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Introduction:  In each chondrite group, the bulk 

composition of all group members is the same, 
whereas the few bulk compositions of chondrules 
known so far show large variations [e.g. 1,2]. As these 
variations are observed even in primitive type 3 mete-
orites, they  must be related to the formation event of 
chondrules or their precursors in the solar nebular, for 
example, the formation of the precursors due to frac-
tional condensation [e.g. 2-5]. 

Second, as stated earlier by e.g. [6], chondrules and 
matrix of carbonaceous chondrites are chemically 
complementary. The reason for this is still a matter of 
debate. One possibility is that the components of each 
meteorite group formed in separate nebular reservoirs. 

Yet, the bulk compositions of chondrules are still 
poorly known [e.g. 3], although this information is 
essential for constraining chondrule formation models. 
Obtaining reliable bulk chondrule data is difficult. A 
fast approach is calculating the 2D “bulk composition” 
in a thin section from measured phase compositions 
and modal abundances. Taking this as the 3D bulk 
implicitly assumes that the 2D slice is more or less 
representative of the 3D object. As this assumption is 
questionable, these estimates are inevitably criticized.  

In a new approach I developed a computer model 
that allows simulating this problem. To compare the 
calculated results with real chondrules, I am grinding 
down meteorite thick sections in defined steps and 
measure the 2D composition of chondrules and other 
components at each step. The 3D bulk compositions 
can then be calculated from the 2D bulk compositions. 

Method:  In the computer model (programmed us-
ing Mathematica©) the chondrule is represented by a 
sphere, in which cuboids – representing minerals – are 
enclosed (Fig. 1). The volume of the sphere not occu-
pied by cuboids represents mesostasis. Intersecting 
cuboids can be used to build specific forms; the inter-
secting volume is only considered once during calcula-
tions. The cuboids are allowed to protrude across the 
sphere, to simulate objects at the border. The volume 
outside the sphere is not counted during calculations. 
A cross-cutting plane moves vertically and perpen-
dicular to the z-axis trough this structure (Fig. 1). At 
each step the sphere is cut and the 2D area fraction of 
the resulting circle is calculated (= circle area minus 
area of cut cuboids). This area fraction (“fraction of 
the sphere”) is plotted, with the fraction of the sphere 
on the y- and the z-axis intercept of the plane on the x-

axis (Fig. 2). The bulk 3D volume fraction of the 
sphere can be calculated from the 2D area fractions. 

 

 
Fig. 1: The light blue plane cuts a structure with 30 cuboids 
at a specific z. The red circle represents the cut sphere. In 
grey are the cut polygons of the cuboids.  

 

In complementing the calculations several chon-
drites (e.g. Allende, Efremovka, Moorabie) were 
grinded down and at each step 2D chondrule bulk 
compositions were determined. The grinding process is 
monitored using two independent methods, (i) embed-
ded cones of known sizes, whose diameters provides a 
measure of the depth and (ii) a slide gauge. At each 
step a photo-mosaic of BSE-images is obtained. 

 
Fig. 2: Variation of the 2D fraction of the sphere (blue line). 
Red line: 3D fraction of the sphere. 

 

Results:  In the model, a forsteritic composition is 
assigned to the cuboids and a mesostasis composition 
to the sphere. Figure 3 is the result of a run, showing 
the variation of the 2D bulk compositions and their 1σ 
standard deviation (s.d.). 
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Fig. 3: Variation of the 2D bulk composition of a simulated 
chondrule (30 cuboids, surrounded by a sphere). s.d. (1σ) 
given in the legend. 

 

The s.d. depends on the chemical composition of 
the cuboids/sphere, but also on the volume fraction of 
the cuboids (Fig. 4). A measure for the extent of the 
s.d. – called here the reliability coefficient τ – is de-
fined as the quotient s.d.max/s.d., where s.d.max is the 
calculated maximal s.d., which is achieved when at 
each step the cross cutting plane cuts only one phase. 
The advantage of τ is its independence of the element 
considered. A τ close to 1 is poor, because then s.d.max 
and the modelled s.d. are nearly equal. If τ is high the 
2D bulk composition is more or less representative for 
the 3D bulk composition (Fig. 4). 
 

 
Fig. 4: The s.d. and s.d.max, were calculated with a typical 
forsteritic olivine composition for the cuboids and a typical 
mesostasis composition for the sphere. reliab. curve: reli-
ability curve (values on the secondary y-axis).  

 

Fig. 5 shows bulk chondrule data collected from 
various authors, to demonstrate that chondrule precur-
sors formed due to fractional condensation in the solar 
nebula [2]. Error bars obtained from the model calcula-
tions (e.g. ±9.63 wt.% for MgO) are assigned to these 
data points – assuming that all bulk compositions were 
obtained from 2D analysis. These error bars are upper 
limits, nonetheless, the large variations of chondrule 
bulk compositions is clearly visible. 

The results of grinding a thick section of an Efre-
movka chondrule are shown in Fig. 6 [8]. In contrast 
to the model calculations, the 2D bulk compositions 

shows only modest variations and the s.d. is low (e.g. 
±1.5 wt.% for MgO). The discrepancy between the 
relative and the modeled s.d. may originate in the facts 
that so far just parts of the chondrules were analyzed 
or that the mineral distribution in a real chondrule is 
not comparable to the recent model calculations with 
30 random cuboids. This discrepancy is presently be-
ing studied. 

 
Fig. 5: Error bars for a set of bulk chondrule compositions 
(see text). The error for MgO is assumed to be ±9.63 wt.% 
and for SiO2: ±1.82 wt.%. 

 
 

 
 

Fig. 6: Variation of the 2D bulk composition of an Efre-
movka chondrule with depth, by stepwise removal of the 
surface layer. Below: false color images of the chondrule at 
increasing depth. The colors used in the diagram correspond 
to those used in the false color images. 

 

Conclusions: The computer model can be used as 
a tool to determine, whether for a specific problem 2D 
bulk compositions can be considered as being repre-
sentative of the 3D object, and error bars can be as-
signed to the data points. Above I have demonstrated 
that 2D bulk compositions are sufficient to verify the 
considerable Mg/Si-variations of chondrules.  
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