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Introduction: Calcium-aluminum-rich inclusions 

(CAIs) are mm- to cm-sized objects that occur in prim-
itive chondritic meteorites. They are composed of min-
erals that formed at very high temperatures and have ra-
diometric age dates that exceed those of all known solar 
system materials [1,2]. They are the oldest solar-system 
objects, and their crystal chemistry and structure can pro-
vide clues to the chemical and physical processes that 
occurred during solar-system formation. 

Perovskite, nominally CaTiO3, is an abundant phase 
within CAIs. It occurs in both the inclusion and the 
Wark-Lovering rims (WLR) that surround many CAIs 
[3]. We previously reported on the structure of several 
perovskite grains from a fluffy type-A CAI in the Al-
lende CV3 chondrite [4]. Here we expand on that work 
and report additional results from the Allende sample as 
well as a section from the Axtell CV3 chondrite. This 
research is part of a broader effort [5] to understand CAI 
structure and chemistry from the micron scale down to 
the atomic level and what that tells us about their origins 
in the early solar system. 

Samples and Analytical Methods: Petrographic 
thin sections of the Allende and Axtell CV3 chondritres 
were examined using an FEI Helios focused-ion-beam 
scanning electron microscope (FIB-SEM), equipped 
with an EDAX energy-dispersive spectrometer (EDS), 
located at the Lunar and Planetary Laboratory, Univer-
sity of Arizona. Both samples were previously studied 
in detail by [6]. We acquired backscattered electron 
(BSE) and EDS spectrum images from local parts of the 
melilite inclusion and the rim surrounding it.  

Based on the imaging and EDS data, several grains 
from Allende and one from Axtell were chosen for de-
tailed analysis using transmission electron microscopy 
(TEM). All grains were extracted using the FEI easylift 
micromanipulator on the Helios and thinned to electron 
transparency using previously described methods [7]. 
All samples were ion polished down to 5 keV to remove 
the amorphous damage layer created by higher-voltage 
milling.  

We analyzed the FIB cross sections using the newly 
developed 200 keV Hitachi HF5000 TEM. We used the 
HF5000 located at Hitachi High Technologies (Mito, 
Japan) and the one currently being installed at the Lunar 
and Planetary Laboratory, University of Arizona. The 
HF5000 is equipped with a cold-field-emission gun, an 
aberration-corrector for scanning TEM (STEM) imag-
ing, a Gatan Quantum image filter (GIF) ER, and a large 
solid angle Si-drift Oxford EDS system. The HF5000 is 
capable of rapid (minutes) X-ray mapping of entire FIB 
sections and atomic-resolution imaging (78 pm). 

To complement our experimental work, we per-
formed density-functional theory (DFT) calculations. 
First-principles DFT calculations were performed with 
Vienna Ab inito Simulation Package (VASP) using the 
projector augemented wave method.The goal of these 
calculations is to investigate the phase transformation 
energies pertaining to solid solutions relevant to this 
work, namely perovskite and spinel. Understanding 
such energies enables quantitative constraints to be 
placed on the observed micro- and atomic-structures. 

Results: BSE imaging shows that localized regions 
of the Allende and Axtell CV3 chondrites contain abun-
dant perovskite grains. They are typically tens of µm in 
size with morphologies that range from anhedral to sub-
hedral. In the case of Allende, EDS spectrum imaging 
reveals a part of the inclusion in which the perovskite is 
surrounded by abundant hibonite and melilite grains. 
In Axtel, BSE imaging reveals abundant perovskite 
grains in the WLR. The perovskites range in size from 
several to tens of microns and morphologies that range 
from anhedral to subhedral. Four of the perovskite 
grains from Allende and one from Axtell were chosen for 
detailed analysis with TEM. We deposited C straps tran-
secting the perovskite grains and their interfaces with 
surrounding material. 

Bright-field (BF) and dark-field (DF) imaging shows 
that the FIB sections contain varied degrees of micro-
structural complexity. The sections are all polyphasic 
and the perovskite grains hosted within them range in 
size from nm to several µm with cross-sectional mor-
phologies that range from anhdedral to subhedral. The 
perovskite grains from three of the Allende samples, 
‘A’, ‘B’, and ‘D’ all contain spinel inclusions. Those 
from ‘A’ and ‘D’ measure tens to ~150 nm in size with 
morphologies that range from anhedral to lathic. The in-
clusion within section ‘C’ is relatively larger at 300 × 
400 nm. Moreover, it is twinned along the [111] direc-
tion. Atomic-scale EDS and electron energy-loss spec-
troscopy (EELS) show that the V is segregated to 
atomic columns at the twin boundary and occupy an 
atomic plane (Fig. 1). 

BF and DF TEM imaging of the section from the 
Axtell CV3 chondrite shows a large (~5 µm) single 
crystal of perovskite occurs between micron sized 
grains of melilite, spinel, and a polycrystalline pyrox-
ene. No spinel inclusions were identified within the per-
ovskite grain however, spinel inclusions do occur inside 
the pyroxene. 

Density functional theory was used to predict thermo-
chemical data such as enthalpies of mixing and Gibbs 
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free energies pertaining to solid solutions of spinel, per-
ovskite etc.). Specifically, the Gibbs free energies as a 
function of temperature and pressure are calculated, in-
corporating the finite temperature vibrational contribu-
tions to the free energies, from two different ap-
proaches; phonon and Debye. The enthalpies of mixing 
in the solid solutions of various mineral phases are cal-
culated employing Special Quasirandom Structures 
(SQS). Enthalpies of mixing in Ca(Ti,V)O3 and disor-
dered spinel phases (Mg,Al)(Mg,Al,V)O3 phases are 
calculated with respect to the binary oxides CaO, TiO2, 
VO2, MgO, Al2O3, and V2O3. The first-principles pre-
dicted data is subsequently used to parametrize the ther-
modynamic models pertaining to the solid solution 
phases. DFT calculations were also used to predict the 
structure of the (111) twins in spinel, and the driving 
force for the segregation of V segregation at the twin 
boundaries in stoichiometric spinel. 

Discussion: Fluffy type-A CAIs have been inferred 
to form via condensation in the solar nebula [8]. We did 
not find evidence of secondary processing in the Al-
lende sample that would argue against condensation. 
Equilibrium calculations that model a cooling gas of so-
lar composition predict that perovskite will condense at 
1593K and 1441K; spinel will condense at 1397K [9]. 
Thus, one might expect a microstructure consisting of 
perovskite inside of spinel rather than vice-versa, as we 
observe here, if the system is experiencing equilibrium 
condensation.  

In a previous report [4], we hypothesized that the 
solid solution of spinel, containing dissolved V, has an 
intrinisically higher condensation temperature than that 
of a solid solution of perovskite. Those calculations are 
currently underway, but one can assume, based on this 
hypothesis, that the spinel condensed first as a single 
crystal at a higher condensation temperature than the 
perovskite. We note that the high-temperature phase of 
perovskite is cubic, whereas the lower temperature 
phase is orthorhombic [10]. We further hypothesize that 
as temperature of the local system dropped to the con-
densation temperature of perovskite, the high-tempera-
ture cubic form condensed around the spinel. As tem-
perature continued to decrease, the perovskite under-
went a displacive phase transition from the cubic to or-
thorhombic form. This phase transition would have im-
parted shear stress to the spinel crystal, at which point it 
became twinned in response to the applied stress. Fur-
ther, we hypothesize that the V, which was originally 
homogeneously distributed in the spinel, segregated at 
the induced twin, driven by an energetically favorable 
diffusion, forming a plane of atomic columns parallel to 
the [111] direction. DFT calculations for the segregation 
of V at twins in different valence states  (3+ and 4+) are 
performed. Based on the preliminary 0 K calculations, 

the segregation of V in a 4+ valence state seems to unfa-
vorable. The driving force for the segregation in a 3+ va-
lence state is currently under investigation. 

In comparsion, compact type-A CAIs are believed to 
have experienced partial melting. That we do not find 
inclusions of spinel within Axtell perovskite may be re-
flective of its thermal history. If spinel inclusions origi-
nally occurred within the perovskite, subsequent an-
nealing or melting could have led to their destruction. 
We hypothesize that thermal breakdown of any spinel 
would have depended on its size, the temperature 
reached, and the duration it was at temperature. Analy-
sis of additional perovskite grains might reveal whether 
this is a general trend for compact type-A CAIs. 

Continued examination of perovskite grains should 
reveal whether the microstructure we observe here is 
isolated to those that occur within fluffy type-A CAIs, 
i.e., those inferred to be nebular condensates or whether 
it is common to other types of CAIs in CV3 chondrites.  
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Figure 1. DF atomic-resolution STEM image and 
O, K and V L2,3 maps for a twin boundary within a 
spinel inclusion in the Allende perovskite grain 
‘B’. 
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