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Abstract—We have conducted detailed petrologic, chemical, and isotopic studies of winonaites to ascertain
the genesis of this group of meteorites. Winonaites have reduced mineral compositions and mineralogy, and
oxygen isotopic compositions distinct from primitive achondrite groups other than silicate inclusions in IAB
and IIICD irons. However, winonaites differ from IAB and IIICD irons in that they lack the metallic matrices
of the latter and consist mostly of silicates. On the basis of these criteria, Winona, Mount Morris (Wisconsin),
Tierra Blanca, Pontlyfni, Y-74025, Y-75300, Y-8005, and QUE 94535 are winonaites and Y-75305 and
Y-75261 may be winonaites. Winonaites are fine- to medium-grained, mostly equigranular rocks. Pontlyfni
and Mount Morris (Wisconsin) contain what appear to be relict chondrules. Several winonaites contain
mm-sized areas that differ substantially in grain size and/or silicate mineralogy from the surrounding matrix.
Fe,Ni-FeS veins are common in many winonaites. Mineral compositions are intermediate between E and H
chondrites, and reduced sulfides are observed in low-FeO winonaites. Bulk major element compositions are
roughly chondritic, although REE elements are fractionated. The39Ar-40Ar ages of three winonaites range
from $4.40 Ga (Mount Morris, Wisconsin) to 4.54 Ga (Pontlyfni). Cosmic-ray exposure ages are;20–80
Ma. Trapped noble gases in these winonaites resemble those in enstatite chondrites. We suggest that the
winonaites formed from a chondritic precursor material unlike that of known chondrites in mineral and oxygen
isotopic compositions, and this material may have been heterogeneous in composition. Extensive heating
caused metamorphism and partial melting of both Fe,Ni-FeS and silicate material. Impact brecciation during
cooling mixed lithologies with different thermal histories, and subsequent metamorphism produced recrys-
tallization, grain growth, and reduction of mafic silicates. The39Ar-40Ar ages indicate that cooling may have
been more rapid than observed in IAB irons, although later resetting may have occurred.Copyright © 1998
Elsevier Science Ltd

1. INTRODUCTION

Detailed studies of asteroidal meteorites suggest that some
asteroids are primitive and never melted, whereas others melted
and differentiated into cores, mantles, and crusts (e.g., 4 Vesta;
Gaffey et al., 1993). However, some meteorites exhibit features
intermediate between primitive chondrites and the more
evolved achondrites and irons. These rocks experienced incom-
plete partial melting, and their properties offer insights into and
constraints on the geologic processes which occurred on small
bodies in the early solar system. Several groups of meteorites
which experienced incomplete partial melting have been rec-
ognized, and these are collectively labeled “primitive achon-
drites” (Prinz et al., 1983). These rocks are characterized by
chondritic bulk elemental compositions and chondritic mineral
assemblages and by textures that vary from metamorphic to
those suggesting partial melting. These groups include the
acapulcoites and lodranites (Nagahara, 1992; Takeda et al.,
1994; Mittlefehldt et al., 1996; McCoy et al., 1996b, 1997a, b),
silicate inclusions in IAB irons (e.g., Bunch et al., 1970; Bild,
1977; Choi et al., 1995) and IIICD irons (McCoy et al., 1993),
brachinites (Nehru et al., 1996; Swindle et al., 1998), and

winonaites (e.g., Graham et al., 1977; Prinz et al., 1980;
Kimura et al., 1992).

In this paper, we concentrate on the petrologic, chemical, and
isotopic features of the winonaites. Previous investigators have
studied only individual winonaites (e.g., Tierra Blanca; King et
al., 1981) or a subset of the winonaites (e.g., Graham et al.,
1977; Kimura et al., 1992). In contrast, we examined all mem-
bers of the winonaite group. This is also the first study that
concentrates on the textural features, whereas previous authors
have focused primarily on mineral and bulk elemental compo-
sitions. It should be noted that silicate inclusions in IAB irons
resemble the winonaites compositionally, mineralogically, and
texturally. We discuss these meteorites and the relationship
between winonaites and IAB irons in another paper (Benedix et
al., 1998).

Here, we discuss the criteria for classification of winonaites
and list the members of this group. We discuss the properties of
the group, with special emphasis on textural features and39Ar-
40Ar ages. We also discuss implications for the nature of the
precursor chondritic material and the heating, partial melting,
metamorphism, and brecciation experienced by these rocks.

2. CLASSIFICATION

Three criteria are used to classify the winonaites: (1) The
highly reduced mineralogy and mineral compositions, (2) the
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oxygen isotopic compositions, and (3) the abundance and dis-
tribution of metal and troilite. Previous workers (e.g., Mason
and Jarosewich, 1967; Graham et al., 1977; Prinz et al., 1980;
Bild, 1977; Kimura et al., 1992) have demonstrated that the
olivines of the winonaites are Mg-rich (Fa,5). In addition, the
winonaites contain some characteristic accessory minerals in-
cluding alabandite, daubree´lite, schreibersite, and chromite.
Most of the winonaites are fine-grained and have granulitic
textures. However, these criteria alone cannot distinguish
winonaites from all other primitive achondrites such as the
acapulcoites, some of which are also highly reduced (e.g., ALH
A81187/84190, Fa4.2) and have fine-grained, granulitic textures
(McCoy et al., 1996).

A more useful criterion of classification is the oxygen iso-
topic composition (Clayton and Mayeda, 1996). These data
establish the winonaites as a group and allow discrimination
from acapulcoites and lodranites as well as some other groups
of meteorites (e.g., ureilites, brachinites). The oxygen isotopic

compositions of the winonaites are identical to those of silicate
inclusions in IAB and IIICD irons (Fig. 1).

Members of the winonaite group which satisfy both the
oxygen isotopic composition and mineralogical criteria include
Winona, Pontlyfni, Tierra Blanca, Mount Morris (Wisconsin),
Yamato 74025, Yamato 75300, Yamato 75305, Yamato 8005,
and QUE 94535 (Graham et al., 1977; Prinz et al., 1980; King
et al., 1981; Kimura et al., 1992; Clayton and Mayeda, 1996;
Mason, 1996; Yugami et al., 1996; R. N. Clayton, pers. com-
mun., 1996). Yamato 75261 has tentatively been classified as a
winonaite based on oxygen isotopic composition (Clayton and
Mayeda, 1996). We have included literature data in addition to
our own results on these meteorites where available.

3. SAMPLES AND TECHNIQUES

We have concentrated our study on those meteorites (Table 1) for
which previously published mineralogical descriptions and oxygen
isotopic compositions confirm classification as winonaites. Where pos-

Fig. 1. Oxygen isotopic compositions for a variety of primitive achondrites (Clayton and Mayeda, 1996). Winonaites can
be clearly distinguished from acapulcoites, lodranites, brachinites, and aubrites, but overlap with silicate inclusions in IAB
and IIICD irons. Shown are the winonaites Winona, Mount Morris (Wisconsin), Pontlyfni, Tierra Blanca, QUE 94535,
Y-74025, Y-75300, and Y-75261.
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sible, more than one section of a meteorite was examined to determine
the extent of heterogeneity within and between the individual meteor-
ites. All polished thin sections were examined with an optical micro-
scope in transmitted and reflected light. Grain sizes were determined by
measuring an average of twenty-five randomly selected grains in the
more abundant fine-grained regions (matrix) of each section. While
averages calculated from a small number of grains carry large standard
deviations, they sufficiently illustrate the gross differences in grain
sizes between individual winonaites (Fig. 2). Modal analyses of all thin
sections were made in reflected light using a 40x objective. Olivine,
orthopyroxene, and clinopyroxene were not distinguished but were
collectively determined as mafic silicates. However, mafic silicates
have been distinguished in previous studies (Graham et al., 1977; Prinz
et al., 1980; King et al., 1981; Kimura et al., 1992), and the total mafic
silicates and overall modes are similar to ours.

Mineral compositions were measured with a Cameca SX-50 electron
microprobe operated at an accelerating voltage of 15 keV, a current of
20 nA, and a fully-focused beam. Well-known mineral standards were
used, and the data were corrected using a company-supplied ZAF
routine. The microprobe was also used to make X-ray image maps. For
these maps, we used the same accelerating voltage and current, but
increased the beam diameter to 20mm to allow overlap of scan lines.

Unirradiated samples of Pontlyfni, Winona, and Mount Morris (Wis-
consin), weighing from 34 to 44 mg were analyzed for trapped and
cosmogenic noble gases He, Ne, Ar, Kr, and Xe using a VG model
3600 mass spectrometer. Additional samples, weighing from 23 to 30
mg, were used for39Ar-40Ar age determinations on a different spec-
trometer. The latter samples were neutron-irradiated at Brookhaven
National Laboratory together with four samples of the NL-25 horn-
blende age monitor. Argon was extracted from each sample by stepwise
temperature release, and its isotopic composition was analyzed with a
mass spectrometer. Irradiation constants (J values) for the individual
samples were interpolated from known relative sample positions along
a well-documented smooth neutron flux gradient. Uncertainties given
for individual 39Ar-40Ar ages are derived from uncertainties in mea-
sured ratios, blank and reactor corrections,37Ar decay corrections, and
J values. Absolute ages have an additional#0.5% uncertainty due to
uncertainty in the accuracy of the age of the NL-25 hornblende.

4. RESULTS

Here, we discuss the textural, mineralogical, and composi-
tional data on winonaites, as well as the ages of these rocks.
Our work has primarily focused on examining the textural
features and determining39Ar-40Ar ages and trapped and cos-
mogenic noble gases. However, we will also compare our new
mineralogical and compositional data with those in the litera-
ture and will be looking for possible correlations of all data
with our textural observations.

4.1. Textures

Most winonaites exhibit equigranular textures with abundant
triple junctions. Shock effects are very minor, with all winon-
aites studied classified as shock stage S1 (unshocked) or S2
(very weakly shocked; Sto¨ffler et al., 1991), except for
Y-75261, which is an impact-melt breccia. Variations in grain
size are found both within and between winonaites (Table 2).
Indeed, there seems to be a progression of the matrix grain size
from the fine-grained Y-8005 to the coarse-grained Y-74025
(Fig. 2a,f). Metal and troilite textures also differ both within
and between winonaites. We discuss the textures in order of
increasing matrix grain size of the meteorites and have subdi-
vided the winonaites into three categories based on similar
textures: (1) Y-8005, Pontlyfni and QUE 94535; (2) Winona,
Mount Morris (Wisconsin) and Y-75300; and (3) Tierra
Blanca, Y-75305 and Y-74025. These categories are used only

for descriptive purposes, allowing us to thoroughly describe the
range of textural features found in the winonaites.

We had the opportunity to briefly examine thin sections of
Y-75261 (,51-1 and ,51-2) and Y-75305 in the optical micro-
scope at the National Institute of Polar Research. We find that
Y-75305 is among the coarsest-grained winonaites, and we
grouped it with Tierra Blanca and Y-74025. On the other hand,
Y-75261 is an impact-melt breccia, with fine-grained clasts up
to 3 mm in diameter consisting of silicates and finely distrib-
uted opaques with rare shock-melt pockets. The fine-grained
melt matrix is composed of euhedral mafic silicates, a glassy to
microcrystalline quench matrix and rounded Fe,Ni-FeS
spheres. It is clear that Y-75261 is unlike any of the other
winonaites. A detailed study of this meteorite will be required
before its history and relationship to the winonaites can be fully
interpreted.

4.1.1. Yamato 8005, Pontlyfni, and QUE 94535

Y-8005, Pontlyfni and QUE 94535 are the finest-grained
winonaites, with average grain sizes of 55, 75, and 90mm,
respectively (Table 2). Pontlyfni and QUE 94535 do not exhibit
the medium-grained, equigranular texture typical of Winona
and other winonaites. Their textures are more similar to those
of type 6 ordinary chondrites, exhibiting widely varying grain
sizes, textures and mineralogy on a mm-scale. The dominant
texture of Y-8005, Pontlyfni and QUE 94535 is a fine-grained
aggregate of subrounded to anhedral mafic silicates, plagio-
clase, metal, and troilite (Fig. 2a,b,c). Some larger mafic sili-
cates in these areas reach 0.5 mm in size. Metal and troilite are
heterogeneously distributed, and metal commonly occurs as
veins reaching 6 mm in length and up to 200mm in width, or
as large particles reaching 1 mm in maximum dimension. In
Pontlyfni, graphite is frequently associated with the metal veins
and, in two occurrences, we observed graphite fans reminiscent
of those found in the Mundrabilla IAB iron (Buchwald, 1975).
Veins of troilite were not observed in Pontlyfni, but the pres-
ence of physically isolated but optically continuous troilite over
distances of 100mm, as also found by Graham et al. (1977),
suggests vein-like structures in three dimensions. Troilite veins
are observed in QUE 94535. In Pontlyfni, troilite-rich areas up
to several mm in diameter are found adjacent to the metal veins
and these areas are virtually devoid of irregular, interstitial
metal grains. In Y-8005, Pontlyfni and QUE 94535, metal,
sulfide, and their weathering products also occur as micron-
sized inclusions in mafic silicates, as also noted by Graham et
al. (1977). These inclusions are randomly located in the sili-
cates, unlike the dusty cores found in acapulcoites (e.g., Schultz
et al., 1982).

Pontlyfni also has areas that are highly-enriched in plagio-
clase and calcic pyroxene. These areas are small, typically less
than 500mm in maximum dimension and relatively rare, cer-
tainly amounting to,1 vol%. They are very fine-grained, with
typical grain sizes of 20–30mm and have equigranular tex-
tures. These areas are irregularly shaped and appear to intrude
the surrounding matrix. Figure 3a shows abundant plagioclase
surrounding mafic minerals. Figure 3b is a merged Ca and Al
X-ray dot map of a portion of the area in Fig. 3a, making
possible clear distinction between plagioclase and calcic py-
roxene.
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Fig. 2. Photomicrographs of winonaites illustrating range in grain sizes. Field of view5 2.5 mm. (a) Pontlyfni, (b) QUE
94535, (c) Yamato 8005, (d) Mount Morris (Wisconsin), (e) Winona, (f) Yamato 74025, (g) Tierra Blanca.
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Graham et al. (1977) specifically noted the absence of chon-
drules or chondrule relicts in Pontlyfni, and we are unaware of
any previous reports of chondrules or chondrule relicts in any
of the winonaites. However, we have identified what appear to
be relict chondrules;700–800mm in diameter in Pontlyfni
(PTSs BM 1975.M6-2, -3). Several of these, while moderately
recrystallized, preserve bars of pyroxene in a loosely radial
pattern, suggesting that they are relict radiating pyroxene chon-
drules (Fig. 4a). The presence of radiating pyroxene chondrule
relicts in a metamorphosed winonaite is not surprising, given
that such chondrules are often prominent in type 6 ordinary
chondrites, although porphyritic chondrules are the most com-
mon type (Gooding and Keil, 1981). In Pontlyfni, we also
observe roughly circular to elliptical areas 1–3 mm in diameter
that are possibly relict porphyritic chondrules. They are often
prominent in appearance because of their differences in grain
size and abundance of opaque minerals from the surrounding
matrix (Fig. 4b).

4.1.2. Winona, Mount Morris (Wisconsin),
and Yamato 75300

Winona, Mount Morris (Wisconsin) and Y-75300 have me-
dium-grained equigranular textures, with average grain sizes
ranging from 100–125mm (Table 2). These meteorites (Fig.
2d,e) are coarser-grained than Pontlyfni and QUE 94535 (Fig.
2a-c). In many ways, QUE 94535 is transitional, exhibiting
textural similarities to both Pontlyfni and Winona. In Mount
Morris (Wisconsin) (USNM 1198-1), we discovered a fine-
grained, roughly circular area 1 mm in diameter depleted in
troilite and Fe,Ni-metal relative to the surrounding matrix. We
interpret this area as a relict porphyritic chondrule, although, as
in the case of Pontlyfni, this identification is ambiguous. De-

spite extensive terrestrial weathering of the finds Mount Morris
(Wisconsin) and Winona, metal and troilite occur in Mount
Morris (Wisconsin), Winona and Y-75300 dominantly as irreg-
ular, interstitial grains of;100 mm in size, but also as inclu-
sions in mafic silicates and as veins. Winona (PTSs UH 133,
195) contains veins of troilite with minor chromite that reach
7.5 mm in length and;400mm in width, as well as veins 9 mm
in length and;100 mm in width which are composed of
discrete segments of Fe,Ni metal and troilite. In one case, a
troilite-rich vein appears to cross-cut a metal-rich vein. Winona
(USNM 854-1) and Mount Morris (Wisconsin) (UH 157,
USNM 1198-1) also contain larger metal particles (43 1 mm),
some of which are slightly elongate and may be cross-sections
of veins.

Intermingled with the medium-grained areas (80–100mm)
which dominate these meteorites, are coarse-grained regions
(average grain size 300–500mm) which differ substantially in
silicate mineralogy from the host. The coarse-grained regions
occur as clumps of various sizes or, rarely, as veins and are
sometimes located near patches or veins of Fe,Ni-metal, troi-
lite, schreibersite and their weathering products. We found
these in Winona (USNM 854-1) and Mount Morris (Wiscon-
sin) (UH 157). X-ray dot maps and electron microprobe anal-
yses reveal that these coarse-grained areas are rich in olivine, in
sharp contrast to the host which is dominated by low-Ca
pyroxene (Fig. 5).

Mount Morris (Wisconsin) and Y-75300 also exhibit coarse-
grained regions, but these do not differ in silicate mineralogy
from those of the more typical fine-grained regions. Y-75300
(,51-3) shows areas with two discrete grain sizes separated by
a distinct, but not sharp, boundary (Kimura et al., 1992; Fig.
6a). The silicate mineralogy and mineral abundances of the two
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areas are nearly identical, with the exception that plagioclase is
slightly more abundant (16.7 vs. 10.5 vol%) in the coarse-
grained portion on a metal- and troilite-free basis. The fine-
grained area has a granoblastic texture very similar to that of
Winona and Mount Morris (Wisconsin), whereas the coarse-
grained portion is essentially a coarser version of the same
lithology. There is, however, a disparity in the amount of
troilite between the fine-grained (10.0 vol%) and coarse-
grained (27.5 vol%) areas (Kimura et al., 1992). Mount Morris
(Wisconsin) (USNM 1198-1) exhibits coarser grains of olivine
and pyroxene embedded in weathering products, metal and
schreibersite (Fig. 6b).

4.1.3. Tierra Blanca, Yamato 75305, and Yamato 74025

The coarsest-grained winonaites are Tierra Blanca and Ya-
mato 74025 (Fig. 2f,g). Average grain sizes range from 190–
230 mm (Table 2). Tierra Blanca has an equigranular texture
with abundant 120° triple junctions, indicative of extensive
solid-state recrystallization. Yamato 74025 is more variable in
grain size and triple junctions are less abundant, suggesting less
extensive solid-state recrystallization. No relict chondrules are
observed in either meteorite. Metal, troilite, and their weather-
ing products occur as interstitial, irregular grains. No metal or
troilite veins are observed. Tierra Blanca does, however, con-
tain veins of terrestrial weathering products which may have
once been metal and/or troilite, although no elongate particles
of metal or troilite are found in these weathering veins. Yamato
74025 contains very little metal (1.5–3.9 vol%; Table 3) or
terrestrial weathering products. Tierra Blanca is very heavily
weathered, with 26–31 vol% weathering products (Table 3).

Tierra Blanca contains large calcic pyroxenes which poikil-
itically enclose smaller olivine, plagioclase and low-Ca pyrox-
ene grains. We have observed calcic pyroxenes up to 3 mm in
size, although King et al. (1981) observed calcic pyroxenes up

Fig. 3. Fine-grained, plagioclase-calcic pyroxene-rich areas of Pon-
tlyfni. (a) Reflected light photomicrograph. Box indicates area shown
in Fig. 3b. Scale bar5 100 mm. (b) Combined Al and Ca X-ray dot
map of a portion of Fig. 3a. The area is dominated by calcic pyroxene
(white) and plagioclase (medium gray). Olivine, low-Ca pyroxene,
metal and troilite appear black. This distribution of plagioclase and
calcic pyroxene may indicate silicate partial melting.

Fig. 4. Relict chondrules in Pontlyfni (PTS BM1975.M6-2). Scale
bar 5 500 mm. (a) Relict radiating pyroxene chondrule. (b) Relict
porphyritic chondrule.

2540 G. K. Benedix et al.



to 9 mm in size. Fig. 7 is a merged Al and Mg X-ray dot map
of Tierra Blanca. Calcic pyroxene occurs only as these large,
poikilitic grains and shows no preferential association with
plagioclase, unlike in Pontlyfni (Figs. 3a,b). Plagioclase is
distributed randomly throughout the section. Also observed in
this image, but not evident optically, are clumps of olivine
grains similar to those found in Winona and Mount Morris
(Wisconsin). One olivine clump appears to be associated with
the larger calcic pyroxene grain.

4.2. Modal Composition and Mineralogy

Winonaites contain low-Ca pyroxene, olivine, calcic pyrox-
ene, plagioclase, Fe,Ni-metal, and troilite as major phases, with
chromite, daubree´lite, alabandite, schreibersite, graphite, K-
feldspar, and apatite occurring as accessory phases (Prinz et al.,
1980; Kimura et al., 1992). The modal compositions (in vol%)
of all the winonaites studied are given in Table 3, and these are
broadly similar to those of chondrites. Previous workers have
shown that low-Ca pyroxene is the dominant mafic silicate, in
contrast to ordinary chondrites, where olivine dominates (Mc-
Sween et al., 1991). This is consistent with the more reduced
nature of winonaites compared to ordinary chondrites, as dis-
cussed below. The roughly chondritic plagioclase contents are
a second interesting feature. Individual winonaites vary from
6.3–14.0 vol% (Table 3) in plagioclase content, although most
are close to 10%, the approximate abundance in ordinary chon-
drites (Van Schmus and Ribbe, 1968; McSween et al., 1991).
The amount of calcic pyroxene varies among winonaites, with
Tierra Blanca (6 vol%; King et al., 1981) and Y-74025 (7
vol%; Kimura et al., 1992) being the most calcic pyroxene-rich
members. The other winonaites typically have#3 vol% (Gra-

ham et al., 1977; Prinz et al., 1980). Extensive terrestrial
weathering has introduced considerable uncertainties in metal
and troilite contents of some winonaites [Winona, Mount Mor-
ris (Wisconsin), Tierra Blanca]. However, relatively unweath-
ered winonaites such as Pontlyfni and Yamato 74025 have
metal contents ranging from 1.5 to 12.3 vol% and troilite
contents ranging from 9.1 to 19.9 vol% (Table 3). This suggests
that the winonaite parent body was relatively heterogeneous as
far as these minerals are concerned.

Contents of accessory mineral phases which are common in
enstatite meteorites and which are indicative of highly-reducing
conditions, such as daubree´lite (FeCr2S4) and alabandite
(MnS), vary dramatically. For example, daubree´lite contents
vary from 0.2 to 1.0 vol% in Mount Morris (Wisconsin),
Pontlyfni, Y-74025 and Y-75300 (the more highly-reduced
winonaites), whereas the more oxidized Tierra Blanca and
Winona contain 0.09–0.10 vol% chromite, which is rare or
absent in the remaining winonaites.

4.3. Silicate Compositions

Compositions of mafic silicates range considerably among
winonaites, but generally are quite reduced and intermediate
between E (Fa0.0–9.0;Fs0.03–22.0; Lusby et al, 1987; Keil, 1968;

Fig. 5. Mg X-ray dot map of Mount Morris (Wisconsin) (UH 157),
illustrating the correlation between grain size and mineral composition.
Light gray indicates high Mg (olivine), medium gray indicates a
moderate amount of Mg (low-Ca pyroxene), and dark gray indicates
low Mg (calcic pyroxene). Coarse-grained areas are predominantly
olivine. Field of view5 ;5 mm.

Fig. 6. Photomicrographs of coarse-grained/fine-grained regions in
winonaites in transmitted light, crossed polars: (a) Boundary between
coarse and fine grains in Y-75300. Field of view5 ;5 mm. (b)
Coarse-grained olivines and pyroxenes embedded in metal, schreiber-
site, troilite, and their weathering products in Mount Morris (Wiscon-
sin). Field of view5 ;5 mm.
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Weisberg et al., 1995) and H (Fa16–20;Fs15–18; Dodd, 1981;
Gomes and Keil, 1980) chondrites (Table 4). Olivine compo-
sitions range from Fa0.3 (Y-75261) to Fa4.6 (Winona) and
low-Ca pyroxene compositions from Fs0.3 (Y-75261) to Fs8.3

(Tierra Blanca; Table 2 and references therein). A plot of Fa in
olivine vs. Fs in low-Ca pyroxene (Fig. 8) reveals that, with the
exception of QUE 94535, Fa values are lower than, or equal to,
Fs values for each meteorite, indicative of reduction. At least
two winonaites exhibit differences in mineral compositions
which can be correlated with textural settings. Mount Morris
(Wisconsin) (UH 157) exhibits a slight difference in Fe content
between the coarse-grained olivines (Fa3.66 0.1) and the matrix
olivines (Fa3.16 0.05). In Tierra Blanca, both olivines and
low-Ca pyroxenes contained in large poikilitic calcic pyroxenes
are more FeO-rich than those in the matrix (King et al., 1981).
Calcic pyroxene is diopside, with compositions ranging from
Fs0.8Wo45.9(Y-74025) to Fs3.7Wo42.8(Tierra Blanca; Table 2).
Plagioclase compositions range from An7.7 (Pontlyfni) to
An25.1 (Y-75300) and are found to be heterogeneous through-
out single sections (King et al., 1981; this work), with ranges of
An7-9 in Pontlyfni and An12-15 in Tierra Blanca sections we

examined, and An13-25 in Tierra Blanca sections examined by
King et al. (1981). Although there is some variation in mineral
compositions on a thin section scale, most authors have either
noted that the minerals are homogeneous (Kimura et al., 1992)
or not specifically discussed possible zoning (e.g., Graham et
al., 1977; Davis et al., 1977; King et al., 1981). Yugami et al.
(1996) noted normal FeO zoning in both olivine and low-Ca
pyroxene in Y-8005, but did not comment on its magnitude.
We have observed only very slight reverse zoning in olivine of
Winona, with rims typically 0.1 mol% Fa lower than cores, and
no zoning of FeO in Y-8005.

4.4. Equilibration Temperatures

Two-pyroxene equilibration temperatures were calculated
for these rocks from the compositions of coexisting low-Ca and
high-Ca pyroxenes. Calculated temperatures range from 730°
(Y-75305 ) to 1200°C (Tierra Blanca; Table 2), using the
transfer equations of Kretz (1982). Kimura et al. (1992) used
the method of Lindsley and Anderson (1983) and calculated
temperatures in the range of 800–900°C for Y-74025,
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Y-75300, and Y-75305, within the range of our calculated
temperatures. These temperatures are consistent with the highly
metamorphosed textures seen in winonaites, although uncer-

tainties due to pyroxene compositional variability may be sig-
nificant. For example, selected two-pyroxene pairs in Pontlyfni
yield temperatures that vary by;80°C (980–1060°C). In ad-
dition, Kretz (1982) cites an uncertainty of660°C resulting
from precision and accuracy errors. Thus, total errors may
exceed 100°C. Despite these uncertainties, it is interesting to
note that Tierra Blanca, which has the largest grain size, has the
highest two-pyroxene equilibration temperature (1200°C).

4.5. Bulk Major and Trace Element Compositions

Although we present no new data on bulk major or trace
element compositions, these data are important to understand-
ing the genesis of this group, and we, therefore, briefly review
previous work here. Partial or complete bulk major element
compositions of winonaites have been determined for Tierra
Blanca (King et al., 1981; Kallemeyn and Wasson, 1985),
Winona (Mason and Jarosewich, 1967), Mount Morris (Wis-
consin) and Pontlyfni (Graham et al., 1977), Y-74025 (Kimura
et al., 1992) and Y-75300 (Yamamoto et al., 1991). Large
uncertainties exist in bulk compositions of some winonaites
due to extensive terrestrial weathering. As a general rule, the
bulk major element compositions are similar to those of chon-
drites, as noted by King et al. (1981) in discussing Tierra
Blanca and Winona. Graham et al. (1977) noted that Ca/Al
ratios in winonaites are more variable than expected for ordi-
nary chondrites and that S/Si ratios are low in Winona com-
pared to Pontlyfni and Mount Morris (Wisconsin). Kallemeyn
and Wasson (1985) attribute at least some deviations from
chondritic values to unrepresentative sampling. Despite uncer-

Fig. 7. Merged Mg and Al X-ray dot map. This map highlights two
poikilitic calcic pyroxene grains (white) as well as the distribution of
orthopyroxene (light gray), plagioclase (medium gray) and olivine
(dark gray) in Tierra Blanca. There is no significant difference in
texture or composition between plagioclase grains that are poikilitically
enclosed and those in the matrix. The absence of textures indicating
melting suggests that the poikilitic calcic pyroxenes formed by solid
state reaction during metamorphism. Maximum width5 ;15 mm.
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tainties due to weathering and sampling, bulk major element
compositions indicate considerable variability between winon-
aites in plagioclase, metal, and sulfide abundances, a feature we
also observed in the modal analyses (Table 3), suggesting
heterogeneity in these minerals in the winonaite parent body.

Bulk trace element contents including the REE have also
been measured for Winona (Prinz et al., 1980), Pontlyfni
(Davis et al., 1977; Kallemeyn, 1996), Tierra Blanca (Kalle-
meyn and Wasson, 1985), Y-74025 (Kimura et al., 1992) and
Y-75300 (Yamamoto et al., 1991). While the data show con-
siderable variation in both the shape of the REE abundance
patterns and in absolute abundances, some similarities are
noted. In both Winona and Y-74025, multiple samples were
analyzed yielding two patterns, one negatively bowed with a
positive Eu anomaly and the other positively bowed with a
negative Eu anomaly. Kimura et al. (1992) performed a mass-
weighted mean of their two samples of Y-74025, producing an
essentially unfractionated pattern. Analyses of Tierra Blanca
and Y-75300 reveal the same negatively bowed pattern with a
positive Eu anomaly found for individual splits of Winona and
Y-74025. Pontlyfni’s pattern is similar, but without the relative
heavy REE enrichment found in Tierra Blanca and Y-75300.
Kallemeyn and Wasson (1985) noted that these bowed-patterns
with Eu anomalies can be readily explained by an increase or

depletion of phosphates relative to a chondritic precursor.
While some authors have favored igneous fractionation (e.g.,
melting and migration of plagioclase-phosphate-rich melts;
Davis et al., 1977), it is impossible to rule out unrepresentative
sampling of these coarse-grained rocks, as noted by Kallemeyn
and Wasson (1985).

4.6. Cooling Rates

We have not been able to determine metallographic cooling
rates for winonaites due to their highly weathered nature or
small metal grain sizes of the samples studied. A metallo-
graphic cooling rate has previously been determined for
Winona by Kothari et al. (1981), who argued for a cooling rate
of ;200°C/Myr at a temperature of 530°C. With only nine
metal grains analyzed, these authors estimated an uncertainty in
this rate of up to 50%.

4.7. 39Ar- 40Ar Chronology

Samples of Winona, Pontlyfni, and Mount Morris (Wiscon-
sin) were dated using the39Ar-40Ar method (Appendix A).
Calculated39Ar-40Ar ages and K/Ca ratios as a function of
fractional release for stepwise temperature extractions of the

Fig. 8. Fa in olivine vs. Fs in low-Ca pyroxene in the winonaites. If reduction were due to metamorphism, the Fa and
Fs values would follow the calculated Xol/Xpx curves (see Discussion) on the plot, since diffusive reduction of FeO occurs
more rapidly in olivine than in low-Ca pyroxene. We observe a nearly linear trend, distinct from an equilibrium trend, which
indicates that the reduced mineral compositions are more likely due to heterogeneity in the precursor chondrite. Bars
illustrate ranges in average Fa and/or Fs reported by different investigators for individual winonaites (they do not represent
errors in any single measurement of Fa or Fs).
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three winonaites are shown in Fig. 9a-c. The determined K
concentrations for our samples of Pontlyfni, Winona, and
Mount Morris (Wisconsin) are 715, 900, and 328 ppm, respec-
tively; Ca concentrations are 0.81, 1.6, and 0.99%, respectively.
Although uncertainties associated with individual ages are rel-
atively small, derivation of the preferred39Ar-40Ar age for
these samples depends on interpretation of complex Ar release
profiles, as is discussed below.

Pontlyfni, a fall, shows the simplest Ar release pattern.
Thirteen extractions (750–1550°C), releasing 89% of the total
39Ar, give a constant age of 4.5316 0.006 Ga (1s). The first
five extractions, releasing 11% of the39Ar, all give ages higher
than the plateau age. Thus, the total age of all extractions is
4.538 Ga. Although the first (400°C) extraction certainly re-
leased absorbed terrestrial40Ar, it is unlikely that terrestrial Ar
contamination is the sole cause for the higher ages of other
low-temperature extractions. A small air-Ar correction has
been applied to the 400–600°C temperature data shown in Fig.

9, but the peak in Ar-Ar ages remains after this correction. This
applied correction is based on two assumptions: that the cos-
mogenic 36Ar/37Ar ratio produced from space exposure to
cosmic rays is relatively constant with extraction temperature,
and that any excess36Ar above this constant ratio and released
at lower extraction temperature is due to terrestrial Ar contam-
ination. This air-Ar correction is probably the maximum that
should be applied because it forces the age of the 400°C extract
to near zero.

From the above considerations, we conclude that the higher
Pontlyfni ages observed at lower temperatures represent recoil
loss of39Ar during neutron irradiation (e.g., Huneke and Smith,
1976). Although no extraction temperature shows a signifi-
cantly lowered age indicative of implantation of this recoil
39Ar, recoil capture may have affected part of the age plateau.
The abrupt decrease in the K/Ca ratio and the minimum in the
rate of degassing of39Ar at ;50% 39Ar release (Fig. 9a)
strongly indicate that K occurs in different phases with quite

Fig. 9.39Ar-40Ar ages (rectangles) and K/Ca ratios (dotted lines) as a function of cumulative release of39Ar for stepwise
temperature extractions of Pontlyfni (a), Winona (b), and Mount Morris (Wisconsin) (c). Individual age uncertainties are
indicated by the widths of the rectangles and include all analytical uncertainties, but not that associated with the age of the
hornblende age monitor.
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different Ar degassing properties. We note that the mean age of
the high K/Ca phase releasing Ar in the first degassing peak
(seven extractions, 750–925°C) is 4.5356 0.004 Ga, whereas
the mean age of the low K/Ca phase releasing Ar in the second
degassing peak (six extractions, 1000–1550°C) is slightly
lower at 4.5256 0.007 Ga. This age difference could be con-
sistent with the higher temperature phase having received some
of the recoiled39Ar, which then lowered its apparent age. Mass
balance considerations indicate that the amount of39Ar that
recoiled out of the first;11% of the39Ar release spectrum
approximately equals (within a factor of two) the age depres-
sion suggested by the last;50% of the 39Ar release. This
interpretation suggests that the total39Ar-40Ar age of 4.538 Ga
is a better measure of the closure time of this isotopic system.
However, we cannot completely exclude the possibility that
part of the recoiled39Ar was completely lost from the sample,
and that the average plateau age is a better measure of the time
of Ar closure. Thus, we conclude that the39Ar-40Ar age of
Pontlyfni closed around 4.530–4.535 Ga ago and that the rock
experienced no significant thermal heating after that time.
Turner et al. (1978) reported generally similar39Ar-40Ar age
data for Pontlyfni (although of lesser precision). Five extrac-
tions (releasing;75% of the39Ar) define a “plateau” age of
;4.53 Ga, in excellent agreement with the age reported here. In
addition, Kennedy (1981) reported129I/129Xe data for an irra-
diated sample of Pontlyfni. Although the data were not re-
duced, they suggest a formation interval similar to that for
several chondrites.

The Ar release spectrum of Winona (Fig. 9b) shows slowly
increasing ages across part of the39Ar release. Variations in
some individual ages outside analytical age uncertainty may
reflect textural differences observed in Winona. The first;3%
of the 39Ar release gives ages of;2.8–4.0 Ga and indicates
post formational40Ar loss from a phase with lower K/Ca,
possibly due to grain surface weathering. Unlike Pontlyfni,
more gradual changes in the K/Ca ratio and lack of separation
of the rate of 39Ar release into distinct peaks for Winona
indicate overlapping Ar release from different K-bearing
phases. Only the first extraction suggests significant terrestrial
Ar contamination, and the other extractions have received no
correction for air-Ar. Two extractions at;3–11%39Ar release
show very slightly higher ages that might suggest39Ar recoil,
but the amount of such recoil would be small. The average age
of fourteen extractions (675–1350°C) defining the sloped “pla-
teau” is 4.426 0.05 Ga. The last;50% of the39Ar release
gives an average age of 4.456 0.03 Ga. The highest age of
;4.51 Ga is shown by two high temperature extractions (1150
and 1250°C). Kothari et al. (1981) reported fission track ages of
4.50 to 4.53 Ga for Winona. The existence of a sloped Ar-Ar
age profile suggests one of two possible explanations. Winona
may have formed initially at. 4.45 Ga and cooled slowly over
;100 Ma such that different phases experienced closure to Ar
diffusion at different times. This would imply very deep burial
during cooling in order to maintain a sufficiently high temper-
ature to cause Ar to be lost. Alternatively, the rock may have
initially formed at . 4.45 Ga and experienced a secondary
degassing event;4.3 Ga ago which caused loss of40Ar from
some phases. This explanation might be consistent with impact
and surface brecciation. Both explanations suggest that Winona
formed prior to 4.45 Ga ago.

The Ar release spectrum of Mount Morris (Wisconsin; Fig.
9c) is the most complex of the three. The 775°C extraction was
accidentally overheated by 150°C for;3 min, before the
temperature was returned to 775°C for an additional;40 min.
This probably caused the relatively large39Ar release at this
temperature and the very small39Ar releases at the two subse-
quent extractions. The first;25% of the39Ar release indicates
significant amounts of40Ar loss long after the rock formed. The
very first (400°C) extraction released a relatively large amount
of 39Ar and also gives evidence of considerable contamination
by terrestrial Ar. (No air-Ar correction was made to the data
shown in Fig. 9). This low-temperature Ar could represent
weathering of some grain surfaces, with possible deposition of
K and loss of radiogenic40Ar. Both the K/Ca ratios and the rate
of release of39Ar as a function of extraction temperature
suggest distinct K-bearing phases with different Ar diffusion
properties. The four highest temperature extractions (releasing
the last ;2% of the 39Ar) show lower ages suggestive of
implantation of small amounts of recoiled39Ar. A lower limit
to the 39Ar-40Ar closure age of Mount Morris (Wisconsin)
probably is given by the constant age of 4.406 0.02 Ga shown
by five extractions releasing;83–98% of the39Ar. This age
might represent the time of closure of the39Ar-40Ar chronom-
eter after initial meteorite formation or, more likely, the time of
an early thermal event that reset the Ar-Ar age.

4.8. Cosmogenic and Trapped Noble Gases

We analyzed unirradiated samples of Winona, Pontlyfni, and
Mount Morris (Wisconsin) to characterize any trapped noble
gases and those species produced by cosmic rays during space
exposure (Table 5). Gases were extracted in a low temperature
step (two steps for Winona) and a melt extraction (1550°C) in
order to separate any adsorbed terrestrial atmospheric gases.
The isotopic compositions of Kr and Xe in these low temper-
ature steps closely resemble those of terrestrial air, and the
xenon isotopic compositions given are those measured at the
melt extraction. Only a small fraction of the total Ne and Ar
were released at low temperature, with the Ne being mostly
cosmogenic in composition, but the Ar appearing to be largely
trapped or terrestrial in composition.

The 22Ne/21Ne ratios of;1.08 for Pontlyfni and Winona
suggest moderate cosmic ray shielding, whereas the ratio of
;1.03 for Mount Morris (Wisconsin) seems unusually low,
even for the case of very large shielding. The low3He/21Ne
ratios for all three meteorites are consistent with moderately
large shielding. We assume that our samples of these winon-
aites had the same chemical composition as ordinary chon-
drites, and we utilized the cosmogenic production rates for
ordinary chondrites given by Eugster (1988) to calculate the
3He,21Ne and38Ar exposure ages given in Table 5. These three
ages for Mount Morris (Wisconsin) are all similar, with an
average value of;20 Myr. An 38Ar age of ;18 Myr is
calculated assuming that trapped36Ar/38Ar 5 5.32 in Mount
Morris (Wisconsin). If we assume that trapped36Ar/38Ar has
the “subsolar” ratio of 5.46 measured for enstatite chondrites
(Crabb and Anders, 1981; see later discussion), the38Ar expo-
sure age becomes;22 Myr. The calculated exposure ages for
Pontlyfni and Winona show more scatter, but suggest consid-
erably older ages of;60–80 Myr. It is conceivable that
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Pontlyfni and Winona have the same exposure age: The older
38Ar age for Pontlyfni and the younger21Ne age for Winona
may reflect nonchondritic major element abundances for our
samples. Niemeyer (1979) reported38Ar exposure ages of
;130–700 Myr for silicates from four IAB iron meteorites.
These ages are all older than exposure ages for the three
winonaites reported here. This suggests that space exposure of
winonaites was initiated by younger impact events than those
for IAB irons, and that winonaites survive for shorter times in
space. Previous noble gas analyses of winonaites apparently
have not been reported, except for one older analysis of Winona
(analysis by T. Kirsten, reported by Mason and Jarosewich,
1967) that gave slightly lower3He but substantially larger
21Ne, compared to our analysis.

These three winonaites, especially Mount Morris (Wiscon-
sin), contain significant concentrations of trapped Ar, Kr, and
Xe with solar-like characteristics. Assuming that the relatively
small fraction of the total36Ar released at low extraction
temperatures is a trapped component and not terrestrial con-
tamination, the calculated concentrations of trapped36Ar are
;7–62 3 1028 cm3STP/g (Table 5). By comparison, this is
similar to trapped36Ar concentrations observed in several
carbonaceous chondrites (Za¨hringer, 1968; Mazor et al., 1970)
and in irradiated silicates from three IAB iron meteorites (Ni-
emeyer, 1979). Concentrations of trapped Kr and Xe in winon-
aites, however, are better given by the melt extractions alone,
because the low temperature extractions contain a significant
fraction of terrestrial-like gas. These three winonaites contain
no trapped He and Ne, so it is unlikely that these trapped gases
simply represent solar wind gas implanted into dispersed fine
material, such as occurs in lunar surface soils and solar gas-rich
meteorites.

5. DISCUSSION

Clues to the history of the winonaite parent body can be
inferred from our and previously published data, as summa-
rized above. We are mostly interested in the following six
aspects of this history: (1) the nature of the chondritic precursor
material, (2) the heating history, particularly evidence for par-
tial melting, as deduced from petrology and major element
composition, (3) the impact brecciation history, inferred from
textural features, (4) the metamorphic and cooling history,
which affected mineral compositions and textures, (5) signifi-
cance of trapped noble gases, and (6) comparison of ages of
winonaites with those of silicate inclusions in IAB irons.

5.1. Precursor Chondritic Material

The chondritic nature of the precursor material of the winon-
aite body is suggested by the roughly chondritic bulk elemental
compositions and mineralogy of the winonaites, as well as the
presence of what appear to be relict chondrules in Pontlyfni and
Mount Morris (Wisconsin). However, the composition of this
precursor material is unlike that of any of the known classes of
chondrites. Mineral compositions are intermediate between E
and H chondrites, and the oxygen isotopic compositions are
unlike any group of known chondrites (Clayton and Mayeda,
1996). Further, at least some winonaites contain a solar-like
component of noble gases (discussed below) that is similar to
what is found in E chondrites. While it seems clear that winon-
aites formed from a chondritic precursor material, classification
as chondrites, as suggested by Kallemeyn and Wasson (1985),
is not warranted, given the extensive metamorphism and partial
melting these rocks have experienced, as discussed below.
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We suggest that the winonaites formed from heterogeneous
chondritic precursors. There is a correlation between mineral
compositions (Fa, Fs) and oxygen isotopic compositions
(d 17O) in ureilites (Clayton and Mayeda, 1988) and lodranites
(McCoy et al., 1997a) that is taken as evidence of primary
heterogeneity in the precursors of these groups. No such cor-
relation exists in the winonaites. However, a correlation does
exist between mineral compositions and mineralogy of the
winonaites. More FeO-rich (Fs6.8-Fs8.3) winonaites contain ox-
idized accessory minerals such as chromite (FeCr2O4), whereas
those with more FeO-poor minerals (Fs0.3-Fs4.1) contain re-
duced accessory minerals such as daubree´lite (FeCr2S4) (Ta-
bles 2, 3). While solid-state reduction could possibly cause this
variation in mineral compositions, as discussed below, we
suggest that the differences in mineralogy are more likely
mostly due to compositional heterogeneities in the precursor
chondritic material.

5.2. Heating and Partial Melting

Textural features and mineral compositions place constraints
on the peak temperatures experienced by these rocks. Grano-
blastic textures, abundant triple junctions, and the presence of
what appear to be recrystallized relict chondrules indicate that
these rocks experienced peak temperatures at least comparable
to those of type 6 chondrites (;750–950°C; Dodd, 1981).
Although absolute temperature estimates from two-pyroxene
geothermometry have considerable uncertainties, the values
obtained for winonaites are 730–1200°C (Table 2). As these
values represent minimum estimates of peak temperatures, it
seems likely that winonaites were heated to higher peak tem-
peratures than type 6 chondrites. In fact, peak temperatures
likely exceed those needed to cause melting of the Fe,Ni-FeS
assemblage at the cotectic temperature of;950–980°C
(Kullerud, 1963; Kubaschewski, 1982). The Fe,Ni-FeS cotectic
melt is the first partial melt in a chondritic system and consists
of ;85 wt% FeS and;15 wt% Fe,Ni metal. We suggest that
the metal and troilite veins found in Pontlyfni, QUE 94535,
Winona and, possibly, Tierra Blanca are indicative of migration
of Fe,Ni-FeS cotectic melts and are evidence for partial melt-
ing. Variability in the abundance of Fe,Ni-FeS veins in winon-
aites may reflect slight differences in the peak temperatures
experienced by each meteorite or, alternatively, may simply
reflect the somewhat random nature of melt migration in these
rocks.

Silicates in a chondritic system begin to partially melt at
temperatures around 1050°C, with the first melt being basaltic
(plagioclase-pyroxene) in composition and plagioclase-rich
(.55% plagioclase; Morse, 1980; Tuttle and Bowen, 1958).
We suggest that the plagioclase-calcic pyroxene-rich areas in
Pontlyfni are evidence for silicate partial melting, because the
association of plagioclase and calcic pyroxene is typical of that
expected from crystallization of a basaltic partial melt. The
irregular, blobby outlines rather than vein-like shapes of these
areas are suggestive of local melting without significant melt
migration, although the irregular border with the surrounding
matrix suggests local intrusion from the melt pocket into the
matrix. Further evidence for silicate partial melting comes from
the coarse-grained, olivine-rich areas found in Winona and
Mount Morris (Wisconsin), which we interpret to be partial

melt residues from elsewhere on the winonaite parent body that
were incorporated into these rocks by impact mixing. The
absence of coarse-grained pyroxene suggests that these areas
did not form by local coarsening of the rock matrix. Taylor et
al. (1993) calculated that olivine will be the only phase remain-
ing in the residue of an H-chondrite precursor after 45% partial
melting and, thus, the winonaite parent body where the coarse-
grained, olivine-rich material formed must have experienced
rather extensive silicate partial melting. Finally, although there
is some uncertainty due to sampling considerations, the frac-
tionated REE patterns of several winonaites are not inconsistent
with silicate partial melting. The variable REE patterns may
indicate local migration of REE-rich melts, probably formed by
melting of plagioclase and phosphates, producing both REE-
enriched and REE-depleted samples, sometimes within a single
winonaite (e.g., Winona, Y-74025).

5.3. Impact Brecciation and Mixing of Lithologies

There is evidence that some winonaites experienced impact
brecciation and mixing of lithologies. One line of evidence
comes from the coarse-grained olivine-rich clumps described
above, which we suggest could not have formed in situ in the
rocks in which they are found. Rather, we suggest that they
represent residual material of chondritic parentage that experi-
enced at least 45% partial melting elsewhere on the winonaite
parent body, and that this material was introduced into the
rocks during impact brecciation and mixing. Further evidence
of brecciation is found in Y-75300. This meteorite exhibits
areas with two distinctly different grain sizes. We suggest that
these lithologies represent material that experienced different
peak temperatures elsewhere on the parent body and were
mixed by impact processes. Since the various lithologies in
winonaites experienced partial melting and some metamor-
phism (leading to differences in grain size) prior to mixing,
brecciation must have occurred after peak temperatures had
been reached.

5.4. Metamorphism and Cooling History

Metamorphism is responsible for the equigranular textures,
abundant 120° triple junctions and the range of grain sizes
found in winonaites (Fig. 2). This recrystallization and grain
growth after impact mixing is responsible for obscuring the
boundaries between different lithologies in Y-75300 and
Winona. In agreement with King et al. (1981), we further
suggest that the large poikilitic calcic pyroxene grains in Tierra
Blanca formed by solid state metamorphism, rather than from
a silicate melt. This suggestion is based on the observation that
these pyroxenes are not associated with plagioclase, which
would be expected if they had formed from a partial melt, and
that growth of poikilitic pyroxene porphyroblasts by solid state
metamorphism is well-known from terrestrial metamorphic
rocks (e.g., de Wit and Strong, 1975; Kretz, 1994).

It seems clear that reduction also occurred to some extent
during metamorphism and cooling. The winonaites generally
have lower Fa in olivine than Fs in low-Ca pyroxene. This is
indicative of solid-state reduction during cooling and consistent
with the lower diffusion rates in low-Ca pyroxene relative to
olivine (Huebner and Nord, 1981). In addition, Tierra Blanca
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olivine and low-Ca pyroxene grains enclosed in the poikilitic
calcic pyroxenes are significantly more FeO-rich than those in
the matrix. This is consistent with the calcic pyroxene acting as
a barrier to diffusion. Thus, the matrix mafic silicates experi-
enced significantly greater levels of reduction during metamor-
phism. This also implies that solid-state growth of calcic py-
roxenes predated reduction. Despite these indications of
reduction in individual winonaites, it seems unlikely that the
full range of mineral compositions and mineralogy observed in
winonaites can be attributed solely to variable levels of reduc-
tion of a common precursor. One indication of this is the
distribution of winonaite mineral compositions on a plot of Fa
in olivine vs. Fs in low-Ca pyroxene (Fig. 8). If reduction from
a common precursor occurred, we would expect a curved trend
like that shown by the hatched line in Fig. 8, since diffusive
reduction of FeO occurs more rapidly in olivine than low-Ca
pyroxene. Instead, we observe a nearly linear trend. In addition,
low-FeO winonaites contain reduced sulfide minerals (e.g.,
daubree´lite), and it seems unlikely that these could have formed
from oxidized minerals (e.g., chromite) during solid-state re-
duction. Thus, we attribute the overall variability in mineral
compositions and mineralogy of winonaites to heterogeneities
in the precursor chondritic material.

5.5. Trapped Noble Gases

Figure 10 compares the trapped132Xe concentrations and the
trapped36Ar/132Xe ratio in winonaites with the values typically
found in ordinary and C3 chondrites (shaded areas), ureilites,

and enstatite chondrites. Most ordinary chondrites show36Ar/
132Xe ratios of;40–120, whereas many carbonaceous chon-
drites have higher ratios. It has been argued that ordinary and
carbonaceous chondrites with ratios above;120 contain solar-
derived gases, in addition to a fractionated planetary compo-
nent (Mazor et al., 1970; Crabb and Anders, 1981). Although
ureilites contain the largest concentrations of trapped noble
gases, their36Ar/132Xe ratios are only slightly higher than those
of most ordinary chondrites. In contrast, enstatite chondrites
have trapped Xe concentrations similar to those of ordinary
chondrites, but usually show36Ar/132Xe ratios higher by sev-
eral factors. These and other characteristics led Crabb and
Anders (1981, 1982) to conclude that enstatite chondrites con-
tain a solar-derived component of noble gases. This component
was called “subsolar” to indicate that its Ar/Xe and Kr/Xe
ratios are intermediate between planetary and solar composi-
tions. The subsolar component is currently located in the en-
statite phase, but may have been transferred to enstatite during
metamorphism.

The 36Ar/132Xe ratios for the three winonaites are;360–
650, and they plot in Fig. 10 among the enstatite chondrite data.
As is the case for enstatite meteorites, the36Ar/132Xe ratio for
winonaites tends to increase with increasing132Xe content,
consistent with a mixture of planetary and “subsolar” compo-
nents. The84Kr/132Xe ratios for the three winonaites are 1.27–
1.71 (considering only the melt extractions), but this ratio is not
particularly diagnostic of the type of trapped gas. Trapped
84Kr/132Xe is ;1.0–1.5 for most ordinary and carbonaceous

Fig. 10. Trapped132Xe concentrations (10-10 cm3STP/g) and36Ar/132Xe ratios for Mount Morris (Wisconsin), Winona
and Pontlyfni, compared to those for ureilites and enstatite, ordinary and C3 chondrites (adopted from Crabb and Anders,
1981).
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chondrites and ureilites (Mazor et al., 1970) and;2 for some
silicate inclusions in iron meteorites (Bogard et al., 1971).
Some analyses of enstatite chondrites give a84Kr/132Xe ratio at
least as high as;4, but most enstatite chondrites show a ratio
of ;2 for the case where the36Ar/132Xe ratio is;500 (Crabb
and Anders, 1981). The mineral siting for trapped noble gases
in winonaites is unknown, but is probably a silicate phase as it
is for enstatites. Winonaites contain only trace amounts of
carbon phases, which in primitive chondrites and ureilites occur
in much larger abundances and are the carrier for much of the
trapped noble gases.

The isotopic composition of Xe in winonaites also gives
evidence for a solar-derived trapped component. Figure 11
compares the134Xe/132Xe and 136Xe/132Xe ratios for Mount
Morris (Wisconsin), Winona, and Pontlyfni with these values
for the sun, Earth, carbonaceous and enstatite chondrites.
Mount Morris (Wisconsin), which contains the largest amount
of trapped Xe among these three winonaites, plots well toward
the solar composition. Winona plots close to the composition of
average carbonaceous chondrites (AVCC), but is displaced
toward the solar composition compared to the hypothetical
planetary composition C1 derived by Pepin (1991). Pontlyfni,
which contains the least amount of trapped Xe and the largest
analytical uncertainty, plots between the terrestrial and plane-
tary compositions. Several enstatite chondrites containing
“subsolar” Xe also plot between the solar and planetary com-
positions (Crabb and Anders, 1981). In addition to trapped Xe,
all three winonaites also contain an obvious component of
129Xe produced from the decay of extinct129I (Table 5).

5.6. Comparison of Ages of Winonaites and Silicate
Inclusions in IAB irons

Similarities in mineralogy and oxygen isotopic compositions
of winonaites and silicate inclusions in IAB irons suggest that
both meteorite types may come from a common parent body
(e.g., Benedix et al., 1998). It is therefore informative to com-
pare 39Ar-40Ar ages of the three winonaites we dated with
39Ar-40Ar ages (Niemeyer, 1979) and K-40Ar ages (Bogard et
al., 1968) reported for silicate inclusions from several IAB iron
meteorites. The39Ar-40Ar ages for IABs must be reduced by a
factor of 0.988, however, to correct for a subsequent change in
age of the Saint Se´verin flux/age monitor originally used (Her-
pfer et al., 1994). Silicates from Woodbine, Mundrabilla, Co-
piapo, and Pitts all gave relatively flat39Ar-40Ar age profiles
which yielded ages of 4.5166 0.030, 4.5166 0.030, 4.447
6 0.030, and 4.4876 0.040 Ga, respectively. Classical K-40Ar
ages for Toluca and Four Corners are 4.5076 0.030 and 4.493
6 0.030 Ga, respectively. The release profile for Landes shows
considerably higher ages in the first;40% of the39Ar release,
but no indication at higher releases of implanted recoil39Ar.
The second half of the39Ar release from Landes defines an age
of 4.486 0.03 Ga. None of the39Ar-40Ar profiles for IAB
silicates show post-formational loss of40Ar, except for modest
loss suggested by Copiapo. Thus, the total range in K-Ar ages
of IAB silicates is 4.447–4.516 Ga, with an average of 4.49 Ga.

The 39Ar-40Ar ages derived above for Pontlyfni (4.530–
4.535 Ga), Winona (;4.51 Ga), and Mount Morris (Wisconsin)
($4.40 Ga), give a broader range than those for silicate inclu-

Fig. 11. Comparison of134Xe/132Xe and136Xe/132Xe isotopic ratios for Mount Morris (Wisconsin), Winona and Pontlyfni
with those for enstatite chondrites (Crabb and Anders, 1981), the earth, the sun, and average carbonaceous chondrites
(AVCC). C1 is a planetary composition derived by Pepin (1991).
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sions in IABs. The well-defined age for Pontlyfni is distinctly
older, which may suggest that IAB silicates remained open to
diffusive loss of 40Ar for a longer period. This could be
consistent with IAB irons cooling at depth in their parent body,
whereas winonaites were formed nearer to the surface and
cooled more quickly. This suggestion is consistent with the
faster metallographic cooling rate found for Winona (200°C/
Myr; Kothari et al., 1981) compared to IAB irons (10–50°C/
Myr; Herpfer et al., 1994). The lower limit for the age of Mount
Morris (Wisconsin) is considerably less than the lowest IAB
age and may represent heating due to impact.

6. SUMMARY

The winonaites are primitive achondrites that experienced
limited partial melting and show evidence for brecciation and
metamorphism on the precursor body. The precursor body was
likely chondritic, but unlike any known chondrite group. Heat-
ing and partial melting, mixing, and metamorphism and cooling
altered the precursor. Peak temperatures of up to 1200°C may
have been reached prior to brecciation, but metamorphism and
reduction also occurred after brecciation.39Ar-40Ar age deter-
minations and measurements of cosmogenic and trapped noble
gases for Pontlyfni, Winona, and Mount Morris (Wisconsin)
are consistent with the parent body history outlined here and
indicate that these processes occurred early in the history of the
solar system.
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Appendix Winonaite Ar age data. Columns are, from
left to right: extraction temperature, concentration of
39Ar, calculated age in Ga, the K/Ca elemental ratio, and
the 40Ar/39Ar, 38Ar/39Ar, 37Ar/39Ar, and36Ar/39Ar ratios,
respectively. Uncertainties are shown beneath all ratios
and the ages. The39Ar concentrations and K/Ca,38Ar/
39Ar, and 36Ar/39Ar ratios have been multiplied by the
factors indicated. The weight of each sample analyzed is
given as well as the irradiation constant (J value) used in
calculating ages.
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