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Redox state of partly a sulfidized EH3 chondrule
constrained by Fe exsolution from olivine  
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Introduction: EH chondrites experienced gas-solid sulfidation reactions that resulted in the partial replacement of ferromagnesian silicates by silica, niningerite, troilite, and old-
hamite [1-5]. The strongest evidence for these reactions comes from a subset of EH3 chondrules that contain cristobalite, porous S-rich silica, niningerite, and troilite replacing ol-
ivine and pyroxene (Fig. 1) [4]. Thermodynamic analysis of the likely sulfidation reactions inferred from the mineralogy of the sulfidized chondrules points to their occurrence during 
transient heating events in a H-depleted, S- and dust-enriched environment [4,6,7], with the fS2 buffered by the Fe-FeS assemblage [8,9] and redox conditions on the order of log 
fO2 IW-6. Here we present observations of kamacite and chromite that exsolved from olivine. Some olivine was replaced by pyroxene, silica, niningerite, and troilite. The phase re-
lations among the kamacite, chromite, and olivine constrain the redox conditions of silicate sulfidation.    

 A

Conclusions: The exsolution of picrochromite and kamacite from olivine suggests that the chondrule 
experienced heating above 1700 K in an environment with redox conditions changing from log fO2  
IW-2 to -7.  
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Fig. 1. Dusty olivine megacryst within a partly sulfidized chondrule. A) Plane-polarized-light image. B) Backscattered electron 
(BSE) enlargement of the megacryst. C) BSE enlargement of the dusty olivine from the rectangle in B. Yellow rectangle shows the 
location of the FIB section imaged in Fig. 2. fo = forsterite, p. sil = porous silica, ng = niningerite, tro = troilite, en =  enstatite.

Fig.3. Diagram of phase stability fields in the S-free (light green) and S-rich (peach) 
portions of the Mg-Fe-Cr-Si-O-S system. The green area shows minerals occurring 
within olivine and pyroxene, and the peach area shows partly sulfidized silicates 
with the fS2 buffered by Fe-FeS. Chr = MgCr2O4, Fo = Mg2SiO4, Fe,Cr = Cr-bearing 
kamacite, Cr-Ol = Cr- and Fe-bearing olivine, Fa = fayalite content in olivine, En = 
enstatite, Nin = niningerite, (Fe,Mg)S, SiO2 = silica. The fO2 curves for the metal-ol-
ivine (Fa#) and solar nebula equilibria [4] are shown for reference.

• Between 1400 and 1800 K olivine and picrochromite coexist at 
higher fO2 than olivine and kamacite (Fig. 3)

• Picrochromite exsolution occurred when the chondrule experi-
enced relatively oxidizing conditions. 

• Subsequent interaction of the chondrule with a more reducing 
environment resulted in kamacite exsolution 

•  It is difficult to assess whether the picrochromite and kamacite 
exsolution was contemporaneous with the olivine sulfidation. It is 
possible that the fO2 and fS2 were high enough to sulfidize olivine 
but not orthopyroxene

Points of interest:

Fig. 2. A) Annular dark-field STEM image of a portion of the FIB section. The diffractogram shows the relative 
orientations of kamacite and olivine. B) Enlargement of kamacite bleb and chromite lamellae from within the 
red rectangle. The diffractograms are of the chromite and kamacite. C) Enlargement of yellow rectangle la-
beled ‘C’. Chromite lamellae appear to crosscut kamacite blebs. kam =  kamacite, chr = chromite; other abbre-
viations as in Fig 1.
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TEM observations: 
The olivine (Fa < 
0.02) contains ka-
macite and picro-
chromite, nearly pure 
MgCr2O4, aligned 
along olivine [100] 
(Pnma setting) (Fig. 
2A). Most kamacite 
blebs contain Cr. The 
picrochromite oc-
curs as fine lamellae 
that in many cases 
continue through ka-
macite grains (Fig. 
2C), suggesting that 
the picrochromite ex-
solved first. HRTEM 
imaging indicates the 
picrochromite is as-
sociated with amor-
phous silica.
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