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Abstract Calcium-rich silicate perovskite (davemaoite) has been for the first time investigated at ambient
pressure by electron diffraction in transmission electron microscopy. The obtained diffraction pattern in
comparison to that of the coexisting Mg-rich silicate perovskite (bridgmanite) has revealed the cubic symmetry,
Pm3m, the lattice parameter & = 0.3561(4) nm and the volume V,, = 45.16(10) A3 (27.19 cm>/mol), which is still
larger molar volume than that of the coexisting bridgmanite (25.49 cm?/mol). With large volume difference
davemaoite and bridgmanite coexist at equilibrium under the conditions at 40 GPa and 2,000°C. The nanometer-
sized crystalline davemaoite (4.27 g/crn3) is mantled by the amorphous CaSiO5 (2.82 g/cm3 ). This core-mantle
structure prevents amorphization of the unstable high-pressure mineral at the core due to a static pressure, 1.2
(10) GPa generated by volume expansion on the transition at the mantle. This mechanism is the same as that of
high-pressure minerals preserved in shocked meteorites.

Plain Language Summary Calcium-rich silicate perovskite, davemaoite is often completely
amorphized at ambient pressure, because the perovskite structure containing large element is unstable at 1 bar.
However, we obtained for the first time an electron diffraction pattern of davemaoite in a transmission electron
microscope. To understand why the unstable crystalline davemaoite lasted so long in the microscope, we
investigate the textures with surrounding minerals using the electron-beam imaging and analyze the ambient
volume from the diffraction patterns to understand the survival mechanisms. We find that the preservation of the
crystalline state is most likely due to a static pressure generated by volume expansion of the surrounding
amorphous glass transformed from the precursor denser crystalline state. The mechanism had not been
demonstrated experimentally in a sub-micrometer microscopy before, even in the recovery of high-pressure
minerals in shocked meteorites. Understanding this mechanism is important because the other high-pressure
minerals at a small domain might survive at much lower pressure than the stability field at high pressure even
though they are usually unquenchable. Further high-pressure minerals under a static stress can be discovered at
ambient conditions by fine electron microscopy.

1. Introduction

The precise volumes of high-pressure minerals at ambient pressure (V,)) are very important for quantitative
discussions in the equation of states (EoS) of minerals, for example, a fitting to a second-order Birch-Murnaghan
EoS for V,, (Thomson et al., 2019). The recovered high-pressure samples can be used for further physical and
chemical measurements, even though they are metastable at ambient conditions. Calcium-rich silicate perovskite,
davemaoite (Dvm) is a stable mineral under the extreme high-pressure conditions corresponding to the bottom of
the Earth's lower mantle (L. Wang et al., 2025), but usually unquenchable to ambient conditions. In the literature,
a small amount of Dvm has been identified by X-ray diffraction and nuclear magnetic resonance spectroscopy in
samples recovered from 15 GPa and 1,500°C (Kanzaki et al., 1991). In their recovered Dvm, the existence of the
reflections could not be indexed with the cubic unit cell, indicating that the symmetry of the Dvm is lower than
cubic (Kudoh & Kanzaki, 1994). In the same context, orthorhombic CaSiOj; perovskite (Nestola et al., 2018) was
reported as an inclusion in a natural diamond. Recently, Ishii et al. (2022) has reported weak X-ray diffraction
peaks of Dm at ambient conditions in a normal mid-ocean ridge basalt composition and speculate that the syn-
thesis at higher pressure from 27 to 52 GPa at 2,000 K enhances recoverability of Dvm. To clarify the symmetry
and the mechanisms of the presence of the crystalline Dvm at ambient conditions, we investigate a recoverable
Dvm domain and its symmetry at the sub-micrometer scale by transmission electron microscopy (TEM). We
present for the first time a selected area electron diffraction (SAED) pattern of Dvm in comparison to that of the
coexisting with Al, Fe-bearing bridgmanite (Bdm).
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2. Materials and Methods

2.1. Observed High-Pressure Minerals

A high-pressure assemblage of Dvm and Bdm phases (Run Iris-1272) was synthesized at 40 GPa and 2,000°C for
24 hr, by using a 15-MN ultrahigh-pressure multi-anvil press (IRIS-15) equipped with the Osugi-type guide-block
system at Bayerisches Geoinstitut (BGI), University of Bayreuth. The anvils at the second stage in the
compression system were 8§ tapered tungsten carbide anvils. Three anvil faces around a truncation of the second-
stage anvils were tapered by 1°. The detail procedure of the high-pressure experiment was described in Ishii
et al. (2019) and L. Wang et al. (2025).

2.2. Transmission Electron Microscopy (TEM)

The recovered sample from the high-pressure experiment was characterized by using a scanning transmission
electron microscope (FEI Titan G2 80-200 S/TEM) at BGI. A thin TEM foil of the recovered sample was prepared
with a dual beam focused ion milling machine. Conventional TEM observation and SAED were carried out under
a low electron dose (e.g., the probe current less than 700 and 80 pA in the TEM mode and scanning mode,
respectively) at 200 kV acceleration voltage. An electron transparent thin lamella was micro-sampled by using a
FIB (FEI Scios FIB-Dual beam SEM). The detail procedure of the FIB work was described in Miyajima
et al. (2019). In comparison and for the calibration of the camera length on the TEM-electron diffraction, the
coexisting Bdm was also investigated by the same TEM system. The accuracy and precision of the lattice
parameter of Dvm depend on the following procedure (The supplemental materials including Figures S1-S3 and
Table S1 in Supporting Information S1). The camera length of SAED patterns of the Dvm and Bdm was at first
calibrated with a Si standard TEM foil and cross-calibrated with the length of the c-axis of the coexisting Bdm.
The lattice parameters of the Bdm were refined with X-ray diffraction method (described in Section 2.3). As
shown in Figures 1 and 2, the c-axis of the Bdm and the a-axis of Dvm are almost parallel in the recorded CCD
images, which minimalize errors in measurements of distances between diffraction spots due to a distortion of the
CCD camera. The measurements of the reciprocal distances in SAED patterns were performed with 10 individual
distances. The errors are a standard deviation in sampled distances. The cation numbers per formula unit of the
coexisting Dvm and Bdm are Ca 0.98(3), A10.03(0), Si 0.99(2), Mg 0.005(4) and Mg 0.62(2), Fe 0.37(3), A10.34
(2), Si 0.66(2), and Ca: 0.004(2), respectively, based on Oxygen = 3, which were determined by using energy-
dispersive X-ray spectroscopy in the TEM. Namely, the davemaoite is nearly pure CaSiO;.

2.3. Micro-Focused X-Ray Diffraction

In comparison to the electron diffraction, the lattice parameters of the coexisting Bdm were determined by using a
micro-focused beam X-ray diffraction machine (Bruker AXS D8 Discover) equipped with a two-dimensional
solid-state detector and a micro-focus source of Co-Ka radiation operated at 40 kV and 500 pA at the BGL.
The exposure time was over 1 hr. The obtained diffraction pattern is least square fitted with the structure factor
weighted method to refine lattice parameters. The 2 theta values in the X-ray diffraction measurement were
externally calibrated with a silicon standard (¢ = 0.5431 nm). The refined lattice parameters of the coexisting
Bdm (Iris-1272) are a = 0.4809(4), b = 0.5002(5), and ¢ = 0.70389(6) nm (Figure S1 in Supporting
Information S1).

3. Results and Discussion
3.1. Davemaoite Coexisting With Al, Fe-Bearing Bridgmanite

In bright-field TEM images, submicrometric-sized crystalline Dvm domains exist within an amorphized domain
back-transformed from the precursor of a crystalline Dvm grain (Figure 1). Figure 1a displays the coexistence of the
Bdm and Dvm grains. The SAED pattern of the Dvm domain (Figure 1b) are consistent with the cubic space group
(S.G.) of Pm3m. The interpretation from the extinction rules of the space group in the electron diffraction pattern is
provided in Figures S2—-S4 in Supporting Information S1. A refined lattice parameter from the SAED pattern is a
(cubic) = 0.3561(4) nm and the volume V,, = 45.16(10) A2 (27.19 cm®/mol). The indexing on the SAED pattern
makes a proof of no extinction rule along the <h00>* direction, because the 100 spot with # = odd and d-
spacing = 0.35 nm is visible. The obtained lattice parameter of Dvm (Table S1 in Supporting Information S1) is
comparable with the literature data that the lattice parameters extrapolated to 0 GPa by an equation of state were
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(a) Dvm

Figure 1. (a) Bright-field transmission electron microscopy image of a quenched davemaoite (Dvm, a black domain indicated
by a white circle) in the core and its amorphous domains (gray domains) in the mantle. The surrounding amorphous domains
and the coexisting bridgmanite grains (Bdm, white domains) preserve an internal pressure preventing the complete
amorphization of Dvm. (b) The corresponding selected area electron diffraction (SAED) pattern from the Dvm domain
(indicated by white circle) along the <011> zone axis. The first halo ring corresponds to 0.2939 nm (0.3010 nm by Si
correction), while the d-spacing of (100) in davemaoite is 0.3468 nm (0.3561 nm by Si correction). The halo ring corresponds to
Si-Si and Ca-Si peaks in an amorphous CaSiO; (Kondo et al., 2024). The strong diffraction spots along the 11-O'clock direction
are from the coexisting Bdm grains at the right side of the Dvm domain. (c) Adding a schematic illustration explaining the
indexing of the SAED pattern of a single crystal Dvm on the pattern (b).

estimated asa = 0.3572 nm (V,, = 45.58(4) A2, the molar volume is 27.45(2) cm*/mol in Y. B. Wang et al. (1996))
and 0.358 nm (V,, = 45.88 A% in Tschauner et al. (2021)). The smaller volume than that of Y. B. Wang et al. (1996)
might be under a residual pressure (discuss it in the next section). However, the lattice parameter of Dvm, 0.3561
(4) nm in the present study, is larger than 0.351 nm of the coexisting Bdm (S.G., Pbnm) (Figures 2 and 3), which was
calculated from a half of the length of the c-axis (orthorhombic) = 0.702 nm based on the relation that 1/2 ¢
(orthorhombic) = a (cubic) in the orthorhombic perovskite structure. It is likely to indicate that these two
perovskite-structured minerals should be at equilibrium under the condition at 40 GPa and 2,000°C, because of
different volumes of Bdm and Dvm solid solutions, which are derived from Gibbs free energy in a function of
composition, temperature, and pressure, could stabilize their two perovskite-structured phases.

3.2. The Mechanisms to Prevent Complete Amorphization of Davemaoite

The mechanisms to prevent a complete amorphization of Dvm on the decompression to ambient pressure should be
explained from the microtextures displaying a core-rim structure where consists of remaining crystalline domain of
Dvm at the core part and amorphous domains at the rim (Figure 1 and Figure S5 in Supporting Information S1). The
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Figure 2. (a) Bright-field transmission electron microscopy image of a coexisting bridgmanite grains (Bdm, black domains).

(b) The corresponding selected area electron diffraction pattern (along the [130] zone axis) from the Bdm grain, together with
a halo ring of the surrounding amorphous Dvm.

density of the amorphous domains with CaSiO; composition, a glass state is estimated as 2.82 g/cm? from a halo-

ring with d-spacing = 0.301 nm (Figure 1a), in comparison to the density of CaSiO; glass, for example, 2.68 g/em®
(Yin et al., 1986) and 2.80(5) g/cm3 (Kondo et al., 2024), while davemaoite is 4.2 g/cm3 (@ = 0.3591(2) nm,
Tschauner et al., 2021). The density difference between the glass and crystalline states results in volume expansion

upon transition from davemaoite to glass at the current rim. The significant volume expansion due to the

amorphization of Dvm induces static stress, that is, an apparent pressure, which prevents the complete amorph-

ization in the core domain at the current ambient pressure. Further, a rigid Bdm framework makes a network over
the core-rim structure to keep the pressure in the bulk sample (Figure S5 in Supporting Information S1).

The a-axis vs FeAIO3 contents of Bdm and Dvm

0.36 i el R e I
L ® Tschauner et al. (2021)

0.358 ] ! f e .
[ @ Wang et al. (1996) | | ]

717§ G SN NS ASURSY S S——"
- Dvm ! L i j

9417 ) D - coexisting A 1
; in this study | 1

0.352 - | 3 3 \ .

| | | e
0.35 | Al,Fe-Bdm

s @® The a-axis [nm]/ Dvm, Pm3m
0.348 [ B The 1/2 of the c-axis [nm] /Bdm, Pbnm

0.346: MgSi03
[ [ | ! | ! ! ]
0.344 T ETWES JUEY PETes PEReY Pee
0 0.1 0.2 0.3 04 0.5

FeAlO
3

The a-axis [nm] / Dvm, Pm3m and Bdm, Pbnm

Figure 3. The plot of the a-axis of quenched Dvm (red circles) and a half of the
c-axis of the coexisting Bdm (blue squares), in comparison to the literature
data. The X-axis of the plot is a function of FeAlO; component in the Bdm
data. Note: The mineral formula of the Dvm in Tschauner et al. (2021) is
(Cag 431)Ko.2001)Nag 06F€0.11(1yAlo.08ME0.06CT0.04(2))(S11 02yAlo.00(1))O3-

The data of Y. B. Wang et al. (1996) is calculated from reported V,,

45.58(4) A’

The mechanism is the same as the presence of bridgmanite in shocked me-
teorites (Nishi et al., 2022), in which a significant volume expansion due to
the amorphization prevents the progress of the amorphization of crystalline
bridgmanite under residual post-shock temperatures at ambient pressure.
Nishi et al. (2022) reported that the partial amorphization of a Bdm aggregate
at ~550 K induces a static pressure ~0.5 GPa, estimated from thermal volume
variations of a partially amorphized Bdm aggregate at high temperature X-ray
measurements. They concluded that the static pressure prevents the progress
of the amorphization in a shocked meteorite that fell on Earth. In the same
context, based on the density difference between Dvm and its glass, the
volume expansion in amorphization of Dvm into a glass state is estimated to
~33% at the maximum if all the crystalline Dvm (4.2 g/cm3) becomes the
amorphous state (2.82 g/cm®) within a rigid frame of Bdm aggregate. How-
ever, a residual pressure remained in the current Dvm-bearing aggregate is
estimated to 1.2(10) GPa (Figure S6 in Supporting Information S1), based on
volume variations at low pressure from 4.1 to 0.6 GPa (Y. B. Wang
et al., 1996). The volume difference between 45.16(10) A3 (evaluated in
electron diffraction data in this study) and 45.28 A3 (extrapolated to 0 GPa in
the decompression data reported in Y. B. Wang et al. (1996)) originates from
the residual pressure in the recovered Dvm-Bdm aggregate. Although the
density difference between amorphous glass and Dvm crystal is further large,
a partial amorphization to the glass state at the pressure release could support
some portion of the internal pressure in the surrounding rigid Bdm frame. In
those mechanisms, an amorphous fraction during decompression in the high-
pressure experiment can facilitate the residual crystalline domains at the
nanometer scale. It is a worthy note that Tomioka and Kimura (2003) reported
assemblages of majorite garnet and a CaSiOs-rich phase as breakdown
products of diopside in a shocked chondritic meteorite. Based on their TEM
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observations (Figure 3 in Tomioka and Kimura (2003)), the CaSiO5-rich phase was interpreted as glass, thought
to have formed during the release of shock pressure. This interpretation might warrant closer examination, as part
of the phase may in fact represent crystalline Dvm.

4. Conclusions

We presented for the first time an electron diffraction pattern of a crystalline Dvm coexisting with Al, Fe-bearing
bridgmanite (Bdm) by using SAED in TEM. The symmetry is a cubic with space group Pm3m and the volume
Vo = 45.16(10) A3 at ambient conditions. Although the volume of davemaoite at ambient conditions (V,,) could
not be determined directly due to possible residual pressure in the sample, the obtained volumes of 45.16(10) A*
(electron diffraction data) and 45.28 A (extrapolated to 0 GPa in the decompression data reported in Y. B. Wang
et al. (1996)) in this study can be used as a fixed parameter for precise analysis of an EoS to refine the other
unknown parameters such as contents of impurity in a solid solution (e.g., Water, Chen et al., 2020; Shim
et al., 2022). The preservation of the crystalline state is most likely due to a static pressure generated by volume
expansion of the surrounding amorphous glass transformed from the precursor denser crystalline state, further
supporting that the other high-pressure minerals at a small domain might survive at much lower pressure than the
stability field at high pressure.

Data Availability Statement

Data set archiving for this research is available at Miyajima (2025).
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