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Introduction: Ornans-type (CO) carbonaceous 

chondrites contain a larger variety and number of cal-
cium- and aluminum-rich inclusions (CAI) in a given 
volume (~1.01 area% according to [1]; ~2.1% in [2,3]) 
than other chondrite groups. The CO chondrite petro-
logic grades 3.0 to 3.7 describe increasing degree of 
parent body metamorphism [2,4]. CAIs have been 
classified based mainly on their core mineralogy by [2, 
CV] and [5, CO] but due to the large variation between 
chondrite subgroups a single, consistent, overarching 
scheme is difficult to maintain [6]. Generalized con-
clusions regarding the chemical environment and proc-
esses by which CAIs formed are, therefore, problem-
atic.  

Previous studies of CAIs in CO chondrites have re-
ported variations in petrography and petrology with 
increasing petrologic grade. These include increasing 
melilite alteration (to pyroxene and feldspathoids [5]), 
decreasing bulk Ca but increasing bulk Mg and Fe 
[5,7], and several other observations hypothesized to 
be directly related to metamorphic processes [4,8-10]. 
A diverse suite, both in total area and petrographic 
grade, must be analyzed [1] to obtain statistically ro-
bust results for modal mineralogy, abundance of types, 
and other general features of the CAI population. To 
achieve this goal requires the use of automated image 
analysis techniques to efficiently process the volume of 
data necessary to make correlations among a large 
population of CAIs, between: 1) size, 2) textural type, 
3) elemental composition, 4) modal mineralogy, and 5) 
petrologic grade. Correlations between these character-
istics can potentially be used to decipher the environ-
mental conditions during CAI-formation and, when 
compared with data from CAIs in other chondrites, the 
processes that lead to the unique combinations of re-
fractory objects in each chondrite subgroup [7,11,12]. 

Methodology: X-ray intensity maps are obtained 
using the Cameca SX100 electron microprobe at the 
American Museum of Natural History. CAIs were 
identified in 4µm/pixel reconnaissance maps of 10 
sections of 5 CO chondrites of varying petrologic 
grade [Colony (3.0), Kainsaz (3.2), Felix (3.3), Moss 
(3.6) and Isna (3.7)]. Each CAI is then mapped at 
1µm/pixel, at 15kV accelerating voltage, 20nA beam 
current, and varying dwell times (12ms, 60ms, or 
80ms) using five wavelength dispersive spectrometers 
(Mg, Ni, Ti, Al, Ca), an energy dispersive spectrometer 
(Si, Fe, Mn or Cr or Na, S), and a back-scattered elec-
tron detector. Instrument parameters are chosen to 

minimize acquisition time and optimize intensities.  
The raw X-ray intensity maps of each element are out-
put and saved as 32-bit grayscale TIF files to preserve 
original pixel relative intensity data. 

Data analysis. Hand-traced, using Illustrator, 
masks of each object are used to isolate the object of 
interest in each of the maps and composite red-green-
blue (RGB) mosaics. Pixel-by-pixel phase assignments 
are made using element intensity criteria (both summa-
tions and ratios) implemented in a decision tree written 
into an IDL algorithm. The algorithm is verified 
using standards of known composition mapped with 
the same conditions and by visual confirmation based 
on RGB composites. Results consist of element inten-
sities, relative locations of minerals the spinel, hibon-
ite, melilite, perovskite, pyroxene (Ca-rich and Ca-
poor), and olivine and mineral modal abundances. 
Element intensities in each CAI (e.g., Fig 1) were 
computed for each element as the sum of X-ray inten-
sity over all pixels, divided by the total number of pix-
els in that CAI, and converted to atom wt%. 

Results and Discussion: In the total section area, 
241 CAIs were mapped at high resolution and ana-
lyzed algorithmically. Due to plucking and other fac-
tors, only 152 of these CAIs had greater than 70% of 
their pixels identified as particular minerals included in 
the algorithm. The remaining CAIs are not considered 
further in this analysis, however, continued modifica-
tion of the modal analysis algorithm should increase 
the number of objects included in this study. 

Exposed CAI area (a proxy for 3D size) does not 
correlate with modal mineralogy, petrologic grade, 
CAI abundance, or any other parameters considered.  
This supports the hypothesis posed by [13].  

Fig. 1 exhibits the variation in Ca/Al atom wt% 
converted from X-ray intensity ratios using calibration 
measurements on standards, with no other manipula-
tion. The data directly reflect major mineralogy. 
Shown for comparison is the solar Ca/Al atom wt% 
ratio of [14]. Although this plot does not explicitly 
address the abundance of Mg-rich minerals, it does 
reveal general trends in the CAI population in CO 
chondrites. The Mg in these CAIs is predominantly in 
spinel. It is not likely that the population over-samples 
spinel-rich portions of CAIs. Thus, many CAIs in CO 
chondrites are demonstrably nonsolar in Ca/Al [12]. 
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Texturally, CAIs exhibit many forms ranging from 
‘fluffy’ condensates to ‘compact’, potentially igneous 
objects [11]. While some correlations exist between 
modal mineralogy and textural type [8-10,12], both 
types of objects overlap within the range of Ca/Al ra-
tios in Fig. 1. This implies that textures and elemental 
abundance may not correlate. To explain the chemical 
diversity of igneous objects, a stochastic heating proc-
ess (e.g., current sheets [15]) is required. 

The chondrites sampled in this study represent the 
entire range of petrologic types among CO chondrites. 
While the average Ca/Al ratio decreases with increas-
ing petrologic grade as observed by [5,7], when the 
entire set of CAIs is considered, the Ca/Al ratios for 
various petrologic grades overlap considerably. Our 
data thus supports the hypothesis that Ca diffuses from 
CAIs into matrix with increasing degrees of metamor-
phism but the Ca/Al ratio alone does not predict petro-
logic grade [7]. 

In addition, plotted in Fig. 1 is the evolution of 
Ca/Al predicted to condense from a vapor of solar 
composition at 10-3 bar total pressure with decreasing 
temperature from right to left [16]. This figure differs 
from other graphical representations (e.g., [9]) in using 
two refractory elements to highlight non-solar and non-
equilibrium condensation Ca/Al ratios in CAIs in CO 
chondrites. Fractional condensation could explain the 
distribution of Ca/Al ratios in CAIs, as a group, with-

out invoking extreme heterogeneity in the environment 
of CAI formation. Those CAIs enriched in Al relative 
to solar could have been isolated dynamically, poten-
tially in a dead zone [17], from equilibration at lower 
temperatures with a cooling nebula vapor. Such isola-
tion may have been stochastic, yielding a heterogene-
ous CAI population.   
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Figure 1: Ca and Al atom wt% for all 152 CAIs considered in this abstract.  Red line is solar Ca/Al ratio 
of 1.11 calculated from [14].  The dark green line denotes the trajectory of Ca/Al evolution of a con-
densing vapor of solar composition at 10-3 bar total pressure with decreasing temperature (arrow) [16]. 
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