.2545(18) 0.2481(14) 0.2452
(
(
(7

3) ) 0.5882(3) 0.5880(3) 0.5876(3) 0.5874
2) 0.6616(3) 0.6620(3) 0.6623(3) 0.6624(3) 0.6633
13) 0.2428(14) 0.2427(13) 0.2447(16) 0.2498(20) 0.2547(18) 0.2539
8 ) 0.0219(8) 0.0247(9) 0.0267(10) 0.0291(10) 0.0322

3 (3) 0.5904(
3 ( (
1 ( (
8 ( (
6) 0.9098(6) 0.9101(6) 0.9105(7) 0.9110(7) 0.9111(6)
8 ( (
1 ( ©
6 ( (
6 (

)

) 0.6646(4)
6)

0.0191(9) 0.0180(4) 0.0174(8) 0.0186(8) 0.0198 )
0.9076(8) 0.9093(5
0.1677 (
0.0494(9) 0.0508(
0.6644(7) 0.6657(
0.0861(8) 0.0874(
(
(
(

4

4

1

0 9

0.9095(6) 0.9096(6) 0.9095 ) 6)

) 0.1675 ) 0.1676(8) 0.1678(7) 0.1681(7) 0.1690(7) 8)

0) 0.0541(3) 0.0549(10) 0.0556(10) 0.0551(3) 0.0574(9)
)
)
)
)

0.6661(6) 0.6666 6) 0.6670 0.6700(8)

3
3
1
1
7
7
9
7
0.0869(8) 0.0872(8) 0.0873(6) 0.0871(6) 0.0874(6) 0.0882(7) 0.0886(7) 0.0859(7)
0.9605(10) 0.9622(8) 0.9602(11) 0.9610(10) 0.9627(9) 0.9625(9) 0.9620(3) 0.9617(9) 0.9603(8) 0.9626(10)

)
0.6162(2) 0.6163 )
0.5383(3) 0.5385 ) 0.5425(4) 0.5426(4) 0.5409(6)
0.7542(13) 0.7569(12) 0.7429(13) 0.7435(13) 0.7502(19) 0.7538(17) 0.7549(19) 0.7548(20) 0.7557(18) 0.7477(20)

3
3
1
9
6
7
1
7
6
9
0.6164(2) 0.6170(3) 0.6174(3) 0.6176(3 3
4
1
0.040(1)  0.042(1) 0.046(1) 0.052(1) 0.058(1) 0.062(1) 0.070(2) 0.077(2) 0.084(2) 0.082(2)
5
5
2
)
5
4
1
8
9
1
1
8
1
1

0.6177(3) 0.6178(3) 0.6176(3

( (
( (
( (
ot

01677(6) 0.1678(6) 0.1677(
(10 (
( (
( (
(1 (e
( ( 0.6153(4)
( (

)
)
8
)
) )
) 0.0484(11) 0.0501(10) 0.0534 )
) ) 0.6677(6) 0.6685(7) 0.6690(7) 0.6696
) )
) )
) )
) )
2

0.5386(3) 0.5394(3) 0.5403(3) 0.5410(3) 0.5417(

6
9
7
5
8
2
3
1
0.7090(5) 0.7093(4) 0.7091(4) 0.7091(4) 0.7091(5) 0.7092(5) 0.7091(5) 0.7088(5) 0.7079(5) 0.7056(8)
0.6021(4) 0.6029(4) 0.6038(4) 0.6048(4) 0.6058(4) 0.6061(4) 0.6068(5) 0.6080(5) 0.6081(4) 0.6005(7)
0.2535(21) 0.2533(19) 0.2596(21) 0.2602(21) 0.2529(26) 0.2449(27) 0.2429(26) 0.2454(26) 0.2478(24) 0.2479(32)
0.028(1)  0.027(1) 0.026(1) 0.026(1) 0.029(1) 0.033(1)  0.037(1
0.9450(4) 0.9448(4) 0.9444(4
0.1281(4) 0.1293(4) 0.1308(4
0.2582(22) 0.2702(16) 0.2741(1

(9

(8

0.040(1) ~ 0.044(1)  0.046(2)

0.9443(4) 0.9443(4) 0.9441(4) 0.9443(5) 0.9440(5) 0.9444(5) 0.9525(6)

0.1319(4) 0.1326(4) 0.1333(4) 0.1343 0.1354(4) 0.1365(4) 0.1340(6)

)

)

5) 0.2734(15) 0.2715(15) 0.2715(14) 0.2725(16) 0.2724(16) 0.2695(17) 0.2622(26
)

0.5949(9) 0.5935(7) 0.5939(9) 0.5040(9) 0.5933(8) 0.5924(8) 0.5927(8) 0.5930(9) 0.5938(8) 0.5969(10

0.1896(8) 0.1870(8) 0.1860
0.0348(17) 0.0360(15) 0.0359(19) 0.0333(1
0.7992

)

)

6

) (

) 0.1875(3) 0.1868(8) 0.1945
9) 0.0274(21) 0.0258(20) 0.0285
0 (
) (
8

(1

8) 0.0302 (
) 0.7971(10) 0.7978(10) 0.8059(
(

(

(

(
e

) 0.1857(7) 0.1861(8) 0.1870(8) 0.1876
(19) 0.0295(18) 0.0288
(9)

) 0.7973(8) 0.7961(9) 0.7957(9) 0.7957 0.7966(9) 0.7969

0.1010 0.1033(8) 0.1042(9) 0.1044 0. 1052(8) 0.1064(8) 0.1070

(

(1

(

(

S

(8) 0.1065(9) 0.1068(8) 0.1152

5) 0.9689(13) 0.9705(16) 0.9710(15) 0.9702(16) 0.9705(18) 0.9725

(

(

(

(

(

(

(

) 0.9740(20) 0.9744(18) 0.9772
0) 0.5154(11) 0.5186(11) 0.5055
8) 0.6202(9) 0.6217(8) 0.6221(8)
19) 0.0841(20) 0.0866(19) 0. 1080(15)
9) 0.6348(10) 0.6361(10) 0.6381(9)
10) 0.9772(11) 0.9802(11) 0.9637(9)

)

)

0}

3)

0)

1)

0.9672 4)
0)

( 2
9 1
9) 1
( 2
0.5121(9) 0.5162(9) 0.5171(9) 0.5167(9) 0.5152(8) 0.5143(9) 0.5146 1
0.6155(6) 0.6182(7) 0.8155(7) 0.6153(6) 0.6162(7) 0.6181(7) 0.6196
(13) 0.0877(13) 0.0719(13) 0.0725(13) 0.0776(18) 0.0794(17) 0.0806
(7) 0.6291(7) 0.6314(7) 0.6329(7) 0.6341(8) 0.6338(8) 0.6341
(8) 0.9756(8) 0.9754(9) 0.9754(9) 0.9747(9) 0.9744(9) 0.9751
(
(

0.0900
0.6281

m\l——\G’tO—-\

0.9729

0.0616(12) 0.0639(12) 0.0791(13) 0.0798(13) 0.0771(17) 0.0772(16) 0.0770(18) 0.0758(19) 0.0750(18) 0.0638(15)

(
(

0. 7645(14) 0.7702(52 ) 0.7899(40) 0.8061(33) 0.8192(32) 0.8265(33) 0.8266(33) 0.8294(38) 0.8407(45) 0.8407(43) 0.7758(115)
(

0.6480(26) 0.6507(25) 0.6545(29) 0.6644(35) 0.6703(39) 0.6703(39) 0.6726(44) 0.6896(57) 0.6904(55) 0.6539(48)

07387(32) 0.754(18) 0.748(16) 0.748(16) 0.746(16) 0.749(19) 0.749(21) 0.749(23) 0.753(24) 0.752(21) 0.8305(76)

0.093(4) 0.090(4) 0.087(4) 0.096(4) 0.103(4) 0.108(4) 0.117(5) 0.130(5) 0.141(5) 0.162(7)

Alis at (%,%,%) and contains Cl and C atoms. * For HRPXRD data, values of U (in A?) are given in Table 3, except U (O7C), which was refined
isotropically. In addition, sof values for Ca and Cl are 0.305(4) and 0.759(6), respectively, so the sof values for Na and C can be deduced. '
For the IP data, the following constraints were used: T(1-3) have same U, O(1-6) have same U, and U (O7C) = U (A).

TABLE 3. ANISOTROPIC DISPLACEMENT PARAMETERS FROM HRPXRD DATA
FOR SCAPOLITE Me,,, (MARIALITE)

Atom Ueq Uy Un, U U, Ui Ui

T 0.0078 0.0077(5) 0.0063(5) 0.0095(5) -0.0008(5) 0.0001(12) -0.0012(11)
T2 0.0083 0.0083(12) 0.0078(13) 0A0087(10) -0.0024(10) -0.0017(9)  0.0058(9)
3 0.0105 0.0151(13) 0.0105(11) 0.0059(8) -0.0005(3) 0.0014(9) 0.0031(9)
M 0.0306 0.0243(8) 0.0258(8) 0.0417(11) 0.0163(5) 0.0042(14) -0.0013(14)
A 0.0664 0.0754(16) 0.0754(16) 0.0484(20) 0 0 i

o1 0.0150 0.0164(14) 0.0164(15) 0.0121(13) 0.0014(12) 0.0036(26) 0.0153(26)
02 0.0203 0.0298(18) 0.0209(15) 0.0101(15) 0.0085(12) -0.0032(24) 0.0184(21)
03 0.0263 0.0344(37) 0.0180(25) 0.0265(26) -0.0172(24) 0.0032(20) -0.0080(18}
04 0.0219 0.0365(29) 0.0208(32) 0.0084(22) -0.0151(24) -0.0051(18) 0.0015(18)
05 0.0128 0.0220(27) 0.0072(24) 0.0091(21) 0.0037(22) -0.0320(18) 0.0003(19)
06 0.0237 0.0022(25) 0.0361(29) 0.0326(27) -0.0039(21) 0.0016(20) -0.0250(20)
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TABLE 4. INTERATOMIC DISTANCES (A) AND ANGLES (°) AT SELECTED T FOR SCAPOLITE Me;, , (MARIALITE)

TPC 25 (HRPXRD) 26 105 204 305 405 505 603 702 801 902

T1-01  1502(2) 1.596(5) 1.606(5) 1.612(5) 1619(5) 1.617(5) 1617(5) 1.619(6) 1616(6) 1.616(5) 1.607(8)
T1-01  1.604(2) 1582(5) 1.573(5) 1579(5) 1.579(5) 1.582(5) 1.581(5) 1582(6) 1.587(6) 1.590(6) 1.589(8)
T1-05  1.585(3) 1.694(12) 1.638(13) 1.686(11) 1.667(11) 1.628(14) 1.618(13) 1.616(14) 1.616(18) 1.607(18) 1.601(12)
T1-06  1.643(4) 1.598(12) 1.634(14) 1.566(12) 1.572(12) 1.598(15) 1.599(13) 1.590(15) 1.575(18) 1.566(18) 1.566(13)
<T1-0> 1.606(2) 1.618(5) 1.613(5) 1.611(4) 1.609(4) 1.606(5) 1.604(5) 1.602(6) 1.599(7) 1.595(7) 1.591(5)
T2-02  1.741(3) 1.714(15) 1.780(13) 1.818(13) 1.798(13) 1.758(14) 1.750(13) 1.749(15) 1.739(15) 1.721(14) 1.691(18)
T2-03  1.715(3) 1.725(13) 1.760(12) 1.772(11) 1.778(11) 1.780(11) 1.774(11) 1.769(12) 1.770(13) 1.772(12) 1.671(16)
T2-04  1.716(4) 1.658(11) 1.678(11) 1.678(11) 1.688(11) 1.696(11) 1.685(11) 1.681(12) 1.688(13) 1.689(12) 1.569(14)
T2-05  1.730(3) 1.762(10) 1.775(10) 1.710(10) 1.717(11) 1.737(12) 1.730(12) 1.735(13) 1.758(14) 1.791(13) 1.800(12)
<T2-0>  1.726(2) 1.715(6) 1.748(6) 1.745(6) 1.745(6) 1.743(6) 1.735(6) 1.734(7) 1.739(7) 1.743(6) 1.683(8)
T3-02  1.586(4) 1.639(16) 1.569(13) 1.522(13) 1.531(14) 1.556(15) 1.554(13) 1.544(15) 1.543(15) 1.555(14) 1.649(18)
73-03  1.627(4) 1.606(11) 1.587(10) 1.590(11) 1.579(10) 1.579(11) 1.600(11) 1.608(12) 1.601(13) 1.591(12) 1.674(14)
T3-04  1.509(3) 1.636(13) 1.601(12) 1.587(12) 1.579(12) 1.576(11) 1.583(11) 1.581(12) 1.578(13) 1.581(13) 1.699(15)
73-06  1.636(4) 1.627(10) 1.616(10) 1.675(11) 1.676(11) 1.665(12) 1.672(11) 1.673(12) 1.657(13) 1.634(12) 1.720(11)
<T3-0> 1.612(2) 1.627(6) 1.593(6) 1.594(8) 1.591(6) 1.594(6) 1.602(6) 1.602(6) 1.595(7) 1.590(6) 1.686(7)
M-02  2.361(3) 2.335(5) 2.353(5) 2.362(6) 2.374(6) 2.383(6) 2.392(6) 2.399(6) 2.406(7) 2.408(6) 2.289(8)
M-03  2.533(4) 2.477(14) 2.465(13) 2395(13) 2.416(13) 2.468(15) 2.494(14) 2.515(15) 2.532(17) 2.551(17) 2.553(20)
M-04  2.507(4) 2.545(13) 2.569(11) 2.660(13) 2.668(13) 2.646(15) 2.642(14) 2.657(15) 2.669(17) 2.669(15) 2.752(22)
M-O5  2.874(4) 2.988(13) 2.937(13) 2.919(11) 2.922(11) 2.922(13) 2.922(15) 2.926(17) 2.945(17) 2.945(15) 3.199(16)
M-O5'  2.774(3) 2.691(9) 2.727(9) 2.837(11) 2.841(11) 2.808(13) 2.808(11) 2.824(12) 2.835(13) 2.862(12) 2.706(12)
M08 2.919(3) 3.025(9) 3.021(8) 2.945(10) 2.971(11) 3.029(13) 3.051(11) 3.063(12) 3.070(13) 3.069(12) 3.183(12)
M08 2.971(4) 2.839(12) 2.889(12) 2.906(11) 2.921(11) 2.948(13) 2.969(14) 2.977(16) 2.979(16) 3.001(14) 2.812(16)
<M-0>[7] 2.661(1) 2.677(4) 2.679(4) 2.686(4) 2.699(4) 2.709(5) 2.718(5) 2.731(5) 2.743(6) 2.751(5) 2.780(6)
M-O7C ~ 2.188(16) 2.28(6) 2.50(5) 2.69(5) 2.88(5) 2.98(5) 298(5) 3.02(6) 3258) 326(8) 247(13)
M-O7C'  2.406(16) 2.34(6) 2.11(4)  1.93(d)  1.806(32) 1.737(30) 1.730(30) 1.70(4)  1.665(33) 1.678(31) 2.36(13)
<M-0>[9] 2.615(3) 2.613(10) 2.619(8) 2.627(8) 2.644(7) 2.658(8) 2.665(7) 2.676(9) 2.706(11) 2.716(10) 2.703(21)
M-A 3.032(1) 3.022(4) 3.022(3) 3.023(4) 3.015(4) 3.006(4) 3.003(4) 2.900(5) 2994(5) 2.999(4) 3.033(7)
C-O7C x 41.336(12) 1.255(29) 1.292(25) 1.339(27) 1.333(28) 1.338(28) 1.341(27) 1.347(34) 1.326(31) 1.322(29) 1.36(5)

T1-01-T1 159.1(2) 158.7(5) 150.7(4) 160.3(5) 161.3(6) 163.0(5) 162.9(6) 163.3(6) 164.6(6) 164.5(5) 155.3(7)
72-02-T3 139.8(1) 136.9(3) 137.3(3) 138.2(3) 138.6(3) 138.8(3) 139.1(3) 139.1(4) 139.4(4) 139.2(4) 133.8(5)
T2-03-T3 147.1(2) 143.8(8) 142.1(8) 141.7(8) 142.3(7) 142.9(7) 142.7(7) 142.9(8) 143.2(8) 143.5(8) 148.6(9)
T2-04-T3 149.5(3) 148.1(8) 150.1(8) 152.4(8) 152.3(8) 151.7(8) 152.3(9) 153.2(9) 153.2(10) 153.4(9) 155.8(12)
T1-05-T2 139.9(2) 138.0(6) 137.3(6) 133.9(6) 133.9(6) 135.9(6) 137.7(7) 138.7(8) 139.2(8) 139.1(8) 142.2(7)
T1-06-T3 138.7(2) 137.1(7) 137.8(7) 1424(7) 1427(7) 141.7(8) 141.3(8) 141.4(9) 142.4(10) 144.2(10) 135.5(7)
<T-O-T> 1456(1) 143.8(3) 144.1(3) 144.8(3) 145.2(3) 145.7(3) 146.0(3) 146.4(3) 147.0(3) 147.3(3) 145.2(3)

is under severe strain at room temperature because of
these unusnal bond-distances, and the [Nas*CI]** and
[NaCa3*CO3]** clusters order. Not much heating is
required to release this strain, cause the M cations to
disorder, and give rise to the transition at 200°C. Conse-
quently, the ¢ axis changes significantly before 200°C.

Antiphase domain boundaries (APBs)

The type-b reflections (4 + k + [ = odd), in particular
the (021) reflection, are absent in space group I4/m,
whereas they are present in space group P4,/n and
give rise to APBs (Phakey & Ghose 1972, Oterdoom
& Wenk 1983, Seto er al. 2004). The (021) reflection
was observed in the XRD traces at all temperatures
in Mes, ¢ (Fig. 4, arrow). Complete disorder of the
T2-T3 sites makes them equivalent (= 72’), and the
resulting structure of the framework is the same as the
14/m structure of Meqg ¢ (excluding the anions); both

structures have only Si atoms at the 7’1 sites at 900°C.
The structural relation may be seen by comparing the
two samples. For Mes g at 902°C, <T1-0O> = 1.591(5)
A, <12-0> = 1.683(8) A, and <73-0> = 1.686(7) A,
and they correspond to T1 =[AlpSi;], 72 = [Alp 55510451,
and T3 = [Aly 57Sig43]. Therefore, at 902°C, the T1 site
contains only Si atoms, whereas the 72 and 73 sites
are close to complete disorder (T-O = 1.674 A) within
experimental error. For Meqg ¢ at 900°C, <T1-O> =
1.609(3) A, <T2-0>=1.678(2) A, and they correspond
to 71 = [AlpSii] and 72 = [Aly51Sig.49]. Therefore, the
type-b reflections in Mes, g (and APBs) observed at all
temperatures are not related to Al-Si order; they arise
from C1-COj order. The Cl and CO; anions are ordered
in each domain at all temperatures. Furthermore, if the
APBs were to be caused by Al-Si order, the <7-O>
distances would be expected to show wide fluctuations
because different domain sizes would be averaged with
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F1G. 5. Variation of unit-cell parameters with temperature. (a) a, (b) ¢, (c) ratio ¢/a, and (d) V. The HRPXRD data are displayed
in the graphs. Smooth solid lines are polynomial fits that are used as guides for the eye. The fewer data points on cooling are
also shown. Error bars, if not seen, are smaller than the symbols.

temperature. Furthermore, Al-Si order is not expected
to change at 200°C.

Weak type-b reflections were observed in Me;gg
using electron microscopy (Hassan & Buseck 1988),
and Seto et al. (2004) observed type-b reflections and
APBs in samples from Me1g to Megg. Above Meys, the
type-b reflections may be explained by having inclu-
sions of series 1 in a series-2 scapolite host (Hassan &
Buseck 1988).

C-0 distance and displacement parameters

The variation of the C-O7C distance with tempera-
ture is shown (Fig. 9c). The rigid CO; group is not

expected to vary with T. The CO; group is positionally
disordered, and a small amount of electron density
occurs at the O7C site. Nevertheless, the C-O7C
distance does vary in a systematic way and shows a
break at 200°C. In Me7g 6, the C-O and SO variations
were found to be nearly constant to 900°C (Antao &
Hassan 2008a).

The displacement parameters vary smoothly with
temperature (Fig. 10). The T site has the smallest value,
followed by the framework O atom, M cation, and
anion groups. Large values occur for the anion groups
because the CO5 group is positionally disordered, and
the M cations are disordered and bonded to these anion
groups.
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Arrows point out changes at 200°C.

Oval channel

An oval channel is displayed at room temperature
(Fig. 11). The long and short diameters are 9.386 and
3.291 A at room temperature, and 9.364 and 3.615 A at
902°C. The oval channel opens up as the short diameter
increases with temperature (Fig. 12), as indicated by
Levien & Papike (1976). A sharp increase in channel
width occurs just before 200°C because of Na—Ca

disorder, whereas a steep increase occurs near 900°C
because of 72-T3 disorder.

The expansion of the scapolite structure occurs by
increase in the <M—O> (and M—A) distances that cause
the rigid 70, tetrahedra to rotate “out” (Fig. 9). Opening
of the oval channels creates a more open framework
structure (Figs. 11, 12). The <M—O> distance does not
change significantly at 200°C, but the M—A distance and
the ¢ parameter increase (arrows in Figs. 5b, 9b), and the
bridging angles, especially T1-O5-72 and 71-06-73,
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A. Arrows point out changes at 200°C.

Fic. 11. Effect of thermal expansion on the rotation of tet-
rahedra and the oval channel in scapolite. Double-headed
arrow indicates opening of the oval channel that arise
from rotation of the 70, 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 give rise to a more open framework
structure.

change (arrows in Fig. 8b). Therefore, the structural
break at about 200°C reflects Na—Ca disorder, and gives
rise to a slightly longer M—A distance (and constant
<M-O> distance) that force the rigid 7O, tetrahedra to
rotate. The transition corresponding to Na—Ca disorder
was also observed by differential scanning calorimetry
(Antao & Hassan 2002). With increasing temperature,
Na—Ca disorder near 200°C, the 72773 sites disorder
near 900°C, and ClI-CQj; anions remain ordered and
give rise to APBs.

Seto et al. (2004) suggested that Me-rich scapolite,
such as Meqg 6, is formed at high-temperature in space
group I/4m; on rapid cooling, it may not change to
space group P4,/n and remains metastably at room
temperature, thereby implying that an /-P transition
exists for scapolite. We did not observe any /-P transi-
tion in this study, nor in the study of Mesos (Antao &
Hassan 2008a).

CONCLUSIONS

All cell parameters increase continuously but nonlin-
early with temperature, whereas the ¢ parameter shows
a break at 200°C. On cooling, the cell parameters,
especially ¢, are not the same [¢ = 7.5836(2) A before
heating, and 7.5765(3) A after cooling]. The average
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<T1-0>, <T2-0> and <T3-0>, 1.606(2), 1.726(2) and
1.612(2) Ain scapolite Mesz g, correspond to the site
occupancies T'1 = [AlpSi;], 72 = [Aly g7Sip.13), and T3 =
[Alp2Siges]- At902°C, <T1-0>, <T2-0> and <73-0>,
1.591(5), 1.683(8) and 1.686(7) A correspond to 71 =
[AlpSiy], T2 = [Alg55Sig4s], and T3 = [Alp 57Si.43].
Therefore, at 902°C, the T'1 site contains only Si atoms,
whereas the 72-T3 sites are close to complete disorder.
The quenched Al-Si and Na-Ca disorder gives rise to
smaller values for the cell parameters on cooling. The
Na—Ca disorder occurs at 200°C; several structural
parameters show a break, including the ¢ parameter.
Disorder of the M cations causes the M—A distance to
decrease, whereas the <M-O> distance increases, and
forces the rigid 70, tetrahedra to rotate “out” and create
a more open framework structure by expansion of the
short diameter of the oval channel. Order of [NasCI]**
and [NaCa3*COs]>* clusters occurs in series-1 scapolite
(Hassan & Buseck 1988), and gives rise to considerable
strain and APBs.
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