Preprints are preliminary reports that have not undergone peer review.

6 Research Sq uare They should not be considered conclusive, used to inform clinical practice,

or referenced by the media as validated information.

High-pressure behaviour of REE-free calcioburbankite
structure

Sergey V. Rashchenko

rashchenko@ipm.nsc.ru

Sobolev Institute of Geology and Mineralogy SB RAS

Anna Yu. Likhacheva
Sobolev Institute of Geology and Mineralogy SB RAS

Alexandr V. Romanenko
Sobolev Institute of Geology and Mineralogy SB RAS

Anton F. Shatskiy
Vernadsky Institute of Geochemistry and Analytical Chemistry of the Russian Academy of Science

Research Article

Keywords: calcioburbankite, carbonate, high pressure
Posted Date: August 13th, 2026

DOI: https://doi.org/10.21203/rs.3.rs-10589323/v1

License: © @ This work is licensed under a Creative Commons Attribution 4.0 International License. Read
Full License

Additional Declarations: No competing interests reported.

Page 1/17


https://doi.org/10.21203/rs.3.rs-10589323/v1
https://doi.org/10.21203/rs.3.rs-10589323/v1
https://doi.org/10.21203/rs.3.rs-10589323/v1
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Abstract

The high-pressure behaviour of REE-free calcioburbankite, Na,Ca,(C0O5)s, was investigated by in situ single-
crystal X-ray diffraction at ambient temperature to ~ 20 GPa. The phase remains stable throughout the
experimental range and exhibits pronounced compressional anisotropy, with the c axis (linear modulus M, =
158(3) GPa) substantially more compressible than the a axis (linear modulus M, = 239.8(18) GPa). The
pressure-volume data are well fitted by a 3" order Birch-Murnaghan equation of state with V, = 584.12(16) A3,
Ky =68.1(7) GPa and K'y = 5.26(13). Structural analysis shows that compression is accommodated chiefly by
contraction of the cation kagome-layer stacking and can be described both from the point of view of
‘perovskite’ tesselation tiles and from the conventional point of view of cation-centred coordination polyhedra.
The results define the elastic response of the REE-free end-member of calcioburbankite and provide
constraints relevant to modelling burbankite-group minerals under mantle conditions.

Introduction

Double Na-Ca and K-Ca carbonates with a common formula A,Ca,(CO3),,+n/2 (A = Na, K) now attract a lot of
attention as potential subsolidus phases which control melting temperatures and composition of melt for
carbonated rocks subducted down to the mantle transition zone (MTZ). The latter follows not only from
experimental works, which have demonstrated the appearance of such phases in subsolidus assemblages of
carbonated pelites (Grassi and Schmidt 2011), eclogites (Kiseeva et al. 2013; Thomson et al. 2016) and
peridotites (Litasov et al. 2013) at MTZ pressures, but also from mineralogy of inclusions in kimberlitic
minerals (Giuliani et al. 2012; Golovin et al. 2016; Logvinova et al. 2019) and even ‘super-deep’ diamonds
(Kaminsky et al. 2016), which often contains double Na-Ca and K-Ca carbonates.

Among numerous high-pressure Na-Ca and K-Ca carbonates synthesised experimentally (Gavryushkin et al.
2014; Rashchenko et al. 2017, 2018, 2024; Ignatov et al. 2024; Likhacheva et al. 2025), hexagonal (P6;mc)
Na,Ca,(CO3)5 phase (Rashchenko et al. 2017) is the only one with a known mineral analogue, namely,
calcioburbankite (Na,Ca,REE)4(Ca,REE,Sr);5(CO3)5 (Van Velthuizen et al. 1995; Belovitskaya et al. 2001). The
formula of the phase can be also written in the structural notation M13M25(C03)5 as (Na,Ca)Cag(CO3)5
indicating that M1 cation site is occupied by [INa and {Ca, whereas M2 site — purely by Ca. Since the
occurrence of REE in the calcioburbankite structure is controlled by the 2Ca?* « Na* + REE3* heterovalent
substitution, the Na,Ca,(CO5)s phase can be considered as a REE-free end-member of the corresponding solid
solution. Studies of the Na,C03-CaCO5 binary demonstrate that such a composition becomes
thermodynamically stable at pressures of ~ 6 GPa (Shatskiy et al. 2013; Podborodnikov et al. 2018), whereas
origin of natural calcioburbankites is characterized by much lower pressures (Belovitskaya and Pekov 2004).
The latter demonstrate that admixture of REE and large alkali-earth cations (Sr, Ba), typical for natural samples,
stabilises the structure, otherwise stable at high-pressures only. The possibility of burbankite group minerals to
accommodate REE cations suggests its important role in the formation of REE deposits, as soon as the
corresponding mineral assemblages often compositionally represent the products of dissolution of burbankite
group minerals by hydrothermal fluids (Broom-Fendley 2024).
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The reported structural study of high-pressure behaviour of REE-free calcioburbankite hence provide
constraints on the stability and thermodynamic properties of Na,Ca,(CO53)s end member under mantle
pressures and may be also useful for the development of thermodynamic models for solid solutions between
burbankite group minerals. It supplements the recent high-pressure Raman study of Na,Ca,(CO5)5 up to ~ 24
GPa, where its stability up to MTZ pressures (at least at ambient temperature) was reported (Rashchenko et al.
2023).

Experimental

The Na,Ca,(CO3)5; sample was synthesized from a stoichiometric mixture of pure Na,CO5 and CaCO3 (Wako)
in a Kawai-type multianvil apparatus at Tohoku University (Sendai, Japan). The high-pressure cell assemblage
and experimental details are described in (Shatskiy et al. 2013). The mixture was ground in an agate mortar
under acetone and loaded into a graphite capsule, which then was dried at 300°C for 3 h and stored in a drying
oven prior to experiment. During the synthesis, the sample was compressed to a pressure of 6 GPa at room
temperature, heated to 1050°C for 19 h, and then quenched by cutting off the electrical power of the heater,
followed by slow decompression. Chemical composition, Raman spectra and crystal structure of
Na,Ca,(CO3)5 at ambient pressure were reported in (Rashchenko et al. 2017).

The in situ high pressure single-crystal diffraction experiments were performed at the station ID0O15B at the
European Synchrotron Radiation Facility. Membrane driven LeToullec type diamond anvil cell (DAC) was used,
equipped with Boehler-Almax anvils with an opening half-angle of 32°. The culet diameter was 600 pym.
Stainless steel was used as the gasket material, indented to about 80 yum and drilled to obtain a sample
chamber with diameter of 350 pm. A small (~ 60x40x20 um) platelet crushed from a single-crystal fragment of
the Na,Ca,(CO3)5; sample was placed inside the sample chamber along with ruby sphere for pressure

measurement and tungsten chip for beam centring (Fig. 1).

Hydrostatic conditions were provided by the DAC loading with a helium pressure-transmitting medium. A
measurement at ambient pressure was made first, and then the DAC was loaded with He and sequentially
pressurized up to ~ 20 GPa; after decompression one more measurement at ambient pressure was performed.
Pressures were determined using ruby fluorescence scale (Shen et al. 2020) before (Pg,1) and after (Poq)

each diffraction measurement (Table 1); a standard uncertainty o of average pressure (P,,.) was estimated
from o2 = S2 + 0.052, where S? is an unbiased sample variance of P, and P4, Whereas 0.05 GPa

corresponds to a typical precision of spectrometer. Monochromatic X-ray diffraction measurements were
performed at a wavelength of 0.41505 A with a beam size of ~ 10x10 um (Merlini and Hanfland 2013).
Diffraction patterns were collected using a MAR555 flat panel detector during + 32° rotation of the DAC in 0.5°
steps with 1 s exposure. The patterns were then transferred into CrysAlisPro software using ESPERANTO
protocol (Rothkirch et al. 2013) for indexing and integration. A crystallographic computing system JANA2020
(Petficek et al. 2023) was used for structure refinement on the basis of ambient pressure model from
(Rashchenko et al. 2017); no phase transitions were observed in the studied pressure range in accordance with
the recent high-pressure Raman study (Rashchenko et al. 2023). The crystal structures were refined on F? at 22
pressure points with anisotropic displacement parameters. A brief experimental summary is given in Table 1,
all remaining information regarding data collection and refinement is embedded into a supplementary CIF.
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Table 1
Experimental summary. The ‘data’ column corresponds to datablock names in the CIF; R;;, R, WR, and GooF -

to CIF entries _diffrn_reflns_av_r_equivalents, _refine_Is_r_factor_all, _refine_ls_wr_factor_ref and
_refine_Is_goodness_of_fit_ref, respectively.

data Pgu  Pends  Paver a, A c, A v, A3 Rint R, wR,  GooF
GPa GPa GPa

0 104 10-4 10-% 10.378(2) 6.260(2) 583.8(2) 0.036 0.036 0.091 1.6

p1 1.06 1.06  1.06(5) 10.334(2) 6.218(2) 575.1(2) 0.053 0.038 0.084 1.3
p2 201 207 2.04(6) 10.296(2) 6.188(2) 568.1(2) 0.048 0.041 0.095 1.3
p3  3.03 3.04 3.04(5) 10.258(2) 6.146(2) 560.1(2) 0.037 0029 0.067 1.2
p4 400 421  411(12) 10.225(2) 6.123(2) 554.4(2) 0.041 0.036 0.085 1.3
p5 508 511  510(5) 10.194(2) 6.092(2) 548.2(2) 0.040 0.034 0.075 1.3
p6  6.05 6.06 6.06(5 10.166(2) 6.066(2) 542.9(2) 0.029 0.029 0.067 1.4
p7 697 699  6.98(5)  10.137(2) 6.044(2) 537.9(2) 0.040 0.034 0.082 1.4
p8 803 808 806(6) 10.110(2) 6.013(2) 532.3(2) 0.033 0.025 0.060 1.2
p9 896 901 899(6) 10.086(2) 5.995(2) 528.1(2) 0.037 0031 0.072 1.2
p10  9.96  10.01 9.99(6) 10.061(2) 5.975(2) 523.8(2) 0.043 0.032 0.081 1.4
p11  11.01 11.07 11.04(6) 10.037(2) 5.946(2) 518.7(2) 0.029 0029 0.070 1.5
p12  11.98 12.02 12.00(5) 10.016(2) 5.928(2) 515.0(2) 0.031 0025 0.057 1.2
p13  13.04 13.05 13.05(5) 9.992(2) 5.908(2) 510.8(2) 0.042 0.033 0.081 1.4
p14  14.02 1401 14.02(5) 9.969(2) 5.886(2) 506.6(2) 0.040 0.034 0.078 1.3
p15 1495 1494 14.95(5) 9.952(2) 5.874(2) 503.9(2) 0.028 0.026 0.059 1.3
p16  16.00 16.03 16.02(5) 9.931(2) 5.854(2) 500.0(2) 0.028 0.026 0.057 1.2
p17 17.06 17.06 17.06(5) 9.910(2) 5.830(2) 495.9(2) 0.029 0.025 0.061 1.3
p18 1811 1816 18.14(6) 9.889(2) 5.816(2) 492.6(2) 0.029 0.027 0.063 1.4
p19 1910 19.16 19.13(6) 9.873(2)  5.799(2) 489.6(2) 0.029 0.046 0.192 4.1
p20  19.97 19.97 19.97(5) 9.860(2) 5.786(2) 487.1(2) 0.028 0.024 0.056 1.3
P21 104 10°4 10-4 10.379(2) 6.266(2) 584.6(2) 0.035 0.031 0.070 1.2

Dependencies of unit cell volume and linear dimensions on pressure were quantified using Birch-Murnaghan
equation of state (EOS) (Birch 1947); the fitting of EOS parameters to the obtained PV-data was performed
using Scipy implementation of a weighted orthogonal distance regression algorithm (Zwolak et al. 2007)
embedded into the ‘eos.py’ module of ‘crystchemlib’ Python library (Rashchenko 2025). The obtained
parameters were verified using a de facto standard tool of high-pressure crystallographic community ‘EosFit’
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(Gonzalez-Platas et al. 2016). Volumes of ‘perovskite’ tiles were calculated using crystchemlib tools (see a
supplementary Jupyter notebook), for volumes of cation-centred coordination polyhedra ‘Crystal Palace’
software was implemented (Angel et al. 2025).

Results and discussion

Crystal structure of calcioburbankite

Because of high coordination number and low symmetry of the M1 and M2 cation sites in the calcioburbankite
structure (or, generally speaking, burbankite structure type), its traditional representation using cation-centred
coordination polyhedra does not result in a clear description and visualization of the structure. Here an
alternative way is proposed based on geometry of cation sites packing, inspired by ideas of O’Keeffe and Hyde
(O’Keeffe and Hyde 1985).

The arrangement of M1 and M2 cation sites in (001) planes of calcioburbankite structure corresponds to plane
'kagome’ nets, alternating along the [001] direction (Fig. 2). Two such nets, built of M1 atoms are situated at z
= 0.02 and z = 0.52, while a pair of nets built of M2 atoms — at z= 0.33 and z = 0.83. Each pair is connected by
64 screw axis, passing through the unit cell origin (shown in Fig. 2). However, for kagome net of M1 atoms the
65 screw axis passes through hexagonal ‘loop’ so that symmetrically equivalent nets have the same
orientation, whereas for M2 kagome net the screw axis passes through triangular loop and symmetrically
equivalent nets have an opposite orientation.

One can notice that each hexagonal loop of cation kagome net is always ‘sandwiched’ between two triangular
loops of neighbour nets. Such a stacking rule generally holds for perovskite (sensu lato) polytypes and the
sequence of kagome nets in the calcioburbankite structure correspond to that in the 4H-polytype of perovskite
with P63/mmc symmetry (Kunz et al. 2024). The latter also explains a pronounced P63/mmc pseudosymmetry
of cation sites in Na,Ca,(CO3)s: the absolute displacements of M1 and M2 sites from a P63/mmc supergroup
structure are 0.4 and 0.3 A, respectively, as calculated by PSEUDO (Capillas et al. 2011). However, an ‘ideal’ c/a
ratio of 4H-perovskites 4/8/3 = 1.63 significantly exceeds that of Na,Ca,(CO5)s (c/a = 0.60). In Fig. 3 the
crystal structure of Na,Ca,(CO5)s is ‘stretched’ along the c direction up to the c/a ratio of \/m for better
visual comparison with a-SrMnO5 4H-perovskite (Kuroda et al. 1981).

A perovskite-type stacking of kagome nets tessellates crystal structure space into three types of tiles:

 octahedral tile (blue in Fig. 3) is formed by oppositely oriented triangular loops of neighbour nets;

 cubic cuboctahedral tile (red in Fig. 3) is formed by a hexagonal loop of kagome net sandwiched between
oppositely oriented triangular loops of neighbour nets;

» hexagonal cuboctahedral tile (green in Fig. 3) is formed by a hexagonal loop of kagome net sandwiched
between equally oriented triangular loops of neighbour nets.

A total number of cuboctahedral tiles always equals that of octahedral tiles, resulting in a well-known ABX3
formula of perovskites, where A denotes species occupying cuboctahedral tiles, B — species occupying
octahedral tiles and X — species of kagome nets.
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Strictly speaking, the Na,Ca,(CO3)5 structure should be classified as 4H-antiperovskite as soon as its kagome
nets are built of cations instead of anions. Accordingly, the described above tiles are occupied by (CO3)%
anions in the following way (see also Fig. 4):

* the cubic cuboctahedron (hereafter A1 tile, red in Figs. 3—-4) is populated by carbonate anion of C1 atom;

* the hexagonal cuboctahedron (hereafter A2 tile, green in Figs. 3—4) is populated by a cluster of three
carbonate anions of C2 atoms;

 half of octahedral tiles (hereafter B1, blue in Figs. 3—4) are populated by carbonate anions of C3 atom;

* half of octahedral tiles (hereafter B2, empty in Figs. 3—4) are unoccupied.

Note that Fig. 4 is plotted without artificial ‘stretching’ along the ¢ direction and demonstrates actual geometry
of the tiles, strongly flattened in the ¢ direction compared with ideal cuboctahedra and octahedra. Such a
deformation, however, agrees with a planar geometry of (CO3)?” species, populating the tiles, whereas in
‘normal’ perovskites the tiles are typically occupied by spherical ions or more or less isometric organic
molecules.

The proposed description of burbankite structure type is particularly useful for establishing structural
relationships with other compounds which demonstrate the same cation arrangement combined with diversity
of species, populating the tiles. E.g., in Cs3Ba,(C0O3)3F5 compound (Zou et al. 2011) A1 tiles are populated by
single F~ anions, A2 tiles — by [Ba(CO5)5]*" clusters and B2 tiles — by [F,]*" clusters. Borate compounds of
burbankite structure type are even more flexible, in addition to (BO3)®™ anions incorporating F~, CI”, Br and CN~
in A1 tiles, [Ba(BO3)3]”~ and [Sr(BO3)5]”~ clusters in A2 tiles, [F,]*7, [(BO3)F]*~ and even [SiO ]* in B2 tiles
(Rashchenko and Bekker 2021). Such a flexibility of the structure type, currently acknowledged predominantly
in materials science, highlights the role of burbankite group minerals in concentration and transport of volatiles

and rare elements.

PV-equation of state

Among the variety of burbankite group minerals, currently only Na;Ca,La(CO3)5 calcioburbankite has been
structurally studied at high pressures; in the corresponding work of S. Milani and coauthors (Milani et al. 2022)
behaviour of unit cell parameters and crystal structure at pressures up to ~ 7 GPa are discussed. In particular,
the PV-data for NazCa,La(COg)5 were fitted by the 2nd order Birch-Murnaghan equation of state (EoS) with

zero-pressure unit cell volume V,, = 593.22(3) A® and bulk modulus K, = 69.8(4) GPa.

An increased pressure range (up to ~ 20 GPa) and less pronounced scatter in our experimental data for REE-
free Na,Ca,(CO3); calcioburbankite allowed considering higher orders of the Birch-Murnaghan EoS (Table 2). A
drastic decrease in the residual variance (RV, also referred as ‘weighted chi-squared’ in ‘EosFit’ software),
corresponding to the expansion form the 2nd to the 3rd order, indicates that the K'; derivative does
significantly deviate from the implied value of 4.
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Table 2
Parameters of Birch-Murnaghan EoS for REE-free calcioburbankite Na,Ca,(CO5)s

Order v, A3 Ko, GPa K K'y, GPa~ AP ax Residual Degrees of

' ] variance, RV freedom, p
2 583.4(4) 75.6(6) 4% 0.40(5) 9.903 22-2=20
3 584.12(16) 68.1(7) 5.26(13) -0.10* -0.15(5) 1.333 22-3=19
4 584.18(16) 65.8(16) 6.4(8) -0.36(19) -0.12(5) 1.228 22-4=18

*Implied (not refined)

As soon as further expansion to the 4™ order results only in a moderate decrease in the residual variance, a
statistic test should be applied in order to decide whether a more complex model B (here the 4™ order

3rd

expansion of the Birch-Murnaghan EoS) should be preferred over a less complex one A (here the ° order

expansion). We used the simplest F-test, based on the following statistics:

_ RVA-py—RVp: pp
RVp - (.UA—NB)

where RV and p denote residual variance and degrees of freedom (i.e. number of experimental points minus
number of refined parameters) for each model. The resulting F (in our case = 2.6) then should be compared
with a tabulated critical value of Fisher-Snedecor distribution with p, - yg and pg degrees of freedom. In our

case the critical value for 0.05 significance level is = 4.4, which suggests that the decrease in the residual

variance observed for the expansion from the 3™ to the 4™ order is insignificant and the less complex 3™ order
model should be preferred. The PV-data and equations of state for NazCa,La(CO3)5 (Milani et al. 2022) and

REE-free Na,Ca,(COs)5 (this work) calcioburbankites are shown in Fig. 5a; Figs. 5b-c compare different orders
of Na,Ca,(C0O3)5 EoS using deviation of observed pressures from EoS-predicted (Fig. 5b) and dependence of
normalized pressure on finite Eulerian strain (Fig. 5c).

Although the unit cell volume of the La-enriched sample exceeds that of our REE-free sample by ~ 1.6%, their
PV-points go almost parallel in the range up to 7 GPa (Fig. 5a). Higher compressibility of the Na;Ca,La(CO3)5

above 7 GPa predicted by the 2nd" order Birch-Murnaghan EoS of (Milani et al. 2022) therefore seems to be
an extrapolation artefact raising from the underestimated K', parameter, fixed to 4 by the truncation of EoS to

the 2" order. We suggest that actual K', of the NasCa,La(CO,)s calcioburbankite should be closer to the value
of 5.26(13), obtained for our REE-free Na,Ca,(C0O3)5 sample, so that equations of state for both phases would
actually differ only in the V, parameter.

Compressional anisotropy of REE-free Na,Ca,(CO3)s calcioburbankite was estimated by fitting a% and ¢ with
the Birch-Murnaghan EoS. For a® the 3 order Birch-Murnaghan EoS was find to be statistically justified with
following linear equivalents of its parameters: a, = 10.3781(7) A, M, = 239.8(18) GPa, M'y = 19.1(4). For ¢ the

24 order Birch-Murnaghan EoS was find to be statistically justified with following linear equivalents of its
parameters: ¢, = 6.2616(16) A, M, = 158(3) GPa, M'y = 12 (implied). Hence, the Na,Ca,(COj); structure is ~ 1.5
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times more compressible along the c¢ axis, which agrees with its ‘layered’ cation arrangement highlighted in the
previous section.

Compressibility of ‘perovskite’ tiles

As soon as burbankite-type structures can be described in terms of flattened cuboctahedral (A1 and A2) and
octahedral (B1 and B2) tiles, the compressibility of Na,Ca,(CO5)5 structure can be ‘decomposed’ into
compressibility of these tiles, shown in Fig. 6a-b and Table 3.

While A1, A2 and B2 tiles demonstrate similar compressibility, which can be described by the 3rd™ order of
Birch-Murnaghan EoS with K of 70-80 GPa, B1 tile populated by carbonate anion of C3 atom is much ‘softer’

with K of 35 GPa only. Moreover, the compression of B1 tile is statistically better described by the 4™ order of
Birch-Murnaghan EoS (see the supplementary Jupyter notebook for the details of the analysis). The latter can
be attributed to pressure-induced variation in relative distance between neighbor kagome nets of M1 and M2
cations (Fig. 2): while at ambient pressure the kagome nets forming B1 tiles are separated by ~ 0.19-c, at ~ 20
GPa these nets approach to the distance of ~ 0.176-c (Fig. 6c).

Parameters of Birch-Murnaghan equations ofTstzltis;or ‘perovskite’ tiles in Na,Ca,(C0O3)5 structure
A1 Vo A3 Ko, GPa Ko K's, GPa ™’
116.27(6) 73.6(11) 5.14(16) -0.09*
A2 124.74(5) 69.7(9) 5.31(14) -0.10*
B1 22.64(3) 35(3) 8.0(12) -1.3(7)
B2 28.38(3) 79.5(19) 5.1(3) -0.08*

*Implied (not refined)

Although the discussed ‘perovskite’ tiles may seem somewhat artificial and far from conventional cation-
centred polyhedra, they have an important geometrical property, being a tessellation of the crystal structure

space. The latter results in additivity of their individual compressibilities 8; = K;", which sum exactly into
the overall volume compressibility B = K~ ! of the crystal structure:

K'=) K- %

where V; is volume of i type of tiles per unit cell and V is the unit cell volume.
e ‘Anomalous’ compressibility of cation-centred polyhedra

To analyse a response of ionic bonding on pressure, one nevertheless needs to consider the conventional
cation-centred polyhedra. In the case of NasCa,La(CO3)5 calcioburbankite it was found that bulk modulus of

smaller M104 coordination polyhedron (K, = 54 GPa) does not exceed that of larger M20,, one (K, = 72 GPa)
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as it can be expected (Milani et al. 2022). Behaviour of M10g and M20-, polyhedra in Na,Ca,(C0Os)5 structure
(Fig. 7) confirms the latter observation with K, being 53.3 and 69.7 GPa, respectively (Table 4).

Table 4
Parameters of M10g4 and M20,, coordination polyhedra in calcioburbankites (for NagCa,La(CO5)5 an idealised

population of cation sites is shown)
. v, A3 Ko GPa Ko d A Kur,

z

M1  This work Na,Ca;3  4/3  25550(18)  53.3(11) 534(19) 2452 68

Milanietal, Na 1 26.03(4) 53.9(12)* 4% 2458 51
2022

M2  This work Ca 2 37.43(3) 69.7(11) 4.96(17) 2.609 84
Milanietal, Cayslaq3 7/3  38.07(3) 76.4(10)* 4xx 2.622 97
2022

*Recalculated with a minor difference from the values reported in the original publication (K; = 54(2) and
72(3) GPa for M1 and M2, respectively)

**mplied (not refined)

However, the empirical rule of Hazen and Finger cited in (Milani et al. 2022) is not limited by the statement that
‘bulk modulus of coordination polyhedron is inversely proportional to its volume'. Strictly speaking, the
corresponding formula for bulk modulus K¢ of cation-oxygen polyhedra (in GPa) can be written as

where z, is a charge of the cation and d is an average bond length (in A) in the polyhedron (Hazen and Finger
1979). Being applied to NazCa,La(CO3)5 and Na,Ca,(CO3)5 calcioburbankites (Table 4) this formula
demonstrates that the observed higher bulk modulus of M20,, polyhedron is not an ‘anomaly’ but a direct
consequence of higher M2 cation charge. Interestingly, the bulk modulus of M20,, polyhedron predicted by the
Hazen-Finger rule for NazCa,La(CO;)5 with z, = 7/3 (~ 97 GPa) even exceeds that observed experimentally (~
76 GPa). The latter suggests that the idealized 7/3 value for z, may be overestimated, i.e. a certain amount of
Na* actually populate the M2 site or cation stoichiometry deviates from the ideal NazCa,La. The ratio of

polyhedral bulk moduli hence can be used as an additional restraint in the refinement of cation sites
occupancy.

Conclusions

REE-free calcioburbankite, Na,Ca,(CO5)s, is structurally stable to at least 20 GPa at ambient temperature,
demonstrating that the burbankite-type structures can persist under mantle-relevant pressures. Compression
is anisotropic and reflects the layered cation arrangement of the structure, with the c-axis response greater
than that of the a axis. The structural compressibility is not uniform both from the point of view of ‘perovskite’
tesselation tiles (the B1 tile is distinctly softer than the other ones) and from the conventional point of view of
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cation-centred coordination polyhedra (a larger M20, polyhedron is stiffer than a smaller M10g). The latter is
consistent with the higher charge of the M2 cation site and does not require invoking ‘anomalous’ bonding
effects. The reported data provide a reference equation of state for the REE-free calcioburbankite end-member
and a useful basis for interpreting the pressure behaviour of burbankite-group solid solutions.
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200 um

Figure 1

DAC sample chamber at ~10 GPa
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Figure 2

Kagome cation nets in calcioburbankite structure
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Figure 3

Left: Na,Ca,(CO3)5 structure ‘stretched’ along the ¢ direction; right: a-SrMnO4 4H-perovskite

Figure 4

Occupation of tiles in Na,Ca,(COj3) structure by (CO3)?" anions (population of M1 cation site by INa and liCa is
shown by color)
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Figure 5

(a): PV-data for NazCa,La(CO3)5 and REE-free Na,Ca,(CO3)5 calcioburbankites; (b): deviation of observed
pressures from EoS-predicted for Na,Ca,(CO3); (c): normalized pressure vs. finite Eulerian strain (‘F-f) plots for
Na,Ca,(CO3) equations of state. BM2-BM4 labels correspond to different orders of Birch-Murnaghan EoS.
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Figure 6

(a-b): compressibility of deformed cuboctahedral and octahedral tiles in Na,Ca,(CO3)5 structure;
(c): difference in z coordinate of the closest M1 and M2 kagome nets.
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Figure 7
Compressibility of M10g and M20-, coordination polyhedra in Na,Ca,(CO3)5 calcioburbankite
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