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Abstract: Slawsonite’s (SrAl,Si;Og) structure evolutions depending on temperature (27-1000 °C)
have been studied by in situ single-crystal X-ray diffraction. The SrO; polyhedron expands regularly
with the temperature increase. Silicon and aluminum cations are ordered in tetrahedral sites of the
studied slawsonite; no significant changes in their distribution as temperature increases were ob-
served. Slawsonite demonstrates a relatively high volume thermal expansion (o = 23 x 1076 °C~1)
with high anisotropy, typical for framework feldspar-related minerals and synthetic compounds. It
was found that, contrary to previously published data, the crystal structure of slawsonite is stable in
the studied temperature range and no phase transitions occur up to 1000 °C. The role of Ca and Ba
substitution for Sr and Al/Si ordering on polymorphism of natural MAI,Si,Og (M = Ca, Sr, Ba) is
herein discussed.

Keywords: slawsonite; feldspar; crystal structure; thermal expansion; high temperature; single-
crystal X-ray diffraction

1. Introduction

The alkaline earth aluminosilicates with the general formula MAl,5i,Og (M = Ca, S,
Ba) are very important both for geology and material sciences. On the one hand, they relate
to the feldspars, which are the most common minerals in the Earth’s crust, on the other
hand, they are applied as ceramic components [1-3], phosphorous (e.g., [4-9]), refractories
material [10] and matrix for radioactive wastes [11-13]. According to the Commission on
New Minerals, Nomenclature and Classification (CNMNC) of the International Mineralogi-
cal Association (IMA), only one mineral with the composition of SrAl,Si,Og, i.e., slawsonite,
is known up to date. Whereas its Ca and Ba analogs exist in nature in four (namely, anor-
thite, dmisteinbergite, svyatoslavite, and stoefflerite) and three (celsian, hexacelsian, and
paracelsian) polymorphic modifications with different topology, respectively [14].

As was mentioned above, slawsonite belongs to the feldspar group of minerals.
According to a recent review on feldspars [14], all the feldspar-related crystal structures
are divided into three groups: tetrahedral structures, octahedral structures, and structures
with mixed coordination numbers. Wherein the first group is the most widespread in
nature and the last one has not been found in nature at all. In turn, the tetrahedral
structures are subdivided into four groups, based on the structural topology, i.e., feldspar,
paracelsian, svyatoslavite (all three correspond to three-dimensional frameworks), and
dmisteinbergite (layered). According to the classification [14], slawsonite together with
paracelsian (BaAl,Si;Og), danburite- (MB,Si,Og, M = Ca, Sr, Ba) and hurlbutite-group
minerals (MBe,P,Og, M = Ca, Sr) belong to the minerals with the paracelsian topology.

Slawsonite is quite a rare mineral, which has been found only in several localities and
is usually associated with metasomatic reactions at low temperatures and low-pressure
metamorphism [15]. As a mineral, slawsonite has been first described in Martin Bridge
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formation, Oregon, the USA by Griffen et al. in 1977 [16], whereas its synthetic analog had
already been known [17]. Moreover, according to the Inorganic Crystal Structure Database
(ICSD) the synthetic compound with the general formula SrAl;Si;Og is known at least
in four other polymorphic modifications: 12/c [18-21], P-3c [22], P63/mcm [22,23] and
Pm-3m [24]. It is interesting to note, that according to Bahat [25] the hexagonal modification
of SrAl;Si;Og (as well as CaAl;SipOg) does not have any fields of stability under ambient
pressure, whereas hexagonal BaAl,SipOg can exist under ambient conditions, which is
probably associated with the increase of the ionic size of the M?* (M = Ca, Sr, Ba) cation.

Due to the high geological importance and wide industrial implications, many min-
erals with the feldspar topology were studied in detail both under ambient and extreme
conditions (high- and low temperatures and high pressures). Though feldspar minerals
with the paracelsian topology are not very widespread in nature, almost all of them (except
strontiohurlbutite) have been recently studied under high-pressure conditions [26-30],
whereas only danburite-group minerals have been studied in detail under temperature
increase up to the present time [31,32].

To date, it is known, that generally, the polymorphism of SrAl,Si,Og is similar to that of
BaAl,Si;Og. However, as most of the published results have been obtained by transmission
electron microscopy and powder X-ray diffraction, many inconsistencies occur. It is thought
that slawsonite has a displacive phase transition at 320 °C from triclinic to monoclinic
phase [33,34]. According to [35,36] at 500 or 600 °C slawsonite transforms into another
monoclinic phase, namely Sr-celsian (i.e., compound with the feldspar topology), which
melts at 1650 °C. Nevertheless, this phase transition was not mentioned by Tagai et al. [33],
who performed differential thermal analysis (DTA) up to 1000 °C. Three hexagonal (or
pseudohexagonal) SrAl,Si;Og polymorphs (P6/mmm, P63 /mcm, and Immm), similar to
hexacelsians (BaAl,Si;Og) [37] can be obtained by quenching melt. According to Toepel-
Schadt et al. [36], two hexagonal phases coexist at room temperature and the transition to
orthorhombic phase occurs at about 600 °C [38].

The present study aims to investigate the high-temperature behavior of slawsonite
using in situ single-crystal X-ray diffraction data at a temperature range of 27-1000 °C in
order to clarify whether there are phase transitions and compare the obtained data with
the data on other isotypic minerals.

2. Materials and Methods

The natural sample of slawsonite, SrAl,Si;Og, originating from the Rendai, Kochi Prefec-
ture, Shikoku Island, Japan, was obtained from the private systematic collection of AK. The chem-
ical composition of this sample has stochiometry close to ideal (Srpg4Bag3Al;.975i2,040s; [29]).

Thermal behavior of slawsonite under heating in the air was studied in situ by high-
temperature single-crystal X-ray diffraction (SCXRD) using a XtaLAB Synergy-S diffrac-
tometer (Rigaku Oxford Diffraction, Japan) operated with monochromated MoK« radiation
(A[MoKa] = 0.71073 A) at 50 kV and 40 mA and equipped with an HyPix-6000HE detec-
tor with a unique high-temperature FMB Oxford system. The sample heating is done
using a gas blower (Figure 1a) up to 1000 (£1) °C, which consists of a hot air generator
controlled by a Eurotherm regulator and gas flow controller. The temperature stability is
about £0.5 °C at the temperature above 250 °C, the heating rate is about 10 °C/min for
the temperatures below 400 °C and 5 °C/min from 400 to 1000 °C. Before the experiments,
the accuracy of this device has been verified using a single crystal of quartz, which has
an o< transformation at 573 °C [39]. The temperature determination error is 10 °C.
After heating, the crystal was kept at each temperature for about 10 min and after that, the
SCXRD data were collected (that took about 20 min at each temperature point). For this
experiment, the single crystal with the approximate size of 30 pm x 30 pm x 10 um was
mounted on the glass fiber, which was placed into the quartz capillary (Figure 1b) 300 um
in outer diameter and 10 um of wall thickness, produced by Hampton Research (USA).
Diffraction data were collected at different temperatures without changing the orientation
of the crystal in the range of 27 to 1000 °C with a temperature step of 100 °C. The frame
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width was 1.0° in w and ¢, the exposure of 3 s per frame. The data were integrated
and corrected for background, Lorentz, and polarization effects. An empirical absorption
correction based on the spherical harmonics implemented in the SCALE3 ABSPACK algo-
rithm was applied in the CrysAlisPro program [40]. The unit-cell parameters were refined
using the least-square techniques. The SHELXL program package [41] was used for all
structural calculations. At temperatures below 300 °C, the crystal structures of slawsonite
were refined in both possible space groups (P2;/c and P-1) (see below for details). The
structure models of natural slawsonite by Griffen et al. [16] (P2;/c) and Tagai et al. [33]
(P-1) were used as starting models for structure refinements. The crystal structures were
refined at 11 temperature points (Tables 1 and 2), including room temperature after heating.
Anisotropic displacement parameters were refined for all atoms.

Figure 1. Equipment used for the in situ high-temperature single-crystal study: (a) the gas blower
(FMB Oxford) inside the XtaLAB Synergy-S diffractometer (Rigaku Oxford Diffraction); (b) slawsonite
crystal in the quartz capillary at 27 (above) and 1000 °C (below).

The temperature dependencies of the unit-cell parameters were described by quadratic
and linear (for comparison with other minerals) polynomial functions in the whole temper-
ature range (see below for more details).

Based on these data, the thermal expansion coefficients (e, (°C~1) = (1/a)(da/dT)
were determined using the TTT program package [42,43]. This program package has also
been used for the thermal-expansion parameter tensor visualization.

3. Results and Discussion
3.1. Polymorphism of Natural SrAl,Si,Og in a Temperature Range 27-1000 °C

Generally, the crystal structure of slawsonite is based on a three-dimensional tetra-
hedral framework that contains four- and eight-membered rings of SiO4 and AlOy tetra-
hedra [16], framework channels are occupied by Sr atoms (Figure 2). However, if this
crystal structure is compared with other feldspar-related minerals, it could be described
as consisting of the crankshaft chains of tetrahedral (Figure 3a), formed by the successive
polymerization of four-membered rings [44].

The temperature dependencies for the unit cell parameters, obtained during our
SCXRD experiment, and the evolution of normalized unit cell parameters are shown in
Figures 4 and 5, respectively. In the whole temperature range (up to 1000 °C) the crystal
structure of slawsonite undergoes a continuous expansion of the unit-cell parameters. At
the first glance, the changes of the unit-cell parameters are not linear and should be divided
into three parts (from 27 to 200, from 300 to 700, and from 800 to 1000 °C), i.e., demonstrate
two possible phase transformations (at about 300 and 700 °C). According to the SCXRD and
DTA data by Tagai et al. [33] a phase transition should occur at 320 °C with the symmetry
increasing from P-1 to P2 /c. The second phase transition has been previously mentioned
at 500 or 600 °C [34,35] but has not been confirmed by Tagai et al. [33]. According to SCXRD
data by Tagai et al. [33], collected below 320 °C, there are some weak but sharp reflections,
which are excluded by the space group P2;/c and as a consequence, the real structure of
slawsonite under ambient conditions has to be triclinic. Our SCXRD data at all temperature



Minerals 2021, 11, 1150

40f15

points contain about 150 very weak reflections (<30) and only 1-5 relatively low reflections
(>30) (see supplementary crystallographic information data files). Our attempts to refine
the crystal structure of slawsonite at temperatures below 220 °C in the triclinic symmetry
did not demonstrate any improvements over the refinements in the monoclinic symmetry
(Tables 1-4): R-factors were almost the same regardless of symmetry and even better for
the P2;/c space group. Besides, the bond length errors are also the same for both space
groups. According to both Tagai et al. [33] and our data (Tables 1-4), there is Si-Al order
in tetrahedra. Moreover, our data shows that crystal structure is fully ordered in the
whole temperature range (<Si-O> = 1.616-1.622, <Al-O> = 1.743-1.749 A under ambient
conditions), i.e., no disordering occur in tetrahedra ((S5i-O) = 1.64, (Al-O) = 1.77 A; [45]).
Thus, the only opportunity for P2; /c — P-1 transition could be Sr/Ba ordering. As there
are no strong crystal-chemical reasons to decrease the symmetry, we suppose the absence
of the phase transition at 300 °C. A similar situation is with the second inflection of the
unit cell parameters between 700 and 800 °C: according to the SCXRD data, the crystal
structure does not undergo any phase transformation. The similar non-linear behavior of
the unit cell parameters without any phase transformations has been previously observed
for slawsonite [29] and some other isotypic minerals (danburite-group minerals MB,SipOg
(M = Ca, Sr, Ba) [26,28], paracelsian BaAl,Si,Og [27], hurlbutite CaBe,;P,Og [30]) under
high-pressure conditions. As a consequence, for further discussion, we will use the crystal
structure of slawsonite refined in the monoclinic P2; /c space group at all temperatures.

Thermal Pressure
deformations deformations

i 4.9 43 i
‘O 'o ‘O '
4 0 °4q Y
Lﬁ L A 4

b

w ﬁ ! B,
5 . fo’ 2B,
| 3

Ku

‘\ﬁ.‘ g
%t t@@

0’1]

Oy

Figure 2. Crystal structure of slawsonite with the section of thermal expansion and pressure com-
pression coefficients. AlO4 and SiOj tetrahedra are given in grey and blue, respectively. Sr atoms are
presented as purple spheres. Thermal expansion and pressure compression coefficients along the
principal axes of deformations tensors are labeled by « and §3, respectively.

Though the crystals studied by Tagai et al. [33] and by us are from the same locality
(Kochi Prefecture, Shikoku Island, Japan) and the chemical composition is very close
(Sr/Ba =~ 0.95/0.05), the different high-temperature behavior could be explained by the
blockiness of the crystals: some domains could indeed have triclinic crystal structures, but
the average crystal structure is better described by the monoclinic (P21 /c) space group
in the whole temperature range. The other option could be that two polymorphs are
present in the same deposit: low-slawsonite (Sp. gr. P-1, described by Tagai et al. [33]) and
high-slawsonite (Sp. gr. P21 /c, described by us). Low-slawsonite could be a result of Sr/Ba
ordering at the 7-coordinated site or there is slightly higher Ba content, which resulted
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in phase transition (MIsr-0 2.61, VIBa-0 2.78 A; [43]): compare 2.651 A [33] and 2.644 A
(Tables 3 and 4).

@ Nq ©
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a C
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C b

Figure 3. Fragments of the crystal structure of slawsonite: double crankshafts running along with
the a-axis (a); SrO7 polyhedron in ball-and-stick representation in the cavity of eight-membered rings
of TO4 (T = Si, Al) tetrahedra (b). AlO4 and SiOy tetrahedra are given in grey and blue, respectively.
Purple and red balls indicate Sr and O atoms, respectively.
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Figure 4. Unit-cell parameters (a, b, ¢, B, V) of slawsonite at different temperatures. The white
symbols show the unit cell parameters on heating, the grey one — at room temperature after heating.
The errors are smaller than the symbols.
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Figure 5. Evolution of normalized unit-cell parameters (a/ag, b/bg, c/co, B/Bo; V/ Vo, wherea, b, c, B,
V are the unit cell parameters at each temperature and ay, by, co, Bo, Vo are the unit cell parameters at
room temperature) of slawsonite.

Besides the suspected displacive phase transition [33], a reconstructive transformation
into Sr-feldspar (namely in the crystal structure with the feldspar topology, isostructural
to celsian) at the temperature of about 500-600 °C was also proposed [35,36]. Our data
demonstrate the absence of both phase transitions. However, the chemical composition
of the samples transformed to the ‘Sr-feldspar’ form has not been studied. Thus, it can be
assumed that the presence of even small Sr to Ba substitution can play an important role
in the stabilization process of the slawsonite form of the crystal structure and Sr/Ba/[]
(vacancy) ratio could result in unexpected phase transitions (e.g., [46]).

Previously, partial replacement of Sr by Ca in slawsonite has been reported from
metamorphosed limestones [16,46], and veinlets in metamorphosed xenoliths [47,48]. Bar-
ium for strontium substitution was detected in slawsonite from xenolith in an ultramafic
rock [33,47]. Both calcium and barium were found in slawsonites from a picrite sill [34] and
an analcime syenite (“teschenite”; [15]). As slawsonites always occur as small grains, there
are limited data on the crystallography of these (Sr, Ba, Ca)Al,Si,Og phases, and careful
structural analysis is needed.
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Table 1. Crystallographic data and refinement parameters for slawsonite SrAl,Si,Og at different temperatures in the P2, /c space group.
Tempféat“re' 27 100 200 300 400 500 600 700 800 900 1000 27
Temlf’oeirnatt“re T00 TO1 T02 T03 T04 T05 T06 T07 To08 T09 T10 T11
Space group P2, /c
a A 8.3298(6) 8.3364(6) 8.3376(6) 8.3498(7) 8.3544(7) 8.3603(8) 8.3710(9) 8.381(1) 8.387(1) 8.404(1) 8.407(1) 8.3320(7)
b, A 9.3645(7) 9.3641(7) 9.3670(7) 9.3664(7) 9.3685(8) 9.3711(9) 9.3781(9) 9.3837(7) 9.384(1) 9.3860(9) 9.3859(9) 9.3677(6)
¢ A 8.8934(8) 8.9014(7) 8.9054(8) 8.9189(8) 8.9269(9) 8.9352(9) 8.942(1) 8.9551(7) 8.962(1) 8.9773(9) 8.989(1) 8.8887(7)
B,° 90.242(8) 90.246(8) 90.283(9) 90.285(9) 90.27(1) 90.27(1) 90.26(1) 90.323(9) 90.34(1) 90.30(1) 90.33(1) 90.229(7)
Volume, A3 693.7(1) 694.86(9) 695.5(1) 697.5(1) 698.7(1) 700.0(1) 701.9(1) 704.3(1) 705.4(2) 708.1(1) 709.4(1) 694.55(9)
Z 4
Data collection
WavelAength, 071073
Max. 6° 29.343 29.310 29.304 29.458 29.442 29.421 29.385 29.173 29.144 29.093 29.226 29.334
—11<h<1l —-11<h<11 -11<h<I1l —-11<h<1l -11<h<1l -11<h<11 —-11<h<11 —-11<h<10 -10<h<11 —-11<h<9 -11<h<9 -11<h<9
Index ranges —-8<k<12 —-8<k<12 —-8<k<12 —-8<k<12 —-8<k<12 —-8<k<12 —-8<k<12 -7<k<12 —-7<k<12 —7<k<12 —-7<k<12 —-8<k<12
-11<1<9 -11<1<9 -11<1<9 11<1<9 -11<1<9 -11<1<9 -11<1<9 -11<I<11 -11<I1<11 -11<I<11 —-12<I<11 -12<I<11
No.meas.refl. 4772 4736 4806 4773 4789 4814 4830 4876 4796 4559 4263 4628
No.uniq.refl. 1529 1522 1542 1538 1539 1543 1554 1590 1576 1567 1578 1557
N°'> ‘;zige)ﬂ(l 1249 1207 1203 1164 1132 1138 1076 1081 958 979 831 1191
Refinement of the structure
No.of
variables 118
Rint 0.0364 0.0382 0.0413 0.0500 0.0443 0.0467 0.0486 0.0481 0.0656 0.0520 0.0670 0.0453
R;, all data 0.0528 0.0526 0.0577 0.0648 0.0641 0.0712 0.0776 0.0866 0.1032 0.1077 0.1255 0.0662
Ry, 1>20(I) 0.0352 0.0343 0.0371 0.0390 0.0367 0.0408 0.0404 0.0448 0.0500 0.0507 0.0476 0.0400
wR;y, all data 0.0774 0.0731 0.0808 0.0856 0.0808 0.0873 0.0929 0.0944 0.1261 0.1020 0.1117 0.0840
WRy, I >20(]) 0.0716 0.0676 0.0733 0.0779 0.0732 0.0788 0.0813 0.0821 0.1069 0.0865 0.0890 0.0761
GooF 1.041 1.036 1.056 1.029 0.984 1.027 0.988 1.038 0.988 1.032 0.932 1.035
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Table 2. Crystallographic data and refinement parameters for slawsonite SrAl,Si,Og at different temperatures in the P-1

space group.

Temperature, °C 27 100 200
Temperature Point T00 TO01 T02
Space group P-1
a, A 8.3243(8) 8.3289(8) 8.3326(9)
b, A 8.8940(8) 8.9033(8) 8.9056(9)
¢, A 9.3705(9) 9.3706(9) 9.3730(9)
«, ° 90.172(8) 90.155(8) 90.129(8)
B, ° 90.086(8) 90.086(8) 90.053(8)
v, ° 90.270(8) 90.263(8) 90.306(8)
Volume, A3 693.75(11) 694.86(11) 695.53(12)
V4 4
Data collection
Wavelength, A 0.71073
Max. 6° 29.352 29.339 29.312
—11<h<11 —11<h<11 —11<h<1
Index ranges —-9<k<11 -9 <k<11 1-9<k<11
—12<1<8 —12<1<8 ~12<1<8
No.meas.refl. 4976 4918 4982
No.uniq.refl. 2693 2679 2705
No. obs.refl(I > 20(I)) 2045 2005 1985
Refinement of the structure
No.of variables 235 235 230
Rint 0.0372 0.0430 0.0424
Ry, all data 0.0671 0.0716 0.0777
Ry, I>20(I) 0.0375 0.0401 0.0430
WwRy, all data 0.0848 0.0913 0.0999
WRy, I > 20(I) 0.0772 0.0826 0.0884

GooF 1.003 1.024 1.025
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Table 3. Bond distances and polyhedral parameters in slawsonite SrAl,Si;Og at different temperatures in the P2 /¢ space group.

Temperature, °C 27 100 200 300 400 500 600 700 800 900 1000 27
Temperature Point T0O0 ToO1 T02 T03 T04 TO5 TO06 TO07 TO8 TO09 T10 T11
SiOy tetrahedra
Si1-0O1 1.622(3) 1.619(3) 1.621(4) 1.622(4) 1.623(4) 1.622(4) 1.620(4) 1.617(5) 1.607(7) 1.613(6) 1.612(6) 1.615(4)
Si1-O4 1.624(3) 1.621(3) 1.621(4) 1.620(4) 1.615(4) 1.620(4) 1.618(4) 1.620(5) 1.619(6) 1.616(5) 1.621(6) 1.626(4)
Si1-0O5 1.612(3) 1.614(3) 1.619(3) 1.615(4) 1.612(4) 1.610(4) 1.610(4) 1.613(4) 1.616(5) 1.612(4) 1.612(5) 1.615(4)
Si1-08 1.609(4) 1.607(3) 1.608(4) 1.606(4) 1.603(4) 1.604(4) 1.603(4) 1.600(4) 1.604(5) 1.602(5) 1.604(5) 1.613(4)
<Si1-O> 1.617 1.615 1.617 1.616 1.613 1.614 1.613 1.613 1.611 1.611 1.612 1.617
Volume 2.159 2.152 2.161 2.155 2.145 2.147 2.144 2.142 2.136 2.134 2.140 2.160
Si2-02 1.630(4) 1.633(3) 1.629(4) 1.629(4) 1.629(4) 1.631(4) 1.623(4) 1.631(4) 1.640(5) 1.632(5) 1.620(5) 1.634(4)
Si2-03 1.634(4) 1.628(4) 1.629(4) 1.632(4) 1.624(4) 1.626(4) 1.629(4) 1.632(4) 1.631(5) 1.633(5) 1.625(5) 1.634(4)
Si2-06 1.600(3) 1.599(3) 1.597(4) 1.592(4) 1.591(4) 1.587(4) 1.590(4) 1.591(5) 1.574(6) 1.586(5) 1.585(6) 1.599(4)
Si2-07 1.619(3) 1.620(3) 1.618(3) 1.616(4) 1.617(4) 1.617(4) 1.613(4) 1.615(5) 1.625(6) 1.617(5) 1.636(6) 1.625(4)
<5i2-O> 1.621 1.620 1.618 1.618 1.615 1.615 1.614 1.617 1.617 1.617 1.616 1.623
Volume 2.182 2.180 2172 2.169 2.160 2.160 2.155 2.168 2.168 2.166 2.165 2.191
AlOy tetrahedra
Al1-0O4 1.757(4) 1.756(4) 1.758(4) 1.759(4) 1.755(4) 1.757(4) 1.762(5) 1.769(4) 1.754(5) 1.762(5) 1.768(5) 1.755(4)
Al1-0O5 1.754(3) 1.751(3) 1.747(4) 1.749(4) 1.753(4) 1.751(4) 1.754(4) 1.746(5) 1.745(6) 1.750(5) 1.753(6) 1.750(4)
Al1-06 1.718(3) 1.718(3) 1.718(4) 1.716(4) 1.720(4) 1.717(4) 1.716(4) 1.708(5) 1.721(6) 1.711(5) 1.711(6) 1.715(4)
Al1-08 1.760(4) 1.756(3) 1.751(4) 1.759(4) 1.756(4) 1.756(4) 1.753(4) 1.760(4) 1.766(5) 1.758(5) 1.758(6) 1.756(4)
<Al1-O> 1.747 1.745 1.744 1.746 1.746 1.745 1.746 1.746 1.746 1.745 1.747 1.744
Volume 2.729 2.720 2.711 2.721 2.722 2.718 2.724 2.722 2.723 2.719 2.729 2.712
Al2-01 1.744(3) 1.747(3) 1.743(4) 1.747(4) 1.742(4) 1.742(4) 1.743(4) 1.747(5) 1.752(7) 1.753(6) 1.750(6) 1.753(4)
Al2-02 1.743(4) 1.734(3) 1.741(4) 1.737(4) 1.736(4) 1.736(4) 1.742(4) 1.733(4) 1.730(5) 1.732(5) 1.735(5) 1.736(4)
Al2-03 1.754(3) 1.754(3) 1.750(4) 1.747(4) 1.756(4) 1.755(4) 1.751(5) 1.752(5) 1.755(6) 1.744(5) 1.755(6) 1.753(4)
Al2-07 1.736(4) 1.738(3) 1.739(4) 1.737(4) 1.738(4) 1.740(4) 1.735(4) 1.740(4) 1.738(5) 1.742(5) 1.734(5) 1.744(4)
<Al2-O> 1.744 1.743 1.743 1.742 1.743 1.743 1.743 1.743 1.744 1.743 1.743 1.747
Volume 2.691 2.686 2.685 2.678 2.684 2.684 2.683 2.682 2.686 2.680 2.686 2.703
SrO; polyhedra
Sr-O1 2.649(3) 2.657(3) 2.659(4) 2.661(4) 2.671(4) 2.677(4) 2.683(4) 2.687(4) 2.698(5) 2.701(5) 2.707(5) 2.653(4)
Sr-02 2.674(4) 2.683(3) 2.685(4) 2.701(4) 2.706(4) 2.711(4) 2.726(4) 2.734(4) 2.729(6) 2.750(5) 2.771(5) 2.675(4)
Sr-O3 2.659(3) 2.665(3) 2.670(4) 2.674(4) 2.677(4) 2.681(4) 2.687(4) 2.689(4) 2.690(5) 2.700(5) 2.698(5) 2.656(4)
Sr-O4 2.609(3) 2.618(3) 2.616(4) 2.621(4) 2.628(4) 2.628(4) 2.631(4) 2.631(4) 2.645(5) 2.649(5) 2.641(5) 2.617(4)
Sr-0O5 2.612(3) 2.614(3) 2.614(4) 2.617(4) 2.621(4) 2.626(4) 2.626(4) 2.633(4) 2.638(5) 2.637(4) 2.635(5) 2.612(4)
Sr-O7 2.583(3) 2.581(3) 2.584(3) 2.591(4) 2.592(4) 2.589(4) 2.596(4) 2.603(4) 2.601(5) 2.605(4) 2.596(5) 2.580(4)
Sr-0O8 2.722(4) 2.732(3) 2.745(4) 2.748(4) 2.762(4) 2.770(4) 2.780(4) 2.788(5) 2.785(6) 2.810(5) 2.820(6) 2.726(4)
<Sr-O> 2.644 2.650 2.653 2.659 2.665 2.669 2.676 2.681 2.684 2.693 2.696 2.646
Volume 24.852 24.993 25.094 25.265 25.421 25.520 25.717 25.828 25.915 26.175 26.208 24.893
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Table 4. Bond distances and polyhedral parameters in slawsonite SrAl;Si,Og at different temperatures in the P-1

space group.

Temperature, °C 27 100 200
Temperature Point TO0O TO1 TO02
SiOy tetrahedra
Si1-02 1.620(5) 1.621(5) 1.621(5)
Si1-0O4 1.615(4) 1.618(4) 1.618(5)
Si1-05 1.610(5) 1.605(5) 1.606(5)
Si1-013 1.620(4) 1.619(5) 1.614(5)
<Si1-O> 1.616 1.616 1.615
Volume 2.156 2.155 2.152
Si2-03 1.621(4) 1.618(5) 1.624(5)
Si2-08 1.628(4) 1.620(5) 1.621(5)
Si2-010 1.610(4) 1.610(4) 1.621(5)
Si2-012 1.610(4) 1.612(5) 1.612(5)
<S5i2-O> 1.617 1.615 1.619
Volume 2.160 2.151 2.169
Si3-06 1.624(4) 1.624(5) 1.622(5)
Si3-07 1.634(4) 1.637(5) 1.629(5)
Si3-09 1.631(4) 1.623(5) 1.630(5)
Si3-014 1.599(4) 1.600(5) 1.597(5)
<Si3-O> 1.622 1.621 1.620
Volume 2.188 2.182 2.180
Si4-01 1.612(4) 1.612(5) 1.614(5)
Si4-0O11 1.631(4) 1.630(5) 1.628(5)
Si4-015 1.628(4) 1.635(5) 1.632(5)
Si4-016 1.599(4) 1.597(5) 1.597(5)
<5i4-O> 1.618 1.618 1.618
Volume 2.170 2.173 2.170
AlOy tetrahedra
Al1-0O4 1.752(4) 1.748(5) 1.745(5)
Al1-05 1.752(5) 1.758(5) 1.752(5)
Al1-08 1.762(5) 1.762(5) 1.760(5)
Al1-0O16 1.718(4) 1.716(5) 1.714(5)
<Al1-O> 1.746 1.746 1.742
Volume 2.723 2.723 2.707
Al2-02 1.760(5) 1.757(5) 1.754(5)
AI2-010 1.755(4) 1.752(5) 1.745(5)
AI2-012 1.766(4) 1.758(5) 1.756(5)
AlI2-0O14 1.714(4) 1.716(5) 1.717(5)
<Al2-O> 1.749 1.746 1.743
Volume 2.736 2.722 2.707
Al3-0O1 1.746(5) 1.744(5) 1.744(5)
Al13-09 1.750(4) 1.754(5) 1.749(5)
Al3-013 1.745(4) 1.745(5) 1.744(5)
Al3-015 1.741(5) 1.734(5) 1.740(5)
<Al3-O> 1.746 1.744 1.744
Volume 2.696 2.690 2.691
Al4-03 1.740(4) 1.744(5) 1.744(5)
Al4-06 1.728(4) 1.735(5) 1.733(5)
Al4-0O7 1.746(4) 1.736(5) 1.739(5)
Al4-0O11 1.756(4) 1.753(5) 1.752(5)
<Al4-O> 1.743 1.742 1.742
Volume 2.684 2.679 2.679
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Table 4. Cont.

Temperature, °C 27 100 200
Temperature Point T00 TO01 T02
SrO;7 polyhedra
Sr1-02 2.608(4) 2.612(4) 2.618(4)
Sr1-O5 2.724(4) 2.727(5) 2.742(5)
Sr1-06 2.584(4) 2.580(4) 2.583(4)
Sr1-09 2.660(4) 2.668(4) 2.670(4)
Sr1-010 2.612(4) 2.616(4) 2.609(4)
Sr1-013 2.648(4) 2.659(5) 2.664(5)
5r1-015 2.673(4) 2.682(4) 2.678(5)
<Sr1-O> 2.644 2.649 2.652
Volume 24.834 24.956 25.048
Sr2-01 2.587(4) 2.586(4) 2.588(4)
Sr2-03 2.653(4) 2.660(5) 2.655(5)
Sr2-O4 2.613(4) 2.612(4) 2.620(4)
Sr2-07 2.671(4) 2.680(4) 2.686(5)
Sr2-08 2.608(4) 2.621(4) 2.621(4)
Sr2-011 2.666(4) 2.668(4) 2.675(4)
Sr2-012 2.719(4) 2.731(5) 2.742(5)
<Sr2-O> 2.645 2.651 2.655
Volume 24915 25.045 25.157

It is also worth noting, that ‘Sr-feldspar” has not been yet discovered in nature. Stron-
tium, having almost the same abundance in the Earth crust as barium (Sr 3.70 x 1074,
Ba 4.25 x 10~* mass fraction, kg/kg; [49]) have almost twice less valid mineral species
containing it as an essential constituent (102 and 192, respectively; CNMNC IMA). Being
smaller than Ba, strontium could substitute calcium in minerals much easier. As a result,
it “dissolves” in other phases instead of having its own mineral species. Clay minerals
(e.g., montmorillonite) are responsible for most of the exchange capacity for strontium
in soils (e.g., [50]). Zeolites [51] and Mn (oxy)hydroxides also exchange or could sorb
strontium [52,53].

3.2. Slawsonite Thermal Expansion

Thermal expansion coefficients (TECs) calculated both with the linear and second-
order polynomial approximation of the unit-cell parameters are listed in Table 5. The
following approximate equations for the unit cell parameters were obtained:

a(T) = 8.329(2) + 0.000054(1)T + 0.000000027(9)T? (R? = 0.992);

b(T) = 9.362(2) + 0.000019(1)T + 0.000000007(9)T? (R* = 0.933);

c(T) = 8.893(2) + 0.000071(8)T + 0.000000024(8)T? (R* = 0.996);

B(T) = 90.25(2) + 0.00008(8)T + 0.000000001(7)T? (R? = 0.694);

V(T) = 693.4(3) + 0.011(1)T + 0.000005(1)T? (R? = 0.996).

Regardless of the approximation method, the thermal expansion of slawsonite has
quite an anisotropic character. The maximum and minimum expansion was observed
along the ¢ and b axes, correspondingly, i.e., in the plane of four- and eight-membered
rings of TOy (T = Si, Al) tetrahedra (Figure 2). Such behavior could be explained by the
hinge deformation mechanism, which was previously noted for isotypic danburite-group
minerals [32].

The linear approximation of the unit cell parameters has also been done for the three
separate parts according to their inflections (27-200, 300-700, and 800-1000 °C), but the R?
fitting values for all parameters were not reasonable (below 0.9 and for some parameters
below 0.5). So, all the data were used together for TECs calculation. It is worth noting that
the B angle fitting was not precise enough both in whole and in the three separate data sets,
which is associated with the general problems of the 8 determination.
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Table 5. TECs (x10° °C~1) of slawsonite along the principal axes of the thermal expansion tensor and crystallographic axes.

T, °C o1 o2 o33 u (a337c) o o O g ay
Linear approximation
27-1000 9.4(4) 2.9(3) 11.2(3) 28.0(2) 9.8(4) 2.9(3) 10.7(3) 0.9(2) 23.4(6)
Quadratic polynomial approximation
27 6(1) 2(1) 8.4(9) 22.0(9) 7(1) 2(1) 8.2(9) 0.9(8) 17(1)
300 8.1(6) 2.5(5) 9.9(4) 25.1(4) 8.4(6) 2.5(5) 9.6(4) 0.9(4) 20.6(9)
700 10.5(5) 3.1(5) 12.2(4) 31.3(4) 11.0(5) 3.1(5) 11.7(4) 0.9(4) 25.9(8)
1000 12(1) 4(1) 13.909) 37.1(8) 13(1) 4(1) 13.3(9) 0.9(8) 30(1)

The observed bond lengths and polyhedral volumes for slawsonite at different tem-
peratures are given in Table 3. The expansion of the three types of polyhedral (S5rOy, SiOy,
and AlQy) are significantly different, which is consistent with other studies of alumino-
and borosilicate compounds (e.g., [19,31], etc).

In the whole temperature range, Sr atoms are coordinated by seven oxygen atoms. As
it was mentioned above, Sr atoms are located in the cavities of eight-membered rings of TO4
(T = Si, Al) tetrahedra. If we consider the crystal structure of slawsonite as consisting of the
layers of four- and eight-membered rings of TO, tetrahedra, Sr atoms are located between
these layers (Figure 3b). Wherein O1, O4, O5, and O5 atoms belong to the layer consisting
of Al104 and SilO; tetrahedra, whereas O2, O3, and O7 atoms belong to the layer of
Al204 and Si20, tetrahedra. All Sr—O bonds increase continuously with the increasing
temperature (Figure 6): three longest bonds (Sr-O2, Sr-O8 and Sr—O1), located parallel to
the c axis, demonstrate the most intense increase (first two increase by 3.6%, whereas the
last one by 2.2%). The elongation of four other bonds, located close to the b axis, is in the
range of 0.5-1.5%. Such bond behavior agrees with the thermal expansion of the whole
crystal structure, as the maximal and minimal thermal expansion is along the c and b axes,
respectively (Table 5). Generally, in the whole studied temperature range, the volume of
SrOy polyhedra increases up to 5.5%.

(@) (€) 2.5
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1.641t . - 2 - Si1-04 2.80
s o : Si1-05
{1=8—=—2 W 2N
< : *TJ_‘ ISE S = Si1-08
O 1.60 {85 2 2k -e— Si2-02
.Ui) 2 0 o Si2-03 2.75
—e— Si2-06 e Sr-O1
1.56 T - v —o— Si2-07 e Sr-02
0 300 6000 900 <50 ¥ 6 Sr-03
Temperature, °C o S ¢ 2 Sr-04
g g —e— Sr-05
(b) F %) ] : . F  Sr-07
: * - 4 o
Pt o aios 265 il
Al1-06 = ¥
3 A I Al1-08 =
Q17243 5 ; : —e— A2-01 2.60 ’ 34
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Temperature, °C o 300 600 900
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Figure 6. Temperature dependence of 5i-O (a), Al-O (b), and Sr-O (c) interatomic distances in the

crystal structure of slawsonite.

The changes in the bond-lengths of AlO; and SiO4 tetrahedra are not so intense
(Table 3, Figure 6a,b), i.e., do not exceed 0.02 A or 0.3%. This fact agrees with the general



Minerals 2021, 11, 1150

13 of 15

References

idea about the model of the rigid-unit mode [54-56] and the idea of cooperative motions
of tetrahedral groups, such as titling and rotating [57]. It should also be noted that these
changes are negative: only Si2-07, Al1-O4, Al2-O1, and Al2-O3 bonds slightly increase,
whereas all other bonds decrease.

4. Conclusions

Based on in situ high-temperature single-crystal X-ray diffraction data we can con-
clude, that (Sr1xBayx)Al;Si;Og (x < 0.03) could exist only in one polymorph modification
(Sp. gr. P21/c) in a temperature up to 1000 °C despite non-linear behavior of the unit
cell parameters. Natural compounds with stoichiometry close to slawsonite and high
Ca/Ba content should be carefully checked by X-ray diffraction techniques. Our results
compared with data of Tagai et al. [33] show that several polymorphs could potentially
occur at the same deposit, but for their determination, single-crystal X-ray diffraction
studies are necessary.

Generally, the thermal expansion of the unit-cell parameters of slawsonite is very
close to that of danburite-group minerals MB,Si,Og (M = Ca, Sr, Ba) [32], i.e., the feldspar-
related minerals with the paracelsian topology. For all four compounds the directions
of maximal and minimal thermal expansion are located on the plane of four- and eight-
membered rings, which is associated with the hinge deformations of eight-membered rings.
Gorelova et al. [32] mentioned that the increase of the extra framework cation size (from
Ca to Ba) leads to the increase of the thermal expansion anisotropy and volume thermal
expansion. This study showed that not only the extra framework cation, but also the
framework forming cation (the replacement of B (0.11 A) to Al (0.39 A) [45]) causes similar
changes: under ambient conditions &max/ otmin =2 and 4 and oy = 15 and 17 x 106 °Cc1
for pekovite (S5rB,5ipOg) and slawsonite, respectively.

The comparison of the behavior of slawsonite under high-temperature (up to 1000 °C)
and high-pressure (up to 6 GPa [29] conditions (Figure 3) demonstrate the similarity
of deformations in the layer of four- and eight-membered rings (i.e., in the bc plane)
and differences in other directions. Generally, in both cases, the deformations are quite
anisotropic, but under temperature increase, the minimal changes are along the b axis,
whereas under pressure increase the structure remains almost unchanged along the a-axis,
i.e., parallel to the extension of the crankshaft chains.
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