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Introduction: Enstatite chondrites have important 

implications for constraining conditions in the early 

solar system and for understanding the evolution of the 

Earth and other inner planets. They are among the most 

reduced solar system materials as reflected in their 

mineral compositions and assemblages [e.g., 1]. They 

are the only chondrites with oxygen as well as Cr, Ti, 

Ni and Zn stable isotope compositions similar to the 

earth and moon [2,3,4] and are the only chondrites that 

appear to be completely dry, lacking any evidence of 

hydrous alteration. Thus, they likely formed within the 

snow line and are the most likely candidates to be 

among the building blocks of the inner planets [5]. 

The goal of our work is to understand the pre- and 

post-accretion evolution of the E chondrites through 

petrologic and chemical analysis. Here we focus on 

chondrules, inclusions and metal in four EL3 

chondrites. We previously reported on chondrules and 

metal in the MAC 88136 EL3 and were intrigued by an 

usual diopside-rich chondrule and unusual metal-

silicate intergrowths [6]. Metal-silicate intergrowths 

have been reported previously and have been interpret-

ed to be products of the early nebula [7], or the results 

of impact processing on their parent body asteroid [8]. 

Furthermore, metal-sinoite-oldhamite-graphite assem-

blages were found in a highly primitive EL3 chondrite 

clast from the Almahata Sitta polymict breccia and 

interpreted to be early nebula condensates [9]. Here we 

provide further, detailed analysis of the components in 

EL3 chondrites in order to evaluate their primary nebu-

lar vs. impact histories. 

Results: We studied thin sections of 5 of the 12 

known EL3 chondrites (ALH 85119, EET 90092, 

MAC 88136, PCA91020 and QUE 93351) using SEM 

and electron probe microanalysis (EPMA). All of these 

chondrites are dominated by sharply bound chondrules 

and metal-rich nodules. Chondrules are generally in the 

range of 200-600 µm but reach 1.5 mm in size. This is 

consistent with the reported average chondrule diame-

ter of 550 µm for EL3 chondrites [10]. Chondrules and 

metal in PCA 91020 are elongated and apparently plas-

tically deformed. Chondrule textures include porphyrit-

ic, radial and cryptocrystalline. Chondrules are general-

ly dominated by near-endmember enstatite (Fs<2), as 

expected for chondrules in E chondrites, with in some 

cases minor forsterite. Olivine-dominated chondrules 

are present but rare. (Olivine is about 2.5 vol. % of the 

meteorites). The chondrules are generally similar to 

chondrules in Type I chondrites but troilite (FeS) con-

tains Ti and Cr, daubreelite (FeCr2S4) is present and 

FeNi is essentially absent. We did not observe refracto-

ry inclusions in the EL3 chondrites. However, we re-

cently described an unusual diopside-rich chondrule in 

MAC 88136 [6] consisting of large 150µm diopside 

(Wo46.5,Fs0.1) associated with silica, enstatite 

(Wo0.7, Fs0.3), troilite and daubreelite. Similar objects 

were not found in the other four EL3 chondrites. Spi-

nel-rich refractory inclusions have been described pre-

viously in EL3 chondrites [10].  

Metal nodules in EL3 are generally smaller than the 

silicate chondrules, at about 200-300 µm in size and 

constituting about 10% of the EL3 chondrites. In some 

cases they occur in clusters of several nodules. They 

have sharp boundaries with the matrix and enclose 

complex assemblages as described by [5,8,9]. The 

metal encloses assemblages of of enstatite, albitic pla-

gioclase, silica, schreibersite (FeNiP), troilite, 

daubreelite and/or graphite (Fig. 1). Djerfisherite is 

absent. Enstatite in the metal occurs as needles and 

laths and contains (wt.%) 0.9 FeO and 0.1 CaO, with 

MnO and Cr2O3 below detection (<0.02). Considering 

the laths are only several microns wide, some or all of 

the FeO could be secondary fluorescence from sur-

rounding metal. The plagioclase in the metal has 

(wt.%) about 68.0 SiO2, 19.5 Al2O3, 8.3 Na2O, 2.0 

CaO and 0.5 K2O. Some metal nodules appear to con-

tain mainly graphite (Fig. 2) and others, mainly silicate. 

We did not find metal associated with sinoite-

oldhamite assemblages, as described in an Almahata 

Sita EL3 clast [9]. The Almahata EL3 clast may repre-

sent material that formed under more reducing condi-

tions than the EL3 chondrites studied here. 

Discussion: The origin of EL3 chondrites is con-

troversial. They have been interpreted to be breccias 

with regions of impact melt [8,11]. The metal nodules 

with their enstatite intergrowths have been interpreted 

to be products of impact melting with mobilization of 

the metal and injection into the pores of the EL3 rego-

lith [8]. However, petrologic evidence of impact in the 

EL3 chondrites is lacking. The metal has nodular struc-

tures and both chondrules and metal show well defined 

outlines. Shock veins are not found, nor are high-

pressure polymorphs of silica or other minerals found 

[15]. Also, EL3 sphalerite shows a wide range in 
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53
Mn/

55
Mn ratios and the excess of 

53
Cr in sulfides [16, 

17] conflicts with impact-induced processes. Addition-

ally, sinoite-oldhamite-graphite assemblages in metal 

from the Almahata Sitta EL3 have been interpreted to 

form from vapor-solid condensation [9]. The assem-

blages in these metal nodules are more consistent with 

condensation. Their sinoite is idiomorphic crystalline 

and not amorphous and the presence of poorly graphi-

tized carbon argues against heating events associated 

with impact. Furthermore, the C and N isotopic com-

positions of these assemblages would not survive a 

major heating event [9]. 

Fractional condensation in the nebula has also been 

proposed for formation of the EL3 metal nodules [6]. 

In a nebula with a C/O ratio of ≥ 1, FeNi metal con-

denses at 1375 K (a bit lower if cohenite Fe3C is stable 

[14, plate 9]) and olivine, diopside and enstatite con-

dense at 1100, 1050 and 950 K, respectively [12-14]. 

Thus, metal nodules may have existed independently of 

silicates as the system cooled over 250°. Agglomera-

tions of condensates in this temperature regime would 

be metal-rich. Some of the textural features of the EL3 

chondrites, such as deformed chondrules and metal 

may be the result of hot accretion and not impact. 
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Fig. 1 Fe-Ni-S (red-green-blue) composite X-ray map 

of a metal nodule (500 µm across) in MAC 88136 

(EL3). The nodule consists of Fe-Ni metal (red) en-

closing graphite (black), troilite (purple), daubreelite 

(blue) and Schreibersite (green) with needles and laths 

of enstatite (black). 

 

 
Fig. 2 Fe-Ni-C (red-green-blue) composite x-ray map 

of a metal nodule (~300 µm across) in PCA 91020 

(EL3). The nodule consists of Fe-Ni metal (orange) 

enclosing graphite (blue) with minor schreibersite 

(green). 
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