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Abstract

Biitschliite, K,Ca(COj),, occurring as inclusions in mantle minerals, is regarded as one of the key phases to understand
phase relationships of dense potassium carbonates and thus to evaluate their potential role within the Earth’s deep car-
bon cycle. Accordingly, the high-pressure behavior of synthetic biitschliite has been investigated by in-situ single-crystal
X-ray diffraction under isothermal compression up to 20 GPa at 7=298 K. The compression mechanism before and after
the trigonal-to-monoclinic (R-3m to C2/m) phase transition at ~6 GPa, found previously, is characterized in terms of the
evolution of the cation polyhedra and carbonate groups. On this basis, the modulation of the axial compression is inter-
preted, and the contribution of the cation polyhedra into the bulk compression is estimated. The refined compressibility of
the monoclinic phase (K,=44(2) GPa) fits to the trend of the carbonate bulk modulus versus average non-carbon cation
radius. The analysis of the obtained and literature structural data suggests the distortion of a large cation polyhedron to
be an effective tool to strengthen the carbonate structure at high pressure. On the other hand, the observed symmetrization
of the cation polyhedra in trigonal biitschliite is apparently a crucial factor of its stabilization at high pressure upon the
temperature rise observed previously. The structural crystallography provided in this study supports the enhanced stability
of trigonal biitschliite at high P, T conditions and its significance of being considered as a constituent of the inclusions
in deep minerals.

Keywords Alkali carbonate - Synthetic biitschliite - High pressure - Single-crystal X-ray diffraction - Crystal structure -
Compressibility

Introduction

Biitschliite, K,Ca(CO3),, is a mineral rarely found under
conditions on the Earth’s surface. The main occurrence has
been reported in wood-ash stones, representing the transfor-
mation product of its high-temperature modification known
as the mineral fairchildite (e.g. Pabst 1974). The discovery
of potassium carbonates entrapped in mineral inclusions
from mantle rocks (Giuliani et al. 2012; Abersteiner et
al. 2022) or found as melt inclusions hosted in diamonds
(Jablon and Navon 2016; Logvinova et al. 2019) raised
again the attention to the presence of potassium carbon-
ates in the Earth’s mantle and their role in the deep carbon
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cycle of our planet. Such role is underlined by the presumed
presence of potassium-rich alkali melts in the upper mantle.
This is demonstrated not only by the findings of respective
melt inclusions, but also through high-pressure experiments
on partial melting of kimberlites, carbonated peridotites,
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eclogites and pelites under upper-mantle conditions (Yaxley
and Brey 2004; Dasgupta and Hirschmann 2010; Litasov et
al. 2010; Grassi and Schmidt 2011).

A rather complex phase diagram of the binary system
K,C0;-CaCO;, obtained from thermal analysis (Arceo and
Glasser 1995), experiments in autoclaves (Cooper et al.
1975) and multi-anvil press devices (Shatskiy et al. 2015;
Arefiev et al. 2019), includes biitschliite as a sub-solidus
phase at 0.1 and 6 GPa. At 3 GPa biitschliite even becomes
a liquidus phase (Arefiev et al. 2019). At 0.1 GPa biitschli-
ite, crystallizing in the trigonal space group R-3m (Pabst
1974), transforms to the hexagonal high-temperature (HT)
polymorph fairchildite (P6s/mmc) at about 550 °C (Cooper
et al. 1975). At 3 and 6 GPa the upper temperature limit of
biitschliite stability raises to about 980 °C, where it melts
incongruently or transforms into double carbonates with
different stoichiometry (Shatskiy et al. 2015; Arefiev et al.
2019).

It is remarkable that natural carbonates with the com-
position close to K,Ca(CO;), were found in the solidified
melt inclusions hosted by ilmenite from a mantle xenolith
(Giuliani et al. 2012) and also in primary inclusion trapped
in host diamond (Logvinova et al. 2019). Moreover, the
Raman spectrum of the last carbonate is the same as that of
K,Ca(COy), biitschliite synthesized by Arefiev et al. (2019).
Biitschliite also forms, together with the other K-Ca carbon-
ates, during quenching of carbonate melts in the experi-
ments at 3 and 6 GPa (Arefiev et al. 2022a, b). In addition,
it was shown that the gradual reduction of carbonates and
their melts under mantle P-T conditions is accompanied by
a change in their bulk composition towards enrichments
in K-Na-Ca (Shatskiy et al. 2023). Therefore, biitschliite
is a likely inclusion in diamonds crystallized from man-
tle carbonatite melts as a result of their partial reduction.
Taken together, these data suggest potential significance of

Fig. 1 Crystal structure of the K,Ca(COs), biitschliite
polymorphs as derived from the single-crystal data col-
lected at (a) ambient pressure, (b) 7.52 GPa and (¢) 20.65
GPa. The space group and pressure value are indicated
on the top of each figure. The cation sites K (violet) and
Ca (blue), and the carbonate groups (CO;) are labeled
accordingly. In the monoclinic structure the coordina-
tion around the K atoms is displayed as KO, instead

of KO,, polyhedra for an easier comparison with the
trigonal structure. The solid black line in (¢) marks the
angle O1-C1-Cl1, enlarged in (d), which accounts for the
coupled polyhedral rotation (indicated by arrow) of CO5
and CaOy building units. The structure is visualized using
the program VESTA 3 (Momma and Izumi 2011)
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biitschliite as a solid phase or constituent of carbonate melts
originating at upper-mantle conditions. This explains our
motivation to investigate the crystallographic properties, in
particular the structural behavior of biitschliite under high
pressure (HP) conditions.

The trigonal crystal structure of K,Ca(COj;), biitschliite
(Pabst 1974) can be presented as alternating layers of K
and Ca cations separated by CO;>~ groups, which in turn
are aligned parallel to each other with their triads deter-
mining the c-axis direction (Fig. 1a). The Ca coordination
is octahedral (6-fold) with six equivalent Ca-O distances.
The CaOg-octahedra are connected through the carbonate
groups within the layer and share two faces with the K poly-
hedra of the adjacent layers (Fig. 1a). The 9-fold coordina-
tion around the K atoms includes six short (~2.8 A) and
three long (~3.0 A) distances to the oxygens of the adja-
cent (CO,*"-Ca-CO;>") sheets. Within the layer the KOy-
polyhedra are interconnected through shared faces. The site
symmetries of the cations and CO,*~ groups follow local
trigonal symmetry.

The HP structure behavior of double carbonates is dis-
cussed in detail by Ross and Reeder (1992). In general, all
trigonal carbonates are characterized by the typical com-
pressional anisotropy, exhibiting a higher compressibility
along the ¢ axis and higher lattice stiffness in the directions
perpendicular to it. This is due to the symmetry-constrained
orientation of rigid planar CO32_ groups parallel to the
(001) plane direction, thereby making this direction less
compressible compared to the ¢ direction. The compression
along c is entirely determined by the compression of the
cation polyhedra. The polyhedral compression prevails over
distortion in these rather symmetric structures.

In double alkali-bearing carbonates the large alkali cat-
ion coordination polyhedron is the most compressible and
deformable structural unit, which defines the existence of

C2/m 7.5 GPa
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transformations occurring at a relatively low pressure (Hou
etal. 2022). This is demonstrated by several examples of car-
bonate phases belonging to the K,Mg(CO;),—Na,Mg(CO3),
join (Golubkova et al. 2015; Hou et al. 2022), as well as
biitschliite K,Ca(COs;), (Zeff et al. 2024). In isostructural
K,Mg(CO;), and K,Ca(COs),, a reversible transformation
from trigonal (R-3m) to a monoclinic (C2/m) symmetry is
predicted (Hou et al. 2022) and observed at about 8 and 6
GPa, respectively (Golubkova et al. 2015; Zeff et al. 2024).
Tian et al. (2023) claimed the unconfirmed transition to a
triclinic structure without providing actual data on the lat-
tice metrics as derived from first-principle calculations. The
confirmed monoclinic HP polymorphs of both compounds
exhibit comparable structural topology with their LP
phases, but a more distorted coordination around the alkali
cation and CO32_ groups being tilted off the former triad.
In biitschliite, three more phase transitions were found in at
~28, 34 and 37 GPa based on the Raman spectroscopy and
X-ray powder diffraction data (Zeff et al. 2024).

As aresult of the trigonal-to-monoclinic transition in biit-
schliite, the coordination of K structure polyhedron becomes
enlarged to (9+3) or (9 +2), if the K-O distances within 3.3
A are included (Zeff et al. 2024). In contrast to the trigonal
structure, compressed mainly through the contraction of the
cation polyhedra, the compression of the monoclinic HP-
K,Ca(CO3), proceeds through the inter-layer shifting and
rotation of carbonate groups. The lateral shifting between
layers in HP-K,Ca(COs;), is characterized by the increase
of the monoclinic f-angle, which demonstrates a non-linear
pressure evolution with the flattening at P> 11 GPa (Zeff et
al. 2024). The origin for this non-linear behavior remains
unclear.

Recent ab-initio calculations on four end-members of
K-Na-Ca-Mg alkali-bearing double carbonates revealed
clear correlation between their lower bulk modulus (X)) and
a larger metallic ionic radius (Hou et al. 2022). In particular,
for trigonal K,Ca(COs;), and K,Mg(COj;), the respective
K, are about 57 and 65 GPa. Notably, these values do not
change appreciably upon the transition to the monoclinic
phase; this agrees with the experimentally obtained data
for K,Mg(CO;), (Golubkova et al. 2015). In this respect
an extremely low K|, of ~25 GPa, obtained for the HP-
K,Ca(COs3), through the fit of the single crystal and pow-
der diffraction data up to 20 GPa (Zeff et al. 2024), seems
questionable.

The mentioned details show that, despite a general
description of the pressure-induced structure evolution of
biitschliite is given in most recent theoretical and experi-
mental works (Hou et al. 2022; Zeff et al. 2024), some
essential features of the structure behavior remained unre-
solved. Especially in the work of Zeff et al. (2024) only the
interatomic distances and the angle of the carbonate-group

tilting are stated among the structure parameters. To our
opinion, it is important to consider also the polyhedral com-
pressibilities, distortion and mutual interplay between the
cation polyhedra. This could reveal more relations between
the evolution of the structure units and bulk compression,
and provide a deeper understanding of the compression
and transition mechanism. Our interest arises also from our
recent spectroscopic observations showing a pronounced
high-pressure shift of the boundary between the trigonal and
monoclinic biitschliite phase upon the temperature rise up
to 300 °C (Likhacheva et al. 2024). A detailed analysis of
the biitschliite structure evolution could provide explanation
for the stabilization of the trigonal biitschliite under HP-HT
conditions.

Here we report the compressibility and the structural
behavior of synthetic biitschliite, with an emphasis on the
evolution of the structure polyhedra, at high pressure up to
20 GPa and compare it with the previously obtained data for
biitschliite and the other K, Ca-bearing carbonates.

Experimental

We used K,Ca(COs;), crystal specimen from a sample syn-
thesized in a multi-anvil press at 900 °C and 6 GPa, as
described and characterized by Arefiev et al. (2019). Its
Raman spectrum collected in air (Online Resource 1) is
identical to that of K,Ca(COs), synthesized in the biitschli-
ite stability field at 1 atm / 500 °C (Arefiev et al. 2019) and
to that reported by Zeff et al. (2024).

The in situ HP single-crystal diffraction experiments were
performed at the station ID15b at the European Synchrotron
Radiation Facility. The crystals quality was checked prior
to their loading in the diamond anvil cell (DAC). Mem-
brane driven LeToullec type DAC, equipped with Boehler-
Almax anvils with an opening half-angle of 32°, was used.
The culet diameter was 600 pm. The sample chamber with
diameter of 300 um was drilled in the stainless steel gasket
indented to about 80 pm. The K,Ca(CO;), single-crystal
fragment of 0.05x0.05x0.03 mm was placed inside the
sample chamber along with ruby sphere. Hydrostatic con-
ditions were provided by the DAC loading with a helium
pressure-transmitting medium. Pressures were determined
using ruby fluorescence scale (Shen et al. 2020). The zero-
point measurement at ambient pressure was made first, and
then the DAC was loaded with He and sequentially pressur-
ized from 0.3 to 20 GPa.

Monochromatic X-ray diffraction measurements were
performed at a wavelength of 0.40986 A with a beam size of
10 10 pm (Merlini and Hafland 2013). Diffraction patterns
were collected using a EIGER2 XE CdTe 9 M hybrid pixel
detector during +32° o-rotation of the DAC in 0.5° steps.
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The patterns were then transferred into CrysAlisPro soft-
ware using ESPERANTO protocol (Rothkirch et al. 2013)
for indexing and integration. The structure refinement was
performed at 27 pressure points using the computing system
JANA2020 (Petticek et al. 2023). Due to the presence of
two twin domains in the monoclinic phase on transforma-
tion from the trigonal LP-phase at P> 6 GPa, the structure
was refined taking into account the twin axis along (110).

The structure at ambient pressure was refined using the
atomic coordinates of synthetic biitschliite (Pabst 1974).
For each subsequent pressure point, the structure refined
at the previous point was used as a starting model. For the
first pressure point (7.52 GPa) where the change to a mono-
clinic unit cell was detected, the structure was refined using
the atomic coordinates of the high-pressure K,Mg(COs;),
polymorph (space group C2/m, Golubkova et al. 2015) as
a starting model. All structure refinements were performed
using anisotropic displacement parameters for all atoms.
The information on data collection and structure refine-
ment (Online Resource 1) and the CIF-files for all pressure
points (Online Resource 2) are attached to supplementary
materials.

Additional in situ HP single-crystal diffraction measure-
ments were performed at the Xpress beamline at the Elettra
- Sincrotrone Trieste using ETH-type DAC (opening half-
angle of 42°, an anvil culet diameter of 600 um, 300 pm
boreholes in steel gaskets). The DAC, loaded with the
K,Ca(CO;), single-crystal fragment, ruby sphere as pres-
sure sensor and Ne as pressure-transmitting medium, was
sequentially pressurized from 5 to 10 GPa and backwards in
several cycles, in order to evaluate more precisely the trigo-
nal-to-monoclinic phase transition pressure and its possible
hysteresis. Monochromatic X-ray diffraction measurements
were performed at a wavelength of 0.4957 A with a beam
size of 50 X 50 um. Diffraction patterns were collected using
a Pilatus 6 M CdTe detector during +32° rotation of the
DAC in 0.5° steps. The patterns were then transferred into
CrysAlisPro software using ESPERANTO protocol (Roth-
kirch et al. 2013) for indexing and integration. The derived
unit cell volume measured on the pressure rise and release
is presented graphically in supplementary material (Online
Resource 1).

Results

Compressibility of synthetic biitschliite up to 20 GPa
The HP evolution of the volume and lattice parameters of
synthetic biitschliite, based on the data obtained at ESRF up

to 20 GPa (Tables 1 and 2), is presented in Fig. 2. Up to 6.2
GPa biitschliite retains the initial R-3m symmetry. The data
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collected at P=6.85 GPa can be indexed with both the tri-
gonal and a monoclinic unit cell (space group C2/m). How-
ever, in the last case the agreement factors are much better
(Rint(obs/all)=1.29/1.39 versus 9.26/9.97 for the trigonal
cell). More detailed measurements within the pressure range
of 5-10 GPa (Online Resource 1) indicate the trigonal-to-
monoclinic phase transition to proceed at 6.3(1) GPa with
no appreciable hysteresis. The transition pressure is compa-
rable to that of an analogous transition observed previously
in K,Ca(CO;), between 5.5 and 6.0 GPa (Zeff et al. 2024).
Our experimental findings on the lattice parameters of indi-
vidual data points determined under hydrostatic conditions
up to 21 GPa reveal no deviation from monoclinic lattice
metrics and clearly excludes the occurrence of a triclinic
HP-II phase as suggested by Tian et al. (2023).

The volume compression of synthetic biitschliite is rather
monotonic within the whole pressure range (Fig. 2a). The
fitting of the respective V-P data using the 2nd order Birch-
Murnaghan equation of state (BM EoS) (Angel et al. 2014)
gives: V,=455.3(4) A3 (Z=3) and 303.6(4) A® (Z=2);
K,=45.6(6) GPa (Online Resource 3). The fitting with the
3rd order BM EoS gives close parameters: V,=454.8(4) A3
(Z=3) and 303.2(4) A* (Z=2); K,=48(1), K> = 3.5(2) GPa
(Online Resource 3). Since the K’ differs only slightly from
the fixed K’ = 4, the 2nd order approximation can be accept-
able to describe the volume compressibility of synthetic
biitschliite within 20 GPa. A separate fitting of the V-P data
for the LP- and HP-K,Ca(COj;), with the 2nd order BM
EoS (Fig. 2a) provides a lesser K, for the HP phase (44(2)
GPa) compared to 48.8(8) GPa for the LP phase, whereas
the ¥, values are close to each other (LP V,=454.6(3) A®,
Z=3; HP V,=304(3) A’ for Z=2 or 456(3) for Z=3) and
to the values obtained for the whole pressure range. The vol-
ume effect of the trigonal-to-monoclinic phase transition,
estimated from the approximation of the EoS curves for the
LP and HP phase, is 2(1) A%, which comprises about —0.5%
relative to that of the LP phase.

Despite the overall monotonic volume compressibility
of synthetic biitschliite, the Eulerian finite strain plots as
derived for the whole pressure range using the 2nd and 3rd
BM EoS (Angel et al. 2014), reveal a more complex behav-
ior for the trigonal and monoclinic phase (Online Resource
3). When fitted separately with the 3rd order BM EoS, both
phases exhibit a distinct positive F-f trend.

The pressure dependencies of the lattice parameters for
the LP-K,Ca(CO;), (Fig. 2b) show markedly anisotropic
compression, the ¢ direction being more compressible than
the a direction, confirming the findings reported by Zeff et
al. (2024). The compression anisotropy of the monoclinic
phase (Fig. 2¢) is less pronounced. Our data reveal minimal
compressibility along the b axis and maximal along the a
axis. Despite a rather large data scatter for the compression
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along ¢, one may note a slight bend on the ¢/P dependence at
about 12 GPa. The pressure dependence of the monoclinic
angle £ (Fig. 2d) is rather regular but also slightly bends at
12—13 GPa, similarly to the data of Zeff et al. (2024).

Structure evolution at high pressure

The crystal structure of synthetic biitschliite is shown in
Fig. 1, and the pressure dependences of its structural param-
eters (Tables 1 and 2) are presented in Figs. 3,4, 5 and 6 and
Online Resource 4.

The carbonate group In agreement with the previous stud-
ies (e.g. Ross and Reeder 1992; Golubkova et al. 2015;
Zeff et al. 2024), the carbonate group shows the most rigid
behavior among all structure units, with the C-O bond dis-
tance getting reduced on average by just 0.1% up to 6 GPa.
The lowering of the site symmetry of the CO,>~ group in
the monoclinic HP phase at P> 7 GPa allows variations of
the O-C-O angle (+ 3°) and the individual C-O distances (+
0.03 A), though the mean values remain constant on average
(Online Resource 4). More importantly, the carbonate group
is allowed to tilt relative to the a-b plane, off the direction
corresponding to the former triad. The extent of tilting can
be expressed by the angle between the bond C1-O1 and the
a axis (corresponding to £ O1-C1-C1, Fig. lc, d), in anal-
ogy to that proposed by Zeff et al. (2024). In the range of
7-20 GPa this angle increases remarkably from about 10° to
18° (Table 2), which also reflects the associated rotation of
the CaOg4-octahedron within the a-c plane, since it shares the
joint atom O1 with the adjacent carbonate group (Fig. 1c, d).

The octahedral site The pressure dependences of the bond
distances (Fig. 3a) and volume of the Ca-octahedron in the
biitschliite structure (Online Resource 4) are smooth in the
whole pressure range studied, in agreement with the data of
Zeff et al. (2024). The bulk compressibility of the Ca-octa-
hedron, determined by the fitting of the volume data with
the 2nd order Birch-Murnaghan EoS (Angel et al. 2014),
is comparable in the structures of the HP and LP-phase
(respective K|, are 59(5) and 65(3) GPa, Online Resource
4). In the HP phase the individual Ca-O bonds compress
rather regularly at similar rates (Fig. 3a). However, the O-O
distances reflecting the octahedron distortion exhibit more
complex behavior.

The evolution of the O-O distances within the Ca-octahedron
is shown in Fig. 3b, c. In carbonates structures the shorter
0-O octahedral edges lying within the cation layer are
called basal O-O contacts, and those directed approximately
perpendicular to the cation layer are referred to as lateral
contacts (e.g. Ross and Reeder 1992). In the K,Ca(COs;),
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structure the octahedron face formed by the basal edges is
shared with the K-polyhedron face (cf. Figure 1). The dif-
ference between the basal and lateral edge is remarkably
large at ambient pressure, compared e.g. to that in dolomite
structure (Online Resource 4). In the LP phase this differ-
ence is getting rapidly reduced with pressure through the
predominant shortening of the lateral edge. Such behavior
correlates somehow with the pressure dependence of the
other parameters characterizing the octahedron distortion,
quadratic elongation and bond angle variance (Robinson
et al. 1971). Both these parameters, correlating with each
other, decrease rapidly in the LP phase structure (Fig. 4a,
b), so that the Ca-octahedron becomes almost regular (like
in dolomite structure) on approaching the critical pressure
of transition at 6 GPa.

The further deformation of the Ca-octahedron in the
structure of monoclinic HP-K,Ca(COs;), proceeds smoothly,
the distortion parameters remaining at the level achieved at
6 GPa. Notably, the basal O-O edge is almost incompress-
ible in the range of 7-13 GPa (Fig. 3c), which makes the
convergence between the basal and lateral O-O distances
even more effective. Above 13 GPa the compression of the
basal O-O edge is renewed with the rate similar to that of the
lateral edge. In addition to smooth compression, the rota-
tion of the Ca-octahedron proceeds within the a-c plane, so
that it plunges into the K layer (Fig. 1c, d). As mentioned
earlier, the octahedron rotation is characterized by the pres-
sure dependence of the angle O1-C1-C1 (Table 2; Fig. lc,
d), which increases at a higher rate below 13 GPa and more
slowly upon the further pressure rise (Fig. 4¢).

The K polyhedron in the trigonal biitschliite structure can
be regarded as a kind of truncated pyramid with sub-parallel
base and top face formed by six and three O atoms, hav-
ing short and long contacts with K, respectively (Online
resource 4). The face formed by three oxygens is shared
with the Ca-octahedron face, whereas the K-pyramid base
contacts with the Ca-octahedra through shared edges. This
determines different evolution of these six and three K-O
bonds under pressure (Fig. 5).

In the LP-phase structure the set of three symmetry-equiv-
alent K-O bonds is markedly more compressible compared
to the six remaining K-O bonds (Fig. 5a). Nevertheless,
the three K-O bonds remain appreciably larger than the six
bond K-O below the transition (Fig. 5b). The transition to
monoclinic phase is the origin of a significant diversifica-
tion of the former three equivalent K-O bonds: two of them
(K-02) become the largest and one bond (K-O1) shortens
significantly thus becoming comparable with one of the six
K-O bonds (Fig. 5b, Online Resource 4). The former six
equivalent K-O bonds retain similar values as before the
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transition (Fig. 5b). The compressibility of the mean K-O
distance for the whole KOgy-polyhedron is rather monotonic
(Fig. 5a) and decreases in the HP-phase, which corresponds
to the increase of the KOgy-polyhedron bulk modulus from
K,=37(1) GPa to 79(7) GPa. In addition to such a dras-
tic stiffening, the K site exhibits a ~2% volume expansion
upon the transition (Fig. 6a); this is apparently due to the
appreciable lengthening of the two K-O2 bonds out of the
set of three symmetry-equivalent ones (Fig. 5b).

In addition to the nine O atoms forming the K coordina-
tion, in monoclinic structure the two of three O atoms of the
adjacent CO32_ group, as a result of its rotation, approach
K at the distances of about 3.4 A (Online Resource 4). This
allows consider these two additional contacts within the K
coordination (as 9+2), following the structure description
given by Zeff et al. (2024). The pressure evolution of such a
larger K polyhedron within the monoclinic structure differs
from that of KO,, regarding the bulk compression (Fig. 6a)
and the two parameters characterizing the geometry of cat-
ion site: the effective coordination number and the distortion
index (Fig. 6b, c).

The effective coordination number (ECoN) is calcu-
lated as a weighted sum of the nearest atoms, the weight
of an individual contact decreasing with its length (Hoppe
1979). For the KO, polyhedron in the trigonal structure,
this parameter slightly increases with the bond lengths

@ Springer

8 10 12 14 16 18 20
Pressure (GPa)

shortening during the pressure rise up to 6 GPa (Fig. 6b).
In monoclinic phase the change of the coordination number
towards (9+2) exhibits a sudden increase of the ECoN of
the K atoms, apparently due to a relatively quick shorten-
ing of the contacts with the new O atoms from the carbon-
ate group (Fig. 6b; Online Resource 4). On the contrary,
for the former KO, polyhedron the effective coordination
decreases, which can be attributed to the earlier described
significant lengthening of the two K-O2 bonds (Fig. 5b).
The further ECoN decrease in KO, is apparently determined
by a reduced compressibility of the K-O bonds, compared to
those in the LP-phase.

The distortion index describes the variation of the bond
lengths and angles with respect to an ideally regular polyhe-
dron (Baur 1974). We used the program VESTA3 (Momma
and Izumi 2011) where only the distortion of the bond
lengths is calculated (Tables 1 and 2). Before the transition,
the converging adjustment of the three and six K-O bonds
towards more similar values (Fig. 5b) contributes to gradual
decrease of the distortion index of KOy on approaching the
critical transition pressure. Due to the diversification into
now symmetry-unconstrained individual K-O distances
(Fig. 5b, c), the distortion index increases (Fig. 6¢). After
the transition the six bonds continue to diverge, which deter-
mines the further increase of this parameter. Compared to
KOy, the KO/, polyhedron shows a much larger distortion at
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the moment of transition, but upon the further compression
it becomes more regular rapidly, again, apparently due to a
relatively quick shortening of the contacts with the new O
atoms from the carbonate group (Online Resource 4). Nota-
bly, the KO, bulk modulus K,=44(2) GPa is equal to the
bulk compressibility of the whole structure (Fig. 2a).

Discussion

The role of cations in the compressibility of
synthetic biitschliite

The obtained data on the axial compressibility of the LP-
K,Ca(CO;), are consistent with the previously observed
compression anisotropy of trigonal carbonates, related with
the orientation of the rigid planar CO;>~ groups parallel to
the (001) plane (e.g. Ross and Reeder 1992). The depen-
dence of the compression along the ¢ axis on the cation type
is demonstrated by a higher axial compressibility of the LP-
K,Ca(CO;), compared to the LP-K,Mg(CO;), (Golubkova
et al. 2015; Online Resource 3), which is in perfect agree-
ment with the data of Zeff et al. (2024). In the monoclinic
structure the compression anisotropy is getting modified due

to the remarkable inclination of the planar CO32_ groups
relative to the plane (001) (Fig. 1b). As a result of the tilt
around the b axis, the carbonate groups remain parallel to
only the b axis of the monoclinic cell, which is also the stiff-
est direction in both the HP-K,Ca(COs), and K,Mg(CO;),-
II structures (Fig. 2¢c, Online Resource 3).

Regarding the bulk compressibility, the obtained results
fit the general inverse relation between the cation size and
the bulk modulus established for the alkali-bearing double
carbonates (Golubkova et al. 2015; Hou et al. 2022; Zeff et
al. 2024). Indeed, the average bulk modulus of K,Ca(COs;),
of ~46 GPa is smaller compared to that of K,Mg(COs;), of
~58 GPa (Golubkova et al. 2015; Online Resource 3), in
agreement with the presence of a larger and more compress-
ible Ca cation instead of Mg. Notably, for both the LP tri-
gonal and HP monoclinic polymorphs of K-bearing double
carbonates a majority of the reported K, values lies within a
relatively narrow range of about 50-70 GPa (Golubkova et
al. 2015; Hou et al. 2022). In this respect, the K;=24.8(44)
GPa reported for the HP monoclinic K,Ca(COs;), by Zeff et
al. (2024) seems to deviate from the main trend. The reason
for such a discrepancy with, for example, our data (Online
Resource 3) lies most probably in the pressure media with
different hydrostatic properties (neon and silicon oil) used

@ Springer
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Fig.4 The distortion of the
octahedrally coordinated site in
synthetic biitschliite K,Ca(COj),:
pressure dependencies (a) of the
quadratic elongation compared
with those in dolomite (Ross
and Reeder 1992) and (b) of the
bond-angle variance. (¢) The
off-plane tilt angle O1-C1-C1

as a measure for the coupled
rotation of carbonate groups and
Ca-octahedra in the monoclinic
HP-K,Ca(COs3),. The trigonal-
to-monoclinic phase transition
pressure is marked by a vertical
dash line

Fig.5 The bond lengths within
the ninefold coordinated K site in
synthetic biitschliite K,Ca(COs),:
pressure evolution of (a) the
normalized average K-O bond
distances; (b) the individual K-O
bond distances, and (¢) and their
normalized values. The trigonal-
to-monoclinic phase transition
pressure is marked by dash line
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by Zeff et al. (2024). Notably, within the pressure range
up to 6 GPa, where the deviation from hydrostatic condi-
tions in silicon oil is expected to be not large (Klotz et al.
2009), both sets of the experimental points coincide, and
the respective K, values for trigonal K,Ca(COs;), are similar
(Online Resource 3; Zeff et al. 2024).

It is worthy to compare the contribution of the cation
polyhedra to the bulk compressibility of synthetic biitschli-
ite. The bulk modulus of the LP trigonal phase (~49 GPa) is
roughly intermediate between the polyhedral moduli of the
structure units CaOg4 (65 GPa) and KO, (37 GPa) (Figs. 2a
and 6a; Online Resource 4); this reflects an almost equal
contribution of the net contraction of these polyhedra into
the compression of the whole structure. The bulk modulus
of the HP monoclinic phase (44 GPa), as mentioned above,
is equal to the polyhedral modulus for KO,,. It is a natural
consequence of the expansion of the K coordination towards
a larger part of structure. In addition, in the HP structure the
Ca-layer compresses rather through the rotation than pure
contraction of the octahedral sites, which diminishes the
contribution of the octahedral K, into the bulk compression
of the HP-K,Ca(CO5),.

The volume contraction across the phase transition is
very low, according to the previous data (~2% per formula
unit, Zeff et al. 2024) and our results (~0.5%). Nevertheless,
the transition is classified as a first order, based on a discon-
tinuous character of the volume change and a pronounced
hysteresis (Zeff et al. 2024). The revealed jump-like volume

expansion of the K-polyhedron (Fig. 6a), constituting the
main part of the structure, seems indeed compatible with
the 1st order transition. The view of the HP phase struc-
ture as composed of the KO, (instead of KO,) polyhedra
is surely more reasonable, taking into account the above-
mentioned identity of the bulk moduli of the K site and the
whole structure.

The structure evolution up to the transition to
monoclinic K,Ca(CO;),

The obtained structural-chemical data allow to characterize
the K,Ca(CO;), compression mechanism not only through
the evolution of the interatomic distances, similarly to the
work of Zeff et al. (2024), but also in terms of the relative
deformations and interaction of the structure polyhedra.
Within the pressure range up to 6 GPa, the compressibility
of the trigonal LP-structure is dominated by the net poly-
hedral compression. This originates from the low degree
of independent symmetry-unconstrained possibilities of
atomic displacements. The bulk compressibility is anisotro-
pic, with both the Ca-octahedron and K site compressing
more strongly along the direction close to the ¢ axis (Figs. 3b
and 5b). This results in the less diversificated lengths of dif-
ferently oriented bonds and more regular shapes of these
polyhedra (Figs. 3, 4a and b, 5b and 6c¢).

The transition to the C2/m polymorph produces the
enlargement and a marked distortion of the K-polyhedron

@ Springer
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(Fig. 6a, c), whereas the Ca-octahedron remains regular
(Fig. 4a, b). The distortion of the K site is determined by the
adjunction of the two distant contacts with the O atoms of
carbonate group, as well as the differentiation of the three
bonds with the O atoms forming the shared face with the
Ca-octahedron (Online Resource 4; Fig. 5b). Such differen-
tiation, in its turn, is related to the rotation and indentation
of the Ca-octahedron face into the K-polyhedron, coupled
with the rotation of planar (CO;)*~ group (Fig. 1c, d). Such
rotation can be regarded as a mean to allow further coun-
ter movement of the cation layers without shortening of the
K-C distances.

The compression mechanism of monoclinic
K,Ca(CO0,),

The further structure compression involves, apart from the
polyhedral compression, gradual tilting/rotation and the
Ca-octahedron getting increasingly pressed into the layer
of interconnected K polyhedra. The deviation trends on the
pressure dependences for the octahedral basal O-O distance
and tilt angle at about 13 GPa (Figs. 3c and 4c) imply the
presence of two slightly different compression regimes.

Within the pressure range of 7-13 GPa, the rotation of
the Ca-octahedron proceeds to a higher extent; as a result,
its axis is getting oriented closer to the ¢ axis, thereby con-
tributing to the increase of the octahedral layer thickness
along the ¢ direction (Fig. 1c, d). The shared face between
the Ca- and K- polyhedra becomes a very rigid contact,
taking into account the low compressibility of the affected
three K-O bonds directed towards this face (Fig. 5a). Note
that the area of this shared face remains nearly constant,
because the basal O-O edge is almost incompressible within
this pressure range (Fig. 3c). The change of the octahedron
orientation through getting tilted, along with the rigidity of
the K-O triad bonds oriented close to the ¢ direction, may
contribute to a relatively low directional compressibility
along the crystallographic ¢ axis (Fig. 2c).

Above 13 GPa, the octahedral tilting proceeds at a slower
rate (Fig. 4c¢), and the structure compresses mainly through
the polyhedral compaction associated with the increasing
distortion of the K site (Fig. 6¢). Hence, the lattice com-
pressibility along the ¢ axis slightly increases (Fig. 2c). The
indentation of the Ca-octahedron face into the K-polyhedron
induces re-orientation of the K-O bonds, mainly the set of
three ones, and makes the K layer getting crimped (Fig. 1c).

These different compression regimes apparently manifest
also in a subtle deviation of the pressure dependency of the
monoclinic angle £ at 12-13 GPa (Fig. 2d) from a linear
fashion, very similar to that observed by Zeff et al. (2024).
As noted by the authors, the increase of the f-angle char-
acterizes the relative lateral shifting of the cation layers. It
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appears that the octahedral tilting contributes much to such
shift, and the mentioned variation of the tilt rate (Fig. 4c)
can indeed affect a slower growth of the f-angle above 13
GPa (Fig. 2d).

It should be noted that the described mechanism of lateral
shifting through the octahedral tilt, coupled with the rotation
of carbonate groups, mostly refers to the “softening” of the
octahedral layer. At that, if the KO, coordination is consid-
ered, the octahedral layer is no more separated, but it turns
fully merged into the K layer (Fig. 1b). This can explain the
mentioned identity of the bulk modulii of the KO,; polyhe-
dron and the whole structure in the HP phase.

The relative compressibility of structure units in
alkali-earth and alkali-bearing carbonates

The bulk compressibility of alkali-earth and alkali-bearing
carbonates demonstrates a roughly linear correlation with
an average radius of a charge-balancing cation, as it is sum-
marized in the works of Golubkova et al. (2015), Hou et al.
(2022) and Zeft et al. (2024). At that, however, the individual
cations in double carbonates can have drastically different
compressibility even with the same coordination number.
This depends on the structure type, which in turn is related
to a counterpart cation. For example, octahedrally coordi-
nated Ca and Mg in the LP-K,Ca(CO5;), and K,Mg(CO;),-1
are much more compressible compared to those in dolomite
(Online Resource 4); namely, the CaO4 bulk modulus in the
LP-K,Ca(COs3), is 65 GPa compared to 91 GPa in dolo-
mite (Ross and Reeder 1992). It appears that there is mutual
influence of the both types of cations, and the presence of
large and relatively “soft” alkali cation destabilizes more
rigid octahedral Mg and Ca cations. The reverse example is
given by the pair Ca-Mg. In double Ca-Mg carbonates the
octahedral sites, occupied by Ca, tend to be more distorted
under pressure than those containing Mg. The absence of
displacive phase transitions in dolomite within 5 GPa, in
contrast to calcite (Merrill and Bassett 1975), is attributed
to the stabilization of the Ca-octahedra and the whole struc-
ture by the presence of Mg (Ross and Reeder 1992). These
examples show that the cation radius itself may be not indic-
ative in terms of the expected compressibility; notably, the
Ca-O distance in more rigid Ca-octahedron in dolomite is
about 5% larger compared to that for the CaOg unit in the
LP-K,Ca(COs3), (Online Resource 4).

Another factor which can influence the cation compress-
ibility is the packing density, as it is shown for the mid-
dle-sized cations such as Ca and Mg (e.g. Ross and Reeder
1992). Regarding the large alkali cations, there is apparently
no definite relation between their compressibility and this
parameter. In Na-Ca carbonates the more tightly packed Na-
polyhedra can be more compressible than those forming the



Physics and Chemistry of Minerals (2024) 51:29

Page 13 of 15 29

less compact building units. For example, corner-sharing
8-fold Na polyhedra in shortite, Na,Ca,(COs);, have the
bulk modulus comparable to that of the Ca-octahedron in
K,Ca(CO;), (60-65 GPa), whereas the face-shared (Na,
Ca)Og-units in burbankite Na;Ca,La(CO;)s have the bulk
modulus of 54(2) GPa (Vennari et al. 2018; Milani et al.
2022). Such “erratic” behavior is probably a consequence
of a wide diversity of polyhedral distortions conditioned by
a large size of the alkali cations.

Based on the available HP structural data, it seems prob-
able that a more distorted coordination of alkali cation can
be more stable under pressure. Notably, the shift of trigo-
nal to a lower-symmetry phase transition in Na,Mg(COs3),
to a higher pressure of about 14 GPa (compared to 8 GPa
for K,Mg(COs),) is attributed to the presence of distorted
NaOy-polyhedron in the initial structure of Na,Mg(COs3),
(Golubkova et al. 2015). Another example is the structure of
HP-K,Ca(CO;), with the KO, polyhedron having a higher
distortion index and the bulk modulus compared to those of
the KO, in the LP trigonal phase (Fig. 6a, c).

In contrast to the HP conditions, the temperature rise
commonly leads to more symmetrical atomic arrangements
and coordination. In this regard, the increase of the baric
stability of the trigonal LP-K,Ca(CO;), upon the tempera-
ture rise (Likhacheva et al. 2024) can be interpreted based
on the obtained structural data. On approaching the criti-
cal pressure of transition at 6 GPa, the shape of the Ca and
K polyhedron becomes almost regular (Figs. 4a and b and
6¢). Along with a higher crystal symmetry, compared to the
monoclinic HP phase, this can favor the stabilization of the
trigonal K,Ca(CO;), under temperature rise through the
shift of the transition pressure from ~6 to ~8 GPa (Likh-
acheva et al. 2024).

Conclusions

The HP single-crystal investigations on synthetic biitschliite
K,Ca(CO;), provide new details of the compression mecha-
nism, which permit to relate the evolution of the structure
units and the modulation of the axial compression, as well
as to estimate the contribution of the cation polyhedra into
the bulk compression. The obtained data show a similar bulk
compressibility of the trigonal and monoclinic polymorphs
of K,Ca(COs;),, in agreement with the previous calculations
(Hou et al. 2021) and experimental data on K-bearing dou-
ble carbonates Golubkova et al. (2015), summarized in the
work of Zeff et al. (2024). In particular, the bulk modulus
K,=44 GPa of the HP-K,Ca(CO;,), fits to the dependence
of the carbonate bulk modulus versus average non-carbon
cation radius (Zeff et al. 2024).

The comparison of the obtained and literature structural
data on the double alkali-bearing carbonates suggests the
distortion of a large cation polyhedron to be an effective tool
to strengthen the carbonate structure at high pressure. On
the other hand, the observed symmetrization of the structure
units in the LP trigonal biitschliite is apparently a factor of
its stabilization at high pressure upon the temperature rise,
found previously (Likhacheva et al. 2024). Such conclusion
contradicts the previous suggestion about the primary crys-
tallization of biitschliite as the C2/m phase in the inclusions
in deep-formed diamonds or during the equilibrium experi-
ments in alkali carbonate systems (Zeff et al. 2024). The
structural data of this study support the stability of trigonal
biitschliite at high P, T conditions and, therefore, its sig-
nificance as a constituent of the inclusions in deep minerals
and respective carbonatite systems. This implies the use of
the EoS parameters for trigonal K,Ca(CO3), to reconstruct
the P-T history of the host minerals containing carbonate
inclusions.
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supplementary material available at https://doi.org/10.1007/s00269-
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