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Introduct ion:  Primitive achondrites are
meteorites with chondritic (primitive) compositions
and non-chondritic textures [1]. As such, they offer
insight into the process of differentiation that
occurred on asteroids. Of the primitive achondrite
groups, the winonaites and IAB irons are the most
enigmatic. The winonaites exhibit metamorphic
(recrystallized) textures and reduced mineral
chemistries. The IAB irons are a group of iron
meteorites that are unusual in that they have
geochemical trends that are inconsistent with
fractional crystallization during core formation. In
addition, they also contain abundant silicate
inclusions. These inclusions are similar in
mineralogy, texture, and oxygen isotopic composition
to the winonaites. Mineralogy and textures indicate
that the Fe,Ni metal – FeS eutectic (988˚C) was
reached in all the samples. In addition, silicates were
partially melted. To account for the contradictory
features of the winonaite-IAB association, a complex
history was proposed by [2] that involved partial
melting of the metal-sulfide and some silicate
material followed by catastrophic break-up and
reassembly, which allowed mixing of the molten
metal with unmelted silicate material. This was
followed by metamorphism during cooling of the
reassembled body.

Silicate minerals in the IAB inclusions are
reduced with olivine and low-ca pyroxene averaging
Fa4.5 and Fs6.0, respectively. These values fall
between the values for ordinary and enstatite
chondrites. Fayalite values in olivine are higher than
Fs values in orthopyroxene in the winonaites and
IABs indicating non-equilibrium. It has been
suggested that the winonaite-IAB parent body
experienced reduction from ordinary chondrite
compositions during metamorphism at a pressure ~10
bars [3]. Recent experimental evidence [4] offers
evidence that this is not the case: compositions of
other phases are not consistent with reduction of
ordinary chondrite starting material. While it is likely
that some reduction took place during post-
reassembly metamorphism, the reduced compositions
are most likely a primary feature of the winonaites
and IAB irons. Using T and oxygen fugacity
calculations we can determine the extent of reduction
that took place during cooling.

Samples and Methods: We have calculated
closure temperatures of silicate inclusions in five IAB
irons (Udei Station, Copiapo, Lueders, Caddo
County, and Campo del Cielo) and one winonaite
(Winona) using thermometers based on two different
mineral systems. We used the two-pyroxene
thermometer devised by [5] that utilizes the Ca-
exchange between low- and high-Ca pyroxenes. We
also applied the olivine-chromite thermometer of [6].
Using these temperatures, oxygen fugacities were
calculated based on the quartz-iron-fayalite and
quartz-iron-ferrosilite buffers. The relevant buffers
can be expressed as follows:

    

€ 

2Fe + SiO2 + O2(g) = Fe2SiO4 (1)

    

€ 

2Fe + 2SiO2 + O2(g) = Fe2Si2O6 (2)
Thermodynamic data are from the database
incorporated into the HSC Chemistry Software
package [7]. We set aFe = XFe in metal (0.91) and
aSiO2, which is set to 0.9, since there is no quartz
present in the rock.

Results and discussion: Results are listed in
Table 1 and illustrated in Figure 1. Calculated 2-
pyroxene temperatures range from ~900 to ~1100˚C,
while the olivine-chromite temperatures range from
~590 to ~700˚C. Oxygen fugacity calculations
average IW – 2.5 for the higher temperature pyroxene
data, whereas for the lower-temperature olivine data,
the oxygen fugacity is slightly more reduced with an
average ƒO2 of IW – 3.0.

The temperatures calculated here are closure
temperatures. Peak temperatures would have been
slightly higher. These temperatures are consistent
with textural features that indicate the meteorites
experienced heating to the point of silicate partial
melting (~1050˚C). Furthermore, we postulate that
these temperature systems closed during cooling
rather than heating. The two-pyroxene mineral
system would close before the olivine-chromite
system during cooling, due to the fact that Ca
diffusion is much slower than Fe diffusion. This is
consistent with the higher calculated two-pyroxene
relative to the olivine-chromite temperatures: the
difference is dependent on cooling rate.

Calculated oxygen fugacities also vary slightly. It
is interesting to note that all the meteorite data fall on
a line (R2=0.9997), indicating that the system is
buffered. It is not buffered by any known system. The
line falls below the IW (fig. 1) and above the Cr-
Cr2O3 buffers, but is not parallel to either. Although
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the meteorites do not lie on any of the CO-C buffers,
the presence of graphite in the samples indicates that
graphite was likely the reducing phase during
metamorphism. Experimentally, the reduction of
graphite is kinetically inhibited below ~1100˚C [8],
but these data indicate that reduction took place
between ~1000˚C and ~650˚C. Graphite is variably
abundant in the samples, ranging from trace amounts
in Winona and Caddo Count to ~8 vol% in a sample
of Campo del Cielo. If this is the reducing process,
then the presence of graphite means that the reaction
either did not go to completion (fast cooling rate?) or
it occurred at low pressures [9].

However, because there is graphite remaining in
the matrix and the temperatures and oxygen
fugacities plot below C-CO at 1 bar, this implies that
reduction of graphite may not have been the
dominant process. Another possibility is that
oxidation occurred during metamorphism. The case
can be explained as follows: the buffers tend to
diverge at lower temperature (i.e. IW is not a constant
offset from Cr-Cr2O3), so in effect, the winonaite-
IAB buffer line is becoming more oxidizing relative
to Cr-Cr2O3 buffer with decreasing temperature. We
are exploring the effects of this on the samples.

Conclusions: The break-up and reassembly model
[2] that mixed silicates and molten metal in IABs
makes a number of predictions about the parent body
thermal environment post-assembly. Peak
temperatures would have been reached prior to break-
up, with post-assembly cooling through the closure
temperatures of various mineral systems. During
metamorphism, some reduction of olivine took place
between the time it took to cool from the two-
pyroxene to the olivine-chromite closure temperature.
However, the data presented here show that this
reduction was minor relative to the intrinsic reduced
nature of the parent body.
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Table 1. Temperature and oxygen fugacity results determined in
this study. Graphite modal abundance is from [10]. Abbreviations
are as in Fig. 1 caption. Numbers in parentheses refer to PTS
number.

Meteorite Gr. Olv-Chr ΔIW 2-pyx ΔIW
Vol% ˚C ˚C

Cad Tr. 590 -3.0 1016 -2.5

CdC (-4) 8.1 688 -3.1 965 -2.6

CdC (-6) 7.7 634 -3.1 913 -2.7

Cop 2.5 611 -3.1 933 -2.7

Lue 1.8 586 -3.2 1067 -2.5

Ude 4.5 642 -2.9 1043 -2.3

Win (-854) Tr. 700 -2.9 976 -2.5

Win (-133) Tr. 668 -2.9 1084 -2.4

Win (-195) Tr. 653 -3.0 -- --
Gr. = Graphite, Olv-Chr = Olivine-chromite temperature; ΔIW is
the deviation in oxygen fugacity from the IW buffer in log units; 2-
pyx = Two-pyroxene temperature; Tr. = trace amount.

Figure 1.  Plot of oxygen fugacity (log ƒO2) vs
temperature (10,000/T(K)) for the 5 IAB irons and 1
winonaite analyzed in this study.  Oxygen fugacity
determined from orthopyroxene (reaction 2) is shown
in blue, and that determined from olivine (reaction 1)
in red.  Individual points are labeled with
abbreviations for the meteorite names:  Cad – Caddo
County; CdC – Campo del Cielo; Cop – Copiapo;
Lue – Lueders; Ude – Udei Station; Win – Winona.
The three points labeled “Win” and the two points
labeled “CdC” are data from different thin sections.
Also shown in this plot are the Iron-Wustite, Cr-
Cr2O3, and three CO-C (1, 10 and 100 bars) fugacity
buffers for reference.
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