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Introduction: Early planetary differentiation 
occurred under a variety of conditions (e.g. T, fO2) 
and it is possible that this process can change the 
geochemistry, both elemental and isotopic, such 
that the end products and parental material cannot 
be easily related. Preliminary experiments 
demonstrated modification of mineral compositions 
during partial melting under reducing conditions 
[1].  From isotopic and geochemical studies of 
chondrites, it is known that an oxidation  “gap” 
exists between E and H type chondrites yet some 
meteorite groups, notably the primitive 
achondrites, seem to fill the gap (e.g. pallasites, 
acapulcoites, lodranites, winonaites, and IAB and 
IIE irons). In comparison to ordinary chondrites, 
primitive achondrites exhibit: 

 (a)     textural equilibration 
 (b) lower FeO silicate and chromite 

compositions [2,3]  
(c) chromite richer in Cr2O3 and MgO and 

poorer in FeO [2,3],  
(d) evidence for more extensive heating, 

including partial melting of both silicates and metal 
[2,3] and  

(e) transition of some elements from lithophile 
to chalcophile behavior (e.g., Cr in sulfide).  

 Determining the conditions under which these 
modifications occurred and tying them to specific 
processes (i.e. partial melting or solid state 
reduction) is important to assess how much the 
conditions affect the chemistry and/or morphology 
of mineral and metal phases. Currently, we are 
testing the effect of reducing conditions during 
melting of an ordinary chondrite.  

Samples and Analytical Techniques: Our 1 
atm. melting experiments utilized chips (0.2-0.4 g) 
of the H6 chondrite Kernouvé placed inside a 
graphite crucible to induce reducing conditions 
and sealed in evacuated silica tubes.  Samples 
were run at 950, 1000, 1100 and 1200°C for 120 
hours.  Polished thin sections were examined by 
SEM and electron microprobe.  

Results and discussion: The experiments 
produced many of the features that bridge the gap 
between ordinary chondrites and primitive 

achondrites. These involve modification of silicate 
and metal chemistry. However, one obvious 
feature, the overall textural difference between 
equigranular primitive achondrites and chondrule-
bearing ordinary chondrites, cannot be reproduced 
in our work, given the short timescales.  

Significant changes occur in chromite 
chemistry.  At 1000˚C, chromite cores contain ~29 
wt.% FeO, with rims at ~9 wt.% FeO.  At 1200˚C, 
rims are reduced to ~5 wt.% FeO.  In addition, we 
see a corresponding compositional change in the 
intergrown troilite, with Cr increasing 
systematically with increasing temperature from 
~1 wt.% at 950˚C and reaching >10 wt.% by 
1200˚C.  The migration of Fe from the chromite 
(Fig 2), and corresponding increase of Cr in the 
sulfide can be understood in the context of 
reduction during melting.  The Fe component of 
the chromite (FeCr2O4) is reacting with graphite to 
form CO.   As a consequence, reduced Fe and Cr 
are liberated during this reaction.   Cr becomes 
highly chalcophilic under these conditions and is 
incorporated into the sulfide.  In contrast, Fe is 
siderophilic and is incorporated into the Fe metal.  
These features – Cr in sulfides, Mg-rich chromites 
and Ni-poor metal - are hallmarks of the primitive 
achondrites. 

We have reproduced Fe,Ni-FeS and silicate 
partial melting in our experiments. Morphologic 
evidence includes micron-scale veins of metal and 
sulfide rimming silicate grains at temperatures of 
950°C and above. Silicate partial melting is 
observed at temperatures above 1000°C. The 
composition of the melt at 1200°C lies near the 
eutectic in the Fo-An-SiO2 ternary phase diagram, 
along the An-En cotectic. This composition is 
consistent with low degrees of partial melting 
observed in many primitive achondrites (e.g. 
Caddo County, Lodran). 

The transition of selected elements (e.g., Cr, 
P) from lithophile to calchophile or siderophile 
behavior occurs in experiments at 1000˚C and 
above.  In particular, we observe reaction 
occurring between chromite and troilite.  Chromite 
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is typically bounded by a dendritic intergrowth of 
chromite and troilite and exhibits Fe-Mg zoning 
(Fig 1). 

 
 

 
Figure 1. BSE image of dendritic intergrowth of 
troilite with chromite in the 1000° C melting 
experiment. The inner cores of the chromite grains 
are higher in FeO than the outer rims. 
 
 

The reaction of chromite with graphite 
liberates some Fe metal, producing more Mg-rich 
(reduced) chromites.  However, the most notable 
feature of the reduced state of primitive 
achondrites is the FeO-poor nature of the mafic 
silicates, with olivine compositions typically 
ranging between Fa12 (Acapulco) [3] and Fa1 
(Pontlyfni).  In our 1200˚C experiment, we find 
olivine of Fa2.2-4.8 and orthopyroxene of Fs17 [2].  
While the olivine compositions are highly reduced 
compared to those in the starting Kernouvé (Fa17), 
orthopyroxene compositions are essentially 
unchanged.  In addition, MnO concentrations in 
olivine do not change with increasing temperature, 
despite the sharp decrease in FeO concentration.  
Both the constant MnO and high Fs/Fa ratio in the 
1200˚C experiment are consistent with solid state 
reduction of the olivines, essentially in the form of 
interaction between the fayalite component in 
olivine (Fe2SiO4) and graphite to produce CO and 
free metal.  Given the dominance of olivine in the 
modal mineralogy of ordinary chondrites, this 

reaction is the dominant source of Fe0 formed 
during reduction.  The complementary evidence 
for this reaction is found in small metal blebs 
occurring within the silicate melt at 1200˚C that 
contain as little as 0.6 wt.% Ni.  Clearly, these 
blebs record addition of Fe0 formed by reduction 
and did not form solely by melting of Kernouve 
metal. 
 

 
Figure 2. As the temperatures in the experiments 
increase the Fe migrates out of the chromites from 
the rims leaving Fe rich cores rimmed with Mg 
rich chromite [3]. 
 

Several issues remain to be resolved.  Most 
notably, the solid graphite buffer assembly used in 
these experiments provides both conditions above 
1000˚C more reducing than experienced by the 
majority of primitive achondrites and an 
essentially infinite source of graphite.   We are 
currently attempting to constrain the minimum 
abundance of graphite needed in the precursor to 
produce the observed reduction and plan 
experiments using CO-CO2 mixtures to more 
closely replicate the oxygen fugacity experienced 
by primitive achondrites. 
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