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CHANGES IN REDOX STATE DURING ORDINARY CHONDRITE METAMORPHISM 
Harry Y. McSween, Jr. and Theodore C. Labotka, Department of 
~eological Sciences, University of Tennessee, Knoxville, TN 37996 

It is generally believed that Fe in ordinary chondrites was reduced 
during thermal metamorphism (1, 2). A steep temperature gradient, 
acting in concert with the buffering effect of the graphite 
saturation surface, is thought to have caused Fe reduction in 
asteroid interiors. However, there are a number of observations 
that indicate oxidation of Fe linked to petrologic type in H4-6, 
L4-6, and LL4-6 chondrites: The mean ferrous Fe contents of 
olivine and low-Ca pyroxene increase progressively from type 4 to 
type 6; the olivine/pyroxene ratio increases as the proportion of 
metallic Fe decreases in this sequence; and the Ni and Co contents 
of bulk metal increase in this sequence. Relative oxygen 
fugacities for H and L chondrites, calculated from mineral 
compositions, also increase from type 4 to type 6 chondrites. Our 
calculated f02 values for equilibrated H and L chondrites are 2-3 
log units lower than intrinsic f02 measurements (I), but those 
measurements lie above the Fa-Fe-Fs buffer curve and thus are 
inconsistent with observed chondrite mineralogy. 

Mineral compositions and proportions for type 3 chondrites do not 
conform to the progressions seen in types 4-6 chondrites. In 
unequilibrated chondrites, Fe may actually have been reduced 
through reaction with graphite at the onset of metamorphism. 
However, redox state at metamorphic temperatures was controlled by 
equilibrium between olivine, pyroxene, and metal, as the activity 
of carbon was reduced by its dissolution in taenite. Thus the 
cooler, near-surface regions of chondritic asteroids may have 
experienced Fe reducing conditions while Fe in the hotter interiors 
was oxidized, as illustrated in Fig. 1. Much of the current 
confusion over whether ordinary chondrites were oxidized or reduced 
during metamorphism appears to derive from comparisons of type 3 
chondrites with equilibrated chondrites. 

At the bottom of Fig. 1 are shown values for A log f02 in types 4- 
6 chondrites, which are calculated relative to the Fa-Fe-Fs buffer 
curve. We suggest that these progressive changes in redox state 
with metamorphic grade result from reactions with an aqueous vapor, 
possibly derived from ices originally accreted into the parent body 
interior. The presence of pre-terrestrial alteration in ordinary 
chondrites (3) has also been cited as evidence for aqueous fluids 
in ordinary chondrite parent bodies. The compositions of 
equilibrium COHS vapors at temperatures and f02 values appropriate 
to equilibrated chondrites are dominated by Hz and contain less 
than 10% carbon-bearing species, consistent with the idea that the 
fluid was aqueous rather than carbonated. Assuming that this fluid 
was pure water, the calculated water/rock weight ratio required to 
account for the observed Fe oxidation in equilibrated H and L 
chondrites was very modest, less than several parts per mil. 
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Oxidation and the presence of even minor amounts of a vapor phase 
during metamorphism affect interpretations of the chemical and 
isotopic fractionations in ordinary chondrites, and allow a 
distinction between models involving nebular or parent-body 
processes. For example, the production of phosphates by oxidation 
of metallic P has been suggested to have occurred in the nebula 
(4), but oxidation of P with Fe during metamorphism is more likely 
and leads to interpretation of U-Pb ages on phosphates as 
metamorphic closure times (5). Arguments about whether chondritic 
volatile element abundances reflect nebular condensation/accretion 
or metamorphic redistribution (6, 7) may be resolved, because 
secondary redistribution becomes more feasible if a carrier gas is 
involved. Also, systematic variations in oxygen isotopic 
compositions of types 4-6 chondrites (8) might be explained by 
exchange with an isotopically light aqueous vapor during 
metamorphism, rather than by oxidation and loss of graphite. 
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Fig. 1. Model for metamorphism of 
the H chondrite parent body, showing 
internal temperature distribution 
and stratigraphic thicknesses of 
petrologic types. The boundary 
between Fe reduction and Fe 
oxidation is thedepth (temperature) 
at which silicate-metal equilibrium 
began to control fO,. Calculated 
A log fO, values (relative to Fa- 
Fe-Fs buffer) indicate progressive 
oxidation. 
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