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INTRODUCTION

The winonaites are a relatively small group (~17 known 
members) of reduced meteorites (i.e., iron is present as either Fe0 
or Fe2+). Their oxygen isotopic compositions are distinct from 
those of other meteorite groups, except for silicate inclusions in 
IAB iron meteorites (Clayton and Mayeda 1996; Benedix et al. 
1998), to which they are thought to be related (Benedix et al. 
2000). The winonaites are primitive achondrites and typically 
exhibit chondritic mineral assemblages and bulk chemistries, but 
non-chondritic textures. Like other primitive achondrite groups 
(e.g., the acapulcoites and lodranites; McCoy et al. 1996, 1997; 
Floss 2000), they appear to have experienced extensive meta-
morphism and partial melting, but have escaped the complete 
differentiation characteristic of basaltic meteorites such as the 
eucrites. Winonaites thus have the potential to provide informa-
tion about early heating processes in asteroidal bodies.

Benedix et al. (1998, 2000) carried out a systematic study of 
the winonaites and silicate inclusions in IAB iron meteorites, 
and concluded that these meteorites formed from heterogeneous 
chondritic precursor materials that experienced partial melt-
ing, impact brecciation, and extensive metamorphism. Most 
winonaites are Þ ne- to medium-grained with equigranular, re-
crystallized textures, but several contain millimeter-sized areas 
that differ substantially in grain size and/or mineralogy from the 
surrounding matrix. Such areas include Þ ne-grained plagioclase- 
and pyroxene-rich areas in Pontlyfni that may represent partial 
melts, coarse-grained olivine clumps in Winona and Mt. Morris 

that are interpreted as partial melt residues, and large poikilitic 
calcic pyroxenes enclosing smaller olivine, orthopyroxene, and 
plagioclase grains in Tierra Blanca (Benedix et al. 1998). Some 
winonaites, most notably NWA 1463, contain relict chondrules 
(Benedix et al. 2003), attesting to the chondritic origin of this 
meteorite group. 

Hammadah al Hamra (HaH) 193 was found in the Libyan 
desert as a single stone of 259 g, and was identiÞ ed as a wi-
nonaite on the basis of its mineral compositions (Grossman 
1998). This classiÞ cation was later conÞ rmed by its oxygen 
isotopic composition (17O = +1.90, 18O = +4.79; R. Clayton, 
pers. communication). This winonaite is texturally unusual, with 
large poikilitic orthopyroxenes, and, moreover, it contains large 
grains of the amphibole ß uoro-edenite (Floss et al. 2003). Here, 
we describe the mineralogy and petrology of HaH 193, with an 
emphasis on the origin of the ß uoro-edenite and the thermal 
history of HaH 193.

EXPERIMENTAL METHODS
Two thin sections of HaH 193 were examined, both provided by A. Bischoff 

of the University of Münster. The thin section of HaH 193 studied at Washington 
University (designated as section A in the text) has a total area of about 2.5 cm2. 
Mineral compositions (major elements) were determined using the Washington 
University JEOL JXA-733 electron microprobe. Fully focused beam analyses 
were carried out with an accelerating voltage of 15 kV and a beam current of 20 
nA. X-ray matrix corrections were made using silicate mineral and oxide standards 
and a modiÞ ed CITZAF routine (Armstrong 1988) incorporated into the electron 
microprobe software. A second section (section B) was examined at the Natural 
History Museum in London. This section has a total area of ~0.5 cm2. Mineral 
compositions were acquired using a Cameca SX-50 electron microprobe. Operating 
conditions were similar to those of the JEOL JX-733, except that the accelerating 
voltage used was 20 kV. * E-mail: ß oss@wustl.edu
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ABSTRACT

The Hammadah al Hamra 193 winonaite was found in the Libyan desert in 1996. Unlike most 
winonaites with Þ ne- to medium-grained equigranular textures, it consists predominantly of very large 
(up to 5 mm), optically continuous orthopyroxene grains enclosing smaller grains of olivine and pla-
gioclase. It also contains large (up to 2 mm) poikilitic grains of amphibole enclosing clinopyroxene, 
plagioclase, olivine, and occasionally orthopyroxene, which occur interstitial to the large orthopyroxene 
grains. The amphibole is identiÞ ed as ß uoro-edenite, and textures indicate that it replaces clinopyroxene 
via a reaction in which diopside, olivine, and plagioclase form ß uoro-edenite. Trace-element data are 
consistent with the formation of ß uoro-edenite from clinopyroxene and plagioclase. Fluoro-edenite 
has a REE pattern similar to that of clinopyroxene, but has elevated abundances of Na, K, and Ba, ele-
ments typically enriched in plagioclase. The source of the F is uncertain, but may be apatite, which is 
ß uor-apatite in this meteorite. The presence of ß uoro-edenite in HaH 193, a meteorite that experienced 
extensive thermal metamorphism, indicates a signiÞ cant stability Þ eld for this rare mineral. 
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