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     Introduction:  Carbonaceous chondrites consist of 
four basic components: 1) chondrules (a petrologically 
diverse group of rounded inclusions of once molten 
silicate material in the solar nebula); 2) refractory in-
clusions (the most significant are CAIs, calcium and 
aluminum rich inclusions widely considered as the first 
solid condensates, but also AOAs, amoeboid olivine 
aggregates); 3) opaque phases (e.g. sulfides and FeNi 
metal or its oxidized equivalent); 4) matrix (underlying 
fine grained material that acts as the binding medium 
for most chondrites). These four can be thought of as 
the building blocks of which all carbonaceous chon-
drites are composed. Various attempts have been made 
to determine the proportions of these components, usu-
ally involving optical point-counting methods [1]. 
Here we develop and explore the use of microprobe 
mapping to obtain volumetric abundances. 
     Two kinds of cosmochemical fractionation proc-
esses occurred in the solar nebula, each responsible for 
independent chondritic characteristics. The bulk abun-
dances of refractory and volatile elements in carbona-
ceous chondrite components were established during 
condensation or evaporation. The petrologic compo-
nents accreted to form carbonaceous chondrites ex-
perienced concurrent physical fractionations that pro-
duced differences in metal/silicate ratios, redox state, 
and other chemical properties. Quantifying the degree 
to which physical fractionation of chondrite compo-
nents controls their bulk compositions is essential to 
understanding the diversity of the nebular environ-
ment. If carbonaceous chondrites are really the most 
primitive materials surviving from the early solar sys-
tem, then the volumetric abundance results should re-
flect the bulk chemistry and perhaps provide unique 
insights into the nature and origin of the primordial 
solar system. 
     Chondrules in the Murray CM chondrite are gener-
ally Type I in composition [1]. This observation is re-
affirmed by EDS scans of FeO, MgO, CaO, and Al2O3 
in this study. Hence, the vol.% chondrules reflects 
only Type 1 with associated mineral fragments of simi-
lar composition. In general, CAIs in CM chondrites are 
Type A, which dictates the given bulk chemistry from 
previous work (Table 1a) [2]. Fine-grained AOAs are 
observed up to ~450 µm in diameter. These compo-
nents are broadly similar to Type 1 chondrules in com-
position, but are markedly different in texture. There-
fore, they are treated as unique petrologic components 
rather than being summated with CAIs as refractory 
inclusions [1]. Matrix in this study includes the fine-

grained binding medium with a distinct Fe-rich chem-
istry [3] and all mineral fragments that cannot be di-
rectly tied to a petrologic component in their chemis-
try. 
     Method: The sample selection process in this study 
was based on a specific set of mineralogical, textural, 
and analytical criteria. Murray was found to be the best 
representative sample for the CM carbonaceous chon-
drite group on a two-fold basis. First, the Murray ex-
hibits minimal textural consequences associated with 
shock and aqueous alteration [1]. Second, there exists 
a wealth of bulk chemistry data, previous studies of 
modal analyses, and an abundance of available sam-
ples for analyses. This study of Murray is intended to 
demonstrate the accuracy of the analytical method be-
fore commenting on a larger study involving analyses 
of other carbonaceous chondrites. 
      Analyses of volumetric abundance analyses were 
conducted using the image processing software, Im-
ageJ, and elemental X-ray maps. The method used in 
this study, entitled Isolation by Multiplication or 
ISLM, is an adjustment of existing methods for modal 
analysis by [4,5,6]. After careful examination of the 
bulk chemistry of each component, four elements were 
selected to perform the volumetric analysis; FeO, 
MgO, CaO, and Al2O3. Maps were constructed using 
four energy-dispersive spectrometers mounted on a 
Cameca SX50 electron microprobe at the University of 
Tennessee. Each spectrometer is set to measure the 
emitted X-ray intensities for a specific elemental [5]. 
The emission value at a user-defined point on the 
specimen defines a raw data value visually displayed 
on an image or ‘map’ (Figure 1). Once the entire 
specimen is scanned, four elemental X-ray maps illus-
trating the distribution and abundance of each element 
are produced. Volumetric abundances are calculated as 
a function of the number of pixels occupied by a given 
petrologic component on the basis of characteristic 
proportions of four measured oxides. This is valid as 
long as two assumptions are made: 1) Area percent-
ages are approximately equal to the volume percent-
ages; 2) The total areas exposed in thin sections of 
each sample are representative of the meteorite. In 
order to be able to make the second assumption, four 
thin sections from the Murray (total area of 115.2 
mm2) were used to minimize the effect of sample het-
erogeneity (Table 1b). 
     Results and Discussion:  The results from volu-
metric abundance measurements are listed in Table 1b. 
All totals were scaled to relative areas and are in rea-
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sonable agreement with optical point-counts in previ-
ous studies [1]. As a further test of the validity of the 
method, we calculate the bulk rock chemistry from 
component abundances and compare that with meas-
ured chemistry. The only elements used for compari-
son in this preliminary study were the major oxide 
components present in all petrologic components; FeO, 
CaO, MgO, and Al2O3. In order to determine bulk 
chemistry from the volumetric abundances, each value 
was multiplied by chemical data from previous work. 
Opaques were omitted from final results due to a very 
limited abundance (<0.1 vol.%) and the unattainable 
quantification of chemistry of all phases. 
     Bulk chemistry data determined from previous 
work and volumetric abundances of this study fit well 
with wet chemical bulk chemistry except for Al2O3. 
Reasons for this discrepancy are most likely due to the 
compositional diversity of CAIs found in carbona-
ceous chondrites. The Al2O3 bulk composition of CAIs 
in CM chondrites ranges from 67 wt.% [7] to 23.1 
wt.% [8]. Therefore, the variance in Al2O3 wt.% be-
tween this work and wet chemical data can be readily 
explained by this chemical diversity. 
     In summary, this preliminary investigation demon-
strates a correspondence between the volumetric abun-
dances of the physically and chemically unique com-
ponents in CM chondrites and bulk meteorite chemis-
try. In order to fully quantify this relationship among 
all carbonaceous chondrites, chemical comparisons 
between representative samples from each of the main 
groups and their associated bulk chemistry must be 
undertaken. Quantification of this relationship is capa-
ble of providing a powerful tool to decipher the history 
of both physical and chemical fractionations that gave 
birth to carbonaceous chondrites and our solar system. 
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Table 1a. Component Bulk Chemistry*  
  FeO MgO CaO Al2O3   
Matrix 30.9 13.4 0.75 3.88 [10] 
Chon. 9.25 38.2 2.89 4.24 [3] 
AOAs 5.5 39.4 5.8 8.1 [11] 
CAIs 1.06 4.85 33.6 30.3 [8,9] 
Chon.-Type 1 Chondrules   
*Previous Work    

 
Table 1b. Volumetric Abundances - This Study 
Sample 4b 6 8a 8b 10 Av.‡ 
Matrix 79.0 67.3 71.5 61.5 69.5 69.8 
Chondrules 14.8 26.9 24.6 34.6 25.3 25.3 
CAIs 1.1 3.8 0.5 1.2 1.5 1.6 
AOAs 5.7 2.5 2.9 2.5 3.3 3.3 
Opaques 0.1 0.0 0.0 0.0 0.1 0.0 
Total 100.6 100.5 99.5 99.8 99.6 100.0 
Area (mm2) 12.8 12.8 36.6 16.3 36.6 115.2* 
*Total Area           
‡Average      

 
Table 1c. Bulk Chemistry of Murray  
  W.C. T.S.     
FeO 21.08 24.5     
MgO 19.77 19.4     
CaO 1.92 2.4     
Al2O3 2.19 4.8     
W.C. - Wet Chemical Data (wt.%) Source: MetBase 
T.S. - This Study     

 

 
Figure 1. Superimposed elemental X-Ray maps of Murray sample 
1769-6. Fe (red), Ca (green), Al (blue), and Mg shown as the dark 
regions associated with chondrules and AOAs. This map indicates 
the dominant oxide for each petrologic component: Matrix-FeO, 
Chondrules-MgO (with intermittent Al2O3-rich alteration phases), 
CAIs-Al2O3 and CaO, and AOAs-MgO with smaller amounts of CaO 
and Al2O3. 
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