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Conclusion & Future Work
• The CAIs presented in this study represent a rapidly changing and cooling nebular environment with subsequent transient heating events and parent body processes (e.g., alteration and deformation)
• It would do well to analyze trace elements to further constrain crystallization sequences (e.g., volatiles in melilite in EK5-1-1) and nonextant phases (e.g., Nb from replaced perovskite)
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Figure 4. Inverse pole figure (IPF) map of spinel grains from Senita,
where gradual color transitions represent intragrain crystal-plastic strain
resulting from a post-crystallization deformation event. [right] IPF key,
indicating which of spinel’s axes in the IPF map are pointed towards the
EBSD camera.
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Introduction
Calcium, aluminum-rich inclusions (CAIs) were the first materials to condense out of the hot, nebular gas of the

early Solar System [1]. Our aim was to determine relative conditions of the Solar nebular environment (e.g.,
temperature, pressure and oxygen fugacity) based on geochemical, textural and crystallographic information
recorded in CAIs.

Samples and Analytical Methods
CAIs with diverse attributes (grain size, texture, mineralogy) were selected so as to capture a variety of early Solar

System conditions [Fig. 1]. EDS mapping and WDS spot-analyses were conducted on a JEOL JXA 8530F Hyperprobe
EPMA to determine chemical composition. Quantitative analyses were taken from EDS maps and averaged to
determine bulk composition [Fig. 2]. Crystallographic information was obtained using an Oxford Symmetry EBSD
detector on a JEOL JSM 7600F SEM. Valence state for Ti in pyroxene was calculated by determining its structural
formula (after a Ti-V overlap correction) and dividing the cation deficiency (Ti3+) by total Ti, similar to [2].

Figure 1. MgCaAl (RGB) false-color electron backscatter (BSE) maps taken with EPMA. a.)
Leoville Senita (Type A) b.) Allende EK5-1-1 (Type B) c.) Allende EK5-3B (Type C).

Allende EK5-1-1 has a Type B1 bulk composition [Fig 2], consisting of melilite, anorthite, Al,Ti-rich pyroxene, spinel,
minor perovskite and alteration phases.
• Melilite is zoned—most strongly across the CAI mantle with Åk5 near the rim and Åk55 towards the core [Fig. 6].
• Ti-zoning occurs in an analyzed pyroxene grain, with higher Titot towards the core; Ti3+ is also zoned in this grain,

with higher Ti3+/Titot towards the rim [Fig. 7].
• Epitaxial growth of pyroxene, melilite and anorthite was inferred based on preferred grain orientations [Fig. 8].
• Allende EK5-1-1 crystallized from a melt, given its coarse grain size and zonation in melilite and pyroxene.
• Precursors to Type B1 CAIs may have undergone nebular shock—in the case of our inclusion, with pressures > 10-4

bars and temperatures > 1790 K [7].

Allende EK5-3B has a Type C bulk composition [Fig. 2], consisting of spinel, diopside, anorthite and minor perovskite.
• EK5-3B has a fine-grained, lacy texture [Fig. 9]—unusual for a Type C, but previously documented [4].
• Allende EK5-3B contains the lowest-temperature mineralogical assemblage of the three inclusions.
• EK5-3B represents evolving nebular conditions, given its mid-inclusion transition from fine-grained and spinel-rich

to slightly coarser-grained and pyroxene-rich [Fig. 10].
• Some higher-temperature phases may have been replaced during nebular thermal processing.

Figure 2. CMAS (calcium, aluminum, magnesium, silicon)
ternary depicting where our samples fall relative to
previously analyzed CAIs by [3].
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Figure 9. BSE image of EK5-3B’s fine-grained, lacy texture.

Figure 5. Band contrast imaging of a section from Senita illustrating triple
junctions (taken with EBSD). sp = spinel, hib = hibonite
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Figure 8. Contour maps of melilite and anorthite with spinel for comparison (in descending order) from EK5-1-1,
illustrating CORs among grains. Note the m.u.d. (multiples of uniform density) values on the right. In this case, a mud
value < 10 indicates random orientation and a value >> 10 indicates crystallographic orientation. A contour map was
not possible for pyroxene because its crystal structure was too variable.
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Figure 6. BSE image of the melilite mantle from EK5-1-1 indicating direction of
melilite zoning.

Figure 10. MgCaAl image of EK5-3B with a black dashed line roughly separating the
inclusion between its fine-grained, spinel-rich interior from it’s coarser-grained,
diopside-rich mantle.
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Leoville Senita has a Type A bulk composition [Fig 2], consisting of spinel, Åk-poor melilite, hibonite and perovskite [Fig 3].
• Spinel grains bear evidence of crystal-plastic strain with a maximum grain orientation spread up to 7° and major slip along

[100] crystallographic plane [Fig. 4].
• Senita underwent a post-formation thermal heating event, based on triple junctions [Fig. 5] and deformation, where

annealing and solid-state recrystallization took place. This heating event (< 1513 K [5]) may have been caused by parent
body metamorphism or shock from outward radial transport of grains near the protosun [6].
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Figure 7. BSE image of the pyroxene grain analyzed in EK5-1-1.

Figure 3. MgCaAl BSE image of refractory phases in Senita. pv =
perovskite, hib = hibonite, mel = melilite, sp = spinel
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