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Approximately 22-26 vol% of a basaltic phase assemblage at lower mantle conditions is comprised of a (Na,Mg,
Fe2+)(Al,Si,Fe3+)204 phase with CaFeyO4-type (CF-type) structure. Previous experimental studies attempted to
determine the equation of state of the CF-type phase but reported contrasting compressibility values, even for
samples with the same composition. Therefore, the elastic properties of the CF-type phase remain, to date, largely
unconstrained. Here, we conducted single-crystal X-ray diffraction (SCXRD) measurements in the diamond anvil
cell (DAC) at high pressure and room temperature on three samples of CF-type phase with compositions Nag g9
Al1032)Si1.002)04 (NaCF), Nag g6(4yMgo.28)Al1.22(3)Si0.78(3)04 (MgCF) and Nag 62(2)Mgo.1901)Fed.i7c1)Fed 080
@Al1.203)Si0.70(1)04 (FeCF). A multi-sample loading approach was employed for most DAC runs, where two
samples were loaded in the same sample chamber to reduce possible systematic deviations between datasets, thus
enhancing internal consistency and corroborating data reproducibility. Experiments on the NaCF and MgCF
samples were conducted up to ~50 GPa, while the FeCF sample was compressed to ~72 GPa to better char-
acterize the effect of the spin crossover of octahedrally coordinated Fe®*. We found the isothermal bulk modulus
(Kro) to increase with decreasing NaAlSiO4 content, accompanied by only a slight decrease in its pressure de-
rivative (K’ro). Analysis of the crystal structures of the three samples at high pressure allowed compositional
trends to be determined also for the interatomic bonds and polyhedral compressibility, as well as the distortion
indices. These suggest an overall stiffening of the A site with increasing Mg+ and Fe?" content, as well of the two
B sites with increasing AI** and Fe>* content. Enhanced compressibility of the unit cell and octahedral B sites
was observed between ~26-42 GPa in the FeCF sample, suggesting a pressure-induced spin crossover of Fe>™, in
agreement with some previous observations. Finally, trends in the elastic properties from experimental studies
conducted along the NaAlSiO4-MgAl»04 join are discussed and used as a proxy to evaluate the reliability of end-
member properties for the CF-type phase employed in most recent mineral physical and thermodynamic data-
bases. Our analysis suggests current mineral physical models might underestimate densities and overestimate
bulk sound velocities of NaAlSiO4-rich CF-type phases with basaltic composition.

1. Introduction and corner-sharing B10g and B20g octahedra, occupied mostly by AI3*,

Fe®* and Si**, and face-sharing AOg bicapped prisms hosting Na™,

The orthorhombic CaFeyOg4-structured (CF) aluminous phase is one
of the main constituents of a subducted oceanic crust phase assemblage
at pressures and temperatures of the Earth’s lower mantle (e.g., Ono
et al., 2001). Its crystal structure (space group: Pbnm, Supplementary
Material 1, Fig. S1) is comprised of crystallographically distinct, edge-

Mg?", Fe?* and possibly Ca®" (Akaogi et al., 2024; Ishii et al., 2023;
Kojitani et al., 2007; Qin et al., 2023; Yamada et al., 1983). The CF-type
crystal structure can thus accommodate almost all major elements
constituting a basaltic rock bulk composition, as shown by experimental
phase relations studies (Hirose et al., 2005; Hirose and Fei, 2002; Ishii
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et al., 2022; Ishii et al., 2019; Ono et al., 2001; Ricolleau et al., 2010;
Rogmann et al., 2024), as well as in continental crust, terrigenous, and
pelagic sediment compositions (Irifune et al., 1994; Ishii et al., 2012).
This gives rise to a wide variety of possible charge-coupled chemical
substitutions, each described by a specific end-member component, the
most relevant being NaAlSiO4, MgAl,04, Fe?tAl,04, Fe?Fedt0,,
Mg,SiOy, MgFe%+O4, and CaAl;04. In addition to these charge-coupled
substitutions, the CF-type phase can also host cation vacancies (Ishii
et al., 2023; Kojitani et al., 2007; Wang et al., 2023; Wu et al., 2017)
which, for compositions relevant to subducted oceanic crust, are argued
to be located in the A site based on single-crystal structural analyses
(Ishii et al., 2023). As a main constituent of basaltic phase assemblages
in the lower mantle, understanding how the structure of the CF-type
phase behaves under compression is of particular interest to constrain
its stability and elastic properties. As a host of octahedrally coordinated
Fe®*, the CF-type phase is also likely to undergo a pressure-induced
high-to-low spin crossover (Wu et al., 2017), which is known to affect
the stability and elasticity of minerals and may be seismically detect-
able. High concentrations of vacancies could play an important role for
noble-gas storage and cycling, and further affect transport properties,
such as viscosity, possibly promoting slab delamination in the top-lower
mantle (Wang et al., 2023).

Extensive experimental work conducted in the last twenty years was
devoted to determining the isothermal equation of state of the CF-type
phase, primarily in the NaAlSiO4-MgAl;O4 system, by means of X-ray
diffraction in the diamond anvil cell (DAC) (Dubrovinsky et al., 2002;
Guignot and Andrault, 2004; Imada et al., 2012; Qin et al., 2023; Sueda
et al., 2009; Wu et al., 2017) and first principle calculations (Kawai and
Tsuchiya, 2012; Kawai and Tsuchiya, 2010; Mookherjee, 2011; Wang
et al., 2020; Yin et al, 2012). However, the proposed values of
isothermal bulk modulus (Kto) and its pressure derivative (K'rg) are
often discordant, even for samples with the same composition, pre-
venting us from deciphering the effect of chemical substitutions on the
elasticity of the CF-type phase. Ultimately, this hampers our ability to
model the density and seismic velocities of basaltic phase assemblages at
lower mantle conditions, which could be used to infer the presence of
basaltic rocks by comparison with seismic observations (e.g., Kaneshima
and Helffrich, 1999; Niu, 2014).

In a recent study, we showed how a multi-sample loading approach
to high-pressure single-crystal X-ray diffraction (SCXRD) measurements
in the DAC can help to reduce systematic differences and corroborate
internal consistency between datasets collected on different samples
(Criniti et al., 2024). This enables subtle differences in the unit-cell and
structural parameters to be detected and compositional trends in the
physical properties to be defined with higher precision. Here, this
method has been adopted to investigate how chemical substitutions
affect the crystal structure, polyhedral compressibility, and equation of
state parameters of three CF-type samples synthesized in the NaAlSiOy,
NaAlSiO4-MgAl;04, and NaAlSiO4-MgAl;04-Fe304 systems. Composi-
tional trends found here are then used to validate the suite of elastic
parameters used for various CF-type end members in most recent ther-
modynamic databases.

2. Experimental methods
2.1. Sample synthesis and characterization

The CF-type samples employed in this study were synthesized and
characterized by Ishii et al. (2023). The samples were obtained by
annealing synthetic NaAlSiO4 nepheline, synthetic MgAl;04 spinel and
reagent grade Fe3O4 mixed in different molar ratios at 23-24 GPa and
2273-2473 K in a Kawai-type multi-anvil apparatus. Their chemical
compositions, determined by electron probe microanalyses (EPMA) and
conventional Mossbauer spectroscopy, are Nag.go(1)Al1.03(2)Si1.00(2)04
(H5477, NaCF), Nao.66(4)Mg0,23(4)A11,22(3)Si0‘78(3)04 (S7759, MgCF) and
Nag 62(2)Mgo.10(1)Fed 17¢1yFed bsoyAl1 203Si0.701)04  (H5469,  FeCF)
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(Ishii et al., 2023). Note that, in agreement with previous studies (e.g.,
Ono et al., 2009; Wu et al., 2017), cation vacancies were detected by
both chemical analyses and X-ray structural refinement and were argued
to concentrate in the 8-fold coordinated A site. For a more detailed
description of the synthesis and characterization procedures, the reader
is referred to our previous publication (Ishii et al., 2023).

2.2. Sample and diamond anvil cell preparation

Four compression experiments (Table 1) were performed employing
BX90-type DACs (Kantor et al., 2012). The DACs were equipped with
conical WC seats having opening angles of 90° and Almax-Boehler dia-
mond anvils (Boehler and De Hantsetters, 2004), achieving an overall X-
ray opening angle of up to 80°. Two of the four DACs employed in our
experiments (Table 1) were also equipped with external resistive heaters
consisting of a cylindrical ceramic component wrapped in Pt-wire
(Pamato et al., 2016; Criniti et al., 2024). Here, however, only the
room-temperature data collected in those runs will be presented, as
high-temperature measurements are still underway and will be reported
in a future publication. To create the sample chambers, rhenium gaskets
were first indented to a thickness of approximately 50 or 30 pm
depending on the culet size (i.e., 350 pm or 150 pm) and then laser-
drilled to form cylindrical cavities acting as pressure chambers.
Extreme care was taken in selecting the best crystals and most favorable
orientations in order to maximize data coverage on all three crystallo-
graphic axes, which is often a problem in high-pressure experiments due
to the shielding of the DAC body on the incident and diffracted X-rays.
Further details on the sample selection are provided in the Supple-
mentary Material 1 (Text S1).

One (run 2) or two (runs 1, 3, and 4) crystals with different com-
positions were loaded in each sample chamber together with a ruby
sphere acting as a pressure standard (Shen et al., 2020) and a piece of
nanocrystalline gold used to align the DAC at each pressure point by
measuring its X-ray absorption profiles (Table 1, Fig. 1a-b). For runs 1
and 2, pre-compressed helium (He) at 0.13 GPa was loaded as quasi-
hydrostatic pressure transmitting medium using the gas loading sys-
tems installed at the Bayerisches Geoinstitut, University of Bayreuth
(Kurnosov et al., 2008) and at the PETRA-III synchrotron. Runs 3 and 4
were designed to achieve combined high-pressure and high-temperature
conditions, therefore neon (Ne) was preferred as a pressure transmitting
medium as it reduces the risk of anvil and gasket failure at high
temperatures.

2.3. Single-crystal X-ray diffraction and structural refinements

SCXRD measurements at high pressure and room temperature were
carried out at the P02.2 beamline of PETRA-III (Liermann et al., 2015).
All measurements were conducted using a beam of 42.7 keV, corre-
sponding to 0.2905 A, that was focused down to 8 pm x 2 pm (full width
at half maximum) using Be compound refractive lenses. Intensities were
recorded on a Perkin Elmer XRD 1621 flat panel detector. The sample-
to-detector distance was calibrated using polycrystalline CeO3 and a
single crystal of natural enstatite was employed to refine the instrument
parameters for SCXRD measurements. Gas-driven membranes were used

Table 1
Diamond anvil cell (DAC) details and achieved experimental conditions.
Run  Sample(s) Pressure Culet size P sensor P range
medium (pm) (s) (GPa)
1 NaCF, He 350 Ruby, Au 1-50
MgCF
2 FeCF He 150 Ruby 22-72
3 NaCF, Ne 350 Ruby, Au 3-35
FeCF
4 NaCF, Ne 350 Ruby, Au 10-35
FeCF
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Fig. 1. (a-b) Optical images of DAC sample chambers at high pressure with one
or two crystals of CF-type phase together with a ruby sphere (R) and poly-
crystalline Au as pressure standards. (c-f) The (232) Bragg reflection of FeCF at
the (c-e) lowest and (f-h) highest pressures recorded in run 2, viewed in (c,f)
two-dimensional X-ray scans as well as (d,g) y and (e,h) 20 diffraction profiles.
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to compress the DACs online while pressure in the sample chamber was
monitored using an online ruby luminescence system. Ruby lumines-
cence spectra were collected before and after every measurement and
shifts of the ruby R1 line were converted to pressures using the cali-
bration of Shen et al. (2020). X-ray diffraction measurements were
conducted up to a maximum pressure of 50.15(2) GPa (NaCF, MgCF) or
72.52(3) GPa (FeCF). At each pressure point, step-scan images were
collected while rotating the DAC about its vertical axis (w) between +
35°, + 32° or & 30° depending on the shadowing effect of the membrane
cup on the incident and diffracted beams. Diffraction images were
collected every 0.5° and exposure times varied between 0.5 s and 2 s
depending on the size of the sample. CrysAlisPro (Oxford Diffraction,
Rigaku) was used to harvest and index the sample reflections from each
dataset and extract their unit-cell lattice parameters. Subsequently, in-
tensity data were extracted after background subtraction, correction for
Lorentz and polarization factors, frame scaling, and empirical absorp-
tion correction based on spherical harmonics using the ABSPACK algo-
rithm implemented in CrysAlisPro. The high quality of the single crystals
was preserved up to the maximum pressure achieved, as shown by the
round shape of reflections in two-dimensional X-ray scans and the sharp
rocking curves in both the chi (y) and two theta (20) directions (Fig. 1c-
h). The unit-cell lattice parameters are provided in the Supplementary
Material 2.

Room-pressure structural refinements of the same samples reported
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in our previous publication (Ishii et al., 2023) were used as starting
structural models for the NaCF and MgCF samples. In the high-pressure
refinements, site occupancy factors (s.o.f.) and atoms per formula unit
(a.p.f.u.) were fixed to the values obtained from the room pressure re-
finements (Ishii et al., 2023), as reported in Supplementary Material 1
(Table S1). For the FeCF sample, we used the intensity data at ambient
conditions reported by Ishii et al. (2023) to refine a new structural model
with fewer free parameters, aiming to reduce the correlation between s.
o0.f’s of Fe?™ and Fe3" in the different crystallographic sites. We first
assumed AI**, Si**, and Fe®*, whose concentrations were determined by
EPMA and Mossbauer measurements [Al = 1.20(3) a.p.f.u., Si = 0.70(1)
a.p.f.u,, Fe = 0.25(1) a.p.f.u., Fe3*/sFe = 0.32(1)], to only partition in
the B1 and B2 sites. As the resulting occupancy of the octahedral sites
would amount to 1.98 instead of 2.00, a Mg?" content of 0.01 per
octahedral site was also assumed. The remaining Mg?* and Fe?* frac-
tions were assigned to the A site. The occupancies of Na™ (A site) and
Si**, AI**, and Fe* (B1 and B2 sites) were set as free variables and
restraints on the chemical compositions based on EPMA measurements
were applied. This new strategy significantly reduced the correlation
between the s.0.f.’s of Fe>" and Fe3" in the different cation sites without
significant changes in the crystallographic R factors and goodness of fit
of the refinement. The resulting s.o.f. and a.p.f.u. can be found in in the
Supplementary Material 1 (Table S1). The newly determined s.o.f.’s for
FeCF sample were then fixed in the structural refinements at high
pressure.

SHELXL in the Shelxle GUI (Hiibschle et al., 2011; Sheldrick, 2015)
was used to refine the atomic coordinates and displacement parameters
of the samples at high pressure. The atomic parameters were refined
against F2 (with F being the structure factor) and neutral scattering
factors were used for all atoms. The large openings of the DACs
employed in this study allowed relatively high ratios of observed re-
flections (r) over refined parameters (p) to be obtained and anisotropic
displacement parameters (ADPs) to be refined for all samples at all
pressures. Isotropic displacement parameters were preferred only for the
NaCF sample at 35.18(4) GPa, where the same ADP component of
several atoms in the asymmetric unit was found to be close to zero,
which was deemed unphysical. The resulting r/p values were found to
range between 13.6 and 8.2, mainly depending on pressure and on the
orientation of the crystal in the DAC. The refined structural models
proved to be of high quality, with typical crystallographic R1 factors
below 5 %, except for the NaCF and FeCF samples at some pressure
points in runs 3 and 4 (Supplementary Material 1, Table S2). CIFs ob-
tained from all structural refinements are provided as Supplementary
Material 3-5.

3. Results and discussion
3.1. Volume compressibility

The high-pressure volume compression behavior of the three CF-type
samples investigated in this study is shown in Fig. 2. Samples with Fe-
free compositions displayed a smooth volume decrease over the entire
pressure range investigated and their compression behavior is well
described by 3rd-order Birch-Murnaghan (BM3) equations of state (EOS)
(Angel et al., 2014; Birch, 1947). EOS fitting was performed through a
weighted least square inversion using a script implemented in Origin-
Pro2022 (OriginLab corporation, Northampton, MA, USA) and previ-
ously benchmarked against the EoSFit7 program (Angel et al., 2014;
Gonzalez-Platas et al., 2016). The fitted zero-pressure volume (Vj),
isothermal bulk modulus (K1), and its pressure derivative (K'rg) are
reported in Table 2, whereas the full covariance matrices obtained from
each fit can be found in Supplementary Material 1 (Table S3). Differ-
ences between measured and calculated pressures were typically within
1 GPa (Supplementary Material 1, Fig. S2), confirming a good data
reproducibility over the different runs.

The Fe-bearing sample, on the other hand, exhibits a region of
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Fig. 2. Compression behavior of NaCF, MgCF, and FeCF normalized to their
fitted Vo (see Table 2). Filled circles indicate data points collected in this study
over one (MgCF) or three (NaCF, FeCF) runs (Table 1), whereas lines indicate
BMS3 EOSs or the modified BM3 EOS accounting for the spin crossover of Fe>*
(BM3 + SC). Error bars are smaller than the symbols and thus not displayed.

Table 2

EOS fit parameters of CF-type samples determined in this study. Note that the b
and c fit parameters of the spin crossover EOS (BM3 + SC) are defined in Eq. (1)
and are not the same as the b and c unit-cell lattice parameters.

BM3 BM3 + SC
Sample NaCF MgCF FeCF Sample FeCF
P range P range

-50.2 .7-50.2 - -72.
(GPa) 0-50. 0.7-50 0-30 (GPa) 0-72.5
Vo (A% 240.77(3)  239.99(5)  242.13(2) Vo (A% 24(22')13
194.8
Kro (GPa)  178.5(15)  193.1(12) 197(3) Kro (GPa) (12)
K'ro 4.66(12) 4.14(6) 4.0(2) K'ro 4.42(7)
. 10.1450 10.1002 10.1209
a (A) an (1) (10) Ao 14,750
Mg (GPa) 464(5) 520(5) 537(18) Bo 651(10)
Mg 15.9(4) 14.4(3) 13.7(18) 5 5.1(3)
. 6331
bo (A) 8.6728(6) 8 (61?:3 8.6408(5) b=c -2
Mo (GPa) 410(5) 503(6) 511(10) C/B 4.73
Mo 15.1(5) 11.2(3) 12.7(10)
co A) 2.7374(3)  2.7524(3)  2.7687(3)
M. (GPa) 893(13) 777(7) 785(20)
M’ 8.2(6) 11.0(3) 8.4(15)

slightly enhanced compressibility between approximately 30 and 40
GPa. This is apparent if the datapoints below 30 GPa are fitted with a
BM3 EOS that is then extrapolated to higher pressures. Observed pres-
sures and calculated pressures from the extrapolated BM3 EOS are found
to diverge above 30 GPa before starting to slowly converge above 50
GPa (Supplementary Material 1, Fig. S3). This behavior can be ascribed
to the pressure-induced spin crossover of Fe>* in octahedral coordina-
tion, as previously reported by Wu et al. (2017). A similar behavior was
also observed in the high-pressure evolution of the octahedral B-site
volume but not of the A-site volume, as will be discussed later. In order
to account for the variation of the Helmholtz free energy (and thus
pressure) due to a change in the electronic configuration of Fe>* ions,
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the EOS proposed by Buchen (2021) was adopted. The unique feature of
this EOS is that only one set of parameters (i.e., Vo, Kto, K'10) is required
to calculate the elastic contribution to the total pressure of both high-
spin and low-spin phases. The electronic contribution, on the other
hand, is modelled by imposing a volume dependence on the crystal field
parameters that are then used to calculate the free energy associated
with each electronic state:

VO [ Vo b VO £
— 213 B= )3 ¢c= 293
A AO(V) ,B Bo<v> ,C CO(V) (€8]

where A is the crystal field splitting, B and C are Racah parameters ac-
counting for inter-electronic repulsions between 3d electrons, the ex-
ponents 5, b, and ¢ are adjustable parameters, and the subscript zero
indicates values at the reference conditions (i.e., room pressure and
temperature). A complete description of the model is presented in
Buchen (2021) and summarized in the Supplementary Material 1 (Text
S2).

In the case of the FeCF sample, only By and § were fitted, whereas the
other parameters were assumed to be identical to those determined for
octahedrally coordinated Fe>* in other oxide compounds (Krebs and
Maisch, 1971; Lehmann and Harder, 1970). This proved to be sufficient
to obtain a satisfactory fit of the observed pressure-volume data, as
shown by the fit residual in Supplementary Material 1 (Fig. S2). Elastic
and crystal field parameters were obtained through a weighted least
square inversion performed in OriginPro2022, as described for the
fitting of the conventional BM3 EOSs. The refined EOS fit parameters are
reported in Table 2, whereas the full covariance matrix is provided in
Supplementary Material 1 (Table S3). From the fit parameters, it is
possible to calculate the fraction of high-spin (6A1) and low-spin (2T2)
electronic states through eqs. S1-S8 in the Supplementary Material 1
(Text S2), as shown in Fig. S4. As the modelled unit-cell volume changes
more markedly when 0.1 < z/)(2T2) < 0.9, we evaluated that the spin
crossover region extends from approximately 26 to 42 GPa. Note also
that the data points in the Fe>" low-spin region also contribute to con-
straining the crystal-field parameters that define the elastic behavior of
the sample across the spin crossover. This helps to reduce the uncer-
tainty on the EOS across the entire investigated pressure range despite
the slightly wider sampling interval of datapoints in the Fe3* spin
crossover region.

3.2. Axial compressibility

From the analysis of the high-pressure evolution of the unit-cell
lattice parameters of the CF-type crystals it is possible to obtain some
insights on their anisotropic elastic properties. For this purpose, line-
arized BM3 EOSs (e.g., Angel et al., 2014; Criniti et al., 2024) were used
to fit the linear compression data for the three compositions investigated
here (Fig. 3a-c) from which the room-pressure axial moduli (Mjy) and
their pressure derivatives (M’9) were refined (Table 2). For the NaCF
and MgCF samples, the full dataset was used and all linearized EOSs
interpolate well the experimental datapoints (Fig. 3a-b). For the FeCF
sample, only data points before the onset of the spin-crossover (i.e.,
below 30 GPa) were considered as the spin-crossover formalism pro-
posed by Buchen (2021) is only valid for volume compression data. The
onset of the spin-crossover is most evident for the a-axis, which sys-
tematically deviates from the extrapolated EOS, and less significant for
the b- and c-axes (Supplementary Material 1, Fig. S3).

The linear compressibility () can be calculated from the linearized
EOS as the inverse of the axial modulus (M)). Fig. 3d shows how the
calculated  values for the three CF-type samples evolve as a function of
pressure. As already predicted by first-principle calculations (Kawai and
Tsuchiya, 2012; Kawai and Tsuchiya, 2010; Mookherjee, 2011; Yin
et al., 2012), the elasticity of the CF-type structure is significantly
anisotropic in the low-pressure range. Our results show that the c-axis is
the stiffest direction and the a- and b-axes have higher and somewhat
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where Fe®* is in the high-spin state.

similar compressibility (Fig. 3d). With increasing pressure, the
compressional anisotropy tends to decrease, whereas the compressibility
scheme Sy > i, > fi. is retained up to at least 50 GPa. This is in contrast
with a recent SCXRD study on CF-type Nagg3Alj 02Si1.0004 and
Nag gsFeq.13Al.99Sip 9404, which suggested S, > fp > f. at ambient
conditions (Qin et al., 2023). It can also be seen that the NaCF sample,
although more anisotropic than the other two at ambient conditions,
shows similar compressibility values above ~25 GPa, which is approx-
imately the pressure at which the CF-type phase becomes stable in a
metabasaltic phase assemblage (e.g., Ishii et al., 2019). Therefore, we
can expect chemical substitutions to have limited effects on the elastic
anisotropy of the CF-type phase, at least in the topmost lower mantle.

3.3. A-site compressibility

The A site of the CF-type structure, hosting Na*, Mg?*, and Fe*, is
coordinated by eight oxygen atoms forming four relatively short bonds
with 02 and O3 and four longer bonds with O1 and O4 (Supplementary
Material 1, Fig. S1), each metal-oxygen bond responding differently to
changes in pressure and chemical composition. Experimentally deter-
mined A-O bonds as a function of pressure are plotted in Fig. 4a-c for the
three CF-type samples investigated here together with their linearized

BM3 EOS, for which the EOS fit parameters are reported in Supple-
mentary Material 1 (Table S4). The most compressible bond is A-O1 (M,
= 333-346 GPa, see Supplementary Material 1, Table S4), which is
parallel to the a-c plane, despite the a- and c-axes being less compressible
than the b-axis. This is true for all samples, despite the fact that
substituting Na™ in the A site with Mg?" and Fe?" seems to decrease the
room-pressure value of A-O1 (Fig. 4a-c). The enhanced compressibility
of A-O1 cannot be explained by a shrinking of the unit cell edges alone
but can be attributed to the shift of the A-site cation along the a-axis and
towards the O1 atom as pressure increases. On the other hand, the two
shorter interatomic distances, A-O3 (M = 419-510 GPa) and A-O2 (M,
= 409-480 GPa), which have a more relevant component parallel to the
stiffer c-axis, are less compressible. Moreover, all A-O bonds except for
A-O1 become less compressible as Mg?+ and Fe?' are incorporated in
the A site. The overall site distortion can be calculated as D =

1
D
and n is the coordination number (i.e., 8 for the A site). Due to the
abovementioned subtle differences in the compressibility of the indi-
vidual bonds, the A-site distortion (D™ tends to decrease with increasing

pressure (Supplementary Material 1, Fig. S5). This was not captured by
the recent experimental study of Qin et al. (2023), who observed a

d;
&y

, where d,, is the average < A-O > interatomic distance
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virtually constant D? in their NaAlSiO,4 CF-type sample between 0 and
40 GPa, perhaps due to the large scatter of their data.

Fitting BM3 EOSs to the pressure-A-site-volume (P-VY) datasets
(Fig. 4d) allows information on the A-site bulk modulus (K{}) and its
pressure derivative (KA ’0) to be retrieved (Table 3). This is important as
determining the polyhedral compressibility of CF-type phases with
different compositions can help to deconvolute the effects of individual
cation substitutions on the bulk compressibility of complex solid solu-
tions. Similar to the distortion index, the P-V* trends defined by the
MgCF and FeCF are virtually the same, which is reflected in BM3 fit

Table 3
3rd-order Birch-Murnaghan and spin-crossover equations of state parameters for
the polyhedra of the three CF-type samples.

NaCF MgCF FeCF*

v 22.256(17) 21.789(8) 21.77(3)
Kh 143(2) 152.8(14) 153(4)
K* 3.74(11) 3.53(7) 3.61(12)
vBlo 8.427(7) 8.503(5) 8.624(11)
K&! 260(7) 257(6) 259(12)
KB 4.4(3) 4.7(3) 5.1(5)
B! - - 585(16)
581 - - 4.0(6)

B2 8.556(8) 8.669(7) 8.841(11)
K82 232(8) 251(8) 270(12)
K%, 6.3(5) 5.1(4) 5.1(5)
B§? - - 571(9)
52 - - 3.1(3)

@ Crystal-field parameters for the spin-crossover equation of state other than
By and § (i.e., 4¢, b, ¢, and C/B) are the same as reported in Table 2.

parameters being the same within uncertainty, even considering the
correlation between K‘a and KA "o (Fig. 5a) and in spite of the different
occupancies for this site. On the other hand, the lower K% value dis-
played by the NaCF sample is not canceled out by the increase in K’ as
revealed by the analysis of the covariance ellipses (Fig. 5a). This sug-
gests that the main factor controlling the A-site compressibility is the
Na™ content, whereas the effect of the Mg and Fe?" substitutions are
very similar and seem to only influence the compression behavior of
some interatomic distances. It should also be noted that there seems to
be no effect of the Fe>* spin-crossover taking place in the B sites on the
compression behavior of the A site, as this is well described by the
conventional BM3 EOS formalism over the entire pressure range
investigated.

3.4. B-site compressibility

The pressure evolution of the individual B-O interatomic distances
for the B1 and B2 octahedral sites of all CF-type samples is reported in
Fig. 6 together with linearized BM3 EOS fits for the entire pressure range
investigated (NaCF and MgCF) or up to 30 GPa (FeCF) to avoid contri-
butions from the Fe3" spin crossover (Supplementary Material 1,
Table S5). Occupancy factors refined from single-crystal diffraction data
are reported in Supplementary Material 1 (Table S1). As already
observed by Ishii et al. (2023) there seems to be a preference for triva-
lent cations to occupy the B2 site [(Al + Fe3")/(Si + Al + Fe3*) =
0.57-0.71, Supplementary Material 1, Table S1], whose polyhedral
volume is consistently larger than the B1 site at ambient conditions,
whereas Si*' partitions preferentially into the smaller Bl site
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[(AI3*+Fe3 M) /(Si*T+AI3* +Fe®) = 0.42-0.56, Supplementary Material
1, Table S1]. In both octahedra, the longest interatomic distances at
ambient conditions are the two apical bonds which lie perpendicular to
the c-axis (Supplementary Material 1, Fig. S1). In general, the inter-
atomic distances and bond compressibility are expected to increase with
the trivalent cation content due to the larger ionic radii of AI** and Fe>*
compared to Si** (Shannon, 1976). While this is true for the equatorial
bonds of all samples (Supplementary Material 1, Table S5), the apical
bonds do not always follow the same trend as the non-equatorial edges
of the octahedra are often shared with the two “caps” of the A-site
polyhedron and, therefore, are more influenced by the volume and
compressibility of the A site, and thus by its chemistry. This explains
why both the interatomic distances and bond compressibility of B1-O2
and B2-04 are larger in samples with higher Sitt (B sites) and Na™ (A
site) contents, and decrease with increasing bulk Mg?*, Fe?*, and AI>*
content (Supplementary Material 1, Table S5). The difference in linear
compressibility between apical and equatorial bonds displayed by both
B sites causes the distortion indices DB' and D®? to drop significantly
with increasing pressure, especially for the NaCF and MgCF samples
(Supplementary Material 1, Fig. S5). The FeCF, on the other hand, shows
a decrease of both octahedral distortions up to approximately 25 GPa,
followed by a subtle increase in D®! and a more pronounced increase in
D2 after the onset of the spin crossover (Supplementary Material 1,
Fig. S5). Further crystallographic considerations on the anisotropic
compression behavior of the B1 and B2 sites are provided in the Sup-
plementary Material 1 (Text S3).

The high-pressure evolution of the octahedral volume for the three
CF-type samples is shown in Fig. 7. BM3 EOSs were fit to P-V® dataset for
the Fe-free composition, while the BM3 EOS corrected for the effect of
the Fe3" spin-crossover (BM3 + SG) was employed to fit data from the
FeCF sample. All curves interpolate the experimental data points well
and the corresponding fit parameters are reported in Table 3. The
compression behavior of the B1 site (Fig. 7a) is relatively similar among
the three samples up to approximately 25 GPa, which may be due to the
limited influence of the A site on the B1-O interatomic distances and the
relatively similar site occupancy factors among the three samples
(Supplementary Material 1, Table S6). Above this pressure and up to
approximately 45 GPa, a slight increase in the compressibility of the Bl
site of the FeCF sample is observed, which is compatible with the onset
of the Fe3" spin-crossover and is well fitted by the BM3 + SC EOS
introduced above. Above 45 GPa, VB! values of FeCF progressively
diverge from those of NaCF and MgCF, highlighting a stiffening of the B1
site. In the case of the B2 site (Fig. 7b), the NaCF has a much lower site
modulus than the other two compositions at room pressure but a higher
pressure derivative, which is likely related to the low My and high M’
values observed for the B2-O4 bond (Supplementary Material 1,
Table S5) and the fact that B2 octahedra share two faces with the A-site
polyhedron. This explanation seems more likely than a simple problem
of high correlation between K and K’y, as the covariance ellipses for the
B1 and B2 sites are well separated (Fig. 5b), as will be discussed later.
The FeCF B2 site, which has the highest Kg at ambient conditions, ex-
periences bulk elastic softening between 25 and 45 GPa, similar to the
B1 site but with a more significant volume collapse in a slightly nar-
rower pressure interval. Above 45 GPa, the compressibility decreases
again and the gap with the NaCF and MgCF data points widens. Both the
magnitude of the volume collapse and the sharpness of the spin cross-
over are expected to increase with increasing Fe>* content, as shown for
other lower mantle phases such as (Al,Fe3+)OOH (e.g., Ohira et al.,
2019; Strozewski et al., 2023; Thompson et al., 2020). This agrees well
with the results obtained from our SCXRD structural refinement and by
Ishii et al. (2023), suggesting that the concentration of Fe>* in the two
sites is not the same, with Fe>* preferring the B2 site (Supplementary
Material 1, Table S1). Note also that a tradeoff can be found between the
fit parameters By and & for the B1 and B2 sites as well as for the bulk
sample (Supplementary Material 1, Fig. S6), which again likely stems
from the high correlation among these and other parameters during the
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fit of the experimental data as well as from the different Fe>" contents.

The B1 site EOS parameters (Fig. 5b) display minimal shifts, with
KBy slightly increasing with increasing trivalent cations content and
K8! remaining practically constant within uncertainties. For the B2 site
(Fig. 5b), the coupled substitution of A1** in the B sites and Mg?" in the
A site does shift the fitted ng and K®? "o relative to the NaCF sample but
does not result in a significant stiffening or softening given the tradeoff
between the two parameters, as highlighted by the covariance ellipses.
For the FeCF sample, on the other hand, an increase in K82 with respect
to MgCF is observed which does not translate in a decrease of K52,
making it overall less compressible (Fig. 5b). This behavior is somehow
counterintuitive when the CF-type phase is compared to other lower
mantle phases, such as bridgmanite and stishovite, where the addition of
trivalent cations into octahedral sites dominated by Si** tends to

increase the octahedral compressibility (Criniti et al., 2024; Criniti et al.,
2023). However, octahedra are not significantly distorted in bridg-
manite and stishovite and remain undistorted upon compression and
changes in the site chemical composition. The behavior displayed by the
CF-type phase could therefore be related to the more distorted nature of
its octahedral sites (Supplementary Material 1, Fig. S5) which likely
arises from octahedra sharing edges and faces with the A site, for which
a clearer influence of the chemical substitutions on the EOS parameters
is observed (Fig. 5a).

3.5. Effect of chemistry on the bulk compressibility of CF-type phase

The information on the structural evolution of the investigated CF-
type samples allows the effect of chemical substitutions at different



G. Criniti et al.

T T T T T T T
. NaAlISiO,
k Bl site O This study (NaCF)
° 8.4 R ® Qinetal (2023)
= A Dubrovinsky
& et al. (2002)
(Na,Mg)(ALSi),0,
g 8.0+ This study (MgCE)
5 (Na,Mg,Fe?)(ALSi,Fe*),0,
"g‘ O This study (FeCF)
'?S 7.6 . g
= Fit
Q NaCF (BM3)
':-:“ MgCF (BM3)
©72F FeCF (BM3+5C)
o
a
6.8 1 1 1 T 1 1 1 1
0 10 20 30 40 50 60 70 80
Pressure P / GPa

Physics of the Earth and Planetary Interiors 361 (2025) 107331

T T T T T T T
B2 Site NaAlISiO,
< This study (NaCF)
®  Qinetal. (2023)
¥ Dubrovinsky
etal. (2002)
(Na,Mg)(ALSi),0,
This study (MgCF)
(Na,Mg,Fe?")(ALSi,Fe*),0,
<& This study (FeCF)

Qo
®

®
'S

Fit 3
NaCF (BM3)
MgCF (BM3)
FeCF (BM3+5C)

N
[*)}
T

Octahedral volume V? / A3
joe)
o

7.2-b

0 10 20 30 40 50 60 70 80

Pressure P / GPa

Fig. 7. P-V® relations for (a) the B1 and (b) the B2 octahedral sites of the three CF-type samples investigated here and of NaAlSiO, samples from previous studies
(Dubrovinsky et al., 2002; Qin et al., 2023). Open symbols are experimental data points from this study and solid lines their respective BM3 (NaCF, MgCF) or BM3 +

SC (FeCF) fits. Error bars are smaller than the symbols where not displayed.

crystallographic sites on the bulk compressibility of this material to be
evaluated. The BM3 EOS fit parameters determined in this study indicate
an overall stiffening of the CF-type structure with decreasing NaAlSiO4
content. This effect was not obvious in previous experimental studies as
the previously measured P-V and P-l data appear too scattered (Sup-
plementary Material 1, Fig. S7), which is reflected in the wide range of
proposed Kto and K'ro values (Fig. 5c and Supplementary Material 1,
Table S6). Discrepancies in EOS parameters are often argued to be
related to non-hydrostatic stress conditions in the sample chamber
(Klotz et al., 2009) and to the use of pressure scales that are not inter-
calibrated (e.g., Fei et al., 2007). In this study, the use of a multi-sample
loading strategy and the choice of He and Ne as pressure-transmitting
media proved to be particularly effective as they reduced systematic
discrepancies between datasets and enabled a more meaningful com-
parison between different samples to be made. The quality of the data is
also shown by the high reproducibility of both unit-cell lattice param-
eters and structural data collected in several different runs for the NaCF
and FeCF samples. The trend found in our study is in broad agreement
with earlier powder diffraction measurements by Guignot and Andrault
(2004) on NaAlSiO4-MgAl,04 solid solutions and by Sueda et al. (2009)
on the MgAl,04 end member, who found Kt to increase and K'rg to
decrease with increasing MgAl,04 content. Powder diffraction data on
CF-type Nag 4Mgg 6Alj 6Si0.404 (Imada et al., 2012) suggest a relatively
high Ko value of 221(2) GPa (with K’ fixed to 4) and thus a more
pronounced stiffening due to MgAl,O4 incorporation. However, such a
high K¢ value could have resulted from the use of NaCl as pressure-
transmitting medium or no pressure medium at all, both of which
favor non-hydrostatic interaction between crystallites in the powdered
sample. Wu et al. (2017) used single-crystal X-ray diffraction to examine
an Fe-free and an Fe-bearing NaAlSiO4 CF-type samples loaded in the
same DAC and proposed Kto and K'to values of 201-208 GPa and
4.0-4.2, respectively. The use of 2nd and 3rd-order Birch-Murnaghan
EOS as well as scattering of the P-V data makes it difficult to compare
the fit parameters obtained for these two CF compositions. Therefore,
we refitted the original data of Wu et al. (2017) using BM3 and BM3 +
SC EOSs, and obtained the following fit parameters: Vo = 241(1) 10\3, Ko
= 197(18) GPa, K'1¢ = 4.4(7) for the Fe-free sample; Vy = 243.1(3) As,
Kro = 197(5) GPa, K'1o = 4.0(2), By = 853(44) cm ™}, & = 10(1) for the
Fe-bearing sample. However, the overlapping EOS fit parameters and
their large uncertainties, especially for the Fe-free sample, prevented us
from obtaining better constraints on the effect of chemistry on the
compressibility of the CF-type phase. The same two CF-type samples
were also employed in a more recent SCXRD study where Ko values of
211-220 GPa and unusually low K’rg values of 2.6 were proposed (Qin
et al.,, 2023). Especially for the Fe-bearing sample, the new dataset

comprises fewer datapoints and has lower resolution in the low-pressure
range, which are factors that can affect the EOS fit parameters during the
inversion of P-V data. Moreover, Qin et al. (2023) did not find any ev-
idence for the Fe3* spin-crossover, which was, however, observed by
both SCXRD (~25-40 GPa) and synchrotron Mossbauer spectroscopy
(~25-35 GPa) on samples from the same batch in an earlier study (Wu
et al., 2017). As materials are known to become softer in the pressure
interval where the spin-crossover takes place, this could have contrib-
uted to the unusually low K’1g value for the Fe-bearing sample.

Results from first-principle calculations in the NaAlSiO4-MgAl,O4
system also seem to point towards an increase in Ky of ~20-25 GPa from
NaAlSiO4 to MgAl,O4 (Kawai and Tsuchiya, 2012, 2010; Mookherjee,
2011; Wang et al., 2020; Zhao et al., 2018), in agreement with experi-
mental data from this study and Sueda et al. (2009). Similar to our ex-
periments, computations also reported a mild decrease in K’¢ with
increasing MgAl»O4 content (Kawai and Tsuchiya, 2012; Kawai and
Tsuchiya, 2010; Mookherjee, 2011; Zhao et al., 2018). The effect of
Mg?*-Fe?* substitution in the A site was recently explored by compu-
tational methods (Wang et al., 2020). While K values were only reported
starting from 30 GPa, results suggest that the Fe?>*Al,04 component
could further reduce the compressibility of the CF-type phase. This trend
is not captured by the fit parameters of the MgCF and FeCF samples
reported here, although it could be masked by the effect of Fe>* incor-
poration in the Bl and B2 sites. Further experimental studies on the
MgAl,04-Fe?*Al,0,4 system will be needed to better understand the
roles of ferric and ferrous iron on the structural and elastic properties of
the CF-type phase.

4. Implications

Aluminous phases with the CF-type structure synthesized in dry
basaltic systems are known to exhibit a complex crystal chemistry
(Hirose et al., 2005; Hirose and Fei, 2002; Ishii et al., 2022, 2019; Ono
et al., 2001; Ricolleau et al., 2010). Predicting and tracing changes in
their thermodynamic and elastic properties as a function of pressure,
temperature, and redox conditions is only possible by constraining the
thermodynamic properties of an appropriate number of end-member
components. However, some of these end-member compositions are
known to break down into simple oxides at high pressure and temper-
ature (Schollenbruch et al., 2010) or were found to crystallize with
different post-spinel structural types (Ishii et al., 2020; Ricolleau and
Fei, 2016; Schollenbruch et al., 2011), so that their properties cannot be
directly measured. It follows that at least some of the end-member
properties of CF-type solid solutions must be inferred by extrapolation
of trends defined in relatively narrow compositional ranges. One
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possible way around this problem is to make use of compositional trends
in the polyhedral volumes and elastic properties. Previous studies found
that mineral properties, such as compressibility, can be inferred from the
relation between the ionic potential and the compressibility of their
constituent atomic species (e.g., Hazen, 1988; Bruschini et al., 2015). A
similar approach based on the polyhedral volume and assuming only
site-specific substitutions (i.e., three site model) could be used to
determine the end-member properties of a given atomic species j in the
cation site i of the CF-type structure by fitting experimental data with the
following equation:

sites x—atoms__i y 7i

_ > Zj n_;‘/][

—
§ites atoms nj le (2)

i j KI
]

K

where n;, Vjj, and Kj; are the atomic fraction, polyhedral volume, and
polyhedral bulk modulus associated with the atom j in the cation site i
and K is the bulk modulus of the solid solution. Several CF-type end
members differ from each other by only one cation per crystallographic
site. For instance, understanding the effect of the Al-Fe>* exchange in
the B sites would allow the end-member pairs Na(Al,Fe3+)SiO4, Mg(Al,
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Fe31),04, Fe2t(ALFe31),04, Ca(AlLFe®"),04 to be simultaneously con-
strained. If complemented by further high-pressure structural data on
more Fe?*- and/or Fe3*-rich samples, compositional trends found for
K", KB, and K®? in this study will therefore help constraining the elastic
properties of multiple CF-type phase end members both at room- and at
high-pressure conditions.

The EOS parameters determined in this study can also be used to
compare the high-pressure elastic properties of CF-type end members
and solid solutions with those calculated from thermodynamic libraries
used for mineral physical modeling (e.g., Stixrude and Lithgow-
Bertelloni, 2011, 2022). As discussed above, our data indicate an in-
crease in Ko and a slight decrease in K'to with decreasing NaAlSiO4
content, which is consistent with experimental results on the MgAl,04
end member by Sueda et al. (2009) (Fig. 8a-b) and with computational
studies (Kawai and Tsuchiya, 2012; Kawai and Tsuchiya, 2010; Moo-
kherjee, 2011; Zhao et al., 2018). The database of Stixrude and Lithgow-
Bertelloni (2022) employs similar end-member properties for MgAl,O4
but has a significantly higher Kty value for NaAlSiO4 (Fig. 8a) as this
value was derived from the early study of Dubrovinsky et al. (2002) who
did not use any pressure transmitting medium in their DAC experiments.
We make use of the NaAlSiO4-MgAl,04 system as a proxy to
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Fig. 8. (a-b) Compositional dependency of (a) the isothermal bulk modulus (Kto) and (b) its pressure derivative (K'to) for CF-type phases. Solid gray lines and shaded
areas represent Kto and K’'ro ideal mixing models and propagated uncertainties across the NaAlSiO4-MgAl,04 join. (c-d) Calculated (c) density (Aszzp) and (d) bulk
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(S22) as a function of pressure. Experimental elastic parameters for the NaAlSiO4, Nag ;Mg 3Al; 3Sig 704, and MgAl,0, are taken from this study (NaCF, MgCF) and
Sueda et al. (2009) (S09). Shaded areas are uncertainties propagated from the EOS parameters. Note that the larger errors on 452y and 45?2y, for the MgAl,04 end
member arise from the larger errors on (a) Kt and (b) K’ reported by both Sueda et al. (2009) and Stixrude and Lithgow-Bertelloni (2022).
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quantitatively explore how differences in elastic parameters impact p
and v of the CF-type phase at pressures of the top- to mid-lower mantle
(Fig. 8c-d and Supplementary Material 1, Fig. S8), where the presence of
recycled oceanic crust with basaltic composition could explain the
small-scale seismic velocities and density anomalies associated with
seismic scatterers (e.g., Kaneshima and Helffrich, 2003; Niu, 2014;
Kaneshima, 2019). For this purpose, we compare properties determined
experimentally in this study (NaCF, MgCF) and by Sueda et al. (2009)
with those calculated for NaAlSiO4, Nag7Mgp.3Al; 3Sip.7O4, and
MgAl;04 from Stixrude and Lithgow-Bertelloni (2022) assuming an

ideal mixing model. Differences in density (ASZZp) and bulk sound ve-

locity (45%2y4) are calculated according to:

AS2p = Pep — Ps2a « 100% 3)
Ps22

Aszsz _ Voexp — Vos22 « 100% )

Vos22

where subscripts indicate values determined experimentally (exp) or
taken from Stixrude and Lithgow-Bertelloni (2022) (S22). We further
restrict our calculations to room temperature as the only experimentally
determined thermal parameters for CF-type phases are from Sueda et al.
(2009) for the MgAl,04 end member and those parameters are typically
assumed to be the same for the other end members as well (e.g., Stixrude
and Lithgow-Bertelloni, 2022). We calculate that the density difference
(Aszzp) for the NaAlSiO4 end member is of the order of +1.5 % at
topmost lower mantle pressures and increases to more than +2 % with
increasing pressure. For a Nag7Mgp.3Al; 3Sip 704 composition, ASZZp
ranges from +1.2 to +2.0%, whereas for the MgAl,04 end member ASZZ/)
is well below 1 % in the entire pressure range shown. 45?2y, on the
other hand, can be as large as —5 % for the NaAlSiO4 end member at
topmost lower mantle pressures, although it decreases with increasing
pressure. For the Nag;Mgg3Al; 3Sip704 composition, ASZZVQ) is in
slightly better agreement at low pressure, but does not improve signif-
icantly with increasing pressure due to the smaller K'r( difference be-
tween our sample and the model of Stixrude and Lithgow-Bertelloni
(2022). The difference becomes smaller than the estimated uncertainty
for the CF-type MgAl,O4 end member. Our findings are of particular
interest as NaAlSiO4 and MgAl;O4 are the two most abundant end-
member components in CF-type samples within dry basaltic phase as-
semblages at lower mantle conditions, with NaAlSiO4 molar fractions
oscillating between 50 % and 70 % (Hirose and Fei, 2002; Ishii et al.,
2022; Ono et al., 2001). The CF-type phase is expected to comprise
22-26 vol% of a dry basaltic phase assemblage according to most recent
phase relations studies (Ishii et al., 2022, Ishii et al., 2019). Based on our
calculations, the seismic properties of a dry basaltic assemblage calcu-
lated using the EOS parameters for the CF-type phase proposed here will
result in vp and p values that are ~1 % lower and ~ 0.3 % higher,
respectively, than those calculated using the EOS parameters proposed
by Stixrude and Lithgow-Bertelloni (2022). Note that in basaltic systems
with 2 wt% H,0 or more, hydrous Al-rich phases, such as CaCly-type (Al,
Fe,Mg,Si)OOH, were reported to form at expense of the CF-type phase
(Ishii et al., 2023; Liu et al., 2019). Future phase equilibrium experi-
ments will be needed to assess whether this is also the case for less HoO-
rich compositions.

5. Conclusion

We determined the isothermal equations of state of three solid so-
lutions of CF-type aluminous silicate phase in the diamond anvil cell by
single-crystal synchrotron X-ray diffraction. Structural refinements at
high pressure revealed the A-site compressibility, which is determined
by the substitution of Na™ by Mg?" and Fe?*, to control the bulk
compressibility. Specifically, Kto and KS\ were both found to decrease
with decreasing Na™ content. This is in contrast with the elastic pa-
rameters proposed by Stixrude and Lithgow-Bertelloni (2022), where
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Kty slightly increases from the MgAl,04 to the NaAlSiO4 end member,
which may result in the seismic velocities of subducted basalt at lower
mantle conditions to be overestimated. In the FeCF sample, an increase
in the compressibility of the unit cell, as well as of the B1 and B2 sites,
between approximately 26 and 42 GPa indicates a high-spin to low-spin
crossover of Fe>* in octahedral coordination, which may be detectable
by seismic methods. Additional experimental work, especially at com-
bined high-pressure and high-temperature conditions, is still needed to
constrain the thermoelastic parameters of several CF-type end members.
Ultimately, this will help us improve our constraints on the physical
properties of basaltic rocks at conditions of the Earth lower mantle.
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