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Abstract

Scapolites are common volatile-bearing minerals in metamorphic rocks. In this study, the high-pressure behavior of an
intermediate member of the scapolite solid solution series (Mey;), chemical formula (Na; gsCa; K 23Feq o) (Al 36517 64)
0,4[Cly 45(C0O3)45(SO4)0.01], has been investigated up to 17.79 GPa, by means of in situ single-crystal synchrotron X-ray
diffraction. The isothermal elastic behavior of the studied scapolite has been described by a III-order Birch—-Murnaghan equa-
tion of state, which provided the following refined parameters: V,=1110.6(7) A3, KV0=7O(2) GPa (By,= 0.0143(4) GPa™)
and K7, =4.8(7). The refined bulk modulus is intermediate between those previously reported for Me,; and Meg scapolite
samples, confirming that the bulk compressibility among the solid solution increases with the Na content. A discussion
on the P-induced structure deformation mechanisms of tetragonal scapolite at the atomic scale is provided, along with the
implications of the reported results for the modeling of scapolite stability. In addition, a single-crystal to single-crystal phase
transition, which is displacive in character, has been observed toward a triclinic polymorph at 9.87 GPa. The high-pressure
triclinic polymorph was found to be stable up to the highest pressure investigated.
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Introduction

Scapolite represents a non-binary solid solution series,
whose members can be rock-forming minerals in crus-
tal igneous and metamorphic environments. The general
chemical formula of scapolite can be written as My[T,,0,,]
A, where M is a monovalent or divalent cation, usually
Na*, Ca** (major components), K*, Sr**, Ba** or Fe?*;
T represents Si** and AI** (less commonly Fe*") in tetra-
hedral coordination; A is an anion, usually CI, CO32_ or
SO,*". Three end-members have been reported: marial-
ite, Na,Al;Si0,,Cl, and meionite, Ca,;AlSig0,4(CO5),
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are long-time known (Shaw 1960), whereas silvialite,
Ca,AlSic0,4(S0O,), the sulfate analogue of meionite, has
been described only recently (Teerstra et al. 1999). A com-
mon symbolism adopted to define the scapolite composition
is that of meionite content, Mey, which, in its broadest defi-
nition, is Mey= Z(M>*)/Z(M* +M?**). The complex substi-
tution mechanisms operating across the solid solution series
have been thoroughly studied. Evans et al. (1969) proposed
two substitutional schemes: between marialite (Me,) and
Me,5 and between Me,5 and meionite (Me,,). The same
substitutional schemes have been reported by Chamber-
lain et al. (1985) and Hassan and Buseck (1988). Zolotarev
(1993, 1996), based on new chemical analyses of scapolite
samples and on revision of the literature data, proposed the
existence of three binary solid solutions among the end-
members marialite and meionite: (1) from Na,Al;Si;0,,Cl
to CaNa;Al,Si30,,Cl, (2) from CaNa;Al,SigO,,Cl to
NaCa;Al;Si,0,,CO; and (3) from NaCa;Al;Si,0,,CO; to
Ca,AlSig0,,CO;. The existence of three binary solid solu-
tion series was later confirmed by means of spectroscopic
(NMR), powder and single-crystal X-ray diffraction analyses
(Sokolova et al. 1996; Sheriff et al. 1998, 2000; Sokolova
and Hawthorne 2008). As noted by Sokolova and Hawthorne
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(2008), due to the complex substitution mechanisms within
the scapolite series, the Mey symbolism reported above is
not formally correct, but is effective to roughly define the
scapolite composition and valid at a first approximation. For
this reason, it will be adopted hereafter to refer to samples
of this and previous studies. A further complex feature of
scapolite minerals concerns their symmetry: the compounds
close to the marialite end-member, on one side, and to the
meionite end member, on the other side, are usually found
to crystallize with a structure described in the /4/m space
group, whereas the intermediate members have P4,/n sym-
metry. Hawthorne and Sokolova (2008) placed the occur-
rence of the phase transitions at Me,, and Me,s, respec-
tively, and ascribed it to the coupling of the short range
order between the [(Si,Al);,0,,] and {Na,Ca}{Cl,(CO;)}
frameworks.

The crystal structure of scapolite was first solved by Paul-
ing (1930) and Schiebold and Seumel (1932) and refined
by several authors (e.g., Papike and Stephenson 1966; Lin
and Burley 1973a). In the I4/m space group, two independ-
ent tetrahedral sites occur, T1 and T2, which give rise to
an open-framework analogue to that of feldspathoids and
zeolites (Fig. 1). In the P4,/n structure, T2 splits into two
independent sites, i.e., T2 and T3. In the /4/m members close
to the marialite side of the series, Al is strongly ordered at
the T2 site, whereas at the composition corresponding to
the phase transition to P4,/n, Al is strongly concentrated
at T2 and depleted at T3. With increasing meionite con-
tent, Al fills both T1 and T3, until a similar content at T2
and T3 is reached and the I4/m structure is recovered, close
to the meionite-rich side of the series, where a preferential
ordering of Al at T2, with respect to T1, is still preserved
(Sokolova and Hawthorne 2008). The (Si,Al)-tetrahedra give
rise to two different four-membered rings: type-I (hereafter
4mR-I), made by the T1 tetrahedra, and type-II (hereafter
4mR-1II), made by T2/T3 tetrahedra (Fig. 1). Their inter-
connection along the [001] direction builds up columns of
five-membered rings of tetrahedra. The latter and the 4mR-1
define a large structural cage, centered on the fourfold axis
and hosting the anions (either Cl, CO5 or SO,) (Fig. 1). The
access to the cage is granted by four symmetry-related eight-
membered rings of tetrahedra (Fig. 1). Along the direction
parallel to the c axis, i.e., [001], every cage is surrounded
by four symmetry-related highly elliptical channels defined
by eight-membered rings of tetrahedra (hereafter 8mR oy},
Fig. 1). These channels host the cations, occupying, both in
I4/m and P4,/n, one independent site (Fig. 1). Every anion
in the cage is therefore surrounded by four cations, whereas
every cation is bonded to seven framework oxygens (Fig. 2)
and to one anion (one bond with Cl, one or two bonds with
the carbonate or sulfate oxygens).

In nature, scapolites are typical minerals of metamorphic
environments. CO;- and SO,-rich members are commonly
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Fig.1 (Up) View of the scapolite crystal structure (in the /4/m space
group) along the ¢ crystallographic axis. Relevant structural param-
eters are reported. (Down) View of the structural cage hosting the
anions (only Cl is shown for an ease of clarity)

reported as constituents of metamorphic rocks in amphibo-
lite and granulite facies (Oterdoom and Wenk 1983; Satish-
Kumar et al. 2006; Porter and Austrheim 2017; Hammerli
et al. 2017), but are also reported to be unstable during the
regression to lower grade metamorphic facies (Satish-Kumar
et al. 2006; Porter and Austrheim 2017; Hammerli et al.
2017). Cl-rich scapolites are reported in a broader range
of metamorphic environments, from greenschist to eclogite
facies (Frietsch et al. 1997; Kullerud and Erambert 1999;
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Fig.2 View of the coordination environment of the cation site in the
tetragonal polymorph of scapolite

Satish-Kumar et al. 2006; Katongo et al. 2011), including
contact (Arranz et al. 2002; Mazhari et al. 2011) and hydro-
thermal metamorphism (Frietsch et al. 1997; Bernal et al.
2017). Although less commonly, scapolites of magmatic
origin have also been reported (Smith et al. 2008) and is
noteworthy to mention that scapolite has also been found
within a melt inclusion in olivine from a martian meteorite
(Filiberto et al. 2014). Overall, scapolites usually form at
non-ambient temperature and pressure conditions in pres-
ence of plagioclase and fluids carrying C1~, CO,>~ and/or
S0,?" anions. Therefore, scapolite has been reported in the
literature as an important reservoir of volatiles within the
Earth’s crust (e.g., Satish-Kumar et al. 2006; Porter and
Austrheim 2017; Hammerli et al. 2017). In addition, CI-
rich scapolites of hydrothermal origin are often associated
with ore minerals deposits (Frietsch et al. 1997; Katongo
et al. 2011; Almeida and Jenkins 2017), whereas the desta-
bilization of SO,-rich scapolites during metamorphic regres-
sion may release a significant amount of sulfur, which, in
turn, may influence the fractionation and concentration of
chalcophile elements (Porter and Austrheim 2017; Ham-
merli et al. 2017). For these reasons, several experimental
investigations have been devoted to understand the relative
stability of scapolite with respect to plagioclase, halite, cal-
cite and/or volatile-bearing fluids (e.g., Orville 1975; Ellis
1978; Baker and Newton 1995; Almeida and Jenkins 2017).
At the same time, the quantitative characterization of the
elastic and structural behavior of the members across the
scapolite series, at varying temperature and pressure condi-
tions, is equally important for understanding the stability and
occurrence of these minerals in metamorphic environments.

Levien and Papike (1976), Graziani and Lucchesi (1982)
and Baker (1994) reported the high-temperature behavior
(at ambient P) of several members of the scapolite series,
remarking a significant elastic anisotropy and the role played
by the chemical composition. Hazen and Sharp (1988) and
Comodi et al. (1990) reported the high-pressure behav-
ior (at ambient T) of three members of the solid solution
(Megg, Megg and Me, ) up to ca. 4 GPa, pointing out that an
increase in the meionite content is coupled with a decrease
in the bulk compressibility.

In this study, we have investigated the high-P (and ambi-
ent-7) behavior of an intermediate scapolite (Me,;) up to
ca. 18 GPa, by means of in situ high-P single-crystal syn-
chrotron X-ray diffraction, using diamond anvil cells. A
comparative analysis with the literature data (Hazen and
Sharp 1988; Comodi et al. 1990) is provided. In addition,
we report, for the first time, the occurrence a tetragonal-to-
triclinic phase transition at ca. 9.5 GPa.

Materials and experimental methods

A gem-quality and transparent single crystal of scapolite
from Madagascar, ca. 1 cm in diameter, belonging to a
private mineralogical collection, has been chosen for this
experiment. Several fragments of the starting single crystal
were recovered and investigated under the polarized micro-
scope to check the absence of optical defects and inclusions.

Four of the largest fragments were selected for the chemi-
cal analysis, which was performed using a Jeol JXA-8200
electron microprobe, operating in wavelength-dispersive
mode (EPMA-WDS), at the Earth Sciences Department of
the University of Milano (ESD-MI), Italy. The system was
operated with an accelerated voltage of 15 kV, a beam cur-
rent of 5 nA, a counting time of 30 s on the peaks and 10 s
on the backgrounds and a beam diameter of 3 pm. Natural
samples have been used as standards for calibration: gros-
sular for Si, Al and Ca, omphacite for Na, K-feldspar for
K, celestite for Srt, fayalite for Fe, galena for S and mari-
alitic scapolite for Cl. The results of chemical analysis are
reported in Table 1.

A single-crystal fragment, ca. 300200 x 200 um? in
size, was selected for a single-crystal X-ray diffraction data
collection at ambient conditions using an Oxford Diffraction
Xcalibur four-circle diffractometer at the ESD-MI, equipped
with a Mo-Ka X-ray tube, a graphite monochromator and a
CCD detector, and operating at 50 kV and 30 mA. A combi-
nation of ¢ and @ scans, with 1°/frame step width and 20 s/
frame exposure time, was adopted to maximize the recip-
rocal lattice coverage. Indexing of the diffraction peaks,
refinement of the unit-cell parameters and intensity data
reduction were performed using the CrysAlisPro version
1.171.38.46 software system (Rigaku Oxford Diffraction
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Table 1 Composition of four

wt% #1 sd. (#1)  #2 sd. (#2)  #3 sd. (#3)  #4 sd. (#4)
selected fragments from the
investigated single-crystal Si0, 5197 041 5156 043 5043 027 5165 039
sample of scapolite ALO, 2461 026 2495 0.14 2537 0.1 2463 017
FeO 005 003 005  0.03 004  0.02 004  0.02
Ca0 1148 044 1149 0.8 1237 0.08 1125 0.05
MgO 001 0.0l 002 0.0l 001 001 002 001
BaO 001 001 001 001 004  0.02 001  0.01
Sr0 008  0.05 004  0.02 003 001 004  0.02
MnO 002 0.0l 001 0.0l 001  0.01 001  0.01
Na,0 6.61 023 649  0.06 6.10  0.07 657  0.10
K,O 124 0.08 125 0.03 110 0.02 127 001
SO, 008 0.0l 007  0.02 0.08  0.05 007  0.03
cl 1.87 001 194 0.02 172 0.02 192 0.04
0=Cl  —043 —045 ~0.40 ~0.46
Sum 98.01 97.43 96.90 97.02
Co,* 271 2.24 2.53 226
apfu
Si 7.70 7.64 7.53 7.68
Al 430 436 447 432
Fe 0.01 0.01 0.01 0.01
Ca 1.82 1.83 1.98 1.79
Mg 0.00 0.00 0.00 0.00
Ba 0.00 0.00 0.00 0.00
Sr 0.01 0.00 0.00 0.00
Mn 0.00 0.00 0.00 0.00
Na 1.90 1.87 1.77 1.89
K 0.23 0.24 021 0.24
S 0.01 0.01 0.01 0.01
cl 0.48 0.50 0.45 0.50
C 0.51 0.45 0.52 0.46

The composition of each fragment is based on five-point analyses

4Calculated according to the protocol of Teerstra and Sheriff (1997), assuming that (1) it is the amount nec-
essary to compensate the excess positive charge obtained subtracting the framework and anions negative
charges from the sum of cations charges, and (2) the investigated sample is anhydrous

2018). Corrections for the crystal absorption were applied
by the semiempirical ABSPACK routine implemented in
CrysAlisPro.

The in situ high-pressure single-crystal X-ray diffraction
experiments were performed, using a diamond anvil cell,
at the former IDO9A beamline of the European Synchro-
tron Radiation Facility (ESRF, Grenoble, France). A mono-
chromatic X-ray beam (E=30 keV, 1=0.4138 A) has been
focused on the samples (beam size =30 x 30 um?) and the
X-ray diffraction patterns have been collected by a MARS55
flat panel detector at 250 mm from the sample position. A
description of the beamline experimental setup can be found
in Merlini and Hanfland (2013). A single crystal fragment,
ca 30x 20 %20 um® in size was selected for the experiment
and loaded in the P-chamber obtained, by electro spark ero-
sion (hole diameter =250 um), in a pre-indented (to ~ 70

@ Springer

um) steel foil gasket. A mixture of methanol:ethanol:water
(16:3:1, hereafter mew) was used as P-transmitting medium
(Angel et al. 2007) and the ruby-fluorescence method (Mao
et al. 1986; Chervin et al. 2001) was adopted for pressure
calibration. A remotely controlled membrane-driven dia-
mond anvil cell, with Boehler—Almax designed diamonds
(culet diameter =600 pm) was used. Eighteen intensity data
collections (two of which in decompression) were performed
at different pressures from ambient conditions (crystal in the
DAC without P-medium) up to 10.23 GPa. The same collec-
tion strategy was always applied: an w-scan from —30° to
+30°, with 1° step width and 1 s exposure time per frame.
Since a phase transition was detected between 9.23 and
9.87 GPa (see “Phase transition from tetragonal to triclinic
scapolite”), which is close to the hydrostatic limit of the
adopted P-transmitting fluid mixture (Angel et al. 2007),
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a second high-pressure ramp was performed using helium
as P-transmitting medium. The same experimental condi-
tions as those reported above were adopted using a single-
crystal fragment of similar size and shape, except for the
following: a pre-indented (to ~45 um) rhenium foil was
used as a gasket and a hole, 100 pm in diameter, was drilled
by spark-erosion to serve as P-chamber, as Boehler—Almax
designed diamonds with 300 um culet size were used. Nine-
teen intensity data collections (one of which in decompres-
sion) were performed at different pressures from 0.20 up to
17.79 GPa using the same ®-scan strategy described above.
For both the HP-ramps, indexing, refinement of the unit-
cell parameters and intensity data reduction were performed
using the CrysAlisPro software (Rigaku Oxford Diffraction
2018). Corrections for absorption of the DAC components
were performed using the ABSPACK routine implemented
in CrysAlisPro. Unit-cell parameters pertaining to both the
P-ramps are reported in Tables S1 and S2 (deposited as sup-
plementary materials).

Structure refinements

All the structure refinements have been performed using the
JANAZ2006 software (Petficek et al. 2014).

Scapolites with compositions between ~Me,, and Me
are always reported to crystallize in the tetragonal space
group P4,/n (cf. Lin and Burley 1973b, 1975; Sherriff et al.
1998; Sokolova and Hawthorne 2008). However, our sin-
gle-crystal X-ray diffraction data, collected both at ambient
conditions using a conventional diffractometer and at high

Fig.3 Reconstructions of

selected reciprocal lattice planes . A . : « e 3 . * .
of the tetragonal polymorph * & 2 0 .
of scapolite, based on the o, R £ T
single-crystal X-ray diffrac- o - % - ® R 1 £ . z
tion data collected at ambient . | miliget AT
conditions at the Earth Sciences & s 355 LS Th
Department of the University of - Sl
Milano (A, C) and at 0.20 GPa gLt 34 € <A o
(with the crystal in the DAC) A R %
at the European Synchrotron . TR .
Radiation Facility (B, D). >0 el NILTR LR
Further details are in “Materials
and experimental methods” %
c . . . Ll
L3 . -

. hk1*

pressure using synchrotron radiation (“Materials and experi-
mental methods”), always showed the occurrence of system-
atic extinctions consistent with an I-centered lattice (Fig. 3).
A discussion on this point is given in the “Crystal chemistry
and structure of the investigated scapolite”. For this reason,
according to the observed systematic extinctions, the struc-
ture refinement based on the intensity data collected at ambi-
ent conditions at the ESD-MI was performed in the [4/m
space group, starting from the framework coordinates of the
S6 sample reported by Sokolova and Hawthorne (2008). The
cations and anions sites have been subsequently detected by
the position of residual peaks in the difference-Fourier maps
of the electron density. In the final cycles of the refinement
all, but the anions sites, have been refined using anisotropic
displacement parameters (hereafter adps). The X-ray scat-
tering curve of Si was assigned to the T1 and T2 tetrahedral
sites. The Na, Ca and K sites were restrained to share the
same coordinates and adps and their fractional occupancies
were restrained so that their sum would be one. The refine-
ment of the C1~ and CO,*~ anions in the structural cage
was less straightforward, due to the strong correlations aris-
ing by their close positions in the average structure model.
Therefore, in order to minimize correlations, the Cl, C and
the three Oc sites were restrained to share the same isotropic
displacement parameter (hereafter idp), the C and Oc sites to
share the same fractional occupancy, the C—O bond lengths
were retrained to 1.30 + 0.02 A and the O—C—0O bond angles
of the carbonate group were restrained to 120° +2°. The
final cycles converged with no significant correlations
among the refined parameters. Statistical parameters per-
taining to the structure refinement are reported in Table 2.
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Table 2 (continued)

6.12(2) 7.0002) 8.17(2) 9.02(2) 10.08(2) 11.06(2) 12.30(2) 13.39(2) 14.61(2) 0.284(2)

5.09(2)

P (GPa)

HP-He HP-He HP-He HP-He HP-He HP-He HP-He HP-He HP-He HP-He
14/m 14/m 14/m 14/m

14/m

HP-He
14/m

Experiment

Space group

—-9<h<10

—16<k<15

-9<h<10

—16<k<15

—-8<h<10

—16<k<15

-9<h<10

—16<k<15

—-9<h<10

—16<k<16

_17<k<16

—10<h<9

, k, [ <max

min<h

—17<k<17

—6<i<7

423

—7<i<7

439
346

—7<i<7

446

—7<i<7

498
324

—7<i<7

385
269

—7<i<8

429
295

—-16<k<16

—9<i<7

-16<k<16

—7<i<8

-17<k<16

_7<i<8

453
343

-16<k<17

—9<i<7

464
309

439

451
343

506
388

Unique reflections

289

346

319

Observed reflec-

tions F,%/
o(F,)>3

R, (all)

0.0547
61

0.0428

0.0672
106

0.1057
106

0.1059
106

0.1033
106

0.0407
61

0.0340
61

0.0444
61

0.0315
61

0.0371

106
0.1215

0.1496
0.1318

Refined param
R, (obs)

R, (all)

0.0695
0.0918
0.0703
+0.65

0.1117
0.1310
0.1254
+0.49

0.1254
0.1478
0.1358
+0.62

0.1222
0.1606
0.1355
+0.73

0.1116
0.1564
0.1150

+0.55

0.0610
0.0845
0.0660
+0.77

0.0514
0.0709
0.0578
+0.61

0.0543
0.0716
0.0649
+0.82

0.0512
0.0676
0.0596
+0.79

0.0466
0.0586
0.0596
+0.72

WR, (obs)

Residuals (¢7/A%)

+0.53

-0.85 —-0.80 —-0.86 -0.84 —-0.53 -0.64 -0.73 —-0.46 —-0.46 —-0.68

-0.78

*With the crystal in the DAC without P-medium

Fractional coordinates, occupancies and dps are reported
in Table 3. Selected structural parameters are reported in
Table 4 and Table S3 (deposited as supplementary material).

The structure refinements based on the intensity data
collected at high-P before the phase transition (i.e., low-P
polymorph) were performed in the /4/m space group, start-
ing from the model described above. In addition, to the same
restrictions previously reported, the occupancies of the Ca,
Na, K, Cl, C and Oc sites have been constrained according
to the measured chemical composition (Table 1). The refine-
ments based on the high-P data in mew were performed
restraining the displacement parameter of the O2 atom to
be isotropic, as any attempt of anisotropic refinement failed,
likely for insufficient information due to the shadowing of
portions of the reciprocal lattice by the DAC components
(see e.g., Miletich et al. 2000).

The structure refinements of the high-pressure polymorph
were performed in the triclinic /-1 subgroup (see ‘“Phase
transition from tetragonal to triclinic scapolite”), based on
the intensity data collected in He at 10.08, 11.06, 12.30,
13.39 and 14.61 GPa. At higher pressures, a dramatic
reduction in the number of observed reflections (i.e., F2;,/
o(F?,,;) >3) prevented robust and reliable structure refine-
ments. In order to compensate the increase in the number of
independent variables, due to symmetry reduction, all the
independent atomic positions have been refined with idps.
Fractional occupancies of cationic and anionic sites were
constrained according to the measured chemical composi-
tion and assumed to be identical among the independent
sites with a common parent site in /4/m. In addition, the
same restraints previously described were applied.

Statistical parameters on the structure refinements based
on high-P data are reported in Table 2, whereas fractional
coordinates, occupancies and dps from selected pressures
are reported in Table 3. Selected structural parameters are
reported in Table 4 and S3. The volumes of coordination
polyhedra have been calculated using the tools implemented
in the software Vesta (Momma and Izumi 2011).

Results
Chemical composition

The chemical composition of four fragments of the large
single-crystal selected for this experiment, determined by
EPMA-WDS, is reported in Table 1. For any fragment,
the reported mass fractions have been averaged from five-
point analyses. The chemical formula has been calculated,
according to the method proposed by Teerstra and Sheriff
(1997), normalizing to Si+ Al=12 atoms per formula unit
(apfu). The CO, content, following the protocol of Teer-
stra and Sheriff (1997), has been calculated assuming that:
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Table 3 Site occupancy
factors (s.0.f.), coordinates
and isotropic or equivalent
displacement parameters
(Az) from selected structure
refinements of tetragonal and
triclinic scapolite

@ Springer

Site

Experiment

P (GPa)

s.o.f.

U /U,

iso/ Yeq
Tetragonal scapolite

Ca Air-ESD-MI  0.0001 0.35(8)  0.3605(1) 0.28524(9) 0 0.0276(4)
HP-He 0.20(2) 0.465 0.3616(2) 0.2858(2) 0 0.0286(9)
HP-He 5.09(2) 0.465 0.3652(2) 0.2878(2) 0 0.0279(8)
HP-He 9.02(2) 0.465 0.3689(3) 0.2907(2) 0 0.047(1)

Na Air-ESD-MI  0.0001 0.49(8) * * * *
HP-He 0.20(2) 0.465 * * * *
HP-He 5.09(2) 0.465 * * * *
HP-He 9.02(2) 0.465 * * * *

K Air-ESD-MI  0.0001 0.16(8)  * * * *
HP-He 0.20(2) 0.058 * * * *
HP-He 5.09(2) 0.058 * * * *
HP-He 9.02(2) 0.058 * * * *

T1 Air-ESD-MI  0.0001 1.0 0.16120(7)  0.09055(8) O 0.0068(3)
HP-He 0.20(2) 1.0 0.1611(2) 0.0911(2) 0 0.0063(6)
HP-He 5.09(2) 1.0 0.1597(2) 0.0974(2) 0 0.0081(5)
HP-He 9.02(2) 1.0 0.1589(2) 0.1001(2) 0 0.0187(8)

T2 Air-ESD-MI  0.0001 1.0 0.16000(6)  0.41420(6)  0.2069(1)  0.0096(2)
HP-He 0.20(2) 1.0 0.1610(1) 0.4140(1) 0.2067(2)  0.0092(5)
HP-He 5.09(2) 1.0 0.1607(1) 0.4087(1) 0.2070(2)  0.0113(4)
HP-He 9.02(2) 1.0 0.1605(2) 0.4071(2) 0.2075(3)  0.0242(7)

O1 Air-ESD-MI  0.0001 1.0 0.0419(2) 0.1500(2) 0 0.0147(7)
HP-He 0.20(2) 1.0 0.0423(4) 0.1497(5) 0 0.015(2)
HP-He 5.09(2) 1.0 0.0381(4) 0.1541(4) 0 0.018(2)
HP-He 9.02(2) 1.0 0.0365(5) 0.1552(6) 0 0.045(3)

02 Air-ESD-MI  0.0001 1.0 0.1901(2) 0.3767(2) 0 0.0157(8)
HP-He 0.20(2) 1.0 0.1898(5) 0.3760(5) 0 0.014(2)
HP-He 5.09(2) 1.0 0.1877(4) 0.3675(4) 0 0.018(2)
HP-He 9.02(2) 1.0 0.1868(6) 0.3623(5) 0 0.034(3)

03 Air-ESD-MI  0.0001 1.0 0.1506(2) 0.5515(2) 0.2112(3)  0.0182(6)
HP-He 0.20(2) 1.0 0.1502(3) 0.5515(3) 0.2120(6)  0.017(1)
HP-He 5.09(2) 1.0 0.1535(3) 0.5488(3) 0.2059(5)  0.020(1)
HP-He 9.02(2) 1.0 0.1543(4) 0.5474(4) 0.2034(8)  0.040(2)

04 Air-ESD-MI  0.0001 1.0 0.2309(2) 0.1309(2) 0.1736(3)  0.0177(6)
HP-He 0.20(2) 1.0 0.2312(4) 0.1318(3) 0.1735(5)  0.016(1)
HP-He 5.09(2) 1.0 0.2293(3) 0.1387(3) 0.1758(5)  0.021(1)
HP-He 9.02(2) 1.0 0.2287(5) 0.1419(4) 0.1768(7)  0.042(2)

Cl Air-ESD-MI  0.0001 0.44(1) 05 0.5 0 0.061(2)
HP-He 0.20(2) 0.48 0.5 0.5 0 0.055(3)
HP-He 5.09(2) 0.48 0.5 0.5 0 0.042(2)
HP-He 9.02(2) 0.48 0.5 0.5 0 0.043(3)

C Air-ESD-MI  0.0001 0.14(1)  0.515(2) 0.513(2) 0 *E
HP-He 0.20(2) 0.12 0.525(4) 0.502(7) 0 **
HP-He 5.092) 0.12 0.527(3) 0.502(4) 0 **
HP-He 9.02(2) 0.12 0.523(4) 0.506(5) 0 **

Ocl Air-ESD-MI  0.0001 0.14(1)  0.470(3) 0.608(3) 0 wE
HP-He 0.20(2) 0.12 0.469(6) 0.593(10) 0 wE
HP-He 5.09(2) 0.12 0.460(4) 0.588(6) 0 o
HP-He 9.02(2) 0.12 0.454(5) 0.593(9) 0 o

Oc2 Air-ESD-MI  0.0001 0.14(1)  0.424(3) 0.544(4) 0 ok
HP-He 0.20(2) 0.12 0.406(10) 0.523(9) 0 o
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Table3 (continued) Site Experiment P (GPa) s.of. X y b4 Uiso/Ueq
HP-He 5.092) 0.2 0.399(5) 0.512(6) 0 ok
HP-He 9.0212) 0.12 0.403(7) 0.516(8) 0 ok
0c3 Air-ESD-MI  0.0001 0.14(1)  0.493(3) 0.620(3) 0 o
HP-He 0202) 0.12 0.494(4) 0.632(4) 0 o
HP-He 5.092)  0.12 0.482(4) 0.636(3) 0 o
HP-He 92.022)  0.12 0.476(4) 0.633(3) 0 o
Triclinic scapolite
Ca_l HP-He 10.08(2)  0.465 0.379(3) 0.2935(8) 0.057(3) 0.052(3)
Na_1 HP-He 10.08(2)  0.465 # # # #
K_1 HP-He 10.08(2) 0.058 * # # #
Ca_3  HP-He 10.08(2)  0.465 —0.289(3)  0.3686(9) —0.0133)  0.062(4)
Na_3 HP-He 10.08(2)  0.465 i i ## #
K_3 HP-He 10.08(2)  0.058 ## i b #
Ti_1 HP-He 10.08(2) 1.0 0.159(2) 0.1030(7) —0.003(2)  0.027(2)
T1.3  HP-He 10.08(2) 1.0 —0.090(2)  0.1588(6) 0.017(2) 0.029(2)
T2_1 HP-He 10.082) 1.0 0.144(2) 0.4214(7) 0.195(2) 0.039(3)
T2.2  HP-He 10.082) 1.0 —0.176(2)  —0.3953(7)  0.208(2) 0.034(3)
T2.3 HP-He 10.082) 1.0 —0.397(2)  0.1469(7) 0.200(2) 0.033(2)
T2_4  HP-He 10.082) 1.0 0.417(2) —0.1724(7)  0.207(2) 0.035(3)
Ol1_1  HP-He 10.08(2) 1.0 0.045(2) 0.165(2) 0.064(4) 0.035(6)
01_3  HP-He 10.08(2) 1.0 —0.137(4)  0.031(1) 0.028(5) 0.032(6)
02_1  HP-He 10.08(2) 1.0 0.195(4) 0.361(2) 0.011(3) 0.044(6)
023  HP-He 10.08(2) 1.0 —0.352(3)  0.186(2) —0.0013)  0.056(8)
03_1 HP-He 10.08(2) 1.0 0.128(7) 0.562(1) 0.170(7) 0.040(6)
032  HP-He 10.08(2) 1.0 —0.180(3)  —0.538(1)  0.214(4) 0.029(5)
03_3  HP-He 10.08(2) 1.0 —0.535(2)  0.1352) 0.212(5) 0.048(7)
03_4  HP-He 10.08(2) 1.0 0.556(2) —0.162(2)  0.208(4) 0.063(9)
041  HP-He 10.08(2) 1.0 0.257(3) 0.117(3) 0.154(5) 0.11(2)
042  HP-He 10.082) 1.0 —02084) —0.152(2)  0.192(5) 0.040(6)
043  HP-He 10.082) 1.0 —0.148(3)  0.242(2) 0.171(4) 0.049(7)
044  HP-He 10.082) 1.0 0.122(3) —0213(1)  0.186(3) 0.580(8)
CL_1 HP-He 10.08(2) 0.48 0.5 0.5 0 0.049(9)
C_1 HP-He 10.08(2) 0.12 0.54(3) 0.50(2) 0.01(5) i
Ocl_1  HP-He 10.082) 0.12 0.48(2) 0.59(3) 0.02(7) i
Oc2_1 HP-He 10.082) 0.12 0.47(3) 0.43(1) 0.15(3) i
Oc3_1 HP-He 10.08(2) 0.12 0.58(3) 0.62(2) 0.14(4) ki
C.3 HP-He 10.08(2) 0.12 —-0.493) 0.57(1) 0.02(3) ki
Ocl_3 HP-He 10.08(2) 0.12 —0.56(2) 0.49(1) 0.09(4) it
Oc2_3 HP-He 10.08(2) 0.12 —0.51(5) 0.40(3) —0.06(7) i
Oc3_3 HP-He 10.082) 0.12 —0.64(3) 0.51(2) -0.09¢4) "

*Ca, Na and K restrained to share the same coordinates and anisotropic dps; **Cl, C, Ocl, Oc2 Oc3
restrained to share the same isotropic dps; see “Structure refinements” for further details; #Ca_1,Na_l and
K_1 restrained to share the same coordinates and isotropic dps; ##Ca_3, Na_3 and K_3 restrained to share
the same coordinates and isotropic dps; ##C1_ 1, C_1, C_3, Ocl_1, Oc2_1, Oc3_1, Ocl_3, Oc2_3 and
Oc3_3 restrained to share the same isotropic dps; see “Structure refinements” for further details

(1) it is the amount necessary to compensate the excess
positive charge obtained subtracting the framework and
anions (C1~ and SO,*") negative charges from the sum of
cations charge, and (2) the investigated scapolite sample is

anhydrous.

As there is no significant difference among the compo-
sitions of the investigated fragments, an average chemi-
cal formula can be calculated: (Na; g34Ca; 34K ,3Feq 1)
(Al 36517, 64)024[Cl 45(CO3) 45(504)g o1]- The chemical
analysis shows that the investigated sample is intermediate
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between the end-members marialite and meionite, with an
insignificant amount of sulfate anions. According to the
symbolism of meionite content reported in “Introduction”,
the sample of this study can be classified as Me,.

The cations composition from the structure refinement
based on the data collected in air at the ESD-MI (Table 3)
shows an overestimation in K and an underestimation in
Ca, which can be attributed to their similar X-ray scatter-
ing factors. Nevertheless, the calculated electrons content
(per unit formula) from cations based on the structure
refinement (i.e., 61.72 e7), is in fair agreement to that
calculated from the experimental chemical formula (i.e.,
62.29 e7). For this reason, the cations occupancies in the
structure refinements based on the high-P data have been
fixed to the values derived from the chemical analysis
(Tables 1, 3).

High-pressure elastic behavior of tetragonal
scapolite

The P-induced evolution of the unit-cell parameters of the
tetragonal polymorph of scapolite, obtained from both the
P-ramps in mew and He, are reported in Table S1 and in
Fig. 4, from which a different elastic behavior along the a
and c axes is observed. At ambient conditions, the compress-
ibility is highest within the (001) plane and lowest along the
direction parallel to the fourfold axis, i.e., [001]. However,
if a stiffening is observed with pressure along the a axis, a
softening affects the ¢ axis at P>2.00-2.50 GPa, as con-
firmed by the P-induced behavior of the c/a ratio reported
in Fig. 4 and Table S1. In addition, a sudden increase in
compressibility affects the structure along both the crystal-
lographic directions and, in turn, the bulk elastic behavior
at P> 8.50 GPa, likely ascribable to the impending phase
transition (see “Phase transition from tetragonal to triclinic
scapolite”).

An isothermal Birch—-Murnaghan equation of state, trun-
cated to the third order (hereafter III-BM EoS), which is
widely used to model the isothermal bulk elastic behavior of
minerals (Birch 1947; Duffy and Wang 1998; Angel 2000),
has been fitted to the experimental V—P data of tetragonal
scapolite in the range 0.0001-8.49 GPa (i.e., excluding the
points showing the anomalous increase in compressibility
at P> 8.50 GPa), using the EoSFit7_GUI software (Angel
et al. 2014; Gonzalez-Platas et al. 2016). The obtained
refined parameters are: V,=1110.6(7) A3, Kyo=70(2) GPa
(Byo="0.0143(4) GPa™") and K,=4.8(7), where Ky, = 1/By,,
Byo=—1/V-(aVIdP); and K}, = 0K/0P. A fit of the VP data
with a BM-EoS truncated to the second order (II-BM EoS),
for which K(/ is fixed to 4, has also been performed, for an
ease of comparison with the literature data: V,=1110.1(5)
A% and Kyy=72.4(7) GPa.

P-induced structure deformation of tetragonal
scapolite

The P-induced bulk compression of open-framework sili-
cates, both zeolites and feldspathoids, is usually accommo-
dated by the tilting of the rigid framework tetrahedra (see
e.g., Gatta and Lee 2014; Lotti et al. 2015a, b, 2016; Gatta
and Lotti 2016; Comboni et al. 2017; Gatta et al. 2018) and
this is the main mechanism operating also in the investi-
gated sample of scapolite. However, a slight compression of
the independent T1 and T2 tetrahedra can also be observed
(Table 4). Interestingly, a subtle increase in the compress-
ibility of the T2 tetrahedron (Fig. 5) can be detected at
P >4 GPa. The main deformation mechanism accommodat-
ing compression and expansion in the plane perpendicular
to the tetragonal axis, i.e., (001), is governed by the coop-
erative rotation of the 4mRs around the shared O4 oxygen
hinges (Fig. 1), as previously reported by Levien and Papike
(1976) and Comodi et al. (1990). This mechanism leads to
a decrease in ellipticity of the 8mR,;, with temperature
and an increase in ellipticity with pressure. A compara-
tive analysis of the refined structure models, based on the
high-P data from both the ramps in mew and He, shows
that such a cooperative rotation, described by the closure
of the O1-04-03 intertetrahedral angle (Figs. 1; Table 4),
induces an increase in ellipticity, mainly governed by the
compression of the shortest 04-O4 diameter of the 8mR
channels (Figs. 1, 5; Table 4). However, at P >4 GPa a sud-
den increase in the compressibility of the longest 04-O4
diameter is also observed (Figs. 1, 5; Table 4). The compres-
sion within the (001) plane is also partly accommodated
by the internal compression of the 4mRs-II (Fig. 1), which
can be described by the shortening of the O3—03 diameter
(Fig. 1; Table 4). On the other hand, the 4mR-I apparently
undergoes an internal compression (shortening of O1-01)
only at pressures close to the destabilization of the tetragonal
polymorph of scapolite (Fig. 1; Table 4). It is interesting to
note that the 4mR-I delimits, in the plane perpendicular to
[001], the cage hosting the anionic groups. The access to
that cage in the plane parallel to [001] is defined by 8mRs
(Fig. 1), whose height corresponds to the ¢ unit-cell axis,
and therefore undergoes an increase in compressibility at
P ca.>2 GPa. Overall, the high-P behavior of the structure
along the c¢ unit-cell axis (Fig. 4, Table S1) and of the 4mR-I
(Table 4) imply a continuous increase in the compressibility
of the structural cage hosting the anionic groups.

The cations filling the 8mR channels are bonded to 7
oxygen atoms (Fig. 2). Hereafter, the notation “Ca” will
be adopted to refer to the cation site, shared by either Ca,
Na, or K. The high-pressure behavior of the Ca—O bonds
is reported in Fig. 5 and Table S3, where it is shown that a
linear compression of the Ca—O3 and Ca—04" bonds occurs
within the entire range of stability of the tetragonal scapolite,
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D, E P-induced evolution of the unit-cell volumes and normalized
linear parameters of the tetragonal and triclinic polymorphs of scapo-
lite, based on the data from the He ramp. F Refined bulk moduli of
four members of the scapolite solid solution series as a function of
the meionite content (defined as in “Introduction”)
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short’

whereas the Ca—02 and Ca—0O4' bonds undergo a saturation
at P>4 GPa. A perfect linear compressibility, within the
stability range of the tetragonal polymorph, is also shown by
the Ca—Cl bonds (Fig. 2 and Table S3). On the other hand,
we avoided any description of the high-P behavior of the
interatomic bonds between the cations and the oxygens of
the carbonate group, due to the potential bias induced by the
significant restraints applied to the C and Oc sites during the
structure refinements.

Phase transition from tetragonal to triclinic
scapolite

A phase transition, displacive in character and apparently of
the first order, from the starting tetragonal scapolite towards
a polymorph with triclinic symmetry has been observed both
in the P-ramp in mew, between 9.23 and 9.87 GPa, and in
the ramp in He, between 9.02 and 10.08 GPa. For an ease of
comparison with the tetragonal 4/m crystal structure, the
triclinic polymorph has not been described in the primitive

P(GPa)

04,,,,) as a function of pressure. D P-induced evolution of the Ca-O
and Ca—Cl bond lengths (normalized to the ambient-conditions val-
ues). All the diagrams refer to tetragonal scapolite

reduced cell, but in the /T space group, as in this way the
tetragonal and triclinic unit cells are directly comparable.
For both the P-ramps, the data collections performed in
decompression showed that the tetragonal-to-triclinic phase
transition is fully reversible.

Following the phase transition, the T1 and T2 tetrahedral
sites split into two (T1_1 and T1_3) and four (T2_1, T2_2,
T2_3 and T2_4) independent crystallographic sites, respec-
tively. However, the three-dimensional framework may still
be described as made by one 4mR defined by the T1 tetra-
hedra (4mR-I) and one 4mR defined by the T2 tetrahedra
(4mR-II, Fig. 6), but the symmetry reduction removes the
constraints induced by the fourfold axis. As a consequence,
both the rings are significantly distorted in the triclinic poly-
morph, the 4mR-I being approximately elongated along the
a axis and the 4mR-II along the b axis, respectively (Fig. 6).
The symmetry reduction makes different (i.e., not equiva-
lent) the 8mR;; channels. In the triclinic polymorph, two
sets of independent channels exist: one set roughly elongated
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Fig.6 A Crystal structure of the triclinic polymorph of scapolite viewed down the ¢ crystallographic axis. B The structural cage hosting the ani-
ons in triclinic scapolite. C, D View of the coordination environment of the Ca_1 and Ca_3 cation sites of triclinic scapolite

along [100] and the second set roughly elongated along [010]
(Fig. 6). Each set of channels is made by the alternation of
two independent 8mRs and, therefore, in the 1 scapolite four
independent 8mR g, exist. The structural cage is delimited
by the distorted 4mR-I in the plane roughly perpendicular to
[001] and by two sets of independent 8mR channels, roughly
perpendicular to the [100] and [010] directions, respectively
(Fig. 6), and is characterized by a significant deformation.
The Cl atom still occupies one independent site in the tri-
clinic polymorph, whereas the COj sites have been derived
according to the I4/m->I1 group—subgroup relationships,
as any trial to locate them by means of difference-Fourier
syntheses failed. The cation site splits into two independ-
ent positions: Ca_1 occupies the channels roughly elon-
gated along [100], whereas Ca_3 is located in the channels
approximately elongated along [010] (Fig. 6). With respect
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to the tetragonal polymorph, cations in Ca_1 also make
seven bonds with the framework oxygens, but after losing a
bond with one of the farther O4"" atoms and gaining a bond
with O1_1 (Fig. 6); Ca_3 only loses a bond with one of the
farther O4" atoms and is, therefore, bonded to six framework
oxygens only (Fig. 6).

High-pressure behavior of triclinic scapolite

The P-induced evolution of the unit-cell parameters of tri-
clinic scapolite is reported in Table S2 and Fig. 4. The bulk
compression is mainly accommodated along the b and ¢
crystallographic axes, whereas the a axis is apparently less
affected by pressure. However, the compression along the
[100] and [001] directions significantly increases in the higher
pressure range (Fig. 4 and Table S2). As a consequence, a
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change in the V-P pattern can be observed between 12.30
and 13.39 GPa, as confirmed by the change in the P-induced
behaviors of the a and f crystallographic angles (Table S2).
For this reason, no fit of the high-P behavior of the triclinic
scapolite by an isothermal equation of state has been per-
formed. The calculated average volume compressibility,
ﬂ_V: —1/(V) (P —Pi)/(Vp = Vp )],is0.0193 GPa™',in
the P-range 10.08-12.30 GPa, and 0.0203 GPa™!, in the range
13.39-17.79 GPa, respectively. A comparative analysis of the
P-induced structure evolution of the triclinic scapolite, based
on the structure refinements performed in the 1 space group,
is hindered by the high uncertainties of the refined parameters.

Discussion

Crystal chemistry and structure of the investigated
scapolite

The results of the chemical analysis (Table 1) show that the
investigated sample of scapolite has a composition inter-
mediate between the end-members marialite and meionite,
with a ratio (Na+ K)/Si, which follows the compositional
trend reported by Teerstra and Sheriff (1997). In addition,
unit-cell parameters at ambient conditions also follow the
trends reported by Sokolova and Hawthorne (2008) for the
scapolite solid solution series. Unfortunately, no precise
information on the origin of the investigated sample are
available, but its chemical composition is quite close to
those of sample “5” of Graziani and Lucchesi (1982) and
sample “MAD” of Sheriff et al. (1998), both also from Mad-
agascar. From the literature data (e.g., Teerstra and Sheriff
1997; Sheriff et al. 1998; Sokolova and Hawthorne 2008;
Hawthorne and Sokolova 2008 and references therein),
scapolites of intermediate composition are reported to
crystallize in the primitive P4,/n tetragonal space group.
However, the X-ray diffraction data collected on the single-
crystal fragments of this study, using both conventional and
synchrotron X-ray sources, do not show any evidence of
violation of the I-centered reciprocal lattice (Fig. 3). From
the structure refinement based on the intensity data col-
lected with the crystal in air at the ESD-MI, the following
average T—O bond distances can be calculated: 1.625(3) and
1.670(3) A, for the T1 and T2 sites, respectively (Table 4).
These values confirm that Al is preferentially ordered at the
T2 site, but a minor fraction of this element also occupies
the T1 site.

Transmission electron microscopy and electron diffrac-
tion data of primitive samples have shown the common
occurrence of anti-phase domains of different size (e.g.,
Phakey and Ghose 1972; Oterdoom and Wenk 1983; Has-
san and Buseck 1988; Seto et al. 2004). Oterdoom and Wenk
(1983) suggest that, at an anti-phase boundary, a reversal of

the ordering of the T2 and T3 sites, and of the related Si and
Al distribution, occurs. Oterdoom and Wenk (1983) also
suggest that anti-phase domains may form due to a transition
from a disordered (i.e., I4/m) towards an ordered structure,
or during the crystal growth. Seto et al. (2004) support the
hypothesis that the anti-phase domains result from an /4/m-
to-P4,/n phase transition induced by cooling, which implies
that primitive scapolites of intermediate composition may
crystallize in the /-centered space group at high tempera-
ture. The authors also suggest that a fast cooling may pos-
sibly lead to the persistence of a metastable /4/m scapolite
at low temperatures, also at compositions where a primitive
structure is expected. Hawthorne and Sokolova (2008) sug-
gested that the size of the anti-phase domains would be a
function of the cooling rate, where a faster cooling would
lead to smaller domains, potentially undetectable by X-ray
diffraction.

If the single-crystal fragments here investigated are the
result of a significantly fast cooling, according to what sug-
gested by Seto et al. (2004) and Hawthorne and Sokolova
(2008), they would be characterized by very small anti-phase
domains, with a reverse T2 and T3 ordering and a P4,/n
structure. Due to the small size, these domains would not be
detected by X-ray diffraction data, which will bear informa-
tion of the average /4/m crystal structure. However, based on
the collected data, we have no experimental basis to assert
that the investigated sample is characterized by anti-phase
domains with P4,/n structure, nor that, following the hypoth-
esis of Seto et al. (2004), it is a metastable form of the I4/m
structure preserved by a very fast cooling. For this reason,
since a structure model based on the P4,/n space group
would not be supported by the experimental X-ray diffrac-
tion data, the structure refinements of tetragonal scapolite
have been performed in the /4/m space group. Nevertheless,
the choice of the I4/m structure model does not induce any
significant bias to the scopes of this study, i.e., (1) the deter-
mination of the isothermal elastic parameters of intermediate
scapolite and (2) the description of the main mechanisms of
structure deformation.

High-pressure behavior of intermediate scapolite

Hazen and Sharp (1988) first reported the isothermal elas-
tic behavior of a meionitic scapolite (Megg), with a bulk
modulus of 90 GPa and an almost isotropic compressibility.
The authors suggested that with an increasing Na content,
the bulk compressibility would be significantly increased
because of the higher compressibility of the Na—O bonds
with respect to the Ca—O ones. Later, Comodi et al. (1990)
reported the isothermal elastic behavior of two more sodic
members, Me,; and Megg, whose bulk moduli were refined
to be 60 and 86 GPa, respectively, confirming the hypoth-
esis of Hazen and Sharp (1988). In addition, if the bulk
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compression of Meg was found to be almost isotropic, like
Megg, in Me,; the structure along the a axis was clearly more
compressible than along the ¢ axis. The scapolite sample
here investigated (Me,;) has a bulk modulus (70(2) GPa)
that is intermediate between those of Me,; and Megg (Fig. 4).
In addition, the elastic anisotropy of our scapolite is also
intermediate between Me; and Megg, further confirming
that the Na content, which induces a channel expansion at
ambient conditions (Papike and Stephenson 1966), favors
the compression within the (001) plane and, therefore, the
bulk compressibility of scapolite. Presently, our knowledge
of the isothermal elastic parameters within the scapolite
solid solution is limited to four members only and it is diffi-
cult to speculate on the deviation from the linear K, vs % Me
trend shown by either Megg or Megg (Fig. 4). Further investi-
gations should be performed on the members of the scapolite
solid solution series, with a special focus on samples close
to the marialite and meionite end-members, in order to pro-
vide a robust description of the relationship between volume
compressibility (fy) and chemical composition.

The main deformation mechanism, which acts at the
atomic scale, is the same already reported by Comodi et al.
(1990) at high pressure, by Levien and Papike (1976) and
Graziani and Lucchesi (1982) at high temperature and by
Papike and Stephenson (1966) at varying chemical compo-
sitions, i.e., the rotation of the 4mRs around the shared O4
hinge, which induces the compression of the shorter diameter
of the 8mR ¢, channels and, as a consequence, an increase in
their ellipticity (Figs. 1, 5; Table 4). Coupled with the internal
compression of the 4mR-II (Fig. 5; Table 4), this mechanism
accommodates the bulk compression within the stability range
of tetragonal scapolite. However, the saturating trend of these
mechanisms is compensated, at P>4 GPa, by the compres-
sion of the longest diameter of the 8mR(,; channels (Figs. 1,
5; Table 4) and, partly, by the compression of the T2 tetrahe-
dra. It is noteworthy to report that, at the same time, a satura-
tion in the compressibility of the Ca—O2 and Ca—O4' bonds
is observed (Figs. 2, 5, Table S3). In addition to the increase
in compressibility along the ¢ crystallographic axis at P>2
GPa, the observed deformation mechanisms suggest a desta-
bilization of the tetragonal structure with increasing pressure,
which leads to the phase transition to the triclinic polymorph.
The structural cages hosting the anions were confirmed to act
as relatively rigid units, as previously observed by Comodi
et al. (1990), even if their compressibility increases with
pressure, following the c vs. P behavior (see “High-pressure
elastic behavior of tetragonal scapolite”, “P-induced structure
deformation of tetragonal scapolite”).

Comodi et al. (1990) reported that the compressibility of
the cation polyhedron increases with the Na content, being
68 GPa in Megg and 46 GPa in Me,, respectively. Due to
the significant restrictions applied to the refinement of the
CO; positions, we have calculated a fictive volume, defined
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as the cube of the average <Ca—Of> bond length, whose
P-evolution (Table S3), at a first approximation, provides
information on the compressibility of the cation polyhedron.
A fit of the V-P data with a BM-EoS truncated to the second
order, performed using the EoS-Fit7_GUI software (Angel
et al. 2014; Gonzalez-Platas et al. 2016), leads to the follow-
ing refined bulk modulus: Ky,=56(15) GPa, which is also
intermediate between the values reported for Me,; and Megg,
respectively, by Comodi et al. (1990).

The I4/m-to-I1 phase transition, due to the symmetry low-
ering, provides more degrees of freedom to the scapolite
structure to accommodate compression, which is reflected
by a slight increase in the bulk compressibility (Fig. 4).
The bulk compression of the triclinic polymorph is mainly
accommodated along the b and ¢ crystallographic direc-
tions, which suggests a different behavior of the independent
8mRs. Unfortunately, the large uncertainties of the refined
structural models do not allow an unambiguous comparative
analysis of the structure deformation. The increase in com-
pressibility at P> 12.30 GPa suggests an impending desta-
bilization of the triclinic structure. Overall, the anomalous
elastic behavior of the /1 scapolite and the high pressure at
which the phase transition occurs (at ambient temperature),
apparently suggest that the triclinic polymorph is unlikely to
occur in nature. In addition, based on the described deforma-
tion mechanisms acting at the atomic scale and on the elastic
behavior of the tetragonal polymorph, a structural instabil-
ity at P>2.0-2.5 GPa (at ambient temperature) can be sug-
gested. However, the absence of amorphization phenomena,
at least up to 17.79 GPa, highlights the significant flexibility
of the scapolite structure, which helps to understand why
this mineral is so commonly found in rocks of different T
and P origin, especially in the metamorphic realm.

Conclusions

Scapolites are volatile-bearing minerals widespread in meta-
morphic environments. Understanding the relative stability of
scapolite in a mineral assemblage at varying pressures and
temperatures may allow to reconstruct the formation con-
ditions (e.g., Kullerud and Erambert 1999; Satish-Kumar
et al. 2006; Hammerli et al. 2017). Modeling the stability
of a mineral assemblage requires the knowledge of several
thermodynamic parameters of the involved mineral phases,
including the volume thermal expansivity, @y, and compress-
ibility, By (e.g., Almeida and Jenkins 2017). With regard to
scapolites, this requires an experimental determination of these
parameters across the solid solution series. In this work, we
report the bulk volume compressibility (at ambient 7) of a
Me,; scapolite, which was found to be intermediate between
the values reported in the literature for the Me,; and Megg
members (Comodi et al. 1990). Adopting the bulk modulus
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refined from the II-BM EoS, for an ease of comparison with
the literature data, a linear fit through the bulk moduli of
Me,;, Me,;, Megg and Megg is possible. Taking into account
all the limitations due to a linear fit based on four experimental
points only, a rough extrapolation of the bulk moduli of the
scapolite members in the range Me;_g¢ is provided by the
following equation: Ky, (GPa)=53(2)+0.45(4) X (% Me) [or
By (GPa™')=0.0179(6) — 0.00008(1) X (% Me)], where 17 <%
Me < 88. Further mapping of the isothermal elastic behavior
across the intermediate members of the scapolite solid solu-
tion is needed for better constraining the bulk modulus (and
its pressure derivatives) as a function of the chemical com-
position, as provided, e.g., by Angel (2004) for plagioclase
feldspars. Further investigations are also required for the com-
positions close to the marialite and meionite end-members,
in order to observe possible deviations from the linear trend
(cfr. Fig. 4). The experimental findings of this study also show
an increase in the axial compressibility along the ¢ axis at
P>2.5 GPa, which is followed by a re-arrangement in the
structure deformation mechanisms at P >4 GPa. Based on
these data, a pressure limit (at room 7) for the structural sta-
bility of scapolite may be inferred. However, robust extrapola-
tions of the experimental structural data would be possible if
further investigations on the behavior of scapolite solid solu-
tion members at high-(P, T) conditions will be provided and a
comparative analysis would be possible.

From a broader point of view, the extrapolation of the
elastic parameters as a function of the chemical composition
may be applied to other solid solution series of minerals. In
fact, the reported results further confirm that the substitution
of Na by Ca in solid solutions of (open-)framework silicates
is responsible for a decrease in the bulk compressibility at
ambient conditions. This relationship has been experimen-
tally observed across the plagioclase series by Angel (2004),
but can also be observed in the group of fibrous zeolites
(Gatta 2005), where Ca-rich scolecite (Ky,=154.6(6) GPa)
is stiffer than Na-rich natrolite (K,=43(2) GPa), and in the
group of sodalite, where the bulk modulus increases from
the Na-rich (52(8) GPa; Hazen and Sharp 1988) to the Ca-
rich end-members (69(6) GPa; Hargis et al. 2014).
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