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Introduction: Calcium-rich, aluminum-rich 
inclusions (CAIs) are among the first solids to form 
in the protoplanetary disk over 4.5 Gy [1,2], and are 
invaluable records of the conditions that existed and 
processes that operated in the early Solar System.   
Some of these objects are igneous, attesting to high-
temperature transient melting in the disk. They are 
also recorders of the initial abundance of 26Al in the 
disk and help to place temporal constraints on the 
evolution of planetary materials [3]. Here we present 
a preliminary study of an atypical type B CAI from 
Allende, which we named Burnt Toast, with the goal 
of characterizing the petrology, major, minor, trace 
element abundances plus the 26Al-26Mg systematics 
with the goals of constraining the formation of this 
object and the environment in which it evolved. 

Analytical Technique:  Petrology: A thin section 
of a sample of Allende (UAz collection) containing a 
12 mm inclusion was made (Fig 1). High-
magnification BSE images were taken with a Hitachi 
S-4700 FE-SEM at the AMNH. X-ray maps, major-, 
and minor-element abundances were determined 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Photomicrograph of Burnt Toast under 
cross-polarized light.  FOV: 15mm x 10mm. 
determined with the Cameca SX-100 EMP at the 
AMNH. Isotopes: 26Al-26Mg systematics were 
analyzed by two different in situ techniques. LA-MC-
ICPMS analyses were performed with a 
ThermoFinnian Neptune at UCLA and followed the 
methods of [3]. SIMS analyses were performed with 

a Cameca ims 1280 at the University of Hawai‘i at 
Manoa following the techniques of [4]. 

Results: Petrology: The inclusion has a distinct 
crust or rim ~ 400 µm thick and an irregular blocky 
shape, inspiring the name Burnt Toast.  The core 
contains predominantly melilite (~ 60 area %; Ak 73-
83; up to 0.20 wt% Na2O) anorthite (~15 area%), 
fassaite (~8 area%); mean TiO2 ~ 3.40 wt %), and 
spinel (~5% area, majority of which are < 10 µm; 
mean TiO2 ~ 0.12 wt% and V2O3 ~ 0.42 wt% with 
FeO up to ~10 wt%). These phases form anhedral 
masses of intergrown crystals including occasional 
µm-sized perovskite grains.  A large portion of the 
center of the inclusion has been affected by 
secondary alteration and contains abundant calcium-
sulfate and sodalite and pore spaces, accounting for 
the remaining modal abundance of phases (plus 
holes). In general FeO abundances in spinels within 
this area are also higher than surrounding regions.  

The rim of Burnt Toast (Fig. 2) contains ~10 µm-
sized anhedral crystals of fassaite and occasional 
spinels, each similar to those found in the core, 
however it essentially lacks both melilite and 
anorthite.  Filling some of the interstices areas 
between the spinel and fassaite crystals is a fine-
grained Na-bearing phase, likely nepheline (high Na, 
Al; low Cl). Overall the rim is Mg-poor in 
comparison to the core of the inclusion.  

  
Figure 2. Mg x-ray map of Burnt Toast.  
    A protrusion or “tail” is visible along the bottom-
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right corner of the inclusion in Figs. 1 & 2.  This tail 
is highly irregular in shape and is separated from the 
main body of the inclusion by matrix material.  The 
left half of the tail is composed of anorthite, fassaite, 
and spinel, but lacks melilite.  The right edge of the 
tail has a Mg-deficient rim containing pyroxene and 
spinel, similar to that around the main body of the 
inclusion.  
Isotopes: 26Al-26Mg systematics are shown in Fig. 3. 

Figure 3. Plot of δ26Mg*', which is the logarithmic 
definition of delta of excess 26Mg*. Line through 
the rim data is 4.5 x 10-5. Core are melilite data. 
Data obtained via LA-MC-ICPMC at UCLA for the 
fassaite rim of Burnt Toast show a resolvable excess 
of δ26Mg* that correlate with Al/Mg ratio and 
indicate an initial 26Al abundance of 4.5x10-5. In 
contrast, many of the points taken within the core 
melilite show significantly little or no excess δ26Mg* 
and no correlation with Al/Mg ratio.  Additional data 
obtained with the Cameca ims 1280 at the University 
of Hawai’i (not included in Fig. 3) on spinel grains 
from the core, which were actually spinel + fassaite 
or spinel + melilite, suggest that the spinels have a 
canonical initial 26Al. 

Discussion: The primary mineralogy of Burnt 
Toast is entirely consistent with a type B inclusion. 
The inclusion does not have a melilite-rich mantle 
(i.e., it’s not a B1) and this, combined with the 
fassaite compositions suggests it is a type B2, 
although clearly atypical.  The presence of the mantle 
or rim of fassaite around the interior of the entire 
object is highly unusual for CAIs. Possible 
hypotheses that may account for this rim and hence 
the Mg deficiency include: (1) the inclusion 

experienced evaporative loss of Mg (and potentially 
Si) during or after its formation or (2) Mg and Si 
were mobile during parent body processing. 

If (1) did occur we might expect to see a 
difference in the 25Mg abundance between core and 
rim and we do not. This does not, however, 
completely invalidate the hypothesis since elemental 
exchange could have occurred without isotopic 
exchange or the rate of exchange might have been 
different. It is also possible that the rim formed 
through alteration of the inclusion within the parent 
body, but this highly unlikely. 

The relatively small size of the spinels, the 
variations in their minor element abundances (Ti, V, 
and Cr) and their low modal abundance, suggests that 
Brunt Toast was not heated to temperatures too far 
above the melilite appearance temperature for more 
than minutes to at most a few hours during the last 
melting event it experienced (if more than one) [5,6].  

The tail was most likely formed through brittle 
deformation on the parent body, separated from the 
main inclusion, and the gap filled with matrix 
material. The Mg-deficient rim, which completely 
encircles the main inclusion, is present along only the 
right-hand side of the tail, indicating that the rim was 
formed prior to brittle deformation. 

It is rather curious that the fassiate-rich rim has a 
model initial 26Al of ~4.5 x 10-5, but the core is highly 
disturbed.   It may be that alteration has substantially 
affected the abundance and distribution of 26Al within 
the core, indicating that post-formation alteration, 
potentially post-accretion, disturbed the initial 
abundance. The core does contain evidence of major 
alteration including some pore spaces and holes.  The 
major question is how or why did alteration affect the 
initial abundance of 26Al in the core but not the rim? 
Whereas we can make the qualitative statement that 
melilite is likely more susceptible to alteration than 
fassiate, the exact nature of the alteration process is 
poorly understood. Further petrographic and isotopic 
analyses are required to better constrain the effect of 
alteration in Burnt Toast.   
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