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Introduction: Enstatite chondrites (EC) are a 

unique group among the chondrites because of the 

highly reducing conditions from which they formed, 

and the unique mineral phases found within them [1]. 

Enstatite chondrites have also been identified as being 

potentially important for understanding the formation 

of Mercury and the Earth and may be analogs to mate-

rial that accreted to form the inner planets. For this 

reason, it is important to constrain the formation condi-

tions of the enstatite chondrites form the protoplanetary 

disk. An excellent starting point is careful measurement 

and analysis of the modal abundance of components 

within enstatite chondrites. 

The goal of this study is to determine the modal 

abundance of components within the EH3 chondrites. 

This is done using image analyses of RGB composite 

images of element-specific x-ray maps on EH3 thin and 

thick polished sections using electron probe micro-

analysis (EPMA).  

The present methods have been used previously to 

study the modal abundances of chondrules in CR car-

bonaceous chondrites [2], CO and CV carbonaceous 

chondrites [3], and ordinary chondrites [4]. These 

methods have yet to be tested on enstatite chondrites. 

This would presumably pose more of a challenge since 

E chondrites do not typically have large amounts of 

matrix, with published ranges of <0.1 to 10 vol% [5]. 

This method is dependent on identifying and circling 

distinct objects that are not matrix, so if there is little to 

no matrix, this would prove to be a much more rigor-

ous task than with other types of meteorites in which 

more matrix is present, e.g. ~25 vol% in LL chondrites 

[6].  

Methodology: A Cameca SX100 electron micro-

probe was used to X-ray map ~8.4 mm2 in AMNH thin 

section Qingzhen 4564-1 for Si, Mg, S, K, P, Ni, Na, 

Fe, Ca, and Al at a resolution of 2 μm/pixel at 20 nA 

current and 15 kV accelerating voltage. Higher magni-

fication SEM images were also taken using a Hitachi 

S4700 field emission scanning electron microprobe to 

aid in identification of components that could not be 

resolved at the resolution of the X-ray maps. Similar 

work was also done with AMNH thin section Kota-

Kota 4047-2A and will be reported on later. 

The X-ray elements maps were stacked and com-

bined into RGB composite images to aid in identifying 

component types. Components were segmented into the 

following classes: whole chondrules, partial chon-

drules, opaque mineral grains, silicate fragments, re-

fractory inclusions, and matrix. In this study, matrix 

(fine-grain mineral “dust”) was the remaining area of 

the maps not segregated into the other component clas-

ses. However, this category of matrix also included un-

outlined objects less than 5 microns in diameter.  

Results: Analysis of the 8.4 mm2 map (Fig. 1) 

shows that whole chondrules make up 0.79% of the 

area, partial chondrules 34.5%, silicate fragments 

32.0%, opaque mineral grains 23.4%, refractory inclu-

sions 0.67%, and matrix 8.6%.  

 

 
Figure 1: 2 μm/pixel map of Qingzhen section be-

fore and after segmentation of objects into component 

classes. In the second image, each component class has 

a unique grayscale value for the image analysis to iden-

tify. 

Discussion: The classification scheme for the com-

ponent classes used in this work varies from those used 

in previous literature. Descriptions of the classification 

schemes in the previous literature were considered 

carefully, to allow comparison of those measurements 

to the ones put forth in this work.  

The literature values corresponding to our classes 

of whole chondrules, partial chondrules, and silicate 

fragments have the most variation, largely due to varia-

tions in their definitions. When totaling our values 

within these classes we get ~67 vol % which is con-
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sistent with the latest published EH values of 60-80 vol 

% [5]. It should be noted that the original source of 

these values is an EH4 (Adhi Kot) [7] and may not be 

directly comparable to those obtained in this study of 

an EH3 due to the thermal alteration and diffusion that 

occurs in chondrites of higher petrologic types. Anal-

yses of Yamato-691 (Y-691) [8, 9] also yield an abun-

dance value of ~65 vol % of chondrules and fragments 

which is also comparable to the value obtained in this 

study. This is a more favorable comparison since Y-

691 is also an EH3 chondrite. 

The current accepted values for opaque mineral 

abundance are sourced from back-calculations of aver-

age wt % values of opaque phases from [1]. These 

were obtained from three EH4 chondrites (Indarch, 

Adhi Kot, and Abee) and two EH5 chondrites (St. 

Mark’s and Saint-Sauveur). When we back-calculated 

the abundance values of opaque grains for these data 

[1], the EH4’s averaged ~21 vol % and the EH5’s av-

eraged ~23.5 vol %. These are consistent with the 23.4 

vol % obtained in this study. While the literature values 

are derived from EH4 and EH5 chondrites, these may 

be directly compared to the EH3 values if the higher 

petrologic types are assumed to be closed systems 

without any loss or gain of opaque material. The 23.4 

vol % obtained in this study is, however, lower than the 

30 vol % reported in Y-691 [8].  

The refractory inclusion abundance obtained in this 

study of 0.67 vol % seems to be consistent with that of 

the literature, in which most values range from ~0.1 to 

1 vol % [5, 10]. Whether any thin section or suite of 

sections is representative of the bulk rocks is unclear, 

given the very low abundance of refractory inclusions 

in EC’s.  

The matrix abundance value of 8.6 vol % obtained 

in this study is comparable to the 8 vol % matrix re-

ported by [11]. This is an average of 4.9±0.5 vol % 

matrix found in Y-691 and 11.7±1.2 vol % matrix 

found in Allan Hills A81189 (ALHA81189), both of 

which are EH3 chondrites [9]. The ALHA81189 value 

was noted to be comparable to a value of 14±5 vol % 

matrix determined for Qingzhen [12]. Because of this, 

the value obtained from Y-691 was noted to appear 

anomalously low. The value of 8.6 vol % matrix found 

in this study is comparable to those found in the litera-

ture for EH3 chondrites but when compared to previ-

ous values for Qingzhen, it is found to be on the low 

end around the range of percent error. This lower value 

may be due to the choice to include matrix-like materi-

al that surrounded some partial chondrules (i.e., fine-

grained rims) as part of the partial chondrule objects 

and not to distinguish it as matrix. This matrix material 

was interpreted to be original outer chondrule margin 

prior to parents body alteration instead of accretionary, 

added after chondrule formation. 

Conclusions: The modal abundance values ob-

tained using the methods of this study are comparable 

to ranges put forth in previous studies. However, the 

values used in the most-cited literature were obtained 

using point counting methods and were done on a 

range of petrologic types of EH chondrites (EH4, EH5) 

using a broad range of criteria, thus they may not be 

suitable as the standard, canonical modal abundance 

values for unequilibrated EH3 chondrites. The modal 

abundance values obtained in this study may be a better 

representation of EH3 chondrites.  

The methods used in this study are also more re-

producible than those obtained using point counting. 

Point counting relies on correct phase identification 

and its accuracy is dependent on the number of points 

counted and how representative the section studied is 

of the whole sample. The literature values were ob-

tained using varying point counting techniques and grid 

scales that are inconsistent with one another, and the 

criteria for obtaining values are explained at varying 

levels of detail. These measurements are also difficult 

to scrutinize by others, since the methods are subjec-

tive. By comparison, the methods of this study allow 

for the entire area of a mapped section to be analyzed 

an sorted down to the pixel scale. In this way, the 

methods are more quantitatively exact than optical 

point counting. Results also can be scrutinized by any-

one, because the x-ray map files and the outline over-

lays used can be published online and thus checked by 

other researchers. Post-publication, other researchers 

are free to run their own analyses of the sections in this 

way to obtained their own values. Thus, these results 

are reproducible.  
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