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Twenty-seven scapolite samples from various localities and with compositions between Meg_o3 Were
obtained using electron microprobe analysis (EMPA). Their unit-cell parameters were obtained using
synchrotron high-resolution powder X-ray diffraction (HRPXRD) data and Rietveld structure refine-
ments using space group P4,/n. The EMPA data show the well-known discontinuity at Me;s. In
addition, the unit-cell parameters, especially ¢, show a discontinuity at Me;s (=five Al atoms per for-
mula unit, apfu), ideally NaCa3[AlsSi;O,4](CO3), where the scapolite solid solution is divided into
two (Me% = [Ca/(Ca+ Na+ K)] x 100). A maximum ¢ parameter value occurs at Mes; s (=four Al
apfu ideally), where complete Al-Si, Na—Ca, and CI-COj; order occurs. The unit-cell volume, V, var-
ies smoothly with Me% and Al apfu across the series. © 2013 International Centre for Diffraction
Data. [doi:10.1017/S0885715613000638]
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I. INTRODUCTION

Scapolite is the name of a group of volatile-bearing
framework aluminosilicate minerals, (Na,Ca,K)4[(Al,Si);
Al3Sig0,4](C1,CO3,S0,), that occur in a variety of meta-
morphic and igneous rocks. They exhibit compositional and
structural complexities. Scapolites store volatiles in the
lower crust and upper mantle (Lovering and White, 1969),
and are indicators of the activities of the volatile components
(Moecher and Essene, 1990, 1991; Jiang et al., 1994; Kullerud
and Erambert, 1999). The volatile components in scapolite
indicate that they may play a natural role in the capture and
storage of greenhouse gases.

Ideal solid solutions between end members in a binary
system generally give rise to simple relations between struc-
tural parameters, including unit-cell parameters and chemical
compositions. Hitherto, no simple relation is observed for sca-
polite solid solutions because of antiphase domain boundaries
(APBs), Ca—Na, Cl-COs;, and Al-Si order across the series.
Nevertheless, scapolite-group minerals are excellent materials
to investigate the relations between compositional and struc-
tural parameters. The tetragonal unit-cell parameters for sca-
polite are independent of the space group chosen (either /4/
m or P4,/n).

In this study, based on 27 samples across the scapolite
series, electron microprobe analyses (EMPA), and unit-cell
parameters obtained from synchrotron high-resolution powder
X-ray diffraction (HRPXRD) and Rietveld structure refine-
ments using space group P4,/n indicate that there are two
series: Mey_75 and Mess_199 With a discontinuity at Meys.
Across the series, the composition is given as Me% = [Ca/
(Ca+Na+K)]x100. A maximum c¢ value occurs at Mes; s,
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midway between Me, 75, where maximum Al-Si, Ca—Na,
and Cl-CO; order were observed (Hassan and Buseck,
1988; Antao and Hassan, 2011a, 2011b).

Scapolite forms solid solutions between the extreme end-
members marialite, Nay[Al5SigO,4]Cl=Me, and meionite,
Cay[AlgSig0,4]CO5 = Meqo (Deer et al., 1992). A near end-
member silvialite, Cay[AlgSic0,4]SO,, is known (Teertstra
et al., 1999). Scapolite forms two series that meet at end-
member M€75, NazcaG[Al108i1404g](CO3)2, and the compo-
sition varies by replacement of [Nay - ClI]Si, for [NaCa; -
CO;]Al, between Mey 75, and by the replacement of
[NaCas - CO5]Si for [Cay - CO3]Al between Meqs_1oo (Evans
et al., 1969; Hassan and Buseck, 1988; Deer et al., 1992).
Chemical analyses of scapolite are represented by two straight
lines that meet at Mes, indicating two series (see Fig. 12 in
Hassan and Buseck, 1988; or Fig. 188 in Deer et al., 1992).
The Ca—Na cations disorder on heating, but the Cl-COj;
order remains at 900 °C (Antao and Hassan, 2002, 2008a,
2008b). The Mes; s (midway between Me_75) composition,
NasCas[AlgSi;043]C1(CO3), has a ratio of clusters [NayClJ?
*:[NaCa3CO;]>* = 1:1, where complete cluster order occurs,
and full Al-Si order is expected. Mes; 5 is where the maxi-
mum intensities occur for the type-b (h+ k+[=odd) reflec-
tions (Lin and Burley, 1973a, 1973b, 1973c; see Fig. 2 in
Hassan and Buseck, 1988). The crystal structure of a compo-
sition close to Mez;5 was obtained by Antao and Hassan
(2011a). Complete Al-Si order was observed, and a maximum
value occurs for the ¢ parameter.

Some studies divided the scapolite series into three sub-
series at Me,o o5 and Meg, 7 based on discontinuities in the ¢
unit-cell parameter (e.g., Sokolova et al., 1996, 2000; Teertstra
and Sherriff, 1996; Zolotarev, 1996; Sherriff et al., 1998,
2000; Teertstra et al., 1999; Zolotarev et al., 2003; Hawthorne
and Sokolova, 2008; Sokolova and Hawthorne, 2008). At
these two discontinuities, no significant changes occur in the
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Figure 1. HRPXRD trace for Lake Clear scapolite, Mes7 s, at 25 °C, together
with the calculated (continuous line) and observed (crosses) profiles. The
difference curve (Iyps—Icqe) 1S shown at the bottom. The short vertical lines
indicate allowed reflection positions. The intensities for the trace and
difference curve that are above 10° and 20° 26 are scaled by factors of x4
and %30, respectively. The (021) reflection is indicated.
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Figure 2. Chemical composition across the scapolite series. (a) The Me%
increases linearly with Al apfu. The least-squares fitted solid line does not
pass through the points (Me, and Al;) and (Mejoo and Alg) because of
scapolite chemical anomaly. (b) Composition shown as two series that meet
at (Me;s and Als) and represented by two thick solid lines that correspond
to the ideal theoretical compositions of Me,, Mes, and Me o, The data
points are not fitted in (b). The dashed lines in (a) and (b) represent ideal
stoichiometric compositions for scapolite solid solutions that do not occur.
Data from the literature are included for comparison (insert).
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chemical composition or unit-cell parameters, as observed in this
study. The discontinuity in chemical composition at Me;s
is well-established. One reason for this study is to identify a
structural cause for the chemical discontinuity at Me;s.

Using transmission electron microscopy (TEM) and the
type-b reflections that distinguish between the two possible
space groups for scapolite, three subseries were identified
(Seto et al., 2004). Series Mey_13 and Megy_199 have space
group I4/m, and series Me g oo has space group P4,/n. At
Me g and Mey, no significant change occurs in composition
or unit-cell parameters.

The division of the series into two or three and their
boundaries is debatable, and is examined in this study.
Where the scapolite series is divided into two that meet at
Mes, exchange reactions (given above) show how the compo-
sition changes, which is not the case where the series is
divided into three. Only at Me;s, both the chemical compo-
sition and unit-cell parameters consistently show a discontinu-
ity, as is illustrated in this study.

Il. EXPERIMENTAL

Twenty-seven scapolite samples between Meg o3 from
various localities were used in this study (Table I). Their
descriptions and compositions were given by Shaw (1960a,
1960b), Evans et al. (1969), and Lin and Burley (1973a,
1973b, 1973c) for some samples (Table I). The samples
were analyzed using a JEOL JXA-8200 electron microprobe.
The JEOL operating program on a Solaris platform was used
for ZAF correction and reducing the data. The wavelength-
dispersive operating conditions were 15 kV accelerating vol-
tage, 20 nA beam current, and a beam diameter of 5 um,
and used various standards. The crystals are homogeneous
based on optical observations and microprobe analyses of
eight spots for each sample (~0.2 mm in diameter). The 27
chemical compositions are given (Table II).

Crystals of scapolite (0.2 mm in diameter) were hand-
picked under a binocular microscope, and finely crushed in
an agate mortar and pestle for synchrotron high-resolution
powder X-ray diffraction (HRPXRD) experiments that were
performed at beamline 11-BM, Advanced Photon Source,
Argonne National Laboratory. Each sample was loaded into
a Kapton capillary (0.8 mm internal diameter) and rotated
during the experiment at a rate of 90 rotations per second.
These data were collected to a maximum 26 of about 40°
with a step size of 0.0005° and a step time of 0.1 s per step.
A silicon and alumina NIST standard (ratio of %5 Si: %4
Al,O3 by weight) was used to calibrate the 12-analyzer crystal
detector system response, zero offset, and determine the wave-
length used in the experiment (see Table I). Additional details
of the experimental set-up and data analyses were given
(Antao et al., 2008; Lee et al., 2008; Wang et al., 2008).

The unit-cell parameters for the 27 samples were obtained
using the Rietveld method (Rietveld, 1969), as implemented
in the GSAS program (Larson and Von Dreele, 2000), and
using the EXPGUI interface (Toby, 2001). Structure refine-
ments were conducted by varying parameters in the following
sequence: scale factor, background (shifted Chebyschev), cell,
zero shift, profile (type-3), atom positions, and isotropic dis-
placement parameters. The chemical composition was used
to fix the site occupancies and they were not refined.
Finally, all of the other variables were refined simultaneously
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TABLE I.  Scapolite samples: localities, Me%, unit-cell parameters, and R (Fz) values.

No. Code Locality Me% a c 1% R (F%)
1 Badakhshan, Afghanistan 6.2 12.047 56(1) 7.563 21(1) 1097.751(1) 0.0724
2 Badakhshan 9.3 12.054 58(1) 7.567 80(1) 1099.698(1) 0.0741
3 Badakhshan 11.0 12.053 99(1) 7.570 35(1) 1099.962(1) 0.0706
4 Sar-e-Sang, Badakhshan, Afghanistan 19.9 12.056 93(1) 7.575 82(1) 1101.293(1) 0.0734
5 Pamir, Tajikistan 24.2 12.053 29(1) 7.582 16(1) 1101.550(1) 0.0670
6 Gooderham Twp., Ontario 21.3 12.061 61(1) 7.580 77(1) 1102.870(1) 0.0592
7 GL Gib Lake, Pontiac Twp., Quebec 30.3 12.057 43(1) 7.586 14(1) 1102.885(2) 0.0699
8 Morongoro, Tanzania 23.6 12.066 09(1) 7.580 56(1) 1103.657(2) 0.0870
9a ON7 Monmouth Twp., Ontario (SXTL) 31.1 12.063 49(1) 7.584 51(1) 1103.756(1) 0.0630
9b ON7 Monmouth Twp., Ontario (powder) 31.1 12.066 14(1) 7.584 17(1) 1104.193(2) 0.0722
10 Groperto, Brazil 27.8 12.069 09(1) 7.584 11(1) 1104.722(2) 0.0993
11 Madagascar 33.5 12.072 00(1) 7.587 50(1) 1105.752(1) 0.0614
12 CAG63A Grand Calumet, Twp., Quebec 43.9 12.078 16(2) 7.584 02(1) 1106.371(3) 0.0818
13 Lake Clear, Ontario 36.6 12.078 99(1) 7.583 47(1) 1106.443(2) 0.0688
14 Fishtail Lake, Ontario 40.1 12.083 72(1) 7.583 06(1) 1107.250(2) 0.0667
15 ON70 Mpwapwa, Tanzania 40.1 12.085 35(1) 7.582 60(1) 1107.482(1) 0.0635
16 CA30 Grand Calumet Twp., Quebec 352 12.084 96(2) 7.583 82(2) 1107.588(4) 0.0529
17 UC17616, unknown 41.8 12.088 29(1) 7.582 50(1) 1108.006(1) 0.0691
18 Otter Lake, Quebec 41.1 12.103 90(1) 7.578 38(1) 1110.267(2) 0.0651
19 Bancroft, Ontario 453 12.105 49(1) 7.578 20(1) 1110.531(2) 0.0830
20 Q26 Clapham Twp., Quebec 47.1 12.106 55(1) 7.578 77(1) 1110.809(2) 0.0651
21 Q13 Huddersfield Twp., Quebec 52.3 12.117 15(1) 7.575 64(1) 1112.295(2) 0.0551
22 ON27 Olmsteadville, NY 58.8 12.141 69(1) 7.567 16(1) 1115.554(1) 0.0667
23 Q85 Huddersfield Twp., Quebec 64.1 12.141 72(2) 7.572 58(2) 1116.360(4) 0.0980
24 Blackhills, ND, USA 72.0 12.162 36(1) 7.567 12(1) 1119.351(2) 0.0781
25 ON47 Sluydyanka, Siberia, USSR 79.2 12.165 58(2) 7.574 45(1) 1121.030(3) 0.0795
26 McGill Farm, Quebec 79.6 12.173 09(2) 7.570 64(1) 1121.848(3) 0.1357
27 B20018-1 Mt. Vesuvius, Italy 92.9 12.198 82(1) 7.576 95(1) 1127.535(2) 0.0674

All of the samples were refined in space group P4,/n. 9a was obtained as a large crystal and 9b was obtained as a powdered sample. Monochromatic wavelengths
used were 0.402 43(2) A (samples no.8, 10, 12, 13, 14, 15, 16, and 26); 0.402 41(2) A (samples no. 7, 9b, 11, 19, 20, and 24); 0.414 17(2) A (samples no.1 and
26); 0.41222(2) A (samples no. 2 and 3), 0.412 204(2) A (samples no. 4 and 5); 0.412 26(2) A (samples no. 9a and 17); 0.412 20(2) A (sample no. 6).

until convergence was achieved. Data for unit-cell and compo-
sitional parameters are reported, including the Rietveld R (F?)
values (Tables I and II). With these data, equations and corre-
lations factors (R?) for structural variations can easily be
obtained, hence they are not reported. Structural parameters
obtained by HRPXRD for a few scapolite samples were
reported (Antao and Hassan, 2008a, 2008b, 2011a, 2011b;
Antao et al., 2008). As an example, a typical Rietveld fit of
a trace is shown in Figure 1 and the following Rietveld stat-
istics were obtained [R (F?)=0.0688, wR,, (fitted) = 0.0710,
;{2 =2.338, Nops =2959, 26 range =2.5-40°, and 4 =0.402
43(2)].

lll. RESULTS AND DISCUSSION

The chemical analyses for 27 samples are plotted
(Figure 2). The dashed lines indicate the ideal stoichiometry
for scapolite, which is not achieved, and is often referred to
as scapolite chemical anomaly. The Me% increases linearly
with Al apfu [Figure 2(a)]. Figure 2(b) shows the variation
of scapolite analyses as two series that meet at Me;s. The
thick solid lines are based on the ideal chemical compositions
for Mey, Mes, and Me (o, and the measured data points are
not fitted [Figure 2(b)]. This variation is the same as that
reported by Hassan and Buseck (1988) and shown as
Fig. 188 in Deer et al. (1992), based on chemical analyses
available at that time.

Included for comparison in Figure 2 are data from
Sokolova and Hawthorne (2008), Sokolova et al. (1996),
and Sherriff ef al. (1998, 2000). The chemical analyses from
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these studies and the data from this study are similar to each
other. The solid straight line passes through the point (Me,
3 Al), but does not pass through the (Me;oy, 6 Al) point
[Figure 2(a)]. Compositions above Meg; or below Meg do
not occur naturally; so the synthetic end-members, Me, and
Meq g, are shown.

Based on the chemical analyses, there is only one dis-
continuity at Me;s [or five Al apfu; Figure 2(b)]; no other
discontinuities occur at any other points such as: Me,y s
and Meg_¢7, or Me g and Mey, as were reported in the litera-
ture (see Introduction). Can the Mes discontinuity be
observed in the unit-cell parameters?

The unit-cell parameters for the 27 scapolite samples may
be plotted against Me%, Al apfu, or V. These plots show simi-
lar features, irrespective of the variable chosen (Figure 3),
three plots are discussed in detail. The @ and ¢ unit-cell par-
ameters show discontinuities at 1120 A3 [Figures 3(a) and 3
(d)], which corresponds to Me;s [=five Al apfu; Figures 3(c)
and 3(f)]. A maximum in the ¢ value occurs at about
1106.5 A, near Mes;s [Figure 3(d)] [=four Al apfu;
Figure 3(f)]. The data points were fitted by least-squares and
are shown as solid quadratic curves or straight lines. It is poss-
ible to fit the ¢ data points between Me, ;5 with two straight
lines that meet at about Mes s, but a quadratic curve was cho-
sen for the fit over the Me,_;5 series [Figure 3(d)].

The unit-cell volume, V, varies smoothly with Me%
[Figure 3(j)], and with Al apfu [Figure 3(k)]; in both of these
cases no discontinuity occurs at Me;s. However, it is possible
to fit the same V data to show a discontinuity at five Al apfu
[Figure 3(1)]. For a first-order transition, it is important for V
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TABLE II. Chemical composition and Me% for scapolite samples.

Wt. % 1 2 3 4 5 6 7 8a 9 10 11 12 13 14
SiO, 62.67 60.27 60.07 58.28 56.79  57.86 5491  56.92 55.15 5546  53.97 52.04 54.72 53.58
AlLO3 19.00 20.01 20.29 21.69 22.66 2143 2246  22.04 22.63 2228  23.19 22.55 22.79 23.24
FeO 0.02 0.04 0.04 0.00 0.06 0.00 0.31 0.10 0.03 0.12 0.05 0.10 0.08 0.19
SrO 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.20 0.00
MgO 0.00 0.00 0.00 0.00 0.01 0.00 0.05 0.00 0.04 0.02 0.00 0.09 0.00 0.02
CaO 1.57 2.38 2.84 4.92 5.99 5.47 7.49 5.87 7.77 6.84 8.12 11.05 8.58 9.85
Na,O 12.31 11.74 11.61 10.15 9.89  10.39 9.03 9.53 8.95 8.83 8.08 7.20 7.67 7.34
K,O 1.32 1.59 1.52 1.25 0.73 1.16 0.74 1.50 0.85 1.46 1.27 0.93 0.84 1.22
Cl 3.50 3.49 3.48 3.07 2.87 3.09 2.53 2.86 2.73 2.59 2.54 1.60 2.21 1.80
SO; 0.14 0.11 0.10 0.13 0.35 0.03 0.68 0.47 0.33 0.78 0.30 0.60 0.37 1.30
CO, 0.76 0.72 0.75 1.24 1.35 1.22 1.46 1.26 1.42 1.34 1.65 2.48 2.04 1.99
-0=Cl 0.80 0.80 0.80 0.70 0.66 0.71 0.58 0.65 0.62 0.59 0.58 0.37 0.50 0.41
Total 100.49 99.55 99.89  100.02  100.04  99.98 99.06  99.88 99.27  99.12 9858 98.28 98.98  100.13
apfu

Si 8.841 8.625 8.583 8.341 8.162  8.353 8.097  8.240 8.089  8.144  7.966 7.943 8.050 7.940
Al 3.159 3.375 3.417 3.659 3.838  3.647 3903  3.760 3911  3.856  4.034 4.057 3.950 4.060
T 12.00 12.00 12.00 12.00 12.00  12.00 12.00  12.00 12.00  12.00  12.00 12.00 12.00 12.00
Fe?* 0.002 0.005 0.004 0.000 0.008  0.000 0.038  0.012 0.004  0.015  0.007 0.013 0.010 0.023
Sr 0.000 0.000 0.000 0.000 0.000  0.003 0.000  0.000 0.000  0.000  0.000 0.000 0.017 0.000
Mg 0.000 0.000 0.000 0.000 0.001  0.000 0.011  0.000 0.008  0.005  0.000 0.020 0.000 0.005
Ca 0.238 0.365 0.434 0.755 0.923  0.847 1.183 0910 1.221 1.075  1.284 1.807 1.352 1.564
Na 3.366 3.258 3.217 2.816 2755 2907 2581  2.673 2545 2513 2311 2.131 2.186 2.108
K 0.238 0.290 0.277 0.227 0.134  0.213 0.139  0.276 0.158  0.273  0.238 0.181 0.158 0.230
M 3.844 3.917 3.932 3.798 3.821 3.971 3952 3.872 3936  3.882  3.840 4.152 3.724 3.930
Cl 0.838 0.846 0.844 0.744 0.698  0.757 0.632  0.701 0.678  0.645  0.635 0.414 0.550 0.452
(SOy) 0.015 0.012 0.011 0.013 0.037  0.003 0.075  0.051 0.037  0.086  0.033 0.069 0.040 0.145
(CO3) 0.147 0.142 0.146 0.242 0.265  0.240 0293  0.248 0285 0.269  0.332 0.517 0.409 0.403
ZA 1.000 1.000 1.000 1.000 1.000  1.000 1.000  1.000 1.000  1.000  1.000 1.000 1.000 1.000
Me% 6.2 9.3 11.0 19.9 24.2 213 30.3 23.6 31.1 27.8 335 43.9 36.6 40.1
Wt. % 15 16 17 18 19 20 21 22 23 24 25 26 27

SiO, 52.63 55.17 53.35 52.62 5273 51.67 51.03 4898 48.16  45.89  44.05 44.35 41.51

AlLO3 23.83 23.28 25.00 23.85 2427 2398 2489  25.51 26.10 2656  28.67 29.40 30.20

FeO 0.08 0.01 0.06 0.03 0.02 0.16 0.03 0.25 0.02 0.03 0.08 0.00 0.09

SrO 0.11 0.00 0.08 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.19 0.00 0.08

MgO 0.00 0.00 0.00 0.00 0.02 0.02 0.00 0.08 0.06 0.00 0.07 0.04 0.08

CaO 9.85 8.85 10.39 9.84 11.01 11.30 12.60  14.11 1554  17.25  18.65 18.69 22.56

Na,O 7.57 8.94 7.45 7.18 6.73 6.30 5.68 4.63 4.60 3.62 2.55 2.81 0.95

K,O 0.86 0.11 0.82 0.91 0.95 1.07 1.00 1.27 0.33 0.12 0.24 0.45 0.01

Cl 1.83 2.20 1.74 1.91 1.79 1.75 1.46 1.03 0.71 0.39 0.03 1.03 0.19

SO; 1.02 0.21 1.14 0.80 1.36 1.08 1.37 0.02 1.60 0.00 1.63 1.17 0.17

CO, 2.10 2.19 2.27 2.11 2.00 2.11 2.34 3.54 3.06 4.23 3.20 2.90 4.38

-0=Cl 0.42 0.50 0.40 0.44 0.41 0.40 0.33 0.24 0.16 0.09 0.01 0.24 0.04

Total 99.46  100.44  101.89 98.81 10046  99.04  100.06  99.18  100.02  98.04 9935 100.59  100.17

apfu

Si 7.825 8.015 7.731 7.823 7.780  7.757 7.620  7.436 7322 7.134  6.791 6.737 6.460

Al 4.175 3.985 4.269 4.177 4220 4.243 4380  4.564 4.678  4.866  5.209 5.263 5.540

T 12.00 12.00 12.00 12.00 12.00  12.00 12.00  12.00 12.00  12.00  12.00 12.00 12.00

Fe?* 0.010 0.001 0.008 0.003 0.002  0.020 0.003  0.032 0.003  0.003  0.010 0.000 0.012

Sr 0.010 0.000 0.007 0.000 0.000  0.000 0.000  0.000 0.000  0.005 0.017 0.000 0.007

Mg 0.000 0.000 0.000 0.000 0.003  0.004 0.000  0.018 0.014  0.000 0.016 0.008 0.018

Ca 1.569 1.377 1.613 1.567 1.741 1.818 2015 2.295 2532 2873  3.081 3.043 3.762

Na 2.183 2.517 2.094 2.068 1924  1.834 1.644  1.363 1.356  1.092  0.762 0.827 0.287

K 0.163 0.020 0.152 0.173 0.178  0.205 0.191  0.246 0.063  0.024  0.047 0.087 0.001

M 3.935 3.915 3.873 3.811 3.848  3.881 3.854  3.954 3.967 3997 3933 3.965 4.087

Cl 0.461 0.542 0.428 0.482 0.447  0.445 0.368  0.265 0.183  0.102  0.008 0.265 0.050

(SOy) 0.114 0.023 0.124 0.089 0.151  0.122 0.154  0.002 0.183  0.000  0.189 0.133 0.020

(CO3) 0.425 0.435 0.449 0.429 0.402  0.433 0478  0.733 0.635 0.898  0.804 0.602 0.930

XA 1.000 1.000 1.000 1.000 1.000  1.000 1.000  1.000 1.000  1.000  1.000 1.000 1.000

Me% 40.1 35.2 41.8 41.1 453 47.1 52.3 58.8 64.1 72.0 79.2 76.9 92.9

Me% =[Ca/(Ca+ Na+K)] x 100; Analyses 11, 19, 21, and 24 are taken from Evans er al. (1969) as the samples were used up. CO, was calculated from
stoichiometry assuming XA = 1. The apfu were calculated based on Si+ Al=12.
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Figure 3.

Variation of the unit-cell parameters across the scapolite series. (a) a vs. V, (b) a vs. Me%, (c) a vs. Al apfu, (d) ¢ vs. V, (e) ¢ vs. Me%, (f) c vs. Al apfu,

(g)clavs. V, (h) cla vs. Me%, (i) cla vs. Al apfu, (j) V vs. Me%, (k) V vs. Al apfu, and (1) V vs. Al apfu. A dashed vertical line is drawn at 1120 A3, Mess, and five
Al apfu where a discontinuity occurs. A maximum c¢ value occurs at Me;7 5, and four Al apfu (d, e, and f). A continuous non-linear variation is shown for V vs. Me
% or Al apfu (j and k), which rules out any phase transition in the scapolite series.

to show a significant change, instead of changes in the a or ¢
unit-cell parameters. Such a transition would also require
additional confirmation, such as a change in space group at
that particular point. Since the V does not show a discontinuity
between Me,_1oo [Figures 3(j) and 3(k)], no first-order tran-
sition occurs in the scapolite series, but a second-order tran-
sition at Me;s cannot be ruled out. Therefore, point Me;s is
considered as a discontinuity instead of a transition.

There is no 1:1 correspondence between V, Me%, and Al
apfu because the dashed vertical lines should occur at the same
position on the horizontal x-axis (Figure 3). For example, the
dashed vertical line at Me;5 occurs to the right of similar lines
for Vor Al apfu [Figures 3(a)-3(c)]. The Vand Al apfu have a clo-
ser 1:1 correspondence than Me% [Figures 3(a) and 3(c)]. One
expects the Me;5 vertical line to coincide with the dashed vertical
line at five Al apfu based on the Me5 formula, NaCasz[ AlsSi;054]
(CO3); which is not the case [Figures 3(b) and 3(c)].

The net change in the ¢ value between Me(_;qq is small;
about 7.556-7.588 A, a difference of 0.032 A, which corre-
sponds to 0.42%. The net change in the a parameter is large;
about 12.033-12.232 A, a difference of 0.199 A, which corre-
sponds to 1.65%, and is about six times larger than the change
in ¢ value. Large changes are measured more accurately than
small changes. The present data and those of Sokolova and
Hawthorne (2008) agree quite well for the a parameter

273 Powder Diffr., Vol. 28, No. 4, December 2013

https://doi.org/10.1017/50885715613000638 Published online by Cambridge University Press

[Figure 3(a)], but they disagree for the ¢ parameter near the
end members [Figure 3(d)]. The largest differences between
these datasets are seen between Mes_1o9, Where two samples
(25 and 27 in Table I) were used in many studies. The data
shown as open circles were obtained by Rietveld refinements
and are closer to the values from this study than to those
obtained from the single-crystal method [Figure 3(d)].
Unit-cell parameters obtained by the Rietveld method,
especially with HRPXRD data, are typically more accurate
than those obtained by the single-crystal method.

Unit-cell parameters are generally measured more accu-
rately than chemical compositions, so when a, ¢, and c/a are
plotted against V from different studies, they are closer to
each other [Figures 3(a), 3(d) and 3(g)], but they are more
spread out when they are plotted against compositions such
as Me% or Al apfu (Figure 3).

Based on the c¢ unit-cell parameter, a number of studies
divided the scapolite series into three subseries with tran-
sitions at Me,y_»s and Megn g7, but not at Me;s. These data
are included for comparison in the figures shown for this
study, and all of the data appear to support the discontinuity
at Me;5. Between Mes_1go, the cell parameters are slightly
different among various studies, but they fall on similar paral-
lel trend lines [Figures 3(a) and 3(d)]. The present data do not
support a transition at Meg_g7-
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The data from Sokolova and Hawthorne (2008) occur as a
cluster of six points between Me,_»;, which may indicate a
separate trend and a transition at Me,y 55, as they have
reported (Figure 3). These six data points occur on a nearly
vertical straight line, indicating that they are independent of
V [Figures 3(a) and 3(d)], but they do vary with Me% (and
Al apfu), which is unusual [Figure 3(j)]; the V for these six
points is constant between Me,_»;. Hawthorne and Sokolova
(2008) suggested introduction of K atoms into the structure
as a cause for the transition at Me,y 5. The data from this
study indicate that a transition at Me,y s is unlikely
(Figure 3). The large K atom should cause a significant change
in V, which is not observed (Figure 3).

The normalized unit-cell parameters are shown in
Figure 4. Both V/V,, and a/a, vary linearly with Me% and
show no discontinuity. The ag, cg, and V,, values used are
12.047 56(1), 7.563 21(1), and 1097.751(1) A, respectively,
for sample-1 (Table I). The non-linear variation of c/cq
shows a maximum value at about Mes; s and a minimum
value at about Me,s (Figure 4).

Some studies did not report a discontinuity at Me,s and
appear to incorrectly identify phase transitions in the ranges
Meso o5 and Megy g7 (Sokolova et al., 1996; Teertstra and
Sherriff, 1996, 1997; Zolotarev, 1996; Sherriff et al., 1998,
2000; Sokolova and Hawthorne, 2008). In this study, a discon-
tinuity occurs at Me;s (=five Al apfu), and a maximum c value
occurs at Mes7 s (=four Al apfu). Maximum order of Al-Si,
Cl-COs;, and Na—Ca, together with APBs occur at Mes; 5
(Hassan and Buseck, 1988; Antao and Hassan, 2011a).

Why do the ¢ values show some scatter between 1103 and
1108 A>, that is, near Mes; 5 [Figure 3(d)]? This scatter is
related to APBs and the averaging of different domains con-
taining different clusters that form with Cl and CO; ions,
including minor SO3~ and K* ions, and the different percen-
tages of such clusters.

Unit-cell data across the scapolite series, particularly the
¢ parameter, contain a discontinuity at Mes, NayCag[Al;(Si4
043](CO3),, which does not correspond to a first-order

L1030
+solid symbols: This study

Topen symbols: Sokolova & Hawthorne (2008)

1025 +
1.020 4

1.015

Normalized a, ¢, V

1.010 +
1.005 A

1.000 A

Figure 4. Normalized unit-cell parameters. Both V/V, and a/a, vary linearly
with Me%. The non-linear variation of ¢/c, shows a maximum value at about
Mes; 5 and a minimum value at about Me;s.
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Figure 5. (Color online) Part of the structure of scapolite showing a central
cage containing the interstitial framework M cations and A anions and a few
five-membered rings in space group P4,/n. The ¢ unit-cell parameter is related
to the Al-Si order in the T sites and a maximum c value occurs at Mesy s
(=four Al apfu) where complete Al-Si order is shown (T1 and T3 = Si, and
T2 = Al; Antao and Hassan, 2011a).

transition; it marks the point where the series is divided into
two with distinct exchange reactions (Evans et al., 1969;
Hassan and Buseck, 1988). Note that type-b reflections were
observed between Mejg_oq (Seto et al., 2004). At Mes, the
A site ideally contains only CO5 groups and no Cl atoms.

A detailed explanation of the unit-cell variations across the
scapolite series with composition must come from bond dis-
tances and angles and will be addressed in a separate paper,
but a qualitative explanation is given here. The height of a TO,
tetrahedron is about 2.5 A, and the height of three tetrahedra is
7.5 A, which is similar to the ¢ parameter value in scapolite
(Table I; Figure 5). The variation in the ¢ parameter across the
series is related to the Al-Si order. A maximum c value occurs
where there is complete Al-Si order at Mez;s (Antao and
Hassan, 201 1a). From Meq_jo0, Al replaces Si [Al-O > Si-O],
larger CO;5 group replaces Cl, longer M (Ca, Na site) —A (Cl,
CO; site) distances occur, hence a and V increase. This increase
in a and Vis restrained by stronger <Ca—O> bonds that decrease
and cause the TO, tetrahedra to rotate, resulting in decreasing T—
O-T angles, as Ca replaces Na from Me_;q.

Scapolite forms two solid solutions that meet at Me;s,
Na,Cag[Al;(Si14045](CO;3),, where a discontinuity occurs
in the unit-cell parameters and chemical compositions.
Division of the scapolite series into two at Me;s was as pre-
viously observed (Evans ef al., 1969; Hassan and Buseck,
1988). Mes is a valid end-member.
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