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Abstract—Silicate inclusions in IAB irons and related winonaite meteorites have textures, mineralogies and
mineral chemistries that indicate a complex formation history of heating, followed by brecciation and
metamorphism. Using olivine-orthopyroxene-chromite assemblages in five IAB iron silicate inclusions
(Caddo County, Campo del Cielo, Copiapo, Lueders, and Udei Station) and one winonaite (Winona), we
calculated closure temperatures and oxygen fugacities for these meteorites. Calculated olivine-chromite
Fe-Mg exchange temperatures are compared to two-pyroxene temperatures. Olivine-chromite closure tem-
peratures range from �590°C to �700°C, while two-pyroxene temperatures range from �900°C to �1200°C.
Oxygen fugacities of these meteorites, determined for the first time in this study, range from 2.3 to 3.2 log
units below the Fe-FeO buffer and define a line between the Fe-FeO and Cr-Cr2O3 buffers. Highly variable
temperatures were experienced by these rocks on the hand sample, and sometimes even the thin section, scale
consistent with the idea that the winonaite-IAB iron parent body experienced collisional fragmentation and
reassembly after peak temperatures were reached. Although modest reduction likely occurred during cooling,
the oxygen fugacities and mineral compositions recorded at peak metamorphic temperatures suggest that the
chondritic precursor for this parent body was initially more reduced than ordinary chondrites. Copyright
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1. INTRODUCTION

Most iron meteorite groups exhibit geochemical trends con-
sistent with fractional crystallization of a common metallic
magma. It is widely accepted that these trends formed during
crystallization of a metallic core after differentiation, with each
group forming in a distinct asteroid (Wasson, 1972; Buchwald,
1975). There are, however, several iron meteorite groups (e.g.,
IAB, IIE, IIICD) whose geochemical trends are not consistent
with this scenario and many members of each of these groups
contain silicate inclusions. IAB is the largest of these groups
(131 members) and second largest of all iron meteorite groups,
following the well-studied IIIAB group.

IAB iron metal is characterized by wide ranges in Ni (5.5
wt% to 60.8 wt%) and siderophile trace element (e.g., Ga, Ge,
Ir) concentrations (Choi et al., 1995; Wasson and Kallemeyn,
2002). The common silicate inclusions are similar in bulk
chemical composition to chondritic material (Bunch et al.,
1970; Wasson, 1972; Benedix et al., 2000). However, olivine
and orthopyroxene are intermediate in FeO concentration be-
tween H and E chondrites. The stony winonaites share a com-
mon silicate mineralogy, mineral chemistry and oxygen isoto-
pic composition (Benedix et al., 1998, 2000 and references
therein) with silicate material in IAB irons and are thought to
derive from the same parent asteroid (Bild, 1977).

The features of IAB irons indicate formation by one or more
mechanisms that may not have operated on the parent bodies of
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other iron meteorites (Wasson, 1972). Wasson and co-workers
(Choi et al., 1995; Wasson and Kallemeyn, 2002) favor forma-
tion of IAB irons by selective impact melting of a chondritic
source, suggesting rapid heating and cooling to produce the
geochemical trends in the metal. Takeda et al. (2000) studied
gabbroic-textured regions in the Caddo County IAB iron and
suggested formation by segregation of silicate and metal partial
melts at depth on a parent body early in the history of the solar
system. Benedix et al. (2000) advocated a hybrid model that
explains the apparently contradictory features by invoking in-
complete melting and separation of the Fe, Ni-FeS cotectic and
basaltic partial melts from the chondritic to ultramafic residues,
followed by catastrophic impact mixing to produce the silicate-
metal mixtures.

While these models provide a broad framework for interpret-
ing the genesis of IAB irons and winonaites, they cannot
elucidate the details of formation, including such intrinsic geo-
chemical parameters as peak temperatures, oxygen fugacity and
pressure. Particularly enigmatic is the nature of the precursor
chondritic material. Do the mineral and bulk compositions of
the IAB silicate inclusions and winonaites reflect those of the
precursor chondrite or were they originally more oxidized and
became reduced as a result of interaction with the carbon-rich
metal in which they are now embedded? In this study, we
attempt to determine these parameters in the IAB silicate in-
clusions and Winona, to better understand the thermal history
and starting composition of the parent body.

2. SAMPLES AND TECHNIQUES

2.1. Analytical Techniques
We studied the IAB irons Caddo County, Campo del Cielo, Copiapo,
Lueders, and Udei Station, as well as the type winonaite, Winona
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(Table 1). These meteorites span the complete range of textural types
found in winonaites and IAB irons, including recrystallized metamor-
phic unmelted rocks (Winona, Campo del Cielo, Copiapo), partial
melts (basaltic-gabbroic silicates in Caddo County), and partial melt
residues (Udei Station) (Benedix et al., 1998, 2000 and references
therein).

Polished thin sections were studied optically in both transmitted and
reflected light. Elemental X-ray maps of entire thin sections or inclu-
sions were acquired with a Cameca SX-50 electron microprobe and a
JEOL JSM-840 scanning electron microscope at 15kV and 10nA beam
current. Olivine, orthopyroxene, clinopyroxene and chromite compo-
sitions were obtained on the electron microprobes at Virginia Tech
(Cameca SX-50), the Smithsonian (JEOL JXA-8900R), and Washing-
ton University (JEOL Superprobe 733). All mineral analyses were
conducted with a fully focused beam at 15 kV accelerating voltage and
20–30 nA beam current. Well-known mineral standards were used and
the data were corrected with manufacturer-supplied ZAF routines.

2.2. Thermodynamic Modeling

The primary goal of this study is to provide constraints on the
environmental conditions experienced by the IAB iron meteorites with
silicate inclusions and related winonaites. Such constraints allow for
interpretations of the origin and evolution of these materials.

Closure temperatures are determined using thermometers for two
different mineral systems. First, we used co-existing olivine and chro-
mite to determine temperature using the MELTS calculator (Sack and
Ghiorso, 1991a, 1991b Ghiorso, pers. comm. 2004). We input our
chromite and olivine compositions (Table 2a) and the calculator deter-
mines the activities of the endmembers and a closure temperature.
These calculations are also dependent on pressure, which we set to 1
bar, which is a reasonable assumption for the interior of a small body
up to 100km in radius. Variation in temperature results are negligible
for pressures up to 10000 bars. We also determined a closure temper-
ature(s) using the two-pyroxene mineral system and the technique of
Kretz (1982), which is based on the transfer of Ca between the low- and
high-Ca pyroxenes.

Once closure temperatures have been determined, we can calculate
the oxygen fugacity recorded by the major silicate minerals. The key
parameter for calculating the oxygen fugacity is the FeO content of the
olivines and pyroxenes. The following reactions are relevant:

2Fe � SiO2 � O2(g) � Fe2SiO4 (1)

and

Fe � SiO2 � 0.5 ● O2(g) � FeSiO3 (2)

Equilibrium constants as a function of temperature for these reactions
can be expressed as

Log K1 � Log� aFe

aFe
2 ● aSiO2

● fO2

��
29558

T
� 7.48

Table 1. Samples used in this study.

Meteorite Section Loaning Institution

Caddo County USNM 6936-1 Smithsonian Institution
Campo del Cielo USNM 5615-4 Smithsonian Institution

USNM 5615-6 Smithsonian Institution
Copiapo USNM 3204-1 Smithsonian Institution

USNM 3204-2 Smithsonian Institution
Lueders UH 245 University of Hawaii

UH 255 University of Hawaii
Udei Station USNM 2577 Smithsonian Institution
Winona USNM 854 Smithsonian Institution

UH 133 University of Hawaii
UH 195 University of Hawaii
(737 � T � 1073) (3)
and

Log K2 � Log� aFe

aFe ● aSiO2
● 0.5fO2

��
29482

T
� 7.43

(737 � T � 1073) (4)

In these equations, T is the temperature in Kelvin, aFa is the activity of
fayalite, aFs is the activity of ferrosilite, aFe is the activity of Fe metal,
aSiO2 is the activity of silica, and ƒO2 is the oxygen fugacity. Thus, to
calculate an oxygen fugacity based on the FeO contents in these
silicates, the activities of fayalite, ferrosilite, iron and silica must be
specified. The values for these parameters will be discussed below.
Thermodynamic calculations were performed using the equilibrium
module in the HSC Chemistry package, produced by Outokumpu
Research Oy. This module calculates multi-component equilibrium
compositions in heterogeneous systems using a database of over 17000
compounds and the GIBBS Gibbs energy minimization equilibrium
solvers (White et al., 1958; Eriksson and Hack, 1990).

3. RESULTS

3.1. Petrographic Features

3.1.1. Textures

Silicate inclusions in IAB irons and winonaites generally ex-
hibit equigranular textures with abundant 120° triple junctions and
all of the meteorites studied here fit this description (Fig. 1).
Benedix et al. (1998, 2000) suggested that these textures formed
through metamorphic cooling from near or slightly above the
silicate peritectic. In addition to metamorphic textures, some in-
clusions exhibit evidence of partial melting. For example, Caddo
County contains gabbroic inclusions formed by crystallization of a
basaltic partial melt as well as inclusions of unmelted chondritic
material (Takeda et al., 2000), while a single silicate inclusion in
Udei Station is depleted in plagioclase and enriched in olivine
(Fig. 2) and is thought to be a residue (Benedix et al., 2000). Taken
together, the variation in textures of these meteorites indicate that
some silicate partial melting occurred on the winonaite-IAB iron
parent body.

The textures of the opaque minerals in winonaites and sili-
cate inclusions in IAB irons are also indicative of heating to
partial melting. In winonaites, both Fe,Ni metal and troilite
often occur as veins cutting through silicate materials while
silicate inclusions in IAB irons, which are generally depleted in
metal, contain abundant troilite found in veins or as individual
grains. Chromite is of particular importance in our attempt to
constrain the conditions of formation. Coarse, euhedral chro-
mite is often found in contact with troilite and, to a lesser
extent, metal, while chromite in contact with silicates is typi-
cally subhedral. A common mineral assemblage from Udei
Station is illustrated in Figure 3a, with troilite, chromite, graph-
ite, orthopyroxene and olivine. Anhedral chromite can also
occur, usually in contact with or in the presence of clearly
melted troilite. This is the case in Winona (Fig. 3b). The
coexistence of these minerals allows us to apply the geother-
mometers and thermodynamic equations outlined above.

3.1.2. Mineral compositions

Mineral compositions are listed in Tables 2a and 2b. For
each meteorite, we measured the compositions of olivine,
chromite, orthopyroxene, and clinopyroxene to produce a

consistent data set. The only exception was chromite in



Table 2a. Olivine and chromite compositions for the meteorites examined in this study. Also shown are data from previous studies (in bold) for comparison. 1-sigma errors are italicized in paren-
theses.

Olivine

Caddo County
(Takeda et al., 2000)

Campo del Cielo
USNM 5615-4

Campo del Cielo
USNM 5615-6

Campo del Cielo
(Bunch et al., 1970) Copiapo

Copiapo
(Bunch et al., 1970) Lueders Udei Station

Udei Station
(Bunch et al., 1970)

Winona
USNM 854

Winona
UH 133

Winona
UH 195

SiO2 41.25 41.59 (0.15) 41.45 (0.61) 42.10 41.73 (0.11) 42.40 42.26 (0.13) 41.50 (0.22) 41.30 42.02 (0.29) 42.04 (0.29) 41.94 (0.11)
FeO 5.40 3.92 (0.25) 4.03 (1.03) 4.10 4.50 (0.25) 5.10 4.45 (0.11) 5.61 (0.34) 7.50 4.88 (0.52) 5.19 (0.72) 4.63 (0.61)
MnO 0.37 0.43 (0.03) 0.42 (0.03) 0.40 0.42 (0.03) 0.37 0.41 (0.02) 0.42 (0.04) 0.41 0.38 (0.03) 0.37 (0.02) 0.38 (0.02)
MgO 52.95 52.77 (0.58) 51.81 (1.37) 54.10 52.76 (0.18) 52.40 53.43 (0.13) 52.50 (0.42) 51.00 52.45 (0.59) 52.64 (0.66) 52.57 (0.41)
Total 99.97 98.71 97.70 100.70 99.40 100.27 100.55 100.03 100.21 99.98 100.50 99.74
XFaa 0.054 0.040 (0.003) 0.042 (0.011) 0.044 0.046 (0.002) 0.052 0.045 (0.001) 0.057 (0.003) 0.076 0.0495 (0.005) 0.052 (0.008) 0.047 (0.006)
N 18 17 8 14 6 5 57 5 21 11 6

Chromite

Caddo County
(Takeda et al., 2000)

Campo del Cielo
USNM 5615-4

Campo del Cielo
USNM 5614-6

Campo del Cielo
(Bunch et al., 1970) Copiapo

Copiapo
(Bunch et al., 1970) Leuders Udei Station

Udei Station
(Bunch et al., 1970)

Winona
USNM 854

Winona
UH 133

Winona
UH 195

TiO2 0.38 0.23 (0.04) 0.63 (0.1) 0.42 0.52 (0.28) 0.48 0.64 (0.24) 0.54 (0.17) 0.70 0.25 (0.04) 0.22 (0.03) 0.28 (0.02)
Al2O3 1.72 0.79 (0.39) 2.88 (0.65) 0.79 0.45 (0.43) 0.42 0.32 (0.26) 0.13 (0.16) 1.73 0.51 (0.36) 0.16 (0.05) 0.19 (0.12)
Cr2O3 68.75 71.15 (0.86) 69.08 (2.15) 74.00 70.17 (0.8) 71.70 68.56 (1.13) 70.26 (1.33) 68.20 71.53 (0.63) 71.04 (0.80) 70.89 (1.13)
V2O3 0.31 0.67 (0.10) 0.38 (0.05) 0.24 0.52 (0.04) 0.57 0.70 (0.04) 0.79 (0.12) 0.68 0.23 (0.04) 0.25 (0.03) 0.25 (0.05)
FeO 12.96 11.90 (0.73) 13.31 (1.75) 12.30 14.43 (0.51) 15.10 16.20 (1.64) 16.83 (0.75) 16.40 12.94 (0.44) 14.20 (0.23) 13.44 (0.95)
MnO 5.46 3.59 (0.41) 1.83 (0.12) 2.32 2.91 (0.86) 3.40 3.1 (0.49) 2.90 (0.35) 2.66 2.21 (0.41) 2.93 (0.56) 2.79 (0.40)
MgO 8.14 11.00 (0.26) 11.14 (0.45) 9.20 8.51 (0.19) 7.10 8.00 (0.31) 7.48 (0.41) 7.50 10.32 (0.42) 9.25 (0.22) 9.78 (0.24)
ZnO 1.10 1.58 (0.26) 2.20 (0.17) 1.44 1.99 (0.17) 1.70 2.34 (0.31) 2.18 (0.27) 1.88 2.26 (0.24) 2.32 (0.13) 2.12 (0.20)
Total 98.80 100.99 101.53 100.71 99.67 100.47 99.89 101.17 99.75 100.3 100.4 99.8
XChrb 0.393 0.338 (0.015) 0.379 (0.036) 0.396 0.443 (0.019) 0.484 0.481 (0.032) 0.509 (0.017) 0.505 0.386 (0.016) 0.422 (0.004) 0.422 (0.004)
XPChrc 0.440 0.558 (0.017) 0.568 (0.035) 0.528 0.466 (0.011) 0.406 0.425 (0.027) 0.403 (0.019) 0.412 0.549 (0.018) 0.490 (0.016) 0.490 (0.015)
N 41 10 31 9 84 53 11 45
N (grains) 8 2 5 5 5 9 2 5

a XFa � Fe/(Fe�Mg) in mole fraction.
b XChr � Fe/(Fe�Mg�Mn) in mole fraction.
c XPChr � Mg/(Fe�Mg�Mn) in mole fraction.
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Caddo County, which was absent in the section we exam-
ined. In addition to our data, we report analyses of Bunch et
al. (1970) and Takeda et al. (2000). The data from Takeda et
al. (2000) are taken from a chondritic lithology found near a
melted lithology. In most cases, the agreement between our
new compositions and those of previous authors was within
the range of analytical uncertainty, although our analysis of
olivine in Udei Station and chromite and low-Ca pyroxene in
Campo del Cielo and Copiapo differ significantly from that
of Bunch et al. (1970).

Fig. 1. Crossed-polarized photomicrographs of silicate inclusions in
IAB irons and Winona illustrating metamorphic textures and range in
grain sizes. Black areas are either opaque minerals (metal, sulfide, or
graphite) or extinct minerals. Field of view for each � 2.5 mm. (a)
Winona, (b) Campo del Cielo, (c) Udei Station.
Olivine compositions have a narrow span (Table 2a) of Fa
values ranging from 4.0 to 5.7 mol% across all meteorites studied.
Within a single thin section, the olivine composition is tightly
constrained (1� for Fa is less than 0.6 mol%). An exception is in
one thin section of Campo del Cielo (USNM 5615-6, Table 2a)
which has a standard deviation of the mean of 1.1 mol% on Fa
value. Wlotzka and Jarosewich (1977) reported zoned olivine in
this meteorite, prompting Kallemeyn and Wasson (1985) to sug-
gest that silicate compositions in IAB irons recorded reduction,
rather than metamorphic equilibration. We analyzed cores and
rims of 20 randomly selected olivine grains in two thin sections of
Campo del Cielo (both from the El Taco mass). We found three
grains that exhibit significant reverse zoning, while the remainder
exhibited no significant zoning. In addition, in Winona, we have
observed olivine grains with normal and reverse as well as no
zoning co-existing. The extent of the zoning, when present, is
minimal (less than 1 mol%, typically less than 0.5 mol%). Or-
thopyroxene and clinopyroxene compositions are also well equil-
ibrated amongst themselves and exhibit small ranges in Fs values
across entire thin sections (Table 2b). For both minerals, 1� is less
than 0.7 mol%. It is interesting to point out that Fa values of
olivine are lower than Fs values of low-Ca pyroxene. This indi-

Fig. 2. Combined X-ray element map showing the distribution of all
minerals in the silicate inclusion in Udei Station (PTS USNM 2577).
This image combines X-ray maps of Mg, Na, Ca, S, P, and Cr to
showcase the distribution of the major minerals (orthopyroxene, oli-
vine, plagioclase, troilite, clinopyroxene, chromite, phosphate, and
phosphide). The metallic matrix which encloses the inclusion is black
in this image. The white box in the upper right of the image outlines the
location of Figure 3a. Scale is depicted in the upper right portion of the
figure.
cates they are not in equilibrium with each other, as has been
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discussed previously (Benedix et al., 1998 and references therein).
However, this result is somewhat puzzling since both the olivine
and pyroxene grains have relatively homogenous compositions
within individual inclusions without significant zoning, suggesting
that they have equilibrated among themselves. We return to this in
the discussion.

Individual IAB irons and winonaites exhibit relatively homo-
geneous chromite compositions (1� for XChr of 2–4; Table 2a),
although they exhibit significant variation between meteorites. The
Fe endmember (XChr) values range from 33.8 to 50.9 mol%. The
Mg endmember (XPchr) values range from 40.3 to 56.8 mol%. Fe
and Mg exhibit minor to no variation across individual chromite
grains. MnO and ZnO abundances are variable and exhibit weak,
anticorrelated variations in some grains. Chromites can contain up
to 5 wt.% MnO in the chondritic lithology of Caddo County
(Chikami et al., 1999; Takeda et al., 2000). The trivalent cations
Al and Cr, which have the slowest diffusion rates, exhibit the
largest variations (i.e., biggest standard deviations), although the
Cr/Cr�Al ratio stays relatively homogeneous at �0.98 across all
meteorites. Absolute abundances of Al O in chromite can reach

Fig. 3. Back-scattered electron (BSE) images of olivine (Ol)-chro-
mite (Chr)-troilite (Tr)-orthopyroxene (OPX)-graphite (Gr) assem-
blages. (a) Close-up image of assemblage in Udei Station silicate
inclusion (USNM 2577). (b) Image of silicate-chromite-troilite-graph-
ite assemblages in Winona (USNM 854). Olivine and orthopyroxene
are indistinguishable in this BSE. The labeled olivine point was
checked with an X-ray energy dispersive spectrometer (EDS). Scales
for 100 �m are on each image.
2 3

2 wt.% but are generally �1 wt%.
3.2. Thermodynamic Modeling

We use the olivine-chromite thermometer of Sack and Ghiorso
(1991a, 1991b) to determine a closure temperature. The olivine-
chromite closure temperatures and corresponding oxygen fugaci-
ties are shown in Table 3 and illustrated in Figure 4. These
temperatures range from �590°C to �700°C with the highest
closure temperature recorded in Winona (PTS USNM 854) and
the lowest in Lueders. Uncertainties of ��50°on the temperatures
are determined from the standard deviations of the olivine and
chromite compositions (Table 2a). Olivine-chromite temperatures
are highly sensitive to small changes in olivine composition and
less dependent on changes in chromite composition of comparable
magnitude.

Also shown in Table 3 are the calculated two-pyroxene
closure temperatures which were determined using the method
of Kretz (1982). These range from �900°C (Campo del Cielo)
to �1100°C (Winona). Uncertainties on these temperatures
have been estimated to be around � 100°, based on composi-
tional variability within a given sample, as well as precision
and accuracy errors in the calculation of the temperature (Kretz,
1982).

Plugging the closure temperatures into reactions 3 and 4, we
calculate oxygen fugacities at these temperatures based on the
FeO content of the olivines and low-Ca pyroxenes. We assume
that the activity of Fe (aFe) is 0.91 due to the presence of Ni in
the metal of the IABs. We used the MELTS calculator of Sack
and Ghiorso (1991a, 1991b) to determine the activities of
fayalite (aFa) and ferrosilite (aFs). Thus, the only parameter that
is unconstrained is the activity of silica in this system (aSiO2).
There have never been quantitative constraints placed on the
activity of silica in systems containing Fe metal, olivine, and
low-Ca pyroxene. To determine the activity of silica in our
system we examined the experimental results of Larimer
(1968). In that study, the distribution of Fe between metal,
olivine, and orthopyroxene was determined as a function of
oxygen fugacity (ranging from 1 to 3 log units below the
iron-wüstite buffer) and temperature (ranging from 1100 to
1300°C). Every experimental condition investigated by La-
rimer (1968) yielded a silica activity value of 0.9. We assume
that this silica activity is characteristic of the three component
system metal-olivine-low-Ca pyroxene and use this value to
determine the oxygen fugacities recorded by the FeO content of
the olivine. Our calculated olivine oxygen fugacities range
from �2.9 to �3.2 log units and orthopyroxene ƒO2 range
from 2.3 to 2.7 log units below the iron-ẅustite (IW) buffer.
Together these two datasets define a linear array intermediate in
both absolute ƒO2 and slope between the IW and Cr-Cr2O2

buffers. These results are not unreasonable given that ordinary
chondrites have fugacities that fall �1 log unit below IW (Brett
and Sato, 1983).

In addition to temperature and ƒO2 for these IAB irons and
the winonaite, Figure 4 includes buffer curves for Fe-FeO (IW),
Cr-Cr2O3, and for CO-C (at pressures of 1, 10 and 100 bars).
The IW buffer is the upper limit for ordinary chondrites (Brett
and Sato, 1983), while Cr-Cr2O3 is a reasonable proxy for the
upper limit of oxygen fugacity of enstatite meteorites. Buffer
curves were calculated using data from the HSC Chemistry

package.



Table 2b. Orthopyroxene and clinopyroxene compositions for the meteorites examined in this study. Also shown are data from previous studies (in bold) for comparison. 1-sigma errors are italicized
in parentheses.

Orthopyroxene

Caddo County
(Takeda et al., 2000)

Campo del Cielo
USNM 5615-4

Campo del Cielo
USNM 5614-6

Campo del Cielo
(Bunch et al., 1970) Copiapo

Copiapo
(Bunch et al., 1970) Lueders Udei Station

Udei Station
(Bunch et al., 1970)

Winona
USNM 854

Winona
UH 133

Winona
UH 195

SiO2 57.65 57.62 (0.24) 57.26 (0.33) 58.40 58.00 (0.29) 57.00 58.89 (0.24) 57.37 (0.36) 56.50 58.65 (0.32) 58.80 (0.23) 58.39 (0.27)
TiO2 0.25 0.23 (0.02) 0.22 (0.02) 0.18 0.25 (0.03) 0.18 0.25 (0.06) 0.26 (0.02) 0.22 0.25 (0.03) 0.26 (0.02) 0.26 (0.05)
Al2O3 0.27 0.31 (0.03) 0.43 (0.31) 0.22 (0.04) 0.55 0.24 (0.08) 0.27 (0.03) 0.85 0.29 (0.08) 0.32 (0.03) 0.28 (0.07)
Cr2O3 0.38 0.37 (0.03) 0.35 (0.04) 0.34 0.22 (0.04) 0.29 0.29 (0.10) 0.35 (0.04) 0.37 0.26 (0.04) 0.28 (0.06) 0.24 (0.04)
FeO 4.25 4.36 (0.42) 4.06 (0.49) 4.20 4.11 (0.30) 4.90 4.30 (0.40) 5.34 (0.32) 5.60 4.46 (0.18) 4.53 (0.16) 4.48 (0.15)
MnO 0.46 0.52 (0.02) 0.51 (0.02) 0.49 0.47 (0.03) 0.42 0.48 (0.03) 0.48 (0.03) 0.45 0.41 (0.02) 0.40 (0.02) 0.39 (0.03)
MgO 35.58 35.11 (0.46) 34.88 (0.44) 36.30 35.68 (0.41) 35.30 35.82 (0.6) 34.75 (0.36) 34.70 35.42 (0.49) 35.52 (0.28) 35.31 (0.44)
CaO 1.02 0.80 (0.11) 0.74 (0.13) 0.70 0.78 (0.19) 0.58 0.79 (0.15) 0.87 (0.11) 0.92 0.92 (0.19) 0.96 (0.08) 0.93 (0.15)
Na2O 0.04 bdl bdl 0.20 bdl 0.22 bdl bdl 0.11 bdl bdl bdl
Total 99.89 99.35 98.51 100.81 99.67 99.44 101.10 99.74 99.72 100.78 101.18 100.43
XFsa 0.062 0.064 (0.006) 0.060 (0.007) 0.060 0.060 (0.004) 0.071 0.062 (0.006) 0.078 (0.005) 0.082 0.065 (0.003) 0.066 (0.002) 0.065 (0.002)
XWo 0.019 0.015 (0.002) 0.014 (0.002) 0.013 0.015 (0.004) 0.011 0.015 (0.003) 0.016 (0.002) 0.017 0.017 (0.004) 0.018 (0.002) 0.017 (0.003)
N 27 30 18 29 8 16 46 8 11 13 9

Clinopyroxene

Caddo County
(Takeda et al., 2000)

Campo del Cielo
USNM 5615-4

Campo del Cielo
USNM 5614-6

Campo del Cielo
(Bunch et al., 1970) Copiapo

Copiapo
(Bunch et al., 1970) Lueders Udei Station

Udei Station
(Bunch et al., 1970)

Winona
USNM 854

Winona
UH 133

Winonab

UH 195

SiO2 54.10 54.05 (0.19) 54.05 (0.14) 55.3 54.54 (0.17) 54.3 55.31 (0.09) 54.39 (0.19) 54.3 55.13 (0.16) 55.63
TiO2 0.68 0.71 (0.03) 0.66 (0.06) 0.58 0.76 (0.08) 0.53 0.67 (0.03) 0.68 (0.03) 0.57 0.87 (0.06) 0.93
Al2O3 0.81 0.84 (0.02) 0.86 (0.07) 0.17 0.70 (0.03) 1.17 0.96 (0.04) 0.83 (0.03) 1.72 0.85 (0.03) 0.86
Cr2O3 0.90 1.40 (0.04) 1.44 (0.03) 1.27 0.74 (0.13) 1.15 1.39 (0.09) 1.28 (0.04) 1.16 0.90 (0.08) 0.77
FeO 1.82 1.67 (0.27) 1.69 (0.26) 1.52 1.63 (0.19) 1.98 1.86 (0.18) 2.05 (0.06) 1.84 1.63 (0.03) 1.49
MnO 0.27 0.30 (0.04) 0.28 (0.03) 0.27 0.27 (0.03) 0.29 0.30 (0.02) 0.30 (0.03) 0.28 0.24 (0.02) 0.24
MgO 18.44 17.67 (0.26) 17.45 (0.07) 18.3 17.91 (0.09) 18.1 18.04 (0.14) 17.97 (0.31) 18.6 18.32 (0.10) 18.82
CaO 22.00 21.49 (0.42) 21.68 (0.56) 21.3 22.04 (0.11) 21.1 21.09 (0.20) 21.30 (0.39) 20.2 22.14 (0.12) 21.69
Na2O 0.64 0.83 (0.04) 0.83 (0.04) 1.4 0.64 (0.003) 1.01 0.82 (0.03) 0.80 (0.03) 1.06 0.63 (0.03) 0.66
Total 99.66 98.96 98.94 100.11 99.22 99.63 100.44 99.69 99.73 100.8 101.09
XFs 0.029 0.028 (0.004) 0.028 (0.004) 0.025 0.026 (0.003) 0.032 0.030 (0.003) 0.033 (0.001) 0.030 0.026 (0.001) 0.024
XWo 0.448 0.454 (0.010) 0.459 (0.009) 0.444 0.457 (0.004) 0.441 0.443 (0.005) 0.445 (0.008) 0.425 0.453 (0.002) 0.442
N 6 5 17 2 8 7 10 9 5 1

a XFs � Fe/(Fe�Mg�Ca) in mole fraction; XWo � Ca/(Fe�Mg�Ca) in mole fraction.
b No high-Ca pyroxene was found in this PTS.
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i This thin section did not contain any high-Ca pyroxene.

reference. The data lie on a line (R � 0.9997) that nearly parallels the
IW buffer.
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4. DISCUSSION

Previous studies of silicates in IAB irons and winonaites
estimated peak temperatures and calculated closure tempera-
tures from a combination of mineral abundances, textures and
compositions (Bunch et al., 1970; Takeda et al. 2000; Benedix
et al., 2001, 2002). These temperatures range from slightly
above 900°C to over 1450°C. Abundant textural evidence for
mobility of Fe,Ni-FeS and basaltic partial melts suggests peak
temperatures in excess of both the Fe,Ni-FeS eutectic temper-
ature of �950°C (Kullerud, 1963; Kubaschewski, 1982) and
the basaltic partial melting temperature of �1050°C (Morse,
1980).

Closure temperatures, such as those calculated here, allow us
to interpret the cooling history of the parent body. In this study,
two-pyroxene temperatures based on Ca-transfer span �900°
to �1100°C and olivine-chromite temperature ranges from
�590°C to �700°C. It is interesting to compare these systems.
Ca-transfer temperatures range less than 200°C (Table 3) and
do not correlate with the olivine-chromite temperatures. How-
ever, the Ca-transfer temperatures are all substantially (�280°
to �480°) higher than the olivine-chromite temperatures. Un-
der cooling conditions, the two-pyroxene Ca-transfer system
should close before the Fe-Mg exchange of the olivine-chro-
mite.

It is odd that there is no correlation between the 2-pyroxene
geothermometers and the olivine-chromite geothermometer
across this suite of rocks. One explanation may be that heating
and/or cooling was localized and any correlations would only
be found within different inclusions or sections of a given
meteorite. This appears to be the case for Winona, where one
thin section (USNM 854) has a smaller difference (�T �
�280°; Table 3) between the two-pyroxene and the olivine-
chromite temperature than another section from a different part
of the rock (UH 133; �T � �420°; Table 3). These differences
could be caused by variations in cooling rates, where a smaller

his study using data from Tables 2a and 2b.

e
Two-pyroxenec

Temperature (°C)
QMFsd

log fO2 �IWe �Tf

.0 1016 �17.2 �2.5 426

.1 939 �18.6 �2.6

.1 965 �18.1 �2.6 277

.1 913 �19.2 �2.7 279

.1 933 �18.8 �2.7 322

.2 1067 �16.3 �2.5 481

.9 1043 �16.6 �2.3 401

.9 994 �17.0 �2.5

.9 976 �17.9 �2.5 276

.9 1084 �16.0 �2.4 416

.0 n/ai n/ai n/ai

n (eqn. 2) using the olivine-chromite T.

on (eqn. 1) using the two-pyroxene T.

eratures in degrees.
Table 3. Thermodynamic properties determined for t

Meteorite
Olivine-Chromitea

Temperature (°C)
QMFab

log fO2 �IW

Caddo County 590 �28.1 �3
Campo del Cielog 661 �25.8 �3

CdC (USNM 5615-4) 688 �24.9 �3
CdC (USNM 5615-6) 634 �26.7 �3

Copiapo 611 �27.4 �3
Lueders 586 �28.4 �3
Udei Station 642 �26.2 �2
Winonah 674 �24.9 �2

Winona (USNM 854) 700 �24.4 �2
Winona (UH133) 668 �25.3 �2
Winona (UH195) 653 �25.9 �3

a Calculated using thermometer of Sack and Ghiorso (1991a,b).
b QMFa � Oxygen fugacity derived from the Quartz-Iron- Fayalite reactio
c Temperature based on Ca-exchange thermometer of Kretz (1982).
d QMFs � Oxygen fugacity derived from the Quartz-Iron-Ferrosilite reacti
e �IW is the deviation of fO2 from the iron-wustite buffer in log units.
f �T is the difference between the two-pyroxene and olivine-chromite temp
g Average of the 2 thin sections studied.
h Average of the 3 thin sections studied.
Fig. 4. Plot of oxygen fugacity (log ƒO2) vs. temperature (10,000/
T(K)) for the five IAB irons and one winonaite analyzed in this study.
Oxygen fugacity determined from orthopyroxene (Eqn. 2) in text) is
shown in blue, and that determined from olivine (Eqn. 1) in text) in red.
Individual points are labeled with abbreviations for the meteorite
names: Cad—Caddo County; CdC—Campo del Cielo; Cop—Co-
piapo; Lue—Lueders; Ude—Udei Station; Win—Winona. The differ-
ent points labeled “Win” and “CdC” are data from the different thin
sections examined. Also shown in this plot are the Fe-FeO (IW),
Cr-Cr2O3, and three CO-C (1, 10 and 100 bars) fugacity buffers for

2

�T results from a faster cooling rate. The other meteorite for
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which we have multiple sections from different inclusions is
Campo del Cielo. In this case the �T between the two ther-
mometers is remarkably similar for each section (�280°).
These sections come from inclusions separated by the metallic
matrix. The metallic matrix separating inclusions may create
homogenous thermal systems in the IAB silicates. This could
be tested with other IAB irons which contain many silicate
inclusions across a large area. The variations in the tempera-
tures of each of these meteorites indicate that the thermal
history of the parent body is localized, down to even hand
sample or thin section scale.

In general, the closure temperatures range from slightly
above that of basaltic partial melting to well below the Fe,Ni
metal-FeS eutectic. Both temperature sets are internally con-
sistent with textural and mineralogical features observed
within these rocks, but record variations in cooling rates
between the samples. Silicates in Winona (Fig. 1a) exhibit a
highly recrystallized, metamorphic texture, but the temper-
ature recorded by olivine-chromite range from 650 to 700
°C, while the two-pyroxene temperatures range from �980°
to �1080°C. One explanation for this difference in temper-
ature appears to be recorded in the mineralogy and textural
features. There are regions within PTS USNM 854 that are
coarse-grained and dominated by olivine which were hy-
pothesized (Benedix et al., 1998) to be partial melt residues
that were mixed with the metamorphosed, fine-grained ma-
trix material. In all PTS of Winona, chromite occurs in
contact with troilite as well as olivine. In these assemblages,
troilite always exhibits melt textures and chromite occasion-
ally does as well (Fig. 3b). Troilite not in contact with
chromite does not have melt textures. These features imply
localized heating episodes in Winona. While some may link
localized heating to the impact hypothesized by Choi et al.
(1995), breakup and reassembly after peak heating provides
an equally probable scenario to produce localized heating
and cooling histories, as hotter and cooler clasts are mixed
and very localized thermal regions equilibrate. At the other
end of the temperature spectrum, the IAB iron, Lueders has
an olivine-chromite closure temperature of �590°C and a
two-pyoxene temperature of �1070°C (�T � �480°; Table
3). Lueders exhibits a recrystallized texture that is more
coarse-grained than Winona. Mineralogically Lueders con-
tains chondritic abundances of high-Ca pyroxene (�6 vol%)
and plagioclase (�12 vol%), however these minerals are
heterogeneously distributed throughout this particular inclu-
sion. This sample does not appear to be a residue, but does
exhibit evidence of mineral mobilization in veins of troilite
and plagioclase crosscutting the thin section. In addition,
graphite is distributed unevenly throughout the entire PTS
examined, indicating that temperatures were low and/or
pressures were high enough to retain it. We hypothesize that
the lower temperature and the large �T is consistent with
Lueders cooling slowly, possibly at some depth, thus leaving
the mineral systems open longer. Udei Station (Fig. 2) is the
only sample from this study that exhibits textural and min-
eralogic evidence suggesting that it is a residue. Its larger
grain size, presence of graphite, and large �T (�400°; Table
3) suggests that it, like Lueders, likely experienced slow
cooling.
While the closure temperatures expand our understanding
of the thermal history of this parent body, a more important
result of this study is the determination of oxygen fugacity.
The meteorites fall on a line (R2 � 0.9997), but do not fall
along any known buffer. One possible explanation might be
that graphite is buffering the system. Chromite often occurs
intergrown with troilite and graphite. On a log ƒO2 vs. T
plot, graphite buffers fall on a distinctly different slope than
either Fe-FeO or Cr-Cr2O3. At temperatures of interest to the
melting of chondrites, the CO-C buffer occupies the gap
between these other buffers. In meteoritic terms, melting of
a chondrite in the presence of graphite, with subsequent
smelting of FeO to form reduced Fe and CO, produces an
oxygen fugacity intermediate between ordinary chondrites
and enstatite meteorites (Walker and Grove, 1993). How-
ever, if this were the case all graphite should have been used
up in the reactions. Graphite is clearly distributed through-
out the silicate inclusions and is also found (although rarely)
in Winona. Thus, it seems likely oxygen fugacity is con-
trolled by a complex, multi-buffer system.

This is the first study to provide direct constraints on the
oxygen fugacities of these enigmatic meteorites. The mafic
silicate compositions (e.g., Fa values lower than Fs values)
and sulfide mineralogy (e.g., daubreélite, but no oldhamite)
of IAB irons and winonaites has long been taken to indicate
formation at oxygen fugacities intermediate between ordi-
nary chondrites and enstatite chondrites. It has, however,
been unclear how this reduced nature was established.
Kracher (1985) postulated that winonaites and silicates in
IAB irons were reduced from a starting composition of
ordinary chondrite (�Fa20) composition during metamor-
phism at a pressure of 10 bars. Our work suggests that the
IABs and winonaites cooled to two-pyroxene closure tem-
peratures between 2.5 and 3 log units below the iron-wüstite
buffer. Although, the presence of graphite in many of the
samples indicates that the pressure was at least 10 bars, the
temperature was not high enough for the graphite reduction
reaction, as hypothesized by Kracher (1985), to take place.
Given that peak temperatures (based on mineral abundances
and textures) were not much higher than two-pyroxene clo-
sure temperatures, we can calculate the average Fa value
corresponding to the two-pyroxene closure T and ƒO2. The
resulting Fa value (5.2 mol%; Sack and Ghiorso, 1989) is
only slightly above the average measured Fa value for these
meteorites (4.7 mol%). Thus, winonaites and silicates in
IAB irons experienced only slight reduction during cooling.
This is further supported by the fairly small differences
recorded in ƒO2 between the olivine-chromite and two-
pyroxene systems. While modest reduction during metamor-
phism may be necessary to explain some features (e.g.,
reverse zoning in some olivine grains), it now appears clear
that the oxygen fugacity and degree of reduction recorded by
winonaites and IAB iron silicates was an intrinsic property
of the precursor chondritic material and that they did not
evolve through partial melting and reduction from an ordi-
nary chondrite-like (�Fa20) protolith. The reduced nature of
this precursor chondrite and the oxygen isotopic signatures
of IAB irons and winonaites are unlike known chondrites,
suggesting that we have either yet to sample it as a distinct

chondrite or that all of the parent bodies of this type of
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chondrite experienced at least partial melting and differen-
tiation.

5. CONCLUSIONS

The closure temperatures calculated in this study, along
with textural features, indicate that silicate inclusions in IAB
irons and winonaites likely experienced temperatures above
FeS-FeNi and, possibly, the silicate partial melting temper-
atures. The degree of heating varied at the local (m to dm)
scale and, in some cases, heterogeneous heating is preserved
at the cm scale, as evidenced by the lack of correlation
between the olivine-chromite geothermometer and the two-
pyroxene geothermometers. Heterogeneous heating at these
scales is consistent with reassembly after a catastrophic
breakup, where the pieces were reassembled at temperatures
below the peak temperatures and experienced a range of
reheating and cooling histories. Oxygen fugacities deter-
mined for the first time in this work suggest only very
modest reduction during cooling. The reduced nature of
winonaites and IAB silicate inclusions appears to be an
inherent property of their precursor chondritic material and
was not established during reduction of a more oxidized
precursor during metamorphism. The precursor chondrite
appears unsampled among our collection of chondrites.
While oxygen fugacity and temperature were important in-
trinsic parameters in determining the evolution of the IAB-
winonaite parent body, our knowledge of the timing (both
absolute and relative) of these events remains incomplete.
To completely understand the history of this complex parent
body, a coordinated study that incorporates chronology of
individual silicate inclusions with information about their
temperature and oxygen fugacity history is required.
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